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SUMMARY 
This doctoral thesis delves into the complex mechanisms of innate immune 

responses, focusing on the role of myeloid cells such as monocytes and 

monocyte-derived dendritic cells in immunosuppression. These cells 

dynamically shift between pro-inflammatory and immunosuppressive states 

influenced by their environment and interactions with specific molecules. This 

adaptability is crucial in various contexts, including epithelial barrier immunity 

or the tumor microenvironment, where retinoic acid (RA) can play a significant 

role, and in severe cases of COVID-19. However, the underlying regulatory 

mechanisms, especially the role of DNA methylation in these phenotypic 

changes, are not well understood. We have studied in these two different 

contexts, both in vitro and ex vivo, how DNA methylation is capable of 

regulating the suppressive phenotype in myeloid cells and, in turn, we have also 

examined how defects in suppression mechanisms associate with immune 

response to SARS-CoV-2 infection. 

In the first study, we showed that RA influences the properties of 

monocyte-derived dendritic cells (moDCs), promoting a more macrophage-like 

phenotype and acquiring immunosuppressive capabilities. We determined that 

these changes were related to specific changes in DNA methylation, 

highlighting the role of epigenetics in acquiring this phenotype. We revealed 

that the nuclear receptor LXRα is crucial in the effects of RA, and its activation 

associates with DNA methylation reprogramming and expression of 

immunosuppressive elements such as VSIG4. The suppression of RXRα by RA 

was key to the function of LXRα. Lastly, we observed that macrophages in 

certain environments, such as in the colon or tumors, express both LXRα and 

VSIG4, suggesting a broader relevance of these mechanisms. 
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In the second study, we analyzed the methylome and transcriptome of 

monocytes from patients with severe COVID-19 and determined changes in 

DNA methylation at sites linked to interferon genes and antigen presentation, 

aligning with a suppressive gene expression profile. Some of these changes 

overlapped with those observed during bacterial sepsis, whereas others are 

alterations specific to viral infection. These changes in DNA methylation, 

reminiscent of those occurring during myeloid differentiation and 

inflammation, suggest the occurrence of an epigenetic and transcriptional 

reprogramming of monocytes. We also showed that this reprogramming could 

be related to the release of immature monocytes, the increase of systemic pro-

inflammatory cytokines, and the disruption of interactions with other immune 

cells, contributing to the severity of the disease. 

In the third study, we analyzed the transcriptome of peripheral immune 

cells from patients with rheumatoid arthritis, psoriasis, or multiple sclerosis 

infected with SARS-CoV-2. Although all three autoimmune groups showed a 

common increase in CD14+ HLA-DRlow monocytes, the specific characteristics 

of their immune response to the virus varied significantly. This included 

differences in type I interferon signaling and the inflammatory responses of T 

cells and monocytes. These variations highlight the complex and distinct 

immune responses in autoimmune patients when faced to SARS-CoV2 

infections, underscoring the need for personalized approaches in their 

treatment and disease management.  
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RESUMEN 
Esta tesis doctoral profundiza en los complejos mecanismos de la respuesta 

inmune innata, centrándose en el papel de las células mieloides como los 

monocitos y las células dendríticas derivadas de monocitos en la 

inmunosupresión. Estas células cambian dinámicamente entre estados 

proinflamatorios e inmunosupresores influenciados por su entorno y sus 

interacciones con moléculas específicas. Esta adaptabilidad es crucial en 

diversos contextos, incluida la inmunidad de barrera epitelial o los 

microambientes tumorales, dónde el ácido retinoico (RA) puede tener un papel 

importante, o en los casos graves de COVID-19. Sin embargo, los mecanismos 

reguladores subyacentes, especialmente el papel de la metilación del ADN en 

estos cambios fenotípicos, no se comprenden bien. Hemos estudiado en 

diferentes contextos, tanto in vitro como ex vivo, cómo la metilación es capaz 

de regular el fenotipo supresor en las células mieloides y a su vez, también 

hemos estudiado cómo los defectos en los mecanismos de supresión afectan la 

respuesta inmune frente a la infección por SARS-CoV-2. 

En el primer estudio, mostramos cómo el RA influye en las células 

dendríticas derivadas de monocitos (moDC), promoviendo un fenotipo más 

parecido a macrófago y adquiriendo capacidades inmunosupresoras. Nuestro 

análisis reveló que estos cambios estaban relacionados con cambios específicos 

en la metilación del DNA, lo que destaca el papel de la epigenética en la 

adquisición de este fenotipo. Además, el anáisi de los datos de transcriptómica 

reveló que el receptor nuclear LXRα es crucial en los efectos del RA, y su 

activación conduce a la remodelación en la metilación del DNA y expresión de 

elementos inmunosupresores como el VSIG4. La supresión de RXRα por parte 

del RA es clave para la función de LXRα.  Por último, vimos que los macrófagos 
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en ciertos entornos, como en el colon o en tumores, expresan tanto LXRα como 

VSIG4, lo que sugiere una relevancia más amplia de estos mecanismos. 

En el segundo estudio, se analizó el metiloma y transcriptoma de 

monocitos de pacientes con formas severas de COVID-19 y se pudo determinar 

cambios en la metilación del DNA en sitios vinculados a genes de interferón y 

presentación de antígenos, alineándose con un perfil de expresión genética 

supresora. Los cambios en el metiloma solapaban parcialmente con los que se 

producen en monocitos aislados de pacientes con sepsis, aunque, pero también 

se caraacterizan por alteraciones únicas específicas de la infección viral. Estas 

alteraciones en la metilación del DNA, que son reminiscentes de los cambios 

que se producen durante la diferenciación mieloide y la inflamación. Estos 

cambios sugieren que reprogramación epigenética y transcripcional asociada 

con las formas severas de COVID-19 podría estar asociadaa la liberación de 

monocitos inmaduros, el aumento de citocinas proinflamatorias sistémicas y la 

alteración de las interacciones con otras células inmunitarias, lo que contribuye 

a la gravedad de la enfermedad. 

En el tercer estudio, analizamos el transcriptoma de las células inmunes 

periféricas de pacientes con artritis reumatoide, psoriasis o esclerosis múltiple 

infectados por SARS-CoV-2. A pesar de que los tres grupos autoinmunes 

mostraron un aumento común en los monocitos CD14+ HLA-DRlow, las 

características específicas de su respuesta inmune al virus variaron 

significativamente. Esto incluyó diferencias en la señalización del interferón 

tipo I y las respuestas inflamatorias de las células T y los monocitos. Estas 

variaciones destacan las respuestas inmunes complejas y distintas en pacientes 

autoinmunes cuando se enfrentan a COVID-19, lo que subraya la necesidad de 

enfoques personalizados en su tratamiento y manejo de la enfermedad. 
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RESUM 
Aquesta tesi doctoral aprofundeix en els complexes mecanismes de la resposta 

immune innata, centrant-se en el paper de les cèl·lules mieloides com els 

monòcits i les cèl·lules dendrítiques derivades de monòcits en la 

immunosupressió. Aquestes cèl·lules canvien dinàmicament entre estats 

proinflamatoris i immunosupressors influenciats pel seu entorn i les seves 

interaccions amb molècules específiques. Aquesta adaptabilitat és crucial en 

diversos contextos, inclosa la immunitat de barrera epitelial o els 

microambients tumorals, on l’àcid retinoic (RA) pot tenir un paper important, 

o en els casos greus de COVID-19. Tot i això, els mecanismes reguladors 

subjacents, especialment el paper de la metilació de l'ADN en aquests canvis 

fenotípics, no es comprenen bé. Hem estudiat en diferents contextos, tant in 

vitro com ex vivo, com la metilació és capaç de regular el fenotip supressor a les 

cèl·lules mieloides i alhora també hem estudiat com els defectes en els 

mecanismes de supressió afecten la resposta immune davant la infecció per 

SARS-CoV-2. 

Al primer estudi, mostrem com el RA influeix en les cèl·lules 

dendrítiques derivades de monòcits (moDC), promovent un fenotip més 

semblant a macròfag i adquirint capacitats immunosupressores. Vam veure 

com aquests canvis estaven relacionats amb canvis específics en la metilació del 

DNA, fet que destaca el paper de l'epigenètica en l'adquisició d'aquest fenotip. 

Vam veure que el receptor nuclear LXRα és crucial pels efectes del RA, i la seva 

activació condueix a la remodelació de la metilació i a l'expressió d'elements 

immunosupressors com el VSIG4. La supressió de RXRα per part del RA va ser 

clau per a la funció de LXRα. Finalment, vam veure que els macròfags en certs 
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entorns, com al còlon o en tumors, expressen tant LXRα com VSIG4, cosa que 

suggereix una rellevància més àmplia d'aquests mecanisme 

En el segon estudi, vam analitzar el metiloma i el transcriptoma de 

monòcits de pacients greus de COVID-19 i vam veure canvis en la metilació del 

DNA en llocs vinculats a gens d'interferó i de presentació d'antígens, alineant-

los amb un perfil d'expressió genètica supressora. Aquests canvis es van 

superposar amb els observats durant la sèpsia bacteriana, però també van 

incloure alteracions úniques específiques de la infecció viral. Aquestes 

modificacions de la metilació del DNA, que recorden les que es produeixen 

durant la diferenciació mieloide i la inflamació, suggereixen una reprogramació 

epigenètica i transcripcional dels monòcits. També vam veure que aquesta 

reprogramació podria estar relacionada amb l'alliberament de monòcits 

immadurs, l'augment de citocines proinflamatòries sistèmiques i l'alteració de 

les interaccions amb altres cèl·lules immunitàries, cosa que contribueix a la 

gravetat de la malaltia. 

En el tercer estudi, vam analitzar el transcriptoma de les cèl·lules 

immunes de pacients amb artritis reumatoide, psoriasi o esclerosi múltiple 

infectats per SARS-CoV-2. Tot i que els tres grups autoimmunes van mostrar un 

augment comú en els monòcits CD14+ HLA-DRlow, les característiques 

específiques de la seva resposta immune al virus van variar significativament. 

Això va incloure diferències en la senyalització de l'interferó tipus I i les 

respostes inflamatòries de les cèl·lules T i els monòcits. Aquestes variacions 

ressalten les respostes immunes complexes i diferents en pacients 

autoimmunes quan s'enfronten a COVID-19, fet que subratlla la necessitat 

d'enfocaments personalitzats en el tractament i el maneig de la malaltia.  
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ABBREVIATIONS 
5caC: 5-Carboxylcytosine  

5fC: 5-Formylcytosine   
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CCR: C-C Motif Chemokine Receptor  
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14 
 

CLPs: Common Lymphoid Progenitors  
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EGR2: Early Growth Response 2  
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FDR: False Discovery Rate  
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GALT: Gut-Associated Lymphoid Tissue  

GEO: Gene Expression Omnibus  

GM-CSF: Granulocyte-Macrophage Colony-Stimulating Factor  

GMPs: Granulocyte and Macrophage Progenitors  

GO: Gene Ontology  
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GSEA: Gene Set Enrichment Analysis  
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HIF-1α: Hypoxia-Inducible Factor 1-Alpha  

HLA: Human Leukocyte Antigen  
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HSC: Hematopoietic Stem Cell  

IBD: Inflammatory Bowel Disease  
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IFN: Interferon 

IL: Interleukin  
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IRF: Interferon Regulatory Factor 

KLF4: Krüppel-Like Factor 4  

LPS: Lipopolysaccharides  

LXR: Liver X Receptor  

MAFB: MAF BZIP Transcription Factor B  
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MAPK: Mitogen-Activated Protein Kinase 

MCP-1: Monocyte Chemoattractant Protein-1  

M-CSF: Macrophage Colony-Stimulating Factor  

mDCs: Mature Dendritic Cells   

MDP: Monocyte/Dendritic cell Progenitor  

MDSCs: Myeloid-Derived Suppressor Cells  
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1. INTRODUCTION 

1.1. The Immune System 

1.1.1. Innate and Adaptive immunity 
The immune system is composed by an intricate network of cells, tissues, and 

organs that collaboratively defend the body against pathogens, such as bacteria, 

viruses, and fungi, as well as abnormal cells, including cancerous ones. There 

are two fundamental branches governing its function: the innate immune 

response and the adaptive immune response (1). 

The innate immune system serves as the first line of defense against 

invading pathogens. This response is characterized by nonspecific mechanisms 

that include physical barriers -such as the skin and mucosal surfaces-, cellular 

components -including myeloid cells like monocytes, macrophages, dendritic 

cells (DCs), neutrophils, and lymphocytes cells like natural killer cells (NKs)-, 

and soluble factors -such as cytokines and complement proteins- (2). Cells 

forming part of the innate immune system act rapidly, providing immediate 

protection upon encountering a threat. They are basically activated after the 

recognition of a pathogen-associated molecular patterns (PAMPs) or 

dangerous-recognition molecular patterns (DAMPs). These are recognized by 

the pattern-recognition receptors (PRRs), expressed in myeloid cells, B cells 

and NK lymphocytes (3). Toll-like receptors (TLRs) are the most well-known 

PRRs, with a variety of subtypes identified. For example, the lipopolysaccharide 

(LPS) from Gram-negative bacteria specifically triggers TLR4, whereas 

Pam3Cys-Ser-Lys4 (P3C), a synthetic mimic of the triacylated N-terminal 

portion of bacterial lipoproteins, engages TLR2. Activation of TLR2 or TLR4 

pathways stimulates inflammatory transcription factors (TFs), including 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), 



Introduction 

22 
 

activator protein 1 (AP-1), and interferon regulatory factors (IRFs) (4, 5) leading 

to the generation of proinflammatory and antiviral cytokines and chemokines 

(6, 7). 

In contrast, the adaptive immune response offers a tailored and precise 

defense against specific pathogens. This branch of immunity relies on the 

recognition of unique molecular markers, or antigens, present in pathogens or 

foreign substances. Through a process of antigen presentation, specialized cells 

known as lymphocytes -comprising B cells and T cells- generate highly 

specific responses targeted at neutralizing or eliminating the invading agent. 

Each B and T cell can recognize a specific antigen through its B cell receptor 

(BCR) or T cell receptor (TCR), respectively. B cells originate from precursor 

cells in the bone marrow and play several key roles including antibody 

production, serving as antigen-presenting cells, providing support to other 

mononuclear cells, and directly participating in inflammatory pathways. T 

lymphocytes also originate from precursor cells in the bone marrow and then 

undergo maturation and selection in the thymus before being released into the 

bloodstream. T cells exist in various subsets, including naïve T cells, which can 

react to new antigens; memory T cells –including CD4+ and CD8+ Tcells-, 

formed after previous encounters with antigens and regulatory T (Treg) cells, 

responsible for modulating immune responses. Importantly, the adaptive 

immune response exhibits immunological memory, enabling a swifter and 

more robust reaction upon re-exposure to the same pathogen. 

The activation of the adaptive immune responses is dependent on the 

process of antigen presentation and processing by antigen-presenting cells 

(APCs), mostly myeloid cells. This process enables proteins from the major 

histocompatibility complex (MHC), referred to as human leukocyte antigen 
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(HLA) in humans, to be loaded with their appropriate ligands (8–10). Antigen 

presentation by DCs occurs through the TCR, which is expressed in naïve T cells 

and can recognize these antigens. T cells undergo activation upon receiving 

both a signal from the TCR and a costimulatory signal by CD28 binding, leading 

to the secretion of cytokines like IL-2. Once the TCR-MHC interaction has 

occurred, T cells initiate the process of activation and differentiation, known as 

T-cell priming. Activated T cells then carry out various immune responses, 

including killing infected cells, assisting B cells, and secreting cytokines.  

The innate and adaptive immune responses collaborate extensively, 

forming a synergistic defense system. The innate response provides immediate 

protection while priming the adaptive response. Moreover, the adaptive 

immune system can modulate and enhance innate immune functions, ensuring 

a comprehensive and effective defense against pathogens. 

However, the traditional classification of adaptive and innate responses has 

been challenged by the discovery of PRRs. Some evidence indicates that the 

innate immune system can adapt its functionality following a prior reaction (11). 

Reports of protection against re-infection by innate immune cells extend 

beyond plants and invertebrates lacking adaptive immunity demonstrate cross-

protection between infections caused by different pathogens (12). These 

findings have led to the hypothesis that previous encounters with pathogens or 

their products can influence innate immunity giving rise to an epigenetic 

regulated process called "trained immunity" (13, 14).  
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1.1.2.   Immune cell differentiation 
The immune system's cellular composition originates from haematopoiesis, a 

meticulously orchestrated process where diverse cell types are generated from 

a singular progenitor cell known as the hematopoietic stem cell (HSC) (15, 16). 

This population located in the bone barrow has demonstrated its capability for 

self-renewal and gives rise to a heterogeneous array of multipotent progenitors 

(MPPs). These MPPs further specialize into two distinct lineages: common 

myeloid progenitors (CMPs) (17) and common lymphoid progenitors (CLPs) 

(18). CLPs contribute to the development of lymphoid cells including T, B, and 

NKs cells but lack potential for myeloid differentiation. Conversely, CMPs lose 

their lymphoid lineage capacity and instead differentiate into megakaryocyte 

and erythrocyte progenitors (MEPs) and granulocyte and macrophage 

progenitors (GMPs) (17). Subsequently, a monocyte/dendritic cell progenitor 

(MDP) population, likely derived from the GMP population, was identified. 

MDPs were also identified within the CMP compartment, possibly emerging 

directly from Flt3-expressing CMPs. Recent adoptive transfer experiments 

suggest that Ly6CHi monocytes can arise from both the GMP and MDP 

populations (19). 

It is proposed that the MDP population undergoes a binary decision to 

differentiate into dedicated common dendritic cell precursors (CDPs) or 

unipotent common monocyte progenitors (cMoPs), although some MDP 

subpopulations may already be pre-committed to either lineage. In human 

bone marrow, cMoPs have also been identified within the GMP population (20). 

These monocytes, once released into the bloodstream and reach a tissue, can 

differentiate into other cell types like macrophages or DCs (Figure 1). 
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The advancements in single-cell RNA sequencing (scRNA-seq) have 

challenged the branching model of hematopoietic differentiation, suggesting 

that lineage commitment may already be predetermined in oligopotent 

progenitors (21). scRNA-seq sequencing combined with FACS sorting has 

revealed monocytic transcriptional programs within both CMPs and GMPs 

(22). The commitment to the monocyte lineage is governed by a distinct 

group of hematopoietic growth and transcription factors including SPI1 

(encoding PU.1), IRF8, GATA2, and Krüppel-like factor 4 (KLF4) (23). 

Figure 1. (See figure legend on the next page.) 
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Figure 1. Hematopoietic stem cells (HSC) or multipotent precursors (MPP) give rise, through 

intermediate precursor stages, to all types of circulating blood cells. Specific multipotent 

precursor populations, like granulocyte macrophage precursor (GMP), generate either the 

granulocytic lineage or further differentiate into monocyte-macrophage/dendritic cell precursor 

(MDP). Bipotent MDPs make binary decisions, branching into either common dendritic cell 

precursor (CDP) or common monocyte precursors (cMoP). cMoP ultimately differentiate into 

Ly6CHi cells, released into circulation, and capable of acquiring diverse cell fates as monocyte-

derived cells in tissues including monocyte-derive DCs (moDCs) and Macrophages. Notably, the 

majority of plasmacytoid DC (pDC) originate from IL-7Ra-expressing common lymphocyte 

precursor (CLP), with a smaller fraction deriving from CDP (24). 

1.1.3.   Monocytes 
Monocytes are part of the mononuclear phagocyte system originate from HSC 

in the bone marrow and migrate into the bloodstream post-birth. Monocytes 

constitute ~10% of the peripheral blood mononuclear cells (PBMCs) (24) and 

reside in the blood from 2 to 4 days (25). In the context of infection, the TLR 

response during infection promotes the expression of monocyte 

chemoattractant protein-1 (MCP-1), which binds to the C-C chemokine 

receptor type 2 (CCR2) on the surface of monocyte cells and triggers their 

release into the circulation (26).  

Circulating monocytes are classified into three subsets based on the 

expression of the surface markers CD14 and CD16: “classical” CD14highCD16-

monocytes (around 85% of monocytes), “intermediate” CD14+CD16+ 

monocytes (5–10%) and “nonclassical” CD14-CD16high monocytes (5–10%) (27). 

This proportion of monocyte subsets can be modulated depending on the 

disease, for example several immune-related diseases present increased levels 

of intermediate and non-classical monocytes. However, the implication and 

role of this remains unclear (28). Furthermore, new studies using scRNA-seq 

on blood monocytes showed that CD14+CD16+ monocytes are a heterogeneous 

population with mixed transcriptional profiles (29, 30). 
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Monocytes are able to migrate inside tissues in response to damage 

signals. These play important roles in maintaining tissue homeostasis by 

initiating, propagating, and resolving immune responses against infection and 

injury. However, circulating monocytes subsets already possess functional roles 

before reaching the inflamed tissues. Typically, classical monocytes are pivotal 

in kickstarting innate immune reactions, engaging in phagocytosis, and 

migrating via the expression of chemokines, scavenger receptors, and pro-

inflammatory cytokines (31). Intermediate subsets are linked to antigen 

processing and presentation, monocyte activation, inflammation, and 

differentiation (32). In healthy individuals, intermediate monocytes exhibit 

lower levels of CD163 compared to classical monocytes, while nonclassical 

monocytes have even lower levels (33). Given that CD163 is linked with anti-

inflammatory or tissue-remodeling macrophages (34), this observation 

suggests that classical monocytes may possess anti-inflammatory properties 

under normal conditions. Additionally, CD86, associated with inflammatory 

macrophages (34), shows the highest expression on nonclassical monocytes, 

followed by intermediate monocytes, and lowest on classical monocytes. This 

pattern aligns with the inflammatory roles typically attributed to intermediate 

and nonclassical subsets (35). 

Several studies have characterized the cytokine production capacities 

of monocytes following the activation of the TLR. CD16+ monocytes mainly 

produce tumor necrosis factor alpha (TNF-α) while intermediate subsets 

produce high levels of TNF-α, interleukin 1 beta (IL-1β) and IL-6. In the case of 

classical monocytes, they have been reported to produce poor levels of several 

cytokines in response to LPS (36). Monocytes, mainly the classical subsets, are 
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also able to produce anti-inflammatory cytokines like IL-10 consistent with the 

more anti-inflammatory role of this subset (36, 37). 

Finally, human monocytes can be identified by their antigen-presenting 

proteins (HLA-DR) expression, marking their possible antigen presentation 

capacities. The intermediate monocyte subset expresses high levels of MHC 

class II processing and presentation genes (38). Accordingly, these monocytes 

were shown to be the best inducers of Staphylococcal enterotoxin B-mediated 

T cell proliferation (32). Summarising, monocytes constitute a heterogeneous 

population with distinct subsets, each with specific roles in immune responses 

and tissue homeostasis, as well as varying cytokine production capacities, and 

antigen presentation abilities. 

1.1.4. Monocyte-derive cells and Dendritic Cells 
One of the most important roles of monocytes is their ability to be recruited in 

peripheral tissues and differentiate to several cell types, including DCs. DCs are 

professional APCs with the distinctive property of inducing priming and 

differentiation of naïve T cells like CD4+ and CD8+ T cells into helper and 

cytotoxic effector T cells, respectively. Phenotypic and functional criteria have 

been usually used to define three main DC subtypes, namely, conventional DCs 

(cDCs), plasmacytoid DCs (pDCs) and monocyte-derived DCs (moDCs), also 

known as inflammatory DCs (39).  

On one hand, cDCs, are characterized by the expression of CD11c and are 

derived from CDPs in the bone marrow. cDCs can be further categorized into 

two main lineages: cDC1 and cDC2. cDC1s have an enhanced ability to cross-

present exogenous antigens on MHC-I and to activate CD8+ T cells. In 

comparison, cDC2s, represent a heterogeneous population with enhanced 
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MHC-II antigen presentation capable of activating CD4+ T cells (40).  However, 

a recent study has shown that cDC1s are also capable of activating CD4+ T cells 

(41). On the other hand, pDCs differentiate from both CDPs and CLPs (42, 43) 

(Figure 1) and similar to cDCs, pDCs express cytokine receptor Flt3 and are 

strictly dependent on its ligand Flt3L for their development (44). pDCs are 

recognized by their main function of producing high levels of interferon- alpha 

(IFN-α) in response to viruses and pathogens (45). In addition, pDCs promote 

both innate and adaptive immune responses through induction of NK cell 

migration, macrophage and DCs maturation, T cell response and antigen 

presentation (46). 

Finally, monocytes are recruited during inflammation in a CCR2-dependent 

manner, and this gives rise to mo-DCs cells that are functionally distinct from 

resident macrophages (47). This subset has been described as activated effector 

monocytes (48), based on the pronounced proinflammatory signature. These 

cells have a similar phenotype to cDC2, however, can be distinguished by the 

absence of expression of CD26 (49). Recent reviews challenge the migratory 

ability of moDCs, suggesting a more localized function, where these cells may 

not migrate to the lymph nodes but can instead directly present antigens to 

effector T cells within the tissues (50). It has been established that moDCs are 

essential for CD8+ T cell activation and antitumor responses following local 

immunotherapy, however they can also present to CD4+ T cells (51, 52).  

When immature dendritic cells (iDCs) encounter a PAMP or a DAMPs 

through their PRRs in tissues, they become activated. This activation process 

transforms them into mature dendritic cells (mDCs) (53). This transformation 

is marked by a heightened expression of MHC class II molecules, an increase in 
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co-stimulatory molecules and cytokines, and the upregulation of the 

chemokine receptor CCR7 (54). 

The moDC subset has been extensively studied using an in vitro model 

consisting of monocytes differentiating to moDCs in the presence of 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-4 (55). 

Through such experiments, it has been demonstrated that these cells exhibit 

remarkable adaptability, capable of differentiating, not only into typical 

moDCs, but also into various immunogenic or tolerogenic cell types in response 

to diverse growth factors, cytokines, or even compounds such as vitamins and 

drugs (56). 

 In vitro models for moDCs share features with other in vitro models for 

example monocyte-derived macrophages, classified as M1 or M2 macrophages, 

depending on if they were differentiating with GM-CSF or macrophage colony-

stimulating factor (M-CSF) respectively, together with activation. M1 

macrophages, known for their tissue-destructive and immune-stimulating 

roles, produce proinflammatory cytokines like IL-1, IL-6, IL-12 or TNF-α and 

exhibit anti-tumoral effects. Conversely, M2 macrophages facilitate tissue 

repair and exert immunosuppressive effects by releasing anti-inflammatory 

cytokines such as IL-10 and transforming growth factor-beta (TGF-β) (57). In 

addition, although both macrophages and moDCs can be found in similar 

tissues at steady-state and inflammatory conditions, they differ in function and 

cytokine expression. Both cells express TNF-α and IL-1β in several tissues (58–

60), however IL-12 production is specific to moDCs and only macrophages 

produce IL-10 (61, 62). Furthermore, moDCs but not macrophages can induce 

Th17 or Th1 polarization (63), and promote effector CD8+ T cell differentiation 

(61). 
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Other factors tested for their effects on in vitro moDCs include tumor-

derived factors such as VEGF and prostaglandin-2 (PEG-2). These factors 

promote the acquisition of immunosuppressive properties and pro-tumoral 

functions, leading to phenotype similar to those of myeloid-derived suppressor 

cells (MDSCs) (64) or tumor-associated macrophages (TAMs) (56). Moreover, 

the addition of RANKL along with M-CSF can induce the differentiation of 

monocytes into osteoclasts (65), while the combination of TGF-β and GM-CSF 

can prompt the differentiation into Langerhans cells (66). RANKL alone 

promotes the downregulation of IL12, upregulation of IL10, and the conversion 

of immunogenic DCs into regulatory DCs (regDCs). Finally, IL-10, TGF-β, 

vitamin D or glucocorticoids can promote the differentiation into tolerogenic 

DCs (TolDCs) that are a heterogenous pool of DCs with immuno-suppressive 

properties that present potential clinical applications (67–69) (Figure 2).  In 

summary, depending on the cytokines, vitamins, or molecules they encounter, 

these cells have the capacity to differentiate into various cell types, each 

possessing distinct functions and capabilities. 
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Figure 2. In vitro monocytes possess the capacity to differentiate into various terminally 
differentiated cells, each with distinct immunogenic or immunosuppressive roles. This 
differentiation process is facilitated by employing specific combinations of cytokines, steroids 
such as vitamin D3 and dexamethasone, or factors derived from tumors such as TGF-β, VEGF, or 
PEG-2. Adapted from (56). 
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1.2. Mechanisms of immune suppression 
The immune system can recognize and react to various antigens, necessitating 

tolerance mechanism to prevent immune reactions against endogenous 

molecules. Immunogenic tolerance is defined as unresponsiveness to an 

antigen induced after its exposure. Self-tolerance can occur either by deleting 

immature self-reactive lymphocytes within the generative lymphoid organs 

(central tolerance) or in mature lymphocytes within peripheral sites 

(peripheral tolerance) (70).  

On one hand, central tolerance involves a mechanism that eliminates and 

deactivates lymphocytes expressing high-affinity receptors for self-antigens. 

This process is antigen-specific and occurs through the recognition of antigens 

by specific clones of lymphocytes. Tolerance to self-antigens is so called self-

tolerance. The failure of the maturation phase and clonal selection of the T cell 

on the thymus can give rise to an error on this fundamental property and 

produce an autoimmune disease leading to organ destruction or dysfunction. 

Autoimmune diseases are one of the leading causes of death among young and 

middle-aged women (71). Various factors, such as genetic predispositions, 

environmental influences, and immune dysregulation, including infections, 

often converge to initiate autoimmune diseases. There are almost 100 identified 

autoimmune diseases and the most common include systemic lupus 

erythematosus (SLE), rheumatoid arthritis (Ra), multiple sclerosis (MS), type 1 

diabetes mellitus (TD1), Graves' disease, inflammatory bowel disease (IBD) and 

psoriasis (Ps) (72, 73). 

On the other hand, when self-reactive lymphocytes escape into the 

periphery, peripheral tolerance ensures that they are deleted. The main 

mechanism of peripheral tolerance are suppression by anergy (functional un-
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responsiveness), clonal deletion (cell death) and development of "induced" 

Treg. As it has been mentioned before, T cells undergo activation upon 

receiving both a signal from the TCR and a costimulatory signal facilitated by 

CD28 binding. Anergy consists of the exposure of mature CD4+ T cells to an 

antigen in the absence of co-stimulation or innate immunity and this makes 

the cells incapable of responding to that antigen. In anergy, there is an active 

suppression of TCR signaling and IL-2 production (74). Some examples of 

molecules inducing anergy are cytotoxic T-lymphocyte associated protein 4 

(CTLA-4) and programmed cell death protein -1 (PD-1).  CTLA4 is a receptor 

expressed by activated T cells and Tregs and can bind CD80 and CD86 on DCs, 

resulting in the removal of these molecules and a reduced availability of 

CD80/CD86 for CD28-mediated co-stimulation. In the case of PD-1, it is 

normally expressed on T cells and recognizes a ligand called PD-L1. This PD-1 

promotes the recruitment of phosphatases SHP-1 and SHP-2 and inhibits the 

TCR and CD28 signaling pathway, subsequently promoting tolerance via 

induction of clonal anergy and Treg differentiation. (75).  

Cell deletion consists of self-reactive lymphocytes eliminated in both the 

thymus and the periphery through apoptotic cell death, with the involvement 

of crucial pathways such as Fas- or TRIAL-mediated apoptosis by APCs (76, 77).  

Tregs, which are naïve CD4+ T cells activated in the presence of TGF-β 

and/or IL-10, are characterized by the expression of FOXP3, and have an 

immunosuppressive phenotype (78). These cells inhibit immune responses 

through various mechanisms, including the secretion of anti-inflammatory 

cytokines, direct cell-to-cell interaction, and modulation of the activation 

status and function of APCs, including DCs. This includes CTLA-4 mediated 

inhibition of co-stimulation, expression of PD-1, production of the 
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immunosuppressive cytokines like IL-10 and TGF-β, and consumption of IL-2, 

by the expression of IL2RA (CD25).  In addition, some B lymphocytes subsets 

have also been defined as IL-10-secreting cells, promoting a suppressor role. 

DCs, NKs, epithelial cells, macrophages and glial cells also express suppressor 

cytokines such as IL-10 and TGF-β. Various types of cells, including myeloid 

cells, play also roles in maintaining peripheral tolerance.  

This process of peripheral suppression can occur under normal conditions, 

such as in the elimination of self-reactive T lymphocytes or in maintaining the 

integrity of the epithelial barrier to prevent immune reactions against 

commensal microorganisms or food antigens. However, it can also be observed 

in diseases, including tumors or severe viral infections such as SARS-CoV-2 

infection, which can impact the response against the threats, affecting the 

progression of the disease. 

1.2.1.   Immune suppression on epithelial barrier immunity, 

the role of Retinoic Acid 
The immune system also relies on physical and anatomical barriers to exert its 

functions. For instance, the connective tissue, such as the dermis in the skin 

and the lamina propria in the gut, contains numerous lymphocytes, DCs, 

macrophages, and other cells that mediate innate immune response and the 

effector phase of adaptive immune response. The sampling of antigens in the 

gut and their transport to secondary lymphoid organs rely on distinct cell types 

and routes of lymphatic drainage, differing somewhat from processes observed 

in other organs (2). 

To avoid immune responses against food antigens or non-pathogenic 

commensal organisms that colonize the surfaces of skin and the lumens of 

mucosal organisms the immune system has evolved specialized properties. One 
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of the most classic strategies in immune suppression in the gut-associated 

lymphoid tissue (GALT) is the accumulation of Tregs. It is estimated that the 

proportion of FOXP3+ Tregs among CD4+ cells is bigger in this tissue that in 

others (2, 79). Many of these Tregs are induced in the gut in response to antigen 

encountered locally and thus belong to the category of peripheral Tregs. 

However, myeloid cells can also contribute through the expression of several 

cytokines, including TGF-β, IL-10 and IL-2 that play a crucial role in 

maintaining homeostasis in the gut immune system, and deficiencies in these 

cytokines result in pathological bowel inflammation.  

One of the factors that contribute the most to the generation of immune 

suppression is the induced local production of all-trans retinoic acid (ATRA), 

also known as retinoic acid (RA), a metabolite derived from dietary Vitamin 

A, by CD103+ DCs and lamina propria macrophages. The synthesis of RA by 

various types of cells within the intestine relies on their capability to activate 

aldehyde dehydrogenases (ALDHs). Notably, an increase of ALDH1a is 

predominantly observed in DCs of the small intestine, where cells that produce 

RA are found in higher concentrations (80). Basically, RA produced in the 

lamina propria induces the generation of CCR7+ DCs, prompting their 

migartion to the mesenteric lymph nodes. Within the lymph node, CD103+ DCs 

are responsible for presenting food or microbiota antigens and promoting the 

differentiation of T cells into Treg cells in the presence of RA and TGF‐β. 

Finally, antige-specific Tregs cells migrate to the intestinal mucosa, where they 

establish tolerance within the intestinal lamina propria (81, 82) (Figure 3). 
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Figure 3. The role of RA in modulating intestinal DC differentiation, maturation, and function is 

crucial in establishing gut immunological tolerance. CD103+ DCs are located below the epithelial 

layer. Various molecules, including TLR ligands and RA itself, induce the production of RA from 

Vitamin A promoted by CCR7+ DCs, enabling their migration to the mesenteric lymph nodes 

(MLN). Within the MLN, CD103+ DCs facilitate antigen presentation and the differentiation of 

regulatory T cells in the presence of RA and TGF-β. Additionally, DC-derived RA is essential for 

inducing gut-homing receptor expression in T cells. Subsequently, Tregs cells migrate to the 

intestinal mucosa, gaining the ability to produce IL-10 and becoming IL-10 producing Tregs cells, 

which is crucial for establishing gut tolerance in the intestinal lamina propria.  

During steady-state conditions, RA generated by DCs plays a crucial role 

in suppressing the differentiation of naive T cells into Th17 (83). This 

suppression is achieved by inhibiting the signaling pathways of IL-6, IL-21, and 

IL-23 in naive T cells (84–86). RA also blocks the production of IL-4, IL-21, and 

IFN-γ in CD4+ CD44high cells. Since these cytokines prevent the formation of 

Tregs, RA promotes the shift of naive T cells towards becoming Tregs (87, 88). 

Moreover, RA is  also capable of directly enhancing the conversion of naive T 

cells into Tregs (89). Numerous studies have indicated that RA not only 
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enhances the differentiation, stability, and functionality of murine and human 

Tregs but also induces the expression of gut-homing receptors in these cells, 

including α4β7 and CCR9 (90–93). Finally, RA is  also capable of priming human 

dendritic cells to induce gut-homing, IL-10-producing regulatory T cells (94). 

Collectively, RA plays a vital role in the function of DCs, ensuring 

tolerance towards food and microbial antigens and fostering tissue 

homeostasis. Simultaneously, it was observed that DC nearest to the intestine 

exhibited a more immature phenotype, a condition attributed to the local 

production of RA, showing that ATRA is required to maintain CD103+ CD11b+ 

cDC2s in the small intestine (95). Nevertheless, the effector functions of RA are 

determined by many different factors such as local RA concentrations, TLR 

signalling, the presence of additional cytokines, the cellular and molecular 

composition of the microenvironment and the on the presence of inflammatory 

conditions (86). It has been demonstrated that various inflammatory triggers 

can boost the production of RA, leading to increased responses from Th1 cells 

(96, 97), as well as promoting the release of proinflammatory cytokines IL-12 

and IL-23 by DCs (98).  

RA uses different nuclear receptors to perform its effects, known as 

retinoic acid receptors, which that are categorized into two main groups: the 

retinoic acid receptor (RAR) and the retinoid X receptor (RXR). Each group 

contains three variants, namely RAR α/β/γ and RXR α/β/γ (99). Both ATRA and 

9-cis-retinoic acid (9-cis-RA) can bind to and activate RAR, which then pairs 

with RXR to form a heterodimer. This complex plays a crucial role in the 

regulation of gene expression by attaching to retinoic acid response elements 

(RARE) in DNA. RAR antagonists (LE540 and LE135) have been shown to 

suppress the formation of Foxp3+ Treg cells, indicating that RA operates via 
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RA/RAR signaling on the generation of tolerance (100). Furthermore, the 

interplay between RA and RAR hampers the transcriptional activity of AP-1, 

known to impede the consistent expression of Foxp3 (101). Conversely, RXR is 

specifically activated by 9-cis-RA, but it has the unique ability to interact with 

various other nuclear receptors, including the liver X receptor (LXR) and 

peroxisome proliferator-activated receptor gamma (PPARγ), influencing gene 

expression in the process (102).  

In summary, myeloid cells together with RA, can also orchestrate 

peripheral immune tolerance, particularly in the gut, through the modulation 

of Tregs and gene expression via RARs. 

1.2.2. Tumor immune-suppression 
Several studies have pointed out that T cells are major players to the antitumor 

response when a tumor develops. At least, the evaluation of T lymphocyte 

density, spatial localization, cell types and functional immune orientation 

stimuli within the tumor could predict survival in colorectal cancer. The 

composition of T cells within the tumor microenvironment (TME) is influenced 

by the tumor’s mutational landscape. Oncogene activation can promote the 

secretion of factors that modulate the TME, facilitating T cell migration and 

localization within the tumor core. Indeed, there’s a parameter known as the 

Immunoscore that serves to gauge the adaptive immune makeup within the 

TME. Using this parameter tumors are categorized into four principal groups 

(103):  

i. Cold tumors: termed immune deserts, exhibit a lack of T cell 

infiltration due to deficient priming or activation mechanisms, often 
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associated with low tumor mutational burden and inadequate antigen 

presentation (104). 

ii. Altered-excluded immune tumors: T cell exclusion within the tumor 

core driven by aberrant vasculature and fibrotic networks.  

iii. Immunosuppressed tumors: an intermediate presence of exhausted 

T cells, such as those expressing T cell immunoglobulin and mucin 

domain-containing protein 3 (TIM3), together with high levels of 

inhibitory mediators like IL-10 and immune-suppressive cells like Tregs.  

iv. Hot tumors: characterized by substantial infiltration of cytotoxic T 

lymphocytes (CTLs) expressing PD-1 or CTLA4, alongside tumor cells 

expressing molecules such as PD-L1, which alter T cell functionality. 

Remarkably, hot tumors also exhibit local inflammation and 

demonstrate responsiveness to immunotherapy (105). 

Nevertheless, other immune cells can also have a role in promoting the 

immunosuppression typically found on the TME. A general activation of 

signaling pathways such as mitogen-activated protein kinase (MAPK), 

phosphoinositide 3-kinase (PI3K), signal transducer and activator of 

transcription 3 (STAT3), and NF-κB pathways occurs. Subsequently, they 

promote the expression of IL-6, IL-10, GM-CSF and TGF-β, among others 

factors. This may assist some of the infiltrated immune cells, especially DCs and 

NK cells, to lose their ability to present antigens and their cytotoxic function, 

respectively (106, 107). One of the most affected cell types by these factors are 

the immature cells from both granulocytic and monocytic lineages that can 

evolve into MDSCs, whose presence is often linked with unfavorable outcomes 

across various cancer types (108). One example of this myeloid cell polarization 

is seen in the expression of IL-10 in the tumor, which reduces the expression of 
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MHC-II and CD40 in DCs (109). This reduction affects their capacity to mature 

and to present antigens, and therefore, the antitumor response (110). 

Nevertheless, cytokines are not the only ones influencing the formation of 

MDSCs as there is increasing recognition of how metabolic regulation also plays 

a significant role in affecting myeloid cells, as they primarily utilize glycolytic 

and pentose phosphate pathways. Within the TME characterized by nutrient 

scarcity, hypoxia and acidity, there is a shift towards reliance on oxidative 

phosphorylation, fatty acid oxidation, and arginine metabolism (111–113). This 

together with the number of metabolites prevalent in the TME, such as 

adenosine, kynurenines, lactate, VEGF, PEG2 and the peptides S100A8 and 

S100A9, affects MDSCs formation (106). 

MDSCs exert their suppressive effects on T cells in TME TME through 

different mechanisms including (Figure 4):  

i. The production of anti-inflammatory cytokines or expression of PD-L1 

or CTLA4 (114–116). 

ii. Promoting T cell anergy and accelerating T cell removal via apoptosis. 

iii. Induction of immune suppressor cells such as Treg cells. 

iv. Non-specifically, by employing processes related to the generation of 

reactive oxygen species (ROS) or nitrogen oxygen species (NOS) (117). 

v. Draining metabolites essential for T cell activities. 

vi. Altering the expression of chemotactic molecules and ligands that 

direct T-cell migration. 

vii. Affecting adenosine metabolism through the upregulation of 

ectoenzymes (116).  
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Figure 4. Cancer cells employ strategies to block the immune system, particularly by affecting 

DCs' antigen presentation capabilities and diminishing NK cells' cytotoxic abilities. Additionally, 

cancer cells facilitate the differentiation of MDSCs, enhancing their ability to suppress the 

immune system. MDSCs interfere with the anti-tumor immune response through various means, 

including the release of anti-inflammatory cytokines, emission of non-specific metabolic 

molecules that contribute to a suppressive environment, expression of CTLA-4 to inhibit T-cell 

activation, and the promotion of T cell conversion into Tregs. Tregs further suppress the activity 

of effector cells crucial for combating cancer cells. 

Another molecule that can be added to the list of molecules promoting 

the formation of MDSCs is RA. In a recent study, it has been shown that the 

accumulation of RA in the TME is one of the factors that inhibits the correct 

differentiation of from monocytes to moDCs, producing cells with suppressive 

capabilities (118, 119). Moreover, it has been observed that RA promotes the 

generation of PGE2 (120). Nevertheless, the processes that control both the 

polarization and mechanism used to promote immune suppression remain 

unclear. 
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1.2.3. COVID-19-associated Immune-supression 
In December 2019, the first cases of pneumonia produced by a new virus were 

reported. Initially called 2019-nCoV (for 2019 novel coronavirus), the virus was 

renamed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and 

the disease caused by the virus, coronavirus disease 2019 (COVID-19). COVID-

19 manifests with symptoms ranging from fully asymptomatic to severe disease 

and death.  

The virus enters the host cell by using its viral spike (S) glycoprotein to 

interact with angiotensin-converting enzyme 2 (ACE2) and transmembrane 

protease serine 2 (TMPRSS2), a host receptor proteins (121). TLR2 has been 

shown to promote an inflammatory response to SARS-CoV-2, suggesting that 

TLR2 is one of the PRRs that recognize the virus (122). The innate immune cells 

activated by PRR signaling respond by activating effector cells like T and B cells 

to eliminate the virus. B cells are responsible for the production of antibodies 

targeting protein S. Neutralizing antibody responses, likely directed against 

protein S, start to emerge by the second week, with the majority of patients 

developing neutralizing antibodies by the third week (123). CD8+ T cells play a 

crucial role in directly targeting and eliminating virus-infected cells, while 

CD4+ T cells are essential for priming both types of cells. Moreover, CD4+ T 

cells play a pivotal role in generating cytokines to orchestrate the recruitment 

of other immune cells and expressing IFNγ, TNF-α, and IL-2, indicating that 

individuals with SARS-CoV infection present a Th1 cell response, 

predominantly relying on cellular immunity to combat the infection (123). 

Importantly, some patients develop dysregulated immune responses 

against SARS-CoV-2 upon detection by PRRs. Some immune cells such as 

macrophages, DCs, monocytes and NK cells release IFNs and proinflammatory 
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cytokines including IL-1β, IL-6, TNF-α, IL-12, and IFN-γ, which in turn 

stimulates further proinflammatory cytokine release, that can give rise to a 

cytokine storm that produces organ damage and respiratory failure (124) 

(Figure 5). Even though some clinical aspects of the patients have been 

associated with this dysregulated immune response like age, obesity or 

hypertension, it is still not possible to predict when it will occur.   

Figure 5. (See figure legend on the next page.) 
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Figure 5.  When SARS-CoV-2 infiltrates cells expressing surface receptors such as angiotensin-

converting enzyme 2 (ACE2) and TMPRSS2, it triggers active replication and subsequent release 

of the virus. This process drives the release of DAMPs detected by neighboring epithelial cells, 

endothelial cells, and alveolar macrophages, initiating the production of pro-inflammatory 

cytokines and chemokines such as IL-6, IFN-α or TNF-α. These cytokines attract monocytes, 

macrophages, and T cells to the infection site, intensifying inflammation and establishing a pro-

inflammatory feedback loop, further aggravated by IFNγ produced by T cells. In a normal 

immune response (on the left side) the initial inflammation attracts virus-specific T cells to the 

infection site, facilitating the elimination of infected cells before viral spread. Neutralizing 

antibodies in these individuals can impede viral infection, and alveolar macrophages recognize 

neutralized viruses and apoptotic cells, clearing them through phagocytosis. Together, these 

mechanisms result in viral clearance with minimal lung damage, leading to recovery. In an 

impaired immune response (on the right side), this can result in excessive accumulation of 

immune cells in the lungs, leading to the overproduction of pro-inflammatory cytokines, 

ultimately causing lung damage. The ensuing cytokine storm can spread to other organs, causing 

multi-organ damage. Adapted from (123).  

Severe COVID-19, much like sepsis, triggers a multifaceted response 

characterized by the simultaneous presence of pro-inflammatory and anti-

inflammatory features, although with compromised homeostasis (125). The 

initial hyperinflammatory reaction is linked to tissue damage and organ 

dysfunction, while a subsequent or delayed anti-inflammatory response 

significantly promotes prolonged immunosuppression. Consequently, this 

phenomenon increases susceptibility to nosocomial infections, heightened 

rates of rehospitalization, and potentially elevated mortality (126) (Figure 6). 
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Figure 6. Initially, COVID-19 triggers a strong proinflammatory response; to counter this, anti-

inflammatory cytokines are released, aiming to mitigate the cytokine storm. Over time, chronic 

immunosuppression can lead to persistent inflammation, immunosuppression, and catabolism 

syndrome. Early fatalities often result from the cytokine storm, whereas later deaths may occur 

due to secondary infections during the anti-inflammatory phase (127). 

This immunosuppression in the more severe cases of the disease was 

defined by different phenomena. For instance, NK cells play a crucial role in 

identifying and eliminating cells infected with the virus. However, in severe 

cases of COVID-19, NK cells are depleted from the bloodstream and lose 

functionality due to the TGF-β, hindering their ability to combat the virus (128). 

Alveolar macrophages, which are pivotal in the lungs by detecting and initiating 

antiviral immunity, are notably diminished in severe COVID-19 patients (129, 

130). Conversely, while early antiviral defense mediated by IFN-I is 

compromised, in severe cases of COVID-19, it displays impaired type I IFN 

signaling (131). Additionally, T cells are significantly reduced in severe COVID-

19 cases compared to moderate ones, suggesting a potential impairment in 

generating adaptive effector T cells essential for clearing infected cells (132–135). 

Decreased DCs numbers and profound T-cell lymphopenia, driven by 

proinflammatory cytokines, are also common features in severe cases (134). In 

addition, several studies have indicated an increase in neutrophils and a 
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decrease in nonclassical (CD14lowCD16hi) monocytes in severe COVID-19 

patients (131, 136, 137).  

Furthermore, the excessive circulation of immature monocytes, 

neutrophils, and myeloid progenitors, known as emergency myelopoiesis, is 

common on severe cases. This phenomenon is triggered early in infection, likely 

due to delayed viral clearance, particularly in conditions with preexisting 

alterations in myelopoiesis (138, 139). Finally, it has also been shown that 

monocytes from severe COVID-19 patients are characterized by a tolerogenic 

phenotype with reduced expression of class MHC-II antigens (138, 140, 141) and 

increased activation of apoptotic pathways (142), given that these monocytes 

are characterized by displaying an immunosuppressive phenotype (143, 144). 

This suggests that in the most severe cases of SARS-CoV-2 infection, 

immunosuppression takes place, although through mechanisms distinct from 

the most described ones. 
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1.3. DNA methylation as a major epigenetic 

mechanism in myeloid cells 

1.3.1. Overview 
Every cell type within an organism possesses identical DNA to the rest and 

needs to utilize a specific set of genes different from those required for another 

cell type. Organisms have developed mechanism to specify the genes that will 

be expressed in different cell types operates under the same genetic expression 

mechanisms. Some of these mechanisms are comprised by the concept known 

as "Epigenetics”. This encompasses the array of chemical modifications 

occurring on DNA itself or on the associated histone proteins that package it. 

These modifications enable a single cell to adopt distinct properties, setting it 

apart from others, all without altering its nucleotide sequence.  

In 1925, Johnson and Coghill aimed to uncover the pathogenic 

determinants of Mycobacterium tuberculosis by isolating and crystallizing 

nucleic acids. Among their findings was 5-methylcytosine (5mC), a nucleotide 

previously hypothesized to exist naturally in living organisms. Examination of 

their hydrolyzed nucleic acid picrate crystals under polarized light effectively 

differentiated cytosine from 5mC (145). This modification was termed DNA 

methylation. Sinsheimer later observed that 5mC is not distributed randomly 

within DNA but is instead predominantly located within the CpG dinucleotide 

context (146, 147). DNA methylation is particularly relevant when taking place 

in CpG dense regions which are present at many gene promoters termed CpG 

islands (CGIs). Nevertheless, 5mC can be also present in intergenic regions, 

gene body or enhancer regions (148). 

It is widely known that 5mC can play a significant role in regulating gene 

expression. Generally, it is associate with transcriptional repression, and when 
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methylation is lost, it tends to associate with transcriptional activation (149). It 

is pivotal in long-term gene silencing, X-chromosome inactivation and pre-

mRNA alternative splicing (150). DNA methylation can directly impede 

transcription by affecting transcription factor binding in specific instances, 

including those in which a CpG site is present within a transcription factor 

binding motif (151).  

This epigenetic mark has been highly studied in cancer, given the 

frequent occurrence of hypermethylation in transcriptional regulatory 

elements such as gene promoters and enhancers, notably those of tumor 

suppressor genes (TSGs) (152). The initial discovery of DNA methylation in the 

promoter region of the retinoblastoma tumor suppressor gene (RB1) among 

retinoblastoma patients marked a significant milestone (153), with subsequent 

identification of numerous cancer suppressor genes exhibiting silenced gene 

expression due to DNA hypermethylation in tumor tissues (154).  

However, DNA methylation can be also associated with an increase in 

expression, for example when present within intergenic regions, often recruits 

specific histone modification enzymes and chromatin remodelling complexes 

that can cause increased transcription (155). In the case of gene bodies, which 

are considered gene regions past the first exon, their methylation can lead to 

silencing, like in the case of promoters. However, evidence suggests that DNA 

methylation of the gene body is associated with a higher level of gene 

expression in dividing cells (156).  

Histone post-translational modifications are the second main group of 

epigenetic marks. There are several types of post-translational modification, 

including acetylation of Lys, methylation of Lys and Arg, phosphorylation of 
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Ser and Thr, and others. These chemical modifications not only have direct 

effects on chromatin structure, but also facilitate the binding of other factors 

and promote or repress transcription. The nature of the chemical modification 

and the position of the amino acid residue in the protein sequence yield 

different functional outcomes. Generally, histone H3 trimethylation at Lys9 

(H3K9me3) and Lys27 (H3K27me3) are considered repressive modifications, 

whereas histone acetylation at the same positions (H3K9ac and H3K27ac) in 

promoters and enhancers, respectively, are generally associated with 

transcriptional activation, and the removal of these acetyl marks is linked to 

gene repression. Conversely, H3 trimethylation at Lys4 (H3K4me3) and Lys36 

(H3K36me3) is also associated with active transcription (157).  

1.3.2. Regulation of DNA methylation  
While DNA methylation typically remains stable, multiple pathways of 

demethylation and hypermethylation exist and they play an important role in 

various biological contexts. First, the de novo methylation at CpG sites is 

primarily guided by the de novo methyltransferases DNA cytosine-5-

methyltransferase 3A (DNMT3A) and DNMT3B (158). Both DNMT3A and 

DNMT3B contain a a Pro-Trp-Trp-Pro (PWWP) domain in the N-terminal 

region, an ATRX-DNMT3A-DNMT3L (ADD) domain in the central region, and 

an enzymatic domain in the C-terminal region (159). The PWWP and ADD 

domains play crucial roles in localizing DNMT3A and DNMT3B to their binding 

sites and regulating enzymatic activity. Specifically, the PWWP domain 

facilitates proper binding to chromatin and acts as a reader module, 

recognizing and binding histones H3K36me2 and H3K36me3 (160). On the 

other hand, during DNA replication, DNMT1 is responsible for maintaining 

methyl groups. Proper localization and activation of DNMT1 at DNA 
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methylation sites require several regulatory factors. Ubiquitin-like containing 

PHD and RING finger domains 1 (UHRF1), also known as ICPB90 in humans, 

also play a critical role in maintaining DNA methylation (161, 162). 

During development, the DNA methylation patterns dynamically 

fluctuate through genome-wide DNA demethylation and de novo methylation 

(163, 164). Also, DNA methylation profiles in cell change in relation to many 

biological processes including their differentiation or activation in response to 

different stimuli.  DNA demethylation is particularly crucial in immune cell 

differentiation and activation (165) and primarily occurs through two pathways:  

i. DNA replication-dependent demethylation, also known as passive 

demethylation, through inhibition of DNMTs (166).  

ii. DNA replication-independent demethylation, or active demethylation, 

mediated by Ten-eleven translocation (TET) methylcytosine 

dyoxygenases (167). 

TET enzymes catalyze the oxidation of 5mC to 5-

hydroxymethylcytosine (5hmC). In non-proliferative cells, TET further oxidizes 

5hmC to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (168). Both 5fC 

and 5caC are removed generating an abasic sites through the activity of 

Thymine DNA Glycosylase (TDG). Unmodified cytosines are then restored by 

the base excision repair (BER) mechanisms (169, 170) (Figure 7A). TET-

mediated oxidation can target 5mC, 5hmC, and 5fC, with varying affinity or 

catalytic efficiency of the three members of the TET family for these substrates. 

Biochemical and structural analyses indicate a preference of TET enzymes for 

5mC over 5hmC or 5fC (171). Kinetic studies of enzyme activity have shown that 

the conversion of 5mC to 5hmC by human TET1 or TET2 occurs more rapidly 
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than the conversion of 5hmC to 5fC, and 5fC to 5caC. At a mechanistic level, 

even though human TET2 binds 5mC, 5hmC, and 5fC with similar affinities, 

5hmC and 5fC are the less preferred  (172, 173). 

TET enzymes are iron(II)/α-ketoglutarate (Fe(II)/α-KG)-dependent 

dioxygenases. Their catalytic activity is primarily located within the carboxyl-

terminal core, which consists of a double-stranded β-helix (DSBH) domain 

alongside a cysteine-rich domain. This DSBH domain facilitates the 

convergence of Fe(II), α-KG, and 5mC for the oxidation process. Concurrently, 

the cysteine-rich domain encircles the DSBH core, enhancing the structural 

integrity and the interaction between TET and DNA. It is important to note 

that the interaction with DNA does not involve the methyl group Full-length 

TET1 and TET3 have a CXXC domain at their amino termini, whereas the 

putative CXXC domain of TET2 is separated from the protein. These CXXC 

domains are present in several chromatin-associated proteins, including MLL, 

DNMT1, MBD1 and are essential for binding nonmethylated CpG-containing 

DNA, making TET2 TFs-dependent recruitment to perform their function (174) 

(Figure 7B). 
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Figure 6. (A) Process of active DNA demethylation involves a cyclical mechanism. Initially, 

DNMTs catalyze the conversion of unmodified cytosine into 5‑methylcytosine (5mC). 

Subsequently, 5mC can undergo a reversal process mediated by TET enzymes, leading to the 

generation of 5‑hydroxymethylcytosine (5hmC), 5‑formylcytosine (5fC), and 5‑carboxylcytosine 

(5caC). Thymine DNA glycosylase (TDG) facilitates the excision of 5fC or 5caC, coupled with base 

excision repair (BER), in a mechanism termed active modification–active removal (AM–AR). 

Alternatively, the dilution of 5hmC, 5fC, or 5caC can occur during DNA replication, known as 

active modification–passive dilution (AM–PD). (B) TET proteins exhibit a domain structure 

crucial for their function. Catalytic activity is conferred by cysteine-rich and double-stranded 

β‑helix (DSBH) domains located at the carboxyl terminus. While full-length TET1 and TET3 

possess an amino-terminal CXXC domain, TET2 lacks this domain.  
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1.3.3. Transcription factors as mediators of DNA 

methylation changes 
TFs are proteins capable of binding to DNA, influencing gene expression. Most 

TFs present a DNA-binding domain and a transactivator domain, which 

interacts with other proteins to mediate activating or repressive functions. TFs 

recognize specific short DNA sequence motifs for binding, although epigenetic 

regulation can further modulate their access to DNA (175). However, there are 

specific TFs, called pioneer TFs, that can bind to inaccessible chromatin by 

remodelling the structure and facilitating the context-specific TF binding (176).  

Certain TFs can recruit DNMTs to promote DNA methylation at specific 

sites. For instance, the leukemia-promoting PML-RAR fusion protein was 

shown to induce DNA methylation in the RARβ2 promoter (177). Similarly, 

MYC, PU.1, E2F6, DNMT1-PAS1-PH20, and p65 (RELA) have been implicated in 

promoting DNA methylation in different contexts (178–182). 

TFs can also induce active demethylation by recruiting TET enzymes. 

This was observed with CTCF and REST using stable insertions of methylated 

reporters, where these proteins could bind and trigger local demethylation 

(183). Subsequently, similar mechanisms were identified for PU.1 through motif 

analysis in differentially methylated regions (184), and for RUNX1, RUNX3, 

GATA2, CEBPB, MAFB, NR4A2, MYOD1, CEBPA, and TBX5 via methylation 

array studies (185). Once a region becomes unmethylated, TFs have been also 

shown to protect it from DNA methylation. CXXC zinc finger proteins like 

CXXC1/CFP1 and FBXL19 bind to unmethylated CpGs within CpG islands, 

recruiting chromatin remodelers to maintain these regions unmethylated (186, 

187).  
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Finally, it is worth mentioning that there is a specific subtype of TFs, 

named nuclear receptors, that are a family of ligand-regulated TFs that are 

activated by steroid hormones, such as estrogen and progesterone, and other 

lipid-soluble signals, including retinoic acid, oxysterols, and thyroid hormone 

(188). One example is RAR that has been also associated with the recruitment 

of TET to modified DNA methylation its binding site (189). This suggests that 

external factors can activated nuclear receptors, functioning as TFs, that can 

perform DNA methylation changes through the recruitment of the different 

epigenetic enzymes, and finally affecting the cell phenotype. 

1.3.4. DNA methylation alterations in immune mediated 

diseases 
Aberrant DNA methylation has been widely studied in most cancer types, 

including solid cancers such as colon, breast, liver, bladder, and bone cancers 

as well as hematological malignancies, such as leukemias and lymphomas. In 

relation to DNA methylation, DNMT mutations, different expression levels of 

DNMTs, as well as dysregulation of TETs are frequently observed in cancer (190, 

191) Also, similarities in the DNA methylation signature have been observed 

between primary tumor and distant metastases in the same individual (192). All 

of this evidence supports a strong connection between alterations in DNA 

methylation and cancer. However, the exploration of DNA methylation 

changes extends beyond cancer research. Another biological context where 

DNA methylation has been widely studies is in the context of genomic 

imprinting (193). 

DNA methylation has been also used in genetically complex 

autoimmune diseases, shering light on the implication of DNA methylation on 

disease phenotypes. Low concordance rates among monozygotic twins in 
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diseases like Ra (194), SLE (195), and MS (196) suggest potential roles for 

environmental factors or epigenetics in disease etiology. Given that immune 

cells are primary targets in autoimmune diseases and are readily accessible from 

blood samples, they serve as an appropriate model for studying the link 

between DNA methylation and disease.  

Ra is a chronic autoimmune inflammatory disease affecting small and 

large joints, with a global prevalence estimated between 0.3% to 1.0% (197). 

Genome-wide DNA methylation analysis of peripheral blood mononuclear cells 

has revealed altered DNA methylation patterns at the HLA-class II locus, 

implicating its role in mediating the genetic risk of developing Ra (198). 

Furthermore, significant changes and increased variability in the DNA 

methylomes of peripheral blood monocytes have been observed in Ra patients 

compared to those from healthy controls, with correlations identified between 

these alterations and the expression of inflammatory cytokines, shedding light 

on the interplay between DNA methylation changes and external factors (199). 

DNA methylation alterations in peripheral blood monocytes also appear to 

reflect prognosis, disease evolution, and treatment response in the early stages 

of Ra (200). 

In SLE, blood genome-wide studies have identified differential DNA 

methylation in genes involved in autoantibody production  (201). A specific 

hypomethylation was also observed in the promoter region of the IL-6 gene in 

peripheral blood (202). Recently, the analysis of monocytes from SLE patients 

has revealed DNA methylation and transcriptomic alterations associated with 

an interferon signature and monocyte subset-specific changes, providing 

insights into their impact of SLE on monocyte differentiation (203). 
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MS, the leading cause of neurological disability in young adults, exhibits 

DNA methylation changes across various immune cell types, including CD4+ T 

cells, CD8+ T cells, and CD44+ encephalitogenic T cells (204).  

Moreover, DNA methylation studies have also expanded to metabolic 

disorders such as type 2 diabetes mellitus (T2DM), where altered methylation 

levels at specific genomic sites correlate with differential gene expression in 

pancreatic islets (205). Additionally, shortened leukocyte telomere length has 

been implicated in affecting LINE-1 methylation levels, potentially increasing 

T2DM risk in certain populations (206). 

Neurological disorders, including autism spectrum disorder (ASD) and 

Rett Syndrome, exhibit frequent mutations in the Methyl-CpG-binding protein 

2 (MeCP2) gene, suggesting an implication of DNA methylation alteration in 

disease pathogenesis (207, 208). Changes in the DNA methylation profiles were 

associated with differential expression of genes involved in synaptic activity, 

indicating a potential mechanism underlying these disorders (209, 210). 

Additionally, DNA methylation changes in epilepsy patients have been 

correlated with disease duration, particularly affecting inflammation-related 

genes in both cortex and hippocampus (211). 

Finally, DNA methylation studies have been conducted in infectious 

diseases, such as sepsis, revealing altered DNA methylomes in tolerized 

monocytes from sepsis patients compared to healthy controls. These changes 

affect critical monocyte-related genes and correlate with increased levels of IL-

10 and IL-6 (212). 
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1.3.5. Role of DNA methylation in monocyte 

differentiation and suppression 
DNA methylation is crucial in the early stages of immune cell development and 

differentiation; however, it also plays a role in their terminal differentiation. In 

fact, the differentiation of monocytes into various effector cell types derived 

from MO is influenced by factors such as cytokines, growth factors, or 

environmental cues, which have an influence on the epigenetic profiles (55, 213, 

214). Specifically, it has been reported that TET2-dependent demethylation is 

vital for the development of the identity and function of DCs and macrophages. 

In the differentiation to DCs from monocytes, a key process involves the 

activation of the JAK3-STAT6 pathway by IL-4, which is necessary for DCs-

specific demethylation and expression (215). Another example is represented in 

the differentiation to osteoclasts from monocytes, wehere the binding of PU.1 

to both DNMT3A and TET2 leads to DNA methylation changes essential for 

monocyte differentiation into osteoclasts (184). 

External factors added during in vitro differentiation from monocytes 

can also induce the acquisition of new phenotypes, where DNA methylation 

plays a significant role. The addition of Vitamin D and glucocorticoids has been 

shown to promote TolDCs, where not only their respective receptors VDR and 

GR, but also other TFs, such as STAT3 and MAFB, in conjunction with TET2 

drive these changes (216, 217). For MDSCs differentiated in the presence of 

PEG2, an increase in DNMT3A promotes hypermethylation, defining their 

immunosuppressive phenotype (218). 

Furthermore, the immune response to infection involves active 

demethylation of thousands of CpG sites at distal enhancer elements associated 

with NF-κB/Rel (p65) (219). Vitamin C is known to enhance TET enzymes' 
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enzymatic activity, likely acting as a cofactor (220, 221), by directly interacting 

with the catalytic domain of TET proteins to increase their function (222). 

Exposure to Vitamin C during the activation of moDCs promotes enhanced 

demethylation and upregulation of many genes regulated by NF-kB, enhancing 

the DC ability to stimulate the proliferation of autologous antigen-specific T 

cells in a p65-TET2 interaction manner (222). 

In summary, there is abundant evidence that the significant 

morphological, transcriptional, and epigenetic shifts occur during in vitro 

culture of moDC are associated with site-specific TET2-dependent active DNA 

demethylation. However, the mechanism of TET2 recruitment to demethylated 

sites remains unclear. Research has shown that while IRF4 is a hallmark of DC 

functions it have minimal impact on DNA methylation, early growth response 

2 (EGR2) is critical for MO differentiation and DNA methylation turnover at its 

binding sites (223). 
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2. HYPOTHESIS  
Given the intricate nature of the innate immune response and the various 

components involved in maintaining homeostasis, gaining a deeper 

understanding is crucial. To date, numerous immunosuppressive mechanisms 

have been identified, with most being linked to lymphoid cells. However, recent 

research has emphasized the significant role that myeloid cells, particularly 

monocytes and monocyte-derived dendritic cells, may play in these processes. 

These cells can transition from a pro-inflammatory state to a more tolerance-

inducing one based on their environment or the specific molecules they 

interact with. These transitions to a more immunosuppressive capability have 

been observed in various scenarios, including epithelial barrier immunity and 

within tumor microenvironments -where RA is a major player in both cases- or 

in infections, such as severe COVID-19. Despite these insights, the regulatory 

mechanisms underlying such phenotypic changes on myeloid cells remain 

poorly understood. In this regard, epigenetics, particularly DNA methylation, 

could be a critical factor driving these adjustments. This research hypothesizes 

that specific given epigenetic, specifically DNA methylation, and 

transcriptomic modifications within myeloid cells, produced by the external 

factors, can significantly influence their immunosuppressive functions.  

In COVID-19, the effectiveness of immune cells to respond to the SARS-

CoV-2 virus could be significantly influenced by whether individuals have 

impairments in central tolerance, leading to autoimmunity. There further 

remains a need for knowledge about the specific antiviral immune responses 

mounted by such patients. In this regard,  it was hypothesized that the response 

to viral infection can vary in the context of different autoimmune diseases.  





Objectives 

65 
 

3. OBJECTIVES 
The main objective of this doctoral thesis is to shed light into some of intricate 

mechanisms that regulate myeloid cell-mediated immunosuppression through 

the lens of epigenetic and transcriptional regulation. The specific objectives of 

this doctoral thesis can be divided into the following points: 

1. To investigate the immunological, epigenomic and transcriptomic 

changes associated with the exposure to RA during monocyte to DC 

differentiation. 

2. To characterize the epigenomic and transcriptomic reprogramming of 

monocytes in severe COVID-19, given the central role of these cells in 

inflammatory responses, to understand the specific dysregulated 

pathways involved in the dramatic immune dysregulation in these 

patients.   

3. To investigate the impact of SARS-CoV-2 infection on different immune 

cell populations in patients with autoimmune diseases, focusing on 

three representative conditions: rheumatoid arthritis (Ra), psoriasis 

(Ps), and multiple sclerosis (MS). 
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ABSTRACT 

Dendritic cells (DCs) play a pivotal role in immune responses. Understanding 

the factors influencing their function is critical for therapeutic interventions. In 

this study, we investigate the impact of retinoic acid (RA) on the 

immunological, epigenomic and transcriptomic features of monocyte-derived 

DCs (moDCs) and reveal a multifaceted role of RA in inducing 

immunosuppressive properties. Specifically, RA promotes the acquisition of a 

macrophage-like phenotype in moDCs, which undergo increased expression of 

macrophage markers and develop immunosuppressive functions. We identify 

that genes governing immunosuppression undergo specific DNA methylation 

changes in response to RA, emphasizing the implication of epigenetics in the 

observed phenotype. Additionally, we uncover the involvement of the nuclear 

receptor Liver X Receptor alpha (LXRα) as an important mediator of the 

immunosuppressive effects of RA on moDCs. LXRα expression is upregulated 

during RA treatment, and its activation is linked to the epigenetic 

reprogramming and expression of immunosuppressive factors like VSIG4, 

which directly binds. We also show that the direct targeting of VSIG4 revert 

partially the immunosuppressive properties. RA-mediated downregulation of 

retinoid X receptor alpha (RXRα) expression is also essential for LXRα to exert 

its immunomodulatory function. Finally, we determine that in vivo colon and 

tumor-associated macrophages co-express LXRα and VSIG4. These findings 

provide valuable insights into the intricate regulatory mechanisms governing 

the immunomodulatory effects of RA on DCs. 
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 INTRODUCTION 

Dendritic cells (DCs) serve as professional antigen-presenting cells (APCs) that 

are needed to stimulate T cell-driven immunity and enhancing their 

robustness. The phenotypically and functionally different subsets of DCs, 

together with their developmental origins, have been thoroughly studied. They 

play a pivotal role in controlling immune responses under both physiological 

and pathological conditions, making them valuable therapeutic targets [1]. 

There are three main DC subtypes: conventional DCs (cDCs), plasmacytoid DCs 

(pDCs) and monocyte-derived DCs (moDCs). Most tissue-infiltrating DCs 

primarily derive from the local differentiation of recruited monocytes (MO) 

into moDCs at inflammatory tissues [2]. What makes moDCs particularly 

interesting for investigating regulatory mechanisms is their ability to be 

differentiated from monocytes in vitro in the presence of granulocyte 

macrophage colony-stimulating factor (GM-CSF) and interleukin (IL-4). These 

in vitro differentiated DCs do not only share gene expression patterns with in 

vivo inflammatory moDCs but also with blood cDCs [3]. 

The plasticity of myeloid cells, including DCs, is underscored by their 

sensitivity to extracellular factors. Their immunological properties are subject 

to variation influenced by environmental cues. At the epigenetic level, studies 

reveal dynamic DNA methylation changes in DCs, among others, in response 

to diverse external influences [4]. DNA methylation involves the addition of 

methyl groups to the 5’ position of cytosines (5mC) at CpG dinucleotides and is 

generally associated with transcriptional repression [5, 6]. Alterations in DNA 

methylation may result from upstream environmental influences connecting 

cell membrane receptors, signaling pathways, and transcription factors (TFs). 

These factors can either directly recruit DNA methyltransferases (DNMT) and 
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ten–eleven translocation (TET) methylcytosine dioxygenases or indirectly 

modulate their binding to specific genomic sites [7]. 

In recent years, it has become evident that the nutritional status impacts 

metabolism and function of immune cells. One example is the all-trans retinoic 

acid (ATRA), generically known as retinoic acid (RA), a vitamin A metabolite 

that is an important determinant of intestinal immunity [8–12]. Classically, RA 

has been shown to play a role in cell development [13], including macrophage 

development [9]. The immunological effector functions of RA are determined 

by many different factors such as local RA concentrations, TLR signalling, the 

presence of additional cytokines, and the cellular and molecular composition 

of the microenvironment [12]. RA is generally thought to promote tolerance via 

multiple immune cell types [14]. Specifically, it induces Foxp3+ T regulatory 

cells [15, 16], promotes a shift from an M1 to an M2 phenotype and inhibits 

macrophage-mediated immunity [17]. Recently, it has been demonstrated that 

food-derived RA confers immature features to intraepithelial cDCs, low surface 

expression of CCR7 and costimulatory molecule, and decreased antigen 

presentation capacity that promote T cell hyporresponsiveness [18]. 

Nevertheless, some groups have reported that at low doses, RA favours Th1 or 

Th17 T cell responses [19]. For example, Takahashi and collaborators have 

shown that RA promotes Th17 cell differentiation in vitro at physiological doses 

(1nM) [20]. 

The biological effects of RAs are mainly mediated through retinoic acid 

receptors (RARs) [21]. As type II nuclear receptors, RARs form heterodimers 

with retinoid X receptors (RXRs) and bind to retinoic acid response elements 

(RAREs) in the regulatory regions of their target genes, including promoter or 

enhancers, that regulate their expression. RXRs can also form homodimers or 
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heterodimers with other nuclear receptors and regulate gene expression [22]. 

However, it has been described that RA can induce degradation of its receptors 

[23,24]. RAR-RXR heterodimers are non-permissive as they activate 

transcription only in response to RAR agonists. In contrast, other class II 

nuclear receptors, including peroxisome proliferator-activated receptors 

(PPARs), liver X receptors (LXRs), and farnesoid X receptors (FXRs), form 

heterodimers with RXR that are permissive to RXR agonists. LXRs are probably 

best known as oxysterol receptors and physiological master regulators of sterol 

metabolism. LXRα and LXRβ (encoded by the NR1H3 and NR1H2 genes, 

respectively) are TFs classically involved in cellular cholesterol metabolism [25–

27]. LXRs are also involved in the proliferation and differentiation of 

keratinocytes and the inhibition of tumor cell proliferation [26]. However, this 

is a controversial topic as LXRs also display anti-inflammatory activities [28–

31]. In cancer immunology, LXRs suppress the proliferation of a variety of 

human cancer cells, which in turn produce LXR agonists (oxysterols) that 

inhibit immune responses as a mechanism of tumor escape from immune 

surveillance [32].  

Recently, it has been shown that the accumulation of RA in the tumor 

microenvironment (TME) promotes immunosuppression, preventing 

immunotherapy efficacy [33]. Specifically, in the presence of RA, monocytes 

reaching the TME preferentially differentiate into immunosuppressive 

macrophages, although the transcriptomic and epigenetic mechanisms 

regulating these changes and how the immunosuppression is produced remain 

unclear.  
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The present study sheds light on the intricate regulatory mechanisms 

underlying the immunomodulatory effects of RA on moDCs, unveiling novel 

specific molecular pathways that drive the acquisition of immunosuppressive 

properties.  
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MATERIALS AND METHODS 

CD14+ monocyte purification and culture 

CD14+ monocytes were obtained with magnetic CD14 MicroBeads (Miltenyi 

Biotec) from PBMCs previously isolated by density-gradient centrifugation 

using lymphocyte-isolation solution (Rafer). Blood was 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.  

MOs were resuspended in Roswell Park Memorial Institute (RPMI) 

containing 10% fetal bovine serum (Gibco, ThermoFisher), 100 units/ml 

penicillin/streptomycin (Gibco, ThermoFisher), 10 ng/ml human GM-CSF 

(PeproTech), 10 ng/ml human IL-4 (PeproTech) and 1µM of RA (Sigma Aldrich) 

(DMSO diluted) was added to the treated cells. Cells non treated with RA, the 

same volume of DMSO was added. 1µM of GW3965 (Sigma), LG268 [34] and 

GSK2033 (#HY-108688) were used as LXR and RXR agonists and LXR 

anatagonist, respectively. For DCs maturation, LPS (10 ng/ml) was added to the 

cell culture on day 5 and the cells were collected after 48h. On day 7, we 

therefore collected immature dendritic cells (iDC/iDCRA) and mature dendritic 

cells, with LPS stimulus (mDC/mDCRA).  

CD8+ cell proliferation assay  

Allogenic CD8+ T-cells isolated using negative selection with the human CD8 

T Cells Kit (Invitrogen) and were labeled with carboxy fluorescein succinimidyl 

ester (CFSE) CellTrace™ (Invitrogen) in according with the manufacturer’s 

instructions. T-cells were seeded in 96-well plates at 200,000 cells/well, with 
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iDC or iDCRA at different ratios (DC:CD8+ T-cell ratios: 1:2, 1:3 and 1:4), 

previously collected using Versene, a non-enzymatic dissociation buffer 

(ThermoFisher). CD8+ cells were then stimulated with 5 µL/mL of anti-

CD3/CD28 Dynabeads (Invitrogen) and cultured for 4 days. AntibodyS against 

VSIG4 (Ab_VSIG4_1(#MAB46462), Ab_VSIG4_2(#:MAB4646)) and IgG 

(#CS200581) were added at day 0 when corresponding. CD8+ T-cell 

proliferation was analyzed by FACS and determined by considering the 

proliferating CD8+ T-cells those where CFSE staining had decreased compared 

to unstimulated CD8+ T-cells. CD8+ T-cells without and only with anti-

CD3/CD28 Dynabeats were used as negative control (C-) and positive control 

(C+) respectively. 

T cell clonal expansion and proliferation assay  

PBMCs from healthy donors were purified from blood by density gradient 

centrifugation. The PBMCs (1 ml; 3 × 106 cells per well) were cultured in the 

presence of SARSCoV-2- S (9pmol) (PepTivator) in 24-well plates 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, 1 ml of medium with 80 U/ml of 

recombinant human IL-2 (PeproTech) was added to the wells, with a final 

concentration of 1.5 × 106 cell/ml and 40 U/ml of IL-2. After 7–10 days of culture, 

T cells were expanded in the presence of 30-Gy irradiated autologous PBMCs (3 

× 106 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.  
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After 5 days of differentiation and activation, moDCs were washed to 

remove RA and were co-cultured with antigen-specific autologous CFSE-

stained T cells at a DC: T cell ratio of 1:2, 1:3 and 1:4 in 200 µl 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-S antigen or SARS-CoV-2-N control 

antigen (PepTivator). T cell proliferation was analyzed by FACS and 

determined by considering the proliferating of those where CFSE staining had 

decreased compared to not co-cultured T cells. T cells stimulated with anti-

CD3/CD28 microbeads 5 ug/ml (eBioscience) were used as a positive control 

(C+). 

Flow cytometry  

For the study of surface cell markers, cells were collected using Versene, and 

harvested after differentiation culture and washed once with PBS. Cell staining 

was performed in a staining buffer (PBS with 4% fetal bovine serum and 0.4% 

ethylenediaminetetraacetic acid (EDTA)) after blocking for non-specific 

binding with Fc block (BD Pharmingen) for 5 minutes on ice. Cells were stained 

for 20 minutes on ice. Antibodies used included: CD14 (APC) (#130-110-520, 

Miltenyi Biotec), CD16 (APC) (#130-113- 389, Miltenyi Biotec), CD163 (FITC) 

(#33618, BioLegend), CD1a (PE) (#300106, BioLegend), CD86 (APC) (#130-113-

569, Miltenyi Biotec), HLA-DR (PE) (#12-9956-42, eBioScience), CD206 (FItC) 

(#551132, BD pharmgen), CD25 (#12-0251-82, eBioscience), VSIG4 (#17-5757-42, 

eBioscience). After staining, cells were fixed with PBS + 4% paraformaldehyde 

(Electron Microscopy Sciences) and analyzed using a BD FACSCanto™ II Cell 

Analyzer (BD Biosciences). Data were analyzed with the FlowJo v10 software. 
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Quantification of cytokine production 

Cell culture supernatants were collected after 7 days and diluted appropriately. 

Enzyme-linked immunosorbent assays (ELISA) were performed to detect IL-10, 

IL-12 and TNF-α from BioLegend and IL-1β from ThermoFisher following the 

manufacturer’s instructions. 

Real-time quantitative Polymerase Chain Reaction (RT-qPCR)  

RNA was extracted using the Maxwell RSC simplyRNA Cells kit (Promega) 

following the manufacturer's instructions. 250 ng of total RNA were converted 

to cDNA with Transcriptor First Strand cDNA Synthesis Kit (Roche), following 

manufacturer’s instructions. RT-qPCR primers were designed with Primer3 

software. RT-qPCR reactions were prepared with LightCycler 480 SYBR Green 

I Master according to manufacturer instructions and analyzed with a 

LightCycler 480 instrument (Roche). 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 gene RPL38. Custom primers were designed to analyse 

genes of interest (Supp. Table 1). 

Chip-qPCR 

After 3 days of differentiation 10 milion of iDC and iDCRA were fixed with 

Pierce™ fresh methanol-free formaldehyde (ThermoFisher) for 10 min and 

prepared for sonication with the truChIP Chromatin Shearing Kit (Covaris), 

following the manufacturer’s instructions. Chromatin was sonicated 15 min 

with the Covaris M220 in 1 ml milliTubes (Covaris). The size distribution of the 

sonicated chromatin was checked by electrophoresis to ensure an appropriate 



Article 1 
 

84 
 

sonication, with a size around 150-200 bp. Magna Beads Protein A+G 

(Millipore) were incubated for 4h with the correspondence antibody in a buffer 

with 1% Triton X-100, 150 mM NaCl and 0.15% SDS. Chromatin was preclened 

with 10000g centrifugation and were incubated overnight with each antibody: 

10 ul Anti-LXR alpha antibody (ab41902) and RXRA antibody (21218-1-AP), in 

the same buffer as the antibody+beats. Then, 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–HCl 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– HCl 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–HCl), followed by a last wash with TE buffer (pH 8.0, 

10 mM Tris–HCl, 1 mM EDTA). Chromatin was eluted for 45 min 65ºC with 100 

ul of elution buffer (10 mM Tris–Cl, 1 mM EDTA, 1% SDS) and decrosslinked 

adding 5 ul 1M NaCl and 5 ul 1M NaHCO3 (2 h 65ºC). Next, 1 ul of 10mg/ml 

proteinase K (Invitrogen) was added, and samples were incubated at 37◦C for 1 

h. For DNA purification, iPure kit v2 (Diagenode) was used, following the 

manufacturer’s instructions. 1% of the chromatin input from each sample was 

purified by the same method. For ChIP-qPCR, samples were diluted 1/10, and 4 

ul and specific primers (Supp. Table 1) were used for each reaction. qRT-PCR 

was performed in technical triplicates for each biological replicate, using 

LightCycler® 480 SYBR Green Mix (Roche). The relative amount of 

immunoprecipitated DNA compared to input was calculated with the following 

formula: 2((Ctinput – 3) – Ctsample) × 100%. 

Western blot  

Protein expression was visualized by western blotting, performed using 

standard Western blot. The following antibodies were used: anti-pStat6 Y641 
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(Cell Signaling Technology), anti-Stat6 #9362 (Cell Signaling Technology), anti-

Lamin B1 ab65986 (Abcam), anti-p65 C15310256 (DIagenode), anti-pp65 

(Ser536) 93H1 (Cell Signaling Technology), anti-TET2 ab94580 (Abcam), anti-

DNMT3b ab2851 (Abcam), anti-DNMT3a D23G1 (Cell Signaling Technology), 

anti-RARa C15310155 (Diagenode), anti-RARg OTI3G1 (TrueMAB), anti-RXRa 

21218-1-AP (Proteintech), anti-PPARg D69 (Cell Signaling Technology) and 

anti-LXRα ab41902 (Abcam). 

DNA methylation profiling, quality control and statistical analysis of 

DMPs  

Genomic DNA extraction was carried out utilizing the DNA precipitation 

protocol. Bisulfite (BS) conversion was performed employing the EZ-96 DNA 

Methylation™ Kit (Zymo Research, CA, USA) as per the manufacturer’s 

guidelines. Subsequently, 500 nanograms of BS-converted DNA were subjected 

to hybridization on Infinium Methylation EPIC BeadChip arrays (Illumina, Inc., 

San Diego, CA, USA). These arrays facilitated the analysis of DNA methylation, 

enabling the assessment of >850,000 methylation sites per sample at single-

nucleotide resolution, encompassing 99% of the reference sequence (RefSeq) 

genes. Each methylation data point was derived from the combined Cy3 and 

Cy5 fluorescent intensities representing methylated and unmethylated alleles, 

respectively. Background intensity was subtracted from each data point using 

a computed value obtained from a set of negative controls. Beta (β) and M 

values were utilized for representation and further analysis. Beta denotes the 

ratio of methylated probe intensity to overall intensity (sum of methylated and 

unmethylated probe intensities), while M is computed as the log2 ratio of 

methylated and unmethylated probe intensities. For statistical purposes, the 

use of M values is deemed more appropriate due to the severe 
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heteroscedasticity of β-values observed for highly methylated and 

unmethylated CpG sites. Raw DNA methylation data are accessible via the Gene 

Expression Omnibus (GEO) database under accession number GSE255789. 

Quality control, data normalization, and statistical analysis of DMPs  

Quality control and analysis of EPIC arrays were perfomed utilizing 

ShinyÉPICo, a graphical pipeline incorporating minf (v1.36) for normalization 

and limma (v3.46) for differential methylation analysis. The BS conversion 

control probe test integrated within ShinyÉPICo was employed to assess 

whether the conversion rate surpassed the quality threshold of 2 established by 

Illumina, computed from the information of the BS conversion control probes 

present on the EPIC arrays. CpH and SNP loci were eliminated utilizing the 

Noob method, followed by quantile normalization. Analysis excluded sex 

chromosomes (X and Y) to prevent discordant information across samples. This 

sex exclusion was not performed to study VSIG4 related CpGs. Despite data 

generation occurring within a single batch and being randomized, batch effect 

correction was applied. The Trend and Robust options were utilized in the 

eBayes moderated t-test analysis. Differential methylation between treated and 

non-treated moDCs was determined using t-tests and a method with defined 

empirical array weights from the limma package [35], with CpGs selected based 

on a false discovery rate (FDR) < 0.05 and an absolute differential methylation 

(Δβ) exceeding 10% (> 0.1). 

RNA-seq  

RNA-seq libraries were generated and sequenced by Novogene (Cambridge), in 

150-bp paired-end, with the Illumina NovaSeq 6000 platform, using four 

biological replicates for each group. More than 40 million reads were obtained 
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for each sample. Fastq files were aligned to the hg38 transcriptome using 

kallisto package [36]. Reads were assigned to genes with featureCounts [37]. 

Differentially expressed genes were detected with DESeq2 [38]. The donor was 

used as a covariate in the model. The Ashrshrinkage algorithm was applied and 

only protein-coding genes with an absolute logFC >0.5 and an FDR < 0.05 were 

selected as differentially expressed gene (DEG). Raw expression data are 

accessible via the Gene Expression Omnibus (GEO) database under accession 

number GSE255925. 

Single cell analysis  

Two publicly available single-cell RNA sequencing datasets were acquired for a 

validation analysis in an in vivo context [39, 40]. After selecting the myeloid cell 

population clusters of interest, integration and reclustering was performed 

independently for each one of the datasets.  

Both were normalized, top 2000 highest variable genes were selected, 

and data was scaled, following the Seurat pipeline. Cell clustering was 

performed using Louvain's algorithm (FindNeighbors and FindClusters). The 

Uniform Manifold Approximation and Projection (UMAP) algorithm was then 

applied for visualisation, selecting the top 30 dimensions. 

Gene ontology, transcription factor enrichment, chromatin state 

discovery and representation 

Statistical analyses were performed in R 4.0.3. The GREAT online tool was used 

for gene ontology (GO) analysis with DNA methylation analysis. GO analysis of 

DEGs was carried out using the online Enricher gene ontology analysis tool [41]. 

FindMotifsGenome.pt tool from the Hypergeometric Optimization of Motif 



Article 1 
 

88 
 

EnRichment (HOMER) motif discovery software to analyze motif enrichment 

was used. A fanking window of±250 bp from each CpG was applied, and CpGs 

annotated in the EPIC array were used as background. Transcription factor (TF) 

enrichment of DEGs was carried out using the Discriminant Regulon 

Expression Analysis (DoRothEA) tool. Chromatin functional state enrichment 

of DMPs was analyzed using public PBMC data from the Roadmap Epigenomics 

Project generated with ChromHMM. ChIP-seq peaks files of histone marks 

from MO and iDCs were downloaded from the BLUEprint webpage (http://dcc. 

blueprint-epigenome.eu). Consensus peaks of the different replicates were 

obtained with the MSPC algorithm [42], using the options ‘-r Biological -w 1E-

4 -s 1E-8 -c 3’. Public DNAse-seq bigwigs were aggregated using wiggletools to 

obtain the mean value of several replicates. Heatmaps of DMPs were generated 

with functions available in the ComplexHeatmap and gplots R packages. PCA 

projection matrices were calculated with R’s prcomp function and visual 

representations. All statistical analyses were done in R v3.5.1. Normally 

distributed data were tested using two-tailed unpaired Student's t-tests; non-

normal data were analyzed with the appropriate non-parametric statistical test. 

Levels of significance are indicated as: ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P<0.005; ****, 

P<0.001. 

Data access 

DNA methylation and RNA-seq data for this publication have been deposited 

in the NCBI Gene Expression Omnibus and are accessible through GEO Series 

accession numbers GSE255789 and GSE255925 (Superseries). 
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RESULTS 

Retinoic acid induces the acquisition of immunosuppressive properties 

in DCs 

To investigate the effects of RA in the phenotype of moDCs, from now on 

referred to as DCs, we first differentiated in vitro peripheral blood monocytes 

from healthy donors to iDCs for 5 days using GM-CSF and IL-4 in the absence 

and presence of RA (iDC and iDCRA), followed by two days of activation using 

lipopolysaccharide (LPS), obtaining mature DCs (mDC and mDCRA) (Figure 

1A). We first observed that iDCRA were able to inhibit CD8+T cell proliferation 

in vitro, in contrast to iDCs, indicating the acquisition of immunosuppressive 

properties in the presence of RA (Figure1B). Previously, it has been proposed a 

dual role for RA in the polarization of DCs, one inducing tolerogenic properties 

in a steady state, and the other potentiating the production of pro-

inflammatory cytokines in an inflammatory context [43]. To test whether a 

complex milieu modulates the acquisition of the immunosuppressive 

phenotype, we differentiated monocytes to iDCs in the presence of RA and 

medium derived from culturing Caco2 cancer cells. We observed that the 

presence of the soluble factors produced by cancer cells increases the 

immunosuppressive capacities induced by RA (Supp. Figure 1A). In standard 

conditions, ELISA assays showed that LPS stimulated the production of IL-1β, 

IL-6, and TNF-α, but the production of these cytokines was partially impaired 

in the presence of RA (Figure 1C). However, the expression of the classical 

immunosuppressive cytokine IL-10 was also downregulated, suggesting a global 

downregulation of NF-κB activation. 
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To further characterize the effects of RA on DCs regarding their T cell 

stimulation and antigen-presenting capabilities, we conducted antigen 

presentation assays using clonally expanded T cells (see Methods) (Figure 1D). 

We observed that co-culturing T cells with mDCs loaded with no antigen did 

not result in proliferation, whereas co-culturing with mDCs loaded with the 

antigen led to significant proliferation, indicating antigen-specific T cell 

proliferation. However, when mDCs were differentiated in the presence of RA, 

T cell proliferation did not occur (Figure 1E). 

At the cell surface level, we observed that exposure to RA during DC 

differentiation increased the expression of macrophage markers like CD14, 

CD163 and CD206, together with a decrease in the expression of CD1a, a DC 

marker, in a dose-dependent manner (Figure 1F and Supp. Figure 1B,1C). 

Nevertheless, when we compared the CD163 expression in DCRA with GM-CSF-

induced macrophages, we observed much higher levels in the latter (Supp. 

Figure 1C). We also observed decreased expression of the costimulatory 

molecule CD86 and an increase of antigen-presenting molecules like HLA-DR 

(Figure 1F). In parallel, we determined that IRF4, a TF relevant for DC 

differentiation, decreased in the presence of RA, as previously described [33]. 

Conversely, IRF8 and MAFB, important for macrophage differentiation [44], 

displayed a significant increase in relation to RA exposure (Figure 1G).  

Finally, we detected a decrease in the expression and phosphorylation 

of STAT6, which is needed for the acquisition of the DC phenotype, as we and 

others have previously reported [45]. We also observed a drastic decrease in the 

protein levels of p65 NF-κB under the treatment of RA, which is needed for 

proinflammatory gene expression (Figure 1H). Collectively, these results 

support the idea that DCs acquire immunosuppressive capacities under RA 
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treatment, with the differentiation from monocytes to DCs partially blocked, 

and giving rise to a more macrophage-like phenotype. 

(See figure legend on the next page.) 
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Figure 1. (A) Schematic overview of the differentiation model, inluding monocytes (Mo), 

immature dendritic cells (iDC) and mature dendritic cells (mDC), treated and untreated with 

retinoic acid (RA). (B) iDC and iDCRA were co-cultured with CD8+ cells for 4 days. The final CFSE 

signal of CD8 + cells is shown (bottom panels). CD8+ with only CD3/CD28 T-activator beads (C+) 

or alone (C–) are also shown (n=3). (C) Box-plot representation of IL-6, TNF-α, IL-12p70, IL-1β 

and IL-10 production by each cell type, after 48h treatement with LPS. (D) Scheme depicting the 

T cell proliferation assay. PBMCs were obtained from healthy donors. T cell clones reacting to 

the specific antigen (SARS-CoV-2 protein S) were selected through several rounds of clonal 

expansion. On the other hand, mDCs and mDCRA were obtained from the same donor and 

charged with the specific antigen. Finally, the Carboxyfluorescein succinimidyl ester (CFSE)-

stained T cells were cocultured with mDCs/mDCvitC for 5 days. (E) The proliferation of T cells 

cocultured with moDC (2:1, 3:1 and 4:1 proportion), with or without the loading with a specific 

SARA-CoV-2 antigen. Non activated T cells from each donor was used as negative control (C-) 

and T cells with CD3/CD28 were used as positive control (C+) (n = 4) (F) Bar-plots of surface 

marker expression (Median Fluorescence Intensity) in DCs in steady-state (n=6). (G) Box-plot 

representation of gene expression obtained from qRT-PCR in treated and untreated iDCs and 

mDCs with increasing concentration of RA (n=3). (H) Western blot of phosphorylated and total 

of STAT6 and p65 proteins in whole-cell lysates of iDCs and mDCs, treated and untreated with 

RA. β-actin was used as a loading control. (* P < 0.05, **P<0.01,). 

DNA methylation reprogramming of DCs in response to RA 

As indicated above, the immunological properties of DCs have been linked to 

TET-mediated DNA demethylation [4]. We therefore obtained and compared 

the DNA methylation profiles of Mos and DCs in relation to the exposure to 

RA, in both iDCs and mDCs. Hierarchical clustering of differentially methylated 

CpGs between iDC and iDCRA and between mDC and mDCRA (FDR < 0.05 and 

absolute differential beta Δß  >0.1) revealed four main clusters of CpG sites 

(Figure 2A): a cluster of CpGs that underwent specific demethylation in both 

iDC and mDC and whose demethylation is impaired in iDCRA and mDCRA 

(Cluster 1, 1126 CpGs); a second cluster that undergoes enhanced 

hypermethylation in both iDCRA and mDCRA (Cluster 2, 325 CpGs); a third 

cluster that is specifically demethylated upon activation only in mDCs and not 

in mDCRA (Cluster 3, 135 CpGs); and, finally, a cluster of CpGs with RA-specific 

DNA demethylation (Cluster 4, 104 CpGs) (Supp. Table 2). Examples of each 
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cluster include IRF4 and RXRA in Cluster 1, CXCR4 and IL10 in Cluster 2, IL6 

and TNF in Cluster 3 and the JUN and the Hypermethylated in Cancer 1 (HIC1) 

genes in Cluster 4 (Supp. Figure 2A). Previous work has identified the gene HIC1 

as a RAR direct target gene [46], which we found to be specifically demethylated 

under the treatment with RA (Supp. Table 2). 

Principal component analysis (PCA) showed that most of the variability 

observed at the DNA methylation level can be explained by events common to 

differentiation and activation processes. We found that iDCRA and mDCRA are 

closer to monocytes in the principal component 1 (PC1), whereas the PC2 

clusters together iDC and mDC, on the one hand, and iDCRA and mDCRA on the 

other. We also observed that the activation produces more changes in mDC 

than in mDCRA (Figure 2B). 

All clusters, except Cluster 2, were enriched in introns and depleted in 

promoters (Supp. Figure 2B). Looking at the enrichment in active enhancer 

histone marks (H3K4me1 and H3K27ac) in DCs and MOs, an increase in the 

signal of these marks was noted in moDC differentiation, especially in Cluster 1 

and Cluster 3, which became specifically demethylated in DCs (Supp. Figure 

2C). All DNA methylation clusters were enriched in monocytic enhancers and 

regions flanking active transcription start sites (Figure 2C). Employing the 

average signal of public MO DNAse-seq (Blueprint database) we found that 

Cluster 2 and Cluster 4, the ones presenting a RA-specific hyper- and 

hypomethylation, had greater accessibility in DCs, demonstrating a correlation 

between chromatin accessibility and DNA methylation changes (Figure 2D).  

We correlated each CpG with the nearby gene and performed GO 

enrichment analysis using GREAT program. We observed that Cluster 1 is 
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associated with categories related to defense response and myeloid 

differentiation. Cluster 2 and Cluster 3 are enriched in categories related to 

leukocyte activation and differentiation. In contrast, Cluster 4 is enriched in 

chronic inflammatory response and negative regulation of DC antigen 

presentation (Figure 2E). These functions are consistent with the phenotype 

previously observed.  

To identify TFs potentially involved in the DNA methylation dynamics, 

we performed TF motif enrichment analysis using FindMotifsGenome tool 

from HOMER motif discovery software. In Cluster 1 we observed enrichment of 

the consensus binding motifs of transcription factors associated with DC 

differentiation, such as EGR2 [47], together with TF related with RA response 

like RARα or RARγ, also present in Cluster 4. In Cluster 2 we observed the 

enrichment of ETS family transcription factors like PU.1 or Ets1 [48]. Finally, in 

Cluster 3 there was enrichment in consensus binding motifs of NF-κB, AP-1 and 

IRF, together with Erra and PPARa (Figure 2F). 

Finally, we analysed the protein levels of the enzymes catalysing DNA 

methylation changes (DNMTs and TETs) and determined that RA treatment 

results in both a decrease of TET2 and an increase of DNMT3A (Supp. Figure 

2D). The latter is consistent with our previous report of increased levels of 

DNMT3A in association with the acquisition of an immunosuppressive 

phenotype [49]. These changes in TET2 and DNMT3A are compatible with the 

impaired demethylation in response to RA in clusters 1 and 3, as well as the 

hypermethylation in cluster 2. 
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(See figure legend on the next page.) 
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Figure 2. (A) Scaled DNA methylation (z-score) heatmap of DMPs and box and violin plots 

summarizing the distribution of DNA methylation levels per cell type and cluster. Differentially 

methylated CpGs were calculated comparing iDC with iDCRA and mDC with mDCRA (Δβ ≥0.1, 

FDR<0.05) (n=4). DNA methylation values of the precursor cell type (MO) are also shown. (B) 

Principal-component analysis of differentially methylated CpGs. (C) Enrichment of each DMPs 

cluster in ChromHMM 15-states categories of MOs (Roadmap Epigenomics Project). Fisher’s 

exact tests of DMPs cluster were calculated using all the CpGs annotated in the EPIC array as 

background. The relative enrich ment is represented as Odds Ratio. Analysis include TssA, Active 

TSS; TssBiv, Bivalent/Poised TSS; BivFlnk, Flanking Bivalent TSS/Enh; EnhBiv, Bivalent 

Enhancer; ReprPC, Repressed PolyComb; ReprPCWk, Weak Repressed PolyComb; Quies, Qui 

escent/Low; TssAFlnk, Flanking Active TSS; TxFlnk, Transcr. at gene 5’ and 3’; Tx, Strong 

transcription; TxWk, Weak transcription; EnhG, Genic enhancers; Enh, Enhancers; ZNF/Rpts, 

ZNF genes & repeats; Het, Heterochromatin. (D) DNAase data of CD14+ monocytes from the 

BLUEPRINT database. Odds ratios of histone marks enrichment were calculated for bins of 10bp, 

2000bp upstream and downstream in relation DNA methylation clusters. CpGs annotated in the 

EPIC array were used as background. (E) GO over-represented categories in each cluster. Fold 

change in comparison with background (EPIC array CpGs) and −log10 (FDR). Selected significant 

functional categories are shown (p-value). (F) Bubble scatter-plot of TF-binding motif 

enrichment for each methylation cluster. 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. 

Bubble sare colored according to the TF family. FDR is indicated by bubble size. 

RA-induces expression changes leading to immunosuppression 

In parallel, we performed RNAseq on the same samples used for DNA 

methylation profiling and examined differences in their transcriptomes. Since 

the samples were collected on day 7, without or with LPS-mediated activation, 

for iDC/iDCRA and for mDC/mDCRA respectively, different comparisons to test 

the effects of RA can be performed. In the first comparison (iDCRA vs. iDC), we 

observed a total of 510 genes that were upregulated, and 285 genes 

downregulated (FDR<0.05 and logFC>0.5) (Supp. Figure 3A and Supp. Table 3). 

We observed the upregulation of genes related with a macrophage-like 

phenotype such as CD163, CD14 or MAFB together with some chemokines like 

CCL2 and CCL5. We also observed the downregulation of the CD1a gene 

together with a marked downregulation of the IL-1 receptors (ILR1 and IL1R2) 
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and STAT6. We also noticed the upregulation of NR1H3, encoding LXRα, which 

interacts with RXRα [50] that is downregulated. In the second comparison 

(mDCRA vs. mDC), we observed a total of 1020 genes that were upregulated, 

including CEBPA, CD68, HLA-DRA or the gene coding for the 

immunosuppressive cytokine TGFBI. Among the downregulated genes, we 

observed a total of 330 genes including some proinflammatory-related genes 

like IL6, NFKB1 and TNF. In both comparisons, we observed VSIG4 as one of 

the most differentially expressed genes (Figure 3A). VSIG4 is a type I 

transmembrane receptor exclusively expressed in a subset of tissue-resident 

macrophages that maintains immune homeostasis by suppressing the 

activation of T cells and inducing Treg differentiation [51, 52], thereby 

inhibiting the development of immune-mediated inflammatory diseases. 

In contrast with the DNA methylation data, transcriptome variance of 

PC1 and PC2 are mainly explained by the maturation of DCs and the 

differentiation of MO to iDCs, respectively. However, differences between mDC 

and mDCRA can also be observed in the PCA (Supp. Figure 3B). GO terms were 

calculated for each comparison (Figure 3B). For instance, iDCRA present a 

positive regulation of categories related to the negative regulation of the 

immune response and a downregulation of myeloid differentiation.   

Since RA induces downregulation of IL-10 (Figure 1C), an archetypical 

immunosuppressive cytokine, we hypothesized that another cytokine could be 

involved in the acquisition of immunosuppressive capacities. To explore this 

possibility, we adapted a tool initially designed to explore intercellular 

communication in bulk and single-cell expression data to test 

autocrine/paracrine signal activation [53]. With this approach, we inferred 

potential ligands that may regulate these processes. Some of the two most 
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interesting ligands that we observed enriched were the BMP8A and BMP8B 

encoding genes (Supp. Figure 3C-F), which are members of the TGFβ 

superfamily. Interestingly, we observed upregulation of the TGFBI gene in our 

RNAseq data and previous studies have defined the expression of TGF-β by DCs 

[54]. We also observed the enrichment of INHBA (Supp. Figure 3C), which is 

upregulated by GM-CSF and also encodes another TGFβ family member. TGF-

β expression could explain their immunosuppressive capacities. However, we 

were unable to detect TGFβ in the supernatants.  

We performed Gene Set Enrichment Analysis (GSEA) of the genes 

associated with DC, monocytes and macrophages [55, 56] to determine the 

phenotype acquired by DC under the treatment with RA. With this analysis, we 

observed that the genes related with monocytes and macrophages are enriched 

on iDCRA (Figure 3C). Interestingly, we observed that only mDCRA present 

significant/high enrichment of alveolar macrophage-associated genes, 

obtained from different studies [57–59] (Supp. Figure 3G). We integrated our 

data with public datasets of these cell types and observed that iDCRA acquire a 

phenotype that is intermediate between macrophages, including inflammatory 

and non-inflammatory macrophages, and DCs [33, 44, 60] (Figure 3D), as also 

observed at the protein cell surface level (Figure 1F).  

To integrate the previously observed DNA methylation changes with 

gene expression, we correlated each CpG with the closest gene and observed a 

significant inverse correlation between DNA methylation and gene expression 

changes (rho= −0.44; p=2.2e−16) (Figure 3E). To conduct a more detailed 

examination of the observed correlation, we conducted GSEA focusing on the 

genes associated with the previously defined CpG clusters. Various comparative 

analyses were employed, including mDCRA vs. mDC, revealing an upregulation 
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of Cluster 3 in mDC. Additionally, comparisons such as iDCRA vs iDCs indicated 

an upregulation of Cluster 4 in iDCRA (Figure 3F). This inverse correlation 

between DNA methylation and gene expression is exemplified by different 

genes including proinflammatory genes like IL6 and TNF, anti-inflammatory 

genes like IL2RA, the nuclear receptor RXRA or specific targets of RARα like 

HIC1 [61, 62] (Figure 3G). These results support the epigenetic importance on 

the observed transcriptomic changes. 
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(See figure legend on the next page.) 



Article 1 

101 
 

Figure 3. (A) Volcano plots of gene expression in the iDCRA vs. iDC and the mDCRA vs. mDC 

comparisons. The binary logarithm of the fold change is represented on the x-axis, whereas the 

negative decimal logarithm of the FDR is represented on the y-axis. Downregulated genes are 

shown in blue (FDR < 0.05, Fold Change < –0.5) and upregulated genes are shown in yellow (FDR 

< 0.05, Fold Change > 0.5). (B) GO over-representation of GO Biological Process of iDCRA vs. iDC 

and the mDCRA vs. mDC comparisons. Selected significant functional categories are shown. Fold 

Change of genes over the background and –log10 (FDR) of the Fisher’s exact tests are shown. (C) 

Gene set enrichment analysis (GSEA) of the RA treted versus untreated iDC, using public datesets 

of Monocytes, DC and Macrophages as gene sets [54, 55]. The running enrichment score and the 

normalized enrichment score (NES) are shown above the graph. (D) Principal-component 

analysis plot of the aggregated and batch-corrected gene expression data from our study 

(Monocytes, DC and RA) and 3 additional public datasets. The four different groups obtained 

using k-means clustering are represented with ellipses of multivariate t-distributions. (E) 

Correlation of average DNA methylation levels of DMPs with average gene expression of DEGs 

in the iDC vs iDCRA comparision. Log2(FC) of expression is plotted on the y-axis. DNA 

methylation is depicted on the x-axis as Δβ. Points are colored according to their genomic 

context. Points are colored according to their genomic context. A significant negative correlation 

between methylation and expression is observed (R=−0.44, P<2.2e−16). (F) DMPs were associated 

with the nearest gene. The resulting gene set from each methylation cluster was used in the GSEA 

of iDC vs iDCRA and mDC vs mDCRA comparisons. The running enrichment score and the 

normalized enrichment score (NES) are shown. (G) Bar-plot representation the DNA 

methylation levels (β-values) of a specific CpG with the nearby gene expression (z-score) below 

(n = 4). 

RA induces the expression of LXRα and downregulation of RXRα to 

promote immunosuppression 

To identify the implication of TFs in leading the observed transcriptomic 

changes, we performed Discriminant Regulon Expression Analysis (DoRothEA) 

in two comparisons iDCRA vs. iDC and mDCRA vs. mDC. This analysis 

highlighted enriched TF regulons in both comparisons, including MAF and 

VDR. Interestingly, MAFB and VDR have been previously identified as 

implicated in the epigenetic reprogramming toward tolerogenic DCs [63, 64]. 

In both comparisons, we observed an enrichment of NR1H3, encoding LXRα, 

which interacts with RXRs [50], as mentioned above (Figure 4A and Supp. 

Figure 4A). LXRα also showed greater enrichment compared to other nuclear 
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receptors, including LXRβ (Supp. Figure 4B). We confirmed by both RNAseq 

data and western blot the increased expression of this TF, together with a 

decreased expression of its partner RXRα (Figure 4B-C and Supp. Figure 4C).  

Additionally, we noted an elevated expression of NR1H3 (LXRα) 

throughout DC differentiation in the presence of RA, while NR1H2 (LXRβ) 

exhibited no such increase (Figure 4D). LXRα increased expression along the 

differentiation process was also validated at the protein level (Supp. Figure 4D). 

One possible explanation is the NR1H3 hnRNA stabilization by RA treatment.  

To explore when LXR is producing changes at the transcriptional level, 

we analysed the expression of ABCA1, as a classical target of LXRs [65] (Figure 

4E), which also presents difference at the DNA methylation and expression 

levels (Figure 3G). We observed an increase in the expression of ABCA1 at 12h. 

LXR is an agonist-activated factor [66], therefore we also checked the 

expression of the enzyme cholesterol 25-hydroxylase (CH25H), as being the one 

that metabolizes cholesterol into 25HC, an endogenous LXR agonist [67]. 

Again, at 12h there was already increased expression of this enzyme and, 

therefore potential accumulation of the endogenous LXR agonist (Figure 4E). 

To further investigate whether the RA-driven changes are LXR 

mediated, we differentiated MOs into DC in the presence of a specific LXR 

agonist (GW3965). We confirm efficacy of this agonist by the expression of 

different LXR targets (Supp. Figure 4E). We also used an RXR agonist (LG268), 

as RXR agonist has been shown to repress inflammatory genes. Transcriptional 

analysis of IRF4, IRF8, and MAFB revealed that the RXR agonism mimics the 

changes induced by RA, downregulating IRF4 and upregulating IRF8 and MAFB 

(Figure 4F). At the cell surface marker level, the RXR agonist, in contrast to the 
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LXR agonist alone, replicated RA-induced changes, including increased 

expression of macrophage markers (CD14, CD163, and CD206) and decreased 

expression of DC markers (CD1a) (Figure 4G). Importantly, DC differentiated 

with the RXR agonist exhibited an immunosuppressive phenotype, akin to RA 

treatment, whereas the LXR agonist alone did not induce such effects (Figure 

4H). Interestingly, the RXR agonist elicited similar effects on DC at the TF level, 

leading to RXRα downregulation and increased LXRα expression, and has no 

effects on RXRβ (Figure 4I).  These results suggest that the pharmacological 

activation of LXR alone is not capable of mimicking the immunosuppressive 

effects of RA, and that both simultaneous RXRα downregulation and LXR 

induction are important for the immunosuppressive effect, suggesting a 

preference for LXRα to bind RXRβ, forming an alternative heterodimer to 

promote different changes. 
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(See figure legend on the next page.) 
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Figure 4. (A) Discriminant regulon expression analysis (DoRothEA) of iDCRA vs iDC comparision. 

Only transcription factors with FDR<0.05 are shown. NES of transcription factor expression are 

depicted. (B) Normalize expression (z-score) of NR1h3 (LXRα) from the RNAseq data (n=4). (C) 

Western blot of retinoic acid receptor (RAR), retinoic X receptor (RXR), peroxisome proliferative 

activated receptor, gamma (PPARg) and liver X receptor (LXR). βactin proteins were used as 

loading controls. (D, E) mRNA kinetiks expression of LXRα, LXRβ, ABCA1 and Ch25h genes (n=3) 

obtained from RT-pPCR. (F) Box-plot representation of gene expression obtained from qRT-PCR 

and (G) bar-plots of surface marker expression represented as Median Fluorescence Intensity 

(MFI) on iDC differentiated under the treatment with retinoic acid (RA), agonist of LXR 

(GW3965) and agonist of RXR (LG268) (n=3).  (H) iDC differentiated under the treatment with 

RA, GW3965 and LG268, were co-cultured with CD8+ cells for 4 days. The final CFSE signal of 

CD8 + cells is shown. CD8+ with only CD3/CD28 T-activator beads (C+) or alone (C–) are also 

shown (n=3). (I) Western blot of LXRα, RXRα, RXRβ and RARα differentiated under the 

treatment with RA, GW3965 and LG268. Laminβ proteins were used as loading controls. (* P < 

0.05, **P<0.01, **P<0.005). 

LXRα regulates the expression of VSIG4, promoting immunosuppression 

Our initial attempts to solely activate LXR with a synthetic agonist failed to 

replicate the effects observed with RA alone. To further elucidate the dual 

impact of RA and LXR activation, we employed an LXR antagonist (GSK2033) 

to inhibit LXR functionality. The addition of the LXR antagonist led to a 

decrease in the expression of ABCA1, a well-established LXR target and LXRα 

(NR1H3) itself (Figure 5A). Interestingly, the use of the LXR antagonist reversed 

the suppressive phenotype induced by RA (Figure 5B), unlike the combined 

addition of RA and the LXR agonist, which maintained the suppressive 

phenotype (Supp. Figure 5A). 

With these conditions, we performed RNAseq and observed that most 

of the genes that were upregulated under the treatment with RA were not 

upregulated by only adding the agonist of LXR (DC+Ag). However, they 

underwent a more marked upregulation when the agonist was added together 

with RA (RA+Ag). In parallel, these genes were downregulated when the 

antagonist was added together with RA (RA+Ant). For other retinoic acid 
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related receptors (RARα, RARβ, RARγ, RXRα, RXRβ, PPARγ), they were still 

downregulated when the antagonist was added together with RA (Supp. Figure 

5B). We noticed that one of the genes downregulated in the RA+Ant vs. RA 

comparison was VSIG4 (Supp. Figure 5C, Supp. Table 4), being one of the genes 

more upregulated in response to RA exposure (Figure 3A). 

As shown above, both VSIG4 and IL2RA (CD25) were upregulated under 

RA treatment, and they caught our attention due to their involvement in 

immune tolerance regulation through the control of regulatory T cells (68, 69). 

Furthermore, a recent paper describes a IL2RA+ VSIG4+ tumor-associated 

macrophage as key subpopulation of the immunosuppressive 

microenvironment [39]. To assess whether the suppression was mediated by 

VSIG4, two diferent anti-VSIG4 antibody were introduced during the 

suppression assay. Intriguingly, the inclusion of the antibody (Ab) decrease the 

suppression capabilities of iDCRA (Supp. Figure 5D). These result supported a 

positive relationship between VSIG4 expression and the acquisition of 

immunosuppressive capabilities. 

We then examined the relationship between LXRα and VSIG4 in 

relation to immune suppression. Notably, VSIG4 was specifically upregulated 

over time in the presence of RA, with expression levels being noticeable as early 

as 12h (Supp. Figure 5E). Subsequent RT-qPCR analysis of VSIG4 expression 

under treatment with LXR agonist and antagonist confirmed the pattern 

observed in the RNAseq. The LXR agonist alone failed to induce VSIG4 and 

IL2RA (CD25) production, but in combination with RA, it led to greater 

expression compared to RA alone. Conversely, the LXR antagonist, combined 

with RA, abolished VSIG4 and IL2RA (CD25) expression (Figure 5C, Supp. 

Figure 5F). These trends were further corroborated at the protein level, 
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however, the addition of the antagonist failed to revert the expression of IL2RA 

(CD25), although the simultaneous addition of RA and the LXR agonist also 

induced a higher expression (Figure 5D and Supp. Figure 5G). 

In addition, to investigate into the regulatory mechanisms of LXRα, we 

used public ChIP-seq datasets to analyse LXRα binging on human macrophages 

differentiated in the presence of a pan-LXR agonist T0901317 [70]. Our analysis 

identified a binding motif for LXRα in a proximal zone of the VSIG4 gene 

(Figure 5E). Subsequently, qPCR primers were designed, and our ChIP-qPCR 

experiments confirmed increased LXRα binding to this region in iDCRA (Figure 

5F).  

To further characterize whether VSIG4 expression is epigenetically 

regulated, we analyzed the DNA methylation status of the identified CpG sites 

annotated to the VSIG4 gene. We determined that three CpGs were specifically 

unmethylated in DCRA (Figure 5G and 5H). Finally, we performed 

pyrosequencing to assess the impact of LXR agonist or antagonist addition on 

these CpGs. A decrease in the DNA methylation levels was observed in DC 

differentiated in the presence of RA and this was partially reverted by the 

addition of the LXR antagonist, however, an increase in DNA methylation was 

not observed for the treatment with the LXR agonist (Figure 5I). These data 

support the relevance of LXR on the epigenetic VSIG4 regulation. 
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Figure 5. (A) Box-plot representation of mRNA expression of ABCA1 and NR1H3 (LXRα) on iDC 

differentiated under the treatment with retinoic acid (RA), agonist of LXR (GW3965) and 

antagonist of LXR (GSK2033) (n=3). (B) iDC differentiated under the treatment with RA and 

antagonist of LXR (GSK2033) were co-cultured with CD8+ cells for 4 days. The final CFSE signal 

of CD8 + cells is shown. CD8+ with only CD3/CD28 T-activator beads (C+) or alone (C–) are also 

shown (n=3). (C) Box-plot representation of VSIG4 expression obtained from qRT-PCR on iDC 

differentiated under the treatment with RA, GW3965 and GSK2033. (D) Bar-plots of surface 

marker expression represented as Median Fluorescence Intensity (MFI) on iDCs differentiated 

under the treatment with RA and GSK2033. (E) Representation of the LXRα ChIP-seq signal 

(BPMs), obtained from pulic data bease (71) close to the VSIG4 genes. Data was generated on 

macrophages (MAC) differentiated under the treatment or not with another LXRα agonist, 

T0901317 (MAC_DMSO and MAC_T09 respectively). (F) ChIP signal of LXRα binding on a region 

associated with VSIG4 on iDC differentiated under ther traetment or not treated with RA. The 

RT-qPCR signal relative to the ChIP input is shown (n = 3). (G, H) Scaled DNA methylation (z-

score) heatmap and violin plot of DMPs associated with VSIG4 summarizing the distribution of 

DNA methylation levels per cell type and cluster. (I) DNA methylation measured by bisulfite 

pyrosequencing on RA, GW3965 and GSK2033 trated iDCs. (* P < 0.05, **P<0.01, **P<0.005). 

LXRα and VSIG4 are co-expressed on tumor resident and colon 

macrophages   

To investigate the potential LXR-mediated regulation of VSIG4 in an in vivo 

context, particularly within the TME, a reanalysis of a single-cell RNAseq 

(scRNAseq) anaplastic thyroid cancer (ATC) dataset was performed. Notably, 

in such study, it was described a VSIG4+ tumor-associated macrophage as a key 

subpopulation of the immunosuppressive microenvironment [39]. An initial 

general clustering gave us diverse cellular populations within the TME, 

including monocytes, macrophages, and DC (Supp. Figure 6A). Given the 

specific interest in the myeloid component, a subsequent reanalysis of this 

population was performed obtaining a more refined myeloid clustering that 

includes the cells that are only present in ATC patients (ATAM).  (Figure 6A). 

Within these clusters, macrophages emerged as the primary cell type 

expressing VSIG4 and IL2RA. Concurrently, an analysis of LXRα (NR1H3) 

expression in this myeloid population revealed that, once again, macrophages 
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were the predominant cell type expressing this gene. Furthermore, the LXR 

target, ABCA1 was also co-expressed on cells expressing VSIG4. (Figure 6B). The 

identification of cells expressing VSIG4 revealed their predominant presence in 

ATC patients (Figure 6C). Interestingly, we observed an enrichment on the 

macrophages in co-expressing of both VSIG4 and LXRα, suggesting a potential 

role of LXRα in the regulation of VSIG4 expression within this specific TME 

context (Figure 6D).  

Moreover, to elucidate the context in which RA promotes LXR-

mediated VSIG4 expression, we conducted a reanalysis of another scRNAseq 

dataset comprising diverse myeloid cell data from various studies [40]. We 

selected only myeloid cells derived from barrier tissues such as the colon, skin, 

stomach, and liver, including both healthy and cancerous states, with a 

particular emphasis on the biological role of RA [12]. The resulting clustering 

revealed a total of 14 clusters, each representing distinct myeloid cell 

subpopulations (Figure 6E). We then examined the expression profiles of 

VSIG4, NR1H3, ABCA1, and IL2RA within each cluster, identifying two 

macrophage subtypes characterized by elevated expression of all those genes 

and concurrent downregulation of RXRα (RXRA) (Figure 6F). Our analysis 

delineates the role of RA in mediating the immunosuppressive effects of LXR, 

where RXRα downregulation is one of the outcomes of the RA treatment. 

Lastly, we observed an enrichment of these specific macrophage clusters in 

both healthy and cancer colon tissues, underscoring the notion that vitamin A 

mediated immunosuppression in barrier tissues is orchestrated through the 

VSIG4 pathway (Supp. Figure 6B).  
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Figure 6. (A, E) UMAP visualization showing the immune cell populations identified from 

Louvain clustering and cell-specifc marker gene expression. (B) Feature plots of expression 

distribution for selected genes, including VSIG4, NR1H3, ABCA1 and IL2RA. (C) Bar-plot plot 

representing the percentage of each cell types in the different tissues. (D, F) Dot plot representing 

the expression of selected genes on each cell population. 
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DISCUSSION 

In this study, we demonstrate that RA induces an immunosuppressive 

phenotype in DCs together with the acquisition of macrophage-like features. 

Previous work has already defined that RA accumulation is implicated in the 

generation of an immunosuppressive milieu in the TME [33], where monocytes 

preferentially differentiate into immunosuppressive macrophages. We also 

show that the DNA methylation changes promoted by RA are associated with 

gene expression changes related to the establishment of this new phenotype. 

Furthermore, this study demonstrates that the immunosuppressive effects of 

RA are mediated, at least in part, by LXRα and the degradation of RXRα [23, 24, 

71]. The distinct responses observed with LXR and RXR agonists suggest a 

nuanced interplay between these receptors and the necessity of RXRα 

downregulation, among other things, for LXRα to exert its immunomodulatory 

function. Since LXRα needs to promote transcription of specific target genes, it 

is feasible that LXRα preferentially heterodimerizes with RXRβ upon RA 

treatment, since we did not observe the downregulation of this RXR subtype. 

Specifically, this study provides some insights into how LXRα epigenetically 

regulates VSIG4 expression that promotes immunosuppression. One possible 

explanation is that LXRα-RXRβ dimer positively regulates VSIG4 and when RA-

mediated downregulation of RXRα occurs, the LXRα-RXRβ dimer is favoured 

and therefore the transactivation of VSIG4 is produced. This provides a novel 

insight into the molecular mechanisms governing RA-mediated 

immunosuppression.   

Consistent with our findings, previous studies have shown that vitamin 

A mediates the conversion of monocyte-derived macrophages into tissue-

resident macrophages during alternative activation [9, 33], or the expression of 
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anti-inflammatory cytokines like TGF-β [72, 73]. Nevertheless, none of these 

studies have addressed the gene regulatory mechanisms governing these 

observed alterations. In this study, we have determined that RA suppresses the 

expression of key TFs, including IRF4, STAT6, and NF-κB(p-65), which play 

pivotal roles in cDC differentiation [74], moDC polarization [44], and the 

regulation of proinflammatory gene expression [75], respectively. These 

changes were also observed at DNA methylation level, confirming the key play 

of epigenetics in the blockade of the differentiation process and inflammation.  

The functional correlation between DNA demethylation and gene 

expression has undergone comprehensive investigation across diverse 

biological contexts [6, 76]. In the present study, a notable observation was the 

enhanced expression of DNMT3A as a result of the treatment with RA. 

DNMT3A holds a pivotal position among epigenetic enzymes, being 

responsible for the de novo methylation [77]. This enzyme plays a critical role 

in hematopoietic differentiation and anti-inflammatory processes [49, 78]. The 

intricate involvement of DNMT3A in both responses underscores its 

significance in modulating immune responses and highlights its potential as a 

key player in the observed alterations in DNA methylation regulation. This 

association suggests that the observed increase in DNMT3A expression in our 

study may potentially shift the immune function from a promoting 

inflammation to an immunosuppressive phenotype. Further investigations into 

the specific impact of DNMT3A upregulation on immune cell phenotypes and 

functions are warranted to elucidate its precise role in the context of the 

observed changes in DNA methylation patterns. 

One of the effects that we observed in DCs differentiated in the presence 

of RA was the decrease of the RAR and RXR protein levels, which could be 
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attributed in part to degradation, as described in previous studies [24, 79, 80]. 

One of our key findings is the upregulation of LXR under the treatment with 

RA [81]. It is likely that treatment with RA results in the production of 

endogenous oxysterols, such as 25-HC. We propose that 25-HC acts as an 

endogenous LXR agonist, given that RA induces the expression of the enzyme 

that produce this oxysterol, CH25H [82]. Further studies in this regard are 

needed to better understand this RA-induced LXR expression. 

LXR activity is crucially involved in cellular cholesterol metabolism in 

most tissues [83] as well as controlling inflammation in diverse cell types such 

as macrophages [84], however the resulting response may vary from anti-

inflammatory to pro-inflammatory. In some studies, it was defined that LXRs 

promote an anti-inflammatory response or inhibits inflammation, as we have 

observed in this study [85–90]. Nevertheless, it has also been reported that the 

activation of LXR exacerbates inflammatory responses in human monocytes, 

DC and in a mouse arthritis model [30, 91], and that agonist induced LXR 

activation elicits antitumor immune activity [31]. It has been described the high 

activity of LXR on triple-negative breast cancer and that the inhibition of LXR 

induces immune-mediated tumour clearance through stimulation of cytotoxic 

T cells [92].   However, neither the specific effects of LXRα or the associated 

epigenetic changes have been previously defined on DCs. Nevertheless, it is 

complicated to discriminate whether the effects are driven by LXRα or LXRβ as 

they both share target genes. We observed the RA-dependent downregulation 

of pro-inflammatory cytokines like IL-6 and TNF-α, as some studies have 

demonstrated the ability of LXRs to inhibit the signal-dependent activation of 

NF-κB. LXR also inhibits the signal dependent activation of TFs such as STATs 

and AP1 family members, as we have determined in DCs differentiated in the 



Article 1 

115 
 

presence of RA [28, 93, 94]. Similar to other TFs, like glucocorticoid receptors 

(GR) and PPAR, LXR ligands can inhibit the expression of genes induced by 

LPS/TLR4 signaling in macrophages [95]. Moreover, a recent study has 

reported that the administration of an LXR agonist promotes remodelling of 

atherosclerotic lesions in murine inflammatory arthritis, partly by decreasing 

the expression of these cytokines [96]. In other studies, it has been 

demonstrated that the TME promoted the expression of LXRα, and this 

inhibited the expression of CCR7, important for DC migration, dampening the 

antitumor response [18, 97, 98].  

There are several ways in which DC could promote 

immunosuppression, including the expression of anti-inflammatory cytokines 

like IL-10 or TGF-β, upregulation of PD-L1 or induction of anergic T cells by 

downregulating co-stimulatory molecules and MHCII, among others. In this 

regard, previous investigations have delineated diverse mechanisms through 

which RA-treated DCs facilitate immunosuppression. These mechanisms 

include the induction of a more immature phenotype [99], the upregulation of 

TGF-β expression [100], and the enhancement of IL-10 expression by T cells [54]. 

However, in this study we have focused on a recently identified membrane 

protein, VSIG4, known to induce immunosuppression through direct cell 

contact [101, 102]. We have described that RA, accumulated in the TME, 

promotes the expression of VSIG4, as do other molecules like IL-10, IL-6, 

dexamethasone or Vitamin D (103–105). Notably, in our lab, we have previously 

described the epigenetic regulation of DC differentiation into tolerogenic 

phenotypes by dexamethasone [63] and Vitamin D [64]. Furthermore, we 

observed the LXR-dependent regulation of IL2RA (CD25), a surface protein 

expressed at high levels by Treg cells. The CD25 protein is used by Treg to 
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preferentially capture IL-2, preventing binding to conventional CD8+ T cells, 

thus preventing their proliferation. However, the effects on myeloid cells are 

poorly understood.  

VSIG4 has been previously reported to be exclusively expressed on the 

surface of a specific subset of tissue-resident macrophages [106–108]. The 

predominant expression of VSIG4 on tissue-resident macrophages aligns with 

the observed shift towards an alveolar macrophage phenotype induced by RA 

treatment in our study. This correlation is noteworthy, as we also observed that 

VSIG4-expressing macrophages have been implicated in suppressing anti-

tumor immune responses [39, 109, 110]. Hence, the upregulation of LXRα 

expression by RA, and its subsequent regulation of VSIG4, suggests a potential 

mechanism by which RA contributes to immunosuppression in the 

microenvironment, thus facilitating cancer progression. Additionally, previous 

investigations into the expression of VSIG4 in tissue-resident macrophages 

have revealed postnatal environmental influences [52]. This emphasizes the 

dynamic interplay between environmental factors, epigenetic regulation, and 

VSIG4-mediated immunosuppression in the tumor microenvironment. 

In conclusion, our study elucidates the intricate interplay among RA, 

LXRα, classical RARs, and VSIG4, providing insight into the molecular 

mechanisms underlying the immunosuppressive properties of DCs mediated by 

RA. Further investigations into the crosstalk between RA signaling, epigenetic 

remodelling, and immune regulation are necessary for a comprehensive 

understanding of these complex processes. 
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SUPPLEMENTARY FIGURES 

 

Supp. Figure 1. (A) iDC differentiated under the treatment with RA were differentiated with or 

without the supernatant (SN) obtained from CaCo2 cell line and co-cultured with CD8+ cells for 

5 days. The final CFSE signal of CD8 + cells is shown (bottom panels). CD8+ with only CD3/CD28 

T-activator beads (C+) or alone (C–) are also shown (n=3). (B, C) Bar-plots representation of 

surface marker expression (Median Fluorescence Intensity) in monocyte-derived cells treated 

with increasing concentration of RA. (* P < 0.05, **P<0.01).  

 

 



Article 1 

127 
 

 

Supp. Figure 2. (A) Box-plot representation of selected CpGs (βvalue) from each cluster together 

with the nearby gene. (B) Location proportion of CpGs from each cluster in the context of CpG 

islands (CGIs). (C) ChIP-seq data of H3K27ac, H3K4me1 and H3K4me3 of CD14+ monocytes and 

DCs was downloaded from the BLUEPRINT database. Odds ratios of histone marks enrichment 

were calculated for bins of 10bp, 2000bp upstream and downstream in relation to each 

methylation cluster. CpGs annotated in the EPIC array were used as background. (D) Western 

blot of DNA methylation enzymes, including DNA methyltransferase 3 alpha and beta (DNMT3A 

and DNMT3B) and Tet methylcytosine dioxygenase 2 (TET2). Laminβ proteins were used as 

loading controls.  
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(See figure legend on next page.) 

 



Article 1 

129 
 

Supp. Figure 3. (A) Overlap of the UP and DOWN regulated genes (logFc > 0.5 and FDR< 0.05) 

in the different comparison. (B) Principal Component Analysis (PCA) of gene expression. 

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

respectively. (C) Heatmap showing ligand activity prediction based on the Pearson correlation 

with its target genes. (D) Heatmap displaying average gene expression of ligands for iDCs and 

iDCRA on day 7. (E, F) Heatmap showing the regulatory potential of each ligand on the target 

genes based on nichenetr package database (upper panel) and the expression level of these target 

genes in each sample (lower panel). (G) Gene set enrichment analysis (GSEA) of the RA treated 

versus untreated iDC and mDC, using public datasets of alveolar macrophages obtained from 

different studies (56–58). The running enrichment score and the normalized enrichment score 

(NES) are shown. 
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Supp. Figure 4. (A, B) Discriminant Regulon Expression Analysis (DoRothEA) of mDCRA vs mDC 

comparation. (C) Boxplot of the gene expression of retinoic acid receptors (z-score). (D) Western 

blot of retinoic acid receptors during diferentiation. Laminβ proteins were used as loading 

controls. (E) Boxplot of the gene expression of LXR targets obtained from RNAseq (z-score) (* P 

< 0.05, **P<0.01, ***P<0.005). 
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(See figure legend on next page.) 
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Supp. Figure 5. (A) iDC differentiated under the treatment with retinoic acid (RA) and agonist 

of LXR (GW3965) were co-cultured with CD8+ cells for 4 days. The final CFSE signal of CD8 + 

cells are shown. CD8+ with only CD3/CD28 T-activator beads (C+) or alone (C–) are also shown 

(n=3). (B) Heatmap representing the expression level (z-score) of selected genes. (C) Heatmap 

representing differentially expressed genes (DEGs) with a log2(FC)>1 and a FDR<0.05 on the 

RA+Ant vs. RA comparison. (D) iDC differentiated under the treatment with retinoic acid (RA) 

were co-cultured with CD8+ cells for 5 days. During the co-culture, two diferent antibody against 

VSIG4 (Ab_VSIG4_1(# MAB46462), Ab_VSIG4_2(#: MAB4646)) were added. IgG was used as a 

control (#CS200581). The final CFSE signal of CD8 + cells are shown. CD8+ with only CD3/CD28 

T-activator beads (C+) or alone (C–) are also shown (n=4). (E) mRNA expression kinetics of 

VSIG4 gene. (F) Box-plot representation of IL2RA expression obtained from qRT-PCR in iDC 

differentiated under the treatment with RA, agonista of LXR (GW3965) and GSK2033. (G) Bar-

plots of surface marker expression represented as Median Fluorescence Intensity (MFI) in DCs 

differentiated under the treatment with RA and GW3965. (* P < 0.05, **P<0.01, **P<0.005). 

 

 

Supp. Figure 6. (A) UMAP visualization showing the immune cell populations identified from 

Louvain clustering and cell-specific marker gene expression. (B) Barplot plot representing the 

percentage of each cell type in the different tissues and conditions.
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ABSTRACT 

COVID-19 manifests with a wide spectrum of clinical phenotypes, ranging from 

asymptomatic and mild to severe and critical. Severe and critical COVID-19 

patients are characterized by marked changes in the myeloid compartment, 

especially monocytes. However, little is known about the epigenetic alterations 

that occur in these cells during hyperinflammatory responses in severe COVID-

19 patients. In this study, we obtained the DNA methylome and transcriptome 

of peripheral blood monocytes from severe COVID-19 patients. DNA samples 

extracted from CD14+CD15- monocytes of 48 severe COVID-19 patients and 11 

healthy controls were hybridized on MethylationEPIC BeadChip arrays. In 

parallel, single-cell transcriptomics of 10 severe COVID-19 patients were 

generated. CellPhoneDB was used to infer changes in the crosstalk between 

monocytes and other immune cell types. We observed DNA methylation 

changes in CpG sites associated with interferon-related genes and genes 

associated with antigen presentation, concordant with gene expression 

changes. These changes significantly overlapped with those occurring in 

bacterial sepsis, although specific DNA methylation alterations in genes 

specific to viral infection were also identified. We also found these alterations 

to comprise some of the DNA methylation changes occurring during myeloid 

differentiation and under the influence of inflammatory cytokines. A 

progression of DNA methylation alterations in relation to the Sequential Organ 

Failure Assessment (SOFA) score was found to be related to interferon-related 

genes and T-helper 1 cell cytokine production. CellPhoneDB analysis of the 

single-cell transcriptomes of other immune cell types suggested the existence 

of altered crosstalk between monocytes and other cell types like NK cells and 

regulatory T cells. Our findings show the occurrence of an epigenetic and 
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transcriptional reprogramming of peripheral blood monocytes, which could be 

associated with the release of aberrant immature monocytes, increased 

systemic levels of pro-inflammatory cytokines, and changes in immune cell 

crosstalk in these patients. 

Keywords: COVID-19, monocytes, epigenomics, DNA methylation, single-cell 

transcriptomics, immune cell cross-talk. 
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INTRODUCTION 

Severe acute respiratory syndrome coronavirus 2 (SARSCoV-2) causes the well-

known Coronavirus disease 2019 (COVID-19), which has become a major global 

health burden. SARS-CoV-2 infection occurs through the nasopharyngeal 

mucosa [1]. Subsequent immune responses occur at the local mucosa and at a 

systemic level. An effective response to SARS-CoV-2 infection requires 

coordination between the innate and adaptive immune systems, including 

granulocytes, monocytes, macrophages, and T and B cells [2, 3]. The range of 

immune responses to SARS-CoV-2 infection is diverse, from asymptomatic or 

mild upperrespiratory illness to severe viral pneumonia, acute respiratory 

distress syndrome, and death [4]. The most severe forms of COVID19 are caused 

by dysregulation of immune homeostasis, which leads to hyperinfammation in 

the lungs [5]. This has been shown to be more pronounced in the elderly and 

in individuals with pre-existing comorbidities [6, 7]. Nevertheless, despite the 

numerous studies performed in the field, the impact of exacerbated immune 

responses associated with severe COVID-19 at the systemic level remains 

unclear.  

Various studies have demonstrated that peripheral pathogenic T cells 

and inflammatory monocytes can induce a cytokine storm in severe COVID-19 

patients [8]. This takes the form of excessive production of inflammatory 

mediators, specifically, interleukin (IL)-6, IL-1β, granulocyte–macrophage 

colony-stimulating factor (GM-CSF), tumor necrosis factor-alpha (TNF-α), and 

interferon gamma (IFNγ) [8–11]. IFN is essential for inducing the innate 

immune response during viral infection through different interferon regulatory 

factors (IRFs) [12]. Further, in COVID-19 patients, type I IFN deficiency appears 
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to be a hallmark of severe cases [13–19] in association with persistent blood viral 

load and an exacerbated inflammatory response [14].  

Single-cell omics studies have identified specific transcriptional features 

in monocytes, natural killer (NK) cells, dendritic cells (DCs), and T cells 

associated with the severity of COVID-19 [13, 20–22]. These studies have 

revealed that severe COVID-19 is marked by a dysregulated myeloid cell 

compartment [13]. It has also been shown that monocytes from severe COVID-

19 patients are characterized by a tolerogenic phenotype with reduced 

expression of class II major histocompatibility complex (MHC-II) antigens [23] 

and increased activation of apoptotic pathways [24].  

Differentiation and activation of monocytes and other myeloid cells are 

directly associated with epigenetic mechanisms [25]. The functional plasticity 

of these cells is also reflected at the epigenetic level, and several studies have 

shown that DNA methylation profiles, among other epigenetic marks, vary in 

response to inflammatory cytokines, hormones, and other factors [26, 27], 

depending on their functionality. Cytosine methylation (5mC) occurs at CpG 

dinucleotides and is generally associated with transcriptional repression [28], 

although its relationship with transcription depends on the genomic location 

of the affected CpG sites [29]. In some cases, DNA methylation changes occur 

as a result of upstream environmental effects that link cell membrane receptors, 

signaling pathways, and transcription factors (TFs) that can either directly 

recruit DNA methyl transferases (DNMT) and ten–eleven translocation (TET) 

enzymes, or indirectly influence their binding to specific genomic sites.  

The characterization of the epigenetic and transcriptomic 

reprogramming in monocytes, given their central role in inflammatory 
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responses, is essential if we are to understand the specific dysregulated 

pathways involved in severe forms of COVID-19. In this study, we obtained the 

DNA methylation profiles of peripheral blood monocytes of severe COVID-19 

patients and studied their relationship with transcriptomic changes, obtained 

by generating droplet-based single-cell RNA sequencing (scRNA-seq) data from 

peripheral blood. 
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MATERIALS AND METHODS 

Human samples  

Our study included a selection of 58 severe COVID19 patients from the 

intensive care unit (ICU) of Vall d’Hebron University Hospital (Barcelona) 

recruited during the second wave of infection in Spain (October to November 

2020). Peripheral blood samples were taken at different times following 

admission of the patient to the ICU, as specified in Additional fle 1. Table S1 

(Days in ICU). Ninetyfour percent of the patients required intubation and all 

enrolled cases were confirmed to be infected with SARS-CoV-2 using realtime 

RT-PCR at the time of collection. For all enrolled patients, the date of 

enrolment, clinical classification, or treatment was obtained from the clinical 

records. From all these patients, 48 of the 58 patients were selected for DNA 

methylation analysis (Table 1) and peripheral blood mononuclear cells 

(PBMCs) from 10 of the 58 patients were used for droplet-based scRNA-seq 

analysis (Additional fle 2. Table S2). The control population for the DNA 

methylation analysis comprised 11 healthy donors (HDs) recruited at the Blood 

Bank of Vall d’Hebron University Hospital. Table 1 summarizes the 

characteristics and clinical data from patients included in the DNA methylation 

analysis. We included an additional group of 14 patients from the same hospital 

for DNA methylation and expression validation, including 9 severe COVID-19 

patients and 5 mild COVID-19 patients, together with an additional group of 6 

HDs. The validation cohort was collected during February 2022, applying the 

same selection criteria as for the discovery cohort. For the validation cohort, we 

only included non-vaccinated patients, to match the vaccination status with 

that of the patients collected in the initial phase of the study. Clinical 

information corresponding to the new cohort is also included in Additional 
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fle 1. Table S1 (validation cohort). This study was approved by the Clinical 

Research Ethics Committees of Hospital Universitari Germans Trias i Pujol (PI-

20–129) and Vall d’Hebron University Hospital (PR(AG)282/2020), both of 

which adhered to the principles set out in the WMA Declaration of Helsinki. 

Informed consent was obtained from all patients before their inclusion. 

 

Monocyte purification and DNA isolation  

PBMCs were obtained from peripheral blood by Ficoll gradient using 

Lymphocyte Isolation Solution (Rafer, Zaragoza, Spain) from 48 of the severe 

COVID-19 patients and 11 HDs. Once PBMCs were isolated, all samples were 

stored at−150°C in 10% DMSO in fetal bovine serum (FBS) until monocyte 

purification. The monocyte population was isolated by flow cytometry 

(FacsAria Fusion, BD, Beckton Dickinson, San Jose, CA, USA). PBMCs were 

stained with CD14-APC-Vio770 (Miltenyi Biotec) and CD15-FITC (Miltenyi 

Biotec) in staining buffer (MACS) for 20 min. A gating strategy was employed 

to eliminate cell debris, doublets, and DAPI+ cells. CD14 and CD15 antibodies 

were used to isolate CD14+CD15−. Purified cells were pelleted and stored 

at−80 °C. After monocyte isolation, DNA was isolated using the AllPrep 
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DNA/RNA/miRNA Universal Kit (Qiagen) following the manufacturer’s 

instructions.  

DNA methylation profiling 

Bisulfite (BS) conversion was performed using EZ-96 DNA Methylation™ Kit 

(Zymo Research, CA, USA) according to the manufacturer’s instructions. Five 

hundred nanograms of BS-converted DNA was hybridized on Infinium 

Methylation EPIC BeadChip arrays (Illumina, Inc., San Diego, CA, USA). These 

were used to analyse DNA methylation. They enable>850,000 methylation sites 

per sample to be assessed at single-nucleotide resolution, which corresponds to 

99% of the reference sequence (RefSeq) genes.  

Each methylation data point was obtained from a combination of the 

Cy3 and Cy5 fluorescent intensities from the methylated and unmethylated 

alleles. Background intensity computed from a set of negative controls was 

subtracted from each data point. For representation and further analysis, we 

used beta (β) and M values. Beta is the ratio of methylated probe intensity to 

overall intensity (the sum of the methylated and unmethylated probe 

intensities). M is calculated as the log2 ratio of the intensities of the methylated 

and unmethylated probes. For statistical purposes, the use of M is more 

appropriate since β-values are severely heteroscedastic for highly methylated 

and unmethylated CpG sites. Raw DNA methylation data are available at GEO, 

with accession number GSE188573 [30]. 

Quality control, data normalization, and statistical analysis of DMPs 

Quality control and analysis of EPIC arrays were performed using ShinyÉPICo 

[31], a graphical pipeline that uses minf (v1.36) [32] for normalization, and limma 
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(v3.46) [33] for analysing differentially methylated positions. ShinyÉPICo is 

available as an R package at the Bioconductor and GitHub sites. We used the 

BS conversion control probe test included in ShinyÉPICo to determine whether 

the conversion rate was above the quality threshold of 2 established by 

Illumina. The threshold was calculated from the information of the BS 

conversion control probes of the EPIC arrays. When the BS conversion reaction 

is successful, control probes display strong signal in the red channel, whereas if 

the sample has unconverted DNA, control probes have a strong signal in the 

green channel. The red/green ratio for each control position was calculated for 

each sample. CpH and SNP loci were removed by the Noob method, followed 

by quantile normalization. Sex chromosomes (X and Y) were also excluded 

from the analysis to avoid discordant information among samples. Even when 

data were generated in a single batch and randomized, we applied the batch 

effect correction. Sex and age of the donors were included as covariates, to 

minimize confounding effects due to differences between the median age of the 

patient and control cohorts, and the Trend and Robust options were 

implemented in the eBayes moderated t-test analysis. To compare healthy 

donors with the entire severe COVID-19 patient cohort, we identified 

differentially methylated CpG sites by using t-tests and a method with defined 

empirical array weights, included in the limma package [33], and selecting CpGs 

with a false discovery rate (FDR) of <0.05 and a Δβ>0.15. To test the effects of 

potential changes in monocyte subset proportions, we also included this 

information as a covariate, and performed the same analysis as above, but 

including only those samples for which such information was available. We 

used the iEVORA package (v1.9.1) [34] to identify differentially variable 

positions (DVPs). This algorithm identifies differences in variance using 
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Bartlett’s test (FDR<0.05) to regularize the variability test, which is overly 

sensitive to single outliers. For the analysis in Fig.  2, we calculated Spearman’s 

correlation coefcient (rho) to measure the association of two variables and 

thereby identify CpG sites in which DNA methylation was correlated with 

SOFA in patients with severe COVID-19. We selected the CpG sites for which 

Spearman’s rho was greater than 0.4 and had an associated value of p<0.01. 

Principal component analysis (PCA) of β-values from ShinyÉPICo was used to 

determine the correlations of PCs with clinical variables such as dexamethasone 

treatment, obesity, and hypertension. Pearson correlation coefficient between 

numerical variables and PCs were calculated. Categorical variables were 

entered in a linear model together with the PCs, which were considered as a 

function of the variable. 

Gene ontology, transcription factor enrichment, and chromatin state 

discovery and characterization 

The GREAT (v3.0.0) online tool was used for gene ontology (GO) analysis, in 

which genomic regions were annotated by applying adapted basal and 

extension settings (5 kb upstream, 5 kb downstream, 1000 kb plus distal). 

GRCh37 (UCSC hg19, Feb. 2009) was used as the alignment genome reference. 

Annotated CpGs in the EPIC array were used as background. GO terms were 

considered significant for a > twofold change and an FDR<0.05. Enrichment is 

represented as −log2(FDR). GO categories with p<0.05 were considered 

significantly enriched. GO analysis of differentially expressed genes (DEGs) was 

carried out using the online Enricher gene ontology analysis tool. GO categories 

with a > twofold change and an FDR<0.05 were considered significantly 

enriched. 
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 We used the fndMotifsGenome.pt tool from the motif discovery HOMER 

software (v4.10.3) to analyze motif enrichment [35]. A fanking window 

of±250 bp from each CpG was applied, and CpGs annotated in the EPIC array 

were used as background. To determine the location relative to a CpG island 

(CGI), we used “hg19_cpgs” annotation in the annotatr (v1.8) R package. The 

statistical test used for the enrichment in these analyses was Fisher’s exact test. 

Chromatin functional state enrichment of DMPs was measured using public 

PBMC data from the Roadmap Epigenomics Project generated with 

ChromHMM (v1.23) [36]. Enrichments were calculated with Fisher’s exact test 

using array annotation as background regions. Only significantly enriched 

states are shown.  

Heatmaps and PCA plots 

Heatmaps of DMPs were generated with functions available in the 

ComplexHeatmap (v2.11.1) and gplots (v3.1.3) R packages. We used PCA for the 

low-dimensional analyses. PCA projection matrices were calculated with R’s 

prcomp function, and visual representations of PCs were plotted with the 

ggfortify package (v4.1.4). Whole genome bisulfte sequencing (WGBS) analysis 

DNA methylation values of Ensembl Regulatory Build regions of progenitor 

cells such as hematopoietic stem cell (HSC), multipotent progenitor (MPP), 

common myeloid progenitor (CMP), granulocyte macrophage progenitor 

(GMP), and control monocytes were extracted from public whole genome 

bisulfte sequencing (WGBS) (GSE87197) [37]. Using GenomicRanges (v1.42.0) 

and based on genomic location, the overlap of the hypermethylated DMPs 

observed in COVID-19 compared with HD was determined with the Ensembl 

Regulatory Regions from the hematopoietic precursors and monocytes. For this 
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analysis, all DNA methylation data were annotated with respect to the GRCh38 

human genome reference. 

Single-cell capture 

PBMCs from 10 ICU patients were used to generate single-cell gel beads-

inemulsion (GEMs) (Additional fle 2. Table S2). Cells were then washed three 

times and counted. For samples with low viability (<90%), we performed Ficoll 

separation in an Eppendorf tube to eliminate dead cells and increase cell 

viability. For samples with greater than 90% viability, we fltered using a Flowmi 

strainer and counted the cells before loading into 10X chromium to generate 

single-cell GEMs, following the manufacturer’s instructions. We loaded 50,000 

cells per pool, including a total of 4 patients per pool. Datasets from patients 

and HDs are available as h5ad files (https://www.COVID-

19cellatlas.org/index.patient.html) (Additional fle 2. Table S2). In parallel, 

genomic DNA was isolated from the same 10 PBMCs for genotyping and 

subsequent donor deconvolution (as described in [38]) using a Maxwell® 16 

Blood DNA Purifcation Kit from Promega following the manufacturer’s 

instructions. 

scRNA-seq cell type identifcation and annotation 

Single-cell transcriptome data from COVID-19 patients were quantified and 

aligned using Cell Ranger (v3.1) with the GRCh38 genome concatenated to 

SARS-Cov-2 genome as a reference. Thereafter, cells from pooled samples were 

deconvolved and demultiplexed using Soupor-cell (v3.0) [39], yielding a 

genotype variant that allows donor identity to be matched across different 

samples. This additionally enabled the removal of doublet cells that could not 

be explained by any single genotype. Scrublet (v0.2.3) [40] was subsequently 
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employed to further filter out other doublets based on computed doublet 

scores. Specifically, Student’s t-test (p<0.01) after Bonferroni correction was 

used within finegrained sub-clustering of each initial cluster produced by the 

Leiden algorhythm. Data were not denoised because no significant 

contamination or ambient RNA was present. Previously described scRNA-seq 

datasets of HDs [41] were then integrated for comparison using single-cell 

variational inference (scVI) [42] with a generative model of 64 latent variables 

and 500 iterations. More specifically, scVI employs a negative binomial model 

using raw counts, selecting 5000 highly variable genes to produce the latent 

variables. Defined cell-cycle phase specific genes in the Seurat package (v4.1.0) 

[43] were excluded from these to reduce the dependence of clustering on cell-

cycle effects. Data were subsequently analysed using Scanpy (v1.9.1) [44] 

following the recommended standard practices. For quality control, genes 

expressed in fewer than three cells, and cells with fewer than 200 genes or more 

than 20% mitochondrial gene content, were removed prior to downstream 

analysis. Data were normalized (scanpy.pp.normalize_per_cell, scaling factor = 

10,000) and log2-transformed (scanpy.pp.log1p). For gene expression 

visualization (e.g., heat maps), data were further scaled (scanpy.pp.scale, 

maximum value = 10). 

Cell type clustering and annotation 

The resulting latent representation from the integrated datasets was used to 

compute the neighbourhood graph (scanpy.pp.neighbors), then the Louvain 

clustering algorhythm (scanpy.tl.louvain, resolution = 3) and Uniform Manifold 

Approximation and Projection (UMAP) visualization (scanpy.tl.umap) were 

employed. Cell type annotations were manually refined using literature-driven, 
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cell-specific marker genes. Identified residual RBCs from incomplete PBMC 

isolation were excluded before further analysis, as recommended [45]. 

Differential gene expression and transcription factor enrichment 

analysis 

Differential gene expression between COVID-19 patients and healthy 

individuals (FDR < 0.05) was analysed using the limma package [46]. To predict 

transcription factor (TF) involvement in transcriptomic changes, we used 

DoRothEA (Discriminant Regulon Expression Analysis) v2 tool [47]. Regulons 

with a confidence score of A–C were analysed, and cases with p< 0.05 and a 

normalized enrichment score (NES) of ± 2 were considered significantly 

enriched. 

Cell–cell communication 

Based on the differential expression analysis, Cell-PhoneDB [48] v3 (www. CellP 

honeDB. org) was used to infer changes in ligand/receptor interactions between 

the identified cell types in COVID-19 versus HD. Specifically, instead of random 

shuffling, as used in the previously described statistical method, differentially 

expressed genes (FDR < 0.05) were used to select interactions that were 

significantly enriched in either severe COVID-19 patients or healthy individuals 

relative to the other group. An interaction was considered enriched if at least 

one of the two partners (ligand or receptor) was differentially expressed, and if 

both partners were expressed by at least 10% of the interacting cells. 

Bisulfite pyrosequencing 

EZ DNA Methylation-Gold kit (Zymo Research) was used to BS-converted 500 

ng of genomic DNA following the manufacturer’s instructions. BS-treated DNA 
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was PCR-amplified using IMMOLASE DNA polymerase kit (Bioline). Primers 

used for the PCR were designed with PyroMark Assay Design 2.0 software 

(Qiagen) (Additional file 3. Table S3). PCR amplicons were pyrosequencing 

with the PyroMark Q24 system and analysed with PyroMark Q48 Autoprep 

(Qiagen). 

Real-time quantitative polymerase chain reaction (RT-qPCR) 

The Transcription First Strand cDNA Synthesis Kit (Roche) was used to convert 

250 ng of total RNA to cDNA following the manufacturer’s instructions. RT-

qPCR primers were designed with Primer3 software [49] (Additional file 3. 

Table S3). RT-qPCR reactions were prepared with LightCycler 480 SYBR Green 

I Master (Roche) according to the manufacturer’s instructions and analysed 

with a LightCycler 480 instrument (Roche). 

Flow cytometry 

To study the surface cell markers on monocytes (CD14 +), PBMCs from the 10 

patients used for single-cell analysis and 10 HDs were defrosted and washed 

once with PBS. After blocking for non-specific binding with Fc block (BD 

Pharmingen) for 5 min on ice, cells were incubated for 20 min on ice using 

staining buffer (PBS with 4% fetal bovine serum and 0.4% EDTA). Antibodies 

used included the following: CD14-FitC (Miltenyi Biotec), CD85-PEvio770 

(Miltenyi Biotec), CD172a-APC (Miltenyi Biotec), CD97-PEvio770 (Miltenyi 

Biotec), CD31-PE (Miltenyi Biotec), CD366-PEvio615 (Miltenyi Biotec), CD62L-

APC (Miltenyi Biotec), CD58-PE (Miltenyi Bio-tec), CD191-PEvio770 (Miltenyi 

Biotec), CD52-PEvio615 (Miltenyi Biotec), CD48-APC (Miltenyi Biotec). Cells 

were analyzed in a BD FACSCanto-II flow cytometer. 
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Statistical analysis 

All statistical analyses were done with R v4.0.2. Box, bar, violin, bubble, and line 

plots were generated using functions from the ggplot2 (v3.3.6) and ggpubr 

(v4.0) packages. Mean normalized DNA methylation values were compared 

using two-tailed test. Multivariate frequency distributions were calculated 

using Fisher’s exact test. The levels of significance are indicated as: * p < 0.05, 

** p < 0.01, *** p < 0.001, and **** p < 0.0001. 
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RESULTS 

DNA methylome remodeling in peripheral blood monocytes of severe 

COVID-19 patients 

To directly inspect epigenetic alterations in peripheral blood monocytes in 

severe COVID-19, we isolated CD14 + CD15 −cells from 59 blood samples, 

comprising 48 severe COVID-19 patients and 11 healthy donors (HDs), and 

performed DNA methylation profiling (Figure. 1A, Table 1, and Additional file 1. 

Table S1). For cell sorting, we first separated live cells from debris, then 

extracted singlets and isolated CD14+ CD15− cells to avoid neutrophil 

contamination (Figure 1B) [50]. Since we selected CD14 + cells, the purification 

procedure only included classical (CM) (CD14+ CD16−) and intermediate 

monocytes (IM) (CD14+ CD16+), excluding the non-classical monocyte (NCM) 

(CD14lowCD16+) subpopulation, which in healthy individuals corresponds to 

around 5% of the total monocyte compartment [51]. Negative selection using 

CD15 was necessary, as there is a significant increase in the frequency of 

neutrophils in severe COVID-19 patients, as activated neutrophils are not 

separated in the Ficoll step [52] (Additional file 4. Supp. Figure 1A-S1C). To 

confirm the purity of our monocytes, we performed FACS analysis and obtained 

an average purity of 98% (example in Additional file 4 Figure S1D). Studies in 

various other inflammatory diseases have shown that the proportions of 

monocytes can shift between the three major subsets, i.e., CM, IM, and NCM. 

For instance, it has been shown that severe COVID-19 patients feature reduced 

NCM and IM populations [53]. The analysis of monocyte subpopulations in our 

cohort showed a significant increase in the CM population and a decrease in 

the NCM population (Additional file 4. Figure S1E-S1F). Since we purified CD14 

+ monocytes, our study only included CM and IM. 
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We performed DNA methylation profiling of isolated monocytes and 

identified 2211 differentially methylated positions (DMPs) of CpGs in severe 

COVID-19 patients compared with HDs (FDR < 0.05 and absolute Δß > 0.15). 

Of these, 1773 were hypermethylated (hypermethylated cluster) and 438 were 

hypomethylated (hypomethylated cluster) (Figure 1C and Additional file 5. 

Table S4). PCA of these DMPs showed that the two groups of monocytes 

(COVID-19 and HD) separated along the first principal component axis (Figure 

1D). We obtained similar results when we included monocyte subpopulation 

proportions as a covariate in the analysis (overlap, p < 0.0001) (Additional file 

6. Supp. Figure 2A). No significant differences (FDR < 0.05) were observed 

within COVID-19 patients separated by their condition (obesity, hypertension, 

days admitted to the ICU, and exitus/death) or treatment with dexamethasone 

(Additional file 1. Table S1). None of the abovementioned conditions was 

significantly correlated with the DNA methylation changes (Additional file 6. 

Supp. Figure 2B). This was also apparent from the PCA showing the overlap of 

patients with different clinical parameters (Additional file 6. Supp. Figure 2C). 

The analysis of the genomic functional features of the DMPs in the 

hypermethylated and hypomethylated clusters (Additional file 6. Supp. Figure 

2D) using public data from monocytes [36] revealed an enrichment in 

promoters and enhancers. This is consistent with their proposed roles for DNA 

methylation in regulatory elements [54]. 

Gene ontology analysis (GO) of the two DMP clusters revealed several 

functional categories associated with the immune response to viral infection 

(Figure 1E). In the hypermethylated cluster, we observed enrichment of 

categories such as natural killer-mediated immunity, leukocyte migration, 

adaptive immune response, and positive regulation of interferon gamma 
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production. We also observed hypermethylation in the MHC-II protein 

complex that was related to antigen presentation. In addition, we found an 

enrichment of the positive regulation of MAP kinase activity category (Figure 

1E, top panel). In the hypomethylated cluster, we observed enrichment of 

functional categories relevant to viral infection, including defense response to 

virus and negative regulation of viral genome replication. Importantly, the 

hypomethylated cluster also featured enrichment of functional categories 

related to type I interferons (IFN) signalling and MHC class II (Figure 1E, 

bottom panel). 

Transcription factor (TF) binding motif enrichment analysis, in 250-bp 

windows surrounding DMPs, revealed overrepresentation of TFs of significance 

to the immune response. The hypermethylated cluster CpGs displayed 

enrichment of binding motifs of IRFs and ETS TF families, which are linked to 

IFN changes (Figure 1F, left panel). Motifs of the bZIP TF family like AP-1, Jun, 

Fosl2, Fra1, and Fra2 were enriched in the hypomethylated cluster. DMPs of the 

hypomethylated cluster were also enriched in motifs of the signal transducer 

factor and activator of transcription factor (STAT) members STAT1 and STAT3. 

We also detected enrichment of the glucocorticoid response element (GRE) in 

the hypomethylated cluster (Figure 1F, right panel). Given these results, we 

hypothesized that pharmacological treatment with glucocorticoids (GCs) in 

severe COVID-19 patients in the intensive care unit (ICU) might influence DNA 

methylation in monocytes. To test this possibility, we performed limma analysis 

and subsequent binding motif enrichment after separating COVID-19 patients 

into two groups, with and without GC treatment. Both groups of patients 

exhibited significant enrichment of GRE motifs in the hypomethylated cluster 

(Additional file 6. Supp. Figure 2E), suggesting that the endogenous production 
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of GCs in severe COVID-19 patients could participate in the hypomethylation 

through GRE. However, given the size of the cohort, we cannot rule out the 

possibility that pharmacological treatment could also influence DNA 

methylation changes and therefore remains as a potential confounder factor. 

Inspection of the individual genes within or in the vicinity of the DMPs 

revealed several genes with functions essential to the viral immune response. 

The list of relevant genes included IRF8, RUNX3, CD226, and CD83 in the 

hypermethylated cluster, and STAT1, FOXO3, IL1R1, and OAS1 in the 

hypomethylated cluster (Figure 1G). We validated these results using bisulfite 

pyrosequencing in a new cohort of severe COVID-19 patients (Additional file 6. 

Supp. Figure 2F). Interestingly, these changes were also observed in mild 

COVID-19 patients (Additional file 6. Supp. Figure 2F). IRF8, IL1R1, and CD83 

are associated with the IFN response. CD226 encodes a glycoprotein related to 

monocyte, NK, and T cell adhesion. This glycoprotein has been shown to be 

involved in the cytotoxicity of these cells and is known to be altered in COVID-

19 patients [13]. STAT1 is associated with the cytokine response, which, in turn, 

is related to IL1R1. The latter is the receptor of interleukin-1, which participates 

in the inflammatory response and is strongly expressed in severe COVID-19 

patients [14]. OAS1 is induced by interferons and activates latent RNase, causing 

viral RNA degradation, which could be related to the identification of the 

category negative regulation of viral genome replication in the GO analysis. 
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Figure 1. Analysis of DNA methylation in blood monocytes of severe COVID-19 patients. (A) 

Scheme depicting the cohort and workflow for monocyte purification of severe COVID-19 

patients and controls and DNA methylation analysis. (B) Representative flow cytometry profile, 

indicating sorting gates used to purify monocytes from HD and COVID-19 patients’ peripheral 

blood. (C) Scaled DNA methylation (z-score) heatmap of differentially methylated positions 

(DMPs) between HDs (blue bar above) and COVID-19 patients (red bar above). Significant DMPs 

were obtained by applying a filter of FDR > 0.05 and a differential of beta value (Δß) > 0.15. A 

scale is shown on the right, in which blue and red indicate lower and higher levels of methylation, 

respectively. Clinical and treatment data of COVID-19 patients are represented above the 

heatmap. SOFA, IL-6 level, and days in the ICU scales are shown on the right of the panel. (D) 

Principal component analysis (PCA) of the DMPs. HDs and severe COVID-19 patients are 

illustrated as blue and red dots, respectively. (E) Gene ontology of hypermethylated and 

hypomethylated DMPs. Selected significant functional categories (FDR < 0.05) are shown. (F) 

Bubble plot of TF motifs enriched on hypermethylated and hypomethylated DMPs. Bubbles are 

colored according to their TF family; their size corresponds to the FDR rank. (G) Box plot of 

individual DNA methylation values of CpG from hypermethylated and hypomethylated clusters 

(β-values), with the name of the closest gene and the position relative to the transcription start 

site. 

Monocytes from severe COVID-19 patients display increased DNA 

methylation variability 

Overall, our DNA methylation analysis showed greater heterogeneity (different 

variable positions, DVPs) in the profiles from COVID-19 patient monocytes 

than in those from HDs (Additional file 6. Supp. Figure 2G). We then examined 

the relationship between the DNA methylation profiles and the Sequential 

Organ Failure Assessment (SOFA) score, which is used in ICUs to calculate 

organ damage. The score ranges from 0 to 24, with values greater than 6 being 

associated with a significant increase in the risk of mortality [55]. Using 

Spearman’s correlation coefficient to assess specific hypermethylated or hypo-

methylated CpGs with SOFA, we identified 1375 CpG sites whose methylation 

levels positively correlated with SOFA (increased methylation) (rho < 0.4 and p 

< 0.01) and 1497 CpG sites with an inverse correlation with SOFA (decreased 

methylation) (rho < − 0.4 and p < 0.01) (Figure 2A and Additional file 7. Table 
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S5). The mean normalization DNA methylation profiles of increased and 

decreased methylation CpG sites were similar in patients with low SOFA (< 6) 

and in healthy controls in an unsupervised representation but differed between 

the low and high SOFA score groups (Figure 2B). These results suggest that 

changes in DNA methylation are concomitantly exacerbated for higher SOFA 

scores, which is associated with bad prognosis. Several CpGs correlating with 

SOFA were associated with genes, such as IL17R, SOCS5, and PCDHA5, that are 

involved in T cell-mediated inflammatory responses (Figure 2C). Others, like 

FOXG1 and CDC20B, are associated with DNA damage. GO analysis revealed 

that changes in DNA methylation that are concomitant with SOFA show an 

overrepresentation of terms associated with IFNγ, production of the molecular 

mediator involved in inflammatory response, viral gene expression, the B cell 

proliferation involved in immune response, and Th1 cell cytokine production 

(Figure 2D). 
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Figure 2. DNA methylation changes in COVID-19 monocytes parallel organ damage. (A) 

Heatmap of severe COVID-19 patients with DNA methylation ordered by SOFA score, including 

all CpG-containing probes significantly correlated with the SOFA score (Spearman correlation 

coefficient rho > 0.4, p < 0.01). Clinical and treatment data of COVID-19 patients are shown above 

the heatmap. SOFA, IL-6 level, and days in the ICU scales are shown on the right of the panel. 

(B) Normalized methylation values from heatmap showing overall group methylation of HD. 

Patients with SOFA ≤ 6 are indicated as SOFA LOW; those with SOFA > 6 are indicated as SOFA 

HIGH. (C) DNA methylation levels (β-values) of selected individual CpGs (and closest genes) in 

hypermethylated and hypomethylated sets and their position relative to the transcription start 

site. (D) Gene ontology (GO) analysis of hypermethylated and hypomethylated DMPs, analyzed 

with the GREAT online tool, in which CpG annotation in the EPIC array was used as background. 

Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.0001. 
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DNA methylation alterations in monocytes of severe COVID-19 patients 

significantly associate with those derived from patients with bacterial 

sepsis, myeloid differentiation, and the influence of inflammatory 

cytokines 

To better characterize the impact of DNA methylation changes in COVID-19, 

we compared the DMPs from severe COVID-19 patients with those obtained 

from monocytes derived from patients with bacterial sepsis in a previous study 

by our team [27], given that severe COVID-19 can be considered a form of sepsis 

[56]. To this end, we first estimated the DNA methylation values of DMPs 

corresponding to the sepsis relative to the HD comparison from our previous 

sepsis study (accession number GSE138074) [27] using the data from the severe 

COVID-19 methylation dataset. Overall, we found significant enrichment in the 

hypermethylation and hypomethylation clusters (Figure 3A). We also 

calculated the odds ratio of the overlap between these two datasets and found 

a strong enrichment of the hyper-DMPs in COVID-19 relative to those in sepsis 

(FDR ≤ 2.22·10−16) and in the hypo-DMPs (FDR ≤ 2.22·10−16) (Figure 3B). We 

also confirmed an enrichment in introns and depletion in promoters relative to 

the background when testing the genomic location of the DMPs common to 

both COVID-19 and sepsis (Figure 3C and Supp. Figure 3A). DMPs located in 

introns are often localized in enhancer regions involved in long-distance 

regulation [54]. 

We then determined that the two datasets had 362 hypermethylated 

and 92 hypomethylated CpGs in common (Figure 3D), corresponding to 51% of 

the total DMPs of the sepsis patients (Additional file 8. Supp. Figure 3B). GO 

analysis of the shared DMPs revealed significant enrichment in functional 

terms related to host response, including regulation of NK cells, inflammatory 
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response, and leukocyte chemotaxis (Additional file 8. Supp. Figure 3C). Shared 

hypermethylated CpGs were enriched in functional categories related to cell 

signaling, such as the JAK-STAT and MAPK pathways, that could be involved 

in the reduction of the inflammatory response and the IL15- and IL12-mediated 

signaling pathways, which are related to cytokine production and Th1 

proliferation (Figure 3E, left panel). Shared hypomethylated CpGs were 

enriched in functional categories responsible for regulating the inflammatory 

response, such as negative regulation of IL-1 production and positive regulation 

of macrophage activation. In concordance with the hypermethylated cluster, 

we also observed negative regulation of IFNα production (Figure 3E, right 

panel). It is of note that severe COVID-19-specific DMPs were enriched in 

functional categories related to virus infection, such as the defense response to 

virus, and impairment of the antigen-presenting process, which seems to be 

specific to COVID-19 infection [13, 23] (Additional file 8. Supp. Figure 3D). 

Inspection of TF binding motifs corresponding to the DMPs shared 

between the two groups, separating the shared hypermethylated and 

hypomethylated CpG sets revealed IRF family transcription factors like IRF1, 

IRF2, IFR3, and IRF8 in the shared hypermethylated CpG set, which are well 

established regulators of the type I IFN system, being common in viral and 

bacterial infections [57]. We also detected enrichment of the ETS transcription 

factors that are regulated by MAPK proteins, which were enriched in the GO 

analysis (Figure 3F). In the shared hypomethylated set, we noted enrichment of 

STAT3 and TFs from bZIP AP-1, like Jun, and other bZIPs, like CEBP. 

Interestingly, GRE was also present in the shared hypomethylated cluster 

(Figure 3F). This suggests the influence of GC in the acquisition of aberrant 

methylation profiles in COVID-19 and sepsis. Individual genes associated with 
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the COVID-19/sepsis shared hypermethylated and hypomethylated CpG genes 

include type I IFN-related genes, like IRF2, and others, such as IL1A and CCR2, 

that are involved in inflammatory processes and monocyte chemotaxis, 

respectively (Figure 3G). We also identified several genes among the shared 

hypomethylated set, like CD163, SOCS1, and IL10, that have been associated 

with the acquisition of tolerogenic properties in monocytes [58] (Figure 3G). 

In both infections, systemic inflammation could be responsible for part 

of the DNA methylation changes that arise in monocytes. To address this 

possibility, we examined the DNA methylation levels of the hypomethylated 

and hypermethylated CpGs of severe COVID-19 and sepsis patients in 

monocytes isolated from healthy donor PBMCs that had been treated in vitro 

with inflammatory cytokines like IFN-α, IFN-γ, and TNF-α [26] (accession 

number GSE134425). This analysis revealed several significant changes 

following the trends for both COVID-19 and sepsis (Additional file 8. Supp. 

Figure 3E), suggesting that these inflammatory cytokines, which are elevated in 

these patients, could influence the monocyte DNA methylomes. 

An alternative explanation for the observed changes in severe COVID-

19 monocyte methylomes could be that DNA methylation changes reflect 

alterations during myeloid/monocyte differentiation or the release of immature 

or aberrant monocytes. This has been described in severe COVID-19 cases [13, 

59–62]. It is worth noting that immature cells are also released from the bone 

marrow in sepsis [63]. To test this hypothesis, we used public whole-genome 

bisulfite sequencing (WGBS) data (GSE87197) of progenitor cells including 

HSC, MPP, CMP, and GMP cells and monocytes as references. We compared 

the 1773 hypermethylated CpGs based on their genomic location and obtained 

1511 unique Ensembl Regions, which grouped in two clusters. Cluster 1 showed 
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low-level demethylation in monocytes compared with all hematopoietic 

precursor cell types, whereas cluster 2 showed clear demethylation in 

monocytes (Figure 3H). These results are compatible with the possibility that a 

proportion of the DMPs in severe COVID-19 result from aberrant myeloid 

differentiation or the release of immature monocytes, which display high 

methylation levels, and are not demethylated to the extent they are during 

normal differentiation. 
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Figure 3. Comparative analysis of DNA methylation in blood monocytes of severe COVID-19 and 

bacterial sepsis patients. (A) Violin plot representing the mean methylation state of the DMPs 

found in the comparison between HDs and sepsis patients with β-values obtained from severe 

COVID-19 patients. (B) Fisher’s exact test showing the odds ratio ±95% confidence interval of the 

overlap between DMPs found in monocytes from bacterial sepsis patients and DMPs in 

monocytes from COVID-19 patients. (C) Proportions of the genomic locations (in relation to 

genes) of DMPs in COVID-19 and sepsis; Bg., background, EPIC probes. D Venn diagram of the 

overlap of COVID-19 DMPs identified by the comparison of HDs and severe COVID-19 patients 

with DMPs identified by the comparison between HDs and sepsis patients, separating 

hypermethylated and hypomethylated DMPs. (E) Gene ontology analysis of hypermethylated 

and hypomethylated overlapping DMPs identified in the previous comparison. Selected 

significant categories (p < 0.05) are shown. (F) TF binding motif analysis of shared 

hypermethylated and hypomethylated DMPs comparing HDs and COVID-19 patients, and by 

HDs and sepsis patients. The panel shows the fold change (FC), TF family. Boxes with black 

outlines indicate TF binding motifs with FDR < 0.05. (G) Box-plot showing the DNA methylation 

values of individual CpGs (together with the name of the closest gene and its position relative to 

the transcription start site) from the hypermethylated and hypomethylated clusters from both 

COVID-19 and sepsis. (H) Scaled DNA methylation heatmap of regions from the whole-genome 

bisulfite sequencing (WGBS) data of hematopoietic stem cells (HSCs), multipotent progenitors 

(MPPs), common myeloid progenitors (CMPs), and granulocyte macrophage progenitors (GMPs) 

that overlap with the genomic location of the 1772 hypermethylated DMPs identified in the 

COVID-19 vs. HDs comparison. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.005, **** 

p < 0.001 

Aberrant DNA methylation is associated with changes in gene expression 

of COVID-19 patient monocytes 

To study the relationship between the DNA methylation changes and aberrant 

gene expression of monocytes derived from severe COVID-19 patients, we 

obtained single-cell (sc) RNA-seq data of peripheral blood mononuclear cells 

(PBMCs) from 10 additional severe COVID-19 patients from the same hospital 

and compared them with those of 10 HDs from a public dataset [41] (Additional 

file 2. Table S2 and Additional file 9. Supp. Figure 4A-B). This analysis enabled 

us to identify 24 cell populations based on specific markers (Figure 4A and 

Additional file 9. Supp. Figure 4C-D), and thereby not only to determine the 

alterations in gene expression in monocytes, but also to inspect alterations in 
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additional immune cell subsets. Strikingly, the monocyte fraction comprised 

solely CD14 + cells (CD14 mono: CD14) (Figure 4B). 

In the CD14 + monocyte cluster, we identified 10,440 differentially 

expressed genes (DEGs) between COVID-19 patients and HDs (Additional file 

10. Table S6). The top DEGs (based on the fold change (FC)) included pro-

inflammatory molecules (IL1B, CCL3), surface markers (CD163, CD63, AREG, 

CD74, S100A12, S100A8, S100A9), and transcription factors (JUN, MAFB, NF-κB) 

(Figure 4C). We observed upregulation of monocyte-derived cell markers like 

S100A12, S100A8, and S100A9. S100A8 is already known to contribute to the 

cytokine storm in severe COVID-19 [41, 64]. Pro-inflammatory genes like IL1B 

of IRF1 were downregulated, as well as HLA genes, in agreement with previous 

studies, suggesting decreased antigen presentation in severe COVID-19 

patients. Finally, we observed downregulation of the NF-κB inhibitor zeta-

encoding gene (NFKBIZ), consistent with activation of this pro-inflammatory 

pathway [65]. Since type I IFNs are essential for antiviral immunity, and the 

DNA methylation analysis had indicated the potential occurrence of epigenetic 

alterations in IFN-stimulated genes (ISGs), we checked the expression levels of 

genes regulated by type I IFNs and found downregulation of several ISGs, such 

as STAT1, BST2, PTPN6, and IRF1 (Additional file 11. Supp. Figure 5A). In 

addition, given that some of the observed DNA methylation changes were 

associated with genes involved in antigen presentation, we inspected HLA 

genes in our expression data and found this gene set to be significantly 

downregulated, consistent with dysfunction in antigen processing and 

presentation (Additional file 11. Supp. Figure 5B). 

GO analysis of both DEG sets revealed enrichment in functional terms 

coincident with those from DNA methylation analysis. We observed functional 
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categories such as cytokine-mediated signaling, IL-12-mediated signaling, 

negative regulation of T cell activation, negative regulation of IFNγ production, 

and defense response to the virus in the upregulated cluster genes (Figure 4D). 

Conversely, functional categories such as antigen processing and presentation 

by MHC-I and MHC-II and IFNγ-mediated signaling were enriched among the 

downregulated gene set (Figure 4D). We then studied TFs potentially involved 

in the transcriptomic changes observed in COVID-19 monocytes, using 

Discriminant Regulon Expression Analysis (DoRothEA), and found that MAF 

family members, GATA3, STAT4, and IRF4, were associated with upregulated 

genes in severe COVID-19 (Figure 4E). Conversely, STAT6, STAT2, IRF2, IRF3, 

and LYL1 were associated with downregulated genes (Figure 4E). TF 

enrichment of upregulated and downregulated genes was also consistent with 

the results from DNA methylation analysis, in which binding motifs for several 

of these TFs were overrepresented among the regions neighboring the DMPs. 

We determined the significance of a negative correlation between 

DMPs and the expression levels of their closest genes (rho =− 0.31; p= 9.8e − 16) 

(Figure 4F). To study the relationship between DNA methylation and 

expression changes further, we performed Gene Set Enrichment Analysis 

(GSEA) of the genes associated with hypermethylated and hypomethylated 

CpG clusters. Genes associated with hypermethylated CpGs were generally 

downregulated (NES =− 1.187; FDR = 0.0005), whereas those associated with 

hypomethylated CpGs were upregulated (NES =1.669; FDR = 0.0596) in COVID-

19 patients (Figure 4G). GO analysis of genes with an inverse relationship 

between methylation and expression levels showed enrichment of functional 

categories like negative regulation of T cells, IFNα, and antigen presentation 

(Additional file 11. Supp. Figure 5C-D). This analysis reinforced the relationship 
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between DNA methylation changes and expression changes related to the 

acquisition of a more tolerogenic phenotype in monocytes in COVID-19 

patients. Some examples include IL10, a tolerogenic cytokine whose expression 

is increased in COVID-19, and NFKBIz, whose level of expression is decreased 

(Figure 3H). We validated these results using bisulfite pyrosequencing and 

qRT-PCR with a new cohort of severe COVID-19 patients (Additional file 11. 

Supp. Figure 5E-F). The analysis also included mild COVID-19 that showed 

partial or total DNA methylation changes to the extent seen in severe COVID-

19 cases (Additional file 11. Supp. Figure 5E-F). 
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Figure 4. Correlation between DNA methylation and gene expression. (A) UMAP visualization 

showing the immune cell populations identified from Louvain clustering and cell-specific marker 

gene expression. (B) Dot plot representing the expression of selected marker genes identified in 

the cell population. The scale represents the mean gene expression level in the cell subset and 

the circle size represents the percentage of cells in the subset of expressing cells. (C) Heatmap 

representing differentially expressed genes (DEGs) with a log2(FC) > 0.6, above, and log2(FC) < 

− 0.6, below. Genes overexpressed and downregulated in COVID-19 patients in relation to HDs 

are depicted in red and blue, respectively. (D) Gene ontology (GO) overrepresentation of GO 

Biological Process categories comprising the upregulated and downregulated DEGs. The odds 

ratios for each group and the − log2(FC) are shown. Selected significant categories (FDR < 0.05) 

are shown. (E) Discriminant Regulon Expression Analysis (DoRothEA) of COVID-19 severe 

patients compared with HDs. Normalized enrichment score (NES) and log2(FC) of transcription 

factor expression are depicted. (F) Correlation of average DNA methylation levels of DMPs with 

average gene expression of DEGs in the HDs vs. COVID-19 severe patients. Log2(FC) of 

expression is plotted on the y-axis, higher numbers representing a higher level of expression in 

COVID-19 and lower numbers a higher level of expression in HDs. DNA methylation is depicted 

on the x-axis as Δβ, lower numbers representing a lower level of methylation in COVID-19 

monocytes, and higher numbers a lower level of methylation in HDs. Points are colored 

according to their genomic context. (G) Gene set enrichment analysis (GSEA) of HD vs. 

COVID-19, using hypomethylated-associated genes and hypermethylated-associated genes as 

genesets. The running enrichment score is represented, and the normalized enrichment score 

(NES) is shown above (FDR < 0.01). (H) Representation of individual DNA methylation values of 

DMPs from the hypermethylated and hypomethylated clusters (beta values), the position in 

respect to the transcription start site, and the relative expression of the closely related DEGs. 

Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.0001. 

Potential relationship between transcriptional and epigenetic 

reprogramming and altered immune cell–cell communication 

Given the overrepresentation of genes associated with cytokine activity, MHC-

II-mediated antigen presentation among the observed DNA methylation, and 

gene expression alterations in severe COVID-19, we explored the potential 

correlation of these changes in monocytes with their pattern of communication 

with other immune cell types. To systematically analyze the effect of cell–cell 

communication on monocytes, we used CellPhoneDB (www.cellphonedb.org), 

a repository of ligands, receptors, and their interactions integrated within a 

statistical framework that predicts enriched cellular interactions between two 
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cell types using scRNA-seq datasets. This allowed us to infer potentially altered 

interactions between monocytes and other immune cell subsets in severe 

COVID-19. In particular, we inspected cell–cell communication alterations 

between CD14+ and CD4+ memory, CD4+ naïve, CD8+ memory, and CD8 + 

naïve T cells; B cell subsets including memory, naïve, and plasma B cells; natural 

killer cells (NK CD56dim: NK CD56bright) (Figure 5 A,B). Our analysis revealed 

4483 ligand/receptor pairs, in which the expression levels of ligands and 

receptors of CD14 + and/or interacting partners in the aforementioned cell 

types were significantly different between severe COVID-19 patients and HDs, 

suggesting changes in the interaction of the corresponding immune cells 

(Additional file 12. Table S7). The aberrant levels of the proteins encoded by 

these genes in monocytes were validated by flow cytometry (Supp. Figure 5G), 

supporting a potential impact on cell–cell communication. 

Figure 5A illustrates the significant ligand-receptor interactions that 

may be affected when the expression of receptor in monocytes is altered, 

revealing their potential impact on other cell types. In general, there was a high 

frequency of interactions involving different types of NK cells, consistent with 

the terms observed in the GO analysis performed with DMPs (Figure 1E). 

PILRA, LILRB1, LILRB2, and PECAM1 (CD31), the products of which are involved 

in the inhibition of immune response, were downregulated in monocytes. Their 

corresponding ligand-encoding genes, CD99, HLA-F, and CD38, were expressed 

in all the analyzed cell types, except for CD38, which is only expressed in NK 

and plasma B cells. Additionally, the gene encoding for receptor LAIR1, which 

inhibits IL-2 expression, was upregulated in monocytes [66], which might 

influence the interaction with cells expressing its corresponding ligand, i.e., 

plasma B cells and monocytes. Our analysis also revealed changes in the 
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expression of TNF receptor genes (TNFRSF14, TNFRSF1B, TNFRSF1A) in 

monocytes, which could affect the interaction with T cells through the ligands 

encoded by TNF and LTA. This is compatible with the possibility that TNF-

associated DNA methylation alterations in monocytes could arise from altered 

interactions with T cells through these ligand-receptor pairs. We also noted 

downregulation of the receptor TNFRSF14, which interacts with CD160 in NK 

cells. Some studies have argued that CD160 is essential for NK-mediated IFNγ 

production [67], a conclusion that is consistent with the results obtained in our 

gene ontology analysis of the DNA methylation data. ADGRE5 (CD97) was 

downregulated in monocytes. This receptor interacts with CD55, which is 

expressed in all the analyzed cell types. This interaction is involved in leukocyte 

migration [68]. The potential alteration of this interaction could be linked to 

the observed hypomethylation of CpGs close to genes related to leukocyte 

migration (Figure 1E, top). 

We also examined DEGs corresponding to ligands expressed in all 

immune cell types, whose corresponding receptors are expressed in monocytes, 

to identify potential cell–cell communication alterations that might affect 

monocytes (Figure 5B). In general, we detected upregulation of ligands in 

regulatory T cells (Treg) and downregulation of ligands in plasma B cells. We 

also observed increased levels of CCL5 and CCL3, expressed in NK cells, that 

interact with the CD191 receptor (CCR1), and whose inhibition potentially 

suppresses immune hyper-activation in critical COVID-19 patients [69]. In the 

context of antigen presentation, there was upregulation of HLA-F from Treg 

and NKT, which interacts with LILRB1 in monocytes. Recent studies have 

associated LILRB1 with the development of tolerance [70]. Our analysis also 

revealed low levels of CD99, expressed in CD4+ memory and naïve T cells, Treg 
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and memory B cells, and the receptor PILRA, which is expressed in monocytes. 

The opposite occurs with CD8 memory and naïve T cells and NK CD56(bright), 

which enhances T cell migration [71]. There was a similar trend between CD74 

and the receptor APP expressed in monocytes, which is involved in antigen 

processing and presentation. This could be related to the impaired antigen 

presentation previously highlighted in our data. In brief, the potential 

alteration of cell–cell communication events, through increased or decreased 

levels of ligands and receptors involving inflammatory cytokines, antigen 

presentation-related factors, and cell activation regulators, in severe COVID-19 

patients could affect downstream cell-signaling pathways and TFs and perhaps 

influence DNA methylation profiles in monocytes, thereby perpetuating 

aberrant immune responses. 
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Figure 5. Cell–cell communication analysis. Dot plot of selected receptor/ligand pair (A) and 

ligand/receptor (B) interactions between CD14 +monocytes and other cell components in the 

COVID-19 patient group. Gene expression is indicated as log2(FC) for differentially expressed 

genes (FDR < 0.05), which, in both cases (A and B), are the molecules presented on the left. The 

percentage expression of the differentially expressed genes in each cell type is indicated by the 

circle size. Molecules shown in blue are those expressed in CD14 + monocytes. Molecules 

expressed in the immune cell partner are shown in red. 
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DISCUSSION 

Our results reveal that peripheral blood monocytes from severe COVID-19 

patients display aberrant DNA methylomes and transcriptomes associated with 

functions related to IFN type I signaling and antigen presentation, among 

others. The changes are significantly associated with organ damage and with 

DNA methylation changes occurring in bacterial sepsis. Finally, our analysis 

suggests that pro-inflammatory cytokines, the release of immature or aberrant 

monocytes, and specific dysregulated immune cell–cell communication events 

may be responsible for some epigenetic changes. To date, there have been very 

few DNA methylation studies addressing the involvement of COVID-19 DNA 

methylation in regulating the angiotensin-converting enzyme 2 (ACE2) type I 

membrane receptor gene [72], which is present in arterial, lung type II alveolar 

cells, where it acts as a SARS-CoV-2 receptor. There is a suggestion that the host 

epigenome may represent a risk factor for COVID-19 infection. Very few studies 

have reported alterations in DNA methylation in relation to immune responses 

[73–75]. Our study aimed to explore the involvement of DNA methylation in 

relation to a severe COVID-19 outcome in the myeloid compartment, which is 

directly related to systemic inflammation. We specifically studied monocytes 

because it is the cell type that undergoes the most dramatic transcriptomic 

reprogramming during COVID-19 infection [13, 21, 23, 76]. In this regard, our 

study provides the first instance of DNA methylome profiling in a specific 

immune cell type in COVID-19 patients. 

Our data revealed that most DNA methylation changes in monocytes 

derived from severe COVID-19 patients occurred in genomic sites enriched in 

PU.1 binding motifs, consistent with earlier studies showing its role as a pioneer 

TF directly recruiting TET2 and DNMT3b [77]. In our case, most DNA 
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methylation changes occurred in genes related to cytokines, MHC class II 

proteins, and IFN signaling. Similar results about the defective function of 

MHC-II molecules and activation of apoptosis pathways were obtained in 

single-cell atlas studies of PBMCs from severe COVID-19 patients [6, 21, 78, 79] 

and in sepsis [80, 81]. 

We found that DNA methylation changes in severe COVID-19 patients 

share some features with sepsis, especially those associated with the expression 

of tolerogenic cytokines like IL-10 [82]. The acute phase of these infections 

suggests a dysregulated inflammatory host response, resulting in an imbalance 

between pro-inflammatory and anti-inflammatory mediators [14]. Some studies 

have suggested that viral components induce STAT1 dysfunction and 

compensatory hyper-activation of STAT3 in SARS-CoV-2-infected cells [83]. We 

noted the involvement of kinases like JNK, and earlier studies had shown that 

COVID-19 infection activates the JNK and ERK pathways that end in the AP-1-

dependent gene expression of pro-inflammatory cytokines [84]. One of the 

most strongly affected TFs is STAT2, together with STAT6, which could be 

linked to the aberrant IFN signaling in monocytes in COVID-19 [83]. The 

presence of STAT2 downregulation also suggests a deficiency in the ability to 

cross-present to CD8+ T cells [85]. 

We also identified GRE binding sites in association with DNA 

methylation changes. Generally, the glucocorticoid receptor (GR) is activated 

when patients are treated with GC. However, we also noted significant GRE 

enrichment in patients who were not treated with GC, suggesting that 

endogenous production of GC in COVID-19 patients could regulate GR and 

affect DNA methylation at its genomic binding sites. GC is also produced 

endogenously in sepsis patients in whom cytokines like IL-1β, TNF-α, and IL-6 
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induce its production from the adrenal cortex using cholesterol as a substrate 

to reduce inflammatory responses [86, 87]. These cytokines were 

hypomethylated and overexpressed in our dataset, consistent with the results 

of other studies that have reported increased levels in the serum of COVID-19 

patients [88, 89]. GRE binding sites are enriched in the DMPs common to 

COVID-19 and sepsis. GR is a nuclear receptor expressed in most cell types that 

can trigger the expression of anti-inflammatory genes through direct DNA 

binding. Furthermore, GRE represses the action of other inflammation-related 

TFs, including members of the NF-κB and AP-1 families [90, 91], which are also 

known to be downregulated in our cohort. Taken together, our results suggest 

the existence of a relationship between extracellular factors associated with the 

cytokine storm occurring in severe COVID-19 and DNA methylation changes. 

Several studies have shown an increase in the levels of inflammatory cytokines 

in severe COVID-19, which may contribute to the severity of the disease [92]. 

However, it is also possible that the DNA methylation changes are partly 

due to the release of immature or altered monocytes from myelopoiesis, as 

reported for severe COVID-19 [13, 20, 93, 94] and sepsis [63]. Release of 

immature myeloid cells from the bone marrow in severe COVID-19 is 

reminiscent of emergency myelopoiesis [95]. This is a well-known 

phenomenon, characterized by the mobilization of immature myeloid cells to 

restore functional immune cells, and by its contribution to the dysfunction of 

innate immunity [96]. In fact, a proportion of the hypermethylated CpGs in 

monocytes from severe COVID-19 patients overlap with regions that become 

demethylated during myeloid differentiation. This suggests that part of the 

hypermethylated CpG sites in isolated peripheral blood CD14+ might be 

associated with aberrantly differentiated monocytes released into the 
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bloodstream in severe COVID-19 patients. However, the small numbers of 

CD34+ cells in the PBMC fraction of COVID-19 patients and the lack of CD14+ 

cells in this subset suggest no interference with our results for CD14+ CD15- 

cells, isolated with our method. 

The relationship between DNA methylation and gene expression is 

complex. DNA methylation patterns are cell-type-specific and are established 

during dynamic differentiation events by sitespecific remodeling at regulatory 

regions [97]. In general, methylation of CpGs located in gene promoters, first 

exons, and introns is negatively correlated with gene expression [98]. The 

analysis of our data shows that there is an inverse correlation between the CpG 

methylation changes and the expression levels of the closest genes. The 

comparison of the inferred TFs associated with DNA methylation changes and 

gene expression changes shows common factors like IRF2 and IRF3, which 

regulate downregulated genes and hypermethylated CpGs. In this context, it is 

possible that reduced levels of IFN regulatory factor IRF3 or defective IRF7 

function reduces the level of IFNα/β gene expression, increasing the sensitivity 

to viral infection [12, 99]. 

Finally, analysis of cell–cell communication has revealed potential 

relationships between DNA methylation changes and altered communication 

of monocytes and other immune cells (e.g., T, plasma B and NK cells). Our data 

suggest the potential reduction of interactions between monocytes and NK 

cells through CD160, which mediates the antibody-dependent cell-mediated 

cytotoxicity that it is essential for IFNγ production [67]. The potentially greater 

interaction between monocytes and Treg through multiple ligand and receptor 

pairs is an interesting finding, since Tregs are immunosuppressive cells 

responsible for maintaining immune homeostasis [100]. In any case, the use of 
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CellPhone DB is useful for inferring cell–cell communications events; however, 

additional validation experiments would be necessary to validate interactions 

and activation of downstream signaling pathways. 

In our study, we could not determine whether the observed DNA 

methylation alterations in COVID-19 were the cause or the consequence of the 

changes in gene expression. The analysis of mild COVID-19 cases, in which the 

DNA methylation and expression level of a few genes showed differences in 

their similarities with severe COVID-19 cases, suggests that there are cases 

where expression changes might anticipate DNA methylation changes. In any 

case, it is reasonable to propose that some DNA methylation changes help 

perpetuate dysregulated immune responses. 

Some limitations of our study include the size of the cohort, and the 

unequal numbers of individuals administered particular drugs in the different 

patient groups, which could have affected the COVID-19 data. However, despite 

these limitations, we found no significant differences among severe COVID-19 

patients with respect to the time they were admitted to the ICU or began to 

receive treatment. This suggests that DNA methylation is quite a general 

occurrence in the context of COVID-19. Another limitation concerns the cell 

population analyzed, since the method for monocyte isolation comprises two 

populations, CM and IM, one of which (CM) is expanded in the patient group. 

However, the analysis including the monocyte subsets as a covariate indicates 

that there are no major differences. Finally, in the comparison with DNA 

methylation of progenitor cells, it is important to note that the DMPs were 

overlapped with genomic regions, and not single-base data, and further 

analyses would be required. 
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Future studies would benefit from having access to a wider cohort in 

which it is possible to identify significant links between alterations and drug 

treatments. Incorporating mild and asymptomatic cases would improve our 

ability to dissect drug- and severity-related specificity in relation to DNA 

methylation changes. As is the case for other medical conditions, the analysis 

1of DNA methylation changes would be very likely to help predict disease 

severity, progression, and recovery. 

Our study provides unique insights into the epigenetic alterations of 

monocytes in severe COVID-19. We have shown that peripheral blood 

monocytes from severe COVID-19 patients undergo changes in their DNA 

methylomes, in parallel with changes in expression, and that these significantly 

overlap with those found in patients with sepsis. We have also shown DNA 

methylation changes are associated with organ dysfunction. Finally, our results 

suggest a relationship between DNA methylation changes in COVID-19 

patients and changes that occur during myeloid differentiation and others that 

can be induced by pro-inflammatory cytokines. CellPhoneDB analysis also 

suggests that alterations in immune cell crosstalk can contribute to 

transcriptional reprogramming in monocytes, which involves dysregulation of 

interferon-related genes and genes associated with antigen presentation and 

chemotaxis. 
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SUPPLEMENTARY FIGURES 

 

Supp. Figure 1. Flow cytometry profiles of a representative sample for each group; HD (A) and 

COVID-19 (B) indicating the sorting strategy and gates used in the study. (C) Boxplot 

representing the mean percentage of CD14+ and CD15+ cells in HD and patients. (D) Flow 

cytometry profile of the CD14+CD15- purified monocytes using the same gates used in the study. 

(E) HD and COVID-19 indicating the gates used for monocyte subtype analysis (classical 

monocytes, CM; intermediate monocytes, IM; and non-classical monocytes, NCM) (F) Boxplot 

representing the mean percentage of CM, IM and NCM in HD and COVID-19 patients. 
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(See figure legend on next page.) 
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Supp. Figure 2. DNA methylation analysis in blood monocytes of severe COVID-19 patients. (A) 

Venn diagram of the overlap of hyper- and hypomethylated DMPs identified with a subcluster of 

samples including (CM/IM_YES) or not (CM/IM_NO) the CM and IM percentage as a covariable 

in the comparison between HD and severe COVID-19 patients (B) Heatmap representation of 

beta values of first 10 Principal component (PC) analysis that correlations PCs with different 

clinical variables. Numerical variables were correlated to PCs using Pearson correlation, whereas 

categorical variables were entered in a linear model together with the PCs. (C) Principal 

component analysis (PCA) of the DMPs. The HDs are illustrated in grey, and the severe COVID-19 

patients are illustrated as blue and red in function of the clinical parameter or treatment with 

dexamethasone. (D) Enrichment analysis of different chromatin states for CpGs sites 

corresponding the Hyper- and Hypomethylated clusters. The FDR is represented with the size of 

the bubble, as shown. The relative enrichment is represented as Odds Ratio. TssA, Active TSS; 

TssBiv, Bivalent/Poised TSS; BivFlnk, Flanking Bivalent TSS/Enh; EnhBiv, Bivalent Enhancer; 

ReprPC, Repressed PolyComb; ReprPCWk, Weak Repressed PolyComb; Quies, Quiescent/Low; 

TssAFlnk, Flanking Active TSS; TxFlnk, Transcr. at gene 5’ and 3’; Tx, Strong transcription; TxWk, 

Weak transcription; EnhG, Genic enhancers; Enh, Enhancers; ZNF/Rpts, ZNF genes & repeats; 

Het, Heterochromatin. (E) TF binding motif analysis of hypomethylated DMPs comparing 

patients no treated with dexamethasone vs. HDs (DEX_no) and patients treated with 

dexamethasone vs. HDs (DEX_yes). The panel shows the fold change (FC), TF family. Black 

outlined boxes indicate TF binding motifs with FDR values < 0.05. (F) Box plot of individual DNA 

methylation values of CpG from the hypermethylated and hypomethylated clusters with the 

name of the closest gene and the position in respect to the transcription start site calculated using 

pyrosequencing in the validation cohort that include HD and patients with mild and severe 

infection of COVID-19. (G) Volcano plot showing the p value vs the variance ratio for HD and 

COVID-19 associated differentially variable CpG positions (DVPs). DVPs were identified using 

the algorithm iEVORA. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 

0.0001. 
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Supp. Figure 3. DNA methylation comparative analysis between blood monocytes of severe 

COVID-19 patients and bacterial sepsis patients (A) Proportions of the genomic locations (in 

relation to genes) of hyper- and hypomethylated DMPs in COVID-19 and sepsis; Bg., background, 

EPIC probes. (B) Venn diagram of the overlap of COVID-19 DMPs identified by the comparison 

between HD and severe COVID-19 patients with DMPs identified by the comparison between 

HD and septic patients. Gene ontology (GO) analysis of the shared (C) and not shared (D) DMPs 

from the previous representation. (E) Violin plot of the mean methylation status of the identified 

DMPs with β-values obtained from monocytes derived from healthy donor PBMCs exposed in 

vitro for 4 days to interferon-alpha (IFNα) (100ng/mL), interferon gamma (IFNγ) (100ng/mL), 

tumor necrosis factor-alpha (TNF-α) (10ng/mL) and untreated (Control) (n=3), [26]. Statistical 

significance: * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.0001. 
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Supp. Figure 4. (A) UMAP visualization showing the two groups identified from Louvain 

clustering. (B) Barplot representation of the proportion of the two study groups in the different 

cell type found. (C) Barplot representation of proportion of each cell type in each study group. 

(D) Barplot representation of proportion of each cell type in each sample used for the scRNA-seq 

analysis. 
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Supp. Figure 5. Analysis of DEG in monocytes derived from severe COVID-19 patients. (A) 

Heatmap representation of expression levels of IFN genes (ligands and receptor) in HD and 

COVID-19 CD14+monocytes. Gene ontology (GO) analysis of the upregulated. (B) Dot plot of 

major histocompatibility complex (MHC) genes. LogFc and percentage of expression is 

represented. (C,D) Go of the Up and downregulated DEG that present a negative correlation with 

their close CpG. (E) Box plot of individual DNA methylation values of CpG from the 

hypermethylated and hypomethyl-ated clusters with the name of the closest gene and the 

position in respect to the transcription start site. Calculated using pyrosequencing in the 

validation cohort that include HD and patients with mild and severe infection of COVID-19. (F) 

Box plot of relative expression of individual genes performed by real-time quantitative 

polymerase chain reaction (RT-qPCR) in the validation cohort that include HD and patients with 

mild and severe infection of COVID-19. (G) Box plot of mean florescence intensity (MFI) of cell 

surface markers in CD14+ cells in the cohort used for single cell analysis. Statistical significance: 

* p < 0.05, ** p < 0.01, *** p < 0.0001, **** p < 0.00001.
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ABSTRACT 

In COVID-19, hyperinflammatory and dysregulated immune responses 

contribute to severity. Patients with pre-existingautoi mmune conditions can 

therefore be at increased risk of severe COVID-19 and/or associated sequelae, 

yet SARS-CoV-2 infection in this group has been little studied. Here, we 

performed single-cell analysis of peripheral blood mononuclear cells from 

patients with three major autoimmune diseases (rheumatoid arthritis, 

psoriasis, or multiple sclerosis) during SARS-CoV-2 infection. We observed 

compositional differences between the autoimmune disease groups coupled 

with altered patterns of gene expression, transcription factor activity, and cell–

cell communication that substantially shape the immune response under 

SARS-CoV-2 infection. While enrichment of HLA-DRlow CD14+monocytes was 

observed in all three autoimmune disease groups, type-I interferon signaling as 

well as inflammatory T cell and monocyte responses varied widely between the 

three groups of patients. Our results reveal disturbed immune responses 

toSARS-CoV-2 in patients with pre-existing autoimmunity, highlighting 

important considerations for disease treatment and follow-up. 

KEYWORDS: Autoimmunity, COVID-19, Multiple sclerosis, Psoriasis, 

Rheumatoid arthritis. 
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INTRODUCTION 

Clinical features of severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) infection, which causes COVID-19, range from mild or moderate 

respiratory tract disease to severe disease and respiratory failure. This range of 

clinical presentations can be dependent on the fitness of the host immune 

system and the specific immune response mounted against the virus. An 

effective immune response against SARS-CoV-2 requires coordination between 

the innate and adaptive immune systems, including the activity of 

granulocytes, macrophages, and T and B cells [1, 2]. Importantly, some patients 

develop dysregulated immune responses against SARS-CoV-2 leading to 

hyperinflammation. This hyperinflammation has been associated with 

mortality in COVID-19 patients –in whom it is frequently observed in the 

context of advanced age and comorbidities– suggesting an effect of underlying 

systemic chronic inflammation [3, 4]. Immune hyperactivation leads to 

excessive production of inflammatory mediators, either systemic or at the site 

of infection, that further exacerbate disease symptoms, causing lung tissue 

destruction and eventual respiratory failure [5]. Specifically, overexpression of 

IL-6 and IL-1β has been implicated as a marker of disease severity [6, 7]. 

Impairment of the type I IFN response has also been identified as a marker of 

COVID-19 severity, which is further associated with an exacerbated 

inflammatory response partially driven by NF-κB and TNF-α activation [7]. This 

emphasizes the importance of a balanced immune response to the infection. 

Single-cell studies have shed light on the underlying immune cell-

specific dysregulation in COVID-19-associated hyperinflammation [8-12]. 

Generally, T cells and inflammatory monocytes are particularly involved in the 

immune dysregulation and hyperactivation exhibited by COVID-19 patients 
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[10]. In addition, several studies have indicated an increase in neutrophils and 

a decrease in nonclassical (CD14lowCD16hi) monocytes in severe COVID-19 

patients [7, 13]. Further research has demonstrated that transcriptomic profiles 

of monocytes in COVID-19 reflect defective antigen presentation and IFN 

responsiveness, which contrasts with the higher responsiveness to IFN 

signaling noted in lymphocytes [14]. Adaptive immune cells have also been 

shown to contribute to disease severity, for example through neutrophil 

recruitment and proinflammatory monocyte/macrophage polarization by Th1 

and Th17 responses [2, 15, 16]. Regarding CD4+ T cells, previous studies have 

observed cytopenia in severe COVID-19 patients coupled with substantial 

heterogeneity of the molecular profile [17, 18]. 

There is currently only sparse and contradictory evidence regarding the 

risk of viral infection or evolution to severe COVID-19 forms in individuals with 

chronic underlying immune pathologies, including autoimmune diseases [19-

23]. There further remains a need for knowledge about the specific antiviral 

immune responses mounted by such patients. To address this matter, we 

performed single-cell analysis of the transcriptome, surface proteome, and T-

cell receptors of peripheral blood mononuclear cells (PBMCs) from COVID-19 

patients with three distinct autoimmune diseases – rheumatoid arthritis (RA), 

psoriasis (Ps), or multiple sclerosis (MS). Our results indicate the existence of 

highly disturbed immune responses against SARS-CoV-2 that are governed by 

the specific autoimmune disease context, which may ultimately influence 

clinical outcomes such as disease severity and the development of sequelae in 

these patient populations. 
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MATERIALS AND METHODS 

Study participants and sample collection 

Human blood samples were collected from patients under SARS-CoV-2 

infection with or without pre-existing autoimmune conditions (RA, Ps, MS, and 

control) as previously diagnosed according to established criteria. COVID-19 

individuals categorized as ‘mild’ were those who were located in a ward and did 

not need oxygen. Those placed outside of the ICU but requiring oxygen were 

categorized as “moderate”. “Severe” disease was applicable to all patients in the 

ICU or those requiring noninvasive ventilation. All samples were collected 

when patients displayed COVID-19 symptoms (with the exception of one 

patient who was asymptomatic; Supporting information Table S1), thus during 

the progression of the disease and not at the convalescence stage after recovery. 

They were collected at Hospital La Princesa, Hospital Vall d'Hebron, Hospital 

Can Ruti, and Hospital Bellvitge (Spain). All donors received oral and written 

information about the possibility that their blood would be used for research 

purposes, and any questions that arose were answered. Patients included in this 

study were individuals infected with SARS-CoV-2 between March and 

November of 2020 in Spain. Information about which SARS-CoV-2 lineage was 

most frequent [24] at the time of infection for each patient (the B.1.177 variant 

for most patients) can be found in Supporting information Table S1. Prior to 

sample collection, donors signed a consent form approved by the Ethics 

Committee of their corresponding hospital, which adhered to the principles set 

out in the WMA Declaration of Helsinki. PBMCs were obtained from peripheral 

blood by Ficoll gradient using Lymphocyte Isolation Solution (Rafer). Once 

PBMCs had been isolated, all samples were stored at –150°C in fetal bovine 

serum (FBS) + 10% DMSO until analysis. 
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Single-cell capture 

PBMCs were thawed rapidly in a 37°C water bath, then slowly diluted in the 

prewarmed growth medium, centrifuged, and resuspended in fresh FACS buffer 

(PBS + 3% FBS) before staining with CITE-seq antibodies (TotalSeq-C 192 

antibody panel; Supporting information Table S9) and loading into 10X 

Chromium. In cases where PBMCs from different donors were pooled, a 

fraction was taken to isolate genomic DNA for genotyping and the other 

fraction was used to generate single-cell gel beads-in-emulsion (GEMs). 

Genomic DNA was isolated from PBMCs for genotyping using a Maxwell® 16 

Blood DNA Purification Kit from Promega following the manufacturer's 

instructions. For the CITE-seq protocol, cells were resuspended in FACS buffer 

(PBS + 4% FBS), incubated with Fc Block for 10 min, and then with the specific 

mix of antibodies for 30 min at 4°C. Cells were then washed three times, filtered 

using a Flowmi strainer, and counted before loading into 10X Chromium to 

generate single-cell GEMs, following the manufacturer's instructions. 

Library generation and sequencing 

Libraries were constructed following the manufacturer's protocol for the 

Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1 with Feature Barcode 

technology for Cell Surface Protein (10X Genomics Rev E), but with two 

amendments: the amount of SI primer was doubled, and the number of PCR 

cycles was set at 7. Samples were sequenced using the Illumina NovaSeq 6000, 

where cellular gene expression, T-cell clonality, and selected surface proteins 

in the CITE-seq protocol were simultaneously profiled. 
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Single-cell data alignment, quantification, and quality control 

The single-cell transcriptome data were aligned and quantified by Cell Ranger 

v3.1 using GRCh38 (Ensembl 93) concatenated to the SARS-Cov-2 genome as a 

reference. Surface protein data were quantified using a dictionary of tagged 

antibodies. Pooled donor samples were deconvolved using Souporcell [25], 

which yielded a genotype variant that allowed donor identity to be matched 

across samples. Cells that could not be explained by a single genotype were 

considered doublets and removed before analysis. Additionally, Scrublet [26] 

was employed to detect and remove other doublets by computing a doublet 

score for each cell. Briefly, a Student's t-test (p < 0.01) was used after Bonferroni 

correction within fine-grained subclustering of each cluster produced by the 

Leiden algorithm. Thereafter, SoupX [27] was used to denoise the surface 

proteome data from ambient RNA. The single-cell data were then integrated 

and batch effects corrected using total variational inference [28] combining the 

transcriptome and surface proteome data with a generative model of 64 latent 

variables and 500 iterations. The resulting latent representation was used to 

compute a neighborhood graph (scanpy.pp.neighbors), which was further used 

for Louvain clustering (scanpy.tl.louvain) and Uniform Manifold 

Approximation and Projection (UMAP) visualization (scanpy.tl.umap), using 

the Scanpy toolkit [29]. Before downstream analysis, genes expressed in fewer 

than three cells, and cells with fewer than 200 genes or more than 20% 

mitochondrial gene content were removed. 

Cell type identification and cluster annotation 

Scanpy [29] was also used for downstream analysis following the recommended 

standard practices. Data were first normalized (scanpy.pp.normalize_per_cell, 
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scaling factor 104) and then log-transformed (scanpy.pp.log1p). Preliminary 

annotations were transferred using a logistic regression model from a published 

large PBMC dataset of COVID-19 patients [30], selecting only highly variable 

genes (scanpy.pp.highly_variable_genes) and then subsetting to shared genes 

between the datasets. Clustering was thereafter performed using the Louvain 

algorithm and annotations were manually refined based on the expression of 

known cell-specific marker genes. 

T-cell receptor clonality 

Single-cell TCR data were processed with the Cell Ranger v3.1 vdj pipeline using 

GRCh38 as a reference. Downstream analysis was then performed using Scirpy 

[31]. In particular, only cells with at least one α-chain and one β-chain but fewer 

than two full pairs of α/β chains were kept for analysis, and expanded clones 

were defined when a clonotype was present in more than one cell. 

Differential gene expression 

The limma package [32] was used to perform differential gene expression 

analysis between the disease groups. Each patient group was compared with all 

patients from the other three groups combined in order to pinpoint the specific 

immune responses in each disease condition, and to reduce any bias between 

individual groups. Simultaneously, differential expression analysis was 

performed on the published COVID-19 dataset [30] that had been used 

previously for annotation transfer, comparing male with female COVID-19 

patients as well as COVID-19 patients with healthy individuals. This approach 

enabled us to filter out differentially expressed genes that were influenced by 

sex (including all Y chromosome genes using a list from Ensembl BioMart 

[Supporting information Table S10]) and to subset our results to genes 
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differentially expressed due to COVID-19 (false discovery rate [FDR] < 0.05). 

Further, given the heterogeneity in COVID-19 disease severity in the 

autoimmune disease groups owing to the difficulties associated with obtaining 

such samples, we used the comparison between mild and severe COVID-19 

patients with healthy individuals to ensure the immune signatures observed in 

the autoimmune disease groups are not caused by the differences in COVID-19 

severity [33]. For this analysis, the two sets of cells whose expression is to be 

compared were each partitioned into 4 groups based on the quartile for their 

total UMI count, such that Wilcoxon tests would be performed on each 

matching quartile. For each quartile, the group of cells with the higher UMI 

count per cell had its counts randomly downsampled to better match the other, 

then the resulting 4 z-scores were combined. This analysis was performed on 

all identified cell types that were sufficiently represented in the four patient 

groups. Subsequent downstream analyses then focused on CD14+ monocytes 

and CD4+ T cells given the highest dysregulation observed in these subsets. 

Additionally, PBMC datasets of uninfected MS [34], RA [35], and Ps patients 

were similarly analyzed, in comparison to healthy individuals where 

annotations were transferred from our dataset using logistic regression as 

described above, to identify which of the responses observed in the COVID-19 

autoimmune disease groups were specific to the infection. Together, these 

parallel computational analyses allowed us to control for the variability across 

the autoimmune disease groups and determine the specific immune signatures 

caused by SARS-CoV-2 infection. 

Gene set enrichment analysis 

Gene set enrichment analysis was performed with functions from the 

clusterProfiler R package [36]. Genes were ranked by expression log2FC of every 
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comparison, in every cell cluster, and a normalized enrichment score (NES) was 

calculated for each gene set. Whole gene set collections C1 (hallmark) and C5 

(ontology) were included in the analysis. p-values were adjusted for FDR across 

all gene sets. 

Transcription factor activity 

Discriminant Regulon Expression Analysis [37], a curated resource of TFs and 

their targets compiled from various sources including the literature, ChIP-Seq 

peaks, in silico predictions, as well as gene expression data, was used to estimate 

TF activities from combined expression values of gene targets. 

Cell–cell communication 

CellPhoneDB [38] (www.CellPhoneDB.org) was used to infer interactions 

between the identified cell subsets. The previously described statistical method 

was adjusted to identify ligand/receptor interactions that were significantly 

enriched between the disease groups. Specifically, differentially expressed 

genes (FDR < 0.05) obtained within each cell type were used to select relevant 

interactions instead of random shuffling. Only ligand/receptor pairs expressed 

by at least 10% of interacting cells were retained, and an interaction was 

considered enriched if at least one partner was differentially expressed. For the 

IFN antiviral interactions, given that ligands are produced by cells other than 

just those of the immune subsets, an interaction was considered to exist if at 

least one of the receptor subunits was differentially expressed. 

Ethics approval and consent to participate 

This study was approved by the Clinical Research Ethics Committees of 

Hospital Universitari Germans Trias i Pujol (PI-20-129), Hospital de Bellvitge 
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(PI-20-139), Hospital La Princesa (4070), and Vall d'Hebron University Hospital 

(PR(AG)282/2020), which adhered to the principles set out in the WMA 

Declaration of Helsinki. All samples were collected in compliance with the 

written informed consent required to participate in the study.   



Article 3 
 

210 
 

RESULTS 

Cellular compositional and clonal differences in COVID-19 patients with 

pre-existing autoimmunity 

In order to investigate the specific immune responses in patients with pre-

existing autoimmune conditions under SARS-CoV-2 infection, we collected 

peripheral blood samples from a cohort of 5 RA, 4 Ps, and 3 MS COVID-19 

patients (positive for SARS-CoV-2 at the time of sample collection), as well as 

10 COVID-19 patients without pre-existing autoimmunity who served as 

controls (Fig. 1A and Supporting information Table S1). These control COVID-

19 patients, many of whom suffering from pre-existing conditions associated 

with a higher risk of severe COVID-19 such as obesity or hypertension, were 

selected based on their disease severity to test the hypothesis that COVID-19 

patients with pre-existing autoimmunity are prone to exhibiting inflammatory 

responses characteristic of severe COVID-19. As a reference, we also inspected 

control COVID-19 patients with mild symptoms [33], in order to identify the 

specific immune responses associated with the pre-existing autoimmunity 

while controlling for the variable COVID-19 severity status of the autoimmune 

disease patients at the time of sample collection. Given that most patients 

involved in this study, including the control group, received 

immunosuppressant and/or anti-inflammatory treatment during infection, 

differences in the immune responses observed between the groups will likely 

be dependent on the pre-existing autoimmune context (including possible 

intertwined effects of prior immunomodulatory treatments that are typical for 

such patients). Thus, controlling for the treatment received during COVID-19 

between the groups will help separate the likely immune signatures most 

characteristic of such autoimmune disease patients upon SARS-CoV-2 
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infection. Additionally, we focused our analysis on the common responses 

across all patients within each autoimmune disease group that were conserved 

regardless of the treatment administered. Lastly, we compared the results with 

uninfected autoimmune disease patients to help identify the signatures unique 

to these patients under SARS-CoV-2 infection. Although the uninfected MS 

patients were treatment-naive, both the uninfected RA and Ps control groups 

received similar immunomodulatory treatment (Supporting information Table 

S5) to the SARS-CoV-2-infected RA and Ps patients, further helping dissect the 

effect of the autoimmune disease from that of the immunomodulatory 

treatment on the immune responses.  

We isolated PBMCs from the aforementioned patient groups and 

generated a combined single-cell transcriptomic and surface-proteomic (CITE-

seq) [39] profile of immune cells. We profiled a total of 97,499 cells, comprising 

29,813 cells from COVID-19 patients without pre-existing autoimmunity, 29,477 

cells from RA, 19,907 cells from Ps, and 18,302 cells from MS COVID-19 patients. 

All datasets were integrated into a joint representation considering the 

transcriptome and surface proteome generated using total variational inference 

[28].  

Our single-cell transcriptomic analysis revealed 28 cell subsets that we 

annotated based on specific markers (Fig. 1B, C). In particular, we identified 

distinct populations of T cells (CD3G): CD4 naïve (CD4 and LEF1); CD4 memory 

(CD4 and CCL5); CD8 naïve (CD8A and LEF1); CD8 memory (CD8A and CCL5); 

regulatory (Treg: CD4 and FOXP3); mucosal-associated invariant (MAIT: 

TRAV1-2); gamma-delta (γδT: TRDV2); proliferating (Prolif. T: MKI67); and 

natural killer T cells (NKT: KLRF1 among others). In addition, we identified two 

subsets of natural killer cells (NK CD56dim: KLRF1, NCAM1, and FCGR3Ahigh; 
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and NK CD56bright: KLRF1, NCAM1, and FCGR3Alow) along with proliferating 

natural killer cells (Prolif. NK: KLRF1 and MKI67). Captured B cell subsets 

(CD79A) included naïve (TCL1A); immature (TCL1A and MME); memory (CD27 

and TNFRSF13B); exhausted (TNFRSF13B and CR2neg); plasmablast (JCHAIN, 

SDC1, and MKI67); and plasma B cells (JCHAIN and SDC1). The myeloid 

fraction comprised two subsets of monocytes (CD14 mono: CD14; and CD16 

mono: CD14 and FCGR3A); conventional dendritic cells (FLT3) including cDC1: 

CLEC9A; cDC2: CD1C; and cDC3: CD1C and CD14; plasmacytoid dendritic cells 

(pDC: JCHAIN and LILRA4); and neutrophils (FCGR3B). Lastly, we identified 

precursor hematopoietic stem cells (HSC: CD34); platelets (GP9); and red blood 

cells (RBC: HBB). We further exploited CITE-seq to validate these cell 

annotations using markers from the surface proteome data (Fig. 1D). 

We observed significant differences in cell proportions between the 

different patient groups (Fig. 2A, B, Supporting information Fig. S1 and Table 

S2). Within the T-cell compartment, we observed relatively more CD4+ 

memory T cells in RA COVID-19 patients compared with controls (Fig. 2B and 

Supporting information Fig. S1). In MS COVID-19 patients, we found a higher 

frequency of circulating MAIT cells than in the other three groups and fewer 

CD8+ memory T cells compared with controls. Higher proportions of MAIT 

cells in asymptomatic and mild SARS-CoV-2 infections have previously been 

reported [30]. Within the B-cell compartment, we detected significantly fewer 

plasmablasts and plasma cells in Ps and RA COVID-19 patients in comparison 

with controls, although the use of anti-CD20 therapy in some of the RA patients 

included in the cohort likely influences these observed differences. Control 

COVID-19 patients also had relatively higher proportions of platelets compared 

with all three autoimmune COVID-19 groups, and higher proportions of HSCs 
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compared with the MS COVID-19 group. Relative expansion of HSCs, platelets, 

and plasmablasts has previously been associated with increased COVID-19 

severity [30]. In addition, since monocyte-platelet aggregates have been 

reported in COVID-19 patients [40], the observed differences in platelet 

frequencies between controls and autoimmune COVID-19 patients might be 

caused by a specific subset of monocytes sequestering platelets as previously 

described [30]. Lastly, differences in some other cell subsets (neutrophils and 

RBCs) can further be influenced by the sample processing procedure itself.  

Within the myeloid compartment, we focused on CD14+ monocytes 

given that dysregulation in this compartment upon SARS-CoV-2 infection is 

linked to COVID-19 severity [11]. In this regard, we identified a CD14+ HLA-

DRlow subset in our dataset (Fig. 2C, D), whose proportion was significantly 

higher in all three autoimmune COVID-19 groups compared with controls (Fig. 

2E). 

Given the altered cellular composition identified in the T-cell 

compartment, we also analyzed the clonal expansion of the distinct T-cell 

subsets identified (Fig. 2F and Supporting information Table S3). The MS 

COVID-19 group had a significantly higher proportion of clonally expanded 

MAIT cells compared with the other three groups, consistent with the 

compositional analysis. The RA COVID-19 group instead had a significantly 

lower proportion of clonally expanded CD8+ memory T cells than the COVID-

19 Ps and control groups. We also noted a trend toward a higher proportion of 

clonally expanded CD4+ memory T cells compared with the three other groups, 

consistent with the compositional analysis of this cell type. 
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(See figure legend on the next page.) 
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Figure 1. Immune cell subset annotation from single-cell data of COVID-19 patients with pre-

existing autoimmunity and controls. (a) Schematic diagram depicting the cohort of control and 

autoimmune COVID-19 patients included in the study, as well as the single-cell approaches and 

analyses performed. (b) UMAP visualization showing the different immune cell populations 

identified from Louvain clustering and cell-specific marker gene expression. The T-cell 

compartment includes CD4+ naïve, CD4+ memory, CD8+ naïve, and CD8+ memory T cells, as 

well as regulatory (Treg), mucosal-associated invariant (MAIT), gamma-delta (γδT), proliferating 

(Prolif. T), and natural killer T cells (NKT). The NK cell compartment includes NK CD56dim and 

NK CD56bright along with proliferating NK cells. The B cell compartment includes naïve, 

immature, memory, exhausted, plasmablast, and plasma B cells. The myeloid fraction includes 

CD14+ and CD16+ monocytes, as well as conventional dendritic cells including cDC1, cDC2, and 

cDC3, plasmacytoid dendritic cells (pDC), and neutrophils. Additionally, we identified precursor 

hematopoietic stem cells (HSC), platelets, and red blood cells (RBC). (c) Dot plot depicting the 

expression of selected marker genes in the cell populations identified. The scale represents the 

mean gene expression in the cell subset; the circle size represents the percentage of cells in the 

subset expressing the gene. (d) Dot plot depicting the expression of selected protein markers in 

the cell populations identified. The scale represents the standardized mean protein expression in 

the cell subset; the circle size represents the percentage of cells in the subset expressing the 

protein. 

Distinct immune gene expression profiles among COVID-19 patients 

with pre-existing autoimmunity 

We next focused on CD14+ monocyte and CD4+ T cell responses due to their 

compositional and clonal alterations observed in COVID-19 patients with pre-

existing autoimmunity, as well as their dysregulated responses under SARS-

CoV-2 infection described by others [8, 13, 41, 42]. As such, we performed 

differential gene expression analysis in the COVID-19 patient groups included 

in the study, with special emphasis on CD14+ monocytes, as well as CD4+ naïve 

and memory T cells (Supporting information Table S4). To pinpoint the specific 

immune responses in each disease condition and reduce any bias between 

individual groups, cells from each patient group (control, RA, Ps, and MS) 

within either the CD14+ monocyte, CD4+ naïve T cell, or CD4+ memory T-cell 

clusters were compared with the other cells within that cluster (including cells 

from the three other groups combined). We further made use of a publicly 
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available large PBMC dataset [30] to select those genes showing the most 

significant transcriptional changes in COVID-19 patients compared with 

healthy individuals (Supporting information Tables S5 and S6). 

Gene set enrichment analysis revealed that multiple immune-related 

categories are uniquely dysregulated in COVID-19 patients with pre-existing 

autoimmunity (Fig. 3A). In particular, CD14+ monocytes from MS COVID-19 

patients were characterized by increased responses to inflammatory cytokines 

such as IL-1β, IL-6, type I IFNs, and IFNγ, as well as increased innate and 

adaptive immune responses (Fig. 3A). This subset of CD14+ monocytes 

displayed significant upregulation of genes of the type I IFN pathway, including 

members of the IFN-induced protein with tetratricopeptide repeats (IFIT) 

family (e.g., IFIT2), members of the IFN-induced transmembrane protein 

(IFITM) family, such as IFITM1, as well as IFN-stimulated genes like ISG15 (Fig. 

3B and Supporting information Table S4). Additionally, CD14+ monocytes 

showed significant upregulation of genes of the inflammasome pathway such 

as NAIP, NLRC4, CASP1, and CASP4, as well as IL-6 production-related genes 

such as CD36, LGALS9, STAT3, and IL17RA, among others (Fig. 3B and 

Supporting information Table S4). In Ps COVID-19 patients, CD14+ monocytes 

displayed greater enrichment of the hypoxia and TNF-α/NF-κB pathways (Fig. 

3A). Consistently, CD14+ monocytes from Ps COVID-19 patients displayed 

upregulation of hypoxia-related genes including HIF1A, HK2, and MAFF in 

comparison with MS and, to a lower extent, RA COVID-19 patients (Fig. 3B). 

In the case of CD4+ T cells, we also found alterations in the expression 

of multiple relevant genes for all three groups of patients with pre-existing 

autoimmunity upon SARS-CoV-2 infection. MS COVID-19 individuals showed 

significant enrichment of the type I IFN response category in both CD4+ naïve 
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and memory T cells (Fig. 3A). In this regard, we observed upregulation of type 

I IFN-related genes such as IFI35, IFNAR2, and IFITM2 among others in CD4+ 

naïve T cells (Fig. 3C). It is of note that lymphocyte antigen 6 complex, locus E 

(LY6E), a previously described ISG [43] that has recently been found to impair 

coronavirus fusion and restrict its entry into cells [44, 45], was also upregulated 

in MS COVID-19 patients in CD14+ monocytes and CD4+ naïve T cells 

(Supporting information Table S4). Remarkably, the specific IFN signature 

observed in CD14+ monocytes and CD4+ naïve T cells of MS COVID-19 patients 

is likely specific to the autoimmune condition under infection, as no differences 

in sampling time relative to COVID-19 onset are seen compared with controls. 

Similarly, no significant differences were observed in sampling time relative to 

COVID-19 onset in the Ps and RA groups compared with controls (Supporting 

information Table S1). In Ps COVID-19 patients, CD4+ naïve T cells displayed 

enrichment of the TNF-α/NF-κB signaling pathway, as well as a pronounced 

hypoxia signature. Consistent with these results, we observed upregulation of 

TNF-α/NF-κB signaling pathway genes such as NFKB1, CEBPD, and CD83 (Fig. 

3C). In RA COVID-19 patients, CD4+ memory T cells displayed enrichment of 

the TNF-α/NF-κB signaling pathway, as well as higher levels of hypoxia, IL-12, 

and IFN-γ responses (Fig. 3A). Additionally, this cell compartment displayed 

upregulation of several TNF-α/NF-κB signaling-related genes, including RELA, 

RELB, and ICAM1, among others, as well as upregulation of several genes 

related to the IFN-γ response, such as IRF1, TRIM21, and PIAS1 (Fig. 3C). 

Importantly, the upregulation of the aforementioned genes was not 

observed in CD14+ monocytes or CD4+ T cells of uninfected RA, Ps, or MS 

patients compared with healthy donors (Supporting information Tables S5 and 

S6), suggesting that the observed gene signatures specifically originate in 
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response to SARS-CoV-2 infection. Moreover, many of these upregulated genes 

in COVID-19 with pre-existing autoimmunity (many of whom displayed mild 

COVID-19 at the time of sample collection compared with COVID-19 controls) 

were shown to be less expressed in mild compared with severe COVID-19 

controls (Supporting information Fig. S2A, B), suggesting that such responses 

are unique to the autoimmune disease patients under infection regardless of 

COVID-19 severity. 

Some of the autoimmune disease patients included in this study 

received rituximab treatment (anti-CD20 monoclonal antibody) before SARS-

CoV-2 infection. To gain further insights into the possible effects of this 

immunotherapy on the immune response to SARS-CoV2 infection, we 

compared those rituximab-treated patients in our cohort (3 RA and 1 MS) versus 

patients from the same disease groups who did not receive rituximab as 

controls (2 RA and 2 MS). Our results indicate that several genes involved in 

IFN and antiviral immune responses that are upregulated in monocytes during 

SARS-CoV-2 infection such as IFITM1, IFI16, IRF1, ISG15, OAS1, and MX2, 

together with genes involved in inflammasome activation and IL-1β production 

such as NAIP, CASP1, and PYCARD, had significantly reduced expression in 

monocytes from rituximab-treated patients compared with the controls 

(Supporting information Table S6). 

Overall, CD14+ monocytes and CD4+ T cells show altered immune 

signatures associated with inflammation, hypoxia, as well as IFNs and TNF 

responses for all three autoimmune disease patents under SARS-CoV-2 

infection that might condition the function and polarization of these cells to 

specific phenotypes.  
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Figure 2. Alterations in cell composition and T cell receptor clonality in patients with pre-

existing autoimmunity under SARS-CoV-2 infection. (a) UMAP visualization shows the 

distribution of the immune cell populations in the patient groups and controls included. (b) Bar 

plot depicting the average cell proportions of the immune cell types in each patient group. 

Significant differences in cell proportions between any two groups are marked with an asterisk 

next to the cell type (unpaired, two-sided Wilcoxon rank-sum test; see Supporting information 

Table S2 for statistically significant p-values between each pair of groups). (c) UMAP 

visualization depicting the sub-clustering of the CD14+ monocyte compartment, where 

subcluster 3 corresponding to CD14+ HLA-DRlow monocytes is shown in red. (d) UMAP 

visualization showing the gene expression of HLA-DR subunits (HLA-DRA and HLA-DRB1) in 

CD14+ monocytes. The dot plot depicts the gene expression of the two HLA-DR subunits in the 

subclusters identified within CD14+ monocytes. (e) Box plot depicting the average proportion of 

HLA-DRlow cells within CD14+ monocytes between the different groups. Boxes represent the 

interquartile range (IQR), horizontal bars depict the median, whiskers extend to 1.5 × IQR, and 

dots denote the values for each donor where outliers are additionally marked with grey labels. 

Statistical significance was determined using the unpaired, two-sided Wilcoxon rank-sum test of 

comparisons with controls (p = 2.20 ×  10−3 vs. RA, p = 1.12 ×  10−2 vs. MS, p = 7.21 ×  10−3 vs. Ps). 

(f) Bar plot of the average proportions of the T cell subsets corresponding to single or expanded 

clones in the different groups. Significant differences in cell proportions of expanded clones 

between the groups by the unpaired, two-sided Wilcoxon rank-sum test are marked with an 

asterisk (increased MAIT in MS: p = 2.53 × 10−2 vs. RA, p = 3.39 ×  10−2 vs. Ps, p = 4.25 × 10−2 vs. 

control; reduced CD8+ memory T cells in RA: p = 1.43 × 10−2 vs. Ps, p = 7.05 × 10−3 vs. control). 

Altered transcription factor activity in autoimmune patients supports 

diverging responses to SARS-CoV-2 

We next analyzed transcription factor (TF) activities in the different COVID-19 

patient groups using Discriminant Regulon Expression Analysis, a 

comprehensive resource of curated TFs and their gene targets [37]. 

In MS COVID-19 patients, both CD14+ monocytes and CD4+ T cells 

displayed stronger activation of type I IFN-associated TFs – namely STAT1, 

STAT2, IRF9, and IRF1 – compared with Ps, RA, and control COVID-19 patients, 

in line with our previous differential gene expression analysis (Fig. 4A, B). This 

signature was only observed in MS patients under SARS-CoV-2 infection and 

not in uninfected MS patients (analysis performed on published dataset [34]; 
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Supporting information Fig. S2C and Tables S5 and S6), supporting that the 

observed IFN signature specifically originates in response to infection. 

Additionally, CD14+ monocytes of Ps COVID-19 individuals displayed a 

significantly lower level of activity of several regulatory factor X (RFX) TFs, 

particularly in comparison to the MS COVID-19 group (Fig. 4A). RFX TFs are 

involved in the transcriptional regulation of HLA genes [46], including HLA-

DR, which is known to be downregulated in dysfunctional HLA-DRlowCD163high 

and HLA-DRlowS100Ahigh CD14+ monocytes in severe COVID-19 [11]. We also 

inspected hypoxia-associated TFs such as hypoxia-inducible factor 1-alpha 

(HIF-1α) and EPAS1 (HIF-2α), as they have been related to tolerogenic 

phenotype in monocytes [47] and with an increase in glycolysis involved in the 

acquisition of trained immunity in myeloid cells during inflammation [48]. We 

detected predominant and significant hyperactivation of these two TFs in 

CD14+ monocytes of Ps COVID-19 patients compared with the other patient 

groups (Fig. 4A). These signatures for HIF-1α and EPAS1, but not for RFX TFs, 

only occurred in Ps patients under SARS-CoV-2 infection and not in uninfected 

ones (Supporting information Fig. S2C and Tables S5 and S6), supporting that 

the observed hypoxia signature in Ps patients specifically originates in response 

to the infection.  

In Ps COVID-19 patients, both CD4+ naïve and memory T cells 

presented a specific activation of the GATA3 pathway (Fig. 4B), which might be 

associated with higher polarization toward a Th2 response. In the MS COVID-

19 group, GATA3 pathway TFs were only modestly upregulated in CD4+ 

memory T cells. Notably, CD4+ naïve T cells of Ps COVID-19 patients showed 

significant protein upregulation of CD124 (Supporting information Table S7), 

the IL-4 receptor, which is involved in Th2 polarization of CD4+ T cells [49]. 
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We also noted significant protein upregulation of the IL-21 receptor (CD360) 

(Supporting information Table S7), whose ligand IL-21 is known to impair Th1 

polarization and amplify the Th2 response [50]. 

We also detected higher levels of activity of the AP-1 subunits JUND and 

FOS, and NF-κB pathway TFs in CD4+ naïve T cells of Ps COVID-19 patients 

(Fig. 4B). Both of these TF pathways are downstream of TNF signaling [51], 

consistent with the enrichment of the TNF-α signaling category observed 

earlier in the same cell compartment of Ps COVID-19 patients. Instead, the 

activation of NF-κB in the RA group was seen in CD4+ memory T cells (Fig. 4B), 

which was also the cell subset displaying TNF-α signaling enrichment as 

observed earlier. In contrast to the GATA3 signature that was already detectable 

in uninfected Ps individuals (which may likely be the consequence of 

immunomodulatory treatment in such patients [52]), the signatures for AP-1 in 

Ps patients and NF-κB in Ps and RA patients were only observed under SARS-

CoV-2 infection and not in uninfected individuals (RA analysis performed on 

published dataset [35]; Supporting information Fig. S1D and Tables S5 and S6), 

suggesting that they originate specifically in response to the infection. 

Overall, these results reveal altered TF activities associated with IL-4, 

type I IFN, TNF, and hypoxia pathway unique to the autoimmune conditions 

under SARS-CoV-2 infection. 
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Figure 3. Genes differentially expressed in patients with pre-existing autoimmunity under SARS-

CoV-2 infection. (a) Dot plots depicting the gene set enrichment analysis (GSEA) in CD14+ 

monocytes, CD4+ naïve T cells, and CD4+ memory T cells of differentially expressed genes 

between the COVID-19 patient groups (control, RA, MS, and Ps). The scale represents the 

normalized enrichment score (NES); the circle size indicates the -log10FDR value, where the 

circle edge represents the statistical significance of the enrichment (black: significant; no edge: 

not significant). (b) Box plots depicting the normalized mean expression of differentially 

expressed genes (false discovery rate [FDR] < 0.05) between the four COVID19 patient groups 

that are involved in pathways implicated in (a) in CD14+ monocytes (see Supporting information 

Table S4 for FDR values). The asterisk indicates the significantly different patient group. (c) Box 

plots depicting the normalized mean expression of genes differentially expressed (FDR < 0.05) 

between the four COVID-19 patient groups involved in the pathways implicated in (A) in CD4+ 

naïve and memory T cells (see Supporting information Table S4 for FDR values). Similarly, the 

asterisk indicates a significantly different patient group. 

Defects in cell–cell communication in COVID-19patients with pre-

existing autoimmunity 

To systematically analyze the effect of cell–cell communication on immune 

responses upon SARS-CoV-2 infection, we used CellPhoneDB [38, 53], which 

infers specific cell–cell interactions based on the expression of ligands and 

receptors. We identified alterations in several ligand-receptor pairs involved in 

the immune and inflammatory responses (Fig. 4C and Supporting information 

Table S8). For instance, in MS COVID-19 patients, we detected a dysregulated 

higher interaction between TRAIL (TNFSF10), expressed in CD14+ monocytes 

and CD4+ naïve T cells, and its receptor TNFRSF10B, expressed in monocytes 

and memory B cells (Fig. 4C), which is probably a consequence of the upstream 

IFN activation [54]. A similar dysregulated interaction pattern in the same cell 

subsets was observed with respect to LFA-1 integrin (consisting of ITGB2 and 

ITGAL subunits) and its ligand CD54 (ICAM1) (Fig. 4C). Enhanced interaction 

between the CCL5 ligand, expressed in all the immune cells inspected, and the 

CD191 (CCR1) receptor, whose inhibition potentially suppresses immune 

hyperactivation in critical COVID-19 [55], was noted in the MS and RA COVID-



Article 3 

225 
 

19 groups for CD14+ monocytes. Our analysis also revealed, in RA COVID-19 

patients, a stronger interaction between CD55, expressed in CD4+ T cells, and 

its ligand CD97 (ADGRE5) (Fig. 4C), which has been described to enhance T 

cell activation [56]. While a stronger TNF/TNFR interaction was observed in 

the CD14+ monocyte subset of MS and Ps COVID-19 patients, such interaction 

predominated in the CD4+ memory T cells of the RA group (Fig. 4C), which is 

consistent with the previously observed downstream activation of NF-κB in the 

same cell type. Additionally, in Ps COVID-19 patients, we observed a stronger 

autocrine/paracrine interaction between IL-1β, expressed in CD14+ and CD16+ 

monocytes, and its inhibitory receptor (IL1R2), expressed in CD14+ monocytes 

(Fig. 4C). 

Consistent with the overarching immune pattern revealed in this study, 

we also found stronger interactions with type I IFN receptors (IFNAR1 and 

IFNAR2) in the CD4+ T cell subsets for MS and RA COVID-19 patients, as well 

as in CD14+ monocytes predominantly for the MS COVID-19 group (Fig. 4C), 

which most likely explains the general type I IFN signature seen. 

In summary, we found a dysregulated network of cell–cell 

communication events in autoimmune disease patients in response to infection 

involving inflammatory cytokines, cell adhesion molecules, and cell activation 

regulators, which likely modulate the downstream TFs pathways and may 

impact the antiviral immune responses triggered in these patients. 

(See figure legend on next page.) 
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(See figure legend on the next page.) 
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Figure 4. Transcription factor activity and cell–cell communication alterations in patients with 

pre-existing autoimmunity under SARS-CoV-2 infection. (a) Dot plot showing selected 

transcription factor activities of different regulons in CD14+ monocytes from the different 

COVID-19 patient groups (control, RA, Ps, and MS). The scale represents the normalized 

enrichment score (NES); the circle size indicates the −log10FDR value. (b) Dot plots showing 

selected transcription factor activities of different regulons in CD4+ naïve and memory T cells 

from each patient group. The scale represents the normalized enrichment score (NES); the circle 

size indicates the −log10FDR value. (c) Dot plot of selected dysregulated ligand/receptor (L/R) 

interactions between CD14+ monocytes or CD4+ T cells (naïve and memory) and other immune 

cell compartments in the COVID-19 patient groups. The scale indicates the log2(FC) in gene 

expression of differentially expressed genes (FDR < 0.05); the circle size represents the percentage 

of cells expressing the differentially expressed gene. Molecules of the L/R pairs expressed in the 

inspected immune subset (CD14+ monocyte, CD4+ naïve T cell, or CD4+ memory T cell) are 

shown in red, and molecules of the L/R pairs expressed in the immune cell partner are shown in 

blue. Assays were performed at the mRNA level, but results were extrapolated to protein 

interactions. 
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DISCUSSION 

Here, we analyzed the immune response changes in the peripheral blood of 

three groups of autoimmune disease patients during the course of COVID-19 

by combining single-cell transcriptome and surface proteome profiles. Our 

study revealed that these patients display aberrant immune responses to SARS-

CoV-2 infection that are most likely dependent on the context of the 

autoimmune disease. 

Very few studies have addressed the implications of chronic underlying 

inflammatory conditions in relation to the severity of COVID-19, focusing on 

clinical or epidemiological analyses rather than immunological insights. A 

meta-analysis of 62 observational studies, covering more than 300,000 patients 

with autoimmune diseases, suggested that these patients had an increased risk 

of COVID-19 [21]. More recently, another study has shown that patients with 

immune-mediated inflammatory diseases were at higher risk of being 

hospitalized with COVID-19 [23]. Conversely, another study suggested that 

patients with autoimmunity who required hospital admission owing to SARS-

CoV-2 infection had a lower risk of developing severe disease and were less 

likely to require a stay in the intensive care unit or mechanical ventilation [22]. 

It has been shown that MS patients with advanced age and disease, as well as 

those with greater disability, are at an increased likelihood of developing severe 

and even fatal COVID-19 [57]. In addition, as viral respiratory infections are 

recognized to increase the risk of relapse in MS patients [58], there is a concern 

that COVID-19 might exacerbate symptoms in MS individuals, though this 

remains an open question [59]. For RA patients, it has also been described that 

such patients face an increased risk of severe COVID-19, particularly those with 

related interstitial lung disease [60]. Furthermore, several studies have 
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consistently revealed that unvaccinated individuals with RA show an elevated 

risk of COVID-19 hospitalization and mortality [61-63]. For Ps patients, it has 

been suggested that although individuals can have an increased risk of 

contracting SARS-CoV-2 infection, they may not exhibit increased 

susceptibility to the complications of COVID-19 [64]. Given such divergent 

scenarios, our study aimed at exploring the particular immune signatures to 

SARS-CoV-2 infection in individuals with pre-existing autoimmune diseases. 

Our analysis of cell proportions revealed that COVID-19 patients with 

pre-existing autoimmunity do not display features characterizing severity, such 

as expanded HSCs, platelets, or plasmablasts [30]. However, the three 

autoimmune groups studied showed a marked expansion of HLA-DRlow CD14+ 

monocytes. Expansion of these dysfunctional HLA-DRlow monocytes has 

recently been described in patients with severe COVID-19 [8, 11]. Regardless of 

whether this subset of monocytes is already present at baseline in autoimmune 

disease patients or if instead it is expanded under SARS-CoV-2 infection, the 

high proportion of HLA-DRlow CD14+ monocytes in COVID-19 with pre-existing 

autoimmunity might interfere with a proper antiviral response, given that these 

monocytes are characterized by displaying an immunosuppressive phenotype 

[65-68]. Remarkably, MS COVID-19 patients had higher proportions, as well as 

clonal expansion, of circulating MAIT cells. Higher proportions of MAIT cells 

have been reported in asymptomatic and mild infections [30], and their 

expansion may enhance the antiviral immune response in these patients [69]. 

We also identified a predominant upregulation of the type I IFN 

pathway along with its downstream transcription factors (i.e. STAT1, STAT2, 

and IRF9) in CD14+ monocytes and CD4+ T cells of MS COVID-19 patients. This 

signature most likely stems from a stronger ligand/receptor (IFNAR1 and 
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IFNAR2) interaction, as identified in our cell–cell communication analysis. 

Whether this feature may be beneficial or detrimental to these patients in the 

context of SARS-CoV-2 infection remains unclear. Several studies have 

identified impaired type I IFN activity in patients with severe COVID-19 [7, 70–

74], and COVID-19 patients treated with inhaled nebulized IFN beta-1a 

(SNG001) showed greater odds of improvement and recovered more rapidly 

from SARS-CoV-2 infection [75]. On the other hand, it has been suggested that 

such a robust type I IFN response potentially exacerbates hyperinflammation, 

facilitating the development of severe COVID-19 [76, 77]. This predominant IFN 

signature in MS COVID-19 patients may therefore be a double-edged sword, 

simultaneously promoting antiviral immune responses and exacerbating 

immune hyperactivation in these patients. Angiotensin-converting enzyme 2 

(ACE2), whose protein product binds to the SARS-CoV-2 spike (S) protein and 

promotes cellular entry of the virus, was initially described as a human ISG [78], 

but these results were challenged shortly after [79, 80]. Indeed, increased SARS-

CoV-2 cell entry leading to higher viral loads is ultimately associated with 

increased COVID-19 severity and mortality [81, 82]. In this regard, the ISG LY6E, 

which has been reported to impair coronavirus fusion and restrict its entry into 

cells [44, 45], was upregulated in MS COVID-19 patients relative to the other 

patient groups in both CD14+ monocytes and CD4+ naïve T cells. Notably, our 

analysis of uninfected MS patients did not show this predominant IFN 

signature, suggesting that it originates specifically in response to the infection. 

In Ps COVID-19 patients, we found a higher level of GATA3 pathway 

activity in the CD4+ T-cell compartment. GATA3 is a crucial TF involved in Th2 

polarization [83], which is induced by IL-4. In this regard, we have also detected 

a higher level of the IL-4 receptor protein (CD124) in the CD4+ T cells of these 
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patients, which likely explains the observed greater activity of GATA3. The Th2 

immune response has been linked to a fatal outcome of COVID-19 [16]. Higher 

proportions of Th2 cells have been further detected in poor-prognosis COVID-

19 patients [84], with cytological signals of the Th2 immune response in 

peripheral blood from COVID-19 patients who required intensive care [85]. As 

such, a high Th2 polarization in Ps patients during SARS-CoV-2 infection, 

which might be caused or enhanced by the specific treatments received and/or 

the underlying immune condition (86), might represent an adverse 

immunological feature in these patients. 

Beyond CD4+ T cells, we identified altered immune responses in the 

myeloid compartment of Ps COVID-19 patients. For instance, the CD14+ 

monocytes of Ps COVID-19 individuals showed a higher level of activation of 

the HIF pathway. HIF factors are upregulated at low oxygen concentrations and 

are involved in the regulation of immune responses [87]. Although control 

COVID-19 patients also showed activation of the HIF pathway, Ps COVID-19 

patients displayed significantly higher levels of activity in this HIF pathway, 

predominantly in CD14+ monocytes. This pathway has been associated with the 

acquisition of an immunosuppressive phenotype in contexts characterized by 

altered immune responses such as sepsis [47]. Taken together, these results 

suggest that Ps patients may confront a SARS-CoV-2 infection with inefficient 

responses in several immune compartments that affect their innate and 

adaptive immune systems. 

For RA COVID-19 patients, in addition to increased proportions and a 

trend toward clonal expansion of CD4+ memory T cells, this immune subset 

displayed the highest level of dysregulation in this patient group. In particular, 

we observed significant activation of TNF-α/NF-κB signaling as well as 
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upregulation of the IL-12 and IFN-γ responses. Synergistic activation of these 

cytokines occurs in CD4+ T cells and is associated with the exacerbated 

inflammatory response in severe and critical COVID-19 [7, 88]. Additionally, 

inhibition of NF-κB and TNF-α is thought to have a therapeutic potential for 

alleviating the cytokine storm and COVID-19 severity [89]. 

The appearance of sequelae in some COVID-19 patients after the acute 

phase of infection is a paramount clinical aspect that has become apparent 

during the pandemic. Such sequelae include manifestations like pulmonary 

damage, thromboembolism, and neuroinflammation among others [90]. 

Pulmonary sequelae, ranging from dyspnea to fibrotic damage and persistent 

oxygen requirement, might be a consequence of elevated inflammatory 

cytokine production and lung invasion by neutrophils and monocytes [90]. In 

this regard, our results indicate that the IL-6 pathway is significantly 

upregulated in CD14+ monocytes of MS COVID-19 patients, which may 

ultimately facilitate a fibrotic state [91]. Furthermore, LFA-1 was upregulated in 

the CD14+ monocytes of MS COVID-19 patients, potentially favoring monocyte 

extravasation into the alveolar space [92]. Conversely, CD14+ monocytes of Ps 

COVID-19 patients and CD4+ memory T cells of RA COVID-19 patients 

displayed hypoxia features, which are related to thrombotic complications in 

COVID-19 patients [93]. 

The limited number of patients included in this study reflects the 

difficulty in collecting samples from such patient populations at the time of 

infection, especially given that patients classified as at-risk, including 

autoimmune disease patients, significantly reduced their frequency of medical 

visits during the COVID-19 pandemic [94, 95]. Additionally, although we 

perform several analyses to control for the inherent heterogeneity between 
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groups (accounting for differences in COVID-19 disease course and severity, 

sex, treatment, timing, and infection status; see Methods), such differences 

should be considered for broad conclusions. Nevertheless, our cohort is unique 

and valuable by including COVID-19 patients with pre-existing autoimmunity 

in a prevaccination state, and it allowed us to explore unresolved questions in 

the field of immunology and virology. One of the unique strengths of our work 

is the validation of the immune responses observed across separate 

computational analyses and tools, particularly from immune ligand/receptor 

interactions and downstream pathway activity, providing consistent and 

complementary evidence of immune dysregulation. 

While our analysis focused on identifying shared responses among all 

patients within each autoimmune disease group to minimize the influence of 

specific prior immunomodulatory treatments on the observed transcriptional 

changes upon SARS-CoV-2 infection, this is a limitation that could potentially 

impact the findings. Nevertheless, it is worth noting that individuals with 

autoimmune diseases often have a history of immunomodulatory treatments 

whose effects become intertwined with the chronic autoimmune state in these 

patients. These combined factors together can then shape how these patients 

respond to SARS-CoV-2 infection. Therefore, our study provides valuable 

insights into the immune responses to infection in patients with pre-existing 

autoimmunity on immunomodulatory treatment, which is most representative 

of typical autoimmune disease patients. 

In our cohort of patients with pre-existing autoimmune conditions, 

some patients received rituximab prior to SARS-CoV-2 infection. Published 

evidence suggested that such rituximab treatment may be linked to unfavorable 

COVID-19 outcomes [96, 97]. Our analysis may be consistent with this 
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hypothesis revealing that monocytes from such rituximab-treated patients have 

reduced expression of several genes involved in the antiviral response and 

inflammasome activation during SARS-CoV-2 infection. Nonetheless, patients 

on anti-CD20 treatment are still able to generate robust T-cell responses 

following COVID-19 vaccination, including CD8+ T-cell responses linked to 

milder COVID-19 outcomes, despite the impaired humoral responses, which 

may be important in reducing the risk of complications associated with severe 

COVID-19 [98, 99]. 

Our results highlight the presence of altered and diverging immune 

responses in autoimmune disease patients that are specific to SARS-CoV-2 

infection, and that may affect the course of the disease. Future molecular and 

clinical studies building on our work, including expanded cohorts, will shed 

light on the ultimate consequences of the range of altered immune responses 

observed, including whether they are ultimately beneficial or harmful for these 

patients. The influence of these specific immune responses on the risk of 

evolution to severe forms of COVID-19 and/or clinical sequelae after the acute 

phase of SARS-CoV-2 infection, which may help find tailored treatments for 

different autoimmune patient populations, is particularly important to 

consider. This study presents a substantial and critical step toward that end. 

Notably, given the overlapping features of immunopathology between COVID-

19 and other infections, such as influenza [100, 101], the implications of the 

altered immune responses observed here may further extend the study on how 

autoimmune disease patients cope with other viral infections.   
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Supp. Figure 1. Gene expression in mild and severe COVID-19 controls and transcription factor 

activity in uninfected patients with autoimmune disease. (a) Circle plot representing the 

expression of selected genes in CD14+ monocytes of mild or severe COVID-19 controls during 

infection over uninfected individuals. Circle size indicates TPM mean and scale indicates Log2 of 

the gene expression fold change during infection over uninfected individuals. Significance is also 

indicated by a black (FDR < 0.05) or gray (FDR > 0.05) line. (b) Circle plot representing the 

expression of selected genes in CD4+ T cells (TEM: T effector memory; TCM: T central memory) 

of mild or severe COVID-19 controls during infection over uninfected individuals. Circle size 

indicates TPM mean and scale indicates Log2 of the gene expression fold change during infection 

over uninfected individuals. Significance is also indicated by a black (FDR < 0.05) or gray (FDR > 

0.05) line.  (c) Dot plot showing selected transcription factor activities of different regulons in 

CD14+ monocytes from uninfected autoimmune disease patients (RA, Ps, and MS) compared 

with healthy controls. The scale represents the normalized enrichment score (NES); the circle 

size indicates the -log10FDR value. (d) Dot plot showing selected transcription factor activities 

of different regulons in CD4+ naïve and memory T cells from uninfected autoimmune disease 

patients (RA, Ps, and MS) compared with healthy controls. The scale represents the normalized 

enrichment score (NES); the circle size indicates the -log10FDR value. 
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5. GLOBAL RESULTS 
Article 1. Retinoic Acid-Induced Epigenetic Modulation of VSIG4 via 

LXRα in Dendritic Cells Promotes Immunosuppression 

To investigate the mechanisms underlying the RA-mediated phenotypic 

reprogramming of DCs, monocytes isolated from the peripheral blood of 

healthy donors were differentiated to DCs for 5 days in vitro using GM-CSF and 

IL-4, in the absence and presence of RA and activated them LPS for 2 days. 

We found that RA resulted in the acquisition of immunosuppressive 

properties by DCs, which now were able to inhibit CD8+ T cell proliferation. 

RA also resulted in the downregulation of pro-inflammatory cytokines such as 

IL-1β, IL-6, and TNF-α while also reducing the expression of IL-10, suggesting a 

global downregulation of NF-κB-mediated activation. RA-treated DCs also 

exhibited a macrophage-like phenotype with increased expression of 

macrophage markers (CD14, CD163, CD206) and decreased expression of the 

DC marker CD1a. 

DNA methylation profiles revealed distinct patterns in response to RA 

treatment, with different specific demethylation and hypermethylation 

clusters. These changes were associated with differentiation and activation 

processes, affecting genes involved in myeloid differentiation, leukocyte 

activation, and immune response. TF motif enrichment analysis suggested the 

involvement of transcription factors such as EGR2, RARs, and NF-κB in 

regulating DNA methylation dynamics. 

RNA sequencing analysis showed upregulation of genes associated with 

a macrophage-like phenotype and immunosuppression in RA-treated DCs. 

VSIG4, associated with immune homeostasis, was among the most 
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differentially expressed genes. Gene set enrichment analysis indicated 

enrichment of monocyte and macrophage-related genes in RA-treated DCs, 

with an intermediate phenotype observed between macrophages and DCs. The 

analysis also revealed an inverse correlation between DNA methylation and 

gene expression changes. 

Interestingly we found that RA induces the expression of LXRα and 

downregulates its partner RXRα. The sole activation of LXR with a synthetic 

agonist does not replicate the effects of RA. RXR agonist replicate the effects of 

RA, producing the same LXRα upregulation and RXRα downregulation. 

Conversely, inhibiting LXR functionality with an antagonist reverses the 

suppressive phenotype induced by RA. 

Binding motifs for LXRα were identified near the VSIG4 gene, and LXRα 

shows increased binding to this region in RA-treated DCs. Furthermore, DNA 

methylation analysis suggests that LXRα epigenetically regulates VSIG4 

expression. 

Analysis of single-cell RNA sequencing data from ATC patients reveals 

co-expression of LXRα and VSIG4 in tumor-associated macrophages within the 

TME. This suggests a potential role for LXRα in regulating VSIG4 expression in 

the TME, contributing to immunosuppression. 

Integration of the data from our in vitro model with single-cell RNA 

sequencing dataset from myeloid cells from barrier tissues such as the colon, 

skin, stomach, and liver, demonstrates that RA treatment leads to the 

upregulation of VSIG4 and LXRα in specific macrophage subtypes. This 

suggests a broader role for RA-mediated immunosuppression via the VSIG4 

pathway in various tissues (Figure 7). 
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Figure 7. Scheme depicting the relevance of LXR activation by RA to promote the demethylation 

and expression of the immunosupressive protein VSIG4. 

ARTICLE 2. Epigenetic and transcriptomic reprogramming in monocytes 

of severe COVID‑19 patients reflects alterations in myeloid 

differentiation and the influence of inflammatory cytokines 

We isolated CD14+ monocytes from severe COVID-19 patients and HDs and 

performed DNA methylation profiling. We identified 2211 DMPs between severe 

COVID-19 patients and HDs, with 1773 hypermethylated and 438 

hypomethylated positions. 

We found that hypermethylated regions were enriched in functional 

categories related to immune responses such as natural killer-mediated 

immunity, leukocyte migration, and antigen presentation. On the other hand, 

hypomethylated regions were associated with defense response to viruses, type 
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I interferon signalling, and MHC class II. Enrichment analysis revealed 

overrepresentation of transcription factor binding motifs associated with 

immune response regulation. Hypermethylated DMPs showed enrichment of 

IRFs and ETS TF families, while hypomethylated DMPs were enriched in bZIP 

TF family motifs and STAT binding motifs. 

We investigated the relationship between DNA methylation profiles 

and the SOFA score, a measure of organ damage and a predictor of mortality in 

ICU patients. We found that higher SOFA scores, indicative of a more severe 

organ dysfunction, are associated with specific patterns of DNA methylation 

changes. 

To further characterise the DNA methylation profiles acquired by 

monocytes of severe COVID-19 patients, we compared them to those from 

patients with bacterial sepsis. This comparison revealed significant overlap in 

DMPs. Shared hypermethylated CpGs were associated with pathways related to 

cell signaling and cytokine production, while hypomethylated CpGs were 

associated with the regulation of inflammatory responses. Additionally, 

examination of DNA methylation changes in monocytes treated with 

inflammatory cytokines in vitro supported the hypothesis that systemic 

inflammation contributes to observed DNA methylation alterations in severe 

COVID-19.  Analysis of progenitor cell DNA methylation patterns suggested 

that some methylation changes observed in severe COVID-19 monocytes may 

arise from aberrant myeloid differentiation or the release of immature 

monocytes from the bone marrow to peripheral blood. 

scRNA-seq data analysis showed significant differential gene expression 

between COVID-19 patients and HDs. Genes related to pro-inflammatory 
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responses, surface markers, and transcription factors were upregulated, while 

those associated with antigen presentation and type I interferon responses were 

downregulated. Integration of DNA methylation and gene expression data 

showed a negative correlation between DNA methylation levels and gene 

expression, with hypermethylated genes generally downregulated and 

hypomethylated genes upregulated in COVID-19 patients. 

Finally, analysis of ligand-receptor interactions using CellPhoneDB 

revealed potential alterations in cell-cell communication between monocytes 

and other immune cell subsets in severe COVID-19. Changes were observed in 

interactions involving NK cells, T cells, B cells, and Tregs. 

The observed DNA methylation and gene expression changes suggest a 

shift towards a more tolerogenic phenotype in monocytes from severe COVID-

19 patients. Alterations in cell-cell communication may further contribute to 

dysregulated immune responses in COVID-19 (Figure 8). 

Figure 8. Monocytes from severe COVID-19 cases exhibit an immunosuppressive phenotype that 

is regulated by DNA methylation. 
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ARTICLE 3. Single-cell multi-omics analysis of COVID-19 patients with 

pre-existing autoimmune diseases shows aberrant immune responses to 

infection 

Peripheral blood samples were collected from COVID-19 patients with Ra (5 

patients), Ps (4 patients), and MS (3 patients), as well as from 10 COVID-19 

patients without pre-existing autoimmunity who served as controls. PBMCs 

were isolated and subjected to single-cell transcriptomic and surface-proteomic 

profiling. The analysis revealed distinct immune cell populations, including T 

cells, B cells, myeloid cells, and hematopoietic stem cells, along with their 

subsets. 

Notable findings included higher frequencies of CD4+ memory T cells 

in Ra COVID-19 patients, increased circulating MAIT cells in MS COVID-19 

patients, and fewer plasmablasts and plasma cells in Ps and Ra COVID-19 

patients compared to controls. The CD14+ monocytes with low HLA-DR 

expression were significantly increased in all autoimmune COVID-19 patients 

compared to controls, which is associated with COVID-19 severity. 

Clonal expansion analysis revealed higher proportions of clonally 

expanded MAIT cells in MS COVID-19 patients and lower proportions of 

clonally expanded CD8+ memory T cells in Ra COVID-19 patients. Ra COVID-

19 patients also showed a trend towards higher proportions of clonally 

expanded CD4+ memory T cells. 

By performing differential gene expression analysis, the results 

highlighted the dysregulation of unique immune-related pathways in COVID-

19 patients with pre-existing autoimmunity. Some examples include CD14+ 

monocytes from MS COVID-19 patients that showed upregulation of type I IFN-
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related genes, inflammasome pathway genes, and IL-6 production-related 

genes. Ps COVID-19 patients exhibited enrichment of hypoxia and TNF-α/NF-

κB pathways in CD14+ monocytes, along with upregulation of hypoxia-related 

genes. Ra COVID-19 patients displayed enrichment of TNF-α/NF-κB signaling 

pathway and IFN-γ response genes in CD4+ memory T cells.  

Aiming to study how these changes were regulated we performed 

transcription factor activity analysis that revealed unique signatures associated 

with IL-4, type I IFN, TNF, and hypoxia pathways in autoimmune COVID-19 

patients. 

Finally, dysregulated interactions between immune cells were observed, 

involving inflammatory cytokines, cell adhesion molecules, and cell activation 

regulators. For instance, we observed stronger TNF/TNFR interaction in 

monocyte subsets of MS and Ps COVID-19 patients. In Ps COVID-19 patients, 

we noted a heightened autocrine/paracrine interaction between IL-1β, 

expressed in CD14+ and CD16+ monocytes. Additionally, we identified stronger 

interactions with secreted cytokines such as type I IFN, as its receptors 

exhibited higher expression in CD4+ T cell subsets for MS and Ra COVID-19 

patients, and predominantly in CD14+ monocytes for the MS COVID-19 group 

(Figure 9).  
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Figure 9.  Diverging immune responses in COVID-19 patients with pre-existing autoimmunity. 
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6. GLOBAL DISCUSSION 
The complexity of immune responses is evident, requiring a delicate balance 

between activation to combat pathogens or cancer cells and mechanisms to 

repress this response when it is not necessary. Lymphoid cells are primarily 

responsible for immunosuppression, although myeloid cells can also contribute 

to regulate this process. In various environments where immunosuppression 

occurs, such as barrier tissues, RA plays a pivotal role in suppressing responses 

to commensal bacteria. Additionally, RA has been implicated in the 

immunosuppressive environment of the TME, particularly impacting the 

differentiation of monocytes into DCs. Another situation where 

immunosuppression occurs is in the most severe cases of infection, such as 

those caused in the context of COVID-19 or sepsis. In these instances, 

monocytes exhibit a more immunosuppressive phenotype which can lead to a 

reduction in hyperinflammation or may also result in a lack of response to a 

secondary pathogen, potentially leading to death (126). However, the 

mechanisms driving this transition from pro-inflammatory to anti-

inflammatory states on myeloid cells remain poorly understood. One potential 

mechanism, that we speculate to be involved in all these processes is DNA 

methylation, due to its major role in myeloid differentiation and function.  

In the present thesis, we have studied how myeloid cells acquire their 

suppressive phenotype and explore whether DNA methylation is implicated in 

this process. Firstly, we have examined how the treatment with RA during the 

differentiation of monocytes into DCs promotes epigenetic changes that 

facilitate the acquisition of the suppressive phenotype, along with the 

mechanisms by which this is promoted (Article 1). In another study, we have 

analysed ex vivo monocytes from patients with severe COVID-19 and 
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determined the relationship between DNA methylation and the suppressive 

phenotype acquired by monocytes in these patients. We have also established 

the relationship between these alterations and both external factors and 

contacts with other immune cells (Article 2). Finally, we have analysed the 

phenotype that different immune populations acquire when reacting against 

the SARS-CoV-2 virus in patients who presented a deficit in suppression 

mechanisms, that is, with patients with pre-existing autoimmunity prior to 

infection (Article 3). Despite the significant differences that each study, they 

present several common points. 

Overview 
In the first study (Article 1), we investigated the impact of RA on monocyte to 

DCs differentiation and subsequent activation by LPS. We first found that RA 

induces immunosuppressive properties in DCs. Through in vitro experiments, 

we showed that RA-treated immature DCs (iDCRA) inhibit CD8+ T cell 

proliferation and display reduced production of pro-inflammatory cytokines 

upon activation. RA-treated DCs also exhibited altered surface marker 

expression, resembling a macrophage-like phenotype with decreased 

expression of DC markers, as previously shown (118, 224). However, none of 

these previous studies have investigated the relationship of these changes in 

the phenotype with DNA methylation. Overall, we primarily found a blockage 

in the demethylation process, affecting genes not only associated with the 

differentiation process, like IRF4, but also to the acquisition of this immune 

suppressive phenotype. Interestingly, in the case of the second study (Article 

2), where we analyzed the methylation profiles of monocytes from severe 

COVID-19 patients, we also observed a blockage in the demethylation process. 

We also observed the demethylation of CpGs associated with anti-
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inflammatory response like IL10 or genes associated with suppressive 

macrophages like CD163. This suggests that in both cases, whether in 

polarization during suppression induced by a tumor through RA or in 

hyperinflammation, similar methylation changes are promoted. This 

demonstrates how the suppression profiles presented in both studies are 

extensively regulated by DNA methylation.  

In reference to the two COVID-19 studies presented (Article 2 and 

Article 3), it has been seen how myeloid cells can play a role in the response to 

the virus, as several immune-related functions are afected. This is consistent 

with the proposed roles of monocytes in blood, beyond those related to tissue 

homeostasis, including antigen presentation or cytokine production (31, 36, 38). 

In the case of Article 2, where we observed this suppressive profile, mainly 

driven by DNA methylation, we also detected a notable increase in the 

percentage of classical monocytes, which, as mentioned in the Introduction, 

tend to present a more suppressive profile, either through cytokines produced 

or surface markers (36, 37). This was in concordance with previous work (225). 

Concurrently, we observed a reduction in the percentage of nonclassical 

monocytes, which are more pro-inflammatory (34) in concordance with other 

studies that showed a reduction of the intermediate subpopulation (226) or 

expansion of classical monocytes in severe SARS-CoV-2 infections (227). This 

suggests that this hyperinflammation maintains the state of classical monocyte 

in blood, preserving its anti-inflammatory function on blood (228).  

In the case of Article 3, autoimmune diseases prior to infection in 

patients can modulate the immune response in front of the virus. Is important 

to understand the different immune responses that patients can have, as is still 

not clear whether a patient will present a balanced or imbalanced immune 
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response (124). We observed that particularly, CD14+ monocytes from MS 

COVID-19 patients were characterized by increased responses to inflammatory 

cytokines such as IL-1β, IL-6, type I IFN, and IFNγ, as well as by enhanced innate 

and adaptive immune responses. In these same patients, we saw that both 

CD14+ monocytes and CD4+ T cells exhibited a stronger activation of TFs 

associated with type I IFN compared to patients with Ps, Ra and control 

COVID-19 patients. In the case of monocytes from patients with Ps, they 

showed a significantly lower level of activity of various RFX TFs, particularly in 

comparison with the MS COVID-19 group. These findings underscore the 

variation and deviation in immune responses among patients with 

autoimmune diseases when faced with SARS-CoV-2 infection, potentially 

influencing disease progression.  

DNA methylation and transcriptomic regulation 
In this work, we have been extensively interested in how these changes 

observed are regulated at the epigenetic level, specifically at DNA methylation 

level. This epigenetic mark plays a key role during monocyte differentiation, 

not only from precursor cells to final monocytes, but also from monocytes to 

other cell types (229, 230). Our DNA methylation analysis on Article 1 reveals 

distinct clusters of CpG sites affected by RA, suggesting epigenetic 

reprogramming that promotes macrophage differentiation. We determined 

that RA suppresses the expression of key TFs, including IRF4, STAT6, and NF-

kB (p-65), which play pivotal roles in cDC differentiation (231), moDC 

polarization (215), and the regulation of proinflammatory gene expression 

(232), respectively. These changes were also observed at DNA methylation level, 

confirming the key play of epigenetics in the blockade of the differentiation 

process and inflammation. Indeed, some studies that highlight the relevance of 
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DNA methylation to acquiring the macrophage phenotype (233, 234). Some 

studies mainly noted demethylation in the transition from monocytes to 

macrophages (215, 235), however, others show an increase in DNA methylation 

during this process (230). Considering that it may be factors in the environment 

can promote these changes by activating their nuclear receptors, which, 

through binding to an epigenetic enzyme such as DNMT3A or TET2, can 

produce some of the changes that lead to the acquisition of the 

immunosuppressive phenotype (236). Connecting how external factors can, 

through producing epigenetic changes, modulate the phenotype of myeloid 

cells. 

In Article 1, we investigated the effects of a RA, a metabolite of Vitamin 

A. Other studies have shown that significant changes in vitamin intake can 

affect the DNA methylation patterns in the loci of DNMT1, DNMT3A and 

DNMT3B, leading to increased expression of all DNMTs (237). This is in line 

with the observed changes in DNMT3Aa upon RA treatment, where we 

determined an increase on its expression. This association suggests that the 

observed increase in DNMT3A expression in our study may potentially shift the 

immune function from a promoting inflammation to an immunosuppressive 

phenotype, as previously observed (218).  

In the Introduction, it has been mentioned how nuclear receptors can 

recruit epigenetic enzymes to promote changes in DNA methylation at their 

binding sites. One of the classical nuclear receptors for RA is RAR. Its role in 

recruiting TET2 to promote the demethylation of a specific CpG has already 

been described (189). However, in our study, we have observed that both TET2 

and RAR were downregulated when monocytes were treated with RA, 

suggesting that perhaps there are alternative mechanisms for the observed 
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immunosuppressive phenotype. By performing RNA sequencing we 

demonstrated differential gene expression in RA-treated DCs, including 

upregulation of immunosuppressive genes like VSIG4 and downregulation of 

pro-inflammatory genes like IL6 or TNF. When we analysed the potential TFs 

regulating the observed changes, we noted LXRα to be a major player. 

Interestingly, this RNAseq revealed that RA upregulates LXRα and 

downregulates RXRα, another classic receptor for RA, which interacts with 

LXRα (238). We found that activating LXRα alone using an agonist does not 

reproduce the immune suppression. However, inducing LXRα while 

simultaneously reducing RXRα levels by RXR agonist does trigger the 

suppression. Given the interaction between LXRα and RXRα, it is plausible to 

propose that LXRα, when in the presence of RA, prefers to interact with RXRβ, 

leading to the observed suppression. This is plausible as RXR proteasomal 

degradation is selective, since RXRβ is resistant to proteasome-mediated 

degradation in human embryonic kidney (HEK) cells (239). A similar thing was 

observed with PPARγ, where the degradation of RXR reprogrammed its 

transcriptional activity (240). 

To explain this switch on heterodimer formation, in a murine 

macrophage cell line stably expressing LXRα, ligands for the RXR receptor such 

as the 9-cis–retinoic acid and bexarotene inhibited Ser198 phosphorylation, 

leading to changes in LXR/RXR-regulated gene expression, particularly on 

genes sensitive to changes in LXRα phosphorylation at this residue, such as 

Ccl24 (241, 242). The RXR degradation can be explained by phosphorylation as 

Ser260 residue is phosphorylated by c-jun N-terminal kinase in response to IL-

1β, which leads to the rapid nuclear export and subsequent degradation of RXRα 

(243). Another possibility is that LXRα is affected by RA and this changes its 
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target. For example, when LXRα is not phosphorylated at Ser198, there is a 

significant increase in the expression of CCR7 in macrophages. This increase is 

linked to reduced chromatin repression markers (H3K9me3 and H3K27me3) at 

the Ccr7 gene site in cells with the unphosphorylated form of the receptor 

(244).  

As described, the role of LXR, similar to that of RA, can vary, producing 

both anti-inflammatory and pro-inflammatory phenotypes (245, 246). 

Although there are several papers emphasizing the suppression effects of RA 

and its pro-tumoral effects (94, 247–249), there is a study that has prompted 

that RA increases the induction of inflammatory macrophages and IFN-γ–

producing CD4+ and CD8+ T cells within tumors (250). In the case of LXRα, it 

is suggested that its activation can be used as a novel therapeutic strategy to 

stimulate antitumor activity (251). However, LXR agonist is also able to inhibit 

inflammation through regulating MyD88 mRNA alternative splicing (252). This 

suggests that the effect of both RA and LXRα may largely depend on the 

environment in which they are found (253). In our case, we observed how 

treatment with RA increases LXRα expression, which promotes the suppressive 

phenotype. More specifically, we determined that this suppression is mediated 

by VSIG4 and its expression is highly coordinated by LXRα. Some studies show 

how the therapeutic agonism reduced MDSC abundance in murine models and 

in patients treated in a first-in-human dose escalation phase 1 trial (254). It is 

important to mention that the effects of the agonism of LXRα alone did not 

replicate the suppressive capacities of iDCRA, which does not discard what other 

studies have provided in reference to the activation of LXRα on MDCS. We 

could only revert the effects of the RA when cells were treated with an 

antagonist of LXR, in line with other studies (255, 256). Furthermore, 
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oxysterols, the natural agonists of LXRα, can also inhibit the expression of CCR7 

on DCs, a chemokine receptor critical for the migration of DCs to tumor-

draining lymph nodes (257). More post-transcriptional studies are needed to 

better understand this switch on LXRα function. 

A notable link between our findings on the effects of RA in monocyte-

to-DC differentiation and those in monocytes in severe COVID-19 patients 

related to methylation (Article 1 and Article 2) is the involvement of LXRα. 

When we performed regulon analysis using DoRothEA in monocytes from 

severe COVID-19 patients we also observed an enrichment for LXRα. This 

finding suggests that the functions of LXRα in facilitating immune suppression 

in myeloid cells might be more general than initially anticipated (258).   

In relation to the roles of DNA methylation-mediated regulation in the 

suppressive phenotype of monocytes from severe COVID-19 patients (Article 

2), our results indicate that it might not be direct and they could juts reflect 

other mechanisms. It is possible that it involves various extracellular molecules 

that may be playing a role. We determined that several of the DNA methylation 

changes identified were due to the increase in IFN, as we observed enrichment 

of binding sites of IRF family members in our TF binding motif analysis, which 

are downstream to IFN. This finding leads us to consider that, similar to the 

case of RA, external factors to myeloid cells can activate transcription factors 

that move into the nucleus and, along with binding to epigenetic enzymes, 

promote the changes observed. 

The notion that DNA methylation patterns are highly influenced by 

environmental factors has received a high level of attention as a potential 

pathway linking environmental exposures to downstream phenotypic variation 
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(259, 260). Recent advancements in epigenomic editing of DNA methylation 

marks have been shown to alter the activity of TFs important in disease and 

development in vivo (261, 262). While some studies suggest that DNA 

methylation could disrupt TFs  binding and other gene expression mechanisms, 

contrasting evidence suggests a minimal impact on the activity of most 

regulatory elements (263). These conflicting results highlight the need to 

closely examine which type of impact methylation may have on various 

regulatory sites (264). In this regard, Johnston et al. investigated whether the 

existing DNA methylation status predisposed cells to respond differently to 

external stimuli. They analyzed immune cells exposed to molecules known to 

modulate inflammation and stress responses. Their study, which simulated 

immune system activation and stress reactions, unveiled numerous regulatory 

regions exhibiting distinct responses to these compounds based on their initial 

DNA methylation status. Subsequent experiments utilizing macrophages from 

human donors corroborated these findings, demonstrating that variances in 

pre-existing methylation patterns could predict responses to viral infection 

(265). 

In the Introduction, it has been mentioned how the study of monocyte 

methylation from various autoimmune diseases has allowed a better 

understanding of the disease (192-210). In this regard, in Article 2, we were not 

able to identify differences in DNA methylation patterns when comparing 

patients depending on their clinical outcomes, supporting the idea that the 

profile acquired is specific for severe infection. Some articles propose that 

severe adaptive immune suppression may be the reason why patients with 

severe COVID-19 cannot be discharged from the ICU even after negative viral 

tests (266). We also noted that a significant part of the methylation profiles on 
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monocytes derived from severe COVID-19 patients, specifically the 

hypermethylated CpGs, were due to the monocytes presenting a more 

“immature” profile. We hypothesize this as seen in cancer or inflammation, 

there is an accumulation of monocytes that deviate from the conventional 

MDP-cMoP-monocyte developmental pathway and develop characteristics 

akin to neutrophils. For instance, the neutrophil-like Ly6Chi monocytes 

originating from GMPs exhibit notable similarities (19). This was observed 

when analyzing the state of the CpGs that we found hypermethylated with the 

methylation profile of monocyte progenitor cells such as HSCs, MPPs, CMPs, 

and GMPs. This indicates that the suppressive phenotype observed in both the 

RA study and severe COVID-19 cases is promoted by a block in differentiation 

due to inhibited demethylation. 

Nevertheless, a new actively discussed hypothesis has emerged where 

DNA methylation could be a consequence rather than a cause of TF binding 

and transcriptional activity (267). In this regard, there are certain limitations to 

our correlations between gene expression and DNA methylation that merit 

discussion. Firstly, we have linked each DMP with its nearest gene. While this 

method is convenient due to its simplicity, it overlooks potential confounding 

factors such as modifications in histone marks, remodeling of DNA 

accessibility, and other pertinent variables like chromatin 3D structure and 

context within CpG genomics. Also, as mentioned in the Introduction, DNA 

methylation can affect on the nearby gene depending on the region of the 

genome where is located. Additionally, our studies (Article 1 and Article 2) 

solely focus on 5mC, but we are not excluding the possibility that rapid 

increases in 5hmC or other demethylation intermediates might directly impact 

gene expression. Notably, 5hmC has been proposed as a legitimate epigenetic 
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mark, and correlations have been observed between its presence and the 

positive regulation of genes across various contexts (150, 268, 269). Lastly, the 

sample sizes employed in our DNA methylation analysis may not be sufficient 

to detect subtle methylation changes that could precede alterations in gene 

expression. 

Mechanisms of immune suppression  
As mentioned in the Introduction, there are several mechanisms by which a 

myeloid cell can promote suppression, including anergy, cell deletion or the 

production of anti-inflammatory cytokines. This last one was observed in 

Article 2 where we detected a DNA methylation-dependent IL10 expression. In 

the case of Article 1, we observed IL-10 downregulation and therefore 

speculated that TGF-β can be also produced, as previously described (270–272). 

Through the adaptation of a bioinformatic pipeline, we identified that certain 

transcriptional changes observed are influenced by TFG-β downstream 

signaling. Nevertheless, we were unable to detect this cytokine in the medium. 

In the same article, we also observed the LXR-dependent regulation of IL2RA 

(CD25), a surface protein expressed at high levels by Treg cells. The CD25 

protein is used by Treg to preferentially capture IL-2, preventing binding to 

conventional CD8+ T cells, thus preventing their proliferation. However, the 

effects on myeloid cells are poorly understood.  

Another mechanism to promote immunosuppression is through a 

reduction of the pro-inflammatory response. In our case, we have observed how 

in both cases, in the treatment with RA and in the severe cases of COVID-19, a 

reduction in the expression of the majority of pro-inflammatory genes (Article 

1 and Article 2), as previously described in alveolar macrophages. In this study, 

it is also described the reduction of the NF-κB pathway, together with a TLR4 
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decrease (273). In addition, we have observed how RA promotes differentiation 

into an alveolar macrophage phenotype, cells that are capable of promoting 

tolerance in the lungs by inducing FoxP3+ in naïve T cells (274, 275). This ability 

to polarize Tregs has been associated with the production of TGF-β and RA by 

alveolar macrophages(275). 

In our first study, we further described an alternative immune-

suppression mechanism not previously reported; the cell-cell interaction 

through VSIG4. This protein is essential for maintaining immune tolerance, 

host defense, and immune regulation. Studies have demonstrated its specific 

correlation with various inflammatory diseases, highlighting its role in the early 

response to adenoviral infection and anti-infective processes (276, 277).  

VSIG4 signaling acts as an anti-immune evasion mechanism against 

bacterial growth in macrophages by binding activated complement protein C3 

(276–278). Additionally, VSIG4 suppresses specific helper T cells and cytotoxic 

T lymphocytes, inhibiting their IL-2 production by binding to co-inhibitory 

receptors on T lymphocyte membranes (279). Recent research has shed light 

on the immune suppression capacities of macrophages that express this 

protein, which has been linked to facilitating lung cancer development (280), 

while also inhibiting pro-inflammatory macrophage activation by 

reprogramming mitochondrial pyruvate metabolism (281). This protein has 

been externally found on anti-inflammatory macrophages together with CD163, 

and HMOX1 (282). VSIG4 has been implicated in mediating transcriptional 

inhibition of Nlrp3 and IL-1β in macrophages, emphasizing its regulatory role 

in inflammation (283). Importantly, targeting VSIG4 was identified as a novel 

macrophage checkpoint and showed promise in repolarizing macrophages, 

inducing inflammatory responses in vitro and inhibiting tumor growth in vivo. 
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Finally, other works have pointed out the DNA methylation regulation on the 

expression of this gene on moDCs (284). Our DNA methylation analysis 

implicates LXR-mediated epigenetic regulation of VSIG4 expression. These 

findings elucidate RA-induced immunosuppressive mechanisms in DCs 

mediated through LXRα and epigenetic modifications that promote not only 

the expression of an immunosuppressive protein but also the acquisition of  less 

reactive phenotype, shedding light on potential therapeutic targets for immune 

modulation. 

Another characteristic suppressive mechanism observed in Article 2, as 

previously described, is the reduced expression of MHC-II by monocytes (138, 

140, 141, 285), as well as by the low expression of other stimulatory molecules 

such as CD40 and CD86 (286). In the case of Article 3 we found that CD14+ 

HLA-DRlow cells were also significantly increased in all three autoimmune 

COVID-19 groups compared with controls. Interestingly, this reduction of 

MHC-II in classical monocytes has been associated with a higher mortality rate 

in SARS-CoV-2 young patients (141). The reduction of HLA-DR within 

monocytes is consistently linked with heightened susceptibility to bacterial 

infections in critically ill individuals (287). This suggests that the loss in antigen 

presentation capacity is another way to promote immunosuppression. This loss 

can be acquired by the excessive cytokine production during COVID-19. For 

example, IL-10 has the capability to inhibit the activity of JAK2 enzyme, crucial 

for initiating the JAK-STAT signaling pathway, and therefore reduce the 

expression of HLA-DR (288). This can also affect the ability of human dendritic 

cells to activate specific CD4+ T cells via a reduction in MHC-II (289). Taking 

this together, high levels of IL-10 and IL-6 during cytokine storm could be a 
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possible cause of decreased expression of monocyte HLA-DR in patients with 

severe COVID-19, affecting their immune response. 

Cell-cell communication 
An important point to highlight in the present study is the investigation of 

interactions between immune cells. In Article 1, we observed that suppression 

was mediated by VSIG4, which requires cell-to-cell interaction to carry out its 

function. In Article 2, many of the affected pathways were related to antigen 

presentation, so when this suppressive phenotype occurred, the ability of 

monocytes to present antigens was partially lost. In more detail, we studied the 

expression of various ligand-receptor pairs between the different analyzed cells 

and observed how the monocytes analyzed showed increased interaction with 

NK cells and, notably, an increase in the interaction with Treg cells. This could 

suggest that the observed phenotype is partly mediated by interactions with 

other cells and not only by cytokines expressed in the environment. In Article 

3, we found various altered interactions depending on the diseases and cell 

type. Overall, our findings unveil a dysregulated network of cell–cell 

communication events in autoimmune disease patients in response to 

infection.  

These interactions, alongside external factors including inflammatory 

cytokines, cell adhesion molecules, and cell activation regulators probably 

influence downstream transcription factor pathways and affect DNA 

methylation patterns, thereby impacting the phenotype of the cells being 

studied.
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7. CONCLUSIONS 
The conclusions obtained during this doctoral thesis can be summarized as 

follows: 

Article 1 

1. RA promotes the acquisition of a macrophage-like phenotype during 

the differentiation from monocytes to DCs, which develop 

immunosuppressive functions.  

2. RA reduces the expression of pro-inflammatory cytokines on moDCs. 

3. Various genes governing immunosuppression and moDC phenotype 

undergo specific DNA methylation changes in response to RA. 

4. DNA methylation changes of RA-treated moDCs in comparison with 

non-treated moDCs are inversely correlated with gene expression.  

5. RA promotes the expression of LXRα, and its inhibition reverts the 

suppressive properties of RA treated moDCs. 

6. LXRα expression on moDCs, together with RA-mediated 

downregulation of RXRα expression, are essential for LXRα to exert its 

immunosupressive functions. 

7. LXRα activation and binding is associated with the epigenetic 

reprogramming and expression of VSIG4 that mediates 

immunosuppression. 

8. In vivo tumor and colon-associated macrophages co-express LXRα and 

VSIG4. 
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Article 2 

9. Peripheral blood monocytes display aberrant DNA methylomes and 

transcriptomes in severe COVID-19 patients, showing associations with 

functions linked to type I IFN signaling and antigen presentation. 

10. DNA methylation alterations in monocytes from severe COVID-19 

patients occur in genomic sites enriched for PU.1 and IRFs binding sites 

which are linked to DNA methylation reprograming and IFN response, 

respectively. 

11. The observed DNA methylation changes are remarkably associated with 

organ damage and are partially overlapping with those observed in 

monocytes of patients with bacterial sepsis. 

12. Most of the shared DNA methylation changes between patients with 

severe COVID-19 and bacterial sepsis involve genes associated with the 

acquisition of an immune-suppressive phenotype. 

13. In vitro experiments with inflammatory cytokines lead to the 

acquisition of DNA methylation changes similar to those observed in 

severe COVID-19 and sepsis patients. 

14. Certain DNA methylation changes occurring in monocytes of severe 

COVID-19 patients may arise from abnormal myeloid differentiation or 

the release of immature monocytes. 

15. Many DNA methylation changes in monocytes from severe COVID-19 

patients are inversely correlated to the closest gene. 

16. Alterations in immune cell communication in severe COVID-19 may 

contribute to transcriptional reprogramming in monocytes, and involve 

dysregulation of interferon-related genes, antigen presentation, and 

chemotaxis-associated genes. 
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Article 3 

17. Infection of SARS-CoV-2 in patients with autoimmune disesase patients 

such as those with Rheumatoid Arthritis (Ra), Psoriasis (Ps), and 

Multiple Sclerosis (MS) results in distinct variations in immune cell 

composition and responses to the virus. 

18. In individuals with autoimmune diseases, SARS-CoV-2 infection leads 

to modifications in the immune signatures of CD14+ monocytes and 

CD4+ T cells. These alterations are manifested as heightened 

inflammation, hypoxia, and responses involving IFNs and TNF, 

potentially influencing the functionality and polarization of these cells 

towards specific phenotypes. 

19. Patients with autoimmune diseases exhibit changes in TF activities 

linked to IL-4, type I IFNs, TNF, and hypoxia pathways, which are 

distinctive to their autoimmune conditions under SARS-CoV-2 

infection. 

20. There is a disrupted network of cell-to-cell communication in 

autoimmune disease patients following SARS-CoV-2 infection, 

involving inflammatory cytokines, cell adhesion molecules, and 

regulators of cell activation. 
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Simple Summary: Dendritic cells (DCs) are an important type of immune cell present in the blood
and tissues, capable of detecting potential threats and displaying them to lymphocytes in the lymph
nodes, therefore initiating lymphocyte-mediated responses. DCs not only recognize pathogens but
also damaged or altered cells from our own bodies, such as cancer cells, and contribute to the immune
response to cancer. However, the tumor microenvironment, the environment that surrounds cancer
cells, produces a number of factors that can modulate the function of DCs, which can acquire an
immunosuppressive phenotype that allows tumor growth. This acquisition is also tightly regulated by
epigenetics, the set of mechanisms that impact gene function without altering the DNA sequence. In this
review, we discuss epigenetic mechanisms that influence the development of functional DCs and their
altered function in the tumor microenvironment. We propose how this knowledge can be used both to
epigenetically modulate these cells, and for the development of DC-based vaccine therapies.

Abstract: Dendritic cells (DCs) are professional antigen-presenting cells with the distinctive property
of inducing the priming and differentiation of naïve CD4+ and CD8+ T cells into helper and cytotoxic
effector T cells to develop efficient tumor-immune responses. DCs display pathogenic and tumori-
genic antigens on their surface through major histocompatibility complexes to directly influence the
differentiation of T cells. Cells in the tumor microenvironment (TME), including cancer cells and other
immune-infiltrated cells, can lead DCs to acquire an immune-tolerogenic phenotype that facilitates
tumor progression. Epigenetic alterations contribute to cancer development, not only by directly
affecting cancer cells, but also by their fundamental role in the differentiation of DCs that acquire a
tolerogenic phenotype that, in turn, suppresses T cell-mediated responses. In this review, we focus
on the epigenetic regulation of DCs that have infiltrated the TME and discuss how knowledge of the
epigenetic control of DCs can be used to improve DC-based vaccines for cancer immunotherapy.

Keywords: dendritic cells; tumor microenvironment; epigenetics; DNA methylation; tolerogenesis;
cancer epigenetics; histone modification; tumor immunology

1. Introduction

Efficient immune responses to threats involve a wide range of cell types within the
adaptive and innate immune systems. These threats include pathogens, self-antigens in
autoimmune conditions, and damaged or aberrant cells in cancer. Cancer cells display aber-
rant phenotypes and behavior as genetic mutations and epigenetic alterations accumulate,
resulting in malignant transformation of cells [1].

To achieve a correct immune response to cancer cells, it is critical that antigen-
presenting cells (APCs) activate T cells by cross-presenting antigens from the tumor. Den-
dritic cells (DCs) are specialized APCs that are needed to stimulate T cell-driven anticancer
immunity and make it more robust. Recent studies have expanded our knowledge about
the role of the different DC subtypes in the immune antitumor response. However, in most
cases, tumor-infiltrating DCs develop an immune-tolerant phenotype that favors tumor
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growth [2,3]. This is in part due to the effects that cancer cells exert on different immune
cell types through cell-to-cell contacts, secretion of soluble factors and exosome release,
which influence their epigenetic and gene expression profiles. In recent years, the tumor
microenvironment (TME), i.e., the environment around a tumor, including the surrounding
blood vessels, the infiltrating immune cells, fibroblasts, and extracellular matrix, has been
recognized as a major player in tumor progression.

Epigenetic dysregulation provides several mechanisms for cancer development and
progression due to its effects on the aberrant activation of oncogenes and repression of
tumor suppressor genes. Epigenetics is also relevant in this context as it links extracellular
signals with changes in gene expression. Most cancer epigenetic studies have focused
on cancer cells, which display aberrant changes in DNA methylation and histone modi-
fications. However, epigenetic alterations are involucrate in numerous processes in the
DC development and recruitment and might also play a crucial role in the switch from
an immunogenic to a tolerogenic phenotype in DCs. The potential role of epigenetic
dysregulation in tumor-infiltrated DCs is also highly relevant as a result of the potential
pharmacological reversion of epigenetic alterations and immunogenic phenotype, as well
as in the context of using these mechanisms for improving DC-based vaccines.

2. Mechanisms Underlying Epigenetic Dysregulation

Epigenetic mechanisms, in conjunction with transcription factors (TFs), define the
transcriptional status of different gene sets, and those that are transcribed in a given
cell type and in a particular situation ultimately determine cell function. In cancer cells,
epigenetic alterations profoundly disrupt their transcriptome. In relation to DCs, it is well
established that epigenetics plays a crucial role in the control of immune cell differentiation,
identity, and function. The role of epigenetics in the differentiation of the myeloid lineage,
which is particularly relevant to most DC subtypes, has been thoroughly described [4,5]. In
addition, recent studies have revealed strong connections between epigenetics and cytokine
production by tumor cells [6].

Epigenetic alterations mainly involve changes in DNA methylation, histone modifica-
tions and non-coding RNAs. Methylation of the 5′ position of cytosines (5meC) followed
by guanines (CpG dinucleotides) is the best studied epigenetic modification. This chemical
modification can influence the binding and recruitment of numerous proteins, includ-
ing TFs and chromatin-modifying regulators. DNA methylation is catalyzed by DNA
methyltransferases (DNMTs). These enzymes are classified in two main types: mainte-
nance DNMTs, such as DNMT1, which are responsible for copying the DNA methylation
patterns from the parental DNA strands during DNA replication; and de novo DNMTs,
such as DNMT3A and DNMT3B [7]. The removal of methyl groups can be passive, by the
inefficient action of DNMT1 during replication, or active. Active DNA demethylation is
mediated by the concerted activity of the enzymes of the ten-eleven translocation (TET)
family, thymine DNA glycosylase (TDG), and the base-excision repair (BER) machinery [8].
Alterations in the methylation patterns of DNA are responsible for cell differentiation, and
their dysregulation leads to diseases, including cancer [9].

Histone post-translational modifications are the second main group of epigenetic
marks. They may be associated with transcriptional activation or repression. There are
several types of post-translational modification, including acetylation of Lys, methylation of
Lys and Arg, phosphorylation of Ser and Thr, and others. These chemical modifications not
only have direct effects on chromatin structure, but also facilitate the binding of other factors.
Different enzymes are responsible for the deposition and removal of these post-translational
modifications, including histone acetyltransferases (HATs), histone deacetylases (HDACs),
histone methyltransferases (HMTs), and histone demethylases (HDMs), among others.
The nature of the chemical modification and the position of the amino acid residue in the
protein sequence yield different functional outcomes. Generally, histone H3 trimethylation
at Lys9 (H3K9me3) and Lys27 (H3K27me3) are considered repressive modifications [10],
whereas histone acetylation at the same positions (H3K9ac and H3K27ac) in promoters and
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enhancers, respectively, are generally associated with transcriptional activation, and the
removal of these acetyl marks is linked to gene repression. Conversely, H3 trimethylation at
Lys4 (H3K4me3) and Lys36 (H3K36me3) are also associated with active transcription [10].

Non-coding RNAs (ncRNAs) are also considered a type of epigenetic mechanism,
although, in this case, it does not involve any chemical modification. Specifically, it consists
of RNA molecules that do not encode proteins, yet have functions after being spliced
and/or processed into smaller products. ncRNAs include microRNAs (miRNAs), small
nucleolar RNAs (snoRNAs) as well as tens of thousands of longer transcripts, such as long
non-coding RNAs (lncRNAs), most of the functions of which are still unknown [11]. For
instance, miRNAs primarily act at a post-transcriptional level by base-pairing with their
complimentary mRNA targets to alter mRNA stability and/or translation into protein [12].
mRNA destabilization explains the vast majority of miRNA-mediated repression [13].

3. Dendritic Cell Subtypes and Epigenetic Regulation

DCs are professional APCs with the distinctive property of inducing priming and
differentiation of naïve T cells like CD4+ and CD8+ T cells into helper and cytotoxic effector
T cells, respectively. This role has been confirmed by the study of DC-deficient animals, ob-
tained by, for instance, knocking out Batf3, an essential TF for several DC subtypes [14,15].
DCs mature following the detection of pathogen-associated molecular patterns (PAMPs)
from viruses and bacteria, and of damage-associated molecular patterns (DMAPs), in the
case of cancer cells, through binding to pattern recognition receptors such as Toll-like
receptors (TLRs). During maturation, major histocompatibility complex (MHC) molecules
move to the DC plasma membrane, upregulation of CD80/CD86 molecules and IL-12 is
produced [16]. This maturation can also be accompanied by loss of DNA methylation
followed by de novo methylation. This has been attributed to modulation of the expression
of DNMT1, DNMT3A, and DNMT3B [17]. DC maturation is also accompanied by changes
in histone modifications. A recent study has demonstrated that the intracellular heat shock
protein 70-like protein (HSP70L1) inhibits human DC maturation. Intracellular HSP70L1
inhibits the recruitment of Ash1l and maintains repressive H3K27me3 and H2AK119Ub1
modifications on the promoter regions of the MHC and STAT3 genes [18]. Another study
has shown that Polycomb group factor 6 (PCGF6) is associated with the H3K4me3 demethy-
lase JARID1c, and together, they negatively regulate H3K4me3 levels in DCs, which are
necessary for DC activation [19].

DCs are not only required to stimulate T cell-driven anticancer immunity, but also to
make it more robust. Antigens from tumor cells are internalized and loaded through MHC
molecules. This process activates DCs that then migrate towards draining lymph nodes,
where they can induce an adaptive immune response by presenting these antigens to T
cells [20]. Antigen presentation by DCs occurs through the T-cell receptor (TCR), which is
expressed in naïve T cells and can recognize these antigens. Once the TCR-MHC interaction
has occurred, T cells initiate the process of activation and differentiation, known as T-cell
priming. During this process, there is also a global remodeling of the epigenome, including
changes in DNA methylation [21,22] and histone modification [23,24] in T cells. Subsequently,
primed T cells migrate to the tumor, where they exert cytotoxic anti-tumor effects.

One of the characteristics that makes DCs so important is their ability to present
antigens by both MHC-I and MHC-II molecules [25,26]. The unconventional presentation
of antigens loaded onto MHCs by DCs relies on “cross-presentation” [27], which is needed
to ensure immunity to viruses, intracellular bacteria, and cancer cells. Antigens loaded
onto MHC-II molecules can be recognized by antigen-specific CD4+ T helper cells. In
addition, MHC-I molecules can be recognized by antigen-specific CD8+ T cells, leading to
their proliferation and the activation of their cytotoxic capabilities [27].

Phenotypic and functional criteria have customarily been used to define three main
DC subtypes, namely, conventional DCs (cDCs), plasmacytoid DCs (pDCs) and monocyte-
derived DCs (moDCs). cDCs, characterized by the expression of CD11c, derive from
common DC precursors (CDPs) in the bone marrow (BM). cDCs can be further split into
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two main lineages: cDC1 and cDC2. cDC1s have an enhanced ability to cross-present
exogenous antigens on MHC-I and to activate CD8+ T cells. This subtype is characterized
by the expression of CD141 in humans [28,29] and XCR1 in mice. In comparison, cDC2s,
characterized by the expression of CD1c in humans [26] and CD11b in mice, represent a
heterogeneous population with enhanced MHC-II antigen presentation [28,29]. However,
a recent study has shown that cDC1 DCs are also capable of activating CD4+ T cells. In this
study, they selectively removed MHC-II from cDC1 DCs, and this resulted in a reduction in
CD4+ T cell-mediated responses [30]. A recent model suggests that CD4+ T cells are first
primed by cDC2 and then reconnect with cDC1, to empower CD4+ T cells and enhance
CD8+ T cell responses [31].

DC subsets are classified by their origin and function; they also differ with respect
to the set of specific transcription factors (TFs) required for their development. Interferon
regulatory factor 8 (IRF8) and IRF4 are necessary for the development of cDC1 and cDC2,
respectively [32–35], accompanied by increased DNA accessibility [36]. These factors act in
collaboration with PU.1, ID2, E2-2, ZEB2, Flt3 and BATF3, which have different degrees of
specificity for DCs [29,33] (see Figure 1). For instance, the combination of whole-genome
mapping of PU.1 binding and gene expression analysis has revealed a key role for this TF
in maintaining cDC identity by inducing the transcriptional regulator DC-SCRIPT [37]. In
this regard, the coordinated participation of transcription factors and histone modifications
is critical. A good example of this is histone H2A deubiquitinase Mysm1, which mediates
PU.1 recruitment in cDC differentiation [38]. Analysis of PU.1 and H3K4me1 shows an
increasing overlap of PU.1 binding and H3K4me1 during cDCs differentiation [39].

Another DC subtype is exemplified by plasmacytoid DCs (pDCs), which differentiate
from both the common dendritic cell precursor (CDP) and lymphoid progenitors [40,41].
Similar to cDCs, pDC express cytokine receptor Flt3 and are strictly dependent on its
ligand Flt3L for their development [42]. Human pDCs were customarily defined as being
those that express CD123, CD303 (BDCA2), CD304 (BDCA4), and immunoglobulin-like
transcript 7 (ILT7) [43]. pDCs are mainly found circulating in the peripheral blood, however,
are also present in peripheral organs. They have a characteristic surface phenotype and
morphology that includes a highly developed secretory compartment [44]. This DC subset
requires high levels of expression of IRF8, TCF4 (also known as E2-2) and BCL11A for their
development, functional specification, and maintenance [45]. The TF E2-2 is essential for
maintaining pDC identity as the loss of E2-2 in mouse pDCs causes them to differentiate
into cDCs [46]. Some studies have observed that IRF8 does not play a key role in regulating
pDC functions, although it is important for their development [47]. HDACs may also
influence the differentiation of this subtype since, for example, the inhibition of HDAC
reduces the expression of PU.1 and suppresses the recruitment of PU.1 to FLT3 and IRF8,
which are fundamental TFs for the differentiation of pDCs [48].

Inflammatory conditions can lead to the recruitment of monocytes from blood, in a
CC-chemokine receptor 2 (CCR2) dependent manner, and prompt them to differentiate
to monocyte-derived DCs (moDCs) in peripheral tissues [49]. Mildner and colleagues
regarded this subset as activated effector monocytes rather than cDC-like cells [50], on the
basis of the pronounced proinflammatory signature. These cells have a similar phenotype
to cDC2, however, can be distinguished by the absence of expression of CD26 [51]. Another
special characteristic is the fact that they do not need the growth factor Flt3L for their
development and they express low levels of Zbtb46, which are specific to the development
of the other DC subsets [52,53]. This DC subset has been extensively studied using an
in vitro model consisting of monocytes differentiating to DC-like cells in the presence of
granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-4 [54]. Our group
demonstrated that DNA demethylation plays a fundamental role in the differentiation
from monocytes to moDCs, which depends on the JAK3-STAT6 pathway and TET2 [55].
Another example of epigenetic control in relation to DC differentiation comes from a study,
in which the differentiation of monocytes to DC was blocked by pharmacological inhibition
of HDACs [56].
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Figure 1. (1) Dendritic cells are originated from hematopoietic stem cells (HSC), which differentiate
(represented with red arrows) into common myeloid progenitor (MDP) in the bone marrow. MDP
can originate monocytes under the regulation of TF Nur77 or differentiate into common dendritic
progenitor (CDP) under the TFs Batf3 and IRF8. Conventional type 1 DC (cDC1), conventional type 2
DC (cDC2), and plasmacytoid DC (pDC) subsets come from CDPs, under the influence of critical TFs
and growth factors (shown next to each red arrow). (2) Under the expression of damage-associated
molecular patterns (DAMPs) and chemokines like CCL2, CCL5 or CCL19 from the tumor the different
DCs and monocytes are recruited in the tumor (represented with green arrows). This recruitment is
guided by the expression of CCR2, CXCR4 and CCR7 in myeloid cells. (3) Once in the TME, DCs
mature. This involves the upregulation of CD80/CD40 and the release of interleukin-12 (IL-12).
In the case of cDC1, maturation processes also involve the expression of additional chemokines
like CXCL9/10. Monocytes can further differentiate into monocyte-derived DCs (moDCs) in the
tumor conditions. These cells have low expression of CCR7, which reduce their migration capacity.
However, these cells are capable of activating CD4+ and CD8+ T cells within the tumor. (4) After
tumor associated-antigen recognition (TAA), DCs migrate (represented with black arrows) to lymph
nodes and (5) prime naïve CD4+ and CD8+ T cells. (6) After T cell activation, T cells migrate to
the tumor and a constant cross-talk is produced between DCs and T cells to produce a correct
immune control and maintenance. This maintenance consists in the expression of cytokines like
interferon-α (IFN-α), tumor necrosis factor (TNF)-α from pDC or IL-12 from cDC that, in turn, is
amplified by T- and natural killer (NK) cell–derived cytokines such as IFN-γ, IL-2 and IL-21. NKs
can also be implicated in the release of chemokines, which will attract more DCs. During all these
processes different epigenetic enzymes are implicated like ten-eleven translocation (TET)-2, DNA
methyltransferases (DNMTs), histone deacetylases (HDACs), histone methyltransferases (HMTs),
long noncoding RNAs (lncRNAs) or Mysm1 and the RNA methyltransferase Mettl3, represented in
blue circles. Created with BioRender.com (accessed on 24 January 2022).
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4. Recruitment of Dendritic Cells in the TME and Involvement of Epigenetics

Analysis of the TME in patients with a variety of solid tumors has revealed immune
cell infiltration, with two major phenotypes, based on the presence of infiltrating T cells:
one has a broad chemokine profile and a type I interferon signature, while the other
lacks this T cell-inflamed phenotype [57]. Not only solid tumors present immune cell
infiltration. In fact, tumor-draining lymph nodes (TDLNs) are typically comprised of
distinct subsets of immune cells [28]. Single-cell RNA sequencing studies have revealed
a great complexity of immune cells in the TME [58–60]. Myeloid cells are a key cellular
component among the immune cells that infiltrate into tumors and play important roles in
modulating tumor inflammation and angiogenesis [61]. Immature DCs can be recruited
into the TME, attracted by tumor-secreted factors such as CCL2, CCL20/MIP3a, CCL25,
CCL5, CXCL12, CXCL1, and CXCL5, while mature DCs reside in areas surrounding the
tumor [2,62,63]. The expression of the C-C chemokine receptor 7 (CCR7), the chemokine
receptor for CCL19/CCL21, by DCs is important to facilitate their trafficking between the
lymph nodes and the tumor [64,65]. Tumor-derived liver X-α receptor (LXRα) agonists in
the TME can affect CCR7 expression in DCs since inhibition of LXRα increases protection
against tumor growth [66].

Some specific treatments, like low-doses of CpG-B and GM-CSF, could result in the
accumulation of cDC1 in the lymph nodes. An in vivo study has demonstrated that
these treatments lead to the accumulation of cDC1 cells and recruitment in the lymph
node by secreting type I interferon (IFN) [67]. It has been shown that non-coding RNAs,
specifically lncRNAs, expressed exclusively in human cDCs, play a fundamental role in the
differentiation and activation of DCs by directly binding to cytoplasmic signal transducer
and activator of transcription 3 (STAT3) [68]. According to a recent study, lncRNAs may
also affect DC migration, as they found that lnc-Dpf3 binds directly to the transcription
factor HIF-1α and suppresses the HIF-1α-dependent transcription of the glycolytic gene
Ldha, thereby inhibiting the glycolytic metabolism of DC and its migratory capacity [69].

pDCs are recruited to the specific target tissues from the bone marrow by the chemokine
CXCR4. The NAD+ dependent deacetylase Sirtuin 6 (SIRT6) helps CXCR4+ DCs migrate to
the afferent lymph nodes through its effects on histone H3K9 acetylation [70]. For moDCs,
CCR2 seems to be necessary to ensure the correct migration of monocytes from blood to
inflammatory tissue as there are fewer cells of this type in the inflammatory tissues of
CCR2–/– mice [71]. After differentiation, moDCs display a limited capacity to migrate
to the lymph node [72,73], which is related with the low expression of ccr7. This is epige-
netically regulated as significant differences between migratory cDCs and non-migratory
moDCs have been noted in the repressive levels of histone H3K27me3 in the locus of the
ccr7 gene [74].

The TME contains a set of factors that inhibit the infiltration of DCs and reduce their
immunosuppressive activity. Among them, a low level of expression of the chemokine
CCL4 by tumor cells reduces the degree of DC infiltration [75]. Tumors can also limit
DC infiltration indirectly by decreasing the viability of natural killer cells (NKs), which
produce CCL5 [76]. The extent of infiltration is influenced by changes in DCs and possibly
by DNA methylation changes in other infiltrated cells. For instance, Shi et al. reported a
strong interaction between DNMTs and immune genes associated with the infiltration of
neutrophils and DCs in colorectal carcinoma (CRC), suggesting that the TME was largely
influenced by the methylation of related genes like ALOX5AP and CSF3R [77].

Cancer cells use a variety of epigenetically regulated pathways to avoid the immune
system, which gives rise to a low level of migration of DCs. These include the downregula-
tion of tumor-associated antigens (TAA), the loss of the antigen processing and presentation
machinery, and the expression of Programmed Cell Death Protein 1 (PD-1) [78]. PD-1 is
essential for inhibiting immune responses and promoting self-tolerance by modulating
the activity of T-cells, activating apoptosis in antigen-specific T cells, and inhibiting it in
regulatory T cells [79].



Cancers 2022, 14, 1179 7 of 22

In general, the conditions found in the TME can promote, or not, the recruitment of
certain subtypes of DCs, whereupon they can exercise a variety of functions (see Figure 1).

5. Functions of Dendritic Cells in the TME

Several studies have demonstrated the crucial role of DCs in anti-tumor
responses [65,80–82]. One of the main functions of DCs in cancer immunity is the acquisi-
tion, processing and cross-presentation of TAAs, as well as the release of co-stimulatory
and soluble factors to increase T cell response. In the TME, cancer cells induce expression
of MHC-II, CD40, CD80, and CD86 on DCs, together with the release of inflammatory
cytokines like IL-12, type I IFN, IL-1β, IL-6 and tumor necrosis factor (TNF) [83]. How-
ever, tumor cells can silence antigenic genes related to antigen presentation in DCs using
epigenetic mechanisms that in turn impact antigen presentation by DCs [84–87].

One of the most efficient functions of DCs within the TME is the expression of IL-12,
which polarizes naïve CD4+ T cells to T helper 1 (Th1), which enables them to express
IFNα, and prime CD8+ T cells [88]. CD4+ T cells also help eliminate tumor cells through
the production of IL-21 and IL-2, which are needed to adequately establish long-term
memory T cells [89,90]. At the same time, IFN-α production increases the production of
IL-12 by cDC1 and potentiates their antigen cross-presentation. This crosstalk proves to be
even more complex since NKs and CD8+ T cells produce several factors that promote the
recruitment of more cDC1 [91]. DCs also generate type I IFN, for example, when stimulated
by anti-PD-1, a cancer immune therapy. In this context, stimulation of antitumor T cells by
anti-PD-1 is not direct, but instead involves T cell:DC crosstalk, which is licensed by INF-γ
and IL-12 [92]. Interferon expression is also epigenetically regulated by HMT KMT3A
(SETD2) through the methylation of Lys 525 of STAT1 [93].

Each specific DC subtype has a different function in the TME. The crucial role of
DCs in cancer immune response has been additionally demonstrated as cancer patients
with more infiltration of cDC1 have a lower incidence of metastasis in oral, head and neck
tumors [94] This could be related to the association of tumor-infiltrated cDC1 with the
abundance of CD8+ T cells in the TME [64,95]. In addition, the presence of cDC1 in the
tumor is associated with a better immune response to tumors [81]. cDC1 can also secrete
CXCL9 or CXCL10 in the TME, which attracts CXCR3+ effector cells other than T cells, such
as NK cells and group 1 innate lymphoid cells (ILC1) [96]. CXCL9/10 expression is not
constitutive in cDC1, and it requires the expression of type I IFN or IFN-γ by T cells. One
study demonstrated that the combined inhibition of DNMT1-mediated DNA methylation
and EZH2-mediated trimethylation of H3K27 in a murine ovarian cancer model increased
tumor infiltration of effector T cells by restoring levels of CXCL9 and CXCL10 production
by Th1 [97]. The expression of these chemokines is important for more cDCs to infiltrate the
TME, however, their expression can be suppressed by epigenetic enzymes such as KMT6A
(EZH2), one of the DNMTs [97].

Initially, it seemed that cDC1 was the only DC subset involved in tumor immunity,
however a more extensive analysis revealed the presence of other DC subsets [98] and
the limited prevalence of cDC1 in human tumors [99]. Additionally, CD8+ T cells are
not the only lymphocyte population involved in tumor immunity, and CD4+ T cells are
known to be required in many tumor models [31,100–104]. It has been shown that cDC1
are not capable of activating CD4+ T cells ex vivo [99], and that the antigenic presentation
of cDC2 to CD4+ T cells regulates multiple aspects of tumor immune response. Duong
and colleagues reported an activation state of infiltrated cDC2s that was characterized by
the expression of IFN-stimulated genes (ISG + DCs) and the ability to acquire and present
intact tumor-derived peptide MHC class I complexes. These ISG + DCs can activate CD8+
T cells and promote protective anti-tumor immunity in the absence of cDC1 [105]. The
same researchers subsequently found that this ISG + DC gene signature could be detected
in human tumors.

pDCs are recognized by their main function of producing high levels of IFN-α in
response to viruses and pathogens [106]. In addition, pDCs promote both innate and adap-
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tive immune responses through induction of NK cell migration, macrophage and dendritic
cell maturation, T cell response and antigen presentation [107]. IFN expression in pDCs
is influenced by HMTs. For example, H3K9me2 levels are correlated with IFN expression
levels, and the inactivation of the lysine methyltransferase G9a, which is essential for
generating H3K9me2, consequently inhibits IFN production [108]. Type I IFN expression
may also be influenced by DNA methylation since its induction requires TET2-dependent
DNA demethylation of the IRF8 gene in pDCs [109]. Some models of breast cancer in mice
have shown that pDCs alone can kill tumor cells through the expression of TNF, as well
as promoting the activation of NKs [110]. Furthermore, pDCs occur in ovarian cancers,
where they are essential for immunosuppression through their expression of indoleamine
2,3-dioxygenase 1 (IDO1) and inducible T cell costimulatory ligand (ICOSL) [111]. In
addition, the enrichment of a specific subset of pDCs expressing high levels of TNF receptor
(TNFR) superfamily member OX40 (CD134) in the TME has been reported. These pDCs
can be discriminated by their distinct immunostimulatory phenotype, cytolytic function,
and ability to synergize with cDCs to generate powerful tumor antigen-specific CD8+ T cell
responses [112], thereby revealing another important facet of the involvement of pDCs in
the TME. However, unlike with cDCs, tumor infiltration of pDCs is correlated with a poor
prognosis in cancer patients. This is mainly due to pDC accumulation being associated with
an increase in regulatory T cells (Tregs), which are naïve CD4+ T cells activated in the pres-
ence of transforming growth factor (TGF)-β and/or IL10 that have an immunosuppressive
phenotype, resulting in decreased overall survival of the patients [113].

Once monocytes have reached the TME and have correctly differentiated to moDCs,
they are capable of antigen presentation. Several studies have reported the presence of
moDCs in the TME [82,114]. moDCs can also be found in the drainage from lymph nodes of
mice with tumors that were treated locally with a combination of monosodium urate crys-
tals and Mycobacterium smegmatis [114]. It has been established that moDCs are essential
for CD8+ T cell activation and antitumor responses following local immunotherapy [114].
Even though different studies have also demonstrated the ability of these cells to present to
CD4+ T cells [115]. Furthermore, moDCs differentiated for eight days in culture expressed
CD141 and were able to capture dead cells and became mature when stimulated with
TLR3 [116]. Finally, CD4+ and CD8+ T cells can be stimulated simultaneously if moDCs
express MHC [117], although moDCs are scarce in lymph nodes [72,118]. The presence of
this cell type in tumors is positively associated with cancer prognosis. Even though these
cells may be present in tumors, their proportions are very low, and there is evidence that
some tumors appear to exclude them actively [81] (see Figure 1).

6. Epigenetic Impact of the TME on Dendritic Cells

DC subtypes have the potential to promote correct immune responses. However, the
TME contains immunosuppressive factors that limit the immunostimulatory properties of
DCs. In the TME, tumor and immune cells acquire different characteristics that allow them
to produce cytokines, chemokines, and growth factors. In cancer cells, a general activation
of signaling pathways such as mitogen-activated protein kinase (MAPK), phosphoinositide
3-kinase (PI3K), STAT3, and nuclear factor κB (NF-kB) pathways happens, whereupon they
promote the expression of IL-6, IL-10, GM-CSF and TGF-β, among others. This may help
some of the infiltrated immune cells, especially DCs and NK cells, to lose their ability to
present antigens and their cytotoxic function, respectively.

Various epigenetic modifications play a fundamental role in the differentiation and
activation of DCs [4]. Together with the factors that are released by cancer cells, epigenetics
may also have a main role in the transition to a tolerogenic phenotype of DCs. The relevance of
epigenetics is exemplified by the pharmacological inhibitors of HDACs that block monocyte-
to-DC differentiation, giving rise to a less immunogenic phenotype [56]. It has also been shown
that TET2 represses the expression of the pro-inflammatory cytokine IL-6 by recruiting HDAC2
in order to resolve inflammation in innate myeloid cells [119]. Furthermore, the aberrant
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expression of miRNAs such as miR-22, miR-146a, and miR-146b inhibits the maturation and
antigen presentation function of DCs, impairing their antitumor activity [120].

IL-10 expression in the tumor, which is mainly produced by macrophages [121], re-
duces the expression of MHC-II and CD40 in DCs [122], affecting their capacity to mature
and to present antigens and this is epigenetically regulated by DNMTs and HDACs [85,86].
In this regard, repression in mature DCs of CIITA, a protein that acts as a positive regulator
of MHC-II, is known to involve changes in histone acetylation across the whole gene locus
and specific binding of positive regulatory domain 1 (PRDM1) to the promoters [123]. The
expression of IL-10, together with GM-CSF, in the TME markedly increases the acetylation
of histones H3 and H4 at the CIITA gene type I promoter locus during DC differentia-
tion [124]. Recent studies have demonstrated that, under IL-10 expression, HDAC3, a
class I HDAC, regulates the expression of proinflammatory cytokine like IL-12 in alveolar
macrophages [125,126]. At the same time, HDAC11 negatively regulates the expression of
the IL-10 gene in DCs in humans and mice [127].

IL-6 overproduction in the TME is associated with a functional defect in DCs in
cancer patients [128]. In a different context, we have recently associated this cytokine with
the acquisition of a tolerogenic phenotype. Specifically, vitamin D3 induces the in vitro
acquisition of specific DNA demethylation and expression changes in DCs associated
with tolerogenesis, and this is associated with direct vitamin D receptor (VDR) binding
to genomic sites and the direct recruitment of TET2. This acquired tolerogenesis can be
reverted by inhibiting JAK2/pSTAT3 [129].

Tumor-derived gangliosides and prostaglandin E2 (PGE2) are also produced in the
TME, thereby altering the differentiation of cDCs and monocytes [130]. The expression of
PGE2 by cancer cells also impairs the survival of NK cells by inhibiting the production of
cytokines that attract cDC1 [76]. For instance, PGE2 levels are elevated in patients with colon
cancer and are correlated with tumor size and patient survival [131], and are responsible for
the reduced differentiation of DCs [132]. Another study also showed that PGE2 induces the
upregulation of DNMTs and DNA hypermethylation of several genes [133].

More examples of secreted factors affecting the maturation and function of DCs,
leading to the acquisition of a tolerogenic phenotype, include vascular endothelial growth
factor (VEGF) and TGF-β, which inhibit normal DC maturation [134], and RANKL, a TNF
family member that downregulates and upregulates the expression of IL-12 and IL-10,
respectively [135]. VEGF is a protein responsible for the formation of tumor neovasculature
and for tumor development [136,137]. This factor regulates DC migration and targeting by
recruiting immature myeloid cells and immature DCs from the bone marrow [138]. After
the inhibition of VEGF receptor 2, an increased in cDC2 infiltration occurs, together with
increased production of IL-1β and IL-6, showing the relevance of this molecule in inhibiting
DC infiltration and action in the TME [139].

TGF-β expressed by the tumor cells lowers the expression of DCs maturation markers
like CD83, CD80, CD86, and MHC II molecules [140], and inhibits the expression of
pro-inflammatory cytokines that induce the maturation of DCs, such as TNF-α, IL-1, IL-
12, and IFN-α, while promoting the release of regulatory cytokines, including TGF-β
itself [113,141]. TGF-β induces changes in histone H3K4me3 and H3K27me3 levels that
cause the upregulation of costimulatory molecules and cytokines/chemokines and, in turn,
the downregulation of differentiation markers [142].

Another study showed that the treatment of cell lines with two pro-inflammatory
mediators found in TME, nitric oxide and IL-1β, increases the activity of DNMTs and
leads to hypermethylation of a vast number of CpG islands [143]. DNA methylation
can additionally silence endogenous retroviruses (ERVs), thereby activating the MDA5
pattern-recognition receptor, which normally detects viral infection by recognizing double-
stranded (ds) viral RNAs. MDA5 induces signaling cascades that result in the secretion
of type I interferon. HDAC and H3K4me1/2 have similar roles in ERV suppression and
ERV-induced activation of the interferon pathway [144]. The cytokine-2 suppressor protein
(SOCS2), a conserved program transcript, is another factor found in the TME. In primary



Cancers 2022, 14, 1179 10 of 22

melanoma, SOCS2 is expressed by mononuclear phagocytes that infiltrate these cells and
is induced by IFN-γ. SOCS2 limits adaptive anti-tumor immunity and DC-based T-cell
priming in vivo, indicating a critical regulatory role [145].

Other metabolites of the TME, such as lactic acid or reactive oxygen species (ROS), can
reduce DC function. Lactic acid is a metabolic product that alters the differentiation and
activation of moDCs, for example, by reducing the expression of IL-12 [146]. Several studies
have shown that the production of ROS in the TME is associated with epigenetic changes.
In one such study, treatment of a colorectal cancer cell line with hydrogen peroxide induced
hypermethylation and subsequent silencing of potential tumor suppressor genes such as
RUNX3 and CDX1 [147,148]. In another, oxidative damage was found to induce formation
and relocalization of a silencing complex, which might explain cancer-specific aberrant
DNA methylation and transcriptional silencing [149].

The production of factors released into the TME, such as VEGF, PGE2, and GM-CSF,
pro-inflammatory cytokines such as IL-1β, IL-6, and TNF, and the peptides S100A8 and
S100A9, can influence the differentiation of monocytes that arrive in the TME, where they
accumulate and bestow a powerful immunosuppressive capacity, which affects their differ-
entiation into moDCs [150].These cells are typically defined as myeloid-derived suppressor
cells (MDSCs) [151], and may serve as a protective mechanism to prevent excessive tis-
sue damage caused by unresolved immune responses [152]. MDSCs are a heterogeneous
population of immature myeloid cells, characterized by the absence of surface markers
associated with fully differentiated myeloid cells and by their morphological resemblance
to granulocytic and monocytic cells [152]. These cells participate in many aspects of tumor
progression, including immune evasion, angiogenesis, pre-metastatic niche formation, and
epithelial-mesenchymal transition (EMT). It has been demonstrated that artificial TMEs,
made with organotypic skin melanoma cultures (OMCs), prompts the transformation of
normal immunostimulatory cDC2s into CD141+ DCs, with a phenotype matching their
in vivo counterparts, and an impaired ability to stimulate T-cell proliferation, which is
phenotypically similar to MDSCs [153].

MDSCs extracted from tumors produce secondary products such as ARGI, inducible
nitric oxide synthase (iNOS), and ROS, that suppress the antitumor T response [154–156].
Additionally, it has been recently described that HMT SETD1B, which methylates histone
H3 at Lys4, is responsible for iNOS upregulation in MDSCs [157]. Furthermore, pathways
involved in cell trafficking and immunosuppression, including Wnt signaling, IL-6, and
MAPK, are upregulated in MDSCs [158]. MDSCs also participate in tumor immune tolerance
by generating Tregs through the secretion of TGF-β and IL-10 [159]. Cancer cells can also
change the epigenome of MDSCs with respect to the expression of IL-6, whereby Krüppel-like
factor 4, a transcription factor with zinc fingers, regulates the production of IL-6 in DCs
through the acetylation of histones [160], thereby modifying the pattern of Treg accumulation.

Tetrahydrocannabinol, an exogenous cannabinoid, mediates epigenetic changes to
promote MDSC differentiation and function, by a process in which S100A8 is closely
involved [161]. miRNAs are other epigenetic marks that can regulate differentiation to
MDSCs. For instance, the expression of STAT3 in MDSCs is modulated by miR-17-5p and
miR-20a, which are usually negatively regulated [162].

Furthermore, our group has shown that the generation of monocytic MDSCs medi-
ated by PGE2 depends on the upregulation of DNMT3A [163]. Comparison of the MDSC
and DC DNA methylomes reveals specific gains in DNA methylation and repression
of immunogenic-associated genes in MDSCs. Downregulation of DNMT3A in MDSCs
abrogates the specific MDCS-specific hypermethylation and abolishes its immunosup-
pressive activity [163]. HDAC11 has been shown to regulate IL-10 gene expression in
myeloid cells, [164]. This was demonstrated as tumor-bearing HDAC11-knockout mice pre-
sented an increased number of MDSCs compared to wild-type (WT) tumor-bearing control
mice [164]. Finally, the use of DNMT3A-specific siRNAs can also restore the suppressor
phenotype of MDSCs, demonstrating the influence of methylation on the acquisition of an
immunosuppressed phenotype in a tumor environment [163].
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7. Epigenetic Modifications in Dendritic Cells in Cancer Immunotherapy

DCs have properties that make them good candidates for generating tumor vaccines.
Among the mechanisms most commonly used to produce cancer vaccines are the exposure
of DCs to TAAs from cancer cell lysates [165]. Sipuleucel-T (Provenge) is the only DC-based
vaccine to have been approved for use so far [166]. It consists of autologous blood DCs loaded
with a recombinant fusion TAA composed of prostatic acid phosphatase and GM-CSF.

It might be possible to exploit the knowledge acquired regarding the effects of tumor
cells on the epigenetic profiles of DCs to improve them for use in tumor immunother-
apy. One of the most important properties of DCs that enables them to exhibit an anti-
tumorigenic phenotype is their migration capacity, which arises from the expression of the
CCR7 gene, along with the expression of IL-12. As explained earlier, cDC1 plays an integral
role in tumor immunity and is a promising cell type for the development of DC-based
vaccines. However, no clinical trials have used ex vivo-derived cDC1 for adaptive cell
transfer, largely as they are very scarce in blood, accounting for fewer than 1% of PBMCs,
and also as they are difficult to obtain ex vivo in such a way as to maintain their functional
phenotype. The latter problem can be attributed to several factors, including the different
patterns of antigen expression arising from the heterogeneity of the tumor, the low levels of
tumor-infiltrated lymphocytes (TILs), and the evolution of different immunosuppressive
mechanisms as the tumor develops [167].

Many attempts have been made to apply the use of cDC1 cells to design strategies to
fight tumors. One of the strategies used involves differentiating precursor cells, such as
those in BM culture treated with Flt3L, to develop a mixture of cells that resemble pDCs,
cDC1, and cDC2 DCs [168]. A consideration of epigenetics is important for acquiring these
DCs from BM, since stimulation with GM-CSF increases the expression of the Pdcd1lg2
gene, which is accompanied by increases in PU.1 binding and histone acetylation. The
participation of PU.1, IRF4, and p300 in mouse splenic DCs has also been noted [169]. However,
the DCs obtained do not express the typical cDC1 markers. Kirkling et al. treated monolayer
murine BM precursor cells for three days with FLT3L, OP9-DL1 resulting in cells expressing
typical cDC1 markers such as CD103, CD24, DEC205, and CD8a. The transcriptome of the
derived cells has a similar pattern to that of cDC1 purified from the spleen. These cells led
to better vaccination outcomes since, when loaded with ovalbumin, they improve survival.
These results may be partially attributed to the better migration of the resulting cDC1 to the
lymphatic ganglia, as these also have a higher expression level of the ccr7 gene, the encoding
protein of which guides DCs to the lymph nodes [170,171] (Figure 2A).

In recent years, epigenetic therapies have been considered a promising option in the
fight against cancer, where they can be used to improve cancer vaccines. For example,
during the activation of DCs with LPS, HDMs such as KDM6B (JMJD3) and KDM4D
(JMJD2D) eliminate the repressive marks H3K27me3 and H3K9me3, thereby regulating
pro-inflammatory genes and stimulating inflammation. [172,173]. In this fashion, the
intratumoral activation of HMT KDM6B or HDM KDM4D could be considered important
for promoting local DC activity. Another example is the use of EPZ004777, which reduces
the levels of H3K79me2, to improve the function of DCs in TME. This causes a drop
in the level of expression of the Forkhead box M1 transcription factor (FOXM1), which
is a proliferation-associated transcription factor involved in tumorigenesis through the
transcriptional regulation of its target genes in various cells, including DCs. In the case of
pancreatic and colon cancers, FOXM1 has an immunosuppressive role through impaired
DC maturation [174]. One study reported that the low-dose combination of two FDA-
approved epipharmaceuticals, the DNMT inhibitor (DNMTi) 5-azacytidine and the HDAC
inhibitor (HDACi) romidepsin, with IFN-α limits the aggressiveness of colorectal cancer
stem and metastatic cells in vivo and triggers immunogenic cell death signals that stimulate
DCs function and increase their migratory capacity [175].
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Figure 2. (A). Methods used for DC-based cancer vaccines. Black arrows indicate conventional
manufacturing steps. CD34+ haematopoetic stem progenitor cells (HSPCs) are isolated from cancer
patients and differentiated into and conventional type 1 DC (cDC1), conventional type 2 DC (cDC2),
and plasmacytoid DC (pDC) like cells with Flt3L together with other to improve the resulting DCs.
CD14+ monocytes are isolated and differentiated and monocyte-derived dendritic cells (moDCs) with
IL-4 and GM-CSF. moDC presents low antigen presentation and low migration capacity, together
with the expression of interleukine-12 (IL-12) and the cDC1, cDC2 and pDC like cells present better
migration capacity, antigen presentation and produce cytokine like IL-12 and interferon (IFN)-
α. DCs are then loaded with tumor-associated antigens (TAAs) and administrated again to the
cancer patient. (B). Soluble factor and exosomes secreted in the tumor microenvironment (TME),
including IL-6, IL-10, granulocyte-macrophage colony-stimulating factor (GM-CSF), prostaglandin
E2 (PGE2), vascular endothelial growth factor (VEGF), RANKL, tumor necrosis factor (TNF)-β, IL-1β,
cytokine-2 suppressor protein (SOCS2), reactive oxygen species (ROS) and lactic acid, dendritic
cells acquire an immune tolerance phenotype. The resultant cells, present low expression of IL-12
but increase expression of IL-10, IL-6, TGF-β, nitric oxide synthase (iNOS), ROS and also present
more expression of DNA methyltransferases (DNMTs). This process can be reverted by targeting
epigenetic enzymes like ten-eleven translocation (TET)-2, DNA methyltransferases (DNMTs), histone
deacetylases (HDACs), histone methyltransferases (HMTs). Created with BioRender.com (accessed
on 24 January 2022).
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One of the most common strategies aims to improve migration capacity through the
expression of ccr7. This emerged from a study, in which the overexpression of CCR7
improved accumulation in the lymph nodes that drain tumors [176]. An attempt has
recently been made to improve the bone marrow-derived DCs (BM-DCs) by targeting
β2-integrin. The latter are a family of heterodimeric adhesion receptors with a common
β2 chain (CD18). β2-integrins are expressed by leukocytes and are involved in immune
synapse formation, phagocytosis, and adhesion. BM-DCs that express dysfunctional β2-
integrin have enhanced tumor rejection capabilities in B16.OVA and B16-F10 melanoma
models and higher levels of expression of CD86, Il12, ccr7, and Fscn1, which are indicative
of improved co-stimulation and migration capacity. These changes were associated with
epigenetic changes such as overall increases in both chromatin accessibility and levels
of histone H3K4me3/H3K27me3 methylation. These changes were in turn related to
transcription factors such as Ikaros and RelA [177]. Deletion of microRNA-155 (miR-155)
in BM-derived moDCs in mice increases H3K27me3 levels, leading to transcriptional
repression of CCR7 [178]. This also impairs DC maturation and IL-12 secretion [178], with
miR-155 proving to be a possible target with which to improve moDC therapies. However,
the role of miR-155 has not been studied in cDC1; addressing this would open a new area
of study. Finally, it has recently been reported that once cDCs have performed antigen
presentation, they increase the expression of ccr7 and their capacity to migrate to the lymph
nodes, thereby also increasing their antigenic capacity [179]. The same study also noted that
the upregulated genes in these so-called post-synaptic DCs were epigenetically regulated
as their accessibility increased. The authors describe a previously unknown population of
DCs whose transcriptomics, epigenomics, and migratory capacity change in response to
their cognate contact with T cells [179].

Another possible strategy to improve DC-based vaccines is to improve their antigen
presentation capacity. In this regard, it has been seen that vitamin C (VitC) modulates
anticancer immune responses and, in turn, is a cofactor of TET2 [180]. In a recent study,
it was shown that VitC treatment not only enhances the cytotoxic activity of adoptively
transferred CD8+ T cells, but also cooperates with immune checkpoint therapy (ICT) in
various types of cancer [181]. A possible field of study would be to study the effects of VitC
on DCs since this could improve the ability of DCs to present tumor antigens to CD8+ T
cells through the specific demethylation of certain genes.

As previously mentioned, the biggest concern is the scarcity of cDCs in BM-derived
cells. In this context, a therapy based on moDCs is a promising alternative. One property
that makes the moDC type special is that GM-CSF-induced moDCs can also be used as
a vaccine when they are matured ex vivo with CD40 ligand, IFN-γ, and/or TLR ago-
nists. moDCs have a limited capacity to cross-present antigens or to migrate to the lymph
nodes. Some phase III clinical trials of the use of moDCs in treating uveal melanoma
(NCT01983748), castration-resistant prostate cancer (NCT02111577), and metastatic col-
orectal cancer (NCT02503150), are currently underway. Preliminary results from a large
trial (NCT00045968) of a moDC-based vaccine loaded with autologous tumor lysates have
shown that this treatment is feasible and safe in glioblastoma patients. Similarly, intratu-
moral and intranodal administration is known to induce an equivalent immune response
and efficacy in breast cancer patients treated with moDCs [182] (Figure 2A).

Finally, epigenetics can also be used to improve the immune response of cells that
are already affected by TME-like MDSCs, which are a potential target for cancer therapy.
However, the low TLR-mediated activation capacity of MDSCs makes their use in im-
munotherapy challenging. Several clinical trials that use MDSCs as a target in a variety of
cancer types including leukemia, breast cancer, melanoma, and glioblastoma, are underway.
These therapies involve targets like Arg1, iNOS, STAT3, CD36, and CXCR2 [159]. There
are also therapies undergoing phase I/II clinical trials targeting MDSCs that indirectly
inhibit HDACs by using atezolizumab (NCT03024437). HAT CBP/P300 promotes the
suppressor function of MDSCs by increasing the levels of H3K27Ac in promoters and
enhancers of proto-tumor genes. Its inhibition hampers its suppressive activity in the
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colon carcinoma model [183]. In addition, HDACi entinostat class I is reported to have
antitumoral properties since it has been shown to neutralize MDSCs through epigenetic
reprogramming in mouse models of breast, pancreatic, and renal cell cancer [184,185]. Liu
et al. reported a deregulated miR-148a/DNMT1/SOCS1 axis as being a unique mechanism
for stimulating buffered TLR in MDSCs. They determined that miR-148a was elevated in
MDCS polyinosinic-polycytidylic acid (poly I: C) or that DC maturation was induced by
LPS by the direct suppression of the DNMT1 gene, which consequently led to hypomethy-
lation and thereby upregulation of SOCS1, the suppressor of TLR signaling [186]. Finally,
Orillion et al. found that the application of the HDACi entinostat reduces the levels of
MDSC-associated chemoattractants and MDSC suppressive activity, and enhanced the
efficacy of anti-PD-1 therapy [184] (Figure 2B).

Although several studies have demonstrated the value of DC and MDSC epigenetics
in improving cancer vaccines, this is still a matter that warrants further exploration.

8. Conclusions

DCs play a fundamental role in the response to tumors. However, the TME produces
a number of factors that can modulate DCs immune response, thereby acquiring an im-
munosuppressive phenotype that allows tumor growth. Recent evidence has shown the
fundamental role of epigenetics in the regulation of DCs, both in their differentiation and in
their recruitment in the TME, as well as in the response against cancer cells in the TME. It
is important to note that there are different types of DCs, including cDC1, cDC2, pDC and
moDCs, and each one has a different role in the immune response against the tumor, either
by migrating to the lymph node and activating the effective Tcells, or in the maintenance of
the immune response within the tumor. Epigenetic regulation in the various DC subtypes
by itself may elicit more robust antitumor immunity as an interventional approach. How-
ever, the different factors secreted by the tumor can cause these DCs to acquire a tolerogenic
phenotype, allowing tumor growth. In this case, epigenetics is also playing a fundamental
role in this transition. Therefore, a rational strategy to further increase immunotherapeutic
efficacy is to combine certain epigenetic regulators to improve DC-based vaccines for cancer
or drugs that reverse the tolerogenic phenotype acquired by DCs under the influence of the
tumor microenvironment.
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ABSTRACT

Dendritic cells (DCs), the most potent antigen-
presenting cells, are necessary for effective activa-
tion of naı̈ve T cells. DCs’ immunological properties
are modulated in response to various stimuli. Ac-
tive DNA demethylation is crucial for DC differenti-
ation and function. Vitamin C, a known cofactor of
ten-eleven translocation (TET) enzymes, drives ac-
tive demethylation. Vitamin C has recently emerged
as a promising adjuvant for several types of can-
cer; however, its effects on human immune cells are
poorly understood. In this study, we investigate the
epigenomic and transcriptomic reprogramming or-
chestrated by vitamin C in monocyte-derived DC dif-
ferentiation and maturation. Vitamin C triggers ex-
tensive demethylation at NF-�B/p65 binding sites,
together with concordant upregulation of antigen-
presentation and immune response-related genes
during DC maturation. p65 interacts with TET2 and
mediates the aforementioned vitamin C-mediated
changes, as demonstrated by pharmacological inhi-
bition. Moreover, vitamin C increases TNF� produc-
tion in DCs through NF-�B, in concordance with the
upregulation of its coding gene and the demethyla-
tion of adjacent CpGs. Finally, vitamin C enhances
DC’s ability to stimulate the proliferation of autolo-
gous antigen-specific T cells. We propose that vita-
min C could potentially improve monocyte-derived
DC-based cell therapies.

INTRODUCTION

Dendritic cells (DCs) play a central role in the immune sys-
tem, bridging innate and adaptive immune responses. As
innate immune cells, they are able to recognize a plethora
of pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) 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 highly heterogeneous, and comprise plasmacy-
toid DCs (pDCs) and conventional DCs (cDCs). Further-
more, monocyte-derived DCs (moDCs) can be differenti-
ated in vitro from monocytes (MOs), with GM-CSF and
IL-4 (2). moDCs have been classically used as a convenient
model that mimics blood DCs, especially cDC2 (3). How-
ever, increasing evidence indicates that MOs can extravasate
to peripheral tissues and give rise to bona fide moDCs in vivo
(4).

Changes in DNA methylation, mainly active DNA
demethylation, are involved in several differentiation pro-
cesses from MOs, leading to macrophages (5), osteoclasts
(6) and DCs (7) and are crucial for immune cell dif-
ferentiation, identity, and function (8). In general, DNA
demethylation is more extensive during MO differentiation
than during subsequent maturation/activation (7). Addi-
tionally, the maturation of moDCs with live bacteria pro-
duces DNA demethylation that follows gene activation, lim-
iting the potential direct regulatory effects of DNA methy-
lation in such a context (9). TET2, a member of the Ten-
Eleven Translocation (TET) methylcytosine dioxygenases,
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has been pointed out as the main enzyme involved in multi-
step active demethylation processes in terminal MO-related
differentiation processes (6,10). However, recent data indi-
cate that TET3 might complement TET2-mediated activ-
ity during MO differentiation (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 dis-
ease, namely scurvy, characterized by a plethora of symp-
toms, including the malfunction of the immune system. For
instance, the normal intracellular level of vitamin C in MO
cytoplasm is ∼3 mM, 60 times higher than the plasma level,
reflecting a specific function of the molecule in immune
cell biology (14). Vitamin C can act as a cofactor of Fe-
containing hydroxylases such as TET enzymes and Jumonji
C domain-containing histone demethylases (JHMDs), en-
hancing their catalytic activity (15). Some studies in mice
suggest that vitamin C can stimulate DC capacity to pro-
duce proinflammatory cytokines and promote differentia-
tion of T cells (16). Moreover, vitamin C intravenous treat-
ment in mice has been shown to abrogate cancer progression
through direct TET2 function restoration in cancer cells
(17) and immune system modulation (18).

The in vivo modulation of DC migration and function,
and the administration of DC-based vaccines, are poten-
tial strategies to treat different types of cancer (19). In par-
ticular, autologous moDCs obtained ex vivo from patient-
derived blood MOs have been used in several clinical trials
with mixed results (20–22). In this regard, the improvement
of moDC generation in vitro, and the use of molecules to
modulate MO differentiation in vivo may boost the clinical
outcome of cancer patients.

In this work, we have investigated the effects of vitamin
C treatment during MO-to-DC in vitro differentiation and
maturation, identifying extensive DNA demethylation as-
sociated with the upregulation of migration, chemotaxis,
antigen presentation, and immune response-related genes.
Moreover, vitamin C-mediated DNA demethylation, gene
upregulation, and increased TNF� production during DC
maturation were associated with p65, a component of the
NF-�B complex that interacts with TET2 in this context.
We have shown that the modulation of DNA methylation
changes during DC differentiation and maturation yields
functional and phenotypic changes in these cells, improv-
ing their immunogenicity.

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 in-
formation and signed a consent form at the CBTB.

PBMCs were isolated by density-gradient centrifuga-
tion 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 >95% of CD14+

cells.
MOs were resuspended in Roswell Park Memorial Insti-

tute (RPMI) Medium 1640+ GlutaMAX™ (Gibco, Ther-
moFisher) and immediately added to cell culture plates.
After 20 min, monocytes were attached to the cell culture
plates, and the medium was changed with RPMI contain-
ing 10% fetal bovine serum (Gibco, ThermoFisher), 100
units/ml penicillin/streptomycin (Gibco, ThermoFisher),
10 ng/ml human GM-CSF (PeproTech) and 10 ng/ml hu-
man IL-4 (PeproTech). In the case of the cells treated
with vitamin C, 500 �M (+)-sodium L-ascorbate (Sigma-
Aldrich) was also added to the medium. For dendritic cell
maturation, LPS (10 ng/ml) was added to cell culture on
day 5.

Cells were collected on day 2 (designated as Ø/ØvitC,
given their incomplete differentiation status) and on day 7,
including immature dendritic cells (iDC/iDCvitC) and ma-
ture dendritic cells, with LPS stimulus (mDC/mDCvitC).

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), respec-
tively, following the manufacturer’s instructions.

NF-�B chemical inhibition

Bay 11-7082 (Sigma-Aldrich) was used for NF-�B inhibi-
tion. The compound was diluted in DMSO to 50 mM. Bay
11-7082 at 10�M or an equivalent amount of diluent were
used as final concentrations.

MOs were differentiated to iDCs/iDCvitC as previously
described. On day 5, LPS, Bay 11–7082 or equivalent
amounts of diluents were added to the cell culture for 2
days, yielding iDC/iDCvitC, iDC + Bay/iDCvitC + Bay,
mDC/mDCvitC, and mDC + Bay/mDCvitC + Bay.

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 Bead-
Chip (Illumina) arrays were used to analyze DNA methyla-
tion, following the manufacturer’s instructions. This plat-
form 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 per-
formed using ShinyÉPICo (23) a graphical pipeline that
uses minfi (24) for normalization, and limma (25) for dif-
ferentially methylated positions analysis. CpH and SNP
loci were removed and the Noob + Quantile normaliza-
tion method was used (26,27). After quality control, 831 421
CpGs were preserved for the analysis. Donor ID 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
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methylation was >30% (�� > 0.3) and the FDR was <0.05.
Infinium MethylationEPIC BeadChip arrays were designed
using the hg19 human genome. For some downstream anal-
ysis, the genomic coordinates were converted to hg38 using
the LiftOver tool (28).

For the genome-wide DNA methylation study after NF-
�B chemical inhibition, the same experimental approach
and normalization pipeline was followed. After quality con-
trol, 812 429 CpGs were preserved for the analysis.

RNA-seq

RNA-seq libraries of MOs, Ø/ØvitC, iDC/iDCvitC and
mDC/mDCvitC were generated and sequenced by Novo-
gene (Cambridge), in 150-bp paired-end, with the Illumina
NovaSeq 6000 platform, using three biological replicates
for each group. More than 40 million reads were obtained
for each sample. Fastq files were aligned to the hg38 tran-
scriptome using HISAT2 (29) with standard options. Reads
mapped in proper pair and primary alignments were se-
lected with SAMtools (30). Reads were assigned to genes
with featureCounts (31).

Differentially expressed genes were detected with DE-
Seq2 (32). 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 >0.5 and an
FDR less than 0.05 were selected as differentially expressed.
For representation purposes, Variance Stabilizing Transfor-
mation (VST) values and normalized counts provided by
DESeq2 were used.

Quantification of cytokine production

Cell culture supernatants were collected after 7 days and di-
luted appropriately. Enzyme-linked immunosorbent assays
(ELISA) were performed to detect TNF�, 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 (1 ml; 3 × 106

cells per well) were cultured in the presence of SARS-
CoV-2- S (9pmol) (PepTivator) in 24-well plates and main-
tained in IMDM medium (Gibco) supplemented with peni-
cillin (100 units/ml), streptomycin (100 mg/ml) and human
serum (10%) (Millipore) in the absence of IL-2 for 3 days.
After 3 days, 1 ml of medium with 80 U/ml of recombinant
human IL-2 (PeproTech) was added to the wells, with a fi-
nal concentration of 1.5 × 106 cell/ml and 40 U/ml of IL-
2. After 7–10 days of culture, T cells were expanded in the
presence of 30-Gy irradiated autologous PBMCs (3 × 106

cells/well) previously pulsed with 9 pmol of SARS-CoV-2-
S (PepTivator). Antigen-specific T cells (mix of CD4+ and
CD8+ T cells) were selected by performing the same proto-
cols two times to have a positive selection.

After 7 days of differentiation and activation, DCs were
washed to remove vitamin C and were co-cultured with
antigen-specific autologous CFSE-stained T cells at a DC:
T cell ratio of 1:2 in 200 �l of RPMI 1640 medium contain-
ing 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-
S antigen or SARS-CoV-2-N control antigen (PepTivator).
T cell proliferation was analyzed by FACS and determined
by considering the proliferating of those where CFSE stain-
ing had decreased compared to not co-cultured T cells. T
cells stimulated with anti-CD3/CD28 microbeads 5 ug/ml
(eBioscience) were used as a positive control.

Flow cytometry

To study cell-surface markers, cells were collected us-
ing Versene, a non-enzymatic dissociation buffer (Ther-
moFisher). Cells were resuspended in the staining buffer
(PBS with 4% fetal bovine serum and 2 mM ethylenedi-
aminetetraacetic acid (EDTA)). Cells were then incubated
on ice with an Fc block reagent (Miltenyi Biotec) for 10
minutes, and stained with the proteins of interest, using the
following antibodies: CD8 (FITC) (#21270083, Immuno-
tools), and CD4 (APC) (#555349, BD Biosciences). After
staining, cells were analyzed using a BD FACSCanto™ II
Cell Analyzer (BD Biosciences). Data were analyzed with
the FlowJo v10 software.

Bisulfite pyrosequencing

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

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

300 ng of total RNA were reverse-transcribed to cDNA
with Transcriptor First Strand cDNA Synthesis Kit
(Roche) following the manufacturer’s instructions. qRT-
PCR was performed in technical triplicates for each biolog-
ical replicate, using LightCycler® 480 SYBR Green Mix
(Roche), and 7.5 ng 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 normal-
ized against the control genes RPL38 and HPRT1. Custom
primers were designed to analyze genes of interest (Supple-
mentary Table 1).

Co-immunoprecipitation (Co-IP)

Co-IP assays were performed using mDCs and mDCvitC af-
ter 5 days of differentiation from MOs and 24 h of stimu-
lation with LPS. Cell extracts were prepared in lysis buffer
[50 mM Tris–HCl, 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 �l of supernatant was
saved as input and diluted with 2× Laemmli sample buffer
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(5× SDS, 20% glycerol, 1 M Tris–HCl (pH 8.1)). Su-
pernatants were first precleared with PureProteome™ Pro-
tein A/G agarose suspension (Merck Millipore) for 1 h.
The lysate was then incubated overnight at 4◦C with re-
spective crosslinked primary antibodies. The cross-linking
was performed in 20 mM 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 0.2 M of ethanolamine (pH 8.0) and resus-
pended 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 2× Laemmli. Samples and in-
puts were denatured at 95◦C in the presence of 1% �-
mercaptoethanol. Anti-p65 C15310256 (DIagenode) and
control IgG C15410206 (Diagenode) were used for co-IP.

Chromatin immunoprecipitation

On day 6, after 5 days of differentiation and 24h of matu-
ration with LPS or an equivalent amount of diluent, iDC,
iDCvitC, mDC and mDCvitC 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 in-
structions. We performed chromatin immunoprecipitation
assays at 24 h of LPS-mediated maturation to capture the
binding occurring before the final time point (48 h). Chro-
matin was sonicated 18 min with the Covaris M220 in 1 ml
milliTubes (Covaris). The size distribution of the sonicated
chromatin was checked by electrophoresis to ensure an ap-
propriate sonication, with a size around 200 bp.

Magna Beads Protein A + G (Millipore) were blocked
with PBS + BSA (5 mg/ml) for 1 h. Chromatin was pre-
cleared with 25 �l of beads for 1.5 h and 10 �g of chromatin
were incubated overnight with each antibody: 10 �l Anti-
p65 antibody ab16502 (Abcam), in a buffer with 1% Triton
X-100, 150 mM NaCl and 0.15% SDS. Then, 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–HCl
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–
HCl 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–HCl), followed by a last wash with TE
buffer (pH 8.0, 10 mM Tris–HCl, 1 mM EDTA). Chro-
matin was eluted for 45 min 65◦C with 100 �l of elution
buffer (10 mM Tris–Cl, 1 mM EDTA, 1% SDS) and de-
crosslinked adding 5 �l 5 M NaCl and 5 �l 1 M NaHCO3
(2 h 65◦C). Next, 1 �l of 10mg/ml proteinase K (Invitrogen)
was added, and samples were incubated at 37◦C for 1 h. For
DNA purification, iPure kit v2 (Diagenode) was used, fol-
lowing the manufacturer’s instructions. 1% of the chromatin
input from each sample was purified by the same method.

For ChIP-qPCR, samples were diluted 1/10, and 4 �l
and specific primers (Supplementary Table 1) were used for
each reaction. qRT-PCR was performed in technical trip-
licates for each biological replicate, using LightCycler®
480 SYBR Green Mix (Roche). The relative amount of im-

munoprecipitated DNA compared to input was calculated
with the following formula: 2((Ctinput – 6.64) – Ctsample) × 100%

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, 10 mM KCl supplemented with pro-
tease inhibitor cocktail (Complete, Roche) and phosphatase
inhibitor cocktail (PhosSTOP, Roche) to lyse the plasma
membrane. Cells were visualized in the microscope to as-
sure correct cell lysis. The nuclear pellets were resuspended
in Laemmli 1× loading buffer. For whole-cell protein ex-
tract, cell pellets were directly resuspended in Laemmli 1×
loading buffer.

Proteins were separated by SDS-PAGE electrophore-
sis. Immunoblotting was performed on polyvinylidene di-
fluoride (PVDF) membranes following standard proce-
dures. Membranes were blocked with 5% Difco™ Skim
Milk (BD Biosciences) and blotted with primary antibod-
ies. 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 1/10 000).
Finally, proteins were detected by chemiluminescence us-
ing WesternBright™ ECL (Advansta). The following anti-
bodies 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). Protein quantification was per-
formed with ImageJ/Fiji (33).

Data analysis and representation

Statistical analyses were performed in R 4.0.3. Gene expres-
sion and DNA methylation heatmaps were created with the
heatmap.2 function of the gplots package. The findMotif-
sGenome.pl function of HOMER (Hypergeometric Opti-
mization 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 cal-
culate CpG-associated genes and gene ontology (GO) en-
richment (34). GO enrichment of gene expression data was
performed using the clusterProfiler package (35). ChIP-seq
peaks files of histone marks from MO, iDCs, and mDCs
were downloaded from the BLUEprint webpage (http://dcc.
blueprint-epigenome.eu). Consensus peaks of the different
replicates were obtained with the MSPC algorithm (36), us-
ing the options ‘-r Biological -w 1E-4 -s 1E-8 -c 3’.

The chromatin state learning model for CD14+ mono-
cytes was downloaded from the Roadmap Epigenomics
Project webpage, and chromatin state enrichments were cal-
culated using Fisher’s exact test.

Public DNAse-seq and ATAC-seq bigwigs were aggre-
gated using wiggletools (37) to obtain the mean value of
several replicates. Heatmaps were generated with deeptools
(38).
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Proportional Venn diagrams were generated with the
Meta-Chart webpage (https://www.meta-chart.com/).

RESULTS

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

MOs isolated from peripheral blood of healthy donors were
differentiated in vitro to DCs for 7 days using GM-CSF
and IL-4, in the presence or absence of vitamin C (vitC).
Samples were collected on day 2, in the middle of the dif-
ferentiation (designated as Ø/ØvitC given their incomplete
differentiation), and on day 7, including immature DCs
(iDCs) (iDC/iDCvitC), without further treatment, and ma-
ture DCs, exposed the last 48 h to lipopolysaccharide (LPS)
(mDC/mDCvitC) (Figure 1A).

DNA methylation was profiled using Illumina Infinium
MethylEPIC arrays, which covered 831 421 GpG sites
in the human genome, after the quality control. First,
overall changes in DNA methylation were calculated be-
tween groups pairwise (Supplementary Figure 1A). DNA
demethylation was the most prominent change, as pre-
viously described (7). We then compared the demethy-
lated positions in MO-to-iDC differentiation, in compari-
son with MO-to-iDCvitC differentiation, as well as iDC-to-
mDC maturation in comparison with iDCvitC-to-mDCvitC
maturation. As it can be observed, the positions demethy-
lated 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).

Principal component analysis (PCA) revealed that on day
2, most DNA methylation variance of the MO-to-iDC dif-
ferentiation had already developed (Figure 1C), whereas
no differences with the vitamin C stimulus were found. In
contrast, on day 7, vast differences were observed for both
iDCvitC and mDCvitC, in comparison with their correspond-
ing controls without vitamin C suggesting that the vitamin
C-mediated boost in demethylation occurs later in time. The
variable that explains most of the variance in DNA methy-
lation resides in the presence/absence of vitamin C during
differentiation.

All differentially methylated positions (DMPs) associ-
ated with vitamin C (iDC versus iDCvitC and mDC ver-
sus mDCvitC) were represented together, revealing two clus-
ters of DMPs (M1 and M2) (Figure 1D and Supplementary
Table 2). 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 tran-
scription start sites (Figure 1E). That corresponds with pre-
dominant localization in intergenic regions, far from CpG
islands (Supplementary Figure 1B and Supplementary Fig-
ure 1C). Of note, M1 and M2 DMPs are located in regions
with subtle increases in H3K27ac and H3K4me1 histone
marks from MOs to iDCs and mDCs, respectively. This sug-
gests that these regions are primed for activation, even in the
absence of vitamin C (Supplementary Figure 1D).

Gene Ontology enrichment analysis of M1 DMP-
associated genes revealed categories related to positive reg-
ulation of myeloid differentiation, regulation of JAK ac-
tivation, regulation of defense response to virus, and vi-
tamin transport, among others. In contrast, M2 DMPs
were enriched in terms related to LPS response and im-
mune activation such as cellular response to molecules
of bacterial origin, leukocyte activation, response to bac-
terium, regulation of IFN� production, and positive reg-
ulation of NF-kB activity (Figure 1F). These functions
are consistent with the respective association of M1 and
M2 clusters with the DC differentiation and maturation
steps.

Active demethylation in myeloid cells is often mediated
by transcription factors that recruit specific epigenetic en-
zymes. In this regard, M1 DMPs were enriched in the con-
sensus binding motifs of transcription factors previously re-
lated to DC differentiation, such as EGR2(11), STAT6(7),
and PU.1(11), whereas M2 DMPs were enriched in the con-
sensus binding motifs of NF-�B, AP-1 and IRF (Figure
1G). Employing the average signal of public MO DNAse-
seq (Blueprint database) (39) and iDC ATAC-seq triplicates
(40), we found that M1 and M2 DMPs present low accessi-
bility in MOs (Supplementary Figure 1E). We also observed
that M1 DMPs have greater accessibility than M2 DMPs in
iDCs (Supplementary Figure 1F).

Vitamin C drives gene expression remodeling in dendritic cells

Given the extensive differences in DNA methylation medi-
ated by vitamin C, we then performed RNA-seq of MOs,
Ø, ØvitC, iDC, iDCvitC, mDC and mDCvitC and checked for
differences in their transcriptomes. In contrast with DNA
methylation, transcriptome variance of principal compo-
nent (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 iDCvitC and mDC
and mDCvitC can also be observed in the PCA (Figure 2A).

We first checked the expression patterns of the transcrip-
tion factors related to the motifs enriched in the M1 and
M2 DMPs (Figure 1G). We could observe that most of
these transcription factors are more expressed than the me-
dian gene expression in the dataset, with the exception of
WT (WT1), SPIB and Nur77 (NR4A1) which are lowly ex-
pressed in dendritic cells (Supplementary Figure 2A).

Since samples were collected on day 2 (Ø/ØvitC), and
on day 7, without (iDC/iDCvitC) or with (mDC/mDCvitC)
LPS-mediated 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 Ø and ØvitC (63 downregulated and
75 upregulated genes). On day 7, we found 163 downregu-
lated and 159 upregulated genes between iDC and iDCvitC,
whereas most differences were found between mDC and
mDCvitC (185 downregulated and 772 upregulated genes)
(Figure 2B, Supplementary Table 3). Furthermore, most
differentially expressed genes (DEGs) were not shared be-
tween comparisons (Figure 2C).

We then joined the differentially expressed genes of the
three comparisons. We used hierarchical clustering and the
elbow method to decide an appropriate number of clusters
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Figure 1. Vitamin C-mediated dendritic cell DNA methylome remodeling. (A) Scheme depicting the experimental setup. Monocytes (MO) were differenti-
ated to dendritic cells (DCs) using GM-CSF and IL-4, in the presence or absence of vitamin C (vitC). Samples were collected on day 2, in the middle of the
differentiation, and on 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 versus MO-to-iDCvitC, and iDC-to-mDC versus iDCvitC-to-mDCvitC
transitions. (C) Principal Component Analysis (PCA) of differentially methylated positions (DMPs) comparing all groups pairwise. Principal component
1 and principal component 2 are represented on the x- and y-axis, respectively. Solid and dashed lines represent the trajectories across MO-iDC-mDC and
MO-iDCvitC-mDCvitC differentiation/maturation respectively, to make the plot easier to follow. (D) DNA methylation heatmap of DMPs comparing iDC
to iDCvitC, and mDC to mDCvitC (�� ≥ 0.3, FDR < 0.05). Scaled �-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 �-values. (E) Enrichment of M1 and M2 DMPs in ChromHMM 15-states
categories of MOs (Roadmap Epigenomics Project). Fisher’s exact tests of M1 and M2 DMPs were calculated using all the CpGs annotated in the EPIC
array as background. 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 DMPs. Fold Change in comparison with background (EPIC array CpGs) and –log10(FDR) is represented. (G) Bubble scatterplot of transcription
factor binding motif enrichment for M1 and M2 DMPs. 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 transcription factor family. FDR is indicated by bubble size.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/19/10981/6777795 by guest on 07 Septem

ber 2023



Nucleic Acids Research, 2022, Vol. 50, No. 19 10987

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 on the x- and y-axis, respectively. Solid and dashed lines represent the trajectories across MO-
iDC-mDC and MO-iDCvitC-mDCvitC differentiation/maturation respectively, to make the plot easier to follow. (B) Volcano plots of gene expression in
the iDC vs. iDCvitC and the mDC versus mDCvitC comparisons. The binary logarithm of the fold change is represented on the x-axis, whereas the negative
decimal logarithm of the FDR is represented on 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 Ø versus ØvitC, iDC versus iDCvitC and mDC vs. mDCvitC comparisons. (D) Gene expression heatmap of differentially expressed genes comparing
Ø to ØvitC, iDC to iDCvitC, and mDC to mDCvitC (absolute log FC > 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 dendrogram created with the ward.D2 agglomeration method yielded six different
expression clusters (E1–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 E1–E6 clusters. Fold Change of genes over
the background and –log10(FDR) of the Fisher’s exact tests are shown. Significant categories (FDR < 0.01) are depicted with a black stroke.

(Supplementary Figure 2B). We then divided the genes into
six clusters (expression clusters E1-E6) with different behav-
iors (Figure 2D and Supplementary Table 4). E1, E2 and
E3 clusters show a diminished downregulation trend in the
iDCvitC to mDCvitC transition, in comparison with the iDC
to mDC transition, whereas E5 genes are more upregulated
in the iDCvitC to mDCvitC 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 migra-
tion and chemotaxis, E2 in macrophage activation and cy-
tokine secretion, E3 in antigen processing and presentation

and response to calcium ion, and E5 in type I interferon sig-
naling pathway and defense response to virus.

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

To identify potential functional effects of the vitamin C-
mediated demethylation, we linked each DMP with its clos-
est gene. When the global profile of M1 and M2 associ-
ated genes was intersected with DEGs from Figure 2D, 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
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(Figure 3A). Concordantly, E1 and E2 clusters are enriched
in M1-associated genes, and the E5 cluster is enriched in
M2-associated genes (Figure 3B).

Individual DMPs and their associated DEGs illustrate
different relationships between DNA methylation/gene ex-
pression. M1-associated genes, C1QB and CD1C, which are
related to the complement system and antigen presentation
respectively, show demethylation with vitamin C treatment
in iDCs, conjoined with a lower reduction in expression
after activation (Figure 3C). Furthermore, M2-associated
genes such as LTA, IKBKE and IRF8 related to TNF� pro-
duction, NF-�B pathway regulation, and interferon regu-
lation respectively, depict a decreased methylation in mDC
with vitamin C, concomitant with increased gene expression
(Figure 3D).

Finally, a database of transcription factor regulation (41)
was used to infer potential transcription factors involved in
regulating expression clusters (Figure 3E and Supplemen-
tary Figure 3A). Interestingly, PU.1 and RELA (p65) were
associated with M1/E2 and M2/E5 clusters, respectively.

NF-�B/p65 orchestrates vitamin C-mediated DNA demethy-
lation, gene upregulation and increased proinflammatory cy-
tokine production

Since p65 was associated with both DNA demethylation
(Figure 1G) and gene upregulation (Figure 3E) during
mDCvitC maturation, we studied the protein expression and
phosphorylation by Western Blot. First, we found that p65
presents similar protein levels in iDCs, mDCs, iDCvitC and
mDCvitC. However, phosphorylated p65 (Ser536) (p-p65) is
increased in both mDCs and mDCvitC (Figure 4A and Sup-
plementary Figure 4A). Moreover, we also detected p-p65 in
the nuclear fraction (NF) of mDCs and mDCvitC, enabling
it to act as a transcription factor (Figure 4B and Supple-
mentary Figure 4A).

To further explore the role of NF-�B/p65 in the mDCvitC
transcriptomic and epigenomic reprogramming, we uti-
lized a chemical inhibitor of I�B degradation (BAY 11-
7082, Bay) which reduces the nuclear translocation of p65
(42,43) (Supplementary Figure 4B). MOs were differenti-
ated in DCs as previously described, adding Bay (10 �M)
or Dimethyl Sulfoxide (DMSO) on day 5 (Figure 4C).

We then tested the effect of NF-�B inhibition on M1 and
M2 DMPs. We observed that the NF-�B inhibitor dampens
the demethylation of M2 DMPs, concordantly with their
enrichment in NF-�B motifs. However, this effect is smaller
in M1 DMPs (Figure 4D). Specifically, NF-�B inhibition
pervasively prevents the demethylation of most M2 DMPs
(P < 1-1) (Figure 4E). As a validation, we performed pyrose-
quencing of selected DMPs from the M2 cluster, observing
the blockage of demethylation. Conversely, a DMP from the
M1 cluster was not affected (Supplementary Figure 4C).

Secondly, we also tested the expression of M2-associated
genes revealing that, inversely to DNA demethylation, gene
expression decreases in mDCvitC when NF-�B is inhibited
(Figure 4F and Supplementary Figure 4D). However, the
same trend was not found in M1-associated genes (Figure
4F and Supplementary Figure 4E).

We then checked the potential interaction between p65
and TET2, a key mediator of active demethylation in

myeloid cells whose activity is enhanced by vitamin C. The
co-immunoprecipitation of p65 revealed its interaction with
TET2 in both mDCs and mDCvitC (Figure 4G).

Additionally, we performed a ChIP-qPCR analysis of
p65 on day 6, comparing the binding in a negative control
amplicon around the INS gene with an amplicon around
the cg08639424, located close to LTA and TNF genes. p65
was significantly enriched in mDCs/mDCvitC, but not in
iDCs/iDCvitC (Figure 4H).

Since the LTA gene, which encodes TNF�, was found up-
regulated and the adjacent CpGs become demethylated in
mDCvitC, we measured the TNF� protein levels secreted by
these cells in comparison with mDCs. mDCs produced little
amounts of TNF� whereas mDCvitC supernatant contained
considerably higher concentrations (Figure 4I). Moreover,
Bay treatment damped TNF� production of mDCvitC, con-
sistent with the reversion in the cg08639424 demethylation
and LTA upregulation (Supplementary Figure 4F).

Vitamin C produces dendritic cells with higher T cell stimu-
lation capabilities

We then characterized the mDCvitC phenotype in compar-
ison with mDCs. In particular, we studied the T cell stim-
ulation capabilities and antigen presentation of mDCvitC
in contrast to mDCs. First, we performed a clonal expan-
sion of T cells from healthy donors with a SARS-CoV-2
mix of antigens. After the process, we verified that 95%
of the resulting cells were T lymphocytes by staining them
with anti-CD4 and anti-CD8 antibodies (Supplementary
Figure 5A and Supplementary Figure 5B). We then differ-
entiated autologous MOs in vitro to iDCvitC/iDCs. After
48 h of maturation with LPS and 1 h of antigen loading
with the same SARS-CoV-2 antigen mix, mDCvitC/mDCs
were cocultured with Carboxyfluorescein succinimidyl ester
(CFSE)-stained clonal T cells for 5 days (Figure 5A).

In Figure 5B, a selected example of this T cell prolifera-
tion assay is shown. The histogram of the CFSE signal of T
cells alone (C-) or cocultured with mDC/mDCvitC loaded
with a control antigen or with the specific set of antigens
(An) is depicted.

Overall, we observed a significant increase in T cell pro-
liferation when they are cocultured with mDCvitC loaded
with a specific set of antigens, in comparison with mDCs
loaded with the same antigens. This can be observed by the
increase in the proliferation percentages and the decrease in
the median intensity of fluorescence (MFI) of CFSE (Fig-
ure 5C and D). However, when T cells were cocultured with
mDCs/mDCvitC loaded with a control antigen, no differ-
ences in proliferation or MFI were found, indicating that
the mDCvitC increased T cell activation capabilities rely on
specific antigen presentation and not only indirect stimula-
tion (Figure 5C, D).

DISCUSSION

In this work, we demonstrate a substantial effect of vita-
min C supplementation during the MO-to-DC in vitro dif-
ferentiation and maturation. First, we show vast demethy-
lation in DCs treated with vitamin C, consistent with its role
as a TET enzyme cofactor, being the number of additional
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Figure 3. Integration of DNA methylation and gene expression vitamin C-mediated remodeling. (A) M1 and M2 DMPs (from Figure 1D) (�� ≥ 0.3,
FDR < 0.05), were associated with the nearest transcription start site. Temporal progression of gene expression of the M1- and M2-associated genes
intersected with vitamin C-mediated differentially expressed genes (Figure 2D) (absolute log FC > 1, FDR < 0.05) with (orange) or without (blue) vitamin
C is represented. 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-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 DMPs (�� ≥ 0.3, FDR < 0.05)
and associated genes (absolute log FC > 1, FDR < 0.05). Temporal progression of DNA methylation (�-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 DMPs and associated genes. Temporal
progression of DNA methylation (�-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 (REF),
containing genes putatively regulated by transcription factors. The odds ratio over the background and -log10(FDR) of the Fisher’s exact tests are shown.

demethylated CpGs higher than the MO-to-DC demethy-
lation without vitamin C. This epigenomic remodeling cor-
relates with increased expression of genes related to anti-
gen presentation, cytokine secretion, and immune response.
Moreover, our analysis indicates that NF-kB is directly in-
volved in the epigenomic and transcriptomic reprogram-
ming observed during the maturation of DCs in the pres-
ence of vitamin C, together with the increase in TNF� pro-
duction. Finally, vitamin C enhances the capacity of DCs to
induce the proliferation of autologous T cells through spe-
cific antigen presentation.

Vitamin C is a well-established cofactor of TET pro-
teins, with the ability to enhance TET-mediated oxidation
of 5-methylcytosine (5mC) into 5-hydroxymethylcytosine
(5hmC) and further oxidized methylcytosine derivatives
(44,45). Given the absence of proliferation in the MO-to-
DC differentiation process (13), the observed demethyla-

tion should occur through an active mechanism, consistent
with previous studies, and be catalyzed by TET enzymes,
the activity of which is enhanced by vitamin C. We and
others have shown that TET2, the most expressed TET en-
zyme in MOs, is the major driver of active demethylation
in this biological context (7,10,46). In this study, we show
the physical interaction between TET2 and p65, one of the
NF-kB subunits, that is associated with the CpGs that be-
come demethylated during DC activation in the presence
of vitamin C. However, we cannot discard the participation
of other TET enzymes in the demethylation process, whose
enzymatic activity could also be enhanced by vitamin C. In
fact, TET3 could compensate for TET2 activity during MO
differentiation (11).

Of note, the observed effects of vitamin C on DNA
methylation occur in the last days of the differentiation
process, since no DNA methylation differences were found
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Figure 4. Role of p65 in the transcriptomic and epigenomic remodeling of vitamin C-treated dendritic cells. (A) Western blot of phosphorylated p65 (p-
p65) (Ser536) and total p65 in whole-cell lysates. �-actin was used as a loading control. (B) Western blot of p-p65 in the nuclear (NF) and cytoplasmic
fractions (CF). GAPDH and histone H1 proteins were used as loading control for cytoplasms and nuclei, respectively. (C) Scheme depicting the inhi-
bition of p65. Monocytes (MO) were differentiated to dendritic cells (DCs) using GM-CSF and IL-4, in the presence or absence of vitamin C (vitC).
On day 5, lipopolysaccharide (LPS) and BAY 11–7082 (Bay) or equivalent amounts of diluent were added to the cell culture. On day 7, iDC/iDCvitC,
iDC + Bay/iDCvitC + Bay, mDC/mDCvitC and mDC + Bay/mDCvitC + Bay were obtained. (D) Scatter plots of M1 and M2 DMPs showing DNA methy-
lation (�-values) of Bay-treated (y-axis) versus untreated mDCs/mDCvitC (x-axis). Contour lines represent a 2D kernel density estimation. Labels with
selected examples indicate the DMPs associated with these previously shown genes (Figure 3C, D). (E) Methylated CpG set enrichment analysis (mCSEA)
of mDCvitC versus mDCvitC + Bay, using M2 DMPs as CpG set. The running enrichment score is represented and the normalized enrichment score (NES)
and FDR are shown above. (F) The average gene expression of C1QB (M1-associated gene) and M2-associated genes (LTA, IKBKE and IRF8) obtained
with RT-qPCR are represented with points, and the black lines indicate the standard error of the mean. P-values of paired t-tests are shown (n = 6)
(ns: P > 0.05, *P < 0.05, **P < 0.01). (G) Western blot of the co-immunoprecipitation of p65, showing the signal of p65 and TET2 proteins. Below, the
image signal quantifications of three independent western blots are shown for each protein. P-values of paired t-tests are shown (n = 3) (mean ± standard
error of the mean) (*P < 0.05, **P < 0.01). (H) Chromatin Immunoprecipitation (ChIP) signal of p65 binding to a negative control locus (INS) and around
an M2 DMPs (cg08639424) associated with LTA and TNF. The RT-qPCR signal relative to the ChIP input is shown (n = 3). P-values of t-tests are shown
(n = 3) (mean ± standard error of the mean) (ns: P > 0.05, *P < 0.05). (I) TNF� production of mDCs and mDCvitC, after 5 days of differentiation and
48h of maturation with LPS. The P-value of a Wilcoxon rank-sum test is shown (n = 3)
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Figure 5. Functional and phenotypic alterations of vitamin C-treated dendritic cells. (A) Scheme depicting the T cell proliferation assay. PBMCs were
obtained from healthy donors. T cell clones reacting to the specific antigen (SARS-CoV-2 protein S) were selected through several rounds of clonal expan-
sion. On the other hand, mDCs and mDCvitC were obtained from the same donor and charged with the specific antigen. Finally, the Carboxyfluorescein
succinimidyl ester(CFSE)-stained T cells were cocultured with mDCs/mDCvitC for 5 days. (B) Selected example of a histogram of CFSE signal from T cells,
alone without stimulation (C−) or cocultured with mDC/mDCvitC 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. The statistical analysis with all the replicates can be observed in panels C and D. (C) The proliferation of
T cells cocultured with mDC/mDCvitC (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 (n = 6) (ns: P > 0.05, ** P < 0.01). (D)
Median Fluorescence Intensity (MFI) of T cells alone (C-), cocultured with mDC/mDCvitC (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 (n = 6) (ns: P > 0.05,
* P < 0.05).

with vitamin C treatment at day 2 of differentiation. In
contrast, 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 (45,47). Thus, the pro-
gressive oxidation of these reducing agents may explain the
impairment of TET function over time in the absence of
vitamin C.

Vitamin C-mediated demethylation occurs during the dif-
ferentiation (M1 cluster) or the maturation of DCs (M2
cluster). Interestingly, the sets of transcription factor mo-
tifs enriched in the M1 and M2 clusters are equivalent to
the transcription factors involved in DC differentiation and
LPS-mediated signaling, respectively. This suggests that,
overall, vitamin C does not promote the recruitment of TET
enzymes through new pathways but boosts the demethy-
lation triggered by preexisting active signaling pathways.
In fact, TET2 lacks the CXXC domain that enables di-

rect CpG-binding of the other TETs (TET1 and TET3). In
this respect, its targeting depends on transcription factors
or their co-factors for locus-specific recruitment (11,48). In
addition, the effect of vitamin C of preexisting active sig-
naling pathways is highlighted by the fact that M1 and M2
DMPs are enriched in regions with increasing active chro-
matin marks (H3K27ac and H3K4me1) in the MO-to-iDC
and the iDC-to-mDC transitions, respectively (Supplemen-
tary Figure 1D). We cannot rule out that vitamin C pro-
duces changes in histone modifications or DNA accessibil-
ity that may contribute to the phenotype. In this regard,
vitamin C also increases the enzymatic activity of histone
demethylases (15).

Since vitamin C can potentiate demethylation triggered
by preexisting pathways, we hypothesize that this treatment
may have diverse effects depending on the specific context
and active transcription factors. In this regard, vitamin C
could potentiate demethylation in other models of mono-
cyte differentiation to DCs with clinical use, such as tolero-
genic DCs (12,13).
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The functional relationship between DNA demethylation
and gene expression has been extensively studied in several
biological contexts (7,9,12,13). Genes more expressed in
mDCvitC than mDC, from E1 and E2 clusters are enriched
in M1-associated genes. This establishes a clear temporal re-
lationship, suggesting that prior demethylation could pro-
tect some genes from downregulation during DC matura-
tion. On the other hand, genes from the E5 cluster are en-
riched in M2-associated genes. In this case, demethylation is
occurring at the same step as upregulation. Then, we cannot
discern whether demethylation or upregulation occurs first.
However, since the primary mechanism of action of vitamin
C through DNA and histone demethylation is well known,
we hypothesize that epigenetic modifications could mediate
gene upregulation in mDCvitC. 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 stim-
ulus is live bacteria, that can activate a plethora of signaling
pathways not necessarily linked directly to DNA demethy-
lation (9).

NF-�B mediates both demethylation and upregulation
during the maturation of DCs in the presence of vitamin
C (Figure 4D and E). Since that pathway is associated with
toll-like receptor 4 (TLR4), which recognizes LPS, it is not
surprising that it plays a role in the process. Intriguingly,
this factor is present in the nucleus in mDCs and mDCvitC,
interacts with TET2, and binds in both cases to CpGs that
become demethylated only in mDCvitC. We postulate that
NF-kB genomic binding in mDCs and mDCvitC is proba-
bly similar, but vitamin C potentiates TET2 function allow-
ing the demethylation of genomic loci, which may condition
the expression of the associated genes. Moreover, NF-�B
also drives vitamin C-mediated production of TNF�. This
cytokine can signal through tumor necrosis factor recep-
tor (TNFR)I and TNFRII to activate the NF-�B pathway
in both DCs and T cells and has shown anti-carcinogenic
properties in animal models (49–51).

Linus Pauling proposed vitamin C as a potential cancer
treatment >40 years ago, but the negative results of fur-
ther clinical trials diminished the enthusiasm (52,53). How-
ever, during the last few years, increasing interest has arisen
around vitamin C as a treatment or adjuvant for several
types of cancer. For instance, intravenous vitamin C treat-
ment in mice abrogates cancer progression through direct
TET2 function restoration in cancer cells (17). Moreover,
clinical remission following vitamin C treatment was found
in a case of acute myeloid leukemia with mutations in TET2
(54). Furthermore, in mice models of different types of can-
cer, a fully competent immune system was required to max-
imize the antiproliferative effects of vitamin C, suggesting
an effect of that molecule in the modulation of the immune
system (18). Vitamin C has already been reported to play a
role in actively demethylating CNS2 in iTregs by activating
TET2. Vitamin C treated iTregs could maintain high levels
of Foxp3 (55–57). However, those iTregs failed to survive
and maintain proper immune responses in complex GvHD
models because CpG islands of non-targeted genes, proba-
bly pro-apoptotic genes, were also demethylated. Thus, clin-
ical use of those iTregs is impractical. In this regard, in the
context of DCs the observation that the implicated TFs are

mainly related to differentiation and activation might con-
fer a better outcome.

Therapies based on autologous DCs (DC vaccines) has
been extensively investigated, with >200 completed clini-
cal trials to date (19). Most efforts have been focused on
cancer, but some clinical trials have also been initiated to
treat infectious diseases such as COVID19 (NCT04685603,
NCT05007496) (58). 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, the lower antigen presentation capabilities
of moDCs in comparison with blood DCs is a bottleneck
for the efficacy of these treatments (59).

Here, we show that mDCvitC loaded with SARS-CoV-
2 antigens can stimulate the proliferation of autologous
antigen-specific T cells more efficiently than mDCs. This
indicates that vitamin C induces an increase of the anti-
gen presentation capabilities of mDCs in an antigen-specific
fashion, and could be a promising strategy for generat-
ing DC vaccines towards specific tumor antigens. These re-
sults can lead to the generation of new in vitro protocols
for the generation of moDC vaccines with higher perfor-
mance. However, multiple considerations should be taken
into account to consider the viability of these treatments
in the cancer context, including the survival of these cells
and the maintenance of their enhanced immunogenic re-
sponses. Further works using animal models and human in
vivo moDCs from patients treated with high doses of vita-
min C should shed light on the specific clinical implications
of these insights.
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SUMMARY

The active form of vitamin D, 1,25-dihydroxyvitamin D3, induces a stable tolerogenic phenotype in dendritic
cells (DCs). This process involves the vitamin D receptor (VDR), which translocates to the nucleus, binds its
cognate genomic sites, and promotes epigenetic and transcriptional remodeling. In this study, we report the
occurrence of vitamin D-specific DNA demethylation and transcriptional activation at VDR binding sites
associated with the acquisition of tolerogenesis in vitro. Differentiation to tolerogenic DCs associates with
activation of the IL-6-JAK-STAT3 pathway. We show that JAK2-mediated STAT3 phosphorylation is specific
to vitamin D stimulation. VDR and the phosphorylated form of STAT3 interact with each other to form a
complex with methylcytosine dioxygenase TET2. Most importantly, pharmacological inhibition of JAK2 re-
verts vitamin D-induced tolerogenic properties of DCs. This interplay among VDR, STAT3, and TET2 opens
up possibilities for modulating DC immunogenic properties in clinics.

INTRODUCTION

Dendritic cells (DCs) are a heterogeneous group of innate im-

mune cells that have a key role in initiating adaptive responses.

Also, DCs are not only central for coordinating immune re-

sponses against a threat but also needed to regulate the immune

system at steady state and for inducing immune tolerance (Mor-

ante-Palacios et al., 2021). Like in other myeloid cell populations,

the immunological properties of DCs vary with the environment.

In general, terminal myeloid cell differentiation is highly depen-

dent on the activation of specific signaling pathways in response

to extracellular signals, such as inflammatory cytokines, hor-

mones, vitamins, and other factors (Álvarez-Errico et al., 2015),

which determine the immunogenicity of the resulting myeloid

cells. The activation of signaling pathways leads to the activation

of specific sets of transcription factors (TFs). Sequence-specific

DNA binding of TFs is a pivotal process for establishing gene

expression patterns in concert with the epigenetic machinery

that determines cell identity and function (Monticelli and Natoli,

2017). Recent evidence has shown that several TFs are associ-

ated with DNA demethylation to increase genomic accessibility

of their binding genomic regions, thus facilitating the binding of

subsequent TFs (Mahé et al., 2017). In this regard, methylcyto-

sine dioxygenase ten-eleven translocation (TET2), the most rele-

vant enzyme involved in active DNAdemethylation in themyeloid

compartment, can interact with a variety of TFs, such as PU.1, C/

EBPa, KLF4, and others, in order to facilitate their recruitment to

different genomic regions (Costa et al., 2013; Guilhamon et al.,

2013; de la Rica et al., 2013; Lio et al., 2016; Mendes et al.,

2021; Sardina et al., 2018; Wang et al., 2015; Xiong et al.,

2016). Recently, it has been demonstrated that TET2 mutations,

which are frequent in myeloid leukemias, lead to DNA hyperme-

thylation of enhancer regions and changes in the subsequent

binding of TFs, particularly members of the basic helix-loop-helix

(bHLH) TF family (Rasmussen et al., 2019). This suggests that

TET2 recruitment by TFs leads to epigenetic remodeling that fa-

cilitates the binding of subsequent TFs (Rasmussen et al., 2019).

Moreover, a reciprocal relationship between DNA methylation

and histone modifications has long been established. TET2 has

been not only described to modulate trimethylation of K4 of his-

tone H3 (H3K4me3) (Deplus et al., 2013), a mark of active tran-

scription, but also shown to coordinate trimethylation of K27 of

histone H3 (H3K27me3), a mark of heterochromatin, in an in-

verse manner (Ichiyama et al., 2015).

Calcitriol (1,25-dihydroxyvitamin D3), the active form of vitamin

D3 (henceforth referred to as vitamin D), is a major modulator of

the immune system (Barragan et al., 2015; Carlberg, 2019; Mora

et al., 2008). DCs are the most susceptible cell type to vitamin D

in a mixed immune population (Mora et al., 2008). In these cells,

vitamin D can generate a stable maturation-resistant tolerogenic

Cell Reports 38, 110244, January 18, 2022 ª 2021 The Author(s). 1
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Figure 1. DNA methylation dynamics throughout vitamin D-exposed dendritic-cell differentiation (n = 4, two independent experiments)

(A) Schematic overview of the differentiation model from human peripheral blood MOs to DCs and TolDCs.

(B) Principal-component analysis of differentially methylated CpGs.

(C) DNA methylation heatmap and cluster analysis of four paired samples of MOs and their derived DCs and TolDCs at day 5 of differentiation. The heatmap

includes all CpG-containing probes displaying significant methylation changes (differential beta valueR0.2 and q value < 0.05) only in the TolDC-DC comparison.

The color annotation of the lateral bar represents the membership to cluster 1 in red (DC-specific DNA demethylation), cluster 2 in green (TolDC-specific DNA

demethylation), cluster 3 in orange (TolDC-specific DNA hypermethylation), and cluster 4 in blue (DC-specific DNA hypermethylation).

(D) Box and violin plots summarizing the distribution of DNA methylation levels per cell type and cluster.

(E) Gene ontology (GO) terms associated with CpGs from cluster 1 (red) and cluster 2 (green) as analyzed by GREAT software. Bars represent log-transformed

binomial q values of the GO term enrichment.

(F) Location proportions of CpGs from each cluster in the context of CpG islands (CGIs) (right) and gene-related regions (left).

(legend continued on next page)

2 Cell Reports 38, 110244, January 18, 2022

Article
ll

OPEN ACCESS



phenotype in vitro, with a low level of expression of immunogenic

molecules, such as HLA-DR, CD80, and CD86, and increased

interleukin (IL)-10/IL-12p70 ratios that are maintained even after

removal of the compound (Van Halteren et al., 2002). After ligand

recognition, vitamin D receptor (VDR) translocates to the nucleus

and acts not only as a TF, controlling the expression of a set of im-

mune and metabolic genes (Carlberg, 2019; Ferreira et al., 2013),

but also as a repressor of nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB) at different levels (Carlberg,

2019; Fetahu et al., 2014). Several studies have shown the capac-

ity of VDR to interact with a range of TFs, including PU.1 and

GABPA, and with chromatin remodeling and histone modification

enzymes, such as BRD7 and KDM6B (Pereira et al., 2011; Seuter

et al., 2017, 2018; Wei et al., 2018). Previous work has shown that

vitamin D may induce DNA methylation changes in myeloid cells

(Ong et al., 2021). However, the molecular mechanism that leads

to the acquisition of differential methylation patterns remains

unexplored.

Vitamin D supplementation is generally used as a preventive

agent or a co-adjuvant for diseases with underlying autoimmune

or pro-inflammatory states (Bscheider and Butcher, 2016;

Dankers et al., 2017). DCs represent an excellent target of

vitamin D to dampen autoimmunity and inflammation, not only

because these myeloid cells express the whole set of enzymes

to generate the active form of vitamin D (Mora et al., 2008) but

also because of their unique role as initiators of immune re-

sponses. However, the role of DCs in vitamin D-mediated

immunomodulation is not fully understood. In addition, DCs

with tolerogenic function (TolDCs) have become a promising

immunotherapeutic tool for reinstating immune tolerance in

autoimmune diseases and in allogeneic bone marrow and solid

organ transplantation (Morante-Palacios et al., 2021). The stabil-

ity of the tolerogenic phenotype suggests that regulatory mech-

anisms that allow the maintenance of stable changes of gene

expression are involved. In this sense, DNA methylation is a ma-

jor epigenetic modification closely involved in the acquisition or

stabilization of transcriptional states (Luo et al., 2018). Peripheral

blood monocyte (MO)-derived DCs represent a useful model for

studying the properties of DCs. It has been previously described

that DCs differentiated from isolated MOs by the addition of

granulocyte-macrophage colony-stimulating factor (GM-CSF)

and IL-4 in vitro closely resemble CD1c+ DCs at the transcrip-

tional level (Goudot et al., 2017). Exposure of MO-derived DCs

to vitamin D results in the inhibition of differentiation and matura-

tion into potent antigen-presenting cells and gain in the capacity

to inhibit T cell proliferation (Piemonti et al., 2000). Similarly,

CD1c+ DCs cultured in vitro with vitamin D for 2 days acquire a

typical semi-mature phenotype after exposure to a DC matura-

tion cocktail, with low CD83 expression, and a tolerogenic

phenotype, as they suppressed alloimmunity in vivo, in a mouse

model (Chu et al., 2012).

In this study, we studied epigenetic determinants critical for

the acquisition of tolerogenic properties during in vitro human

MO-derived DC differentiation in the presence of vitamin D. We

demonstrate an interplay between VDR and the Janus kinase

(JAK) 2/signal transducer and activator of transcription (STAT)

3 pathway associated with the generation of a specific TET-

dependent DNA demethylation signature in TolDCs. It involves

a direct physical interaction between VDR, STAT3, and TET2

that leads to the acquisition and stabilization of the tolerogenic

properties of DCs in the presence of vitamin D.

RESULTS

Vitamin D induces the acquisition of a specific DNA
methylation profile associated with tolerogenesis
during in vitro DC differentiation
To investigate the effects of vitamin D in DNA methylation during

the acquisition of tolerogenic properties by DCs, we first differen-

tiated in vitro peripheral blood MOs from human donors to DCs

and TolDCs for 6 days using GM-CSF and IL-4 in the absence

and presence of vitamin D, respectively (Figure 1A). As previously

described (Penna and Adorini, 2000; Piemonti et al., 2000),

TolDCs had higher levels of the surface markers CD14 and

CD11b and lower levels of HLA-DR, CD1a, and CD86 than did

DCs (Figure S1A). To confirm the resemblance between our

in vitromodel with in vivo DCs, we integrated the expression pro-

files of MOs, DCs (12 h and 120 h), and TolDCs (12 h and 120 h)

(Széles et al., 2009) with previously published expression datasets

(Goudot et al., 2017; Segura et al., 2013) from MOs, in vitro-

derived DCs and macrophages (MACs), and in vivo DCs and

MACs. According to t-distributed stochastic neighbor embedding

(t-SNE) analysis, TolDCs (differentiated in the presence of vitamin

D), amongdifferent DCsubsets, are the onesnearer differentMAC

types with immunosuppressive phenotypes (Figure S1B).

In concordancewith previous studies (Piemonti et al., 2000), we

observed that TolDCs were able to inhibit CD8+ T cell proliferation

in vitro, in contrast to DCs, confirming their immunosuppressive

properties (Figure S1C). Furthermore,we also observed increased

levels of VDR in the nucleus following vitamin D exposure, in

agreement with previous studies, suggesting that VDR preferen-

tially acts in the nucleus (Figure S1D). Altogether, our results

confirmed the validity of this in vitro model to generate and study

TolDCs by the involvement of VDR through vitamin D exposure.

We then obtained and compared the DNAmethylation profiles

of MOs, DCs, and TolDCs using BeadChip arrays (see STAR

Methods), which interrogate the methylation status of

>850,000 CpG positions across the entire genome, covering

99% of the reference sequence genes. Principal-component

analysis (PCA) showed that most of the variability observed at

the DNA methylation level may be explained by events common

to the two differentiation processes (principal component 1;

(G) Bubble chart depicting the enrichment (red) or depletion (blue) of the CpGs from each cluster in the chromatin states from DCs (Pacis et al., 2015). The circle

filling color represents the logarithmic value of the ratio between the percentage of CpGs with the feature in each cluster and the percentage of CpGs with the

feature in the background. Circle size indicates the percentage of CpGs from each cluster in the chromatin state, and the circle edge indicates the statistical

significance of the enrichment (black: significant; no edge: not significant; q value < 0.01).

Statistical tests: paired two-tailed t test (D), Pearson correlation (E), and two-tailed Fisher’s exact test (F and G) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001,

ns = not significant). FDR, false discovery rate.
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Figure 1B). However, the second principal component is capable

of clustering DCs and TolDCs separately (Figure 1B). Differenti-

ation mainly resulted in DNA demethylation in which there were

both condition-specific demethylation events and demethylation

events common to both differentiation processes (Figure S1E). A

small proportion of DNA methylation changes was attributed to

gains of DNA methylation during differentiation (Figure S1E).

Hierarchical clustering of differentially methylated CpGs be-

tween DCs and TolDCs (adjusted p < 0.05 and absolute differen-

tial beta R 0.2) revealed four main groups of CpG sites (Figures

1C and 1D and Table S1): a group of CpGs that underwent spe-

cific demethylation in DCs (cluster 1: 429 CpGs); a second group

that was specifically demethylated in TolDCs (cluster 2: 311

CpGs); another group that gained methylation in TolDCs (cluster

3: 36 CpGs); and finally a group of CpGs with DC-specific gains

in DNA methylation (cluster 4: 28 CpGs).

To confirm these observations in the context of in vivo circu-

lating DCs, we obtained the DNA methylation profiles of whole

blood-isolated cDCs (CD1c+ DCs) cultured in the absence and

presence of vitamin D for 3 days and observed that, similar to

TolDCs generated in vitro, cDCs exposed to vitamin D under-

went DNA demethylation in cluster 2 CpGs (Figure S1F). This

confirmed that demethylation observed in cluster 2 CpGs were

specific to vitamin D exposure.

Functional gene ontology (GO) analysis revealed that CpGs in

cluster 1 are associated with immunological categories, such as

defense and immune response, whereas those in cluster 2 are

more highly enriched in cell activation, positive regulation of im-

mune system process, and wound healing involved in inflamma-

tory response (Figure 1E). For clusters 3 and 4, GO analysis did

not show enrichment in any functional categories, probably due

to their small size. In all clusters, the majority of changes

occurred in introns and intergenic regions with underrepresenta-

tion of promoter-transcriptional start sites (TSSs). However,

whereas cluster 1 exhibited a marked enrichment of intronic re-

gions with respect to background, the other clusters were en-

riched in both intronic and intergenic locations (Figure 1F, left).

Concordantly, CpGs of all clusters were observed to be located

outside of CpG islands, particularly for cluster 2 (Figure 1F, right).

Next, we mapped the chromatin states of the CpG sites under-

going changes inmethylation in the four clusters using chromatin

segmentation data generated in DCs (Pacis et al., 2015) (Fig-

ure 1G). We observed an enrichment in enhancer regions for all

clusters and an enrichment for inactive promoters for cluster 4.

Moreover, cluster 1 (DC-specific demethylation) was enriched

in weak (H3K27ac + H3K4me1 + H3K4me3) and strong

(H3K27ac + H3K4me1) enhancers, while cluster 2 (TolDC-spe-

cific demethylation) was more enriched in inactive enhancers

(H3K4me1) in DCs, suggesting that these inactive regions in

DCs are activated in TolDCs. In all, our results indicated that

vitamin D-driven demethylation events occurred in regions that

may play important roles in regulating gene expression and

establishing the tolerogenic phenotype of TolDCs.

DNA demethylation in TolDCs is an active process and is
associated with changes in gene expression
DNA methylation has long been established to influence gene

expression (Jones, 2012), although the dynamics are complex

and highly dependent on genomic location. CpGs that under-

went TolDC-specific DNA demethylation during differentiation

were largely situated in open seas corresponding to enhancers;

hence, it is plausible to envision that they control gene expres-

sion, which results in the final tolerogenic phenotype. We

therefore integrated our DNA methylation dataset with publicly

available expression data generated in the same in vitro models

(Széles et al., 2009). We observed a significant inverse relation-

ship between levels of DNA methylation and mRNA expression

at 12 h (r = �0.5926; p = 4.90e-14) and 5 days of differentiation

(r = �0.4108; p = 4.57e-11) (Figure 2A). Furthermore, dividing

cluster 1 and 2 CpGs based on their genomic location in relation

to previously identified enhancer regions (Pacis et al., 2015), we

observed that genes associated with cluster 1 CpGs located at

active enhancers of DCs displayed higher expression levels in

DCs than in TolDCs (Figure 2B).

To explore the dynamics of the relationship between DC-

(cluster 1) and TolDC-specific demethylation (cluster 2), we per-

formed bisulfite pyrosequencing and qRT-PCR in a selected

group of genes of a set of samples over time. A few genes

from each cluster were selected for further analysis based on

the conditions that they had the maximum possible difference

in DNA methylation during differentiation within their corre-

sponding cluster, that they were differentially expressed, and

that there were previous reports relating them with relevant im-

mune properties. For instance, from cluster 1, we chose IRF4

and C1QB, which are important for normal DC differentiation

fromMOs (Teh et al., 2011; Murphy et al., 2016), and from cluster

2, CD14 and DPF3 were selected for being specific markers of

TolDCs and being involved in DC chemotaxis, respectively (Liu

et al., 2019; Torres-Aguilar et al., 2010). Bisulfite pyrosequencing

of these genes showed a high concordance (r = 0.978; p < 2.23

10�16) with the data obtained from the EPIC arrays (Figure 2C).

DC-specific (cluster 1) genes, such as IRF4 and C1QB, were up-

regulated in DCs in parallel with their specific DNA demethylation

(Figure 2D). Similarly, for TolDC-specific (cluster 2) genes, such

as CD14 and DPF3, transcript upregulation occurred only in

TolDCs in parallel with their corresponding DNA demethylation

(Figure 2E). In agreement with previous reports, stimulus-

induced DNA demethylation occurred succeeding specific

gene expression changes (Pacis et al., 2019). In all, our results

suggested that vitamin D-driven DNA demethylation occurred

in association with upregulation of TolDC-specific genes.

To further characterize themechanisms driving DNAdemethy-

lation during MO-to-DC and MO-to-TolDC differentiation, we

next investigated whether the demethylation was due to active

demethylation or replication-mediated passive demethylation.

Utilizing BrdU proliferation assay, no proliferation was observed

in DCs and TolDCs up to 6 days of differentiation (Figure S2A);

hence, all DNA demethylation events observed were driven by

active demethylation. In this regard, we and others have previ-

ously shown that loss of methylation in terminal differentiation

from MOs is accompanied by a transient increase in 5-hydroxy-

methylcytosine (5hmC) and involves the participation of TET2

methylcytosine dioxygenase (Garcia-Gomez et al., 2017; Klug

et al., 2013). We then determined the 5hmC levels of CpGs

that became demethylated during DC and TolDC differentiation

and observed that there was indeed a gain of 5hmC in these
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Figure 2. Integration of gene expression with DNA methylation

(A) Scatter plot showing the correlation between DNA methylation differences and gene expression changes between DCs and TolDCs at 12 h (top) and day 5

(bottom) of differentiation. Only differentially methylated CpGs are represented. Dot color indicates gene-related associations.

(B) Box and violin plots summarizing the mRNA expression levels per cell type of genes annotated to CpGs from cluster 1 (top) and cluster 2 (bottom) divided by

chromatin state annotation of the associated CpG. Adjustment for multiple comparisons was performed with false discovery rate.

(C) Scatter plot showing the correlation between methylation array values and bisulfite pyrosequencing DNA methylation values (n = 4, two independent ex-

periments).

(D) DNA methylation (top) and mRNA expression (bottom) kinetics of two representative examples of cluster 1 genes. CpGs studied include cg10630015 (IRF4)

and cg04097715 (C1QB) (n = 3, one single experiment).

(E) DNAmethylation (top) andmRNA expression (bottom) kinetics of two representative examples of cluster 2 genes (n = 3, two independent experiments). CpGs

studied include cg05620710 (CD14) and cg25205844 (DPF3).

Statistical tests: Pearson correlation (A) and unpaired two-tailed t test (B, D, and E) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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CpGs (Figure S2B). Finally, utilizing publicly available DNase-

sequencing (seq) datasets from MOs (Feingold et al., 2004), we

observed that more than 75% of cluster 2 CpGs corresponded

to closed chromatin in MOs (Figure S2C), which reinforced the

hypothesis that DNA demethylation was mediated by an active

event. Altogether, our results suggested that specific active

DNA demethylation following vitamin D exposure is mediated

through methylcytosine dioxygenase activity, most likely associ-

ated with TET2.

VDR binding is associated with DNA demethylation and
active chromatin during MO-to-TolDC differentiation
In concordance with previous work (Jakob et al., 1992), we

observed that exposure to vitamin D during DC differentiation

increased the nuclear levels of VDR (Figure S1D). Hence, it is plau-

sible that ligandedVDRplays adirect role indrivingDNAdemethy-

lation following vitamin D exposure during TolDC differentiation.

Hence, we performed chromatin immunoprecipitation (ChIP)-

seq analysis of VDR in DCs and TolDCs. First, we observed that

exposure to vitamin D during TolDC differentiation led to a sharp

increase in overall VDR genomic binding (Figures 3A and 3B).

Interestingly, motif discovery analysis revealed promiscuity of

VDR with respect to its genomic binding preferences, with only

37% of regions having the canonical VDR binding motif (Fig-

ure 3C), which suggests the cooperation of VDR with other TFs

during TolDC differentiation. Second, functional annotation of

VDR-bound genes revealed enrichment of immune- and

signaling-related categories, such as myeloid and granulocyte

activations and cytokine receptor activity (Figure 3D). In fact,

several genes previously described to be related to the tolero-

genic properties of TolDCs, such as IL10, ANXA1, and CD163

(Navarro-Barriuso et al., 2018), are direct targets of VDR (Table

S2). Third, global inspection of VDR genomic occupancy

showed that VDR preferentially binds to promoters and introns

in comparison with background (Figure 3E, left). We also

observed enrichment of VDR binding in CpG islands, shores,

and shelves, which was compatible with the enrichment noted

in promoters (Figure 3E, right). Annotation of VDR peaks in rela-

tion to previously published data of DC chromatin states (Pacis

et al., 2015) showed the preference of VDR for binding regions

that correspond to promoters and enhancers in DCs (Figure 3F).

To further characterize the relationship between VDR andDNA

methylation, we overlapped our generated DNA methylation

data with VDR ChIP-seq data and observed a specific enrich-

ment of VDR binding in TolDCs to CpGs that became demethy-

lated in TolDCs (cluster 2), and this was not observed for the

other clusters (Figures 4A, 4B, and S3A). In fact, we observed

that over 40% of CpG sites in cluster 2 had significant VDR bind-

ing (Figure 4C). For instance, cluster 2 CpGs mapped to genes,

such as GAB2 and HIF1A, situated within the binding peaks of

VDR in TolDCs (Figure 4D) and located in closed chromatin re-

gions in MOs (Figure S3B). These genes are of particular interest

because GAB2 has been implicated in phosphatidylinositol 3-ki-

nase (PI3K) pathway activation (Pratt et al., 2000), a pathway

implicated in DC tolerogenesis (Ferreira et al., 2015). Further-

more, hypoxia-inducible factor 1-alpha (HIF1A) is a key factor

for the tolerogenic properties of myeloid-derived suppressor

cells (MDSCs) in the tumor microenvironment (Corzo et al.,

2010). The dynamics of DNA methylation and gene expression

of these two genes confirmed specific DNA demethylation in

TolDC, and differential gene expression changes in relation to

DCs (Figures 4E and 4F).

As indicated in the introduction, TET-mediated demethylation

is associated with histone modifications, such as H3K4me3 (De-

plus et al., 2013) and H3K27me3 (Ichiyama et al., 2015). Hence,

we speculated that changes in DNAmethylation were accompa-

nied by changes in histone modifications, and their dynamics

might be associated with VDR recruitment following vitamin D

exposure. Therefore, we performed ChIP-qPRC of VDR together

with these activating (H3K4me3) and repressive (H3K27me3)

histone modifications. We also added an antibody against H3

acetylation (H3ac), characteristic of active chromatin. To

discriminate between the effects of a tolerogenic phenotype ac-

quired through a 6-day differentiation and the effects directly

caused by the presence of vitamin D in the medium, we per-

formed ChIPs in MOs, DCs, TolDCs, and also DCs treated with

vitamin D for 30 min (DC + vitD). First, we observed a significant

increase in VDR binding (Figure 4G) in DCs treated with vitamin D

and in TolDCs. Second, in the aforementioned cluster 2 genes

GAB2 andHIF1A, we only observed a significant increase, asso-

ciated with VDR binding, for H3ac (Figure 4G). This finding was

extendable to other cluster 2 genes, such as HOPX, IL6, INHBA,

and LYRM1 (Figure S3C).

Hence, altogether, our data suggested the coordination be-

tween VDR binding, specific DNA demethylation, changes in

histone H3 acetylation, and gene expression upregulation in

TolDC differentiation.

Differentiation to DCs in the presence of vitamin D
associates with activation of IL-6-JAK-STAT3 signaling
pathway, and both VDR and STAT3 interact with TET2
Vitamin D, through its receptor VDR, induces changes in cyto-

kine production and a profound metabolic reprogramming in

human DC (Ferreira et al., 2015). For this reason, we hypothe-

sized that autocrine/paracrine activation of secondary

signaling pathways during differentiation could lead to the acti-

vation of a set of TFs downstream to VDR that could be relevant

to TolDC differentiation. To explore this possibility, we adapted

a tool initially designed to explore intercellular communication

in bulk and single-cell expression data to test autocrine/para-

crine signal activation (Browaeys et al., 2020). Note that our

differentiation model does not allow to distinguish between au-

tocrine or paracrine activation. With this approach, and using

genes associated with both demethylation clusters with signif-

icant expression differences (fold-change <0.5 or >2, and

adjusted p < 0.05) as input, we inferred potential ligands that

may regulate these processes (Figure 5A). One of the most

interesting ligands due to its role in immune suppression in

the context of tumorigenesis is IL-6 (Park et al., 2017). In fact,

the IL6 gene is significantly overexpressed in TolDCs compared

with DCs (Figure 5B), and its target genes were also observed

to be overexpressed in TolDCs (Figure 5C).

We then performed gene set enrichment analysis (GSEA) of

differentially expressed genes between DCs and TolDCs and

visualized that genes differentially overexpressed in TolDCs

were enriched in IL-6-JAK-STAT3 signaling pathway (Figure 5D).
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In fact, VDR binds in several regions upstream of the IL6 gene

TSS, suggesting that VDR directly regulates its expression (Fig-

ure 5E). Furthermore, we detected an increase in IL-6 production

and release into the medium in TolDCs (Figure S4A), which was

concordant with an upregulation of its gene expression

comparedwith DCs (Figure 5B). Additionally, significant DNAde-

methylation was observed in 2 CpG sites of the promoter region

of IL6 in TolDCs, and this was coupled with a gain in 5hmC (Fig-

ures S4B and S4C), which suggested the involvement of TET2 in

its regulation.

A

D
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Figure 3. Genomic occupancy of vitamin D receptor (ChIP-seq, n = 2, one experiment)

(A) Heatmaps showing signal intensity of vitamin D receptor (VDR) ChIP-seq at ± 2.5 Kbpwindow of significant VDR peaks inMO, DCs and TolDCs (q value < 0.01

and irreproducible discovery rate [IDR] < 0.05).

(B) Composite plots of VDR ChIP-seq distribution ±2.5 Kbp around CpGs in MO (gray), DCs (red), and TolDCs (green) for significant VDR peaks. The statistics

were computed by comparing the intensity averages of the entire window.

(C) Motif discovery analysis using HOMER software showing q values and the percentage of test and background regions with each motif.

(D) Results of gene set enrichment analysis using GREAT software. The plot depicts the top enriched terms for biological processes (green), molecular function

(orange), and cellular component (purple) categories, based on adjusted p values from the binomial distribution.

(E) Location proportions of VDR peaks in the context of CpG islands (CGIs) (right) and gene-related regions (left).

(F) Bubble chart depicting the enrichment (red) or depletion (blue) of VDR peaks in the chromatin states of dendritic cells (Pacis et al., 2015). The circle filling

represents the logarithm of the ratio between the percentage of VDR peaks with the feature and the percentage of the feature within the background. Circle size

indicates the percentage of VDR peaks in the chromatin state, and the circle edge indicates the statistical significance of the enrichment (black: significant; no

edge: not significant; q value < 0.01).

Statistical tests: two-tailed t test (A and B), cumulative binomial distribution (C and D), and two-tailed Fisher’s exact test (E and F) (*p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001).

Cell Reports 38, 110244, January 18, 2022 7

Article
ll

OPEN ACCESS



A

E

G

F

B C

D

Figure 4. Binding of vitamin D receptor correlates with TolDC-specific DNA demethylation (ChIP-seq, n = 2, one single experiment; DNA

methylation, n = 4, two independent experiments)

(A) Heatmaps showing signal intensity of vitamin D receptor (VDR) ChIP-seq at ± 2.5 Kbp window from CpGs of cluster 1 (top) and cluster 2 (bottom) in MO, DCs,

and TolDCs.

(B) Composite plots of VDR ChIP-seq distribution ±2.5 Kbp around CpGs from cluster 1 (top) and cluster 2 (bottom) in MO (gray), DC (red), and TolDC (green).

Smooth represents the CIs.

(legend continued on next page)
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Remarkably, when we blocked IL-6 with an anti-IL-6 antibody

during TolDC differentiation, we observed the production of

decreased levels of IL-10 (Figure S4D), which is involved in tol-

erogenesis (Morante-Palacios et al., 2021). This result is

consistent with recent findings in T helper type 1 (Th1) cells

(Chauss et al., 2022). However, blocking IL-6 during TolDC

differentiation did not result in a reduced ability of TolDCs to

suppress CD8+ T cell proliferation (Figure S4E). In contrast, in

proliferation assays performed with TolDCs in the presence of

anti-IL-6 antibody, we found slightly reduced suppression (Fig-

ure S4E). These results suggest that IL-6 is a contributor to the

ability to suppress CD8+ T cell proliferation by TolDCs but not

critical to the acquisition of such properties during TolDC

differentiation.

In parallel, we utilized DoRothEA (discriminant regulon expres-

sion analysis), a manually curated human regulon for estimating

single-sample TF activities through the expression of their target

genes (Garcia-Alonso et al., 2019) to analyze TF activities of

several STATs in genes differentially expressed in TolDCs

compared with DCs, and observed a specific increase in

STAT3 activity that was not observed for other members of the

STAT family, at 5 days of differentiation (Figure 5F). Furthermore,

we observed a marked increase in phosphorylation of STAT3 in

TolDCs compared with DCs, which was not observed for STAT5

(Figures 5G and S4E). Although a statistically significant increase

in phosphorylation was observed for STAT1, this increase was

not to the same extent as STAT3 andmay be due to indirect acti-

vation, as previously described (Haan et al., 2005) (Figures 5G

and S4F). Thus, our results suggested that vitamin D played a

role in STAT3 activation.

To explore the possibility that the observed interplay between

VDR and STAT3 involves a physical interaction, we performed

co-immunoprecipitation experiments in TolDCs. Our analysis re-

vealed a specific interaction between VDR and phosphorylated

(p)-STAT3 in TolDCs (Figure 5H). We also observed that both

VDR and p-STAT3 interacted with TET2 (Figure 5I), which sug-

gests that these two TFs play a role in the targeting of TET2-

mediated demethylation to their cognate sites.

Inhibition of JAK2-mediated STAT3 activation affects
the acquisition of vitamin D-dependent tolerogenesis
We investigated the consequences of inhibiting the JAK2-

STAT3 pathway by using TG101348, a pharmacological

inhibitor of JAK2 (Lasho et al., 2008), during DC and vitamin

D-dependent TolDC differentiation. Following TG101348 treat-

ment, we confirmed the inhibition of STAT3 phosphorylation by

western blot (Figure 6A). Given that TG101348 is an inhibitor of

JAK2, and therefore can affect upstream signaling of STAT1,

STAT3, and STAT5, we checked their phosphorylation and

observed that the partial inhibition of p-STAT5 and p-STAT1

did not reach statistical significance in TolDCs, unlike

p-STAT3 (Figures S5A and S5B). TG101348 treatment also re-

sulted in a sharp decrease in the production of IL-10 (Figure 6B),

an archetypical anti-inflammatory cytokine that is also a bona

fide target for STAT3 (Schaefer et al., 2009; Ziegler-Heitbrock

et al., 2003). In fact, IL-10 secretion by TolDCs is a contributor

to the suppression of CD8+ T cell proliferation that is halted

when adding anti-IL-10 to proliferation assays (Figure S4E).

We also tested the effects of JAK2 inhibition on surfacemarkers

and observed that JAK2 inhibition resulted in an increase of

CD14 and CD86 protein levels and downregulation of CD1a

and CD11b (Figure 6C). In parallel, we investigated the effects

of JAK2 inhibition on the DNA methylation and expression

levels of TolDC-specific demethylated genes. We did not

observe any clear reversion of DNA demethylation (Figure 6D),

but we did note alterations at the transcriptional level (Fig-

ure 6E). Changes were observed not only in cluster 2 genes

(TolDC-specific), such as CD14 and DPF3, but also in those

of cluster 1, such as IRF4 and RASF5 (Figure 6E). These are

likely to be the result of the partial inhibition of phosphorylation

of STAT1 and STAT5, which might also be involved in activating

these and other DC and TolDC genes.

Most importantly, JAK2 inhibition by TG101348 treatment dur-

ing differentiation resulted in the loss of the ability to suppress

CD8+ T cell proliferation of DC differentiated in the presence of

vitamin D. This reinforces the idea that the activities of VDR

and the JAK2-STAT3 pathway coordinate the acquisition of tol-

erogenic properties of DCs in the presence of vitamin D

(Figure 6F).

DISCUSSION

In this study, we demonstrate that vitamin D is able to induce tol-

erogenesis in DCs through a mechanism that involves VDR-spe-

cific demethylation and activation of key immune genes in a

manner that is coordinated with JAK2-mediated STAT3 activa-

tion. VDR not only is able to orchestrate a direct response on

key immune targets but also associates with activation of the

IL-6-JAK-STAT signaling pathway. We also prove the recruit-

ment of TET2 and p-STAT3 by VDR, associated with the

(C) Bubble plot representation of significant VDR binding enrichment in each cluster of CpGs. Dots are colored according to their enrichment value, defined as the

logarithm of the ratio between the percentage of CpGs with VDR peak within the cluster and the percentage of CpGs with the VDR peak within the background.

Bubble size corresponds to the percentage of CpGs in each cluster overlapping with significant VDR peaks. The presence of a black border indicates significant

enrichment (q value < 0.01).

(D) VDR ChIP-seq signal profiles in the vicinity of the representative genes of CpGs from cluster 2. VDR signals are colored by cell type. At the bottom, the

significant VDR binding sites are shown in green and CpG position in red.

(E) DNA methylation kinetics of two representative CpGs annotated to GAB2 (cg25310867) and HIF1A (cg14914214) in DCs and TolDCs (n = 3, one experiment).

(F) Gene expression kinetics of GAB2 and HIF1a in DCs and TolDCs (n = 3, one experiment).

(G) Bar plot representation of ChIP-qPCR results for VDR binding and three histone modifications (H3ac, H3K27me3, and H3K4me4) in the vicinity of VDR peaks

close to GAB2 and HIF1A gene sequences (n = 3, one experiment). This analysis was performed in MOs, DCs, and TolDCs and DC + vitD. DC + vitD involves

adding vitamin D for 30 min at the end of a 6-day differentiation to DCs. Immunoprecipitation with IgG was used as control. The location of the ChIP primers, the

CpG site and the VDR peaks are indicated.

Statistical tests: two-tailed Fisher’s exact test (C) and unpaired two-tailed t test (E, F, and G) (*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 5. Vitamin D-dependent autocrine/paracrine activation of the IL-6-JAK2-STAT3 pathway

(A) Heatmap showing ligand activity prediction based on the Pearson correlation with its target genes.

(B) Heatmap displaying average gene expression of ligands for DCs and TolDCs on day 5.

(C) Heatmap showing the regulatory potential of each ligand on the target genes based on nichenetr package database (upper panel) and the expression levels of

these target genes in each sample (lower panel).

(legend continued on next page)
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demethylation and activation of target genes. The essential role

of the JAK2-STAT3 pathway in the acquisition of tolerogenesis is

demonstrated by the functional impact of the pharmacological

inhibition of this pathway.

Our results show the direct role of VDR in guiding TET-medi-

ated DNA demethylation to specific genomic sites during TolDC

differentiation. We have shown that, in the presence of vitamin D,

VDR levels are increased in the nucleus and that interaction with

p-STAT3 and TET2 occurs, thereby promoting TolDC-specific

demethylation. A recurrent question in the DNAmethylation field

is whether DNA methylation is causally involved in shaping gene

expression profiles or if it passively reflects transcriptional states

(Sch€ubeler, 2015). Our own data support both possibilities, and

some DNA methylation changes appear to be more likely to

occur after a change in expression than others (Pacis et al.,

2019). In our study, we present evidence that TET-mediated de-

methylation acts as a mechanism facilitating subsequent partic-

ipation of other TFs, in this case STAT3. In fact, the absence of

interference with DNA demethylation, while activation is

impeded following pharmacological inhibition of STAT3 phos-

phorylation, suggests that VDR-dependent demethylation is

necessary and precedes STAT3-mediated gene activation.

This proposed mechanism was consistent with the alterations

in TF activity reported in TET2 knockout mice (Rasmussen

et al., 2019). TET2-associated functions may ensure the binding

of some TFs, thereby contributing to enhancer-dependent activ-

ity and gene expression.

Our study identifies a crucial role for the JAK2-STAT3 pathway

in the acquisition of tolerogenesis in innate immunity. The

involvement of STAT3 is also relevant in the context of MDSCs,

which are also characterized by their tolerogenic properties

(Corzo et al., 2009; Kumar et al., 2016). We show that the phar-

macological impairment of STAT3 phosphorylation, by inhibiting

JAK2, directly results in the loss of the tolerogenic properties of

TolDCs, which facilitate T-cell proliferation, demonstrating the

essential role of this pathway for the tolerogenic phenotype.

Our results raise the possibility that tolerogenic properties can

be reverted, not only in the context of vitamin D but also in others.

These findings could be clinically relevant both in the context of

pathological situations where tolerogenic properties are not

desired, like in the tumor microenvironment or in metastatic pro-

cesses (reviewed in DeVito et al., 2019), as well as in those where

they are intentionally pursued (reviewed in Cauwels and Taver-

nier, 2020), including their therapeutic use in the treatment of in-

flammatory conditions, such as rheumatoid arthritis and multiple

sclerosis (Morante-Palacios et al., 2021).

Limitations of the study
One of the limitations of our current study is that we have not fully

explored the impact of the VDR and the IL-6-JAK-STAT3 pathway

in vivo, in patients treated or supplemented with vitamin D. It

would have also been relevant to analyze the direct impact of

STAT3 in the epigenetic remodeling in TolDCs, by analyzing their

binding sites and associated expression changes. This partly

limits our conclusions on the extent and relevance of STAT3 in

determining the acquisition of the tolerogenic phenotype.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Differentiation of TolDCs and DCs from peripheral

blood monocytes

B Isolation and culture of peripheral blood DCs

d METHOD DETAILS

B CD8+ cell proliferation assay

B BrdU proliferation assay

B Flow cytometry

B Cytokine measurements

B Genomic DNA and total RNA extraction

B Bisulfite (BS) and oxidative-bisulfite (oxBS) pyrose-

quencing

B Real-time quantitative Polymerase Chain Reaction

(RT-qPCR)

B Western blot

B Co-immunoprecipitation (Co-IP)

B DNA methylation profiling

B ChIP-seq analysis

B ChIP-qPCR

B Microarray reanalysis

B Data analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2021.110244.

(D) Gene set enrichment analysis of differentially expressed genes (fold-change < 0.5 or >2 and q-value < 0.05) at 12 h (red) and 120 h (blue). Results for the IL-6-

JAK-STAT signaling pathway are shown.
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(F) Bubble chart depicting the TF activity predicted from mRNA expression of target genes with DoRothEA v2.0. The circle filling represents the normalized

enrichment score (NES) (blue: more activity in DCs; red: more activity in TolDCs). Bubble size corresponds to the logarithm of adjusted p values.

(G) Representative western blot assays showing the phosphorylated and total protein levels of STAT1, STAT3, and STAT5 on day 3 of differentiation of DCs and

TolDCs (n = 4, two independent experiments).

(H) Representative western blots showing the results of co-immunoprecipitation assays performed in MOs differentiated to DC and TolDC for 3 days. Protein
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(I) Representative western blots showing the results of co-immunoprecipitation assays performed in MOs differentiated to TolDC for 3 days (n = 3, two inde-

pendent experiments). Protein extracts were immunoprecipitated using anti-TET2 antibodies.

In both (H and I), IgG was used as a negative control and total protein extract was used as input.
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We are very grateful to Dr. José Luis Sardina for useful feedback. We thank

CERCA Programme/Generalitat de Catalunya and the Josep Carreras Foun-

dation for institutional support. E.B. was funded by the SpanishMinistry of Sci-

ence and Innovation (MICINN; grant number PID2020-117212RB-I00/AEI/

10.13038/501100011033). E.M.-C. is funded with RESTORE project (EU

H2020 Research and Innovation Programme, number 779316) and Spanish

projects PI17/01521 and PI20/01313, integrated in the Plan Nacional de

I+D+I and co-supported by the ISCIII-Subdirección General de Evaluación

and FEDER. O.M.-P. holds an i-PFIS PhD fellowship (grant number IFI17/

00034) from Acción Estratégica en Salud 2013–2016 ISCIII, co-financed by

Fondo Social Europeo. F.F. holds a PhD fellowship from the INsTRuCT Con-

sortium, which receives. Innovative Training Network subsidy from the EU

H2020 program.

AUTHOR CONTRIBUTIONS

F.C.-M. and E.B. conceived and designed the study; F.C.-M., A.G.F.-B.,

G.G.-T., O.M.-P., L.C., L.B., F.F., and T.L. performed the differentiation,

A

D

F

E

B C

Figure 6. Inhibition of STAT3 phosphorylation reverts immunosuppressive properties of vitamin D exposed dendritic cells

(A) Representative western blot assays showing the effects of STAT3 at the protein phosphorylation level after pharmacological inhibition of JAK2 with TG101348

(n = 3, two experiments).

(B) Bar plot representation of the effect of JAK2 inhibition with TG101348 on IL-10 released by DCs and TolDCs (n = 4, two independent experiments). Protein

levels were measured by ELISA.

(C) Bar plots showing the impact of JAK2 inhibition with TG101348 on membrane receptor expression (n = 6, two independent experiments). Protein levels were

measured with flow cytometry.

(D) Dot plot representation of bisulfite pyrosequencing results of four example CpGs, two from cluster 1 (CD14 and DPF3) and two from cluster 2 (C1QB and

RASF5), displaying the consequence of JAK2 inhibition with TG101348 in DCs and TolDCs (n = 3, two independent experiments).

(E) Dot plot showing mRNA expression of four example genes from cluster 1 and cluster 2 as measured by RT-qPCR, showing the effect of JAK2 inhibition with

TG101348 in DCs and TolDCs (n = 4, two independent experiments). Expression was relativized with respect to RPL38 gene expression.

(F) Representative example and dot plot showing the effect on CD8+ cell proliferation of DCs and TolDC generated fromMO in presence or absence of TG101348

(n = 5, two independent experiments).

Statistical tests: two-tailed Wilcoxon rank-sum test (B–F) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

12 Cell Reports 38, 110244, January 18, 2022

Article
ll

OPEN ACCESS



chromatin immunoprecipitation, co-immunoprecipitation experiments, and

immunological assays; F.C.-M. performed the bioinformatic analyses;

F.C.-M., A.G.F.-B., G.G.-T., E.M.-C., and E.B. analyzed results; J.R.-U. and

E.B. supervised the study; F.C.-M., T.L., and E.B. wrote the manuscript; all

authors participated in discussions and interpreting the results.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: June 29, 2021

Revised: September 27, 2021

Accepted: December 20, 2021

Published: January 18, 2022

REFERENCES
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Steinmeyer, A., Zuegel, U., Pruenster, M., Rot, A., et al. (2009). 1,25-Dihydrox-

yvitamin D 3 is an autonomous regulator of the transcriptional changes leading

to a tolerogenic dendritic cell phenotype. J. Immunol. 182, 2074–2083.

Teh, B.K., Yeo, J.G., Chern, L.M., and Lu, J. (2011). C1q regulation of dendritic

cell development from monocytes with distinct cytokine production and T cell

stimulation. Mol. Immunol. 48, 1128–1138.

Torres-Aguilar, H., Aguilar-Ruiz, S.R., González-Pérez, G., Munguı́a, R., Ba-
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Fc Block reagent, human antibody Miltenyi Biotec Cat# 130-059-901; RRID: AB_2892112

Anti-human CD14, FITC conjugated (clone TÜK4) Miltenyi Biotec Cat# 130-080-701;RRID: AB_244303

Anti-human CD80, PE conjugated (clone 2D10) Miltenyi Biotec Cat# 130-097-202; RRID: AB_2659259

Anti-human CD86, APC conjugated (clone FM95) Miltenyi Biotec Cat# 130-113-569; RRID: AB_2726174

Anti-human CD11b, APC conjugated (clone ICRF44) BioLegend Cat# 301310; RRID: AB_314162

Anti-human CD1a, PE conjugated (clone HI149) BioLegend Cat# 300106; RRID: AB_314020

Anti-human HLA-DR, Pe-Cyanine7 conjugated (clone LN3)Thermo Fisher Scientific Cat# 25-9956-42; RRID: AB_1582284

LIVE/DEADTM Fixable Violet Dead Cell Stain Kit Thermo Fisher Scientific Cat# L34964

Anti-acetyl-Histone H3 Antibody Millipore Cat# 06-599; RRID: AB_2115283

Anti-trimethyl-Histone H3 (Lys27) Antibody Millipore Cat# 07-449; RRID: AB_310624

Anti-Trimethyl-Histone H3 (Lys4) Millipore Cat# 17-614; RRID: AB_11212770

Rat IgG1 kappa Isotype Control (clone eBRG1) Thermo Fisher Scientific Cat# 16-4301-85; RRID: AB_470154

IL-10 Monoclonal Antibody (clone JES3-9D7) Thermo Fisher Scientific Cat# 16-7108-85; RRID: AB_469229

IL-6 Monoclonal Antibody (clone MQ2-13A5) Thermo Fisher Scientific Cat# 16-7069-85; RRID: AB_469219

Vitamin D receptor Cell Signaling Technology Cat# 12550; RRID: AB_2637002

Anti-TET2 antibodody Abcam Cat# ab124297; RRID: AB_2722695

Anti-Pstat3 [Y705], (clone 4/P-STAT3) Fluidigm Cat# 3158005A; RRID: AB_2811100

Anti-STAT3, (clone 79D7) Cell Signaling Technology Cat# 4904; RRID: AB_331269

Anti-pSTAT1 [Y701], (clone 58D6) Cell Signaling Technology Cat# 9167; RRID: AB_561284

Anti-STAT1, (clone 42H3) Cell Signaling Technology Cat# 9175; RRID: AB_2197984

Anti-pSTAT5 [Y694], (clone 47) Fluidigm Cat# 3150005A; RRID: AB_2744690

Anti-STAT5 beta, (clone ST5b-10G1) Thermo Fisher Scientific Cat# 13-5300; RRID: AB_2533021

Anti-Lamin B1 Abcam Cat# ab16048; RRID: AB_443298

Anti-alpha-Tubulin, (clone DM1A) Sigma-Aldrich Cat# T6199; RRID: AB_477583

Normal Rabbit IgG Antibody Millipore Cat# 12-370; RRID: AB_145841

Normal Mouse IgG Antibody Millipore Cat# 12-371; RRID: AB_145840

Biological samples

Buffy Coats Catalan Blood and Tissue Bank (CBTB)Cat# BB014

Chemicals, peptides, and recombinant proteins

Recombinant Human IL-4 Peprotech Cat# 200-04; GenPept: P05112

Recombinant Human GM-CSF Peprotech Ca# 300-03; GenPept: P04141

1a,25-Dihydroxyvitamin D3 Sigma-Aldrich Cat# D1530; CAS: 32222-06-3

TG101348, JAK/STAT pathway inhibitor STEMCELL Cat# 73472; CAS: 936091-26-8

Potassium perruthenate (VII) (KRuO4) Thermo Fisher Scientific Cat# 11877; CAS: 10378-50-4

TritonTM X-100 Sigma-Aldrich Cat# T8787; CAS: 9036-19-5

Benzonase� Nuclease Sigma-Aldrich Cat# E1014; CAS: 9025-65-4

DMP (Dimethyl Pimelimidate) Thermo Fisher Scientific Cat# 21666; CAS: 58537-94-3

Critical commercial assays

MACS CD14 Microbeads Miltenyi Biotec Cat# 130-050-201

CD1c (BDCA-1)+ Dendritic Cell Isolation Kit Miltenyi Biotec Cat# 130-119-475

DynabeadsTM UntouchedTM Human CD8 T Cells Kit Thermo Fisher Scientific Cat# 11348D

Cell Trace CFSE Thermo Fisher Scientific Cat# C34554

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

APC BrdU Flow Kit BD Pharmingen Cat# 552598

ELISA MAXTM Deluxe Set Human IL-10 BioLegend Cat# 430604

Access IL-6 reagent kit Beckman-Coulter Cat# A16369

Maxwell RSC Cultured Cells DNA Kit Promega Cat# AS1620

Maxwell RSC simplyRNA cells Kit Promega Cat# AS1390

EZ DNA Methylation-Gold Kit Zymo Research Cat# D5005

PyroMark Q48 Advanced CpG Reagents Qiagen Cat# 974022

Transcriptor First Strand cDNA Synthesis Kit Roche Cat# 04897030001

IMMOLASE DNA polymerase Kit Bioline Cat# BIO-21047

LightCycler� 480 SYBR Green I Master Roche Cat# 0487352001

Infinium MethylationEPIC BeadChip Illumina Cat# 20042130

iDeal ChIP-seq kit for Transcription Factors Diagenode Cat# C01010055

Magna ChIPTM Protein A+G Magnetic Beads Sigma-Aldrich Cat# 16-663

cOmpleteTM, EDTA-free Protease Inhibitor Cocktail Sigma-Aldrich Cat# 11873580001

PureProteomeTM Protein G Magnetic Bead System Sigma-Aldrich Cat# LSKMAGG02

Micro Bio-Spin� P-6 SSC columns Bio-Rad Cat# 7326200

Deposited data

DNA methylation profile of in vitro generated DC

and TolDC

This paper GSE145483

VDR ChIP-Seq This paper GSE145584

Oligonucleotides

Primers for bisulphite pyrosequencing, RT-qPCR and

ChIP-qPCR, see Table S2

This paper N/A

Software and algorithms

PyroMark Assay Design 2.0 software Qiagen Cat# 9019079

Pyromark Q48 Autoprep software Qiagen Cat# 9024325

Minfi (R package) Aryee et al., 2014 https://www.bioconductor.org/packages/

release/bioc/html/minfi.html

RnBeads (R package) Assenov et al. (2014) https://bioconductor.org/packages/

release/bioc/html/RnBeads.html

Limma (R package) Ritchie et al. (2015) https://bioconductor.org/packages/

release/bioc/html/limma.html

Bowtie2 Aligner v2.2.6 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

MarkDuplicates software v1.126 Broad institute https://broadinstitute.github.io/picard/

Sequence Alignment/Map (SAMtools) v1.2 Li et al. (2009) https://doi.org/10.1093/bioinformatics/

btp352

bamCoverage function (deepTools (v2.0)) Ramı́rez et al. (2014) https://deeptools.readthedocs.io/en/

2.1.0/content/tools/bamCoverage.html

HOMER Motif Analysis Heinz et al. (2010) http://homer.ucsd.edu/homer/motif/

GREAT (version 3.0.0.) McLean et al. (2010) http://great.stanford.edu/public/html

EpiAnnotator (R package) Pageaud et al. (2018) http://epigenomics.dkfz.de/EpiAnnotator/

fgsea (R package) Korotkevich et al. (2019) http://bioconductor.org/packages/release/

bioc/html/fgsea.html

tSNE van der Maaten, 2014 https://github.com/lvdmaaten/bhtsne/

sva (R package) (Leek et al., 2021) https://bioconductor.org/packages/release/

bioc/html/sva.html

DoRothEA (R package) Garcia-Alonso et al. (2019) https://bioconductor.org/packages/release/

data/experiment/html/dorothea.html

Nichenetr (R package) Browaeys et al. (2020) https://github.com/saeyslab/nichenetr
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the lead contact, Esteban Ballestar (eballestar@

carrerasresearch.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d DNA methylation and ChIP-seq data for this publication have been deposited in the NCBI Gene Expression Omnibus and are

accessible through GEO Series accession numbers GSE145483 and GSE145584.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Differentiation of TolDCs and DCs from peripheral blood monocytes
For in vitro differentiation experiments, we obtained buffy coats from anonymous donors through the Catalan Blood and Tissue Bank

(CBTB). The CBTB follows the principles of the World Medical Association (WMA) Declaration of Helsinki. The Committee for Human

Subjects of Bellvitge Hospital approved the study (PR275/17). Given the anonymous nature of the volunteers, no information about

the gender and age was provided by the CBTB. Before providing the first blood sample, all donors received detailed oral and written

information, and signed a consent form at the CBTB. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque

gradient centrifugation. MOs were isolated from PBMCs using positive selection with MACS CD14 microbeads (Miltenyi Biotec).

Cells were resuspended in RPMI Medium 1640 + GlutaMAXTM-1 (Gibco, Life Technologies) containing 10% fetal bovine serum,

100 units/mL penicillin, and 100 mg/mL streptomycin. For TolDC differentiation, themediumwas supplementedwith 10 ng/mL human

IL-4, 10 ng/mL GM-CSF (PeproTech), and 10 nM of vitamin D3 or calcitriol (Sigma Aldrich). For DCs, the medium did not contain

vitamin D. Anti-IL-6 1 mg/mL (Invitrogen) and rat IgG isotype 1 mg/mL (eBioscience) was added during differentiation process

when required. In some cases, specified in the text, vitamin D3 was added for 30 min following differentiation to DCs (DC + vitD).

In other experiments, differentiation was performed in the presence of a JAK2 inhibitor (TG101348, STEMCELL) at 500 nM.

Isolation and culture of peripheral blood DCs
For the validation of our differentiation model, peripheral blood CD1c + DCs were isolated and cultured for three days with or without

100 nM vitamin D (Sigma Aldrich). These samples were also obtained from anonymous donors through the Catalan Blood and Tissue

Bank (CBTB). The CBTB follows the principles of the World Medical Association (WMA) Declaration of Helsinki. The Committee for

Human Subjects of Bellvitge Hospital approved the study (PR275/17). Given the anonymous nature of the volunteers, no information

about the gender and age was provided by the CBTB. Before providing the first blood sample, all donors received detailed oral and

written information, and signed a consent form at the CBTB. For this, PBMCs were isolated by Ficoll-Paque gradient centrifugation

followed by a CD1c + DCs purification with CD1c (BDCA-1)+. Dendritic Cell Isolation Kit (Miltenyi Biotec) according to manufacturer

instructions. Obtained cells were cultured at a concentration of 106 cells/mL in RPMI Medium 1640 + GlutaMAXTM-1 (Gibco, Life

Technologies) containing 10% fetal bovine serum and 100 units/mL penicillin with or without vitamin D.

METHOD DETAILS

CD8+ cell proliferation assay
Allogenic CD8+ T-cells isolated using negative selection with the human CD8 T Cells Kit (Invitrogen) were labeled with carboxyfluor-

escein succinimidyl ester (CFSE) and seeded in 96-well plates at 200,000 cells/well, with TolDCs or DCs at different ratios (TolDC/

DC:CD8+ T-cell ratios: 1:2, 1:4, and 1:6). CD8+ cells were then stimulated with anti-CD3/CD28 Dynabeads 5 mL/mL (Invitrogen) and

cultured for 5 days. Anti-IL-6 1 mg/mL (Invitrogen), anti-IL-10 1 mg/mL (eBioscience) and rat IgG isotype 1 mg/mL (eBioscience) was

added during co-culture process when required. CD8+ T-cell proliferation was analyzed by FACS and determined by considering the

proliferating CD8+ T-cells those where CFSE staining had decreased compared to unstimulated CD8+ T-cells.

BrdU proliferation assay
MOs were differentiated to DCs and TolDCs as described above and BrdU (APC BrdU Flow kit, BD Pharmingen) pulses were added

to a final concentration of 10 mM at days 2 and 4. On days 3, 4 and 5 cells were harvested and 106 cells were prepared for flow cy-

tometry as described by the manufacturer. In brief, cells were fixed for 30 minutes on ice, permeabilized for 5 minutes on ice and
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treated with DNAse for 1 h at 37�C to expose incorporated BrdU. Cells were then stained with fluorescent anti-BrdU antibody for

20 minutes at room temperature and analyzed in a BD FACSCanto-II flow cytometer. The HAFTL pre-B cell line was used as control

for proliferation.

Flow cytometry
For the study of surface cell markers, cells were harvested after differentiation culture and washed once with PBS. Cell staining was

performed in a staining buffer (PBS with 4% fetal bovine serum and 0.4% EDTA) after blocking for non-specific binding with Fc block

(BD Pharmingen) for 5 minutes on ice. Cells were stained for 20 minutes on ice. Antibodies used included: CD14-FITC, CD80-PE,

CD86-APC (Miltenyi biotec), CD11b-APC, CD1a-PE (Biolegend), HLA-DR-PeCy7 (eBioscience). Cells were also stained with the

viability dye LIVE/DEADTM Fixable Violet (Invitrogen) according to manuacturer’s conditions. After staining, cells were fixed with

PBS + 4% paraformaldehyde and analyzed in a BD FACSCanto-II flow cytometer in the following 48 h.

Cytokine measurements
For in vitro experiments, the concentration of IL-10 cytokine wasmeasured from the cell culture supernatants using an enzyme-linked

immunosorbent assay (ELISA), according to the manufacturer’s instructions (BioLegend, San Diego, CA, USA). The concentration of

IL-6wasmeasuredwith Beckman DXI Immunoassay analyzer using the access IL-6 reagent kit (BeckmanCoulter) following theman-

ufacturer’s instructions.

Genomic DNA and total RNA extraction
DNA was extracted with a Maxwell RSC Cultured Cells DNA kit (Promega) following manufacturer’s instructions. Similarly, total RNA

was extracted with Maxwell RSC simplyRNA cells kit (Promega) following manufacturer’s instructions.

Bisulfite (BS) and oxidative-bisulfite (oxBS) pyrosequencing
500 ng of genomic DNA was BS-converted with an EZ DNA Methylation-Gold kit (Zymo Research), following the manufacturer’s in-

structions. The oxBS samples were purified via buffer exchangewith Micro Bio-Spin� P-6 SSC columns (Bio-Rad Laboratories, Inc.,

USA) and eluted in �22 mL MilliQ-water. After DNA denaturation with 1.25 mL NaOH (1M) for 30 min in a shaking incubator at 37�C,
DNA was oxidized with 2 mL KRuO4 (15 mM) (Alfa Aesar, Germany) for 60 min in an ice-water bath (vortexing the reaction twice) and

centrifuged at 16000 g for 15min. Finally, oxidized DNAwere BS converted using the EZ DNAMethylationTM kit (Zymo Research, CA,

USA). BS- and oxBS-treated DNA was PCR-amplified using IMMOLASE DNA polymerase kit (bioline). Primers were designed with

PyroMark AssayDesign 2.0 software (Qiagen) (see Table S3 for primer sequences). Finally, PCR ampliconswere pyrosequencedwith

the PyroMark Q24 system and analyzed with PyroMark Q48 Autoprep (Qiagen). 5mC levels were derived from the oxBS data, while

5hmC levels were calculated by subtracting the oxBS values from the BS values (5mC+5hmC) using the same biological replicate, as

described in (Garcia-Gomez et al., 2017).

Real-time quantitative Polymerase Chain Reaction (RT-qPCR)
250 ng of total RNA were converted to cDNA with Transcriptor First Strand cDNA Synthesis Kit (Roche) following manufacturer’s in-

structions. RT-qPCR primers were designed with Primer3 software (Koressaar and Remm, 2007) (see Table S3). RT-qPCR reactions

were prepared with LightCycler� 480 SYBR Green I Master (Roche) according to manufacturer’s instructions and analyzed with a

LightCycler� 480 instrument (Roche).

Western blot
Protein expression and downregulation was visualized by western blotting, performed using standard Western blot. The following

antibodies were used for Western blotting and Co-immunoprecipitation: Anti-Vitamin D3 Receptor (Cell Signaling), anti-TET2

(Abcam), anti-pStat3 (Fluidigm), anti-Stat3 (Cell Signaling Technology), anti-pStat1 (Cell Signaling Technology), anti-Stat1 (Cell

Signaling Technology), anti-pStat5 (Fluidigm), anti-Stat5 (Thermo Fisher Scientific), anti-Lamin B1 (Abcam), anti-aTubulin (Sigma-

Aldrich). anti-rabbit IgGs (Merck Millipore) and anti-mouse IgGs (Merck Millipore).

Co-immunoprecipitation (Co-IP)
Co-IP assays were performed using TolDCs differentiated from CD14 + monocytes for 3 days. Cell extracts were prepared in lysis

buffer [50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% Triton-X-100, protease inhibitor cocktail (cOmpleteTM, Merck)] with

corresponding units of Benzonase (Sigma) and incubated at 4�C for 4 h. 100 mL of supernatant was saved as input and dilutedwith 23

Laemmli sample buffer (5x SDS, 20% glycerol, 1M Tris–HCl (pH 8.1)). Supernatant was first incubated with PureProteomeTM Protein

A/G agarose suspension (Merck Millipore) for 1 h to remove background signal. The lysate was then incubated overnight at 4�C with

respective crosslinked primary antibody. The cross-linking was performed in 20 mM dimethyl pimelimidate (DMP) (Pierce, Thermo

Fisher Scientific, MA, USA) dissolved in 0.2 M sodium borate (pH 9.0). Subsequently, the beats were quenched with 0,2M of etha-

nolamine (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 23 Laemmli. Samples and inputs

were denatured at 95�C in the presence of 1% b-mercaptoethanol.
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DNA methylation profiling
InfiniumMethylationEPIC BeadChip (Illumina, Inc., San Diego, CA, USA) arrays were used to analyze DNAmethylation. This platform

allows >850,000 methylation sites per sample to be interrogated at single-nucleotide resolution, covering 99% of the reference

sequence (RefSeq) genes. The samples were bisulfite-converted using EZ DNA Methylation-GoldTM Kit (Zymo Research, Irvine,

CA, USA) and were hybridized in the array following the manufacturer’s instructions. Image processing and intensity data extraction

software and procedures were as previously described (Bibikova et al., 2006). Eachmethylation data point was obtained from a com-

bination of the Cy3 and Cy5 fluorescent intensities from the methylated and unmethylated alleles. Background intensity computed

from a set of negative controls was subtracted from each data point. For representation and further analysis, we used beta and M

values. The beta value is the ratio of the methylated probe intensity to the overall intensity (the sum of the methylated and unmethy-

lated probe intensities). It can take a value between 0 and 1, and was used to derive heatmaps and to compare DNA methylation

percentages from bisulfite-pyrosequencing experiments. The M value is calculated as the log2 ratio of the intensities of the methyl-

ated versus unmethylated probes. For the purpose of statistical analysis, M values are more suitable because they are normally

distributed.

Rawmethylation data were preprocessedwith theminfi package (Aryee et al., 2014). Data quality was assessed using theminfi and

RnBeads packages (Aryee et al., 2014; Assenov et al., 2014; M€uller et al., 2019). After Snoob normalization, data were analyzed using

aneBayes moderate t test available in the limma package (Ritchie et al., 2015). Several criteria have been proposed as representing

significant differences in methylated CpGs, but in this study we considered a probe to be differentially methylated if it had a methyl-

ation differential of 20% and if it was significant (q < 0.05).

ChIP-seq analysis
Chromatin immunoprecipitation was performed using the iDeal ChIP-seq kit for Transcription Factors (Diagenode), according to the

manufacturer’s instructions. Briefly, cells on day 3 of differentiation were cross-linked with 1% formaldehyde for 15 min and glycine

was added to quench the reaction (final concentration 125 mM, incubated for 5 min at room temperature). Cells were washed once

with cold PBS, scraped off the plates, and pelleted. To obtain a soluble chromatin extract, cells were resuspended in 1 mL LB1

(50 mM HEPES, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100 and 13 complete protease inhibitor)

and incubated while rotating at 4�C for 10 min. Samples were centrifuged, resuspended in 1 mL LB2 (10 mM Tris-HCl pH 8.0,

200mMNaCl, 1 mMEDTA, 0.5mMEGTA and 13 complete protease inhibitor) and incubated while rotating at 4�C for 10min. Finally,

samples were centrifuged, resuspended in 1 mL LB3 (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% so-

dium deoxycholate, 0.5% N-lauroylsarcosine, 1% Triton X-100 and 13 complete protease inhibitor). Chromatin extracts were son-

icated for 12.5 min using a Covaris M220 focused ultrasonicator at a peak power of 75, and a duty factor of 10 and 200 cycles per

burst. The lysates were incubated with anti-VDR antibody (12,550, Cell Signaling) bound to 30 mL protein A or protein G Dynabeads

and incubated overnight at 4�C, keeping 5% as input DNA. Magnetic beads were sequentially washed with low-salt buffer (150 mM

NaCl, 0.1% SDS, 1% Triton X-100, 1 mM EDTA and 50 mM Tris-HCl), high-salt buffer (500 mM NaCl, 0.1% SDS, 1% Triton X-100,

1 mM EDTA and 50 mM Tris-HCl), LiCl buffer (150 mM LiCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% Nonidet P-40, 1 mM EDTA

and 50 mM Tris-HCl) and TE buffer (1 mM EDTA and 10 mM Tris-HCl). For ChIP-seq, beads were resuspended in elution buffer (1%

SDS, 50 mM Tris-HCl pH 8.0, 10 mM EDTA and 200 mMNaCl) and incubated for 30 min at 65�C. After centrifugation, the eluate was

reverse-cross-linked overnight at 65�C. The eluate was then treated with RNaseA for 1 h at 37�Candwith Proteinase K (Roche) for 1 h

at 55�C and the DNA was recovered using a Qiagen PCR purification kit.

Sequencing reads from ChIP-seq experiments were mapped to the hg19 assembly of human reference genome using Bowtie2

Aligner v2.2.6 (Langmead and Salzberg, 2012). After removing reads with MAPQ < 30 with Sequence Alignment/Map (SAMtools)

v1.2 (Li et al., 2009), PCR duplicates were eliminated using the Picard function available in MarkDuplicates software v1.126. Peak

calling was determined using SPP (with parameters –npeak=300000 –savr –savp -rf). The irreproducible discovery rate (IDR) was

used to filter peaks (IDR < 0.05). To visualize individual ChIP-seq data on Integrative Genomics Viewer (IGV), we converted bam

output files to normalized bigwig format using the bamCoverage function in deepTools (v2.0).

ChIP-qPCR
ChIP assays were performed as previously described (Li et al., 2020). Briefly, MOs, DCs and TolDCs were crosslinked with 1%meth-

anol-free formaldehyde (Thermo Fisher) for 15 min and subjected to immunoprecipitation after sonication. ChIP experiments were

performed using the LowCell# ChIP kitTM protein A (Diagenode, Liège, Belgium). We used antibodies against vitamin D3 Receptor

(Cell Signaling), acetylated H3 (H3ac), trimethylated lysine 27 of histone H3 (H3K4me3Millipore) and trimethylated lysine 4 of histone

H3. Corresponding rabbit IgG (Diagenode) is used as control. Protein binding was analyzed by real-time quantitative PCR, and data

are represented as ratio of the enriched fraction with respect to input. ChIP primers were designed for the areas flanking differentially

methylated CpGs and their sequences are shown in Table S3.

Microarray reanalysis
Affymetrix datasets from human monocytes, and from in vitro- and in-vivo DCs and MACs were obtained from GSE40484 (Segura

et al., 2013) and GSE102046 (Goudot et al., 2017). Affymetrix raw data from MOs, DCs and TolDCs were obtained from GSE13762

(Széles et al., 2009). Affymetrix raw data files were normalized by the robust multiarray average (RMA) algorithm and summarized,
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after background correction, using the R package oligo (Carvalho and Irizarry, 2010). Normalized expression datasets were then

merged and corrected for batch effects using ComBat function of the sva package. Finally, t-Distributed Stochastic Neighbor

Embedding (tSNE) of 1000 most variant genes was performed in R using Rtsne package.

Data analysis
Hierarchical clustering was carried out based on Pearson correlation distances and average linkage criteria. For low-dimensional

analysis, we used principal component analysis (PCA). Transcription-factor motifs were enriched for each set using HOMER software

v4.10.3. Specifically, we used the findMotifsGenome.pl algorithm (with parameters -size 200 -cpg) to search for significant enrich-

ment against a background sequence adjusted to have similar CpG and GC contents. Genomic regions for genetic context location

were annotated using the annotatePeaks.pl algorithm in the HOMER v4.10.3 software application (Heinz et al., 2010). To determine

the location relative to aCpG island (CGI), we used ‘hg19_cpgs’ annotation in the annotatr v1.8 R package. GREAT software (McLean

et al., 2010) was used to enrich downstream pathways and gene ontologies. We used the single nearest gene option to identify as-

sociations between genomic regions and genes. Chromatin state analysis for DCs were assessed using the EpiAnnotator R package

(Pageaud et al., 2018). Inference of TF activities from expression valueswere calculated using DoRothEA (Garcia-Alonso et al., 2019).

We used the nichenetr package (Browaeys et al., 2020) to predict ligand activity.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were done in R v3.5.1. Data distributions were tested for normality. Normally distributed data were tested using

two-tailed unpaired Student’s t-tests; non-normal data were analyzed with the appropriate non-parametric statistical test. Levels of

significance are indicated as: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Non-significance (P R 0.05) is indicated as

‘ns’.
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Targeting aberrant DNA methylation in
mesenchymal stromal cells as a treatment for
myeloma bone disease
Antonio Garcia-Gomez1,2,11✉, Tianlu Li1,2,11, Carlos de la Calle-Fabregat1,2, Javier Rodríguez-Ubreva 1,2,

Laura Ciudad1,2, Francesc Català-Moll1,2, Gerard Godoy-Tena1, Montserrat Martín-Sánchez3,

Laura San-Segundo3, Sandra Muntión3, Xabier Morales 4, Carlos Ortiz-de-Solórzano 4, Julen Oyarzabal5,

Edurne San José-Enériz6, Manel Esteller 7,8,9,10, Xabier Agirre 6, Felipe Prosper 6, Mercedes Garayoa 3 &

Esteban Ballestar 1,2✉

Multiple myeloma (MM) progression and myeloma-associated bone disease (MBD) are

highly dependent on bone marrow mesenchymal stromal cells (MSCs). MM-MSCs exhibit

abnormal transcriptomes, suggesting the involvement of epigenetic mechanisms governing

their tumor-promoting functions and prolonged osteoblast suppression. Here, we identify

widespread DNA methylation alterations of bone marrow-isolated MSCs from distinct MM

stages, particularly in Homeobox genes involved in osteogenic differentiation that associate

with their aberrant expression. Moreover, these DNA methylation changes are recapitulated

in vitro by exposing MSCs from healthy individuals to MM cells. Pharmacological targeting of

DNMTs and G9a with dual inhibitor CM-272 reverts the expression of hypermethylated

osteogenic regulators and promotes osteoblast differentiation of myeloma MSCs. Most

importantly, CM-272 treatment prevents tumor-associated bone loss and reduces tumor

burden in a murine myeloma model. Our results demonstrate that epigenetic aberrancies

mediate the impairment of bone formation in MM, and its targeting by CM-272 is able to

reverse MBD.
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Multiple myeloma (MM) is an incurable hematological
malignancy characterized by clonal expansion of
plasma cells in the bone marrow (BM) that accounts

for 1% of all cancers1,2. Nearly 90% of myeloma patients suffer
from skeletal-related events during the course of the disease,
including severe bone pain, hypercalcemia, pathological frac-
tures, and spinal cord compression3, that not only affect the
quality of life but also their overall survival4. Myeloma-
associated bone disease (MBD) is characterized by an increase
in bone-resorptive activity and number of osteoclasts (OCs), as
well as impairment of bone-forming activity and differentiation
of osteoblasts (OBs), which ultimately lead to the development
of osteolytic lesions5.

In most cases, symptomatic myeloma is preceded by
sequential asymptomatic stages of monoclonal gammopathy of
undetermined significance (MGUS) and smoldering myeloma
(SMM), with increasing BM plasmocytosis and monoclonal
component as well as augmented risk of progression to active
MM6,7. The biological behavior and clinical outcome of MM
are partly dependent on genetic and epigenetic abnormalities of
tumor subclones that arise from MGUS and SMM stages8.
However, the clinical stability of MGUS cases, despite dis-
playing shared genetic lesions with MM cells, suggests that the
BM microenvironment may critically modulate disease
progression6,9,10. In this regard, it has been widely shown that a
complex and bidirectional relationship exists between MM cells
and the BM niche, which results in oncogenesis support, ane-
mia, immunosuppression, and uncoupling of the bone remo-
deling process11.

Mesenchymal stromal cells (MSCs) are an essential cell type
in the formation and function of the BM microenvironment,
being the progenitors of bone-forming OBs, adipocytes, and
chondroblasts, as well as the hematopoietic-supporting stroma
components of the BM12. It is well-documented that BM-
derived MSCs from MM patients contribute to MM progression
(reviewed in ref. 11) and show an impaired ability to differ-
entiate into OBs13,14. Moreover, MM-MSCs are considered
inherently abnormal, as their dysfunctionality remains even
following ex vivo culture in the absence of MM cells15. Fur-
thermore, bone lesions persist in many MM patients even after
therapeutic remission, suggesting a long-term defect in MSCs
that inhibit their ability to properly differentiate into functional
OBs16.

Previous studies described that MSCs from MM patients are
cytogenetically normal17,18, but show alterations in their
transcriptional13,19 and proteomic11 profiles even in the absence
of myeloma cell interaction. This suggests that epigenetic
mechanisms could be governing the tumor-promoting functions
of MSCs and their prolonged OB suppression in MM. In fact,
Adamik and colleagues20 reported abnormal recruitment of
chromatin remodelers in MSCs from myeloma patients, con-
tributing to the transcriptional repression of Runx2, a master
regulator of OB differentiation. Yet, there is a lack of information
about DNA methylation-related mechanisms that may contribute
to MM progression and subsequent bone defects. DNA methy-
lation is an essential epigenetic modification involving the addi-
tion of a methyl group to the 5-carbon of the cytosine ring by a
family of DNA methyltransferase (DNMT) enzymes21, which has
been described to play a critical role in MSC lineage determina-
tion22, as well as in tumor progression and immunosuppression
in other cancer types23.

In this study, we identify DNA methylation alterations in
MSCs of MM patients mediated by MM cells resulting in the
dysregulation of osteogenesis, and this is reversed by the treat-
ment with CM-272, a dual inhibitor of DNMTs and the histone
methyltransferase G9a.

Results
BM-derived MSCs of distinct MM stages exhibit altered DNA
methylation profiles. We first obtained genome-wide DNA
methylation profiles of BM-derived MSCs isolated at different
stages of MM (newly diagnosed MGUS, high-risk SMM, and
MM) and healthy controls. DNA methylation changes were
identified using two different statistical approaches (Fig. 1A): (i)
detection of differentially methylated CpG positions (DMPs)
based on differences in DNA methylation means between the
patient (MGUS, SMM, and MM) and healthy MSCs (Δβ ≥ 0.1
and **p < 0.01) (Supplementary Data 1); and (ii) detection of
differentially variable CpG positions (DVPs) based on differences
in variance of DNA methylation levels (qval < 0.05 and *p < 0.05)
between the sample groups (Supplementary Data 2). In regards to
DMPs, the largest number of altered CpGs was found in MSCs
from patients of the SMM stage compared to healthy donors
(Supplementary Fig. 1A, B). On the other hand, we observed the
highest number of DVPs in comparison to healthy donors in
MSCs isolated from MGUS followed by SMM and MM patients
(Supplementary Fig. 1C, D), supporting the notion that these
stochastic and heterogeneous DNA methylation patterns are
associated with early stages of carcinogenesis, as previously
reported24,25. We also observed that the majority of identified
DMPs and DVPs are disease stage-specific, although the
asymptomatic stages showed a moderate proportion of overlap
(Fig. 1A).

Given that myeloma is a multi-stage disease, we then analyzed
the accumulative changes of DNA methylation associated
with MM progression by selecting DMPs (Supplementary Data 3)
and DVPs (Supplementary Data 4) that were found either only in
the MM stage, shared by SMM and MM and in all three
stages (Fig. 1A). With this analysis, we identified 872 hyper-
and 951 hypomethylated DMPs, and 260 hyper- and 318
hypomethylated DVPs.

Analyzing the distribution of MM progression-associated
CpGs in relation to CpG islands (CGI), we observed a significant
enrichment of CpGs in open sea regions in the hypomethylated
DMP data set (Fig. 1B) and in CpG islands in the hypermethy-
lated DVP data set (Supplementary Fig. 1E). Utilizing publicly
available chromatin state maps of BM-derived MSCs from
healthy individuals26, we found a significant enrichment of both
hyper- and hypomethylated DMPs sites that correspond to
enhancers (Fig. 1C). In addition, we observed an enrichment in
flanking transcription start sites (TSS) in the hypomethylated set,
and regions repressed by Polycomb Group (PcG) in hypermethy-
lated CpGs (Fig. 1C). On the other hand, hypermethylated DVPs
were enriched in TSSs, bivalent regions, and regions repressed by
Polycomb (Supplementary Fig. 1F).

To determine whether these MM progression-associated loci
shared any common DNA elements, we performed a search for
enriched transcription factor (TF)-binding sites in these regions
using the HOMER algorithm27. We observed a significant over-
representation of binding sites for the Runt and Tead family in
differentially hypermethylated DMPs associated with MM
progression (**p < 0.01; Fig. 1D). These results suggest that
key transcription factors involved in the upregulation of
osteogenic genes, such as RUNX228 or TEAD229, may
participate in aberrant DNA hypermethylation. Since DNA
methylation has been originally linked to transcriptional
repression, these results suggested that the hypermethylation
of these regions could compromise the ability of MSCs to
undergo proper OB differentiation. On the other hand, DMP
sites that experienced aberrant DNA hypomethylation were
highly enriched in binding motifs of the bZip and Homeobox
families (**p < 0.01; Fig. 1D). In this respect, the loss of DNA
methylation could be selectively driving the occupancy of TF
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that have been reported as negative regulators of OB
differentiation such as HOXA230 and ATF331. In addition, we
observed transcriptional deregulation of some members of
these TF families using expression array data from BM-derived
MSCs of healthy controls, MGUS, SMM, and MM patients.
Some of these TFs were specifically downregulated in MSCs of
active myeloma (RUNX2 and TEAD2), others were already
downregulated in precursor myeloma stages (HOXC9 and
CEBPD), whereas other TFs, including HOXA2 and ATF3, did
not change their expression in any myeloma stages

(Supplementary Fig. 1G). In all, these findings suggested that
MM progression-associated DNA methylation changes in
MSCs might be mediated by the sequential activity of specific
TF families, which are also functionally deregulated in MM32.
Furthermore, other genes that play important roles in the
pathophysiology of MM (such as the cytokines IL6 and OSM)
and associated MBD (secreted factors such as RANKL, SFRP2,
IL7, CHSY1, COL4A1, and the transcriptional repressor GFI1)
were also found to alter their DNA methylation levels (Fig. 1E
and Supplementary Fig. 1H).
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Aberrant DNA methylation is associated with differential
Homeobox gene expression in MSCs at different MM stages.
To further investigate the relationship between differential DNA
methylation and gene expression, we mapped the DMPs to the
most proximal gene. Using expression array data from BM-
derived MSCs of healthy controls, MGUS, SMM, and MM
patients (Supplementary Data 5), differential expression of DMP-
associated genes was identified using a cutoff of *p < 0.05 com-
paring MGUS/SMM/MM to healthy controls for both DNA
methylation and gene expression (Fig. 2A and Supplementary
Data 6). Gene ontology (GO) analysis revealed that the genes
displaying both differential methylation and expression were
enriched in functional categories important in cell fate commit-
ment and bone phenotype (Fig. 2B). The most enriched func-
tional category corresponded to genes from the Homeobox
family. Within the Homeobox family, we found the subset of Hox
genes that encodes a large family of highly conserved TFs
responsible for driving the correct differentiation of MSCs33,
namely genes belonging to the HOXA-to-D clusters. Further-
more, we observed a significant enrichment in genes reported to
be downregulated in MM-MSCs (Fig. 2B)13. Integration of
methylation and gene expression data corresponding to the
Homeobox and bone formation-related genes revealed that both
DNA hyper- and hypomethylation events were associated with
both downregulation and upregulation of gene expression in
different genomic locations (Fig. 2C). Specifically, hypermethy-
lated genes that showed a reduced expression in patient MSCs
include positive regulators of OB differentiation such as RUNX2
or NRP234 (Fig. 2C and Supplementary Table 1) In contrast,
negative regulators of osteogenesis such as SFRP235 or NFATC236

were hypomethylated and consequently upregulated in patient
MSCs (Fig. 2C). In all, these factors could potentially contribute
to impaired osteoblastogenesis associated with bone disease in
MM and this is summarized in Supplementary Table 1.

Upon a closer inspection of several Homeobox-associated
genomic regions, we observed a negative correlation between
DNA methylation of promoters and gene expression. Specifically,
the HOXA gene cluster showed aberrant hypomethylation at the
HOXA4 promoter, and its gene expression was upregulated at
different disease stages. Conversely, gene promoters of HOX-A6,
-A7, -A9, -A10, and -A11 displayed hypermethylation and these
genes were downregulated in MGUS/SMM/MM (Fig. 2D and
Supplementary Fig. 2A). A similar pattern of an inverse
association between methylation and expression was observed
in the HOXB and HOXC gene cluster, where HOXB5, -C5, and
-C8 were aberrantly hypomethylated and upregulated, whereas
HOXC9, -C10, and -C11 were hypermethylated and down-
regulated in patients (Fig. 2D and Supplementary Fig. 2A). Other
Homeobox genes such as TBX5, PITX1, or EMX2 were also
reported as regulators of bone formation37–39 and showed an

association between DNA methylation at gene promoter and gene
expression (Fig. 2D and Supplementary Fig. 2A, B).

We then validated the aforementioned DNA methylation and
gene expression changes in an independent cohort of BM-derived
MSCs from different MM disease stages by pyrosequencing and
real-time quantitative PCR. Among the differentially methylated
genes of the Homeobox family, we selected HOXA2, -A4, -A6,
-A9, -A10, -B7, -C9, -C10, and PITX1 on the basis of their
reported role in MSC pluripotency (Fig. 2E, F and Supplementary
Fig. 2C, D)40. Furthermore, we validated differentially methylated
genes with osteogenic roles in the myeloma context, including
RUNX2 and IBSP (Fig. 2E, F and Supplementary Fig. 2C, D). In
most cases, we observed that DNA methylation negatively
correlated with gene expression.

Healthy MSCs change their DNA methylation profile to one
partially resembling that of MSCs from MM patients upon
interaction with MM plasma cells. To address the potential
contribution of MM cells in mediating aberrant DNA methyla-
tion changes in MSCs, we evaluated whether the epigenetic
changes observed in MM-MSCs could be mimicked in vitro by
direct contact of healthy MSCs with MM cells. Thus, we co-
cultured BM-derived MSCs from healthy donors with the human
MM cell line MM.1S for 2 weeks Subsequently, MSCs were sorted
by CD13+ expression and subjected to DNA methylation analysis
(Fig. 3A).

Under these conditions, MM.1S cells were able to induce the
expression of genes known to be upregulated in MM-MSCs
(IL1B, IL6, and HGF) in HD-MSCs compared with mono-
cultured HD-MSCs (Fig. 3B). Additionally, we validated the
inhibitory effect of MM cells in MSC-to-OB differentiation and
observed a decrease in both ALP activity and OB mineralization
in OBs differentiated in the presence of conditioned media from
the MM.1S cell line as compared to OBs differentiated alone
(Fig. 3C).

We then investigated the DNA methylation profiling of MSCs
from healthy donors generated upon interaction with MM cells.
We observed that 142 CpGs that change their methylation levels
upon co-culture with MM.1S cells were shared with aberrant
DNA profiles found in MSCs isolated from MGUS/SMM/MM
patients (Fig. 3D and Supplementary Data 7). Although this
accounted for a small percentage of DMPs identified in MM
patient MSCs, GO analyses revealed enrichment in Homeobox
genes and categories related to bone formation, similar to that
observed in primary patient MSCs (Fig. 3E). Specifically, we
found that healthy MSCs exposed to MM cells underwent gains
(HOXA9, ACVR2A, EBF2) and losses (HOXA2, HOXA3,
HOXC5) of DNA methylation in the direction of those observed
for MSCs from myeloma patients (Fig. 3F).

Fig. 1 High-throughput stepwise DNA methylation changes in BM-derived MSCs associated with MM progression. A Workflow depicting the
methodological approach for selecting DNA methylation changes in bone marrow-derived mesenchymal stromal cells (BM-MSCs) from monoclonal
gammopathy of undetermined significance (MGUS; n= 10), smoldering myeloma (SMM; n= 8), and multiple myeloma (MM; n= 9) patients versus
healthy controls (HD; n= 8). An example of a CpG site experiencing increased mean (differentially methylated position, DMP) or variance (differentially
variable position, DVP) in the disease versus the control condition is shown. Venn diagrams show the number of DMPs or DVPs resulting from each
comparison. B Distribution of DNA methylation changes in relation to CpG islands (CGI), including shores (south, S; north, N), shelves (south, S; north, N),
and open sea regions for differentially hyper- or hypomethylated CpG sites. C Enrichment analysis of differentially hyper- and hypomethylated CpG sites
located in different genomic regions, annotated by 15 chromHMM states. Color scale refers to log odd ratio and circle size refers to p-value significance.
D Bubble plot representation of HOMER transcription factor (TF) motif enrichment analysis of differentially hyper- and hypomethylated CpGs in MSCs
during MM progression (left and right panel, respectively). Color range depicts different transcription factor families and circle size refers to p-value
significance. E Box plots showing β-values from DMPs obtained from the EPIC array in MSCs from healthy donors and MGUS, SMM, and MM patients of
relevant genes involved in the pathogenesis of MM and associated bone disease. HD is represented in dark blue, MGUS in light blue, SMM in orange, and
MM in red. eBayes-moderated ANOVA t-test was performed to calculate statistical significance (*p < 0.05, **p < 0.01, and ***p < 0.005).
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Moreover, we validated the DNA methylation and gene
expression changes in healthy MSCs driven by co-culture with
MM.1S with another MM cell line, RPMI-8226. Here, we
observed a similar effect of co-culture with RPMI-8226, in
which there was a clear inhibition of Homeobox and osteogenic

gene expression coupled with hypermethylation of these loci
(Fig. 3G, H).

Altogether, these results support the notion that MM cells not
only are capable of inducing changes in the global methylome of
MSCs but also have a significant impact at specific osteogenic loci.
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Dual targeting of DNMTs and G9a restores Homeobox gene
expression in vitro and promotes osteogenic differentiation of
mesenchymal precursors. Gene expression analysis of DNMTs in
MSCs from HD and MM patients co-cultured with MM cells
obtained from a previous study41 showed an aberrant upregula-
tion of the DNA methyltransferase DNMT1 (Fig. 4A). DNMT1
interacts with the methyltransferase G9a to coordinate DNA and
H3K9 methylation during cell replication42 promoting tran-
scriptional silencing of target genes. Moreover, G9a can suppress
transcription by inducing DNA methylation in addition to its
activity as a chromatin remodeler43. In this regard, we hypothe-
sized that the dual inhibition of DNMT1 and G9a could reactivate
hypermethylated and silenced genes of MSCs from MM patients
preserving their osteogenic potential and therefore preventing
myeloma-associated bone loss. Thus, we utilized a dual inhibitor
of DNMTs and G9a, termed CM-272, which has been previously
described to have a potent therapeutic response, both in vitro and
in vivo, in other neoplasias44–47.

We first checked the effect of CM-272 on the cell viability of
mesenchymal progenitors and we selected a dose (50 nM) with no
significant toxicity in order to perform further experiments
(Fig. 4B). CM-272 treatment was able to restore the expression of
Homeobox genes (HOX-A6, -A9, -A10, -C9, PITX1, and RUNX2)
that were epigenetically repressed in MSCs from MM patients
(Fig. 4C). Mechanistically, we observed a loss of DNA methyla-
tion in the promoter region of the majority of the aforementioned
genes after CM-272 treatment in MM-MSCs (Fig. 4D). We then
checked the levels of the inactive chromatin mark H3K9me2, a
hallmark of methyltransferase G9a activity, at these gene
promoters upon CM-272 treatment. The chIP-qPCR analysis
showed a decrease in H3K9me2 levels at the promoter regions of
Homeobox genes after CM-272 treatment (Fig. 4E). Taken
together, our results suggest that CM-272 acts in vitro by
inhibition of both DNMT and G9a methyltransferase activity.

Next, we addressed whether targeting DNMT and G9a may
have a role in regulating osteogenic differentiation. For this
purpose, we cultured MSCs from myeloma patients in osteogenic
media to obtain differentiated OBs in the presence or absence of
CM-272. As observed in Fig. 4F, G, CM-272 was able to increase
ALP activity in early-stage OBs. Furthermore, CM-272 treatment
was able to upregulate the relative expression of several late bone
formation markers (namely, bone siaploprotein, osteopontin, and
osteocalcin) in MSCs from myeloma patients (Fig. 4H).

Previous research has described that MM cells exert their effect
on MSCs through both direct cell–cell contact and soluble factor
mechanisms11,48. Our main data show that direct myeloma-MSC
co-culture conditions are able to induce changes in the MSC
methylome; however, it would be of particular interest to
investigate whether MM cells may also mediate the same changes
only through soluble factor mechanisms. For this purpose,

utilizing a transwell system avoiding contact between both cell
types, we observed that soluble factor secreted by MM.1S and
RPMI-8226 cell lines were sufficient to change the expression of
several OB-relevant genes in healthy MSCs, including RUNX2,
SPP1, IBSP, and HOXB7 (Fig. 5A), concordantly to direct co-
culture. Furthermore, treatment with the dual inhibitor CM-272
was able to partially reverse those changes in gene expression
mediated by soluble factors secreted by MM cells (Fig. 5A).
Changes in gene expression were accompanied by inverse
changes in DNA methylation in some of the genes (IBSP,
HOXB7) (Fig. 5B), which were also observed to at least be
partially reversed by CM-272. However, for some other genes
such as RUNX2 and SPP1, transwell co-culture with MM cells
induced minimal effect on DNA methylation, suggesting that
direct cell–cell contact may be required. Moreover, CM-272 was
able to partially reverse the MM cell lines-mediated inhibitory
effect on OB mineralization (Fig. 5C). Altogether, these results
suggest that MM cells at least partially exert its effects on MSCs
through secretory mechanisms, and treatment with CM-272 was
able to reserve these effects through the inhibition of DNA
methylation.

CM-272 not only controls tumor burden but also prevents the
myeloma-associated bone loss. To test the effect of CM-272 in
the context of MBD, we used an established murine model of
bone marrow-disseminated myeloma. After equivalent engraft-
ment of myeloma cells (RPMI-8226-luc) was verified by biolu-
minescence measurement, mice were treated for 4 weeks with
CM-272 as described in Methods. Compared with the vehicle
control group, CM-272 controlled tumor progression as mea-
sured by bioluminescence (Fig. 6A) or by serum levels of hIgλ
secreted by RPMI-8226 cells (Fig. 6B). Representative microCT
images at the metaphyses of distal femurs showed a tumor-
associated bone loss in vehicle-treated mice, in contrast with
trabecular structures observed in CM-272-treated animals
(Fig. 6C). In the vehicle control group, 3D reconstruction images
of distal femurs revealed a marked bone loss evidenced by a thin
trabecular network (in red) but also by loss of cortical bone (in
gray) in vehicle-treated mice (Fig. 6D). By contrast, CM-272-
treated mice presented a gain in both trabecular and cortical bone
(Fig. 6D). This was also reflected by bone morphometric para-
meters that resulted in increased trabecular bone volume, occu-
pancy, and connectivity and reduced trabecular separation in
CM-272-treated animals, as compared with vehicle control
(Fig. 6E). Finally, these findings correlated with a significant
increase in serum levels of the bone formation marker P1NP
analyzed after CM-272 treatment compared to untreated control
(Fig. 6F). In summary, these data demonstrate that CM-272
exerts in vivo anti-myeloma activity along with bone-anabolic
effects in human MM-bearing mice.

Fig. 2 DNA methylation changes are associated with differential gene expression of Homeobox genes in MSCs from MGUS, SMM and MM patients. A
Venn diagrams showing differentially methylated or downregulated (upper) and upregulated (lower panel) genes when comparing MGUS (blue), SMM
(orange), and MM (red) samples with healthy individuals. B Gene ontology (GO) enrichment analysis of CpG sites undergoing DNA methylation and gene
expression changes in MSCs of patients compared to controls using the GREAT online tool. A binomial test was performed to calculate statistical
significance. C Heatmaps showing gene expression of Homeobox and other OB-related genes associated with differentially hyper- (left) or hypomethylated
(right) CpG sites. Heatmaps are grouped according to the genomic location (promoter, TSS, 5′, exon, intron, intergenic, 3′ or non-coding region) of
analyzed CpG sites. Color scale ranging from light yellow to dark blue represents low to high expression levels. D Scheme depicting differentially
methylated and variable CpG sites located in the Homeobox genes (HOX-A, -B, and -C clusters) and PITX1. Dark blue lines indicate hypomethylated DMPs,
light blue lines indicate hypomethylated DVPs, dark red lines indicate hypermethylated DMPs and light red lines indicate hypermethylated DVPs associated
with MGUS, SMM, and MM condition. E DNA methylation analysis by pyrosequencing of selected CpGs located at the promoter regions and F gene
expression of HOXA6, -A9, -A10, -B7, -C9, PITX1, and RUNX2 in MSCs from healthy controls (dark blue; n= 17), MGUS (light blue; n= 8), SMM (orange; n
= 8), and MM (n= 16) patients. Gene expression was normalized against RPL38. Box plots represent median ± IQR and whiskers represent maximum and
minimum. Statistical significance was calculated using unpaired two-tailed Student t-tests (*p-value < 0.05, **p-value < 0.01, and ***p-value < 0.005).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20715-x

6 NATURE COMMUNICATIONS |          (2021) 12:421 | https://doi.org/10.1038/s41467-020-20715-x | www.nature.com/naturecommunications



To further examine the in vivo effect of CM-272 on DNA
methylation of myeloma-associated MSCs, we performed reduced
representation bisulfite sequencing (RRBS) analysis of MSCs
isolated from vehicle- and CM-272-treated myeloma-bearing
mice using healthy mice as controls. First, we observed significant
alterations in the DNA methylome of MSCs from myeloma-
bearing mice compared to healthy mice (Supplementary Data 8).

Myeloma-bearing mice that were treated with CM-272 displayed
a partial reversion of aberrant hypermethylation of MSCs caused
by the presence of myeloma cells (Fig. 6G). These DNA
methylation changes occurred at genomic loci enriched for genes
involved in cell commitment and differentiation, such as
Homeobox genes (Fig. 6H). Specifically, we were able to identify
CpGs that experienced a gain in DNA methylation in vehicle-
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treated MSCs compared to healthy controls at the same genomic
loci previously identified in human MM-MSCs, including
HOXA7, -B4, -B7, -B9, and -D10 (Fig. 6I and Supplementary
Data 9). Importantly, CM-272 treatment was able to restore the
DNA methylation levels at these loci to resemble that of healthy
mice, which was concomitant with the reduced tumor burden as
well as bone loss recovery observed in these mice (Fig. 6I).

Discussion
The pathogenic transition from premalignant stages to active
MM is complex and not well understood. One example of this
complexity is that although all MM cases emerge from the pre-
existing asymptomatic MGUS/SMM stage, not all MGUS
progress into MM and may exist as a stable and independent
disease. Nevertheless, despite being an asymptomatic stage,
transformed plasma cells in MGUS present cytogenetic
alterations similar to that of myeloma plasma cells, as well as
significant abnormalities in bone remodeling49,50. This indi-
cates that both genetic and microenvironmental alterations
exist from the early stages of the disease. In our study, we
show that epigenetic alterations in MSCs already occur in the
early asymptomatic stages of both MGUS and SMM, and
although many alterations are shared between all stages, the
majority of DNA methylation changes are specific to each
stage. These results are in accordance with previous studies
that indicate the existence of stage-specific epigenetic altera-
tions during MM progression in malignant plasma cells51,52.
This phenomenon could be explained by the expansion of sub-
populations of MSCs during MM disease progression, which
may favor tumor development and drug resistance, similar to
what was observed to occur in MM cells53,54.

Deregulation of methylome in MM-MSCs mediates tran-
scriptional and phenotypical alterations. Interestingly, many
genes of the Homeobox family displayed both epigenetic and
transcriptional dysregulation in patient MSCs, and these
changes were observed in earlier stages of the disease. In this
regard, members of the HOX family have been recently
described to be key drivers of OB differentiation, in which
their expression is fine-tuned by demethylation of their pro-
moters during the osteogenic process55. Furthermore, we
observed that healthy MSCs exposed to MM cells, similarly to
that observed in patient MSCs, not only displayed an altered
methylome but also showed impaired MSC-to-OB differ-
entiation, as previously described20. We also observed that
some of these methylome changes in MSCs occur in the
absence of direct cell–cell contact with MM cells, suggesting
the contribution of secretory mechanisms. Hence, our results
suggest that the impairment of osteogenesis in all stages of

MM arises from early transcriptional deregulation of
Homeobox genes, and altered DNA methylation may be the
primary mediator in this process. Nevertheless, we cannot
overlook the limitations of our in vitro studies, as other cell
types of the BM microenvironment may also play important
roles in perpetuating the methylome alterations observed
in MSCs.

Although the biology of MBD is relatively well described, there
is still a lack of pharmacological treatments to improve bone loss.
Clinically approved bone-modifying agents for the treatment of
MBD include bisphosphonates56, which inhibit bone resorption
by suppressing OC activity, and denosumab57, a monoclonal
antibody against the osteoclastogenic cytokine RANKL. However,
these drugs only target the OC compartment, and bone disease
persists due to the absence of bone formation. Thus, therapeutic
agents targeting OBs are needed. In this study, we demonstrated a
strategy for treating MBD by targeting aberrant DNA methyla-
tion in MSCs. Firstly, we showed that co-culture of healthy MSCs
with MM cell lines yielded epigenetic and transcriptional changes
similar to that observed for MSCs from myeloma patients, and
treatment with CM-272 was able to at least partially reverse these
changes. Additionally, this agent promoted the ability of MSCs to
differentiate into OBs. These in vitro effects on bone were mir-
rored in a mouse model of disseminated MM. Of note, CM-272
treatment not only prevented bone loss by bone-anabolic effects
but also showed anti-myeloma activity. This is in line with pre-
vious reports showing that DNMTs are targets for the treatment
of MM58–60 and also for improving the osteogenic differentiation
ability of MSCs61. Additionally, we cannot discard the possibility
that the observed effects on tumor growth inhibition may be a
consequence of the impairment of the cross-talk between MSCs
and MM cells. Moreover, the dual targeting effects of CM-272
also inhibit the dimethylation of H3K9, which has been described
to be crucial in the establishment of DNA methylation42,43. It is
therefore rational to envision that the bone-anabolic effects
mediated by CM-272, both in vitro and in vivo, involves the
reversion of aberrant hypermethylation at Homeobox loci and
other OB-related genes in the MSC population. Nevertheless, it is
possible that reduced tumor burden could be partially responsible
for restoring the bone-forming capacities of MM-MSCs.

In summary, our findings highlight the existence of aberrant
DNA methylation patterns in the BM-derived MSC population
which may impact myeloma progression and the development of
MBD. Moreover, our preclinical results support the idea that
therapeutic targeting of aberrant DNA methylation would result
in an anti-myeloma effect and preservation of the appropriate
osteogenic differentiation of MSCs to combat myeloma bone
disease.

Fig. 3 MSCs from healthy donors recapitulate DNA methylation changes observed in MSCs from MM patients upon interacting with MM plasma cells.
A Scheme depicting workflow (left panel) and sorting strategy (right panel) for selecting CD13+MSCs after 14 days of co-culture with the MM.1S cell line.
B Gene expression analysis of IL1B, IL6, and HGF, normalized against RPL38, of the hMSC-TERT cell line (HD-MSC) co-cultured with the MM.1S cell line for
14 days. Expression levels were normalized against MSCs in monoculture. Data are represented as the mean ± SEM from three independent experiments.
C ALP activity and matrix mineralization were assessed in differentiated osteoblasts from HD-MSCs in the presence (HD-OB+ CM-MM) or absence (HD-
OB) of conditioned media from the MM.1S cell line (CM-MM). Representative images of each experimental condition are shown. Barplot represents the
mean ± SEM from six independent experiments, and a paired two-tailed t-test was performed to evaluate statistical significance (***p < 0.005). D Heatmap
showing differentially methylated CpG sites (eBayes-moderated paired t-test *p < 0.05) in sorted HD-MSCs (three independent donors) in monoculture
(HD1-3) or co-cultured with the MM.1S cell line (HD1-3MM) for 14 days that overlaps with previously identified DMPs. The color scale from blue to red
represents low to high methylation levels. E GO enrichment analysis of DMPs in HD-MSCs co-cultured with the MM.1S cell line overlapping with myeloma-
associated DMPs analyzed using the GREAT online tool. p-values were calculated using a binomial test. F Bar plots showing β-values obtained from the
DNA methylation array presented in D, representing mean and ±SEM of three independent experiments. G DNA methylation and H gene expression levels
of DMPs validated in HD-MSCs monoculture (blue) or co-cultured with MM.1S (orange) or RPMI-8226 (red) cell lines as indicated. Gene expression data
were normalized against RPL38 and all data were normalized against HD-MSC monoculture. Statistical significance was calculated using paired one-tailed
Student t-tests and bar plots represent mean ± SEM of 3–5 independent experiments (*p-value < 0.05, **p-value < 0.01, and ***p-value < 0.005).
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Methods
Participants. BM samples were obtained from the iliac crest of patients with newly
diagnosed MGUS (n= 10), SMM (n= 8), and MM (n= 9), according to the
International Myeloma Working Group criteria. BM samples from healthy controls
(n= 8) were obtained from participants undergoing orthopedic surgery not related
to oncology disease. Each sample was obtained after receiving the informed written
consent of all participating subjects and following approval from the committees
listed below for obtaining them and for the study protocol using them. The study
was approved by the Cancer Research Center–IBMCC Review Board (CICIC 2015/

02156), the Clinical Ethics Committee for drug research in the Salamanca Health
Area (CEIC 73/07/2015), the Clinical Research Committee of the Bellvitge Uni-
versity Hospital (ref. PR076/15) and the Research Ethics Committee of the Uni-
versity of Navarra (ref. 2017.218). Clinical characteristics of MGUS, SMM, and
MM patients are listed in Supplementary Table 2.

Inhibitor. CM-272 (dual DNMTs and G9a inhibitor) was synthesized at the Center
for Applied Medical Research (University of Navarra)44,47,62.
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Cell lines. The human multiple myeloma cell line MM.1S was provided by Dr.
Steven Rosen (Northwestern University, Chicago, IL), whereas RPMI-8226 cells
were purchased from the American Type Culture Collection. The human
mesenchymal stem cell (MSC) line immortalized by expression of the telomerase
reverse transcriptase gene (hMSC-TERT) was a generous gift from Dr. D Campana
(Department of Pediatrics, Yong Loo Lin School of Medicine, National University
of Singapore, Singapore). Both cell lines were cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin and 100 mg/ml streptomycin, and 1% L-glutamine. All the cell culture
media and reagents were purchased from Invitrogen (Paisley, UK). All cell types
were cultured at 37 °C in a humidified atmosphere in the presence of 5%
CO2–95% air.

Bone marrow-derived MSC isolation and culture. MSCs were isolated and
characterized as described by Garayoa et al.17. Briefly, bone marrow aspirates were
obtained from the iliac crest and subjected to centrifugation on Ficoll-Paque (GE
Healthcare, Uppsala, Sweden) to obtain mononuclear cells (BMMCs). BMMCs
were plated and plastic-adherent cells were expanded until passage 3 (P3) in low-
glucose DMEM supplemented with 10% heat-inactivated fetal bovine serum, 100
U/ml penicillin, 100 mg/ml streptomycin, and 1% L-glutamine. Selected MSCs from
both MM patients (n= 4) and healthy donors (n= 4) at P3 were tested to meet
minimal criteria as defined by the International Society for Cellular Therapy for
multipotent mesenchymal stromal cells63. Specifically, MSCs were evaluated by
FACS for positive expression of CD73, CD90, CD105, CD44, and CD166 and
negative staining for HLA-DR and hematopoietic markers (CD19, CD34, and
CD45) (Supplementary Fig. 3A). In addition, the capability to differentiate into
osteoblast, adipocyte, and chondrocyte was assessed (Supplementary Fig. 3B–D).
Analyses and experiments were performed with MSCs at P3, with a maximum of
3 weeks at each passage.

DNA and RNA isolation and quantification. Genomic DNA was isolated by the
proteinase K method or using the Maxwell® RSC Cell DNA Purification Kit
(Promega) for samples containing low cell number. RNA was isolated using
Maxwell® RSC simplyRNA Cells Kit (Promega) according to the manufacturer’s
instructions. DNA and RNA were quantified using Qubit® DNA Assay Kit
(Invitrogen) or NanoDrop ND-1000, respectively.

DNA methylation and gene expression profiling using arrays. DNA samples
were bisulfite-converted using an EZ DNA methylation kit (Zymo Research,
Orange, CA) and hybridized onto an Infinium® MethylationEPIC BeadChip array
(Illumina, Inc.). The array platform allows the assessment of DNA methylation
status at >850,000 CpG sites at single-nucleotide resolution and covers 99% of
RefSeq genes and 95% of CpG islands with an average number of six probes per
island.

RNA samples were obtained from healthy donors (n= 8), MGUS (n= 10),
SMM (n= 10), and MM patients (n= 24) at diagnosis and 100 ng of excellent
quality RNA (RIN > 9) was hybridized onto a GeneChip Human Gene 1.0 ST
(Affymetrix).

Quality control, data normalization, and detection of differentially methylated
and variable CpGs. Methylation array data were processed in the statistical lan-
guage R v4.0 in RStudio 1.3 (https://rstudio.com) using methods from the Bio-
conductor libraries minfi (v1.36.0), lumi (v2.42.0), and limma (v3.46.0)64–66.

Probes were annotated using IlluminaHumanMethylationEPICmanifest v0.3.067.
Data quality was assessed using the standard pipeline from the minfi package. The
data were quantile-normalized and chromosomes X and Y were removed to avoid
technical and biological bias. Furthermore, we discarded the DNA methylation
changes associated with the long-term culture of BM-MSCs based on the previous
studies68. M values (log2-transformed β-values) were utilized to obtain a p-value
between sample groups by an eBayes-moderated paired t-test using the limma
package, in which age and sex were added in the interaction matrix. For the
analysis of MSCs isolated from MM patients and healthy controls, we considered a
probe to be differentially methylated when the difference between the mean of β at
disease versus control was over 10% (Δβ ≥ 0.1) and the statistical test was sig-
nificant (**p < 0.01). In addition, we used the iEVORA algorithm69, provided by
matrixTests v0.1.9 (https://CRAN.R-project.org/package=matrixTests), to desig-
nate a probe as differentially variable. This algorithm detects the homogeneity of
variances using the Bartlett’s test (FDR < 0.05) and then selects those probes whose
t-test is significant (*p < 0.05) in order to regularize the variability test which is
overly sensitive to single outliers.

To evaluate the contribution of various covariates, including age and sex, we
performed either a Pearson correlation or Wilcoxon signed-rank test depending on
whether the covariate of interest was continuous or categorical. This is represented
in Supplementary Fig. 4, in which a covariate with a p-value < 0.05 was considered
to significantly contribute to DNA methylation.

For the direct co-culture of healthy MSCs with MM cell line, samples were
normalized utilizing Noob and Quantile normalizations provided by minfi. The
paired analysis was performed and a probe was considered differentially
methylated if Δβ was more than 10% and p-value was <0.01.

Gene ontology, motif, and chromatin state analysis. Functional annotation
enrichment analysis was performed using GREAT tool v4.0.4 (http://great.stanford.
edu/public/html)70 by mapping differentially methylated CpG site to the single
nearest gene. CpGs annotated in the EPIC 850K array were used as background.
GO categories with p-value of <0.01 were considered significantly enriched.

For TF binding motif analysis, HOMER motif discovery software v4.5 was
used27, where a 500 bp-window upstream and downstream of the differentially
methylated CpG sites was applied. CpGs annotated in the EPIC array were used as
background.

To analyze chromatin states associated with DMPs, ChromHMM26 data sets
from healthy donor MSCs were downloaded from the UCSC Genome Browser
(https://genome.ucsc.edu/). Overlap was performed in R using the GenomicRanges
package v1.42.071, where CpGs annotated in the EPIC array were used as
background.

Gene expression array normalization and analysis. Data processing and nor-
malization were carried out using the R statistical language. Background correction
was performed using Robust Microarray Analysis (RMA) normalization provided
by oligo package v1.54.172 and probes were annotated utilizing the hugene10st-
transcriptcluster.db R package v8.7.073. Average expression was calculated for
probes mapping to the same gene. For comparisons between groups, eBayes-
moderated t-test provided by the limma R package65 was applied, where a p-value
< 0.05 was considered statistically significant. DMPs were mapped to the nearest
gene utilizing the GREAT online tool, and overlap with differentially expressed
genes were performed by overlapping gene names.

Fig. 4 CM-272 treatment reactivates Homeobox gene expression and promotes the osteogenic differentiation of MSCs from MM patients. A
Expression of DNA methyltransferases 1, 3A, and B (DNMT1, -3A, and -3B) in HD and MM-MSCs co-cultured for 24 h with the MM.1S cell line comparing
with monoculture as assessed by the GeneChip Human Gene 1.0 ST Array. Box plots present mean ± SEM for 8 healthy donors and 9 MM patients.
p-values were calculated by paired two-tailed Student t-test (*p < 0.05, **p < 0.01). B MSCs from MM patients were treated with the indicated doses of
CM-272 for 72 h and subjected to MTT assay for viability. Mean and SEM are indicated on the line chart from 3 independent experiments. C Real-time RT-
PCR was performed to determine the expression of hypermethylated Homeobox genes (HOX-A6, -A9, -A10, -C9, PITX1, RUNX2) in MM-MSCs treated with
vehicle or 50 nM of CM-272 for 7 days. Box plots represent median ±IQR, with whiskers representing minimum and maximum, of 9 independent
experiments. A paired two-tailed Student’s t-test was performed to calculate statistical significance (*p < 0.05, **p < 0.01). D DNA methylation analysis by
pyrosequencing of selected CpGs located at the promoter regions of Homeobox genes in MM-MSCs treated with vehicle (gray) or CM-272 (blue) for
7 days. Bar plots present mean ± SEM for 3 independent experiments and paired two-tailed Student’s t-tests were performed (*p < 0.05). E ChIP assays
showing the H3K9me2 (blue) enrichment at the promoter regions of Homeobox genes in MM-MSCs treated with vehicle or CM-272 for 7 days. IgG (gray)
was used as a negative control. Data are shown as a relative enrichment of the bound fraction with respect to the input DNA. Bar plots present mean ±
SEM for 3 independent experiments and paired two-tailed Student’s t-tests were performed (*p < 0.05, **p < 0.01, and ***p < 0.005). ALP activity was
assessed in MM-MSCs (n= 3) cultured in osteogenic media in the presence of 25 nM (light blue) and 50 nM (dark blue) of CM-272, compared to vehicle
(gray), by F p-NPP hydrolysis and G NBT-BCIP. H Expression of osteoblastogenesis markers IBSP (bone sialoprotein), BGLAP (osteocalcin) and SPP1
(osteopontin) was checked by qRT-PCR in MM-MSCs cultured in osteogenic media in the absence (vehicle) or presence of CM-272. For F and H data are
shown as mean values ± SEM from three different experiments. Statistically significant tests (paired two-tailed Student’s t-tests) are represented as
*p < 0.05, **p < 0.01, and ***p < 0.005 between vehicle and CM-272 condition.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20715-x

10 NATURE COMMUNICATIONS |          (2021) 12:421 | https://doi.org/10.1038/s41467-020-20715-x | www.nature.com/naturecommunications



Bisulfite pyrosequencing. For total DNA extraction, cells were lysed using lysis
buffer (50 mM Tris pH 8.8, 10 mM EDTA pH 8.3, 100 mM NaCl, 1% SDS) in the
presence of Proteinase K (Roche). Repeated centrifugation was performed to
separate nucleic acids from lipids, in which DNA was subsequently precipitated
using isopropanol and washed with 75 % ethanol. 100-300 ng of isolated DNA were
bisulfite (BS)-converted using EZ DNA Methylation-Gold™ Kit (Zymo Research,
CA, USA) according to manufacturers’ instructions. BS-converted DNA (~10 ng)
was used as a template for amplification by conventional PCR using IMMOLA-
SETM DNA Polymerase kit (Bioline, London, UK). PCR primers were designed
with the PyroMark Assay Design v2.0.2 software (Qiagen). PCR products were
pyrosequenced with the PyromarkTM Q24 system (Qiagen), according to the
manufacturer’s protocol.

Quantitative real-time PCR (qRT-PCR). Reverse transcription was performed
using the Transcriptor First Strand cDNA Synthesis Kit (Roche) according to the
manufacturer’s instructions. qRT-PCR was performed using LightCycler® 480 II
System with LightCycler® 480 SYBR Green Mix and data were analyzed with
LightCycler® 480 II Software, version 1.5, all provided by Roche. Reactions were
performed in triplicate for both the target and the housekeeping gene ribosomal

protein L38 (RPL38) used for normalization. Relative quantification of the target
gene expression was calculated by the comparative threshold cycle (Ct) method.

Co-culture system and MSC sorting. MSCs from healthy donors at passage 3 (8 ×
103 cells/cm2) or the hMSC-TERT cell line (10 × 103 cells/cm2) were first cultured
in 100 mm culture dishes until they reached ~85% confluency, and then MM.1S
cells (1:3 MSC:MM.1S ratio) were added in RPMI 1640 medium supplemented
with 10% FBS and antibiotics. MM cells were changed twice a week until day 14
when MSCs were recovered by trypsinization and flow cytometry-based sorting of
CD13+ cells (BD Biosciences). For transwell experiments, MSCs from healthy
donors were seeded on bottom chambers and MM.1S and RPMI-8226 cells were
seeded on PET membrane inserts containing 1 μm size pores to allow an exchange
of soluble molecules. Transwell experiments were performed as in direct co-
cultures. For OB differentiation studies, MSCs from healthy donors were cultured
in an osteogenic medium supplemented with 20% of conditioned media from the
MM.1S cell line. This medium was changed twice a week until day 10 (ALP
activity) or day 20 (OB mineralization). For the isolation of mouse MSCs, cells were
stained with a combination of CD45-PE, Ter-119-PE, Sca-1-FITC, and PDFGRα-
APC (BD Biosciences) as previously reported74 (Supplementary Fig. 5). Cell sorting
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Fig. 5 CM-272 restores the gene expression levels and suppression of mineralization in MSCs from healthy donors exposed to MM cells. HD-MSCs
(MSC; blue) were co-cultured with MM.1S (orange) or RPMI-8226 (red) cell lines separated by a transwell system in the presence (darker shade) or
absence (lighter shade) of CM-272. A Relative expression and B DNA methylation of genes RUNX2, SPP1, IBSP, and HOXB7 was assessed. Gene expression
was by normalization against RPL38. Bar plots represent mean ± SEM of 3–5 independent experiments and statistical significance was calculated by paired
one-tailed Student’s t-test (*p < 0.05, **p < 0.01). C Mineralization was assessed by alizarin red staining in differentiated OBs from HD-MSCs co-cultured
with MM.1S or RPMI-8226 cell lines in the presence or absence of CM-272. Representative micrographs show matrix mineralization by alizarin red staining
of corresponding differentiated OBs. Data are represented as the mean ± SEM from three independent experiments and paired two-tailed Student’s t-tests
were performed (*p < 0.05, **p < 0.01).
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experiments were performed by the Flow Cytometry Core Facility at Germans
Trias i Pujol Research Institute utilizing FACSAria II cell sorter and analyzed using
BD FACSDiva version 6.1.1 (BD Biosciences, San Jose CA).

OB differentiation assays. OBs were generated from mesenchymal precursors by
culture in osteogenic medium (containing 5 mM β-glycerophosphate and 50 mg/ml

ascorbic acid) and assayed as in Garcia-Gomez et al.75. Briefly, primary MSCs
(P2–3) were cultured in osteogenic medium for the analysis of alkaline phosphatase
(ALP) activity, expression of osteogenic markers (day 10), and formation of
mineralized-nodules formation (day 20). ALP activity was determined by hydro-
lysis of p-nitrophenylphosphate (Sigma-Aldrich) into p-nitrophenol and NBT/
BCIP substrates (Roche), whereas mineralization was assessed by quantitative
measurement of Alizarin Red (Sigma-Aldrich) staining and absorbance was
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measured by Multiskan Sky Microplate Spectrophotometer via SkanIt PC software
(ThermoFisher).

MTT assay. MSCs were seeded in 96 well plates and treated with increasing
concentrations of CM-272. MTT was added at a final concentration of 0.5 mg/ml
and incubated at 37 °C for 1 h. Cells were then washed with PBS and incubated in
the dark for 10 min in the presence of dimethyl sulphoxide. Absorbance at 570 nm
was measured utilizing the Multiskan Sky Microplate Spectrophotometer.

Flow cytometry antibodies. Prior to analysis and sorting by flow cytometry,
distinct amounts of MSCs were stained with fluorochrome-conjugated antibodies.
Antibody specifications and concentrations used were the following: CD13-PE (BD
Biosciences, 347406), CD45-PE (eBioscience, 12-0451-81), Ter-119-PE
(eBioscience, 12-5921-81), Sca-1-FITC (eBioscience 11-5981-81), PDFGRα-APC
(BD Biosciences, 562777), CD44-FITC (BD Biosciences, 347943), CD19-PerCP
(BD Biosciences, 332780), CD90-FITC (BD Biosciences, 555595), HLA-DR-PerCP
(BD Biosciences, 347402), CD14-FITC (BD Biosciences, 345784), CD166-PE (BD
Biosciences, 559263), Cd45-PercCPcy5.5 (BD Biosciences, 332784), CD34-FITC
(Invitrogen, 11-0349-42), CD73-PE (BD Biosciences, 550257), CD105-APC (R&D
System, FAB10971A).

Chromatin immunoprecipitation (ChIP)-quantitative PCR. MSCs (15 × 103 cells
per IP) were cross-linked with 1% formaldehyde for 15 min and subjected to
chromatin immunoprecipitation after sonication. ChIP-qPCR assays were per-
formed using LowCell ChIP kit™ protein A (Diagenode) and the antibody (5 μg)
against H3K9me2 (H3K9me2 Abcam ChIP-grade, clone:mAbcam 1220, Ref:
ab1220, Lot:GR45436-1). Data are represented as the ratio of the bound fraction
over the input for each histone modification or factor. IgG was used as a negative
control. Primer sequences were designed as close as possible from the CpG
undergoing methylation changes. Primer sequences are shown in Supplementary
Table 3. These experiments were performed with three biological replicates of each
origin.

In vivo model. Animal experiments were conducted according to relevant ethical
regulations for the use of laboratory animals and after acquired permission from
the University of Salamanca Committee for animal experimentation (ref #
0000061). BALB/c-Rag2null IL2rγnull (BRG) mice // or NOD-scid IL2rγnull (NSG)
mice were bred and maintained in the SPF area of the University of Salamanca
Animal Facility with controlled environment conditions (20–23 °C, 12:12 light/
dark cycles, 30–70% relative humidity) and fed ad libitum. CM-272 was solubilized
in 0.9% saline solution. RPMI-8226-luc cells (8 ×106) were injected intravenously
into 8-week-old NOD-SCID-IL-2Rγ−/− (NSG) mice (Charles River Laboratories)
and tumor development was monitored by noninvasive bioluminescence imaging
(BLI) with a Xenogen IVIS 50 system (Caliper Life Sciences). After 4 weeks, ani-
mals were randomized into two groups (n= 6/group) receiving vehicle (0.9% saline
solution) or CM-272 (5 mg/kg, 5 times/week by intraperitoneal injection).

Microcomputed tomography analysis. One femur of each animal was fixed in
10% formalin in order to preserve bone microarchitecture. 3D X-ray tomographic

images were acquired using a Quantum-GX microCT (Perkin Elmer) with the
following parameters: 80 kVp X-ray source voltage, 120 μA current, and the high-
resolution scan protocol for a total acquisition time of 14 min and a gantry rotation
of 360 degrees. The tomographic three-dimensional images containing the entire
bone yielded a total of 512 slices, with isotropic 50 microns voxel size and a
resolution of 512 × 512 pixels per slice. To perform the bone histomorphometry
analysis a (10 × 10 × 10 mm) ROI containing the bone metaphysis was defined and
subsequently reconstructed from the original scan at a resolution of 20 microns per
voxel using the Quantum 3.0 software.

Analysis of trabecular microarchitecture in the distal femur was carried out
using ImageJ v1.8.076. First of all, cortical and trabecular bones were segmented
from the CT volume. To this end, the following steps were followed: (i)
segmentation of the entire bone volume by thresholding the original volume to
obtain a 3D binary mask; (ii) segmentation of empty volumes inside the cortical
volume (trabecular-free zones) using logical operators over filled vs. unfilled
versions of the result of step i; (iii) segmentation of the interior volume of the
cortical bone by applying 10 morphological dilations followed by 10 morphological
erosions to the 3D mask obtained in step ii; (iv) segmentation of the cortical bone
by performing an XOR logical operation between the masks obtained in steps i and
iii; and finally, (v) segmentation of the trabecular bone by performing an AND
logical operation between the masks obtained in steps i and iii. The final cortical
and trabecular bone segmentations were further refined by applying a median filter
to remove noise in the respective 3D masks. Cortical and trabecular bone volumes
were then calculated by applying the segmentation masks on the original volume.

From the obtained trabecular masks, histomorphometry parameters were
calculated using the BoneJ plugin (version 1.4.2)77. Finally, bone 3D reconstruction
and visualization were performed using Amira 5.2 software (ThermoFisher
Scientific).

ELISA. Serum levels of human Igλ (indicating tumor burden) and N-terminal
propeptide of type I procollagen (P1NP) (indicating bone formation) were mea-
sured in mice sera using the Human Lambda ELISA kit (Bethyl Laboratories,
Texas, USA) and Rat/Mouse PINP EIA kit (Immunodiagnostic Systems, East
Boldon, UK), respectively, following manufacturers’ instructions. Absorbance was
measured using the Multiskan Sky Microplate Spectrophotometer.

Reduced representation bisulfite sequencing (RRBS). Sorted MSCs from three
groups (healthy, vehicle-treated, and CM-272-treated mice) were pooled in order
to obtain a significant number of cells for performing the RRBS-seq. Isolated DNA
from each pool was subjected to the RRBS pipeline as previously described78. In
brief, purified DNA was digested with MspI and subjected to bisulfite conversion.
Following PCR amplification, RRBS libraries were generated from sequenced DNA
following previously published procedures (http://code.google.com/p/bsmap/
downloads/). Downstream normalization and analyses were performed following a
previously published pipeline (http://rrbs-techdev.computational-epigenetics.org/).
CpG annotation and GO enrichment analysis was performed utilizing the GREAT
online tool.

Primers. All primers used are listed in Supplementary Table 3.

Fig. 6 CM-272 prevents tumor-associated bone loss besides reducing multiple myeloma tumor burden. RPMI-8226-luc cells (8 × 106) were
intravenously injected into NSG mice. After 4 weeks, mice were randomized into 2 groups [receiving vehicle (gray) and CM-272 (red); n= 6/group] and
treated for additional 4 weeks with dosing and regimen schedules as specified in Supplementary Methods. Tumor dissemination was checked by
A bioluminescence measurement and B serum levels of human Igλ secreted by RPMI-8226-luc cells at specified time points. Line plots represent mean and
SEM. Box plots represent median ±IQR, with whiskers representing the minimum and maximum. Statistical significance was determined utilizing paired
two-tailed Student’s t-test (*p < 0.05, **p < 0.01). C Representative microCT cross-sections at the metaphyses of distal femurs in a vehicle and CM-272-
treated mice in transversal (upper) and sagittal (down) planes. D Transversal (left) and sagittal (right) planes of corresponding 3D renderings from
microCT images at distal femurs (trabecular bone in red, cortical bone in gray). E Trabecular bone morphometric parameters from microCT images were
quantitated for trabecular bone volume, occupancy, connectivity, and separation. F Serum levels of the bone formation marker P1NP were quantified by
ELISA. Graphs represent mean values ± SEM with whiskers representing minimum and maximum values. CM-272-treated (red) mice were compared to
the vehicle group (gray), where *p < 0.05; **p < 0.01 versus the vehicle control group. G Box plots showing DNA methylation levels of pooled MSCs
obtained from healthy, vehicle- and CM-272-treated animals corresponding to hypermethylated CpGs between healthy and tumor-bearing animals. H GO
enrichment analysis of CpG sites undergoing DNA hypermethylation changes in vehicle-treated MSCs versus MSCs from healthy mice. I Heatmap showing
normalized DNA methylation levels of individual CpGs at selected Homeobox loci among animal groups. Data pooled from mice (n= 6) for each group
with sufficient RRBS coverage (≥5 valid sequencing reads per CpG). <0.01 by paired two-tailed Student’s t-test. G Box plots showing mean ± SEM, with
whiskers representing minimum and maximum values, of DNA methylation levels of pooled MSCs obtained from healthy (blue), vehicle- (gray), and CM-
272-treated (red) animals corresponding to hypermethylated CpGs between healthy and tumor-bearing animals. A paired two-tailed Student’s t-test was
performed to calculate statistical significance (****p < 0.001). H GO enrichment analysis of CpG sites undergoing DNA hypermethylation changes in
vehicle-treated MSCs versus MSCs from healthy mice. p-values were calculated utilizing a binomial test. I Heatmap showing normalized DNA methylation
levels of individual CpGs at selected Homeobox loci among animal groups. The color scale ranges from white to red, representing low to high levels of DNA
methylation. Data pooled from mice (n= 6) for each group with sufficient RRBS coverage (≥5 valid sequencing reads per CpG).
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Statistical analysis. Data are expressed as mean ± SEM and the n value for each
in vitro assay is specified in the corresponding figure legend. Statistical analyses
were carried out with Prism version 6.0 (GraphPad) and were performed using a
two-tailed Mann–Whitney U test or Student’s t-test.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The DNA methylation and expression data supporting the findings of this study have
been deposited in the NCBI’s Gene Expression Omnibus database under the accession
code GSE137419. This SuperSeries (GSE137419) is composed of the following SubSeries:
GSE137360 (methylation), GSE137369 (expression), and GSE137416 (methylation II).
All the other data supporting the findings of this study are available within the article and
its supplementary information files and from the corresponding author upon reasonable
request. Source data are provided with this paper.
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