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RESUMEN  

El antígeno CD69 es una proteína transmembrana que se expresa rápidamente en leucocitos tras 

su activación. Más recientemente ha sido descrita como una molécula que regula negativamente 

la inflamación mediante la inhibición de la respuesta T efectora. Los ratones deficientes en CD69 

son proclives a desarrollar respuestas autoinmunes de tipo Th17 y además tienen defectos en la 

diferenciación y función de las células T reguladoras, lo que lleva al desarrollo exacerbado de 

distintas enfermedades inflamatorias crónicas como artritis, colitis, asma, dermatitis o miocarditis 

autoinmune. Estudios previos demuestran que los ratones Cd69-/- son resistentes al crecimiento de 

tumores e infección por el virus Vaccinia. Sin embargo, la contribución específica de las células 

“Natural Killer” (NK) y el mecanismo por el que CD69 podría estar regulando su función se 

desconocía. En este trabajo hemos realizado un estudio fenotípico exhaustivo de estas células 

mediante citometría de masas (CyTOF). Este análisis reveló que las células NK Cd69-/- presentan 

alteraciones de expresión de los receptores Ly49H y Ly49G2 entre otros, implicados en las 

respuestas frente a MCMV, frente a tumores o en el reconocimiento de células alogénicas. 

Mediante la interacción con NKG2D, CD69 participa activamente en la reorganización de los 

receptores de las NKs en la membrana, jugando un papel esencial en su función efectora. 

Uno de los principales objetivos de este trabajo ha sido el análisis del papel del receptor CD69, 

expresado en linfocitos, en el desarrollo de aterosclerosis. Estudios previos demostraban que las 

LDL-oxidadas (LDLox) eran un ligando funcional de CD69 en linfocitos. En este trabajo hemos 

analizado el papel de esta molécula mediante el estudio de quimeras deficientes en el receptor de 

LDL (ldlr-/-) en el compartimento linfoide, en régimen de dieta grasa como modelo de aterosclerosis. 

En este modelo, la deficiencia de CD69 en linfocitos incrementa el ratio Th17/Treg lo que conlleva 

a un aumento en el tamaño de la placa de ateroma y de la progresión de la enfermedad 

cardiovascular.  

La microbiota intestinal modula la inflamación local y sistémica, siendo ciertas bacterias como SFB 

inductoras de respuestas Th17 que pueden migrar a la periferia afectando la inmunidad sistémica. 

Varias enfermedades autoinmunes como la escleroris múltiple, encefalomielitis autoinmune, 

artritis o diabetes tipo I han sido asociadas con la composición de la microbiota. En este estudio 

comprobamos que la microbiota es esencial en la generación de respuesta Th17 responsable de la 

inducción y progresión de miocarditis a cardiomiopatía dilatada. En condiciones libres de gérmenes, 

tanto ratones silvestres como deficientes en CD69 preservan la función cardiaca y no presentan 

infiltrado leucocitario en el corazón tras inducción de miocarditis autoinmune. Por último, CD69 

regula las respuestas Th17 y la composición de la microbiota intestinal.



 

 
  

 

  



  

 
   

 
 
 
 
 

ABSTRACT 
  

  



  

 
   

 

  



 Abstract 

 
 

ABSTRACT  

The early lymphocyte activation antigen CD69 is a transmembrane protein that is induced early 

after activation of all bone marrow-derived cells except erythrocytes. It has been described as an 

anti-inflammatory molecule that negatively regulates inflammation. CD69 deficient mice display 

enhanced Th17 differentiation and defective Treg cell function presenting an exacerbated form of 

chronic inflammatory diseases like arthritis, colitis, allergic asthma, contact dermatitis or 

autoimmune myocarditis due to their inability to resolve inflammation or to maintain immune 

tolerance. Previous works have shown that Cd69-/- mice are resistant to tumor growth and vaccinia 

virus infection in part due to NK cells activity. However, the specific contribution of these cells and 

the mechanism by which CD69 could be regulating their function has not been elucidated. The 

activation of NK cells depends on the balance between activating/inhibitory signals. Thus, in this 

work we take advantage of the new Mass Cytometry (CyTOF) technology to perform an unbiased 

multiparametric phenotyping of Cd69-/- NK cells. By using different animal models such as anti-viral 

and anti-tumor immunity and graft vs host disease, we have studied the in vivo consequences of 

Cd69-/- NK cells phenotype. Our study revealed that Cd69-/- NK cells repertoire of 

inhibitory/activating receptors is altered, exhibiting high levels of non-self and missing self 

recognition receptors, due to modulation of NKG2D activity. Cd69-/- NK cells are then more efficient 

in the killing of allogenic and tumor cells, being Cd69-/- mice resistant to aGvHD. All these effects 

can be reproduced by an anti-CD69 mAb treatment, suggesting that it may be employed in the 

clinics to reduce GvH effects while potentially maintaining GvL effects.  

One of the main objectives of this work has been to analyze the role of CD69 expression in 

lymphocytes in atherosclerosis development. Using chimeric ldlr−/− mice subjected an HFD as 

atherosclerosis model, we show that the specific deletion of CD69 on the lymphoid compartment 

leads to an altered Th17/Treg equilibrium and a consequent increase in atheroma plaque size 

during HFD. 

Finally, it is well known that gut microbiota shapes local and systemic inflammation. Certain 

bacteria like SFB induce the accumulation of Th17 cells that might migrate to the periphery affecting 

systemic immunity. Indeed, several autoimmune disorders, such as multiple sclerosis, EAE, arthritis, 

type I diabetes or pancreatitis, have been associated with the gut microbiota composition. In this 

study we have seen that myocarditis induction and progression depends on the microbiota, as in 

germ free conditions both CD69 proficient and deficient mice preserve heart function and do not 

present leukocyte infiltration in the heart after EAM induction. Last, CD69 regulates Th17 

responses and microbiota composition. 
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INTRODUCTION  

1. The immune system 

The immune system comprises a group of cells and molecules which main role is to defend the body 

against microorganisms, macromolecules or little chemical substances that can be harmful for the 

organism and are recognized as foreign agents. The coordinated response against these agents is 

known as the immune response.  

Briefly, there are two types of immune response (Figure 1). The innate immune response is the first 

line of defense against microorganisms and adaptive or specific immune response that takes place 

after exposure to an infectious agent. This response is stronger upon sustained exposure to the 

same agent. Adaptive immune response can be further subdivided into humoral and cellular 

immunity. The first one protects from extracellular pathogens and is mediated by antibodies 

produced by B lymphocytes that specifically recognize microbial antigens, neutralizing them and 

facilitating its destruction by multiple effector mechanisms. Additionally, cellular immunity protects 

the host from intracellular pathogens that escape humoral immunity and it is mediated by T 

lymphocytes.  

 

Figure 1. The innate and adaptive immune response. The innate immune system consists of soluble 

factors, such as complement proteins, and diverse cellular components including granulocytes 

(basophils, eosinophils and neutrophils), mast cells, macrophages, dendritic cells and natural killer cells. 

The adaptive immune response is slower to develop and it consists of antibodies, B cells, and CD4+ and 

CD8+ T lymphocytes. Natural killer T cells and γδ T cells are cytotoxic lymphocytes that straddle the 

interface of innate and adaptive immunity (Dranoff, 2004) 
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The innate and adaptive immune systems are often described as contrasting, separate arms of the 

host response; however, they usually act together, with the innate response representing the first 

line of host defence, and with the adaptive response becoming prominent after several days, as 

antigen-specific T and B cells have undergone clonal expansion. Components of the innate system 

contribute to activation of the antigen-specific cells. Additionally, the antigen-specific cells amplify 

their responses by recruiting innate effector mechanisms to bring about the complete control of 

invading microbes. Thus, while the innate and adaptive immune responses are fundamentally 

different in their mechanisms of action, synergy between them is essential for an intact, fully 

effective immune response. 

2. The innate immune response 

The first line of defence in innate immunity is provided by epithelial barriers and by specialized cells 

and natural antibiotics present in epithelia, all of which function to block the entry of microbes. If 

microbes do breach epithelia and enter the tissues or circulation, they are attacked by phagocytes, 

specialized lymphocytes called natural killer (NK) cells, and several plasma proteins, including the 

proteins of the complement system. All these mechanisms of innate immunity specifically recognize 

and react against microbes but do not react against non-infectious foreign substances. Different 

mechanisms of innate immunity may be specific for molecules produced by different classes of 

microbes. In addition to providing early defence against infections, innate immune responses 

enhance adaptive immune responses against the infectious agents.  

2.1. Natural Killer cells 

Natural killer (NK) cells are a subset of innate lympochytes that respond to intracellular pathogens 

or tumoral cells (hence their name). NK cells kill infected or transformed cells through the release 

of cytolytic granules containing perforin and granzymes or through the ligation of death-inducing 

receptors, but they also secrete pro-inflammatory cytokines, such as interferon-γ (IFN-γ) or tumour 

necrosis factor (TNF), that contribute to the shaping of the adaptive immune response (Vivier et al., 

2011, Vivier et al., 2008) They recognize their targets by two different ways. Like many other cells, 

they possess Fc receptors that bind IgG (FcγR). These receptors link natural killer cells to IgG-coated 

target cells, which they kill by a process called antibody-dependent cellular cytotoxicity. The second 

way of recognition relies on a wide range of natural killer receptors that are classified in activating 

or inhibitory receptors depending on the signal they transmit. Depending on the balance between 

these two signals the NK cell is going to be activated or remain tolerant (Figure 2). 
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Activating receptors mainly recognize pathogen or cell stress-induced ligands, while inhibitory 

receptors bind to MHC class I molecules present on all nucleated cells, thus allowing self-tolerance 

(Moretta et al., 1997, Lanier, 1998). In the absence of self-molecules or “missing-self”, signals from 

activating receptors lead to induction of NK cell cytotoxic function and cytokine release. When the 

activating signal is not strong enough to overcome the inhibitory signals the cell remains inhibited, 

allowing tolerance to healthy tissue. There is also an indirect pathway of NK cell activation that 

involves release of cytokines and upregulation of co-stimulatory receptors by DCs. This pathway is 

important in controlling viral infections (Steinberg et al., 2009, Amadei et al., 2010).  

 

Figure 2. NK cell activation depends on a balance between activating and inhibitory signals. a. Healthy 

host cells express MHC-I molecules that engage inhibitory receptors (tolerance). b. Tumour cells may lose 

expression of MHC-I molecules. There is no inhibitory signal and NK cell get activated (missing self). c. 

Stressed cells can activate NK cells by upregulation of activating ligands that overcome the inhibitory 

signal induced by MHC-I molecules (Stress-induced self). In addition, NK cells are selectively activated by 

'stressed' cells, which upregulate activating ligands for NK cells and thereby overcome the inhibitory 

signalling delivered by MHC class I molecules. NK cell activation leads to tumour elimination directly 

(through NK cell-mediated cytotoxicity) or indirectly (through the production of pro-inflammatory 

cytokines, such as interferon-γ) (Vivier et al., 2012). 
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2.2. Natural Killer receptors 

2.2.1. NKp46 

NKp46 is a potent stimulatory receptor that belongs to the immunoglobulin superfamily of natural 

cytotoxic receptors (NCR) together with NKp44 and NKp30 (Biassoni et al., 2001). These receptors 

are strictly confined to NK cells, and their engagement induces a strong activation of NK-mediated 

cytolysis. Like other NK-activating receptors, NKp46 is involved in the elimination of tumors and 

infected cells by recognition of viral hemagglutinin (Mandelboim et al., 2001) 

2.2.2. NKG2D 

NK group 2, member D (NKG2D) is a lectin-like type II transmembrane homodimer expressed on 

practically all mouse NK cells, activated CD8+T, γδT cells, and some NKT cells (Bauer et al., 1999, 

Wu et al., 1999). It specifically recognizes self-ligands related to MHC class I molecules including the 

MHC class-I-chain-related protein A (MICA) and MICB encoded in the human MHC (Bauer et al., 

1999), and a diverse family of proteins present in both mice and humans — retinoic acid early 

transcript 1 (Rae1), H60 and mouse UL16-binding protein-like transcript 1 (Mult1) in mice, and the 

UL16-binding proteins (ULBPs) or RAET1 proteins in humans (Cerwenka et al., 2000, Diefenbach et 

al., 2000, Carayannopoulos et al., 2002). These ligands are generally poorly expressed by normal 

cells but are induced on damaged self-tissues undergoing transformation, infection, or autoimmune 

aggression. NKG2D plays an important role in the elimination of tumors (Le Bert and Gasser, 2014), 

virally infected cells (Jonjic et al., 2008), and organ transplants (Ogasawara et al., 2005). For this 

reason, NKG2D was originally thought to predominantly mediate direct cytotoxicity of stressed 

target cells (Raulet, 2003). However, recent studies suggest that this receptor may mediate NK cell 

education in the bone marrow and peripheral tolerance upon chronic ligand exposure mediating 

its own downregulation and subsequent hypo-responsiveness to stimulation. This way, rather than 

activating NK cells, high NKG2D ligand expression mediates downregulation of the receptor on 

tumor infiltrating lymphocytes (TILs) and reduced responsiveness to NKG2D engagement (Groh et 

al., 2002). In most cases, both NK and T cells require a secondary signal before NKG2D is able to 

mediate a measurable effect (Ho et al., 2002, Groh et al., 2001, Bryceson et al., 2006). The primary 

function of NKG2D therefore appears to be regulation of signaling through other receptors, being 

able to both inhibit and potentiate signaling of multiple receptors during different stages of the life 

cycle of immune cells, such as hematopoietic development, priming, and effector responses 

(Zafirova et al., 2011). NKG2D regulates receptor responsiveness differently following acute or 

chronic stimulation (Figure 3). 
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2.2.3. CD94/NKG2A heterodimer 

CD94/NKG2A heterodimer is an inhibitory receptor belonging to C-type lectin superfamily. In 

human NK cells it recognizes the non-classical MHC class I molecule HLA-E which is expressed on 

normal cells (Borrego et al., 1998), while in mice it binds the MHC class I molecule Qa-1(b) (Vance 

et al., 1998) 

2.2.4. Ly49 Receptors 

The best characterized mouse NKC family is the Ly49 receptor family, which are functional 

homologues of the human killer Ig-related receptors (KIRs). These can be activating or inhibitory 

depending on their intracellular domain or the adaptor protein associated with them, and they are 

encoded by a family of highly polymorphic and variably polygenic genes that clustered together in 

the natural killer gene complex (NKC) on mouse chromosome 6 (Yokoyama and Plougastel, 2003) 

(Carlyle et al., 2008), generating a wide variety of Ly49 haplotypes that differ between mouse 

strains (Figure 4).  

Figure 3. NKG2D regulates receptor responsiveness differently following acute or chronic stimulation. 

A. After acute stimulation, NKG2D promotes responsiveness of variety of receptors that use largely 

distinct intracellular signaling modalities. B. Chronic NKG2D engagement mediates its own 

downregulation and subsequent hypo-responsiveness to stimulation. In addition, chronic NKG2D 

stimulation impairs T cell receptor responsiveness in T cells. (Wensveen et al., 2018) 
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Inhibitory receptors contain an immunoreceptor tyrosine-based inhibitory motif (ITIM) domain in 

their cytoplasmic tail (Vivier and Daeron, 1997). Upon activation by engagement of their ligand on 

a target cell, the inhibitory receptors become tyrosine phosphorylated on their ITIMs and associate 

with intracellular phosphatases, such as SH2-domain-containing protein tyrosine phosphatase 1 

(SHP1), resulting in an inhibitory signal that prevents killing of the target cell (Mason et al., 1997). 

This is the case of Ly49A, Ly49C or Ly49G among others. By contrast, activating receptors like Ly49D 

and Ly49H lack this ITIM motif but they transduce signals through associated adaptor proteins, such 

as DAP12, which contain an immunoreceptor tyrosine-based activation motif (ITAM) (Smith et al., 

1998) that is phosphorylated in its tyrosine residue upon cross-linking of activating receptors, 

leading to the phosphorylation of other proteins like Syk and Zap70 that act as mediators of 

downstream activating signaling events (McVicar et al., 1998) (Tomasello et al., 2000). 

 

Figure 4. Ly49 haplotypes. 

The Ly49 gene cluster on 

mouse chr 6 within the 

Natural Killer gene Complex. 

Schematic organization of the 

Ly49 haplotype is described 

for the indicated mouse 

strains. Adapted from genetic 

dissection of NK cell 

responses (Moussa et al., 

2012) 

 

Figure 5. NK cell receptors. After interaction with their target-cell ligands, the inhibitory receptors 

become tyrosine phosphorylated on their immunoreceptor tyrosine-based inhibitory motifs (ITIMs) and 

associate with intracellular phosphatases, such as SH2-domain-containing protein tyrosine phosphatase 

1 (SHP1), resulting in an inhibitory signal. The activating receptors are associated to adaptor molecules 
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3. The adaptive immune response 

Unlike the innate immune response, the adaptive immune system presents specificity for its target 

antigens. Adaptive responses are based primarily on the antigen-specific receptors expressed on 

the surfaces of T- and B-lymphocytes. These antigen-specific receptors are encoded by genes that 

are assembled by somatic rearrangement of germ-line gene elements to form intact T cell receptor 

(TCR) and immunoglobulin (B cell antigen receptor; Ig) genes. The assembly of antigen receptors 

from a collection of a few hundred germ-line-encoded gene elements permits the formation of 

millions of different antigen receptors, each with potentially unique specificity for a different 

antigen.  

3.1. T lymphocytes 

T cells are predominantly produced in the thymus. They recognise foreign antigens by a surface 

expressed, highly variable, T cell receptor (TCR). There are two main types of T cells: cytotoxic or 

CD8+ T cells and helper or CD4+ T cells. CD4+ cells differentiate into different subsets: Th (T helper)1, 

Th2, Th9, Th17, Th22, Treg (regulatory T cells), and Tfh (follicular helper T cells), which are 

characterized by different cytokine profiles (Raphael et al., 2015).  

 

such as DAP12, bearing immunoreceptor tyrosine-based activation motifs (ITAMs) that are 

phosphorylated upon ligand encounter, resulting in cytotoxicity and cytokine production. Natural-killer 

group 2D (NKG2D) molecules can associate with the DAP12 or DAP10 adaptor molecules. After ligand 

binding, NKG2D associated with a DAP10 molecule seems to deliver a co-stimulatory signal rather than 

an activating signal. NK, natural killer; PI3K, phosphatidylinositol 3-kinase; ZAP70, ζ-chain-associated 

protein 70 kDa. (Yokoyama and Plougastel, 2003) 

 

Figure 6. Different CD4+ T cell 

subsets. The different CD4+ 

subsets are generated from 

naïve T cells by specific 

cytokines. Each CD4+ subset 

produces a different type of 

interleukins. (Golubovskaya 

and Wu, 2016)  
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3.1.1. Th17 cells 

Th17 cells are the main producers of IL-17 (Park et al., 2005), a cytokine that plays an important 

role in host defence against bacteria and fungi. These cells differentiate from CD4+ naïve T cells 

after IL-23 production by stimulated dendritic cells and macrophages. They are involved in the 

disease progression of many autoimmune and inflammatory disorders like rheumatoid arthritis 

(Sanchez-Diaz et al., 2017), multiple sclerosis (Cua et al., 2003), intestinal bowel disease (Zhang et 

al., 2006) (Yen et al., 2006), atherosclerosis (Gong et al., 2015) (Taleb et al., 2015) or myocarditis 

(Rangachari et al., 2006) (Sonderegger et al., 2006). Their pathogenic effect is due to their secretion 

of the IL-17, as well as IL-22 and granulocyte-macrophage colony-stimulating factor (GM-CSF) 

(Bedoya et al., 2013). These cytokines induce neutrophil production and recruitment, activation of 

innate immune cells and enhancement of B cell functions. IL-17 also stimulates the production and 

expression of proinflammatory cytokines, IL1-β and TNF-α by macrophages (Jovanovic et al., 1998) 

(Chen et al., 2013).  Additionally, IL-17 signalling induces the expression and/or release of 

chemokines and other inflammatory mediators, including intercellular adhesion molecule 1 (ICAM-

1), prostaglandin E2 (PGE2), as well as promoting tissue damage through the induction of matrix 

metalloproteinases (MMPs) and antimicrobial-peptides (Zhu and Qian, 2012). Importantly, these 

events initiate several positive-feedback loops that further increase IL-17 production, sustain a 

proinflammatory environment, and can cause excessive tissue damage (Benedetti and Miossec, 

2014). RORγT directs the transcription of genes encoding IL-17A and IL-17F among others; however, 

RORγT deficiency does not completely abrogate Th17 differentiation.  

3.1.2. Regulatory T cells (Treg) 

Treg cells are a subset of T cell that play a critical role in the regulation of immune response. During 

infection or inflammation, Treg cells migrate from the blood to draining lymph nodes and inflamed 

tissues to inhibit the activation and proliferation of antigen-specific T-cells, limiting the immune 

response and maintaining immune tolerance by secretion of immunosuppressive cytokines such as 

IL-10 and TGF-β1 (Sakaguchi et al., 1995). IL-10 inhibits both the proliferation and the cytokine 

synthesis of CD4+ T-cells. Treg cells express the signature Foxp3 transcription factor, critical for their 

development, lineage commitment, and suppressive functions (Hori et al., 2003, Fontenot et al., 

2003). Regulatory T cells can differentiate in the thymus and migrate to the periphery as natural 

Treg (nTreg) or can differentiate in secondary lymphoid organs or tissues as adaptive or induced 

Tregs (iTreg) by acquiring Foxp3 expression (Workman et al., 2009) 
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There is also another subset of Foxp3− CD4+ T cells called type 1 regulatory (Tr1) cells that can 

suppress inflammation and produce IL-10, but unlike Treg cells they do not require constitutive 

expression of FoxP3 for their generation and immunosuppressive functions (Levings and Roncarolo, 

2000) (Zeng et al., 2015). Th3 regulatory cells are a unique T-cell subset, which mainly secretes TGF-

β, provides help for IgA secretion, and has suppressive features for both Th1 and Th2 cells (Fukaura 

et al., 1996) (Weiner, 2001). Numerous studies have identified Treg cells as important 

immunoregulators in many inflammatory and autoimmune disease conditions (Dominguez-Villar 

and Hafler, 2018) including asthma (Robinson, 2009), multiple sclerosis (Costantino et al., 2008) 

(Dominguez-Villar et al., 2011), and type-I diabetes (Jaeckel et al., 2008). 

4. CD69: early leukocyte activation marker  

The receptor CD69 is an early leukocyte activation molecule that belongs to the C-type lectin family 

and is transiently expressed in all activated bone marrow-derived cells except erythrocytes (Testi 

et al., 1994). C-type lectin proteins are characterized by the presence of a carbohydrate recognition 

receptor domain (CTDL, C-type lectin like domain) that has lost its capacity to bind Ca2+ (Ng et al., 

1998) named NK (NKD, NK Domain) due to its presence in multiple NK cell specific receptors. CD69 

does not bind monosaccharides nor polysaccharides and has a low affinity binding to fucoidans 

(sulfated polysaccharides) (Childs et al., 1999). 

4.1. Location and structure of CD69 

The CD69 gene is located within the natural killer (NK) gene complex on human chromosome 12 

and mouse chromosome 6 (Ziegler et al., 1994, Lopez-Cabrera et al., 1993). This gene encodes a 

phosphorylated disulfide‐linked transmembrane homodimeric glycoprotein with two differentially 

glycosylated subunits (28–32 kDa). Each subunit consists of an extracellular C‐type lectin domain 

(CTLD) and a short cytoplasmic region linked by a single-spanning transmembrane region (Lanier et 

al., 1988, Testi et al., 1988, Sanchez-Mateos and Sanchez-Madrid, 1991) (Figure 7).  

 

Figure 7. Main characteristics of CD69. Continues on next page 
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4.2. Regulation of CD69 expression 

CD69 expression is readily upregulated upon activation in most leukocytes, which underlies its 

widespread use as a marker of activated lymphocytes and NK cells, mainly. Transcriptional 

expression of the CD69 gene is detected after TCR/CD3 engagement, PKC activating agents like 

phorbol esters or mitogenic stimulators like phytohaemagglutinin (Gonzalez-Amaro et al., 2013, 

Cebrian et al., 1988). Its expression can be also induced by cytokines like IL-2, TNFa, IL-6 (Unutmaz 

et al., 1994) and IL-15 that specifically induces CD69 expression on T lymphocytes and NK cells 

(Kanegane and Tosato, 1996) (Setoguchi, 2016) (Boieri et al., 2017). Regarding transcriptional 

regulation of CD69 expression, sequence analysis of the 5′-flanking region of the CD69 gene 

revealed the presence of a potential TATA element 30 base pairs upstream of the major 

transcription initiation site and several putative binding sequences for inducible transcription 

factors (NF-κB, Egr-1, AP-1), which might mediate the inducible expression of this gene (Lopez-

Cabrera et al., 1995). 

4.3. CD69 ligands 

There are few known ligands for CD69. CD69 can interact with both carbohydrate moieties and 

protein residues. Galectin 1 (Gal-1) is a carbohydrate-binding protein expressed in dendritic cells 

and macrophages that has been identified as a specific ligand of CD69 (de la Fuente et al., 2014). 

The binding of CD69 to Gal‐1 on DCs negatively modulates the in vitro differentiation of Th17 cells, 

which could control inflammatory responses in vivo. Gal‐1 also enhances IL‐10 secretion in T cells 

through the activation of the aryl hydrocarbon receptor (AHR) pathway (Cedeno-Laurent et al., 

2012). Another putative ligand of CD69 is the S100A8/S100A9 complex, which binds to CD69 in a 

glycosylation‐dependent manner, this interaction is needed for Treg cell differentiation induction 

by CD69 (Lin et al., 2015).  In addition to these ligands, which bind CD69 in a trans manner, CD69 

establishes lateral (cis) interactions with the sphingosine 1‐phosphate receptor 1 (S1P1) negatively 

regulating its functions and promoting lymphocyte retention in lymphoid organs (Shiow et al., 

2006). More recently it has been reported that CD69 associates with the amino acid transporter 

complex LAT1‐CD98 (Cibrian et al., 2016) and regulates its surface expression and uptake of L-

(A) Gene encoding for CD69 is localized in the natural killer (NK) gene complex at human chromosome 

12 and mouse chromosome 6 (B) CD69 protein structure and interacting proteins. Abbreviations: NF-κB, 

nuclear factor-κB; Jak, Janus family kinase; Stat, signal transducer and activator of transcription; ROR, 

retinoic acid receptor-related orphan nuclear receptor; Th, T helper; ERG-1, erythroblast transformation-

specific related gene-1; AP-1, activator protein-1.(Gonzalez-Amaro et al., 2013) 
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tryptophan (L-Trp). Finally, a recent study from the group identifies CD69 as an oxidized low density 

lipoprotein receptor in T lymphocytes that contributes to the regulatory action of the adaptive 

immune system. Binding of ox-LDL particles to CD69 on T cells confers a regulatory phenotype to 

human and mouse T cells, dampening Th17 responses and ameliorating atherosclerosis.  (Tsilingiri 

et al., 2019) 

4.4. Immunomodulatory properties of CD69 

The physiological role of CD69 has been studied in CD69-deficient mice in different models of 

chronic inflammation like arthritis (Sancho et al., 2003) allergic asthma and contact dermatitis 

(Martin et al., 2010b, Cortes et al., 2014), autoimmune myocarditis (Cruz-Adalia et al., 2010) or 

colitis (Radulovic et al., 2012). Overall, CD69 was shown as a negative regulator of inflammation 

through the inhibition of Th17 responses and the regulation of Treg cells differentiation and 

function. It has been established that CD69 inhibits Th17 cell differentiation both in vitro and in vivo 

via its interaction with Jak3 and subsequent phosphorylation of the transcription factor Stat5, which 

dimerizes and translocates to the nucleus activating the transcription factor FoxP3 and stimulating 

the differentiation of regulatory T cells (Figure 8). In parallel, CD69 dampens Th17 cell 

differentiation by inhibition of Stat3 phosphorylation and RORγt transcription factor activation 

(Martin et al., 2010a, Martin and Sanchez-Madrid, 2011).  

 

Figure 8. CD69 receptors are present on the membrane of T cells after activation. MHC II, major 

histocompatibility complex II; P, phosphorylation. Dashed lines indicate indirect effects or interactions, 

and multiple arrows indicate multistep processes.(Martin and Sanchez-Madrid, 2011) 
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5. Immune related pathologies 

5.1. Acute Graft Versus Host Disease (aGVHD) 

Hematopoietic stem cell transplantation (HSCT) has proven to be an effective treatment for a wide 

range of hematologic malignancies and some solid tumors (Copelan, 2006) (Ljungman et al., 2010). 

However, in most cases it is impossible to find a donor with identical major histocompatibility 

complex (MHC) proteins and up to 80% of patients in mismatch settings develop graft-versus host 

disease (GvHD) (Perez-Simon et al., 2006). In humans, GvHD can manifest as acute GvHD (aGvHD) 

or chronic GvHD (cGvHD). The former occurs within 100 days of transplant, while the latter typically 

appears later than 100 days after transplant and development of clinical symptoms can take 2-5 

years (Mohty and Apperley, 2010). However, this temporal distinction may not translate to mouse 

models of the disease, which have been widely studied (Schroeder and DiPersio, 2011). The 

conditioning or preparative regimen to the recipient is essential for success of the transplant. In 

mouse models, total body irradiation is the most common method of myeloablating conditioning 

to eliminate or suppress host immunity (Schroeder and DiPersio, 2011), allowing donor stem cell 

engraftment and preventing graft rejection. However, this conditioning regimen also damages the 

healthy epithelial tissues, including the intestinal barrier, and this is the trigger of aGvHD. Antigen 

presenting cells (APCs) in damaged host tissues secrete pro-inflammatory cytokines (e.g., TNF-α,  

IL-1β), which contribute to an initial “cytokine storm”, increasing the expression of adhesion 

molecules, major histocompatibility complex (MHC) antigens and costimulatory molecules by these 

cells. This danger signal, together with the translocation of microbe-associated molecular patterns 

(MAMPs) due to the loss of gastrointestinal tract integrity (Cooke et al., 2001), activates host and 

donor antigen presenting cells (APCs), which migrate into draining LNs, where they present antigens 

and activate donor CD4+ and CD8+ T cells. Thus, there is an alloreactive T-cell expansion, trafficking 

and tissue damage mediated mostly by effector CD4+ T cells. This inflammatory cascade contributes 

to a systemic syndrome of weight loss, diarrhea, skin changes and high mortality. Data from this 

work suggest that CD69 deficient mice are resistant to aGvHD. 

5.2. Atherosclerosis: adaptive immune response model  

Atherosclerosis is one of the main causes of morbidity and mortality in developed countries. It is a 

chronic, generalized and progressive disease characterized by the accumulation of atheroma 

plaques in the medium and big vessels (Figure 9). Different pro-atherogenic factors (hyperlipidemia, 

hypertension, smoking, toxins…) can induce a damage in the endothelium of the arterial wall 

leading to endothelial cell activation, NO reduction and increased permeability of the endothelial 

barrier. This increased permeability facilitates the entry and accumulation of low density 
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lipoproteins (LDL) in the intima, where they are oxidized by reactive oxygen species (ROS). Ox-LDL 

particles induce the expression of tumoral necrosis factor α (TNF-α) and interleukin 1 (IL-1), favoring 

the expression of adhesion molecules like VCAM-1 or ICAM-1 and the secretion of chemotactic 

molecules like the monocyte chemotactic protein 1 (MCP-1) by endothelial cells. This allows the 

attraction, migration and adhesion of circulating monocytes to the intima (Galkina and Ley, 2007) 

(Sakakura et al., 2013), where they transform into macrophages that phagocyte and accumulate 

ox-LDL particles becoming foam cells and attracting more monocytes and smooth muscle cells that 

proliferate and fill in with lipids generating more foam cells that accumulate in the lesion site. All 

this process induces a local chronic inflammation and the growth of the atheroma plaque (Llodra 

et al., 2004). There is an interaction of macrophages with T lymphocytes and other leukocytes that 

contributes to the inflammation and atherogenic process through the liberation of reactive oxygen 

species (ROS), growth factors and cytokines. At the same time, the proliferative smooth muscle cells 

migrate from the media to the intima and secrete extracellular matrix proteins that are going to 

generate a fibrous cap (Dzau et al., 2002). Under this fibrous cap it is formed the necrotic core by 

apoptotic and necrotic vascular and inflammatory cells. As the inflammation persists, leucocytes 

start secreting metaloproteinases and collagen synthesis inhibitors that together with the hypoxia 

induced neovascularization lead to the plaque rupture and release of the content into the blood 

torrent, inducing platelets activation and aggregation and finally the formation of an occlusive 

thrombus (Newby, 2008). 

Figure 9. Schematic overview of key mechanisms of atherosclerosis in an evolving atherosclerotic 

plaque.  (Maiolino et al., 2013) 
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For many years it has been thought that the main cause of atherosclerosis is the lipid accumulation 

in the arterial wall. However, during the last decades different animal models susceptible for 

atherosclerosis have revealed and important role of the adaptive immunity in the initiation, 

progression and persistence of the disease (Figure 10). It has been shown that Th1 cells promote 

atherogenesis (Buono et al., 2005). These cells secrete cytokines like IFNγ, IL-1 and TNFα, well 

known as promoters of inflammation through activation of macrophages and vascular cells.  

Moreover, Treg cells have been associated with suppressive inflammatory responses and 

atherosclerosis mitigation, both in human and animal models. It has been shown a reduction in the 

proportion of Treg cells as well as Treg cell produced cytokines (IL-10, TGF-β) in patients with acute 

coronary syndrome (Cheng et al., 2008). Furthermore, Treg depletion in hypercholesterolemic mice 

results in increase atherosclerosis and vascular inflammation (van Es et al., 2010) (Wigren et al., 

2011). Also, overexpression of IL-10 by activated T lymphocytes inhibits atherosclerosis in LDL 

receptor-deficient mice (Pinderski et al., 2002) while deficiency of this interleukin leads to higher 

atherosclerotic lesions in ApoE deficient mice (Caligiuri et al., 2003), showing that IL-10 may reduce 

atherogenesis and improve the stability of plaques.   

 

Figure 10. T helper cells and their role in atherosclerosis. The inflammatory activity in atherosclerotic 

plaques is determined by the balance between pro- and anti-inflammatory immune responses. T helper 

cells can be primed into several different cell types (Th1, 2, 9, 17, 22, regulatory and follicular) in lymphoid 

organs or in the atherosclerotic plaque. Regulatory T cells dampen the inflammation in the 

atherosclerotic plaque by reducing the availability of IL-2 to the other cells as well as by producing IL-10 

and TGF-β. (Gronberg et al., 2017) 
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However, the role of Th17 cells in atherosclerosis remains controversial, existing studies both in 

favor and against its pro-atherogenic effects. Recent studies have shown increased levels or Th17 

cells and their main effector cytokine, IL-17, in patients with coronary atherosclerosis. Moreover, it 

has been detected IL-17 expression in atherosclerotic plaques and infiltrating T lymphocytes both 

in humans and mice (Eid et al., 2009) (Cheng et al., 2008). ApoE deficient mice present higher levels 

of IL-17A in serum as well as higher mRNA levels of that cytokine and CD3+ IL17+ cells in aorta, 

lamina propria and peripheral lymph nodes compared to wild type animals (Lim et al., 2014) (Smith 

et al., 2010) (Erbel et al., 2009). Also, Apoe-/- IL-17-/- mice present reduced atherosclerosis after high 

fat diet feeding (Usui et al., 2012). However, the opposite role was claimed in a different study in 

which these mice developed more atherosclerosis than wild type animals and the progression of 

the disease was reduced after intraperitoneal injection of recombinant IL17A, thus giving evidence 

of a protective role for IL-17 (Danzaki et al., 2012). Other study supports the anti-atherogenic role 

of IL-17 in SOCS-3 deficient mice which develop less atherosclerosis than their wild type littermates. 

However, these mice present higher levels of both IFN-g and IL-17 together with IL-10, making 

difficult to elucidate whether the observed effect is mediated by IL-17 or IL-10 (Taleb et al., 2009).  

 

5.3. Myocarditis: autoimmune response.  

Myocarditis is defined as inflammation of the myocardium. This inflammation often resolves 

spontaneously but in some cases it progresses towards a dilated cardiomyopathy  and subsequent 

heart failure, being the cause of 8.6–12% of sudden deaths in young adults (Fabre and Sheppard, 

2006). Myocarditis is diagnosed by endomyocardial biopsy using established histological, 

immunological and immunohistochemical criteria (Aretz et al., 1987).  

According to the widely used “Dallas” criteria published in 1987, a diagnosis of active myocarditis 

requires the presence of inflammatory infiltrates of non-ischemic origin in myocardial tissue 

associated with necrosis and/or degeneration of adjacent cardiomyocytes (Aretz et al., 1987). More 

recently, the ESC Working Group on Myocardial and Pericardial Diseases proposed a definition of 

myocarditis as abnormal number of inflammatory infiltrates in myocardial tissue  (≥14 

leucocytes/mm2 including up to 4 monocytes/mm2 with the presence of ≥7 cells/mm2 CD3-

positive T lymphocytes) (Caforio et al., 2013b). 

Dilated cardiomyopathy (DCM) is referred to as left ventricular dilation associated with systolic 

dysfunction in the absence of coronary artery disease (Reichart et al., 2019). Histologically, it is 

manifested by extensive replacement of cardiac muscle cells with fibrotic tissue and collagen 

deposition (Jefferies and Towbin, 2010, Schultheiss et al., 2019). DCM patients develop not only 
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heart pump weakening, but also heart valve problems, blood clots, and arrhythmias leading to heart 

and secondary organ failures.  

The etiology of myocarditis can be very diverse and can be divided into infective, immune related 

or toxic agents (Table 1) (Caforio et al., 2013a), being viral infection the most commonly diagnosed 

in Europe and North America. However, the most common cause worldwide is Chagas disease, an 

illness endemic to Central and South America that is due to infection by the protozoan 

Trypanosoma cruzi (Nunes et al., 2018). Heart-specific T cells and high titers of heart-specific 

autoantibodies have been identified in Chagastic patients (Cunha-Neto et al., 1996) as well as in 

experimental mouse models (Tibbetts et al., 1994, Rizzo et al., 1989). 

 

Table 1. Etiopathogenetic agents associated with myocarditis/inflammatory cardiomyopathy.  
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Experimental autoimmune myocarditis (EAM) is a mouse model of myocarditis that can be induced 

in susceptible mouse strains by immunization with cardiac α-myosin heavy chain (MyHC-α)–derived 

peptides (Neu et al., 1987).   In this regard, it has been shown that EAM is a CD4+ T-cell–mediated 

disease which development depends critically on the interleukin (IL)-23–STAT4 axis, promoting the 

expansion of an autoreactive CD4+ T-cell subset characterized by IL-17 production (Sonderegger et 

al., 2006) (Rangachari et al., 2006) (Liu et al., 2012). Mice lacking T-bet, a T-box transcription factor 

essential for Th1 lineage differentiation, develop a severe form of EAM with increased IL-17 release 

from heart-infiltrating cells (Rangachari et al., 2006). These findings further support the notion that 

IL-17 directly accounts for disease development. It has been reported that CD69 plays an important 

role in the control of the severity of myocarditis and subsequent dilated cardiomyopathy. 

Cd69−/− mice develop a severe form of autoimmune myocarditis that progresses to DCM and heart 

failure. This pathogenic effect is exerted mainly through an increased Th17-mediated inflammatory 

response (Cruz-Adalia et al., 2010).  

6. Gut microbiota 

The collection of microbial populations, including bacteria, fungi, parasites and viruses that colonize 

the skin and mucosal surfaces of vertebrates is commonly referred to as microbiota. In humans, 

more than 100 trillion microorganisms, mostly bacteria, colonize the oral–gastrointestinal tract, 

mainly the distal intestine. There is a mutualistic relationship between the microbiota and the host 

in which the host provides nutrients and niches for microbial survival and, in turn, the microbiota 

contributes to many host physiological processes, such as the digestion and fermentation of 

carbohydrates, the production of vitamins, the development of gut-associated lymphoid 

tissues (GALTs), the polarization of gut-specific immune responses and the prevention of 

colonization by exogenous pathogens (Hooper and Macpherson, 2010, Renz et al., 2011, Stecher 

and Hardt, 2011). However, when the mutualistic relationship between the host and microbiota is 

disrupted, the gut microbiota can cause or contribute to disease (Littman and Pamer, 2011, Honda 

and Littman, 2012). 

The gut microbiome is acquired from the environment at the time of birth and its composition 

depends on many factors including the type of birth (caesarean or vaginal delivery (Jakobsson et 

al., 2014)), the diet and the environment (Tamburini et al., 2016, Rodriguez et al., 2015).  The human 

gut microbiome is dominated by five phyla: Bacteroidetes, Firmicutes, Actinobacteria, 

Proteobacteria and Cerrucomicrobia. However, the most abundant groups in the healthy gut are 

Bacteroidetes (manly Bacteroides or Prevotella species) and Firmicutes (largely Clostridium and 

Lactobacilli species) (Arumugam et al., 2011, Sweeney and Morton, 2013) 

https://www.nature.com/articles/nri3430#df1
https://www.nature.com/articles/nri3430#df1
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6.1. Role of gut microbiota in immunity and autoimmune disorders 

Resident microbiota modulates the development of specific lymphocyte subsets in the gut. Treg 

cells accumulate in the intestine, where they help to maintain gut homeostasis. The development 

of peripherally derived Treg cells is partly dependent on the gut microbiota, as the number of 

Treg cells is greatly decreased in the colonic lamina propria of germ-free mice (Atarashi et al., 2011, 

Geuking et al., 2011). Clostridium spp. clusters IV and XIVa, polysaccharide A (PSA)+Bacteroides 

fragilis and other commensal bacteria promote the development and/or the activation of 

regulatory T cells (Atarashi et al., 2011, Geuking et al., 2011). In addition, it has been shown that in 

antibiotic-treated or germ free mice the presence of intestinal Th17 cells is greatly reduced (Shaw 

et al., 2012, Atarashi et al., 2008) which indicates that the microbiota has a crucial role in Th17 cell 

development. These cells, that have a role in the development of autoimmune disease, are induced 

by particular species of Clostridia-related bacteria, called segmented filamentous bacteria (SFB) 

(Ivanov et al., 2008, Ivanov et al., 2009, Gaboriau-Routhiau et al., 2009). The precise mechanism by 

which SFB promote Th17 cell development remains to be fully elucidated. The adhesion of SFB to 

the host epithelium upregulates serum amyloid A protein (SAA) production, which, in turn, 

promotes IL-6 and IL-23 production by CD11c+ lamina propria dendritic cells (DCs) and the 

subsequent induction of Th17 cell differentiation (Ivanov et al., 2009). These Th17 cells might 

migrate to the periphery to affect systemic and central nervous system (CNS) immunity promoting 

the depelopment of several immune disorders. Increased intestinal Th17 cells enhance the 

expansion of pathogenic autoantigen-specific T cells in the intestine and cause inflammation in the 

CNS. Disease symptoms of experimental autoimmune encephalomyelitis (EAE) are reduced in 

antibiotic treated or germ free mice (Ochoa-Reparaz et al., 2009, Lee et al., 2011, Berer et al., 2011) 

while are exacerbated after SFB monocolonization (Lee et al., 2011). By contrast Treg cell 

differentiation induced by B. fragilis can prevent EAE symptoms (Ochoa-Reparaz et al., 2010). 

Induced Th17 cells can also promote autoimmune arthritis by facilitating autoantibody production 

by B cells (Wu et al., 2010). In addition, microbiota-induced interleukin-1β (IL-1β) signalling 

participates in the development of rheumatoid arthritis through the induction of Th17 cells (Nakae 

et al., 2003). 

Microbiota might also determine susceptibility to type 1 diabetes (T1D) an autoimmune disorder 

that results in the destruction of insulin-producing cells in the pancreas. A decreased 

Firmicutes/Bacteroides ratio on a phylum level is associated with lower risk of T1D in non-obese 

diabetic mice (Wen et al., 2008). Commensal bacteria also protects against allergic inflammation in 

the lungs through inhibition of IgE production in the gut (Hill et al., 2012) 

https://www.nature.com/articles/nri3430#df6
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6.2. Gut microbiota and heart failure 

There are many recent publications that associate the gut microbiota with heart disease, especially 

heart failure (Jie et al., 2017, Luedde et al., 2017, Nagatomo and Tang, 2015). Changes in the gut 

microbiota can lead to the development of risk factors for atherosclerotic vascular disease and 

directly influence the progression of the disease and heart failure. 

Obesity, one of these risk factors for cardiovascular disease, is associated with changes in the 

relative abundance of Bacteroidetes and Firmicutes, with high Firmicutes levels (Ley et al., 2006). 

In addition, hypertension and diabetes have also been found to have associations with specific gut 

microbial patterns, and researchers have discovered certain links in the pathogenesis of these 

diseases and bacterial interactions (Pevsner-Fischer et al., 2017, Upadhyaya and Banerjee, 2015). 

Also, in patients with coronary heart disease (CHD), the proportion of the phylum Firmicutes was 

higher than in those without the disease (Cui et al., 2017). 

Figure 11. Gut microbiota affects autoimmune diseases. SFB induced Th17 cells can promote EAE and 

reumatoid arthritis development, while Treg cells induced by beneficial commensal bacteria reduce 

inflammation. Imbalance in the Firmicutes/Bacteroidetes ratio can promote T1D and allergic 

inflammation in the lungs can be reduced by inhibition of IgE production in the gut and decreased 

accumulation of iNKT cells due to exposure to microorganisms in neonatal life. SFB, Segmented 

Filamentous Bacteria. EAE, experimental autoimmune encephalomyelitis. T1D, Type 1 diabetes. (Kamada 

et al., 2013) 
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Microbiota derived metabolites are also linked to increased cardiovascular risk. This is the case of 

trimethylamine–N-oxide (TMAO) produced after the metabolism of dietary L-carnitin and choline 

present at high levels foods rich in cholesterol and fat like red meat, liver and eggs (Wang et al., 

2011, Tang et al., 2013). TMAO has been shown to affect cholesterol and sterol metabolism in 

animal models, enhancing macrophage cholesterol accumulation and atherosclerosis 

development. In multiple human studies, elevated TMAO has been associated with prevalent CVD 

and incident risks for MI, stroke, death, and revascularization (Li et al., 2017) (Schiattarella et al., 

2017). 

The gut microbiota is also implicated in the pathogenesis of heart failure (HF). In HF, due to reduced 

ejection fraction, there is a reduction in intestinal blood flow and low oxygen delivery that 

predisposes the gut to the growth of pathogenic types of anaerobic bacteria (Sandek et al., 2014). 

Patients with chronic HF also present bacterial overgrowth in the mucus layer adjacent to the apical 

surface of the colonic mucosa due to failure in the absorptive function of the gut. Increased 

intestinal permeability has been shown to correlate with right atrial pressure and C-reactive protein 

levels (Sandek et al., 2014) (Pasini et al., 2016). 

There are also some evidences suggesting that gut dysbiosis is associated with myocarditis. 

Polyantibiotic treated mice are protected from EAM and fibrotic cardiac dysfunction in a Th17 

dependent manner, as the same effect is not observed in Il17RA–/– treated animals (Barin et al., 

2017). It has been reported that Th17 cells play a critical role in the development of cardiac 

inflammatory disease and heart failure and an important role for segmented filamentous bacteria 

(SFB) in eliciting Th17 responses from intestinal T cells has been also well-described. (Ivanov et al., 

2009) (Ivanov and Honda, 2012) (Gaboriau-Routhiau et al., 2009), predicting that SFB colonization 

could contribute to susceptibility to autoimmune disease through the induction of Th17 cells (Lee 

et al., 2011; Wu et al., 2010).  
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OBJECTIVES 

In this doctoral Thesis the role of CD69 in innate and adaptive immune cells regulation, as well as 

in different animal models has been studied. Thus, the main objectives of this work can be divided 

in three different parts: 

 

1. To study the role of CD69 in the regulation of “Natural Killer” (NK) cells receptors and 

activity in the context of innate immunity.  

 

2. To study the role of CD69 in an “in vivo” model of atherosclerosis in the context of 

adaptive immunity.  

 

 

3. To study the role of CD69 in the microbiota composition and the development of 

cardiomyopathy in germ free conditions.  
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MATERIALS AND METHODS  

1. Mice  

CD69 deficient mice were generated in the 129/Sv background as described (Lauzurica et al., 2000) 

and backcrossed onto the C57BL/6 and BALB/c strain for at least 12 generations (Martin et al., 

2010b) 

ldlr-/- CD45.1+ mice were generated by crossing C57BL/6 -/-Ly5.1 mice (CD45.1+) from the Jackson 

Laboratory (B6.SJL-Ptprca Pepcb/BoyJ: 002014) with C57BL/6 129S7-Ldlrtm1Her/J mice from 

Charles River. This line was crossed with Cd69−/− or Cd69+/+ C57BL/6 double reporter (dRep) for Treg 

cells (FIR mice, Foxp3–monomeric red fluorescent protein [mRFP]) and Th17 cells (IL-17A–IRES–

enhanced green fluorescent protein [eGFP] (FoxP3‐mRFP/IL17e‐GFP), provided by Dr Richard 

Flavell (Yale University School of Medicine, 400 New Haven, CT). dRep mice allow us to monitor the 

presence of live Treg cells and Th17 cells by FACs throughout the experiment. 

Rag2−/−γc−/− (Rag2/Il2rg) mice were provided by the laboratory of M. L. Toribio (Centro de Biología 

Molecular, CSIC, Spain) and were intercrossed with Cd69−/− mice to generate Il2rγ−/−/Cd69−/− mice. 

Animals were housed and used under specific-pathogen-free (SPF) conditions at the Centro 

Nacional de Investigaciones Cardiovasculares (CNIC) animal facility. Cd69-/- BALB/c mice were re-

derived into germ-free mice by 2-cell embryo transfer into germ-free recipient females at the Clean 

Mouse Facility of the University of Bern (Switzerland) and bred and maintained in flexible film 

isolators. These isolators were ventilated with HEPA-filtered sterile air under positive pressure and 

fitted with a side port containing a double door system to allow antiseptic connection of a transport 

drum to import sterile food, water and bedding.  Germ-free mice were routinely monitored by 

culture-dependent and -independent methods and were independently confirmed to be pathogen-

free.  

All animal procedures were approved by the ethics committee of the Comunidad Autónoma de 

Madrid and conducted in accordance with the institutional guidelines that comply with European 

Institutes of Health directive 407 2010/63/UE  of the European Parlament (Official Journal of the 

European Union, Vol. 53:33‐79, 409, 2010). 

 

 

 

https://www.sciencedirect.com/topics/immunology-and-microbiology/germfree-mouse
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/embryo-transfer
https://www.sciencedirect.com/topics/medicine-and-dentistry/antiinfective-agent
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2. Animal models and procedures 

2.1. Graft versus host disease induction 

2.1.1. T-cell isolation 

Single-cell suspensions were obtained from spleen and incubated with the following biotinylated 

antibodies: CD8, CD19, B220, major histocompatibility complex (MHC) class II, CD11c, IgM, Dx5 and 

CD11b, followed by streptavidin Microbeads (MACS; Miltenyi Biotec). CD4+ T cells were negatively 

selected with a magnetic LS MACS column, according to the provider’s instructions. The negative 

fraction was used for GvHD induction (adoptive transfer experiments). 

2.1.2. Bone marrow transplantation 

Recipient BALB/c (H2d) WT or Cd69-/- mice were irradiated with 2 doses of 6.5 Gy 4 hours apart. 

Bone marrow cells were isolated from tibias and femurs of C57BL/6 donor mice, and were T-cell 

depleted by incubation with anti-CD3 biotinylated antibody, followed by streptavidin Microbeads 

(MACS; Miltenyi Biotec). T cells were positively selected with a magnetic LS MACS column, 

according to the provider’s instructions, and the eluted fraction corresponded to T-cell depleted 

bone marrow cells. 1.5x106 of these cells were intravenously injected to recipient mice together 

with 0.5x106 splenic T-cells from C57BL/6 mice isolated as described. A total volume of 200µL was 

injected into each mouse. For anti-CD69 mAb-2.2 treatment the antibody was intravenously 

injected together with the naïve splenic T-cells three days after bone marrow transplant. 

2.1.3. Clinical score assessment  

Mice were monitored every day and a clinical score was assigned to each mouse as indicated in 

table 2 (Cooke et al., 1996). 

Table 2. Assessment of Clinical GvHD in Transplanted Animals – adapted from (Cooke et al., 1996)  

Criteria Grade 0 Grade 1 Grade 2 

Weight loss <10% >10% to <25% >25% 

Posture Normal Hunching noted only at rest 
Severe hunching impairs 

movement 

Activity Normal Mild to moderately decreased Stationary unless simulated 

Fur texture Normal Mild to moderate ruffling Severe ruffling/poor grooming 

Skin integrity Normal Scaling of paws/tail Obvious areas of denude skin 
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2.2. Tumor growth in vivo 

B16 melanoma cells resuspended in 200 μL of phosphate-buffered saline (PBS) were injected 

intravenously in Rag2−/−γc−/− or Rag2−/−γc−/− Cd69-/- mice together with 100 ug of anti-CD69 mAb-2.2 

in the case of treated mice. A second intraperitoneal injection of 100 ug of anti-CD69 mAb-2.2 was 

performed five days after tumor injection. At 12 days lungs were collected and number of tumors 

were counted. 

2.3. “In vivo” model of atherosclerosis 

2.3.1. Atherosclerosis induction 

To evaluate the influence of immune cell CD69 expression on atherosclerosis development, 5 week 

old male Ldlr-/- CD45.1+ mice were lethally irradiated with two doses of 6.5 Gy and reconstituted 

with 106 bone marrow precursors from Cd69-/- double reporter for Foxp3-mRFP and IL-17A-eGFP24 

(Cd69-/-dRep) mice or WT littermates (Cd69+/+dRep), both CD45.2+. In addition, mixed bone marrow 

chimeras proficient or deficient for CD69 only in the lymphoid compartment were generated; ldlr-/- 

CD45.1+ mice were reconstituted with a mix of 75% CD45.2+ Rag2-/-γc-/- BM plus 25% of either dRep 

or Cd69-/-dRep BM (hereafter: LC Cd69+/+ and LC Cd69-/- respectively). Myeloid chimeras in which 

CD69 is present or absent only in the myeloid compartment were also generated reconstituting  

ldlr-/- mice with a mix of 25% Cd69+/+ BM cells plus 75% of either Rag2-/-γc-/- Cd69+/+ or Rag2-/-γc-/- 

Cd69-/-  BM cells. After 6 weeks, mice were checked to be fully reconstituted by phenotyping blood 

from the tail vein after surface staining with anti-CD45.1 (receptor cells) and CD45.2 (donor cells) 

antibodies and FACS analysis and were started on a high fat diet (SSNIFF, S9167-E010) until the 

indicated time points of sacrifice.  

 

2.3.2. Monitoring of blood leukocyte subsets. 

To assess the immune response, blood from the tail vein was collected and peripheral blood 

leukocytes (PBLs) were purified by Ficoll-Paque (GE healthcare) density gradient. Cells were 

stimulated in vitro with PMA and ionomycin in the presence of brefeldin A for 4 hours and stained 

with anti-CD4 APC antibody (BD pharmingen). The percentage of CD4+ IL-17-eGFP+ or CD4+ Foxp3-

RFP+ cells was assessed by flow cytometry using a Fortessa (BD Biosciences) flow cytometer and 

subsequent analysis with the FlowJo software. The same procedure was followed at the endpoint 

of the experiment to evaluate the immune response in spleen, non-draining (axillary and inguinal) 

lymph nodes and draining (para-aortic) lymph nodes. 
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A different group of mice was studied to analyze the kinetics of all leukocyte subsets in blood during 

high fat diet administration. PBLs were purified as described above every two weeks until the end 

of the experiment and stimulated overnight with anti-CD3/CD28 (2µg/ml) for T cell activation or 

with LPS (100 ng/ml) for the rest of the cells. Surface staining with anti-CD44/CD62L was performed 

to distinguish naïve and memory CD4+ T cells and B220 to stain B cells. Myeloid cells were analyzed 

after surface staining with anti-CD11b, -CD11c, -Ly6G/C, - F4/80 and NK cells with anti–Nkp46. The 

expression of CD69 with anti-CD69 was analyzed after stimulation in all the leukocyte subsets by 

FACS.  

2.4. Experimental Autoimmune Myocarditis (EAM) induction 

Cd69−/− and control mice were immunized subcutaneously on days 0 and 7 with 100 μg/0.2 mL 

MyHC-α peptide (MyHC-α614–629) Ac-RSLKLMATLFSTYASADR-OH emulsified 1:1 in PBS/complete 

Freund’s adjuvant (1 mg/mL; H37Ra; Difco Laboratories, Detroit, Mich) (Neu et al., 1987). 

Myocarditis in α-MyHC/CFA immunized mice is characterized by massive infiltration of mainly 

myeloid cells together with CD4+ T cells and few B and CD8+ T lymphocytes, existing an acute 

Inflammation of cardiac tissue typically 14–21 days after the first immunization. Resolution of the 

inflammation is followed by the progressive accumulation of fibrotic tissue in the myocardium, 

ventricular dilatation and impaired heart function, allowing the study of dilated cardiomyopathy in 

the chronic phase between days 58 and 61 after induction (Baldeviano et al., 2010)  

3. NK cell isolation 

Single-cell suspensions were obtained from spleen and NK cells were isolated using an anti-Nkp46 

microbead kit (Myltenyi) for further sorting in the AUTOMACs using Possel-ds program. The pooled 

cells were labeled with anti NKp46-FITC to check purity (higher than 85%) by FACs analysis and were 

frozen at -80ºC for further RNA isolation and RNAseq analysis. 

 

4. Cell culture 

All primary cell cultures were maintained in RPMI 1640 medium (SIGMA-ALDRICH) supplemented 

with 10% heat-inactivated calf serum (FCS, GibCo), 2 mM L-glutamine, 0.1 mM nonessential amino 

acids, 100mM sodium pyruvate, 0.05mM β-mercaptoethanol,  100 U/ml penicillin, and 100 µg/ml 

spreptomycin,  at 37ºC, 5% CO2.  

 

NKL cell line kindly given by Hugh Thombson Reyburn (Centro Nacional de Biotecnología, Madrid) 

were cultured in RPMI 1640 medium supplemented with 5% heat-inactivated calf serum (FCS, 
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GibCo), 5% heat-inactivated human serum (H4522 Sigma-Aldrich), 2 mM L-glutamine, 0.1 mM 

nonessential amino acids, 100mM sodium pyruvate, 0.05mM β-mercaptoethanol,  100 U/ml 

penicillin, and 100 µg/ml spreptomycin,  and 50U/ml rh-IL2 (Peprotech) at 37ºC, 5% CO2. 

 

5. RNA isolation and assessment of mRNA transcripts 

RNA extraction from sorted cell pellets was performed using Trizol (TriReagent). Chloroform (200µl) 

was added, samples were mixed, and centrifuged (12,000 g, 15 min, 4°C). The upper aqueous phase 

was collected and RNA was precipitated with ice-cold isopropanol by centrifugation. The RNA pellet 

was washed with 75% ethanol, dried and resuspended in RNase-free water. DNAse treatment was 

carried out to eliminate genomic DNA with Turbo DNAse-free kit (Ambion). 

Inverse transcription (RT-PCR) was done using High Capacity cDNA reverse transcription kit (Applied 

Biosystems) and mRNA expression levels was assessed by qPCR with design oligos and SYBR green 

PCR master mix (Applied Biosystems) 

6. RNA-seq  

Rag2-/-, Rag2-/- Cd69-/- and Rag2-/- mice treated with 2.2 anti-CD69 mAb were challenged with 

allogenic cells injection as in an in vivo killing assay. After 4 hours NK cells were sorted from total 

splenocytes suspension. Three pools of NK cells obtained from 4 mice each were included in the 

The RNA integrity (RNA Integrity Score ≥ 6.8) and quantity was determined on the Agilent 

Bioanalyzer (Agilent Technologies Microarray Platform) following manufacturer's recommendation 

and subjected to cDNA synthesis. RNA-seq analysis using Illumina HiSeq 2500 platform (NGS) was 

performed by the CNIC Genomics Unit. Data was analyzed by the CNIC Bioinformatics Unit  

7. Cell staining for Flow cytometry analysis 

All superficial staining was performed in FACs Buffer (PBS, BSA 5%, EDTA 0.5 µM) with different 

mouse specific antibodies conjugated with different fluorochromes. 

For NK cells staining: CD69, NK-p46, NKG2A/C/E (BD Bioscience); Ly49E/F, Ly49C/I/F/H, Ly49G2, 

CD94; Ly49H, Ly49D (Biologend); Ly49E/F, Ly49C/I/F/H, Ly49G2, CD94, NKG2D (eBioscience). 

For assessment of chimerism and analysis of different subsets in peripheral blood and heart: 

CD45.1, CD45.2, CD4, CD8, CD11b, Ly6C (BD Bioscience); CD11c, CD27, F4/80 (Biolegend); Gr-1, 

B220 (BD Pharmingen). 
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For intracellular staining, after superficial staining cells were fixed with paraformaldehyde 2% in 

PBS and permeabilized in FACs buffer with 0.5% saponine. IL-17 and IFN-γ (BD-Bioscience) were 

diluted in FACs buffer with 0.5% saponine.  

8. Mass cytometry 

For Mass cytometry analysis five mice per strain were sacrificed and total blood, peripheric lymph 

nodes (axillary and inguinal lymph nodes), femur, mesenteric lymph nodes and spleen were 

collected. Cells were purified, stained with Cell-ID Cisplatin Viability Staining (Fluidigm) barcoded 

with the Cell-ID™ 20-Plex Pd Barcoding Kit (Fluidigm) following provider’s instructions. Samples 

were subsequently pooled by organ and washed with Fluidigm-provided metal free buffers (Table 

3). After superficial staining, intracellular staining and intercalation was performed according to the 

provider’s instructions. Fixed samples were sent to the Flow Cytometry Core Facility of the Ecole 

Polytechnique Fédéral de Lausanne (EPFL)/Swiss Federal Institute of Technology (Switzerland), in 

collaboration with Miguel Toulson and Christoph Schwärzler. Samples were analyzed using a 

CyTOF2 (Helios) mass cytometer. 

 

Table 3. Metal conjugatied antibodies and Fluidigm Buffers used for CyTOF experiment 

Custom conjugations Metal conjugated antibodies  Buffers 

Anti- Mouse Ly49D 4E5-162Dy Anti- Mouse CD45.2 (104) - 147Sm Cell-ID Cisplatin, 100 μL 
Anti- Mouse CD314 (NKG2D) CX5-156Gd Anti- Mouse Nkp46 (29A1.4) -167Er Cell-ID Intercalator-Ir - 500 μM 
Anti- Mouse Ly49C/I/F/H 14B11-158Gd Anti- Mouse NK1.1 (PK136) -170Er Maxpar® Cell Staining Buffer - 500 

mL 
Anti- Mouse Ly49H 3D10-175Lu 

Anti- Mouse CD3e (145-2C11)-
152Sm 

MaxPar® Fix I Buffer 
Anti-Mouse Ly49G2 eBio4D11-153Eu Anti- Mouse CD11b (M1/70)-148Nd MaxPar® Perm-S Buffer 

 Anti-Ms Perforin (OMAK-D)-172Yb 
Maxpar® Fix and Perm Buffer - 100 

mL 
 Anti- Mouse IFNg (XMG1.2)-165Ho Cell-ID 20-plex Pd Barcoding kit 

 Anti- Mouse CD62L (MEL-14) -164Dy  

 Anti- Mouse CD19 (6D5) -149Sm  

 Anti- Mouse CD69 (H1.2F3)-145Nd  

 
Anti-Human/Mouse CD27 

(LG.3A10)-150Nd 
 

 
Anti-Hu Granzyme B (GB11)-173Yb 

(100 Test) 
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9. Bioinformatics analysis of mass cytometry 

CyTOF experiment data has been analysed by Carlos Torroja form the Bioinfomatics Unit of CNIC 

following the R CyTOF workflow described by (Nowicka et al., 2017) with some modifications. Raw 

intensity data has been transformed and scaled with the arcsinh (hyperbolic inverse sine) function 

as implemented in the cytofAsinh method of the cytofkit R package (Chen et al., 2016). NK cells 

have been selected trough the following gating steps: 1) Standard gating to select real cells 

(Ce140Di [-Inf,4], Eu151Di [-Inf,4]) 2) B-cells and T-cells have been discarded based on has been 

applied and NK cells have been selected on have been removed based on CD3- and CD19- markers 

(CD19: [-Inf,1], CD3: [-Inf,1]). 3) Finally, NK cells were selected based on CD45+,Nkp46+ markers 

(CD45:[1,Inf], Nkp46:[0.5,Inf]). Unbiased cluster identification on NK cells was performed using the 

Phenograph algorithm (Levine et al., 2015) implemented in cytofkit R package and for visualization 

purposes t-stochastic neighbour embedding (t-SNE) (Van Der Maaten & Hinton, 2008) 

dimensionality reduction algorithm was used (Rtsne package, Jesse H. Krijthe 2015). Differential cell 

population abundances have been tested using a generalized linear mixed model with binomial 

likelihood and sample as a random variable, as described in (Nowicka et al., 2017). For differential 

marker expression between clusters, a linear mixed effect model has been applied. 

10. anti-CD69 mAb-2.2 production 

mAb-2.2 (IgG1-K) specific for mouse CD69, was generated as described in (Esplugues et al., 2005). 

The antibody was purified from concentrated hibridome supernatants using a G protein column 

(GE). It was further dialysate against PBS in PD10 column and its activity was tested by CD69 

internalization assays in thymocytes with flow cytometry.   

11. Co-Immunoprecipitation and Western Blot 

Protein extracts from human NKL cells were prepared in buffer PD (Tris HC 40mM, ph 8.0; NaCl 0.5 

M; EDTA 6 mM; EGTA 6 mM; 0.1% NP40) containing proteases inhibitors cocktail (Complete Mini, 

Roche). Extracts were incubated with a mix of mouse anti-human CD69 antibodies (TP1/55, TP1733, 

TP1/8; produced in the laboratory of Francisco Sánchez Madrid (Cebrian et al., 1988)). After that 

they were incubated with G protein Sepharose beads (GE Healthcare). Co-immunoprecipitated 

proteins were separated by SDS-PAGE in a 12% SDS-polyachrilamide gel in reduced conditions and 

transferred onto nitrocellulose membranes (BioRad). These membranes were blocked and 

incubated with rabbit anti-human NKG2D antibody (NBP2-43645, Novus Biologicals) diluted in PBS, 

0.1% Tween. After incubation with secondary goat anti-rabbit antibody blots were scanned with an 

Odissey scanner and analysis was performed using Image Studio Lite v4.0 (LICOR). 
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12. Immunofluorescence microscopy 

NKL cells were plated on poly-L-Lysine-coated coverslip. Cells were washed, fixed (2% PFA) and 

blocked in PHEM (1×), bovin serum albumin (BSA) 3%, human γ-globulin 100 μg/ ml, 

sodium azide 0.2%. Primary antibodies used were mouse anti-human TP1/8 or TP1/33 

against CD69 and rabbit anti-human NKG2D antibody (NBP2-43645, Novus Biologicals). 

Secondary antibodies: anti-mouse-alexa 488 and anti-rabbit-alexa 568 were used. Coverslips were 

mounted on glass slides with Prolong mounting medium. Confocal laser-scanning microscope (Leica 

SP5). 

13. Analysis of microbiota composition from mouse fecal samples 

Fecal DNA was extracted from stool samples using Qiagen DNA stool kit. The V5/V6 region of 16 S 

rRNA genes was amplified with Invitrogen Platinum Taq DNA polymerase from 1,000–2,000 ng of 

DNA using a range of oligonucleotide primers specific for the domains V5 and V6 of rDNA bacteria. 

Each forward primer consists on an adaptor region and a unique barcode sequence that allow 

sample identification, being up to 96 different barcodes. The expected product length was 

~350 base pairs including adaptors and barcodes. Bacteria-specific primers (forward 5′-

CCATCTCATCCCTGCGTGTCTCCGACTCAGC-barcode-ATTAGATACCCYGGTAGTCC-3′ and reverse 5′-

CCTCTCTATGGGCAGTCGGTGATACGAGCTGACGACARCCATG-3′) were used (Sundquist et al., 2007). 

PCR conditions consisted of an initial 5 min at 94 °C denaturation step, followed by 35 cycles of 

1 min denaturation at 94 °C, 20 s annealing cycle at 46 °C and 30 s extension cycle at 72 °C, with a 

final extension for 7 min at 72 °C. Samples were kept at 4 °C until loading into a 2% agarose gel. 

Amplicons were purified using Gel Extraction Kit (Qiagen) and its concentration was evaluated by 

Qubit 3.0 Fluorometer (ThermoFisher). 26 pM of each sample was used to prepare the library. 

Sequencing was performed using the Ion Torrent NGS technology (Thermo Fiser). 

14. Echocardiography and Magnetic Resonance Imaging 

Mice were anaesthetized by inhalation of isoflurane/oxygen (1.25%/98.75%) and examined by a 

30MHz transthoracic echocardiography probe. Images were obtained with VEVO 2100 

(VisualSonics, Toronto, Canada) before EAM induction and during acute and chronic phases. From 

these images, left ventricle (LV) function was estimated by ejection fraction obtained from the M 

mode. Short-axis and long axis, BMode and 2D M-Mode views were obtained. From these images, 

left ventricle (LV) function was estimated by three validated methods as the shortening fraction 

(SF) and ejection fraction (EFm) obtained from the M mode, quantitative ejection fraction 

measured from the B mode (EFb), and visual assessment from the B mode by an expert in 
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echocardiography in a blind fashion. For SF measurements a long or short axis view of the heart 

was selected to obtain an M mode registration in a line perpendicular to the LV septum and 

posterior wall at the level of the mitral chordae tendinea. Diastolic and systolic manual 

segmentation of the LV endocardial edge in four chambers views of the heart was used to quantify 

EFb by the formula; 

Ejection fraction from B Mode (EFb): 

 

LV regional and global function was scored as follows: normal (1), regional hypokinesia in more than 

one segment but not in all (2), regional akinesis in more than one segment (3), and global 

dysfunction in all segments (4). This method evaluates regional wall motion abnormalities globally 

and in greater detail compared to M mode and B mode. Regional kinetic abnormalities in mice with 

myocarditis in segments other than the LV septum and the postero-lateral wall are outside the 

region where FS and EFm are measured.  

For Magnetic Resonance Imaging with T1 and T2 mapping, late gadolinium enhancement was used 

via intravenous injection. Up to 13 slices of each heart were imaged in a 7T MRI (Agilent-Varian) 

and myocardial water content was evaluated by averaging 3-5 ROI (brightness) values all along each 

myocardial slice and normalizing with the brightness of the gadolinium in the lumen of both left 

and right ventricles. Biomedical Imaging has been conducted at the Advanced Imaging Unit of the 

CNIC (Centro Nacional de Investigaciones Cardiovasculares Carlos III), Madrid, Spain. CNIC is 

founded by the Spanish Ministry of Science and Innovation, and by the Pro-CNIC Foundation 

15. Histopathology analysis 

Hearts were fixed in 10% phosphate-buffered formalin and embedded in paraffin. Sections were 

cut and stained with Haematoxilin-eosin to determine the level of inflammation and with Masson’s 

trichrome to detect collagen deposition. H&E stained sections were scored for inflammation as 

follows: 0, no inflammatory infiltrates; 1, small foci of inflammatory cells; 2, larger foci of >100 

inflammatory cells; 3, 10-30% of a cross section occupied by inflammatory cells; 4, >30% of a cross 

section occupied. Masson’s trichrome stained sections were scored for myocardial fibrosis as 

follows:  0, no collagen deposits; 1, small areas of collagen deposits; 2, 10-30% of a cross section 

occupied by collagen deposits; 3, >30% of a cross section occupied by collagen deposits; 4, >50% of 

a cross section with collagen deposits.  
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16. Statistical analysis 

In vivo experiments were performed according to a randomized complete block design (treatments 

and different time points have been taken into account) or a fully randomized design. Survival 

statistical analysis was tested with Log-rank (Mantel-Cox) test. To determine significant differences 

between 2 means, P values were calculated by unpaired t test or Mann-Whitney U test according 

to normality test, and differences among >2 means were analyzed by 1-way ANOVA or the Kruskal-

Wallis test. To account for multiple comparisons, the Tukey or Bonferroni posttests were used to 

compare selected pairs of means and all pairs of means, respectively. Expression levels measured 

by qPCR were always considered in log2 scale to fulfil the normality assumption 

In all cases, P values bellow 0.05 were considered significant, indicating statistical significance as 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All statistical analyses were carried out with 

GraphPad Prism 5 
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RESULTS  

1. Role of CD69 in the regulation of “natural killer” (NK) cells activity in the context of innate 

immunity. 

NK cells have a critical role in the detection and elimination of infected or transformed cells. 

Previous work has shown that deficiency of CD69 confers protection to tumour growth in mice 

(Esplugues et al., 2003). In addition, treatment of wild type (WT) mice with a blocking monoclonal 

antibody for CD69 proved to be an effective therapeutic strategy, although no specific increase in 

cytotoxicity was observed for NK cells in vivo in those studies (Esplugues et al., 2005). Therefore, 

the first objective of this thesis was to decipher the mechanisms of CD69 to modulate NK cell 

cytotoxic activity.  

1.1. Cd69-/- NK cells present an altered inhibitory/activating receptor repertoire 

 

As the balance between activating and inhibitory receptor expression is pivotal for both tumor cell 

recognition and NK cell activation (Rahim and Makrigiannis, 2015), the first approach to our 

objectives was to examine whether lack of CD69 could lead to differences in the expression levels 

of said receptors. Here we applied mass cytometry (CyTOF) to precisely define NK cells in lymphoid 

organs from Cd69+/+ and Cd69-/- C57BL/6 littermates. We examined maturation markers as well as 

NKG2D and Ly49 receptors expression on NK cells from blood, spleen, bone marrow (BM), 

peripheral (axillary and inguinal) lymph nodes and mesenteric lymph nodes. Single-cell analysis and 

unbiased clustering of the NKp46+ events showed a similar phenotype between Cd69+/+ and       

Cd69-/- NK cells in the bone marrow (not shown), but differences in the blood (Figure 12A) and 

spleen (Figure 12B). Non-self and missing-self recognition receptors Ly49D (George et al., 1999) and 

Ly49G2 (Xie et al., 2009) were significantly upregulated, while Ly49H and NK1.1 were strongly 

downregulated in Cd69 -/- NK cells. Mature CD27-CD11bint NK cells were similar between Cd69+/+ and 

Cd69-/- in the C57BL/6 strain. 
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1.2. C57BL/6 Cd69 -/- mice and anti-CD69mAb-treated littermates are highly susceptible to MCMV 

infection 

Cd69-/- NK cells were recently shown to be more efficient in the control of Vaccinia virus infection, 

attributable to a lower cell death rate during the course of the infection (Notario et al., 2016). 

However, the molecular mechanisms for CD69 to control viral responses are unknown. 

Interestingly, we found an almost lack of expression of Ly49H in blood from Cd69-/-NK cells. Ly49H 

on NK cells recognizes the m157 glycoprotein on the mouse cytomegalovirus (MCMV) capsid (Davis 

et al., 2008) and confers resistance to infection. To study the functional implication of the loss of 

Figure 12. Unsupervised mass cytometry analysis of Cd69+/+ and Cd69-/- NK cells. Cells from blood and 

spleen from five mice per group were stained with the extracellular panel (see Material and Methods). 

Left, frequency of significantly different clusters selected by phenotypic composition and generated by a 

statistical algorithm based on the expression of different markers by blood (A) or spleen (B) gated NKp46+ 

cells. Cluster numbers are identified in the color palette. Right, tSNE plots of the different clusters and 

relative expression of indicated NK cell markers (from maximum expression in red to minimum 

expression in dark green). For differential marker expression between clusters, a linear mixed effect 

model has been applied. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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this receptor, Cd69+/+ with or without anti-CD69mAb (Clone: 2.2) and Cd69-/- mice were infected 

with 105 PFUs of MCMV, administered intraperitoneally. Anti-CD69mAb 2.2 has been shown to 

downregulate the receptor inhibiting its downstream signaling (Esplugues et al., 2005).   To evaluate 

the course of the infection, mice were weighted every day for 4 days, at which time point were 

sacrificed. Cd69+/+ mice treated with anti-CD69mAb and cd69-/- mice lost significantly more weight 

after infection than non-mAb treated cd69+/+ mice and harbored a higher viral load in both spleen 

and liver (Figure 13A). Consistently, organ damage was more extensive in mice with genetic ablation 

of CD69 and treated with 2.2 mAb, as assessed by histological analysis (Figure 13B). FACS analysis 

in peripheral blood of these mice 4 days after infection showed that Ly49H levels remained 

extremely low in Cd69-/- mice, and treatment with anti-CD69mAb brought about a significant 

downregulation of the receptor during the infection (Figure 13C). In agreement with previous 

reports on other types of viral infection (Du et al., 2010, Parsons et al., 2014), NKp46 levels were 

drastically downregulated during MCMV infection in all groups of mice (not shown). In summary, 

Cd69-/- C57BL/6 mice are highly susceptible to MCMV infection due to the lack of the Ly49H 

receptor, and treatment of Cd69+/+ littermates with anti-CD69mAb reproduces this phenotype. 

 

 

 

Figure 13. Genetic or pharmacologic ablation of CD69 renders C57BL/6 mice susceptible to MCMV 

infection. A. Weight loss and organ viral titers of the indicated experimental groups 4 days after MCMV 

infection. B. Histological evaluation of spleen (above) and liver (below) tissue 4 days after MCMV 

infection. Original magnification: 4x (inset: 10x). C. FACS plots and quantification of Ly49H expression in 

PBMC of the indicated experimental groups 4 days after MCMV infection. P-values were calculated with 

one-way ANOVA with Tukey post-test *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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1.3. NK cell-targeted anti-CD69mAb treatment is efficient against a poorly immunogenic tumor 

Cd69-/- mice appear to be resistant to tumor growth when injected with tumor cell lines that express 

high levels of MHC class I molecules, although this effect seems to be both NK- and CTL-dependent 

(Esplugues et al., 2003). Downregulation of said molecules is one of the main strategies of tumor 

cells for immune-evasion, and is associated with poor clinical prognosis (Garrido et al., 1997). To 

examine whether Cd69-/- NK cells could be efficient in the elimination of a poorly immunogenic 

tumor, which expresses low levels of MHC class I molecules, Cd69+/+ and Cd69-/- littermates were 

injected intravenously with 5x105 B16F10 melanoma cells, which form metastases in the lungs (van 

Helden et al., 2015).  

 

Figure 14. Genetic or pharmacologic ablation of CD69 specifically on NK cells impedes metastatic 

activity of poorly immunogenic tumors. A. Timeline of the experimental procedure (d: day). B. 

Representative lung pictures of one out of 7-9 mice/group. C. Quantification of B: single tumoral mass 

number 12 days after B16 injection. D. NK cells recruitment to the lungs of the indicated experimental 

groups 12 days after injection. Left: percentage, right: absolute numbers. E. Degranulation of NK cells 1 

day after B16 injection. F. Quantification of E. G. Density plots showing percentages of mature NK cells 

(right lower quadrant) from peripheral blood of Rag2-/- and Rag2-/-CD69-/- mice in steady state. Cells were 

gated as Nkp46+. H. Phenotypic characterization of NK cells from peripheral blood of Rag2-/- and Rag2-/- 

CD69-/- mice in steady state. Frequencies of CD94+ and Ly49G2+ NKp46+ cells. P-values were calculated 

with one-way ANOVA with Tukey post-test in c and unpaired student’s t test in d and f. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001. 
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Contrary to previously reported with other tumor models, 12 days after injection Cd69-/- mice 

developed a significantly higher tumor number (not shown). To avoid interference from adaptive 

immune responses, the experiment was repeated in Rag2-/- background and Rag2-/-Cd69-/- double 

knockout mice, in the presence or absence of anti-CD69mAb, according to the timeline shown in 

Figure 14A. In the absence of T and B cells, tumor growth was significantly inhibited after genetic 

or pharmacologic ablation of CD69 (Figures 14B and 14C). In parallel, percentage and absolute 

numbers of NK cells in the lungs 12 days after injection were significantly higher in Rag2-/-Cd69-/- 

mice (Figure 14D). Moreover, degranulation after in vitro re-stimulation was also higher in Rag2-/-

Cd69-/- NK cells, as assessed by CD107α exposure on the cell membrane (Figures 14E and 14F). In 

resting conditions, we observed a higher percentage of mature NK cells (CD27-CD11bint) in the 

absence of CD69 (Figure 14G), as well as higher Ly49G2 levels (Figure 14H), confirming the mass 

cytometry data (Figure 12). Moreover, expression levels of the inhibitory receptor CD94 were 

significantly lower in the absence of CD69 (Figure 14H). These data demonstrate that targeting NK 

cells with anti-CD69mAb could result an effective strategy to reduce metastases without the 

intervention of adaptive immune responses.  

1.4. Cd69-/- mice are highly resistant to aGvHD after allogeneic HSCT 

NK cells are one of the more resistant cell types to radiation and chemotherapy (Bogdandi et al., 

2010) (Yang et al., 2014), playing an important role in the elimination of alloreactive T cells after 

allogenic transplants (Olson et al., 2010). Ly49G2 and Ly49D NK receptors mediate the rejection of 

MHC-I deficient BM grafts (Raziuddin et al., 1996, George et al., 1999, Raziuddin et al., 2000) and 

their expression was found higher in the membrane of CD69 deficient mice (Figure 12). Therefore, 

we wonder whether Cd69-/- mice were protected against graft versus host disease (GvHD) after 

allogeneic HSCT. Transfer of T cell-depleted bone marrow (TCD-BM) with 5x105 splenic naïve CD4 T 

cells from C57BL/6 donors to lethally irradiated BALB/c hosts induced robust aGVHD disease in the 

Cd69+/+ group, with high clinical scores (Cooke et al., 1996) and a mortality of 80% by day 10. On 

the contrary, 80-90% of the Cd69-/- hosts survived with significantly lower clinical scores (Figure 15A-

C) and better appearance 25 days after treatment compared to the few Cd69+/+ survivors (Figure 

15D). Histologic evaluation of the main target organs of aGVHD (skin, lung, gut and liver) showed 

much more extensive damage in the Cd69+/+ group compared to the Cd69-/- littermates (Figure 15E). 

Accordingly, CD4 T cells were significantly less abundant in blood and spleens of the Cd69-/- group, 

indicating a higher elimination rate of the alloreactive T cells by host NK cells in these mice. 
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1.5. NK cells account for allogeneic killing in Cd69-/- hosts and anti-CD69mAb-treated littermates  

To further analyze the contribution of other cell types in the observed phenotype shortly after 

transplant, we evaluated allogeneic cell killing in vivo in non-irradiated BALB/c, BALB/c Cd69-/-, 

Rag2-/-, Rag2-/-Cd69-/-, Rag2-/-γc-/- and Rag2-/-γc-/-Cd69-/- recipients (Figure 16A). As expected, 

allogeneic cells were efficiently eliminated in the absence of T and B cells, and specific lysis was 

significantly augmented in the absence of CD69 independently of adaptive immune responses both 

by genetic ablation or pharmacological treatment (anti-CD69 mAb 2.2) (Figure    16B-C). Rag2-/-γc-/- 

and Rag2-/-γc-/-Cd69-/- recipients, lacking NK cells, were unable to eliminate allogeneic splenocytes 

(Figure 16B), confirming that cells of myeloid origin are not involved in the observed phenotype 

independently of CD69 expression. Expression of Ly49G2 was significantly higher in Cd69-/- and anti-

CD69mAb-treated Cd69+/+ mice, while CD94 was downregulated in these two groups (Figure 16). Of 

note, 4 hours after in vivo challenge, the Ly49G2+CD94- subset also harbored slightly but 

significantly higher levels of the effector molecule granzyme B, indicating an increased cytolytic 

capacity of these cells. Taken together, this data indicates that genetic ablation or downregulation 

of CD69 on NK cells leads to a shift in receptor repertoire, increased cytolytic activity and highly  

 

Figure 15. Increased survival and lower severity of GvHD in Cd69-/- mice. A-C Survival curve, weight curve 

(percentage of weight loss) and clinical score are shown. D. Cd69+/+ and Cd69-/- mice at day 24 after 

transplant. E. Histology of organs affected by GvHD at d24 after transplant. Log-rank (Mantel-Cox) Test was 

used for survival statistical analysis. Two-way ANOVA with Bonferroni post-test for statistical analysis in 

panel b and c. (n=8). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.   
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Figure 16. Cd69-/- mice exhibit higher NK activity against allogenic cells. A. Schematic diagram of the in 

vivo killing assay performed. B. CFSE histograms of isolated splenocytes (gated of CFSE+ cells) from BALB/c 

Cd69+/+, Cd69-/- mice, Rag2-/- or Rag2-/- Cd69-/- mice. Histograms are representative of one experiment (n=6-

9). C-D. Percentage of specific killing of allogenic cells by Cd69+/+, Cd69-/- mice, Rag2-/- or Rag2-/- Cd69-/- mice 

(c) or Cd69+/+ and Cd69-/- mice treated with an anti-CD69 mAb 2.2 (d). E. Representative dot plots of Ly49G2, 

CD94 and Granzyme B expression on NKp46+ cells. F. Percentages of Ly49G2+ cells gated on NKp46+ cells, 

CD94+ cells gated on Ly49G2+ NK cells and Granzyme B + cells gated on Ly49G2+/CD94. Statistical 

significance was determined by One-way ANOVA using Bonferroni post test. *P < 0.05, **P < 0.01,              

***P < 0.001, ****P < 0.0001. 
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1.6. Ablation of CD69 renders NK cells resistant to apoptosis and enhances NK cell signaling during 

allogeneic cell elimination 

To further address the mechanisms through which genetic or pharmacologic ablation of CD69 on 

NK cells increases allogeneic cell lysis, we performed RNAseq analyses on NK cells from Rag2-/-, 

Rag2-/-Cd69-/- or anti-CD69mAb treated Rag2-/- mice 4 hours after in vivo challenge with allogeneic 

splenocytes. We detected 2387 genes differentially expressed between the Rag2-/-+anti-CD69mAb 

and the Rag2-/-Cd69-/- groups compared to the Rag2-/- group (Figure 17A). These genes, similarly 

modulated in the former two groups (Figure 17B), are important in pathways related to apoptosis, 

phagosome maturation and NK cell signaling, among others (Figure 17C).  

 

 

Figure 17. RNAseq of NK cells from Rag2-/- and Rag2-/- Cd69-/- mice 4 hours after of allogenic challenge. 

A. Hierarchical cluster analysis and heat map of the expression patterns of 104 genes from RNA-Seq data. 

Changes in expression levels are displayed from green (downregulated) to red (upregulated), as shown in 

the color gradient at the bottom left corner. Heat map was generated and hierarchical clustering was 

performed using Cluster 3.0.  B. Venn diagram shows overlapping set of genes that are differentially 

expressed in the three conditions (Rag2-/-, Rag2-/- Cd69-/- and Rag2-/- + anti-CD69 mAb) (with a p-value < 

0.05). Box plot shows the p-value distribution (transform to log10 in negative values) of the 2.387 genes 

that are differentially expressed in the contrast Rag2-/- vs Rag2-/- Cd69-/-  and Rag2-/- vs  Rag2-/- + anti-CD69 

mAb but not in Rag2-/- Cd69-/- vs Rag2-/- + anti-CD69 mAb. Red line corresponds to p-value = 0.05 (log10 = -

1.3). C. Hierarchical cluster and heat map of the expression patterns of different relevant genes within the 

2.387 genes differentially expressed and involved in different NK cell related pathways: apoptosis, 

phagosome maturation, NK cell signaling, NK/DC communication.  
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1.7. CD69 controls NKG2D expression, membrane clustering and signaling  

Interestingly, one of the pathways modulated in the absence of CD69 was the signaling pathway 

downstream NKG2D stimulation (Figure 18A). NKG2D is a master regulator of activatory and 

inhibitory NK cell receptors and, therefore, one of the most interesting targets for us to study. A 

number of genes related to NKG2D activity, such as Dap10, Dap12, Zap70 and Vav1 among others, 

were found differentially expressed in NK cells from Rag2-/- vs Rag2-/- Cd69-/- and Rag2-/- vs Rag2-/- 

+ anti-CD69 mAb mice. The upregulation of these genes was confirmed by qPCR (Figure 18B), 

suggesting that this signaling route was overactivated when CD69 is not present. CyTOF analysis 

showed that CD69 and NKG2D expression are located together within a specific cluster of cells, 

however, NKG2D expression in this cluster was lost in the absence of CD69, spreading among 

different clusters (Figure 18C). These data suggested some type of physical interaction between 

these two molecules. To test this hypothesis we performed Co-IP assays between CD69 and NKG2D 

that confirmed the interaction of the two receptors in the membrane of wild type NK cells (Figure 

18D). Moreover, immunofluorescence assays showed that CD69 and NKG2D colocalize in the 

uropode of the cell after activation (Figure 18E). 

 

Figure 18. CD69 could be interacting with NKG2D and modulating its activity. (Next page) 
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1.8. CD69 can be targeted to prevent aGVHD without compromising engraftment 

Treatment with anti-CD69mAb reproduces the phenotype of Cd69-/- mice, eliminating cells of 

allogeneic origin more efficiently than non-treated littermates (Figure 16). We aimed to address 

the potential of anti-CD69 mAb as therapeutic agent to ameliorate aGVHD. BALB/c Cd69+/+ mice 

were treated with anti-CD69mAb 24 hours before lethal irradiation, to inhibit CD69 upregulation 

on host NK cells. One day after irradiation, mice were transplanted with fully allogenic C57BL/6 

TCD-BM. After allowing 3 days for engraftment, aGvHD was induced by C57BL/6 naïve T cell 

infusion, in the presence or absence of a second dose of anti-CD69 mAb. 5-7 days after aGvHD 

disease induction, mAb-treated Cd69+/+ mice fared better than non-treated Cd69+/+ littermates 

(Figure 19A), presenting a significantly lower clinical score and improved survival rate (Figure 19B). 

We also observed more robust NK cell populations in blood and spleens of CD69 deficient mice, 

which correlated with a much lower engraftment of allogeneic T cells at this time point (Figure 19C). 

Importantly, despite the efficient elimination of alloreactive T cells and the absence of aGvHD, 

reconstitution kinetics in the mAb-treated group were comparable to the non-treated Cd69+/+ 

group, with a chimerism of around 95% already 14 days after aGvHD induction (Figure 19D). Thus, 

Figure 18. CD69 interacts with NKG2D and modulates its expression and activity. A. Hierarchical cluster 

analysis and heat map of the expression patterns of genes involved in NK cell signaling. Data obtained 

from RNA-Seq analysis. B. Validation of mRNA expression levels of genes involved in NKG2D signaling by 

qPCR. C. tSNE plots of CD69 and NKG2D expression on blood NKp46+ gated cells analyzed by CyTOF. D. 

Western Blot showing co-immunoprecipitation of NKG2D with CD69 in extracts obtained from NKL cells 

in basal conditions or after 24 hours with IL-15 stimulation. Black arrow indicates the band in the gel 

corresponding to NKG2D. E. Immunofluorescence of CD69 and NKG2D in NKL cells in resting conditions 

or after 24 hours with IL-15 stimulation. Statistical significance was determined by One-way ANOVA using 

Tukey post test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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it appears that mAb-treated host residual NK cells only eliminate highly alloreactive donor T cells 

shortly after infusion, while the rest of the graft successfully repopulates the host, and could 

efficiently maintain immunocompetence and the graft versus leukemia effect in a clinical setting. 

 

 

 

 

 

Figure 19.  Anti-CD69 mAb treatment protects Cd69+/+ mice from aGVHD without impairing 

engraftment. A. Schematic representation of the treatment strategy. Histogram overlay: expression of 

CD69 in the indicated experimental groups 1 day after irradiation. B. Survival rate (top) and clinical score 

(bottom) during aGvHD.  C. Proportions of host NK cells (NKp46+ CD45.1-) and donor T cells (CD45.1+) 

that persist in spleen, 5 days after aGvHD induction. D. Reconstitution kinetics of the indicated 

experimental groups 14 days after transplant. One representative out of 9 mice/group. WT group: sole 

survivor. Statistical significance was determined by One-way ANOVA using Tukey post-test. *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. Log-rank (Mantel-Cox) Test was used to comparison of survival 

curves. 
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2. Role of CD69 in an “in vivo” model of atherosclerosis in the context of adaptive immunity. 

In the last decade, the contribution of lymphocytes to atherosclerosis clinical manifestations has 

been highlighted. In vivo models of atherosclerosis suggest that regulatory T (Treg) cells suppress 

inflammatory responses and attenuate atherosclerosis (Ait-Oufella et al., 2006). This has been 

demonstrated by experimental therapies aimed to increase Treg proportions under high fat diet 

conditions (Dinh et al., 2012, Sasaki et al., 2009). However, the role of Th17 lymphocytes remains 

more controversial. Although genetic or pharmacological inhibition of interleukin (IL)-17 

significantly ameliorates atherosclerosis (Ge et al., 2013) (Smith et al., 2010), concomitant increases 

in both IL-17 and IL-10 lead to smaller plaques (Taleb et al., 2009). Another study reports bigger 

plaques in ApoE−/−IL-17−/− mice (Danzaki et al., 2012). A Th17/ Treg imbalance has been reported in 

patients with coronary artery atherosclerosis, with a significant increase in Th17 and a decrease in 

Treg cells (Potekhina et al., 2015) (Li et al., 2014). CD69 exerts a complex role in the modulation of 

the immune response and the inflammatory process by affecting the balance between Th17 and 

Treg cells. CD69-deficient mice present an exacerbated Th17 response and defective Treg cell 

function (Sanchez-Diaz et al., 2017) (Cortes et al., 2014), resulting in the inability to resolve 

inflammation or to maintain immune tolerance. This has been studied in different models of 

arthritis, asthma, contact dermatitis or myocarditis (Martin et al., 2010b, Cruz-Adalia et al., 2010, 

Sancho et al., 2003). CD69 deficiency was studied in the context of atherosclerosis using Cd69−/− 

ApoE-/- mice. However, no differences in the atheroma plaque formation was observed in these 

mice (Gomez et al., 2009).  

One of the main objectives of this thesis was to study the role of CD69 expression on T cells in 

atherosclerosis development using a different mouse model in which the receptor for low-density 

lipoprotein (LDL) is absent (Ldlr-/- mice).  

2.1. CD69 regulates adaptive immune responses in HFD conditions 

To evaluate the influence of CD69 expression on immune cells in atherosclerosis development, 5 

week old male Ldlr-/- CD45.1+ mice were irradiated and reconstituted with bone marrow from   

Cd69−/− double reporter for Foxp3-mRFP and IL-17A-eGFP24  (BM Cd69−/−)  mice or WT littermates 

(BM Cd69+/+), both CD45.2+ (figure 20A). Mice were fed with high fat diet (HFD) and peripheral 

blood from the tail vein was collected every two weeks to analyse the immune response of these 

chimeric mice. In the absence of CD69 there was a polarization toward a proinflammatory 

phenotype as seen by an increased Th17/Treg ratio that was more evident at 13 weeks on HFD 

(Figure 20B). After 10 weeks of HFD, mice reconstituted with Cd69−/− dRep BM displayed a 

significantly high increase in IL-17–eGFP+ cells in para-aortic LNs, with higher absolute numbers 
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compared with BM Cd69+/+ mice (Figure 20C and 20D). In agreement, the percentage but not cell 

numbers of Foxp3mRFP+ cells was significantly reduced in the absence of CD69 (Figure 20D), 

indicating that Treg cell recruitment to para-aortic LNs is not compromised.  

The percentage of CD4+ IL-17–eGFP+ cells was increased in the aortic arc of BM Cd69−/−chimeras, 

whereas there is a tendency for decreased CD4+ and FoxP3+ cells (Figure 20E and 20F). Collectively, 

flow cytometry data indicate that hyperlipidemia induces high proinflammatory activity and a 

disrupted Th17/Treg cells balance in the absence of CD69. 

Histochemical analysis revealed more extensive lesions and necrotic cores in aortic valves from BM 

Cd69−/− chimeras compared with the BM Cd69+/+ control group (Figure 20G and 20H). Atheroma 

plaques in both groups consisted mainly of F4/80+ foam cells, although a higher infiltration of CD3+ 

lymphocytes into atheroma plaques was found in the BM Cd69−/− group (Figure 20I and 20J).  

 

  

 

Figure 20. CD69 regulates adaptive immune responses in HFD conditions. (Next page) 
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2.2. Analysis of blood leukocyte subsets during high fat diet 

It has been reported an inverse correlation between myeloid dendritic cells and Tregs in human 

unstable atherosclerotic plaques (Rohm et al., 2015). Therefore, not only the Th17/Treg ratio but 

different population of lymphoid and myeloid peripheral blood leukocytes were analyzed during 

HFD administration with no significant changes between BM Cd69+/+ and BM Cd69−/− mice (Figure 

21A and 21B). Because CD69 has been reported to be critical for the generation and maintenance 

Figure 20. CD69 regulates adaptive immune responses in HFD conditions. A. Ldlr-/- mice were lethally 

irradiated and reconstituted with  bone marrow from C57BL/6 Cd69+/+ or Cd69-/- dRep mice. Eight weeks 

after reconstitution PBMCs were > 90% CD45.2+. Histograms show CD69 expression on CD4 and CD8 T 

cells, B cells (B), macrophages (Mac), monocytes (Mono), dendritic cells (DC) and natural killer cells (NK). 

PBMCs were stimulated with anti-CD3/CD28 for lymphoid cells and LPS for myeloid cells, of the indicated 

groups. B. Percentage of Th17 (IL-17-GFP+), Treg (Foxp3-RFP+) CD4+ T cells and Th17/Treg ratio in 

peripheral blood leukocytes of BM Cd69+/+ and BM Cd69-/- mice at the indicated time points after HFD 

initiation. Error bars show SEM, **P < 0.01, ***P < 0.001, **** P < 0.0001. P values were calculated by 

2-way repeated-measures ANOVA (Sidak´s post hoc test). C. Flow cytometry analysis of Th17 and Treg 

cells in para-aortic lymph nodes of BM Cd69+/+ and BM Cd69-/- mice at 10 weeks after HFD 

administration, n=12 mice per group. D.  Percentages and absolute numbers of Th17 and Treg cells from 

para-aortic lymph nodes of BM Cd69+/+ and BM Cd69-/- mice 10 weeks after HFD administration, n=12 

mice per group. Error bars show SEM, *p<0.05, as determined by unpaired t-test or Mann-Whitney U 

test. E. Flow cytometry analysis of aortic arch 13 weeks after HFD initiation. F. Quantification and 

statistical analysis of data shown in E, n=7 mice per group, *P < 0.05, as determined by Mann-Whitney U 

test. G. Lack of CD69 on immune cells accelerates atheroma plaque formation. Oil Red O staining in aortic 

valves from BM Cd69+/+ and BM  Cd69-/- mice after 13 weeks of HFD (left) and quantification of plaque 

surface at  the indicated time points (right), n=16 mice per group pooled from 3 different  experiments. 

H. As before, Masson trichrome staining and quantification of fibrosis and necrotic core after 13 weeks 

of HFD, n=6 mice/group Error bars show SEM, *P < 0.05, **P < 0.01, ***P < 0.001, as determined by 

unpaired t-test. I. As before, F4/80 staining J. As before, CD3 staining, C and D. representative images of 

6 mice/group. Original magnifications: A-C: 4x, D: 10x. 
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of memory T helper lymphocytes (Shinoda et al., 2012), the CD44hi CD62Llo memory T-cell subset 

was also analyzed. Naïve T cells (CD44lo CD62hi) decrease with HFD whereas memory T cells increase 

in both chimeric mice, suggesting that CD69 is not playing a role in the maintenance of T-helper 

memory cells in this model (Figure 21C). Moreover, we found that the ratio between dendritic cells 

and Treg cells during HFD remains equal in both chimeric mice (Figure 21D). These data suggest 

that Th17 and Treg cell proportions are altered under the course of HFD in BM Cd69−/− chimeric 

mice, whereas the other leukocyte subsets remained unaltered. 

 

Figure 21. Analysis of blood leukocyte subsets during high fat diet. A. Analysis of lymphoid CD4+, CD8+ T 

cells and B   cells (B220) was performed by FACS. B. Myeloid cells were analysed after surface staining with 

anti-CD11b, -CD11c, -Ly6G/C, -F4/80 and NK cells with anti–Nkp46. The percentages of granulocytes, 

monocytes, macrophages, natural killer cells (NKs) and dendritic cells (DCs) are shown. C. Surface staining 

with anti-CD44/CD62L was performed to distinguish naïve (CD62Lhi CD44lo) and memory (CD62Llo 

CD44hi) CD4+ T cells. D. Percentages of Tregs (Foxp3+) and the ratio between DCs and Tregs is shown. n= 

15 BM Cd69+/+ and n=13 BM Cd69-/-chimeric mice.  Error bars show SEM, *P < 0.05, **P < 0.01. P values 

were calculated by 2-way ANOVA (Sidak´s post hoc test). 
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2.3. CD69 deficiency in lymphoid cells aggravates atherosclerosis 

To address whether the observed phenotype in BM Cd69−/− mice is specific to the lymphoid 

compartment (LC) mixed BM chimeras proficient or deficient for CD69 in either the LC (LC Cd69+/+ and 

LC Cd69−/− groups) were generated and the specific deletion of CD69 on lymphocytes was confirmed 

by flow cytometry analysis in the blood of hyperlipidemic mice (Figure 22A). It was observed a 

significantly enhanced plateau of Th17 response in the peripheral blood of the LC Cd69−/− group after 

HFD, whereas percentages of Foxp3 cells were significantly decreased compared with the Cd69+/+ 

group (Figure 22B and 22C). On observation that peripheral Th17 responses started to diminish in the 

LC Cd69−/− group after week 16 on HFD (Figure 22C), mice were euthanized, and immune responses 

and plaque formation were assessed. IL-17–eGFP+ cells in para-aortic LNs from LC Cd69−/− mice were 

once again increased, whereas the percentages of Foxp3mRFP+ cells were comparable in the 2 groups 

(Figure 22D). However, the absolute number of Treg cells was significant decreased, with a significant 

increase in the number of Th17 cells (Figure 22D). Finally, atherosclerotic lesions were significantly 

more advanced with more extensive necrotic cores in the LC Cd69−/− group as assessed by Oil Red O 

and Masson trichrome staining (Figure 22E and 22F).  

 

 

 

 

 

 

 

Figure 22. CD69 deficiency in lymphoid cells aggravates atherosclerosis (Next page) 
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2.4. CD69 deficiency in myeloid cells does not influence atherosclerosis development 

As myeloid cells are pivotal for atherosclerosis development (Cimen et al., 2016) (Warnatsch et al., 

2015), the absence of CD69 in the myeloid compartment was studied by generation of mixed BM 

chimeras proficient or deficient for CD69 in the MC (MC Cd69+/+ and MC Cd69−/−; Figure 23A). 

However, no differences were detected during HFD in Th17 or Treg cell dynamics in the periphery, 

at the site of inflammation (para-aortic LNs; Figure 23B through 23D), or in atheroma plaque 

formation (Figure 23E and 23F).  

Figure 22. CD69 deficiency in lymphoid cells aggravates atherosclerosis. A, Schematic illustrating the 

generation of lymphoid chimeras (LCs). Ldlr−/− (CD45.1+) mice were lethally irradiated and reconstituted 

with mixed bone marrow (BM) from Rag2−/−γc−/− plus BM from C57BL/6-Cd69+/+ (LC Cd69+/+) or C57BL/6-

Cd69−/− (LC Cd69−/−) (double-reporter [dRep]; mice at a 3:1 ratio, respectively. Reconstitution of the 

lymphoid and myeloid compartments of CD45.2+ cells was assessed by fluorescence-activated cell 

sorting. Peripheral blood mononuclear cells (PBMCs) after 8 weeks of reconstitution were >90% CD45.2+. 

Histograms show CD69 expression on CD4 and CD8 T cells, B cells (B), macrophages (Mac), monocytes 

(Mono), dendritic cells (DCs), and natural killer cells (NKs). PBMCs were stimulated overnight with anti–

CD3/CD28 for lymphoid cells and lipopolysaccharide for myeloid cells of the indicated groups. B, Flow 

cytometry analysis of IL-17–GFP+ and Foxp3-RFP+ CD4 T cells in peripheral blood of LC CD69+/+ and LC 

Cd69−/− mice after 14 weeks of a high fat diet (HFD). C, Percentage of Th17 (IL-17–GFP+), regulatory T 

(Treg; Foxp3-RFP+) CD4+ T cells, and Th17/Treg ratio in peripheral blood leukocytes of LC Cd69+/+ and LC 

Cd69−/− mice at the indicated time points after HFD initiation. n=15 mice per group (pooled from 3 

independent experiments; error bars show SEM). P values were calculated by 2-way repeated-measures 

ANOVA (Sidak post hoc test). *P<0,05. **P<0,01. ***P<0,001. ****P<0,0001. D, Percentage and absolute 

numbers of IL-17–GFP+, Foxp3-RFP+ CD4 T cells in para-aortic lymph nodes (LN). n=12 mice per group. E. 

Oil Red O staining and quantification of plaque and necrotic core surface in aortic valves from LC Cd69+/+ 

and LC Cd69−/− mice after 16 weeks of HFD. n= 8 mice/group. F, As in E, Masson trichrome staining and 

fibrosis quantification. n=7 mice per group Original magnification ×4. In D through F, error bars show 

SEM. *P<0,05. **P<0,01. as determined by unpaired t test or Mann-Whitney U test. 
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Figure 23. CD69 deficiency in myeloid cells does not influence atherosclerosis development. A. Scheme 

illustrating the generation of myeloid chimeras (MC). Ldlr-/- mice were lethally irradiated and 

reconstituted  with mixed bone marrow, from Rag2-/-γc-/- or Rag2-/-γc-/- Cd69-/- plus bone  marrow from 

C57BL/6-CD69+/+ (double-reporter dRep: IL-17-GFP+ / Foxp3 RFP+) at a 3:1 ratio, respectively. Eight 

weeks after reconstitution PBMCs were > 90% CD45.2+. Reconstitution of lymphoid and myeloid 

compartments of CD45.2+ cells was assessed by FACS. Histograms show CD69 expression on CD4 and 

CD8 T cells, B cells (B), macrophages (Mac), monocytes (Mono), dendritic cells (DC) and natural killer 

cells (NK). PBMCs were stimulated with anti CD3/CD28 for lymphoid cells and LPS for myeloid cells, of 

the indicated groups.  B. Kinetics of the adaptive immune response in peripheral blood for Th17 (IL-17 

GFP+), Treg (Foxp3-RFP+) CD4+ T cells and Th17/Treg ratio in peripheral blood  leukocytes after HFD, 

n=11 mice/group, C. Flow cytometry analysis of Foxp3 mRFP+ and IL-17-eGFP+ CD4 T cells in para-aortic 

LNs of MC Cd69+/+ and MC  Cd69-/- mice after 13 weeks of HFD, D. Quantification and statistical analysis 

of  data shown in C, n=12 mice per group, E. Oil Red O staining and quantification  of plaque in aortic 

valves from MC Cd69+/+ and MC Cd69-/- mice after 13 weeks  of HFD, n= 8-10 mice/group, F. As in E., 

Masson trichrome staining and necrotic core quantification, n=8-10 mice/group Original magnifications: 

4x. Error bars show SEM. No significant differences were observed between groups as determined by 

two-way repeated-measures ANOVA (Sidak´s multiple comparisons post hoc tests) (B), unpaired t-test 

and Mann-Whitney U test (D-F) as appropriate. 
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2.5. Analysis of circulating lipids in mice subjected to HFD 

All the CD69-proficient and -deficient groups gained similar amounts of weight throughout the 

experiment. However, the circulating levels of lipids (free fatty acids, triglycerides, high-density 

lipoprotein, LDL, and cholesterol) were lower in LC Cd69−/− compared with LC Cd69+/+, suggesting 

that the enhanced plaque formation in LC Cd69−/− was not attributable to a metabolic defect (Figure 

24). We conclude that specific CD69 deletion in the LC accounts for the increased proinflammatory 

phenotype and the enhanced atheroma plaque formation. 

 

    

 

 

Figure 24. Analysis of circulating lipids in mice lacking CD69 in total immune, lymphoid or myeloid 

compartments. Weight gain, lipase activity, free fatty acids, triglyceride and cholesterol levels of the 

indicated experimental groups were measured. A. Weight curve and biochemical profile of chimeric BM 

Cd69+/+ and BM Cd69-/- mice, n=6-8 mice/group. B. as in a, for LC Cd69+/+ and LC Cd69-/- mice, n=15-16 

mice/group. C. as in A for MC Cd69+/+ and MC Cd69-/- mice, n=9 mice/group. No significant differences 

were observed in weight gain between groups as determined by two-way repeated-measures ANOVA 

(Sidak´s multiple comparisons post hoc tests). Error bars show SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 

as determined by unpaired t-test and Mann-Whitney U test as appropriate.  
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3. Role of CD69 in the development of cardiomyopathy in the absence of microbiota. 

Recent studies have shown that the gut microbiota interacts with the host contributing to many 

physiological processes. However, the mutualistic relationship between these commensal bacteria 

can also be involved in the development of several intra and extra-intestinal pathologies. There is 

an association between gut microbiota metabolism and composition and cardiovascular diseases 

and heart failure. Moreover, several autoimmune disorders have been related with alterations in 

gut microbiota and high autoimmunity due to bacterial induced Th17 cells. However, there is no 

clear link between microbiota composition and heart function in the context of autoimmune 

myocarditis. 

3.1. CD69 deficient mice exhibit different gut microbiota composition. 

Previous studies of the group showed that experimental autoimmune myocarditis (EAM) 

progression is Th17-dependent and that CD69 limits the severity of cardiomyopathy, being CD69 

deficient mice more susceptible to develop exacerbated Th17 responses and severe myocarditis 

(Cruz-Adalia et al., 2010). As it has been reported that gut microbiota can induce systemic Th17 

responses we hypothesized whether commensal bacteria could be playing a role in the observed 

phenotype.  A 16S rRNA analysis of fecal contents revealed that gut microbiota composition differs 

between Cd69-/- mice and their wild type littermates (Figure 25), existing also differences among 

the two mouse strains. The different microbiota composition could explain the differences observed 

in both genotypes, in particular Verrucomicrobia phylum that contribute to intestinal health and 

glucose homeostasis, is apparently mostly absent in Cd69-/- mice from BALB/c background, the 

strain susceptible of EAM. This data could indicate that Cd69-/- have a less healthy gut microbiota 

composition. 

 

 

 

 

 

Figure 25. Gut microbiota composition of BALB/c and C57BL/6 mice proficient or deficient for CD69. 

On the left is represented the mean relative abundance of different species in all the mice analyzed. On 

the right each animal is shown individually. 
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3.2. Antibiotics treatment reduce heart failure after myocarditis induction 

To analyze the role of microbiota in the development of myocarditis, we aimed to explore the onset 

and course of the disease after dampening gut bacteria what allowed us to study the role of CD69 

without that variable. In order to deplete gut microbiota, a cocktail of antibiotics (Vancomycin, 

Puromycin, Neomyicin and Metronidazol) was given to C57BL/6 mice in drinking water. After four 

weeks, there was no apparent cultivable bacteria in the feces of these animals and myocarditis was 

induced, maintaining antibiotic treatment until the end of the experiment (Figure 26A).  

 

Figure 26. Myocarditis development in antibiotic-treated mice (Acute phase). A. Scheme of 

experimental workflow. B. Cardiomyopathy and heart infiltration of different lymphoid and myeloid 

subsets, 21 days after myocarditis induction. Lymphoid cells are gated on CD11b- population and myeloid 

cells on CD11b+ population. C. Echocardiography analysis at d20 after induction. D. Representative 

cardiac magnetic resonance imaging (MRI) images of each group and quantification. HW/TL (Heart 

weight/Tibial length), %EF (% Ejection Fraction M-mode), % FS (%Fractional Sortening M-mode), LVEF 

(Left Ventricule Ejection Fraction B-mode). Statistical significance was determined by Kruskall-Wallis test 

and Dunn’s Multiple Comparison Test, not assuming normal distribution. *P < 0.05, **P < 0.01,                

***P < 0.001, ****P < 0.0001. 
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21 days after myocarditis induction, during the acute phase of the disease, it becomes apparent 

that leukocyte infiltration in the heart was reduced in antibiotic-treated mice, in particular in     

Cd69-/- mice in comparison with Cd69-/- with regular water (Figure 26B). Echocardiography study did 

not reveal great differences between groups but this is quite normal in the acute phase of the 

disease when inflammation is high and heart function is still minimally affected (Figure 26C). 

Magnetic resonance imaging (MRI) was performed and, surprisingly, we found that hearts from 

animals presented more edematous zones when treated with the antibiotics cocktail (Figure 26D), 

although the Cd69-/- mice do not have enhanced edema compared to wild-type in this group. 

However, in the chronic phase of the disease, 60 days after induction, as previously reported, there 

was a drop in heart function parameters in CD69 deficient mice that is recovered in mice treated 

with antibiotics (Figure 27A). In addition, histological analysis revealed that hearts from CD69 

deficient mice presented higher fibrotic areas compared to their wild type littermates while this 

increase is not observed in the antibiotic-treated CD69 deficient animals (Figure 27B). These data 

point to a role of microbiota in the development of severe myocarditis, however, the ABX treatment 

is not able to eliminate all the gut microbiota and given that, Cd69+/+ and Cd69-/- have different 

microbiota composition, that could be influencing the response and the course of the disease. 

  

Figure 27. Myocarditis induction in antibiotic treated mice (Chronic phase). A. Echocardiography 

analysis at d60 after myocarditis induction. B. Representative images of Picrosirius Red staining  (left) for 

collagen fibrosis and Hematoxilin&Eosin staining (right) for inflammation of paraffin embedded heart 

sections. Statistical significance was determined by Kruskall-Wallis test and Dunn’s Multiple Comparison 

Test, not assuming normal distribution. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 

) 

 Cd69+/+ Cd69 -/- Cd69+/+ Cd69 -/- 
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3.3. Systemic inflammation and autoimmune myocarditis are abrogated in the absence of 

microbiota. 

To further confirm that gut microbiota was playing a role in the development of myocarditis and 

dilated cardiomyopathy, EAM induction was performed in the Germ Free facility of the University 

of Bern in collaboration with Dr. MacPhersons´s group, where animals were housed completely 

sterile. In parallel, the same experiment was carried out in specific pathogen free conditions (SPF) 

at CNIC. According to the results obtained with the antibiotic cocktail, germ free mice did not 

present heart infiltration and in contrast to what happens in SPF conditions, there was complete 

lack of Th17 responses in the heart of germ free mice (Figure 28A). In SPF conditions CD69 deficient 

mice behaves as previously reported, presented an exacerbated systemic inflammation 

characterized by strong IL-17 and IFN responses (Figure 28B). 

 

Figure 28. Heart failure after myocarditis induction is abrogated in the absence of microbiota. 
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In germ free conditions there was not apparent activation of the immune system after myocarditis 

induction (Figure 28) and therefore, there was not triggering of Th17 responses (Figure 29). 

Consequently, the heart function was maintained unaltered 60 days after peptide injection in germ 

free conditions. However, as previously described, under SPF, CD69 deficient mice presented a 

severe heart failure, with decreased ejection fraction and fractional shortening and increased left 

ventricular mass (Figure 29A-B). These data clearly indicated that the presence of microbiota seems 

to be essential for the development of Th17 responses that drive heart inflammation and 

subsequent cardiomyopathy after challenge with immunogenic peptides towards heart myosin 

heavy chain. Moreover, microbiota is also needed to trigger the severe myocarditis in the absence 

of CD69, suggesting an interaction between this receptor and gut bacteria essential to exert its 

function. To further confirm that myocarditis is not taking place in germ-free animals, we aimed to 

address the infiltration and fibrosis of chronic phase by histological analyses after H&E and Masson 

trichromic staining, respectively. The histology revealed great affected areas in CD69 deficient 

hearts under SPF with extensive fibrotic and infiltrated areas (Figure 29C and D) confirming the data 

by flow cytometry and echocardiography, whereas mice under germ free conditions do not showed 

neither inflammation nor fibrosis. These data are the first that firmly demonstrate that gut 

microbiota is needed for the development of myocarditis and dilated cardiomyopathy and also 

contributes to the regulation of the disease by interacting with the CD69 immune-receptors 

pathway. 

 

Figure 28. Heart failure after myocarditis induction is abrogated in the absence of microbiota. B. 

Percentages of CD4+ IL17+ cells (up) and CD4+ IFNg+ cells (down) in peripheral blood, spleen and 

peripheric (inguinal and axillary) lymph nodes. Statistical significance was determined by Kruskall-Wallis 

test and Dunn’s Multiple Comparison Test, not assuming normal distribution. *P < 0.05, **P < 0.01, ***P 

< 0.001, ****P < 0.0001. 

 

Figure 29. In the absence of microbiota, heart failure after myocarditis induction is abrogated.  
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Figure 29. In the absence of microbiota, heart failure after myocarditis induction is abrogated. A. 

Echocardiography analysis at d60 after myocarditis induction. Score: B. Representative images of 

echocardiography showing ejection fraction (contraction) of the heart along long axis. Statistical 

significance was determined by Kruskall-Wallis test and Dunn’s Multiple Comparison Test, not assuming 

normal distribution. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.000. C. Representative images of 

hematoxilin & eosin staining (left) and Masson trichromic staining (right) of paraffin embedded heart 

sections. Top: 2.5x magnification. Bottom: 5x magnification. D. Quantification of infiltration (left) and 

fibrosis (right) as described in materials and methods. P-values were calculated with one-way ANOVA 

with Tukey post-test *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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DISCUSSION  

1. CD69 as an immunomodulatory molecule  

In the last decades, different studies have proven the complex role of CD69 in the modulation of 

both innate and adaptive immune responses. CD69 deficiency in the lymphoid compartment 

increases inflammation in different models of chronic inflammation like arthritis (Sancho et al., 

2003) allergic asthma and contact dermatitis (Martin et al., 2010b), autoimmune myocarditis (Cruz-

Adalia et al., 2010) or colitis (Radulovic et al., 2012). In all those cases CD69 deficient mice present 

exacerbated Th17 responses. Therefore, CD69 can be defined as negatively regulator of 

inflammation through the regulation of the balance between Th17 and regulatory T lymphocytes. 

In this study we have addressed the role of CD69 in the context of innate immune NK cells, revealing 

that CD69 can modulate NK cell activity through clustering organization of the different NK cell 

receptors. CD69 deficient NK cells present higher cytotoxic activity against tumors and allogenic 

cells allowing resistance to graft versus host disease development after HSCT. We have also studied 

the role of CD69 in the context of adaptive immune responses in cardiovascular diseases such as 

atherosclerosis and myocarditis. Taking advantage of chimeric Ldlr−/− mice under HFD as 

atherosclerosis model, we show that CD69 depletion on the lymphoid compartment leads to an 

altered Th17/Treg equilibrium and a consequent exacerbated increase in atheroma plaque during 

disease progression. Nowadays it is known that gut microbiota is involved in the modulation of local 

and systemic inflammation in several diseases, including cardiovascular pathologies. Here we have 

demonstrated that CD69 can influence Th17 responses in heart and the composition of gut 

microbiota affecting the severity of autoimmune myocarditis. And finally, in this study we show 

that gut microbiota is required for the progression of the autoimmune myocarditis to the 

development of dilated cardiomyopathy.  

2. Role of CD69 in the regulation of “natural killer” (NK) cells activity in the context of innate 

immunity. 

CD69 has been well studied in the context of adaptive immune response and its role in the 

development of several immune disorders is well documented. There are also studies in which CD69 

function is studied in the context of innate immunity and NK cells. These early studies postulated 

CD69 as a stimulatory receptor for NK cells that can be blocked by CD94 (Moretta et al., 1991) 

(Zingoni et al., 2000). Moreover, in vitro studies suggested that CD69 is a pro activator molecule in 

all leukocytes, including NK cells (Testi et al., 1994) (Cebrian et al., 1988). However, recent studies 

indicate that CD69 exerts a down-regulatory role in vivo in the immune system, as CD69 deficient 
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mice exhibit a potent immune response against tumor cells (Esplugues et al., 2003) and the 

treatment with anti-CD69 antibodies induces strong tumor NK-cell immunity against tumors 

(Esplugues el al,Blood 2005). However, the molecular mechanism/s explaining the enhanced 

activation of NK cells in the absence of CD69 are still not elucidated. But the activatory/inhibitory 

status of the NK cells very much depends on the expression of a plethora of different NK receptors 

in the membrane of the cells. NK cell education and differentiation, including acquisition of both 

activating and inhibitory receptors, occurs primarily in the bone marrow. The process of receptor 

acquisition and NK cell education remains poorly understood. However, it is known that terminal 

NK cell differentiation usually occurs when the cells present CD94low and CD56dim expression (Yu et 

al., 2010) and is characterized by the appearance of CD57, decreased proliferation and increased 

cytolytic activity (Moussa et al., 2012). It has been shown here that CD69 deficient NK cells present 

lower expression of CD94 and higher cytolytic activity than control cells, suggesting a more 

activated phenotype. In line with previous reports (Yu et al., 2009), and in agreement with the 

notion of a functional dichotomy of NK cells between cytokine production and cytotoxicity (Colucci 

et al., 2001, Mondelli et al., 2012, Rajagopalan et al., 2001), the lower levels of CD94 in Cd69-/- mice 

resulted in lower IFN-γ production in all tested contexts (not shown). These cells also have a 

different expression pattern of several activating and inhibitory NK cell receptors, with higher 

expression of the activating receptor Ly49D but lower expression of the activating receptor Ly49H 

and the inhibitory receptors Ly49A and Ly49E. Ly49H directly binds the m157 glycoprotein encoded 

by murine cytomegalovirus (MCMV) on infected cells (Adams et al., 2007), while Ly49D recognizes 

the MHC-I molecule H2-Dd and is responsible for the rejection of bone marrow allografts in C57BL/6 

recipient mice (George et al., 1999), though Ly49 gene haplotypes differ between mouse strains 

and BALB/c mice don’t possess Ly49H or Ly49D. Thus, the exact mechanism by which BALB/c NK 

cells recognize allogenic cells is still unclear. Interestingly, Ly49H expression is dampened in        

Cd69-/- C57BL/6 mice that are highly susceptible to MCMV infection confirming that the absence of 

CD69 in NK cells induced different repertoire of receptors in the membrane of these cells. 

Data obtained in this Thesis support the idea of CD69 as a negative regulator of the immune 

response in NK cells. In this work it has been observed that Cd69-/- NK cells were more efficient in 

the elimination of a poorly immunogenic tumor in vivo. To study the role of NK cells in the tumor 

response, avoiding the effect of CD8+ T cells anti-tumor responses, we have analyzed Rag2KO mice 

that lack T or B lymphocytes. Increased NK cell percentage and absolute numbers in the lungs, 

where the tumors grow, were reported in Rag2-/-Cd69-/- mice and degranulation after in vitro re-

stimulation was also higher in Rag2-/-Cd69-/- NK cells, accounting for the increased cytotoxicity in 

these mice. Moreover, Rag2-/-γc-/- and Rag2-/-γc-/-Cd69-/- recipients, lacking NK cells, were unable to 
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eliminate allogeneic splenocytes, confirming that other cells of lymphoid or myeloid origin are not 

involved in the observed phenotype that is driven by NK cells, independently of CD69 expression. 

We have found that NK cells from Cd69-/- mice with tumors are more mature and have inhibited 

expression of inhibitory CD94 in the membrane, again indicating a different repertoire of receptors 

compared to wild type NK cells. 

NK cells have to stay tolerant to healthy tissues and they express at least one inhibitory receptor 

specific for self MHC as a means to prevent NK cell autoreactivity (Joncker and Raulet, 2008), this is 

known as NK cell education. While there is no doubt that MHC class I molecules play a critical role 

in NK cell education, there is considerable debate regarding the types of cell interactions (or lack 

thereof) that influence this process. One hypothesis proposed is the tuning model which postulates 

that each NK cell, depending on the inhibitory (and stimulatory) receptors expressed, and the MHC 

genotype of the animal, receives a varying amount of stimulation and inhibition when encountering 

neighboring cells. Stimulatory and inhibitory signals are thought to be integrated by the NK cell. The 

model proposes further that depending on the net stimulation received, the NK cell assumes a 

quantitatively appropriate responsiveness state. Strong net stimulation (e.g. steady state 

stimulation without opposing inhibition) drives the NK cell to its lowest responsive state, whereas 

weak (or no) net stimulation drives the cell to its highest responsive state.  Ly49G2 is an inhibitory 

receptor that recognize self MHC I molecules. This receptor is overexpressed in CD69 deficient NK 

cells compared to CD69 proficient cells. According to this theory, CD69 deficient NK cells would had 

received weak stimulation during their education process, driving the cells to a higher responsive 

state (Shifrin et al., 2014) (Joncker et al., 2009) 

The cytolytic capacity of human and mouse NK cells appears to be directly related to KIR and NKp46 

expression levels, respectively (Garcia-Iglesias et al., 2009, Glasner et al., 2017, Sivori et al., 1999). 

Of note, mean fluorescence intensity for NKp46 was significantly increased both in the Cd69 -/- and 

the mAb-treated Cd69+/+ groups compared to the non-treated Cd69+/+ mice. 

Hematopoietic stem cell transplantation (HSCT) has proven to be an effective treatment for a wide 

range of hematologic malignancies and some solid tumors (Copelan, 2006) (Ljungman et al., 2010). 

However, in most cases it is impossible to find a donor with identical major histocompatibility 

complex (MHC) proteins and up to 80% of patients in mismatch settings develop graft-versus host 

disease (GvHD) (Perez-Simon et al., 2006).  

It has been previously reported that NK cells may promote transplant tolerance by killing donor 

antigen-presenting cells (Yu et al., 2006). Moreover, prior studies have demonstrated that NK cells 

are resistant to ionizing radiation (Bogdandi et al., 2010) (Yang et al., 2014). Here it has been 
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confirmed that NK cells are resistant to lethal doses of myeloablative ionizing radiation. 

Importantly, 6-8 weeks after reconstitution, chimerism was complete in the Cd69-/- mice, indicating 

that host NK cells do not fully eliminate the graft, which is important to maintain the graft versus 

leukemia effects, and they do not persist in the host in the long run. Although radiotherapy-

resistant T cells made up a small percentage of residual host cells, roughly 85% of these cells were 

eliminated 7 days after transplant, whereas 70-80% of host NK cells were still present at this time 

point. Thus, it appears that residual NK cells protect Cd69-/- hosts from aGVHD development by 

reacting against allogenic T cells, decreasing the T-cell mediated host tissue damage after allogenic 

stem cell transplant.   

NKG2D is the best-characterized activating NK cell receptor. It recognizes “induced-self” ligands – 

molecules that are not expressed or are expressed at low levels on most healthy cells, but that can 

be induced by hyper-proliferation and transformation, as well as when cells are infected by 

pathogens. Thus, the NKG2D pathway serves a mechanism for the immune system to detect and 

eliminate cells that have undergone “stress” (Raulet, 2003, Lanier, 2005, Raulet et al., 2013). NKG2D 

recognizes an extensive repertoire of ligands including MICA/MICB and ULBP1–6 in humans, and 

MULT1, RAE-1α-ε, and H60a–c in mice (Raulet et al., 2013). NKG2D recognition of target cells is a 

major mode of natural killing of tumor cells (Jamieson et al., 2002), and has been implicated in some 

autoimmune diseases as well (Schleinitz et al., 2010) (Schleinitz et al., 2010). Recent studies suggest 

that this receptor may mediates NK cell education in the bone marrow and peripheral tolerance 

upon chronic ligand exposure mediating its own downregulation and subsequent hypo-

responsiveness to stimulation. Chronic NKG2D ligand recognition mediates downregulation of the 

receptor and reduce NK cell responsiveness. Under physiological conditions, this process is thought 

to prevent NK cell hyper-responsiveness against peripheral ligands for which education in the bone 

marrow is incomplete (Groh et al., 2002) (Mincheva-Nilsson et al., 2006) (Cox et al., 2015). 

In this work we hypothesized that CD69 and NKG2D could be interacting in the membrane of NK 

cells, based in our unbiased mass cytometry and RNAseq analysis. Chronic NKG2D engagement by 

NK cells results in reduced responsiveness of multiple receptors other than NKG2D. This mechanism 

could explain the differences in the expression pattern of membrane receptors in CD69 deficient 

NK cells. In this work, it has been demonstrated that CD69 and NKG2D cluster together and interacts 

in the cell membrane. In the absence of CD69, NKG2D expression-cluster population disappears and 

the expression of the receptor dilutes in different cell clusters. Therefore, these data indicate that 

CD69-NKG2D interaction may be necessary for the fine downmodulation of NKG2D upon chronic 

engagement, as, in the absence of CD69, NKG2D remains active in NK cell membrane, driving the 

cell to a hyper-responsiveness state (Figure 30). This type of membrane regulation/stabilization of 



 Discussion 

83 
 

other receptors by CD69 has been described. For example, it associates with the aromatic-amino-

acid-transporter complex LAT1-CD98 on the plasma membrane of activated T cells and regulates its 

surface expression and uptake of L-tryptophan (L-Trp) (Cibrian et al., 2016). CD69 also associates 

with of S1P(1) receptors in the membrane of leukocytes and inhibits their function by inducing its 

internalization and degradation, this mechanism is the responsible for the modulation of T cell 

egression from lymph nodes (Bankovich et al., 2010) (Shiow et al., 2006).  

 

Figure 30. Hypothesis of CD69-NKG2D interaction. Upper. CD69 would interact with NKG2D in the 

membrane facilitating its stabilization in the membrane and allowing NKG2D downregulation after 

chronic stimulus. Lower. In the absence of CD69, NKG2D is not downregulated and it is constitutively 

expressed in the cell membrane leading NK cell to a hyperactivated state with higher target cell killing. 

Adapted from (Molfetta et al., 2016) 
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Cell therapy with NK cells has been proposed to prevent GvHD as it has been proved that 

administration of activated NK cells resulted in GvHD inhibition and higher Graft versus tumor 

effects after allogeneic bone marrow transplant (Asai et al., 1998) (Murphy and Longo, 1997) (Olson 

et al., 2010). In all those cases the authors study the possibility of injecting donor activated NK cells 

at the time of HSCT. Here we proposed that enhancement of cytolytic activity of the recipient NK 

cells could also be useful in the clinic for prevention of GvHD. This enhancement could be achieved 

by pharmacological blockade of CD69, although more research is still needed to confirm this 

hypothesis.  

Concomitant injection of anti-CD69 mAb with the allogenic T cell depleted BM and naïve T cells led 

to the complete elimination of the graft in the mAb-treated mice and high mortality due to lack of 

BM engraftment (not shown). Previous work on both animal models and clinical trials has shown 

that injection of T Cell depleted BM and subsequent infusions of donor T cells is a valid option that 

successfully restores host immunocompetence and maintains the graft versus leukemia (GvL) 

effect. However, risk of aGvHD is high in these protocols (Collins et al., 1997, Drobyski et al., 1993, 

Johnson et al., 1993). Here the aGvHD induction protocol was adapted to match these clinical 

settings, inducing aGvHD with allogenic T cell infusion together with a second dose of anti-CD69 

mAb 3 days after reconstitution with T cell depleted bone marrow to allow a good engraftment.  

Irradiation is not the treatment of choice for malignant bone marrow elimination in the clinics. 

Preliminary results not shown in this thesis have indicated that on day 0 after chemotherapy mostly 

cells of myeloid origin persist in the host. However, a clear lymphocytic subset is detectable and 

within this population, a CD56dimCD16+ NK cell subset is present in varying percentages in the CD3- 

compartment. In line with data from the mouse model, residual host CD56dimCD16+ NK cells 

expressed high levels of CD69 after chemotherapy. This was not the case for other persisting 

immune cell subsets like T cells or granulocytes, nor for the CD56brightCD16- subset of NK cells. 

However, CD69 levels gradually diminish as donor cells expand and repopulate the host. After 7 

days only a small percentage of host NK cells persist in some patients, which could be responsible 

for the remaining CD69+ cells within this subset. 

Taken together, our data so far indicates that pharmacological targeting of CD69 on human NK cells, 

could increase their cytolytic capacity, modulate activating/inhibitory receptor repertoire, and 

contribute to the control of alloreactive donor T cell clonal expansion in the early stages after 

transplant. Although more research regarding CD69 expression in patients after HSCT and its 

correlation with graft versus host disease development and progression is needed. 
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3. Role of CD69 in the progression of atherosclerosis in the context of adaptive immunity. 

CD69 controls inflammatory processes through modulation of Treg/Th17 responses. In this work it 

has been shown that the absence of CD69 in the lymphoid compartment results in larger atheroma 

plaque formation in Ldlr−/− deficient mice subjected to high fat diet. This could be associated, at 

least in part, with defects in Treg cell differentiation. It has been well documented that Treg cells 

exert an atheroprotective function through the suppression of T-cell proliferation and secretion of 

anti-inflammatory cytokines, playing a protective role during the initial phases of atherosclerosis 

not only by reducing atherosclerotic plaque formation but also by improving stabilization of the 

atherosclerotic lesions (Butcher et al., 2016) (Mallat et al., 2007) (Foks et al., 2011). On the other 

side, CD69 also controls Th17 differentiation through the association of its cytoplasmic tail with the 

Jak3/Stat5 signaling pathway, regulating RAR-related orphan receptor-γ transcription and 

differentiation toward the Th17 lineage (Martin et al., 2010a).  

The role of IL-17 in atherosclerosis is not so clear, as recent evidence has indicated both 

proatherogenic and antiatherogenic roles for this cytokine (Gistera et al., 2013) (Erbel et al., 2014). 

Under HFD, Ldlr−/− mice deficient for CD69 in the lymphoid compartment developed exacerbated 

Th17 responses and more severe atherosclerotic lesions, supporting the role of IL-17 as a 

proatherogenic molecule. Despite previous reports supporting that IL-17 can either stabilize the 

plaque through collagen production or enhance the recruitment of proatherogenic cells through 

CXCL1 upregulation (Danzaki et al., 2012) (Erbel et al., 2014), the former seems not to be the case 

in our model. Increased amounts of IL-17 seem to stabilize plaque formation when levels of IL-10 

are also higher, namely in the presence of a proper regulatory response (Gistera et al., 2013). In our 

model, however, we have a concomitant increase of IL-17 and defective Treg development and 

function. 

Previous results indicated that the regulatory action of CD69 during atherosclerosis was lost in 

ApoE−/− mice because, compared with the double-knockout group (Cd69−/−ApoE−/−), no significant 

difference was observed in plaque formation (Gomez et al., 2009).  Ldlr−/− and ApoE−/− mice have 

been extensively used to study the mechanisms of atherosclerosis development but feature 

important differences, for example, in plasma proteins. The major accumulating lipoprotein in the 

plasma of Ldlr −/− mice fed a high-cholesterol diet is LDL. Conversely, ApoE−/− mice accumulate 

cholesterol mostly in the very-low-density lipoprotein and chylomicron fractions (Getz and 

Reardon, 2016) (Emini Veseli et al., 2017). This is a very important issue to be considered that could 

account for the differences observed between Cd69−/−/ApoE−/− and CD69−/−/Ldlr−/− models. 

Additional data from the group (not shown in this thesis) identified the functional interaction 
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between CD69 and oxLDL as the mechanism responsible for the observed phenotype, exerting an 

immune-regulatory function during atherosclerosis development (Tsilingiri et al., 2019). This work 

shows that binding of oxLDL to CD69 induces the expression of NR4A receptors 1 and 3 that have 

been implicated in Treg differentiation (Sekiya et al., 2013). 

In the ApoE knockout model, the levels of LDL may not have reached the threshold that is required 

for signaling through CD69. An additional difference that should be taken into consideration is that 

Ldlr−/− lesions have higher T-cell density than the ApoE model (Roselaar et al., 1996), meaning that 

Ldlr−/− mice have more T cells that could express CD69 to exert their function. Finally, ApoE−/− mice 

on an HFD develop plaques more rapidly and exhibit larger aortic lesions with larger necrotic cores 

than Ldlr−/− mice (Libby, 2017) (Emini Veseli et al., 2017); therefore, this high-intensity model could 

be masking the differences between the CD69-expressing and CD69-deficient animals. Clinical data 

has shown a downregulation of CD69 expression in peripheral leucocytes of subjects with 

subclinical atherosclerosis compared with individuals without atherosclerosis (Tsilingiri et al., 

2019). This finding was in agreement with the experimental evidence showing a downregulation of 

CD69 expression on T lymphocytes in mice on exposure to HFD. Despite a suggested role for oxLDL 

in adaptive immune responses, a putative receptor on T lymphocytes has remained elusive (van 

Bruggen and Ouyang, 2014). This study demonstrates that binding of oxLDL to CD69 in human T 

cells has a protective effect against the inflammatory response, downregulating proinflammatory 

cytokines and promoting Treg differentiation. 

The chimeric ldlr−/− mouse models used shed light on the role of CD69/oxLDL functional interaction 

in lymphocytes and on the maintenance of immune homeostasis to protect medium and large 

arteries from severe atheroma plaque formation over time. Further studies of the new regulatory 

oxLDL/CD69 pair in human lymphoid cells during atherosclerotic disease progression will provide 

novel insight into targeting these pathways for the prognosis/treatment of cardiovascular diseases. 

Recent data emphasized the link between the inflammatory response and atherosclerotic risk in 

the clinical arena (Ridker et al., 2017). However, the complex interplay between lipid metabolism 

and immune responses remains to be fully disclosed. Collectively, the in vivo data obtained in this 

study strongly indicate an important role for CD69 expression on lymphocytes during 

atherosclerosis development. CD69 expression was assessed in peripheral blood lymphocytes from 

a cohort of subjects with thoroughly characterized subclinical atherosclerosis from the PESA study 

fully asymptomatic and free of cardiac events (Tsilingiri et al., 2019). The profile of CD69 expression 

detected in human samples was very similar to that observed in the in vivo model. Considering focal 

disease and generalized disease as different stages with the same pathology, this data indicate that 
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expression of CD69 gradually declines as disease progresses.  CD69 remained significally associated 

with the extent of the disease when comparing subjects free of disease versus those with 

established but yet subclinical atherosclerosis or generalized subclinical disease, more closely 

resembling the animal experiments. This finding underscores the putative role of CD69 as a 

potential marker for the detection of atherosclerosis at a preclinical stage. 

 

 

 

 

 

Figure 31. Scheme of the role of CD69 in atherosclerosis. Figure despites the regulatory role of CD69 in 

T cell responses and in the formation of atheroma plaque and disease progression. CD69 binds oxLDL 

particles in the membrane of circulating lymphocytes, conferring and immunomodulatory phenotype to 

the CD4+ T cells that modulates atheroma plaque formation. 
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4. Role of CD69 in the development of cardiomyopathy in the absence of microbiota 

The mammal’s immune system has evolved to maintain a symbiotic relationship with the highly 

diverse microbial community that inhabits the gut. This complex host-microbiota interaction is 

necessary for the correct development of the immune system. Commensal microorganisms are 

required for the maturation of the immune system, which “learns” to differentiate between 

commensal bacteria (which are becoming almost quasi-self and tolerated antigens) and pathogenic 

bacteria (Thaiss et al., 2016) (Nakanishi et al., 2015). Gut microbiota has been shown to modulate 

neutrophil migration and function (Owaga et al., 2015) and to affect the differentiation of T cell 

populations into different types of helper cells Th1, Th2, and Th17 or into regulatory T cells (Tregs) 

(Francino, 2014). 

It has been documented that this microbiota may be necessary to enhance the priming of 

autoimmune adaptive responses at extra-intestinal sites. For example, several groups have 

demonstrated that in the absence of microbiota (by antibiotics treatment (Ochoa-Reparaz et al., 

2009) or under germ free conditions (Lee et al., 2011)) mice present reduced induction of 

experimental autoimmune encephalitis (EAE). Recolonization of germ-free mice with SFB alone 

enhances central nervous system neurodegeneration upon EAE induction by promotion of Th17 

cells differentiation in the gut (Lee et al., 2011). In addition, germ-free K/BxN mice are resistant to 

the development of autoimmune arthritis, while SFB mono-colonization restores the disease 

through the activation of Th17 cells in the intestine which then traffic to the spleen to aid in 

germinal center formation and the production of autoantibodies (Wu et al., 2010). More recently, 

SFB colonization in K/BxN mice was found to induce the activation of follicular helper T cells (Tfh) 

in the PPs, which subsequently egress to the spleen and aid in the production of auto-antibodies 

(Teng et al., 2016).  

Myocarditis can be defined as the inflammatory process affecting the muscular tissues of the heart 

(myocardium) and is an important cause of sudden death by heart failure in young adults (Feldman 

and McNamara, 2000).  Etiology of the disease can be very vary, being autoimmunity the cause of 

some types of myocarditis. In this case, tolerance disruption leads to an uncontrolled T cell response 

in the heart that promotes inflammation and tissue damage. Clinical practice has shown that 

myocarditis is a rare extraintestinal complication of inflammatory bowel disease (Hyttinen et al., 

2003) (Leuschner et al., 2009). However, little is known about the role of microbiota in the 

development of this disease. 

There are some evidences suggesting that gut dysbiosis is associated with myocarditis. A recent 

study has shown an increase in microbial richness and diversity in myocarditis mice, with an 
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increased Firmicutes/Bacteroidetes ratio. Restored of Bacteroidetes population diminished 

inflammatory infiltration in the EAM mouse model, attenuating myocarditis. (Hu et al., 2019). A 

previous study comparing animals from different sources (Jackson Labs and Taconic Farms) with 

different microbiota composition demonstrated variable susceptibility to the disease, finding more 

abundant RORγt+ Th17 cells, as well as neutrophils and Ly6Chi
 inflammatory monocytes in the 

hearts of BALB/cJ animals. Moreover, polyantibiotic dysbiosis protected mice from EAM and 

fibrotic cardiac dysfunction, while this antibiotic treatment failed to suppress the development 

of myocarditis in Il17RA–/– animals (Barin et al., 2017). It has been reported that Th17 cells play 

a critical role in the development of cardiac inflammatory disease and heart failure and an 

important role for segmented filamentous bacteria (SFB) in eliciting Th17 responses from 

intestinal T cells has been also well-described. (Ivanov et al., 2009) (Ivanov and Honda, 2012) 

(Gaboriau-Routhiau et al., 2009), predicting that SFB colonization could contribute to 

susceptibility to autoimmune disease through the induction of Th17 cells (Lee et al., 2011; Wu 

et al., 2010). However, SFB colonization had neither protective nor pathogenic effects on 

development of EAM (Barin et al., 2017). 

Treatment with broad-spectrum antibiotics is commonly used to deplete the gut microbiota of 

mice, and can be applied to any genotype or condition of mouse. Due to differences in mechanism 

of action, antibiotics can selectively deplete different members of the microbiota. For example, 

metronidazole and clindamycin both target anaerobes, vancomycin is only effective against gram-

positive bacteria, and polymyxin B specifically targets gram-negative bacteria (Brandl et al., 2008) 

(Schubert et al., 2015). A cocktail of different classes of antibiotics can be used to broadly deplete 

the gut microbiota. However, there are reports of mice avoiding water and becoming dehydrated 

when provided antibiotics in this manner (Hill et al., 2010) (Reikvam et al., 2011) (Zakostelska et al., 

2016). This was the case of BALB/c mice and that is the reason why antibiotic depletion experiments 

in this thesis were done with C57BL/6 mice instead of BALB/c mice despite the higher susceptibility 

of the later ones to EAM induction. These experiment showed that polyantibiotic dysbiosis 

reduces EAM severity in C57BL/6 mice. Moreover, the effect of these antibiotics seem to 

depend on the genotype and the initial microbiota composition as myocarditis reduction is 

even higher in the CD69 deficient mice. These crosstalk between CD69 and microbiota point to 

a possible ligand for the receptor in the gut flora. This interaction, that has previously reported 

for other C-type lectins and microbiota (Martinez-Lopez et al., 2019), could explain the 

regulation of Th17 responses by CD69 and the different microbiota composition of these 

animals, as a consequence.  
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With cocktail antibiotic treatment there is a nearly total depletion of the gut flora, however 

there could be still some resistant commensals that could account for the results obtained. The 

best way to study the effect of microbiota in the development of the disease is by the use of 

germ-free mice. These mice are bred in isolators which fully block exposure to microorganisms, 

with the intent of keeping them free of detectable bacteria, viruses, and eukaryotic 

microbes. Adaptive immune responses are compromised in germ free mice. Indeed, Th17 cells are 

absent in these mice and can be reconstituted by mono-colonization with SFB (Ivanov et al., 2009). 

Here it has been described that 21 days after EAM induction Th17 levels remain low, in contrast 

to what happens in SPF conditions. According to the fact that myocarditis development and 

cardiomyopathy progression is dependent on Th17 responses, germ free mice preserve heart 

function and do not present leukocyte infiltration in the heart, indicating that gut microbiota is 

necessary for the development of autoimmune myocarditis and the subsequent progression to 

dilated cardiomyopathy. This may be independent of genotype as the presence or absence of 

CD69 does not seem to alter the results. 

 

 

Figure 32. Myocarditis and subsequent progression to Cardiomyopathy are dependent on Th17 

responses produced by gut microbiota. 
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In summary, the results obtained in this Thesis have revealed a new role for CD69 in the regulation 

of NK cell activation and function by modulation of NKG2D receptor. These data shed light on the 

development of a new therapy for graft versus host disease after hematopoietic stem cell 

transplant and a potential role for immunotherapy in cancer. Moreover, CD69 has been identified 

as a new modulator for cardiovascular diseases, with a role in the maintenance of immune 

tolerance during atherosclerosis progression that controls the atheroma plaque formation. These 

data has provided the basis for new studies in humans with CD69 as a possible predictor of 

cardiovascular disease, one of the main cause of death in Europe and America. Finally, in this work 

it has been described for the first time, the role of microbiota in the development of autoimmune 

myocarditis and dilated cardiomyopathy, creating a new important field of investigation for a 

disease with no specific treatment at the moment
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CONCLUSIONS  

1. Cd69-/- NK cells present an altered inhibitory/activating receptor repertoire with higher 

levels of non-self and missing self-recognition receptors: Ly49H, Ly49G2, Ly49D. This 

phenotype increases NK cell cytolytic capacity against tumors and allogenic cells. 

 

2. Cd69-/- mice are highly resistant to aGvHD after allogeneic HSCT due to higher levels of 

Ly49G2 and Ly49D receptors and lower expression of CD94 than wild type mice mice. 

 

3. CD69 interacts with NKG2D receptors in the membrane of NK cells and regulates the 

activation state of the molecule and, therefore, NK cell activity through modulation of the 

different NK cell membrane receptors. 

 

4. Anti-CD69mAb treatment enhance anti-allogeneic activity of NK cells in vivo, revealing as a 

putative therapeutic agent in the clinics to reduce GvH effects potentially maintaining GvL 

effects. 

 

5. CD69 deficiency in hyperlipidemic mice increases the proinflammatory Th17 cell subset and 

diminishes regulatory T cell responses. 

 

6. The depletion of CD69 in the lymphoid compartment accounts for the proinflammatory 

phenotype. 

 

7. Lack of CD69 in the lymphoid compartment aggravates atherosclerosis progression, with 

exacerbated Th17 responses and more severe atherosclerotic lesions, supporting the role 

of IL-17 as a proatherogenic molecule. 

 

8. CD69 depletion alters the composition of the gut microbiota. 

 

9. Heart infiltration and systemic inflammation after experimental autoimmune myocarditis 

induction is dampened in the absence of microbiota, both by antibiotics depletion or in 

germ free conditions. 

 

10. Gut microbiota is required for the development of Th17 responses, autoimmune 

myocarditis and the subsequent progression to dilated cardiomyopathy. 
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CONCLUSIONES  

1. Las células NK deficientes en CD69 expresan en su membrana un repertorio de receptores 

activadores e inhibidores distinto al que presentan las células silvestres, presentando una 

mayor expresión de receptores implicados en el reconocimiento de antígenos del complejo 

mayor de histocompatibilidad no propios, como son los receptores Ly49H, Ly49G2 y Ly49D. 

Dicho fenotipo provoca un aumento en la capacidad citolítica estas células NK frente a 

tumores y células alogénicas.  

 

2. Los ratones deficientes en CD69 son resistentes a la enfermedad injerto contra huésped 

después de un trasplante alogénico de células madre hematopoyéticas. Esto es debido a la 

mayor expresión de los receptores Ly49G2 y Ly49D y la menor expresión del receptor CD94 

en la superficie de las células NK de estos ratones comparado con los animales silvestres.  

 

3. CD69 interacciona con el receptor NKG2D en la membrana de las células NK regulando el 

estado de activación de dicha molécula y, por lo tanto, la actividad de la célula NK mediante 

la modulación de la expresión de diferentes receptores en la membrana.   

 

4. La administración de un anticuerpo monoclonal frente a CD69 incrementa la actividad 

citolítica de las células NK frente a células alogénicas in vivo. Dicho tratamiento podría ser 

empleado en la clínica para reducir el efecto “injerto contra huésped” manteniendo los 

efectos “injerto contra leucemia”.   

 

5. La deficiencia de CD69 en ratones con hiperlipidemia genera una mayor respuesta pro-

inflamatoria caracterizada por células Th17 mientras que disminuye la respuesta supresora 

de las células T reguladoras. 

 

6. La depleción de CD69 específicamente en el compartimento linfoide conlleva la aparición 

de dicho fenotipo proinflamatorio. 

 

7. La deficiencia de CD69 en el compartimento linfoide agrava la progresión de aterosclerosis, 

provocando respuestas Th17 exacerbadas y un incremento en la formación de la placa de 

ateroma tras la administración de dieta rica en grasa, demostrando la implicación de la 

interleucina 17 como una molécula pro-aterogénica. 

 

8. La ausencia de CD69 altera la composición de la microbiota intestinal. 
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9. En ausencia de microbiota, ya sea por su depleción mediante el uso de antibióticos o 

mediante la estabulación de los ratones en condiciones libres de gérmenes, disminuye la 

infiltración leucocitaria en el corazón y la inflamación sistémica tras la inducción de 

miocarditis autoinmune. 

 

10. La microbiota intestinal es esencial en la generación de la respuesta Th17 responsable de 

la inducción de miocarditis autoinmune y su progresión hacia una cardiomiopatía dilatada.  
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BACKGROUND: Although the role of Th17 and regulatory T cells in 
the progression of atherosclerosis has been highlighted in recent years, 
their molecular mediators remain elusive. We aimed to evaluate the 
association between the CD69 receptor, a regulator of Th17/regulatory T 
cell immunity, and atherosclerosis development in animal models and in 
patients with subclinical disease.

METHODS: Low-density lipoprotein receptor–deficient chimeric mice 
expressing or not expressing CD69 on either myeloid or lymphoid cells 
were subjected to a high fat diet. In vitro functional assays with human 
T cells were performed to decipher the mechanism of the observed 
phenotypes. Expression of CD69 and NR4A nuclear receptors was 
evaluated by reverse transcription–polymerase chain reaction in 305 
male participants of the PESA study (Progression of Early Subclinical 
Atherosclerosis) with extensive (n=128) or focal (n=55) subclinical 
atherosclerosis and without disease (n=122).

RESULTS: After a high fat diet, mice lacking CD69 on lymphoid cells 
developed large atheroma plaque along with an increased Th17/regulatory 
T cell ratio in blood. Oxidized low-density lipoprotein was shown to 
bind specifically and functionally to CD69 on human T lymphocytes, 
inhibiting the development of Th17 cells through the activation of 
NR4A nuclear receptors. Participants of the PESA study with evidence of 
subclinical atherosclerosis displayed a significant CD69 and NR4A1 mRNA 
downregulation in peripheral blood leukocytes compared with participants 
without disease. The expression of CD69 remained associated with the risk 
of subclinical atherosclerosis in an adjusted multivariable logistic regression 
model (odds ratio, 0.62; 95% CI, 0.40–0.94; P=0.006) after adjustment for 
traditional risk factors, the expression of NR4A1, the level of oxidized low-
density lipoprotein, and the counts of different leucocyte subsets.

CONCLUSIONS: CD69 depletion from the lymphoid compartment promotes 
a Th17/regulatory T cell imbalance and exacerbates the development of 
atherosclerosis. CD69 binding to oxidized low-density lipoprotein on T cells 
induces the expression of anti-inflammatory transcription factors. Data from 
a cohort of the PESA study with subclinical atherosclerosis indicate that 
CD69 expression in PBLs inversely correlates with the presence of disease. 
The expression of CD69 remained an independent predictor of subclinical 
atherosclerosis after adjustment for traditional risk factors.
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Although lipid deposition in the vessel wall is the 
hallmark of atherosclerosis, for many years, it 
has been recognized that inflammation also 

plays a crucial role in the genesis and progression of the 
disease and the appearance of clinical manifestations 
(infarction, stroke).1 Recently, it has been demonstrated 
that the modulation of the inflammatory response is 
a valid target to reduce the risk of atherothrombotic 
events in high-risk patients.2 The interplay between lip-
id metabolism and immune response is not completely 
understood. In the last decade, the contribution of lym-
phocytes to atherosclerosis clinical manifestations has 
been highlighted, and effector T-cell responses seem to 
be exacerbated in hyperlipidemia.3,4

In vivo models of atherosclerosis suggest that regu-
latory T (Treg) cells suppress inflammatory responses 
and attenuate atherosclerosis.5 Experimental therapies 
aimed to increase Treg cell population under high fat 
diet (HFD) conditions have conclusively demonstrated 
an important role for this T-cell subset in atherosclerosis 
attenuation.6,7 The role of Th17 lymphocytes is more 
controversial. Although genetic or pharmacological in-
hibition of interleukin (IL)-17 significantly ameliorates 
atherosclerosis,8,9 concomitant increases in both IL-17 
and IL-10 lead to smaller plaques.10 Another study re-
ports bigger plaques in ApoE−/−IL-17−/− mice.11 A Th17/
Treg imbalance has been reported in patients with coro-

nary artery atherosclerosis, with a significant increase in 
Th17 and a decrease in Treg cells.12,13

The early lymphocyte activation antigen CD69 regu-
lates Th17 and Treg cell differentiation. CD69-deficient 
mice display enhanced Th17 differentiation and defec-
tive Treg cell function,14–16 resulting in an inability to 
resolve inflammation or to maintain immune tolerance 
in diseases such as arthritis, asthma, contact dermati-
tis, or myocarditis.17–19 However, no differences were 
observed in the atheroma plaque formation in CD69−/− 
ApoE−/− mice.20

A key event in the process of atheroma plaque for-
mation is low-density lipoprotein (LDL) peroxidation, 
which generates highly inflammatory and immunogen-
ic oxidized LDL (oxLDL).21 However, oxLDL can also elicit 
anti-inflammatory responses by activating peroxisome 
proliferator-activated receptor-γ22 and liver X receptor 
or by upregulating transcription factors with anti-in-
flammatory activity such as NR4A nuclear receptors.23,24

The main objectives of this work were to analyze the 
role of CD69 lymphocyte expression in atherosclerosis 
development, the immune mechanisms involved, and 
its relation with human disease. Using chimeric ldlr−/− 
mice subjected an HFD as atherosclerosis model, we 
show that CD69 deficiency specifically on lymphocytes 
leads to an altered Th17/Treg equilibrium and a conse-
quent increase in atheroma plaque size during an HFD. 
In vitro assays in human T cells showed that the interac-
tion between oxLDL and CD69 activates the expression 
of NR4A transcription factors, skewing T cells toward 
a regulatory phenotype and dampening Th17 and Th1 
responses. Thus, we describe an unexpected regulatory 
mechanism of the adaptive immune system that delays 
atherosclerosis development in hyperlipidemic condi-
tions. Remarkably, our data from participants in the 
PESA (Progression of Early Subclinical Atherosclerosis) 
cohort25 were in agreement with these results in that 
downregulated CD69 expression in peripheral blood 
leukocytes (PBLs) is associated with subclinical athero-
sclerosis in an adjusted multivariable logistic regression 
model.

METHODS
The data, methods, and study material will be available to 
other researchers for purposes of reproducing the results or 
replicating the procedures by contacting the corresponding 
authors.

Study Design
To analyze the role of CD69 during atherosclerosis develop-
ment, we used chimeras from ldlr−/− CD45.1+ mice (the line 
was obtained in house by crossing and subsequent selection 
by genotype of B6;129S7-Ldlrtm1Her/J with B6.SJL-PtprcaPepcb/
BoyCrl, from Jackson and Charles River, respectively) and 
CD69−/− or CD69+/+ B6 double reporter (dRep) for Treg cells 
(FIR mice, Foxp3–monomeric red fluorescent protein [mRFP]) 

Clinical Perspective

What Is New?
• This study identifies CD69 as an oxidized low-

density lipoprotein receptor in T lymphocytes that 
contributes to the regulatory action of the adap-
tive immune system, preventing atherosclerosis 
development.

• CD69 controls the onset and progression of athero-
sclerosis, and its mRNA expression is an indepen-
dent marker of early subclinical disease in humans.

• Data from a cohort of asymptomatic individuals 
indicate that CD69 expression in circulating T cells 
correlates inversely with the presence and exten-
sion of subclinical atherosclerosis.

• The expression of CD69 remained associated with 
the risk of subclinical atherosclerosis after adjust-
ment for traditional cardiovascular risk factors.

What Are the Clinical Implications?
• Oxidized low-density lipoprotein binding to CD69 

confers a regulatory phenotype to human and 
mouse T cells, dampening Th17 responses and 
ameliorating atherosclerosis.

• Expression of CD69 in circulating cells might serve 
as a new biomarker for the presence of subclinical 
atherosclerosis.
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and Th17 cells (IL-17A–IRES–enhanced green fluorescent 
protein [eGFP]), hereafter cd69−/−dRep and cd69+/+dRep, 
respectively. dRep mice allow us to monitor the presence of 
live Treg cells and Th17 cells throughout the experiment. To 
evaluate the influence of immune cell CD69 expression dur-
ing atherosclerosis development, Ldlr−/− mice were irradiated 
and reconstituted with bone marrow (BM) from cd69−/−dRep 
mice or cd69+/+dRep. Next, atherosclerosis development was 
evaluated in mice proficient or deficient for CD69 only in the 
myeloid compartment (MC; hereafter MC cd69+/+ and MC 
cd69−/−) or lymphoid compartment (LC; hereafter LC cd69+/+ 
and LC cd69−/−). For a detailed description of chimeric mice 
design, see the online-only Data Supplement. After 6 weeks 
of BM reconstitution, mice were placed on an HFD (SSNIFF, 
S9167-E010) for 10 to 16 weeks. Immune response was 
evaluated in peripheral blood, draining (para-aortic) lymph 
nodes (LNs), nondraining (inguinal, axillary, mesenteric) LNs, 
and spleen by flow cytometry and quantitative polymerase 
chain reaction (PCR). All animal procedures were approved 
by the ethics committee of the Comunidad Autónoma de 
Madrid and conducted in accordance with the institutional 
guidelines that comply with the European Institutes of 
Health directives (2010/63/EU of the European Parliament 
and the Council on the Protection of Animals Used for 
Scientific Purposes [Official Journal of the European Union, 
2010:53:33–79]).

Quantification of CD69 and NR4A Gene 
Expression in the PESA Study
Expression of CD69 and nuclear receptors NR4A1 was eval-
uated by reverse transcription PCR with Taqman probes in 
PBLs of a subset of the participants from the PESA study.25 
This study prospectively enrolled 4184 asymptomatic par-
ticipants 40 to 54 years of age to evaluate the systemic 
extent of atherosclerosis in the carotid, abdominal aortic, 
and iliofemoral territories by 2-dimensional/3-dimensional 
ultrasound and coronary artery calcification by computed 
tomography at baseline and 3 and 6 years after enrollment 
for follow-up studies. Participants were then defined as free 
of atherosclerosis (no disease; no presence of plaque and a 
coronary artery calcium score of zero) or with evidence of 
focal (1 site affected) or generalized (4–6 sites affected) sub-
clinical atherosclerotic disease.25 Following a general study 
strategy (ie, not for this specific analysis), 480 individuals 
of the whole cohort were retrospectively selected on the 
basis of the extent of subclinical atherosclerosis to perform 
molecular tests. Individuals were included in this subcohort, 
prioritizing those with more territories with evidence of 
plaque at baseline. For those presenting a tie, individuals 
with coronary artery calcification score ≥1 were included. 
Control subjects were then selected from those individuals 
without plaques and matched with the chosen cases on the 
basis of age, sex, family history of cardiovascular disease, 
dyslipidemia, and hypertension. From this subpopulation of 
480 individuals, we selected 305 male participants classified 
as without disease (n=122) or with focal (n=55) or gener-
alized (n=128) disease to test the expression of CD69 and 
NR4A1 by reverse transcription PCR. General characteristics 
of this specific subcohort are shown in Table I in the online-
only Data Supplement.

Monitoring Th17 and Treg Cells in the In 
Vivo Model
To assess the immune response, the percentages of IL-17–
eGFP+ or Foxp3-RFP+ cells in peripheral blood CD4+ T cells 
were monitored throughout the experiment by flow cytom-
etry. The presence of Th17 and Treg cells was also evaluated 
at the end point of the experiment in aortic arch, spleen, non-
draining (axillary) LNs, and draining (para-aortic) LNs.

OxLDL Binding Assays
Jurkat T (JK) cells or rat basophilic leukemia (RBL) cells sta-
bly transfected or not with CD69 were incubated with 
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindo-carbocyanine per-
chlorate–labeled (Dil) LDL in their native and oxidized form 
in the presence or not of unlabeled lipoproteins. Lipoprotein 
binding was determined with flow cytometry. In some cases, 
blocking anti-CD69 antibody was added.

Human CD4+ T Cell Polarization
For human Th1, Th17, and Treg cell polarization, CD4+ T 
cells were purified from peripheral blood of healthy donors 
and incubated with a specific cocktail of recombinant cyto-
kines. After the indicated days of culture, cells were ana-
lyzed in a FACSCanto Flow Cytometer. When indicated, 
oxLDL (50 µg/mL) and anti-CD69 (20 µg/mL) were added 
to the cultures.

Assessment of CD69 and NR4A 
Transcripts
Expression of mRNA levels of CD69 and NR4A nuclear 
receptors was analyzed in PBLs from patients with subclini-
cal atherosclerosis and healthy subjects with reverse tran-
scription PCR with Taqman probes (Applied Biosystems). 
Expression of NR4A receptors was also assessed in Jurkat T 
cells and human primary lymphocytes in the presence or not 
of oxLDL. When indicated, blocking anti-CD69 antibodies 
were also added. NR4A and CD69 mRNA expression was 
also determined in para-aortic LNs and peripheral blood lym-
phocytes from mice.

Tissue Processing and 
Immunohistochemistry
For plaque area assessment, 5-µm-thick sections at 100-µm 
intervals were collected starting at the origin of the aortic 
valve cusps. Sections were stained with Oil Red O staining, 
(Sigma-Aldrich) and hematoxylin, and lesion size was ana-
lyzed with ImageJ software. For Masson trichrome stain-
ing, 7-µm-thick sections at 100-µm intervals were collected. 
Sections were stained with the Masson-Goldner staining kit 
(Merck). For specific staining, anti-F480 antibody was pur-
chased from Abcam (ab6640) and anti-CD3 from Santa Cruz 
Biotechnology (sc-1127). OxLDL was detected by immunoflu-
orescence with rabbit anti-mouse oxLDL from Abcris.

Statistical Analysis
In vivo experiments were performed according to a ran-
domized complete block design (treatments and different 
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time points have been taken into account) or a fully ran-
domized design. To determine significant differences 
between 2 means, P values were calculated by unpaired t 
test or Mann-Whitney U test according to normality test, 
and differences among >2 means were analyzed by 1-way 
ANOVA or the Kruskal-Wallis test. To account for multiple 
comparisons, the Tukey or Bonferroni posttests were used 
to compare selected pairs of means and all pairs of means, 
respectively. When indicated, the Wilcoxon signed-rank test 
was used to analyze paired data. For differences in human 
T-cell differentiation assays, data were analyzed with the 
Friedman test and the Dunn multiple-comparison test. In 
kinetic experiments with the same mice, 2-way repeated-
measures ANOVA with the Sidak multiple-comparison post 
hoc test was performed. Differences were considered sig-
nificant at P<0.05.

Table I in the online-only Data Supplement shows demo-
graphics and cardiovascular risk factor statistics of the PESA 
subcohort selected for the quantitative PCR assay. Statistics 
were calculated with Stata (StataCorp, College Station, TX). 
Data are expressed as mean±SD, median and interquartile 
range, or number (percent). P values are derived from ANOVA 
for log-transformed continuous variables and χ2 for categori-
cal variables, except for those variables with n<6, for which 
the Fisher test was used.

The Cuzick extension of the Wilcoxon rank-sum test was 
used to assess the significance of the trend in the quantita-
tive PCR data across the 3 ordinal groups allowing for ties. 
After that, 1-way ANOVA followed by the Tukey posttest 
was used to identify significant differences between each 
stage of subclinical atherosclerosis and baseline. Expression 
levels measured by quantitative PCR were normalized and 
considered in the log2 scale to fulfill the normality assump-
tion. We then focused on the 2 most extreme groups (no 
disease versus generalized disease) and used a multivariable 
logistic regression model to assess the association of CD69 
with subclinical atherosclerosis independently of known 
cardiovascular risk factors (age, smoking, family history of 
cardiovascular disease, dyslipidemia, hypertension, diabetes 
mellitus), the expression of NR4A1, oxLDL levels, and vol-
ume of different leukocyte subsets. These variables included 
in the model were found to be statistically significant with 
a value of P<0.1 in a univariable logistic regression model. 
Odds ratio, 95% CI, and P value are reported. Traditional 
cardiovascular risk factors were determined from blood sam-
ples and interviews as follows: (1) diabetes mellitus: fasting 
plasma glucose ≥126 mg/dL or treatment with insulin or oral 
hypoglycemic medication; (2) arterial hypertension: systolic 
blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 
mm Hg, or use of antihypertensive medication; (3) hypercho-
lesterolemia: total cholesterol ≥240 mg/dL, LDL cholesterol 
≥160 mg/dL, high-density lipoprotein cholesterol <40 mg/dL, 
or use of lipid-lowering drugs; (4) smoking: current smoking 
status and a lifetime consumption of >100 cigarettes; and 
(5) family history of cardiovascular disease: first-degree rela-
tive diagnosed with atherosclerosis before 55 years of age 
in men and 65 years of age in women. Linear regression 
models were used to assess the correlation between the 
expression levels of CD69 with NR4A1 receptors. All these 
analyses were implemented with the R statistical software 
(www.r-project.org).

RESULTS
Lack of CD69 on Lymphocytes 
Exacerbates Atherosclerotic Plaque 
Formation
To evaluate the role of CD69 expression on BM-derived 
cells in the development of atherosclerosis, male Ldlr−/− 
mice were irradiated and reconstituted with BM from 
cd69−/− dRep for Foxp3-mRFP and IL-17A–eGFP26 mice 
(BM Cd69−/−) or WT-dRep littermates (BM Cd69+/+; Fig-
ure IA in the online-only Data Supplement). From week 
13 on, we found increased Th17/Treg cells ratio in PBLs 
of chimeric mice (Figure IB in the online-only Data Sup-
plement), indicating a polarization toward proinflam-
matory phenotype in the absence of CD69. After 10 
weeks of HFD, mice reconstituted with cd69−/−dRep BM 
displayed a significantly high increase in IL-17–eGFP+ 
cells in para-aortic LNs, with higher absolute numbers 
compared with BM Cd69+/+ mice (Figure IC and ID in 
the online-only Data Supplement). In agreement, the 
percentage but not cell numbers of Foxp3mRFP+ cells 
was significantly reduced in the absence of CD69 (Fig-
ure ID in the online-only Data Supplement), indicating 
that Treg cell recruitment to para-aortic LNs is not com-
promised. The percentage of CD4+ IL-17–eGFP+ cells 
was increased in the aortic arc of BM Cd69−/−chimeras, 
whereas there is a tendency for decreased CD4+ and 
FoxP3+ cells (Figure IE and IF in the online-only Data 
Supplement). Collectively, flow cytometry data indi-
cate that hyperlipidemia induces high proinflamma-
tory activity and a disrupted Th17/Treg cells balance in 
the absence of CD69. Histochemical studies revealed 
more extensive lesions and necrotic cores in aortic 
valves from BM Cd69−/− chimeras compared with the 
BM Cd69+/+ control group (Figure IG and IH in the on-
line-only Data Supplement). Atheroma plaques in both 
groups consisted mainly of F4/80+ foam cells, although 
we found a higher infiltration of CD3+ lymphocytes 
into atheroma plaques in the BM Cd69−/− group (Figure 
II and IJ in the online-only Data Supplement). Peripher-
al blood leukocytes were analyzed during an HFD with 
no significant changes between BM Cd69+/+ and BM 
Cd69−/− mice (Figure IIA and IIB in the online-only Data 
Supplement). Because CD69 has been also related to 
the maintenance of T-cell helper memory,27 the CD44hi 
CD62Llo memory T-cell subset was also analyzed. Naïve 
T cells decrease with an HFD whereas memory T cells 
increase in both chimeric mice, suggesting that CD69 
is not playing a role in the maintenance of T-helper 
memory cells in this model (Figure IIC in the online-
only Data Supplement). Moreover, we found that the 
ratio between dendritic cells and Treg cells during HFD 
remains equal in both chimeric mice (Figure IID in the 
online-only Data Supplement). These data suggest that 
Th17 and Treg cell proportions are altered under the 
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course of HFD in BM Cd69−/− chimeric mice, whereas 
the other leukocyte subsets remained unaltered.

To address whether the observed phenotype in BM 
Cd69−/− mice is specific to the LC or MC, we generated 
mixed BM chimeras proficient or deficient for CD69 in 
either the LC (LC Cd69+/+ and LC Cd69−/− groups) or MC 
(Figure 1A and Figure III in the online-only Data Supple-
ment). The specific deletion of CD69 on lymphocytes 
and myeloid cells was confirmed by flow cytometry 
analysis in the blood of hyperlipidemic mice (Figure 1A). 
We observed a significantly enhanced plateau of Th17 
response in the peripheral blood of the LC Cd69−/− group 
after HFD, whereas percentages of Foxp3 cells were sig-
nificantly decreased compared with the Cd69+/+ group 
(Figure  1B and 1C). On observation that peripheral 
Th17 responses started to diminish in the LC Cd69−/− 
group after week 16 on HFD (Figure 1C), mice were eu-
thanized, and immune responses and plaque formation 
were assessed. IL-17–eGFP+ cells in para-aortic LNs from 
LC Cd69−/− mice were once again increased, whereas 
the percentages of Foxp3mRFP+ cells were comparable 
in the 2 groups (Figure  1D). However, the absolute 
number of Treg cells was significant decreased, with a 
significant increase in the number of Th17 cells (Fig-
ure 1D). Finally, atherosclerotic lesions were significantly 
more advanced with more extensive necrotic cores in 
the LC Cd69−/− group as assessed by Oil Red O and Mas-
son trichrome staining (Figure 1E and 1F).

Myeloid cells are pivotal for atherosclerosis develop-
ment.28,29 We next performed mixed BM chimeras pro-
ficient or deficient for CD69 in the MC (MC Cd69+/+ 
and MC Cd69−/−; Figure IIIA in the online-only Data 
Supplement). We did not detect differences during 
HFD in Th17 or Treg cell dynamics in the periphery, at 
the site of inflammation (para-aortic LNs; Figure IIIB 
through IIID in the online-only Data Supplement), or in 
atheroma plaque formation (Figure IIIE and IIIF in the 
online-only Data Supplement). All the CD69-proficient 
and -deficient groups gained similar amounts of weight 
throughout the experiment. However, the circulating 
levels of lipids (free fatty acids, triglycerides, high-den-
sity lipoprotein, LDL, and cholesterol) were lower in LC 
Cd69−/− compared with LC Cd69+/+, suggesting that the 
enhanced plaque formation in LC Cd69−/− was not at-
tributable to a metabolic defect (Figure IVA through IVC 
in the online-only Data Supplement).

We conclude that specific CD69 deletion in the LC 
accounts for the increased proinflammatory phenotype 
and the enhanced atheroma plaque formation.

OxLDL Binds to CD69 on T Lymphocytes
The main receptor of oxLDL on vascular cells is lectin-like 
oxLDL receptor-1 (LOX-1), located in the same chromo-
somal locus immediately upstream to CD69. The LOX-1 
and CD69 C-type lectin-like domains form very similar 

dimers (Figure 2A, left), unlike other C-type lectins such 
as dectin-1 or the macrophage mannose receptor (Fig-
ure V in the online-only Data Supplement). In LOX-1, 
the oxLDL-binding surface is located at the top of the 
dimer and contains a unique basic “spine” formed by 
the diagonal arrangement of arginine residues across 
the dimer surface (Figure 2A, top right).30,31 Electrostatic 
surface representation of the CD69 C-type lectin-like 
domain dimer indicated that 4 arginine residues cluster 
at the center of the dimer and form a basic spine, simi-
lar to that of LOX-1 (Figure 2A, bottom right). Because 
this structural feature is proposed to be important for 
oxLDL recognition,30 we hypothesized that CD69 bind-
ing to oxLDL particles could account for the phenotype 
observed in vivo.

Transfected Jurkat T cells stably expressing CD69 
(JKCD69) on their surface bound oxLDL-DiI much more 
efficiently than untransfected JK (JKwt) cells (Figure 2B 
and 2C). JKCD69 cells bound oxLDL in a dose-depen-
dent manner and showed a weaker binding of native 
LDL (Figure 2D). This binding was able to induce CD69 
internalization in JKCD69 cells (Figure 2E). The specific-
ity of oxLDL binding to CD69 was confirmed in blocking 
assays with anti-CD69 antibodies (Figure 2F).

CD69/oxLDL Binding Controls Th17/Treg 
Equilibrium and Expression of NR4A 
Nuclear Receptors
OxLDL exposure significantly reduced the mRNA levels 
of IL-8 and interferon-γ (IFN-γ) produced by JKCD69 
cells but not in JKwt cells after activation (Figure 3A). 
Because of the role of CD69 in effector T-cell differ-
entiation,16 we evaluated human T-cell differentiation 
to effector phenotypes. Challenge of human CD4+ T 
cells with oxLDL diminished the percentage of IL-17+ 
and IFN-γ+ cells generated in response to Th17- or Th1-
polarizing stimuli (Figure 3B and 3C) and favored Treg 
differentiation (Figure 3D). This effect was dependent 
on CD69, as demonstrated by the blockade with anti-
CD69 antibodies (Figure 3B through 3D).

The NR4A orphan nuclear receptors have emerged 
as key regulators of the immune response, controlling 
the magnitude of the inflammatory processes; NR4A1 
and NR4A3 are crucial for Treg cell development.23,24 
We assessed whether oxLDL regulates the expression of 
NR4A nuclear receptors (NR4A1 and NR4A3) in human 
CD4+ T cells. As shown in Figure 3E, oxLDL enhanced 
NR4A1 and NR4A3 mRNA expression in T-cell receptor–
activated human primary CD4+ T cells. An early induc-
tion of NR4A3 was also evoked by oxLDL in JKCD69 
cells but not in JKwt cells (Figure 3F), which was blocked 
by preincubation with anti-CD69 antibodies (Figure 3G) 
or shRNA, confirming the CD69-dependent effect of 
oxLDL (Figure 3H).
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Figure 1. CD69 deficiency in lymphoid cells aggravates atherosclerosis.  
A, Schematic illustrating the generation of lymphoid chimeras (LCs). Ldlr−/− (CD45.1+) mice were lethally irradiated and reconstituted with mixed bone marrow (BM) 
from Rag2−/−γc−/− plus BM from C57BL/6-Cd69+/+ (LC Cd69+/+) or C57BL/6-Cd69−/− (LC Cd69−/−) (double-reporter [dRep]; interleukin [IL]-17–green fluorescent protein 
[GFP]+/Foxp3–monomeric red fluorescent protein [RFP]+) mice at a 3:1 ratio, respectively. Reconstitution of the lymphoid and myeloid compartments of CD45.2+ 
cells was assessed by fluorescence-activated cell sorting. Peripheral blood mononuclear cells (PBMCs) after 8 weeks of reconstitution were >90% CD45.2+. 
Histograms show CD69 expression on CD4 and CD8 T cells, B cells (B), macrophages (Mac), monocytes (Mono), dendritic cells (DCs), and natural killer cells (NKs). 
PBMCs were stimulated overnight with anti–CD3/CD28 for lymphoid cells and lipopolysaccharide for myeloid cells of the indicated groups. B, Flow cytometry 
analysis of IL-17–GFP+ and Foxp3-RFP+ CD4 T cells in peripheral blood of LC CD69+/+ and LC CD69−/− mice after 14 weeks of a high fat diet (HFD). C, Percentage 
of Th17 (IL-17–GFP+), regulatory T (Treg; Foxp3-RFP+) CD4+ T cells, and Th17/Treg ratio in peripheral blood leukocytes of LC Cd69+/+ and LC Cd69−/− mice at the 
indicated time points after HFD initiation. n=15 mice per group (pooled from 3 independent experiments; error bars show SEM). P values were calculated by 2-way 
repeated-measures ANOVA (Sidak post hoc test). *P<0.05. **P<0.01. **** P<0.0001. D, Percentage and absolute numbers of IL-17–GFP+, Foxp3-RFP+ CD4 T cells 
in para-aortic lymph nodes (LN). n=12 mice per group. E. Oil Red O staining and quantification of plaque and necrotic core surface in aortic valves from LC Cd69+/+ 
and LC Cd69−/− mice after 16 weeks of HFD. n= 8 mice/group. F, As in E, Masson trichrome staining and fibrosis quantification. n=7 mice per group Original mag-
nification ×4. In D through F, error bars show SEM. *P<0.05, **P<0.01 as determined by unpaired t test or Mann-Whitney U test.
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In the in vivo model of atherosclerosis, the reporter 
GFP+ Th17 cells and oxLDL localized closely at the ather-
oma plaque. Moreover, CD3+ T cells and oxLDL colocal-
ized at atheroma plaque (Figure VIA and VIB in the on-
line-only Data Supplement). NR4A1 and NR4A3 mRNA 
expression was decreased in para-aortic LNs from BM 
Cd69−/− mice after 13 weeks of HFD (Figure 3I). More-
over, PBL expression of CD69 and NR4A1 transcripts 
gradually declined in ldlr−/− mice during HFD adminis-
tration (Figure 3J), indicating that these receptors are 
dynamically regulated in PBLs under these conditions.

CD69 Expression Is an Early Predictor of 
Subclinical Atherosclerosis
The PESA study is a prospective study that uses ad-
vanced imaging techniques to assess the presence of 

atheroma plaque in the main arteries of healthy individ-
uals. Having observed a significant downregulation of 
CD69 as plaque formation progressed in mice, we com-
pared CD69 and NR4A1 mRNA expression in PBLs from 
PESA participants with focal (1 affected site, n=55) or 
generalized (4–6 affected sites, n=128) subclinical ath-
erosclerosis with that of PESA participants without any 
evidence of subclinical atherosclerosis (n=122; Table 
I in the online-only Data Supplement). The extent of 
subclinical atherosclerosis was assessed with advanced 
imaging techniques.25 There is a gradient in CD69 ex-
pression across atherosclerosis extension stages; that is, 
CD69 expression decreases as disease progresses (trend 
test, P=0.006; Figure 4A). The same is true for NR4A1 
(trend test, P=0.003; Figure 4A). These differences were 
particularly significant for the generalized subclinical 
disease group (Figure 4B and 4C). Thus, we focused on 

Figure 2. CD69 binding to oxidized low-density lipoprotein (oxLDL).  
A, The LOX-1 and CD69 dimeric structures and their ligand-binding surfaces. Ribbon representations of the LOX-1 (Protein Data Bank code 1YXK) and CD69 (Pro-
tein Data Bank code 1E8i) C-type lectin-like domain (CTLD) structures (left; side views, prepared with PyMOL). Top views of the dimers with their surface charge 
distributions are shown on the right (prepared with GRASP). Arginine residues that form a basic “spine” across the dimer surface are labeled. B, Histograms show 
the binding of DiI-labeled oxLDL (solid line) to Jurkat T cells stably expressing CD69 (JKCD69) or rat basophilic leukemia cells (RBLCD69). Dotted line indicates 
the displacement of DiI-OxLDL by unlabeled lipoprotein. C, OxLDL binding to untransfected Jurkat T (JKwt) and JKCD69 cells (mean±SD from 10 independent 
experiments). *P<0.05 by Mann Whitney U test in both cell lines. D, Dose-response curves of oxLDL and native low-density lipoprotein (LDL) binding to JKwt and 
JKCD69 cells. E, CD69 internalization induced by oxLDL. JKCD69 cells were incubated with unlabeled oxLDL, and membrane-surface CD69 expression was ana-
lyzed by flow cytometry at the indicated times. Graph is representative of 1 of 3 experiments. F, Anti-CD69 antibodies inhibit the binding of oxLDL to JKCD69 cells 
(mean±SD from 4 experiments; *P<0.05). IgG1 indicates immunoglobulin G1; and MFI, mean fluorescence intensity.
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Figure 3. Oxidized low-density lipoprotein (OxLDL) binding to CD69 regulates the expression of NR4A receptors and cytokines in T cells.  
A, OxLDL effect on phorbol 12-myristate 13-acetate/ionomycin-induced expression of interferon-γ(IFN-γ) and interleukin (IL)-8 in untransfected Jurkat T (JKwt) and 
Jurkat T cells stably expressing CD69 (JKCD69) cells. Data correspond to fold induction of mRNA levels (IFN-γ, n=6; IL-8, n=4) analyzed with the Wilcoxon signed-rank 
test. *P<0.05. B through D, Binding of oxLDL to CD69 blocks Th1 and Th17 differentiation and promotes regulatory T (Treg) cells. Human CD4+ T-cell differentiation 
was carried out in the absence (control) or presence of oxLDL (50 µg/mL) or oxLDL+anti-CD69. After corresponding days of culture, the percent of IFN-γ+ T cells (B), 
percent of IL-17+ T cells (C), and percent of CD25+Foxp3+ T cells (D) were determined by flow cytometry. Data correspond to 4 independent experiments, and bars rep-
resent mean±SEM of percent of positive cells. Data were analyzed with the Friedman test and Dunn posttest. *P<0.05 vs control. E, OxLDL induces NR4A1 and NR4A3 
expression in activated human CD4+ T cells. Wilcoxon signed-rank test, *P<0.05 (n=4). F, Expression of NR4A3 in JKCD69 and JKwt cells treated (Continued )
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the control group (no disease) versus generalized dis-
ease group and examined whether CD69 can be used 
as independent marker for subclinical atherosclerosis. 
After a univariable logistic regression analysis (Table II 
in the online-only Data Supplement) of relevant vari-
ables (known cardiovascular risk factors: age, smoking, 
BMI, hypercholesterolemia, hypertension, diabetes mel-
litus, family history of cardiovascular disease; peripheral 
count of different subsets of leucocytes; expression of 
NR4A1 and the levels of oxLDL and C-reactive protein), 
a multivariable logistic regression analysis determined 
that CD69 expression remained an independent predic-
tor of atherosclerosis at an early stage (odds ratio, 0.62; 
P=0.0056; Table). Furthermore, CD69 levels correlated 
significantly with NR4A1 levels (Figure 4D and Table III 
in the online-only Data Supplement), supporting the 
notion of a common regulation pathway.

DISCUSSION
Our findings indicate that the absence of CD69 in the 
LC results in larger atheroma plaque formation in ldlr−/− 
deficient mice subjected to an HFD. We identify the 
functional interaction between CD69 and oxLDL as the 
mechanism responsible for the observed phenotype. 
Our clinical data support this concept because CD69 
expression in peripheral leucocytes of subjects with sub-
clinical atherosclerosis is downregulated compared with 
individuals without atherosclerosis. This finding was in 
agreement with the experimental evidence showing a 

downregulation of CD69 expression on T lymphocytes 
in mice on exposure to HFD. Despite a suggested role 
for oxLDL in adaptive immune responses, a putative re-
ceptor on T lymphocytes has remained elusive.32 Our 
study demonstrates that binding of oxLDL to CD69 in 
human T cells has a protective effect against the in-
flammatory response through the expression of NR4A 
nuclear receptors, downregulating proinflammatory cy-
tokines and promoting Treg differentiation.

Although the classic view is that oxLDL induces the 
recruitment of inflammatory cells to the subendo-
thelial space, cells and tissues also respond to oxLDL 
through the inhibition of proinflammatory signaling 
pathways.33,34 The NR4A subfamily of human nuclear 
receptors (NR4A1 [Nur77], NR4A2 [Nurr1] and NR4A3 
[NOR-1]) can be induced in endothelial and smooth 
muscle cells by a range of stimuli (including oxLDL), 
regulating the expression of different molecules in-
volved in the immune response.35 NR4A overexpres-
sion decreases the levels of IL-1β, IL-8, and monocyte 
chemoattractant protein-1 inflammatory cytokines. 
Furthermore, NR4A1 and NR4A3 have been impli-
cated in Treg differentiation.23,24 Our data show that 
binding of oxLDL to CD69 in human T cells induces the 
expression of NR4A receptors. Moreover, the absence 
of CD69 during atherosclerosis development results in 
a lower expression of NR4A1 and NR4A3 in both PBLs 
and para-aortic LNs. The observation of the regulatory 
effect of CD69/oxLDL interaction in human Treg dif-
ferentiation, together with the loss of Treg responses 

Figure 3 Continued. with oxLDL. Fold induction vs baseline (t=0). Data are mean±SD (n= 6) and were analyzed with 2-way ANOVA. ** P<0.0001, * P<0.01 vs 
JKwt at each time. G, Anti-CD69 inhibits oxLDL-induced NR4A3 expression in JKCD69 cells. Data are mean±SD (n= 6). Differences among groups were tested 
with the Kruskal-Wallis test. **P<0.001, *P<0.01 vs control. #P<0.02 vs oxLDL. H, shRNA silencing of CD69 expression blocks oxLDL-induced NR4A3 expression in 
JKCD69 cells. Data are mean±SD (n= 6). Data were analyzed with 2-way ANOVA. ** P<0.0001 vs shRNA CD69. I, mRNA levels of the indicated nuclear receptors 
in para-aortic lymph nodes from total bone marrow (BM) chimeras at 13 weeks after a high fat diet (HFD). n=5 mice per group. Error bars show SEM. *P<0.05, 
***P<0.001 as determined by unpaired t test. J, CD69 and NR4A1 mRNA relative expression in blood lymphocytes from ldlr−/− mice at different weeks after an 
HFD. Error bars show SEM. */&P<0.05, **/&&P<0.01, ***/&&&P<0.001 as determined by 1-way repeated-measures ANOVA. The Dunnett multiple-comparison test 
was performed between values at 5 to 11 weeks after an HFD vs 3 weeks after an HFD for CD69 (*) and NR4A1 (&) individually. AU indicates arbitrary units.
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observed in lymphocyte CD69-deficient mice during 
atherosclerosis development, suggests that the modu-
lation of NR4A nuclear receptors could participate in 
CD69 signaling/Treg differentiation. The more exten-
sive atherosclerosis developed in the absence of CD69 
could be associated, at least in part, with defects in 
Treg cell differentiation. Treg cells exert an atheropro-
tective function through the suppression of T-cell pro-
liferation and secretion of anti-inflammatory cytokines 
and are protective during the initial phases of athero-
sclerosis not only by reducing atherosclerotic plaque 
formation but also by improving stabilization of the 
atherosclerotic lesions.36–38

Besides promoting Treg cell function, CD69 controls 
Th17 differentiation through the association of its cy-
toplasmic tail with the Jak3/Stat5 signaling pathway, 
regulating RAR-related orphan receptor-γ transcription 
and differentiation toward the Th17 lineage.15 Recent 
evidence for the role of IL-17 in atherosclerosis has shed 
little light on the subject in both proatherogenic and 
antiatherogenic roles.39,40 Under HFD, ldlr−/− mice defi-
cient for CD69 in the LC developed exacerbated Th17 
responses and more severe atherosclerotic lesions, sup-
porting the role of IL-17 as a proatherogenic molecule. 
Despite previous reports supporting that IL-17 can ei-
ther stabilize the plaque through collagen production 
or enhance the recruitment of proatherogenic cells 

through CXCL1 upregulation,11,40 the former seems not 
to be the case in our model. Increased amounts of IL-17 
seem to stabilize plaque formation when levels of IL-
10 are also higher, namely in the presence of a proper 

Figure 4. Individuals with subclinical atherosclerosis express low levels of CD69 and NR4A1.  
A, mRNA expression of CD69 and NR4A1 is presented as mean±SEM in linear scale. Significance of the trend across groups was calculated with the Cuzick 
extension of the Wilcoxon rank-sum test to assess the significance of the trend across the 3 ordinal groups allowing for ties. B, mRNA levels of CD69 in peripheral 
blood leukocytes from healthy subjects (no disease [ND], n=122) and individuals with subclinical atherosclerosis (focal disease [FD], n=55; generalized disease 
[GD], n=128). C, mRNA levels of NR4A1 as in B. Data are expressed in log2 scale and were analyzed with 1-way ANOVA followed by Tukey posttests. * P<0.05. 
**P<0.005. D, Correlation between the expression of CD69 and NR4A1. The Pearson correlation test was used.

Table. Multivariable Logistic Regression Comparing Individuals 
With Generalized Subclinical Atherosclerosis and Individuals With No 
Disease

 Odds Ratio (95% CI) P Value

log2(CD69) 0.62 (0.40–0.94) 0.0056

log2(NR4A1) 1.12 (0.80–1.58) 0.0441

Age 1.21 (1.11–1.33) 0.0000

Familial hypercholesterolemia 2.06 (0.90–4.87) 0.0630

Hypercholesterolemia 1.13 (0.58–2.22) 0.1168

Smoking 2.16 (1.00–4.87) 0.0027

Monocytes 0.06 (0.00–1.61) 0.4733

Lymphocytes 1.57 (0.66 –3.82) 0.0025

Leukocytes 1.61 (1.11–2.41) 0.0079

Diabetes mellitus* Not applicable 0.0246

Oxidized low-density lipoprotein 1.02 (1.00–1.04) 0.0457

All covariates with a value of P<0.1 in the univariable analysis (Table II in the 
online-only Data Supplement) were considered. 

*P values were calculated with the likelihood ratio test to accommodate 
groups with 0 counts (diabetes mellitus), for which odds ratio estimates could 
not be calculated. Odds ratio and CIs were estimated with a generalized linear 
model.
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regulatory response.39 In our model, however, we have 
a concomitant increase of IL-17 and defective Treg de-
velopment and function.

Previous results indicated that the regulatory action 
of CD69 during atherosclerosis was lost in ApoE−/− 
mice because, compared with the double-knockout 
group (Cd69−/−ApoE−/−), no significant difference was 
observed in plaque formation.20 LDLr−/− and ApoE−/− 
mice have been extensively used to study the mecha-
nisms of atherosclerosis development but feature im-
portant differences, for example, in plasma proteins. 
The major accumulating lipoprotein in the plasma of 
LDLr−/− mice fed a high-cholesterol diet is LDL. Con-
versely, ApoE−/− mice accumulate cholesterol mostly in 
the very-low-density lipoprotein and chylomicron frac-
tions.41,42 This is a very important issue to be consid-
ered that could account for the differences observed 
between CD69−/−/apoE−/− and CD69−/−/Ldlr−/− models. 
Our data show that oxLDL binding to CD69 exerts an 
immune-regulatory function during atherosclerosis 
development. In the ApoE knockout model, the levels 
of LDL may not have reached the threshold that is re-
quired for signaling through CD69. An additional dif-
ference that should be taken into consideration is that 
Ldlr−/− lesions have higher T-cell density than the ApoE 
model,43 meaning that Ldlr−/− mice have more T cells 
that could express CD69 to exert their function. Finally, 
ApoE−/− mice on an HFD develop plaques more rapidly 
and exhibit larger aortic lesions with larger necrotic 
cores than Ldldr−/− mice41,42; therefore, this high-inten-
sity model could be masking the differences between 
the CD69-expressing and CD69-deficient animals. We 
found a significant decrease in the blood lipid profile 
of free fatty acids, triglycerides, high-density lipopro-
tein, LDL, and cholesterol in the Cd69−/− lymphoid chi-
meras. This “dissociation” of the immune profile of 
the organism from the metabolic parameters is quite 
intriguing; it seems to occur via mechanisms related 
mainly to the adaptive immune responses (in this case, 
lack of CD69 and Th17 propensity). Our data pave the 
way for further research on mechanisms that could 
contribute to atherogenesis.

Our results describe for the first time an oxLDL re-
ceptor on lymphocytes with an important function 
in the regulation of the adaptive immune response 
and atheroma plaque formation during an HFD. The 
chimeric ldlr−/− mouse models used shed light on the 
role of CD69/oxLDL functional interaction in lympho-
cytes and on the maintenance of immune homeo-
stasis to protect medium and large arteries from se-
vere atheroma plaque formation over time. Further 
studies of the new regulatory oxLDL/CD69 pair in 
human lymphoid cells during atherosclerotic disease 
progression will provide novel insight into targeting 
these pathways for the prognosis/treatment of car-
diovascular diseases.

Recent data emphasized the link between the in-
flammatory response and atherosclerotic risk in the 
clinical arena.2 However, the complex interplay be-
tween lipid metabolism and immune responses re-
mains to be fully disclosed. Collectively, our in vivo 
data strongly indicate an important role for CD69 ex-
pression on lymphocytes during atherosclerosis devel-
opment. To validate this new paradigm in humans, we 
assessed the expression of CD69 and NR4A in PBLs 
from a cohort of subjects with thoroughly character-
ized subclinical atherosclerosis. It is important to point 
out that all PESA participants included in the study 
were asymptomatic and free of events. The profile of 
CD69 expression detected in human samples was very 
similar to that observed in the in vivo model. If we con-
sider focal disease and generalized disease as differ-
ent stages with the same pathology, our data indicate 
that expression of CD69 gradually declines as disease 
progresses. Hence, we focused on the generalized dis-
ease group, which is still preclinical, to assess the as-
sociation of the expression of CD69 with subclinical 
atherosclerosis, accounting for the effect of traditional 
risk factors, peripheral counts of different subsets of 
leucocytes, expression of NR4A1, and levels of oxLDL. 
The proof of clinical study more closely resembling the 
animal experiments was to compare subjects free of 
disease or no disease versus those with established 
but yet subclinical atherosclerosis or generalized sub-
clinical disease. CD69 remained significantly associ-
ated with the extent of the disease after adjustment 
for risk factors. This finding underscores the putative 
role of CD69 as a potential marker for the detection of 
atherosclerosis at a preclinical stage.

The fact that atherosclerosis presence is well identi-
fied in a context different from acute conditions (eg, 
myocardial infarction) supports the causative role of 
CD69 expression on atherosclerosis development rather 
than a consequence of an acute event.
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SUPPLEMENTAL MATERIAL. 

 

Mice and atherosclerosis induction. 

To evaluate the influence of immune cell CD69 expression on atherosclerosis 

development, 5 week old male Ldlr-/- CD45.1+ mice were irradiated and 

reconstituted with bone marrow from cd69-/- double reporter for Foxp3-mRFP and 

IL-17A-eGFP24  (Cd69-/-dRep) mice or WT littermates (Cd69+/+dRep), both 

CD45.2+. In addition, we generated mixed bone marrow chimeras proficient or 

deficient for CD69 only in the myeloid or lymphoid compartment; ldlr-/- CD45.1+ 

mice were reconstituted with a mix of 75% CD45.2+ Rag2-/-γc-/- BM plus 25% of 

either dRep or cd69-/-dRep BM (hereafter: LC Cd69+/+ and LC Cd69-/- 

respectively). After 6 weeks, mice were deemed to be fully reconstituted by 

phenotyping blood from the tail vein after surface staining with anti-CD45.1 and 

–CD45.2 antibodies and FACS analysis and were started on a high fat diet 

(SSNIFF, S9167-E010). Mice were sacrificed at the indicated time points. All 

animal procedures were approved by the ethics committee of the Comunidad 

Autónoma de Madrid and conducted in accordance with the institutional 

guidelines that comply with the European Institutes of Health´s; Directive 

2010/63/EU of the European Parliament and the Council on the Protection of 

Animals Used for Scientific Purposes (Official Journal of the European Union. 

Vol. 53:33-79, 2010).  

Monitoring blood Th17, Treg cells and all leukocyte subsets. 
  
To assess the immune response, blood from the tail vein was collected and 

peripheral blood leukocytes (PBLs) were purified by Ficoll (GE healthcare) 

gradient. Cells were stimulated in vitro with PMA and ionomycin in the presence 
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of brefeldin for 4 hours and stained with anti-CD4 APC antibody (BD 

pharmingen). The percentage of IL-17-eGFP+ or Foxp3-RFP+ cells in the CD4+ 

population was assessed using a Fortessa (BD Biosciences) flow cytometer, 

analyses were performed with the FlowJo software. A different group of mice was 

studied to analyze the kinetics of all leukocyte subsets in blood during high fat 

diet. PBLs were stimulated overnight with anti-CD3/CD28  for T cell activation or 

with LPS for the rest. Surface staining with anti-CD44/CD62L was performed to 

distinguish naïve and memory CD4+ T cells and B220 to stain B cells. Myeloid 

cells were analysed after surface staining with anti-CD11b, -CD11c, -Ly6G/C, -

F4/80 and NK cells with anti–Nkp46. The expression of CD69 with anti-CD69 was 

analysed after stimulation in all the leukocyte subsets by FACS. At the endpoint 

of the experiment the same process was followed for cells from spleen, non-

draining (axillary) lymph nodes and draining (para-aortic) lymph nodes.  

LDL isolation, characterization and oxidation. LDL were isolated from pooled 

plasma of healthy blood volunteers. Plasma was centrifuged to remove 

chylomicrons, and LDL (d=1.019-1.063 g/mL) were isolated by potassium 

bromide density-gradient ultracentifugation (36,000 rpm [using a 50.2 Ti rotor, 

Beckman Coulter] for 18 h at 4 ºC). OxLDL were prepared by exposing native 

LDL (nLDL) to 10 μM CuSO4 at 37 ºC. The degree of oxidation was monitored 

by fluorescent emission at 234 nm. Thiobarbituric acid-reactive substances 

(TBARS) content was used as an indirect evaluation of lipid peroxidation 

(nLDL<1.0 nmol malondialdehyde (MDA)/mg of LDL protein; oxLDL>20 nmol 

MDA/mg LDL protein). The absence of contamination by other lipoproteins was 

determined by electrophoresis on agarose gels (Paragon Electrophoresis 

system, Beckman). The content of protein (BCA protein assay) and cholesterol 
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(Cholesterol assay kit, RefLab) was determined by colorimetric assays. LDL were 

sterilized by filtration through a low protein-binding non-pyrogenic filter. Endotoxin 

contamination was discarded by the chromogenic Limulus amebocyte assay. 

Lipoproteins were stored under N2 at 4 ºC in the dark. Fluorescent labelling of 

the lipid moiety of lipoproteins was performed by incubating lipoproteins with DiI 

(1,1'-dioctadecyl-3,3,3',3'-tetramethylindo-carbocyanine perchlorate) at 37 ºC for 

8 h. Labelled lipoproteins were re-floated by ultracentrifugation, dialyzed and 

sterilized.  

Lipoprotein Binding and Internalization Assays. Binding and cell association 

of DiI-labeled lipoproteins to Jurkat (JKwt Vs JKCD69) and RBL-2H3 (RBLwt Vs 

RBLCD69) cells were performed by incubating 5x105 cells with 10 µg/ml of DiI-

labeled lipoprotein in culture medium supplemented with 10% (v/v) fetal bovine 

serum deprived of lipoproteins (LPDS) for 2h at 4ºC (binding) or 37ºC (cell 

association). After incubation, cells were washed in cold PBS and analyzed by 

fluorescence flow cytometry using a FACScalibur® cytofluorometer (Becton 

Dickinson, Mountain View, CA). For blocking assays, unlabeled-lipoprotein or 

purified antibodies (50 µg/ml) were pre-incubated for 30 min in incomplete 

medium supplemented with 10 % (v/v) LPDS. For internalization assays, Jurkat 

cells (JKwt and JKCD69) were incubated with unlabelled oxLDL (50 µg/ml) at 

different time points (10, 30, 60, 90, 120 and 240 minutes) in culture medium 

supplemented with 10% (v/v) LPDS and CD69 expression on membrane surface 

was analyzed by flow cytometry.  

RT-PCR. Jurkat cells (JKwt and JKCD69) 1x106/ml were incubated in the 

presence of PMA (50 µg/ml) and ionomycin (0.5 µg/ml) for 4 h, then cells were 

washed twice and incubated in the presence or absence of oxLDL (50 µg/ml) 
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during 2 h. Cells were then harvested and processed for RNA isolation. Total 

RNA was isolated with a QIAGEN RNeasy Kit (QIAGEN). Then 1µg/ml of total 

RNA was reverse transcripted into cDNA, PCR were performed using SYBR 

Green. Data were normalized using GAPDH expression. Data were analyzed 

using 2-ΔΔCt method. GADPH forward: 5’-GCC CAA TAC GAC CAA ATC C-3’; 

GAPDH reverse: 5’ AGC CAC ATC GCT CAG ACA C3’. IL-8 forward: 5’-TCT 

GTG TGA AGG TGC AGT TTT G-3’; IL8 reverse: 5’-GGG GTG GAA AGG TTT 

GGA GT-3’. For the expression of NR4A nuclear receptors, Jurkat cells (JKwt 

and JKCD69) 1x106 cell/ml were incubated with oxLDL (50µg/ml) at different time 

points. For blocking assays, cells were pre-incubated with anti-CD69 (20µg/ml) 

during 45 min. RT-PCR for human and mouse NR4A receptors was performed 

using Taqman assays (Applied Biosystems). 

Human CD4+ T cell polarization. For human Th1, Th17 and Treg polarization, 

CD4+ T cells were purified by immunomagnetic depletion with the human CD4+ 

T Cell Isolation Kit II (Miltenyi Biotec, CA, USA) with a purity >96%. Th17 cells 

were polarized as described. For Th1 polarization CD4+ T cells (1 x 106), were 

incubated with IL-2 (20 U/ml) and IL-12 (20 ng/ml), while for Treg polarization 

cells were cultured with TGF-b (5 ng/ml) and IL-2 (20 U/ml) (all cytokines from 

R&D systems). After 5 days of culture, percentage of IFN-g and IL-2 producing 

cells (Th1) and Foxp3+ CD25+ cell (Treg) was analyzed in a FACS Canto 

Cytometer and analyzed with FlowJo software. Where indicated, oxLDL (50 

ug/ml) and anti-CD69 (20 µg/ml) were added to the cultures. 

Tissue processing and immunohistochemistry 

For plaque area assessment, 5 µm thick sections at 100 µm intervals were 

collected starting at the origin of the aortic valve cusps. Sections were stained 
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with Oil Red O (ORO) staining, (Sigma-Aldrich) and hematoxylin, and lesion size 

was analyzed with ImageJ software. For Masson trichrome staining 7 µm thick 

sections at 100µm intervals were collected. Sections were stained with the 

Masson-Goldner staining kit (Merck). For specific staining, anti-F480 antibody 

was purchased from Abcam (ab6640) and anti-CD3 from Santa Cruz 

Biotechnology (sc-1127).  
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Supplementary Table 1: Demographic characteristics and cardiovascular risk 
factors.  
 

  
Total No 

Atherosclerosis Focal Disease Generalized 
Disease P-value 

  (n=305) (n=122) (n=55) (n=128)   

Age (years) 48,58 ± 3,9 46,66 ± 3,5 50,84 ± 2,2 49,46 ± 4 <0,001 

Sex (men) 308 (100) 122 (100) 55 (100) 128 (100) - 

Family history of CVD 54 (17,5) 17 (13,9) 6 (10,9) 31 (24,2) 0,02 

Smoking 84 (27,3) 24 (19,7) 10 (18,2) 49 (38,3) <0,001 

BMI (Kg/m2) 27,46 ± 3,3 27,46 ± 3,4 27,21 ± 3,4 27,52 ± 3,3 0,485 

Weight (kg) 83,5 ± 12,1 84,19 ± 12,6 82,28 ± 11,2 83,02 ± 12,1 0,749 

Height (cm) 174,2 ± 6,6 174,9 ± 7 173,9 ± 6,7 173,5 ± 5,9 0,095 

Obesity  60 (19,5) 24 (19,7) 10 (18,2) 25 (19,5) 0,993 

Hypertension 78 (25,3) 27 (22,1) 12 (21,8) 37 (28,9) 0,19 

SBP (mmHg) 121,8 ± 12,5 121,1 ± 13,7 119,1 ± 10,9 123,7 ± 11,4 0,005 

DBP (mmHg) 76,13 ± 9,1 75,3 ± 10,6 75,47 ± 8,6 77,18 ± 7,5 0,033 

Diabetes 13 (4,2) 0 (0) 1 (1,8) 11 (8,6) <0,001 

Fasting glucose (mg/dL) 93 [87 - 100] 93 [87 - 97] 93 [88 - 99] 94 [87 - 103] 0,068 

HbA1c (%) 5,5 [5,3 - 5,8] 5,5 [5,2 - 5,7] 5,4 [5,3 - 5,8] 5,5 [5,3 - 5,9] 0,004 

Insulin (uU/mL) 6,2 [4,2 - 9,2] 5,9 [4,1 - 9,1] 6,4 [4,6 - 9,3] 6,35 [4,2 - 9,5] 0,887 

Dyslipidemia 196 (63,6) 71 (58,2) 34 (61,8) 89 (69,5) 0,059 

Total cholesterol (mg/dL) 202,1 ± 32,7 199,8 ± 28,9 200,5 ± 38,5 205,8 ± 33 0,151 

LDL-C (mg/dL) 136,2 ± 27,8 135,1 ± 24,6 135,7 ± 32,8 138,2 ± 28,3 0,411 

HDL-C (mg/dL) 42,79 ± 9,6 42,63 ± 9,3 44,11 ± 9,1 42,51 ± 9,9 0,71 

Triglycerides (mg/dL) 97 [73 - 139] 91 [69 - 139] 89 [71 - 122] 106 [75 - 144] 0,017 

Oxidized LDL-C(mg/dL) 54,13 ± 16,1 52,11 ± 13,9 52,35 ± 18,4 56,86 ± 16,8 0,027 

Lipoprotein a  (mg/dL) 16,6 [6,64 - 38,6] 12,4 [4,76 - 27,4] 15,4 [8,13 - 40] 20,6 [7,92 - 45,5] 0,016 

Creatinine (mg/dL) 0,89 ± 0,1 0,91 ± 0,1 0,91 ± 0,1 0,86 ± 0,1 0,005 

Cystatin C (mg/L) 0,78 ± 0,1 0,78 ± 0,1 0,79 ± 0,1 0,77 ± 0,1 0,226 

Fibrinogen (mg/dL) 265,6 ± 45,2 256 ± 36,7 263,4 ± 45,2 274,5 ± 50,2 0,248 

P-Selectin (ng/mL) 140,3 ± 43,3 136,8 ± 40,8 142,4 ± 39,2 142,3 ± 47 0,001 

hs-CRP (mg/mL) 0,13 [0,07 - 0,22] 0,13 [0,06 - 0,20] 0,13 [0,08 - 0,21] 0,135 [0,07 - 0,124] 0,364 

VCAM-1 (ng/mL) 620 [494,8 - 760,6] 620 [505 - 763] 672 [520,5 - 841,5] 612,8 [483,1 - 725,4] 0,277 

PREDIMED 4,92 ± 1,42 4,83 ± 1,48 5,15 ± 1,33 4,90 ± 1,40 0,711 

MVPA 51,48 ± 21,41 49,50 ± 18,83 57,25 ± 24,89 50,94 ± 21,90 0,632 

 

Data are expressed as mean±SD, median and IQR or n (%). P-values are derived 
from Anova for log-transformed continuous variables and chi-square for 
categorical variables, except for those variables with n<6 for which Fisher Test 
was used. BMI: Body mass index. CVD: Cardiovascular Disease; SBP: Systolic 
blood pressure; DBP: Diastolic blood pressure; LDL-C: Low-density lipoprotein 
cholesterol; HDL-C: High-density lipoprotein cholesterol. MVPA: Moderate to 
Vigorous Physical Activity. In bold, variables included in the multivariable model. 
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Supplementary Table 2: Univariable logistic regression to compare individuals 
with “Generalized subclinical atherosclerosis” to individuals with “no disease”. 
 
 

 OR (95% CI) P Value 

log2(CD69) 0.63(0.46-0.85) 0.0035 

log2(NR4A1) 0.69(0.53-0.88) 0.0031 

Age 1.21(1.13-1.31) 0.0000 

FH 1.97(1.04-3.86) 0.0412 

Smoking 2.53(1.44-4.54) 0.0014 

Hypercholesterolemia 1.64(0.98-2.77) 0.0628 

Hypertension 1.43(0.81-2.56) 0.2209 

Diabetes* NA 0.0001 

BMI 1.01(0.93-1.08) 0.8928 

Monocytes 11.57(1.61-89.99) 0.0168 

Lymphocytes 3.08(1.8-5.5) 0.0001 

Leukocytes 1.66(1.37-2.04) 0.0000 

Neutrophils 1.91(1.47-2.55) 0.0000 

oxLDL 1.02(1-1.04) 0.0170 
 
 
*For diabetes, no OR could be estimated due to the lack of individuals with 
diabetes in the “No disease” group (see Supplementary Table 1). P-value for 
diabetes was estimated using the likelihood ratio test. 
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Supplementary Table 3. Correlation between the expression level of CD69 
(log2 scaled) and a set of relevant molecular and clinical variables. 
 

 Estimate* P Value 

log2(NR4A1) 0.36 0.0000 

Age 0.00 0.9170 

FH -0.09 0.5190 

Smoking -0.28 0.0266 

Hypercholesterolemia -0.08 0.4930 

Hypertension 0.00 0.9950 

Diabetes -0.35 0.1970 

BMI -0.02 0.3660 

Monocytes 0.13 0.7720 

Lymphocytes 0.16 0.1390 

Leukocytes -0.03 0.3950 

Neutrophils -0.09 0.0564 

oxLDL -0.01 0.0520 

CRP 0.03 0.9190 

FH10Y -1.32 0.2650 

 
 
* For continuous independent variables the Estimate represents the slope of the 
linear regression fit. For discrete independent variables the Estimate represents 
the difference in expression between the groups. 
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Supplementary Figure 1. CD69 regulates adaptive immune responses in 

HFD conditions. A. Ldlr-/- mice were lethally irradiated and reconstituted with 

bone marrow from C57BL/6 Cd69+/+ or Cd69-/- dRep mice. Eight weeks after 

reconstitution PBMCs were > 90% CD45.2+. Reconstitution of lymphoid and 

myeloid compartments of CD45.2+ cells was assessed by FACS. Histograms 

show CD69 expression on CD4 and CD8 T cells, B cells (B), macrophages (Mac), 
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monocytes (Mono), dendritic cells (DC) and natural killer cells (NK). PBMCs were 

stimulated with anti-CD3/CD28 for lymphoid cells and LPS for myeloid cells, of 

the indicated groups. B. Percentage of Th17 (IL-17-GFP+), Treg (Foxp3-RFP+) 

CD4+ T cells and Th17/Treg ratio in peripheral blood leukocytes of BM Cd69+/+ 

and BM Cd69-/- mice at the indicated time points after HFD initiation. Error bars 

show SEM, **P < 0.01, ***P < 0.001, **** P < 0.0001. P values were calculated 

by 2-way repeated-measures ANOVA (Sidak´s post hoc test). C. Flow cytometry 

analysis of Th17 and Treg cells in para-aortic lymph nodes of BM Cd69+/+ and 

BM Cd69-/- mice at 10 weeks after HFD administration, n=12 mice per group. D. 

Percentages and absolute numbers of Th17 and Treg cells from para-aortic 

lymph nodes of BM Cd69+/+ and BM Cd69-/- mice 10 weeks after HFD 

administration, n=12 mice per group. Error bars show SEM, *p<0.05, as 

determined by unpaired t-test or Mann-Whitney U test.E. Flow cytometry analysis 

of aortic arch 13 weeks after HFD initiation. F. Quantification and statistical 

analysis of data shown in E, n=7 mice per group, *P < 0.05, as determined by 

Mann-Whitney U test. G. Lack of CD69 on immune cells accelerates atheroma 

plaque formation. Oil Red O staining in aortic valves from BM Cd69+/+ and BM 

Cd69-/- mice after 13 weeks of HFD (left) and quantification of plaque surface at 

the indicated time points (right), n=16 mice per group pooled from 3 different 

experiments. H. As before, Masson trichrome staining and quantification of 

fibrosis and necrotic core after 13 weeks of HFD, n=6 mice/group Error bars show 

SEM, *P < 0.05, **P < 0.01, ***P < 0.001, as determined by unpaired t-test. I. As 

before, F4/80 staining. J. As before, CD3 staining, C and D. representative 

images of 6 mice/group. Original magnifications: A-C: 4x, D: 10x.   
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Supplementary figure 2. Analysis of blood leukocyte subsets during high 

fat diet. The percentages of peripheral blood leukocyte subsets were analyzed 

during HFD administration. A. Analysis of lymphoid CD4+, CD8+ T cells and B 
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cells (B220) was performed by FACS. B. Myeloid cells were analysed after 

surface staining with anti-CD11b, -CD11c, -Ly6G/C, -F4/80 and NK cells with 

anti–Nkp46. The percentages of granulocytes, monocytes, macrophages, natural 

killer cells (NKs) and dendritic cells (DCs) are shown. C. Surface staining with 

anti-CD44/CD62L was performed to distinguish naïve (CD62Lhi CD44lo) and 

memory (CD62Llo CD44hi) CD4+ T cells. D. Percentages of Tregs (Foxp3+) and 

the ratio between DCs and Tregs is shown. n= 15 BM Cd69+/+ and n=13 BM 

Cd69-/-chimeric mice.  Error bars show SEM, *P < 0.05, **P < 0.01. P values were 

calculated by 2-way ANOVA (Sidak´s post hoc test). 
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Supplementary figure 3. CD69 deficiency in myeloid cells does not 

influence atherosclerosis development. A. Scheme illustrating the generation 

of myeloid chimeras (MC). Ldlr-/- mice were lethally irradiated and reconstituted 

with mixed bone marrow, from Rag2-/-γc-/- or Rag2-/-γc-/-Cd69-/- plus bone 

marrow from C57BL/6-CD69+/+ (double-reporter dRep: IL-17-GFP+ / Foxp3-

RFP+) at a 3:1 ratio, respectively. Eight weeks after reconstitution PBMCs were 

> 90% CD45.2+. Reconstitution of lymphoid and myeloid compartments of 

CD45.2+ cells was assessed by FACS. Histograms show CD69 expression on 

CD4 and CD8 T cells, B cells (B), macrophages (Mac), monocytes (Mono), 
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dendritic cells (DC) and natural killer cells (NK). PBMCs were stimulated with anti-

CD3/CD28 for lymphoid cells and LPS for myeloid cells, of the indicated groups. 

B. Kinetics of the adaptive immune response in peripheral blood for Th17 (IL-17-

GFP+), Treg (Foxp3-RFP+) CD4+ T cells and Th17/Treg ratio in peripheral blood 

leukocytes after HFD, n=11 mice/group, C. Flow cytometry analysis of Foxp3-

mRFP+ and IL-17-eGFP+ CD4 T cells in para-aortic LNs of MC Cd69+/+ and MC 

Cd69-/- mice after 13 weeks of HFD, D. Quantification and statistical analysis of 

data shown in C, n=12 mice per group, E. Oil Red O staining and quantification 

of plaque in aortic valves from MC Cd69+/+ and MC Cd69-/- mice after 13 weeks 

of HFD, n= 8-10 mice/group, F. As in E., Masson trichrome staining and necrotic 

core quantification, n=8-10 mice/group Original magnifications: 4x. Error bars 

show SEM. No significant differences were observed between groups as 

determined by two-way repeated-measures ANOVA (Sidak´s multiple 

comparisons post hoc tests) (B), unpaired t-test and Mann-Whitney U test (D-F) 

as appropriate. 
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Supplementary Figure 4. Analysis of circulating lipids in mice lacking CD69 

in total immune, lymphoid or myeloid compartments. Weight gain, lipase 

activity, free fatty acids, triglyceride and cholesterol levels of the indicated 

experimental groups were measured. A. Weight curve and biochemical profile of 

chimeric BM Cd69+/+ and BM Cd69-/- mice, n=6-8 mice/group. B. as in a, for LC 

Cd69+/+ and LC Cd69-/- mice, n=15-16 mice/group. C. as in A for MC Cd69+/+ and 

MC Cd69-/- mice, n=9 mice/group. No significant differences were observed in 

weight gain between groups as determined by two-way repeated-measures 

ANOVA (Sidak´s multiple comparisons post hoc tests). Error bars show SEM. *P 

< 0.05, **P < 0.01, ***P < 0.001, as determined by unpaired t-test and Mann-

Whitney U test as appropriate. 
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Supplementary Figure 5: The dimeric structures of C-type lectin structures.  

Ribbon representations of the CD69 (PDB code 1E8I), Dectin-1 (PDB code 

2BPD) and the macrophage mannose receptor (MR, PDB code 1EGG) CTLD 

structures (left panels).  Superimposed LOX-1 (PDB code 1YXK), Dectin-1 and 

MR structures on the CD69 dimer are shown on the right. Prepared with PyMOL. 
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Supplementary Figure 6: Localization of oxLDL and T cells in atheroma plaque. 

A. Lipids, Th17+ T cells and oxLDL in atheroma plaque in aortic valves. Oil Red 

O staining was used to identify lipids. Endogenous GFP-Th17+ T cells and oxLDL 

were detected in serial tissue sections of aortic valves from WT Cd69+/+ mice after 

16 weeks of HFD. B. Co-localization of CD3+ T cells and oxLDL in atheroma 

plaque 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


