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ABSTRACT 

CD69 is an early leukocyte activation marker involved in the regulation of the immune response. Initial in vitro 

studies evaluated its function using monoclonal antibodies until knock-out mice were developed. Subsequently, 

four ligands for CD69 have been identified, namely galectin-1, S100A8/S100A9 complex, myosin light chains 9 

and 12, and oxidized low-density lipoproteins. In addition, several molecules are laterally associated with and 

regulated by CD69, including calreticulin and two transmembrane receptors, sphingosine-1-phosphate receptor 

(S1P1) and the heterodimeric amino acid transporter complex SLC7A5-SLC3A2 (LAT1-CD98). Recently, CD69 

engagement has been shown to induce the expression of the immunoregulatory receptor programmed cell death-1 

(PD-1) in T cells. The molecular signaling induced by CD69 has been explored in different scenarios and cell 

types. This review provides a perspective on the molecular pathways, ligands and cellular functions known to be 

regulated by CD69. 
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INTRODUCTION 

CD69 is a type-II transmembrane receptor 

of the C-type calcium-dependent lectin super-

family (López-Cabrera et al., 1993; Ziegler et 

al., 1993). Four different groups described 

this molecule in the late 80s as an early mole-

cule rapidly induced on human leukocytes 

upon activation (Hara et al., 1986; Cosulich et 

al., 1987; Cebrián et al., 1988; Lanier et al., 

1988). CD69 is a glycosylated homodimeric 

receptor formed by two disulphide-linked 
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chains of 28 and 32 KDa (Testi et al., 1989a; 

López-Cabrera et al., 1993). These size differ-

ences reside in the number of N-glycan 

chains, as human CD69 has two N-glycosyla-

tion sites, the consensus motif (amino acids 

(AA) 166-168) and the atypical one (Vance et 

al., 1997). Both chains are constitutively 

phosphorylated on serine residues in the intra-

cellular portion (Testi et al., 1988), which also 

contains the N-terminal region with a short 

cytoplasmatic tail (1-40 AA). As a member of 

the C-type lectin superfamily, the extracellu-

lar C-terminal portion contains the CTLD do-

main. CD69 is related to the natural killer 

(NK) cell receptor family, as the gene locus is 

located in the NK gene cluster on chromo-

somes 6 and 12 in mice and humans, respec-

tively (López-Cabrera et al., 1993).  

This receptor is rapidly induced in B and 

T lymphocytes, NK cells, monocytes, macro-

phages, neutrophils, and eosinophils after dif-

ferent activation stimuli (Table 1). Since a 

wide variety of stimuli such as small activa-

tion molecules, anti-CD3 engagement, cyto-

kines, lipopolysaccharide, and heat shock, 

among others, can induce its early expression 

at the surface membrane, it has been used as a 

classic lymphocyte activation marker. CD69 

is detected within hours of stimulation be-

cause it is pre-formed in the cytoplasm of rest-

ing cells and the mRNA and protein synthesis 

is immediately triggered (Risso et al., 1991). 

It is constitutively expressed by platelets and 

a small proportion of cortical thymocytes, 

where it regulates positive thymocyte selec-

tion (Testi et al., 1988, 1990; Hare et al., 

1999). In addition, positively selected 

CD69hiTCR-αβhi double positive thymocytes 

developed into natural Foxp3+ regulatory T 

(Treg) cells (Martín-Gayo et al., 2010). 

Foxp3+ CD69+ Treg cell subset expresses 

high levels of immune suppression molecules 

such as CTLA-4, ICOS, GITR and CD38, en-

hanced TGF-β production and tolerogenic po-

tential (Cortés et al., 2014). In addition, CD69 

is expressed by most tissue-resident memory 

T cell (TRM) subsets, and thus, along with 

CD103, is commonly used as their identifica-

tion marker (Steinbach et al., 2018). Remark-

ably, CD69 is expressed by in vivo activated 

lymphocytes, infiltrating inflammatory foci in 

chronic autoimmune inflammatory diseases 

such as rheumatoid arthritis, chronic viral 

hepatitis and many others (González-Amaro 

et al., 2013). 

In this review, we provide insight into 

CD69-mediated molecular signaling that has 

been described over the years and its possible 

implications. 

 

CD69 ANTIBODY-MEDIATED  

SIGNALING PATHWAY 

The use of specific monoclonal antibodies 

against CD69 provided the first tool to char-

acterize the molecular signaling induced by 

this receptor. The effects of CD69 engage-

ment in different cell types are summarized in 

Table 1, with T-lymphocytes being the most 

studied cell. Several anti-CD69 antibodies in-

duce CD69 internalization thus blocking the 

interaction with putative ligands. In combina-

tion with PKC-stimulating agents such as 

phorbol esters, it was concluded that anti-

CD69 antibodies trigger lymphocyte prolifer-

ation by inducing the expression of IL-2 and 

CD25 and increasing TNF-α secretion 

(Cebrián et al., 1988, 1989; Nakamura et al., 

1989; Santis et al., 1992). Moreover, cross-

linking of CD69 by secondary antibodies in-

duces an increase in intracellular calcium con-

centration in T cells, which along with PKC 

activation also induces IFN-γ expression 

(Testi et al., 1989b). Anti-CD69 antibody-in-

duced transcriptional response relies on AP-1 

activity with c-fos involvement after CD69 

stimulation and calcium mobilization-medi-

ated activation of Nuclear Factor of Activated 

T Cells 1 (NFAT) (Tugores et al., 1992; 

D’Ambrosio et al., 1993). Aside, functional 

effects have been described in other cell types 

such as B cell proliferative response 

(Sánchez-Mateos et al., 1989). In platelets, 

CD69 engagement induces Ca2+ influx, acti-

vating phospholipase A2 (PLA2) and arachi-

donic acid metabolism, leading to aggregation 

and degranulation (Testi et al., 1990, 1992). A 
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Table 1: In vitro studies employing anti-CD69 monoclonal antibodies in different human cells.  
Abbreviations included in Table 1. Peripheral blood lymphocytes, PBLs; peripheral blood mononuclear cells, PBMCs; Natural killer cells, NK; Phorbol 12-
myristate 13-acetate, PMA; Phytohemagglutinin, PHA; Protein kinase C, PKC; Interferon-γ, IFN-γ; Nuclear factor of activated T cells 1, NFAT; Thromboxane 
B2, TXB2; Thromboxane A2, TXA2; Prostaglandin E2, PGE2; Activator protein 1, AP-1; Phospholipase A2, PLA2; Cyclosporine A, CsA; Lipopolysaccharide, 
LPS; Granulocyte macrophage colony-stimulating factor ,GM-CSF; 6-keto-prostaglandin F1α, 6-ketoPGF1α; Leukotriene B4, LTB4; Nitric oxide, NO; Transform-
ing growth factor-beta 1,TGF-β1; Diacylglycerol, DAG; intercellular adhesion molecule-1, ICAM-1; tumor necrosis factor, TNF-α; extracellular signal-regulated 
kinase, ERK; Tyrosine-protein kinase, Syk; Proto-oncogene tyrosine-protein kinase, Src; Phospholipase Cγ2, PLCγ2; Vav Guanine Nucleotide Exchange Factor 
1, Vav1 
 

References Cellular type Antibody In combination with Function 

Cebrián et 
al., 1988  

PBLs TP1/8, 22, 28, 33 
and 55 

PMA, PHA or anti-CD3 ab Proliferative responses: IL-2 and IL-2R induction 

Nakamura et 
al., 1989 

PBMC and T 
cells 

G38  PMA Proliferation, IL-2-R expression, IL-2 synthesis, and secretion 

T cell Leu-23 Cross-linking in PMA-treated 
T cells 

Increase in [Ca2+] 

T cell G38 and Leu-23 PMA-treated T cells Proliferation 

Cebrián et 
al., 1989 

PBLs TP1/8 PKC stimulation with phorbol 
myristate acetate, phorbol 
dibutyrate or mezerein 

Proliferation  

Testi et al., 
1989b 

CD4+ and 
CD8+ periph-
eral T cells 

Leu23 Cross-linking of CD69 Elevation of intracellular [Ca2+], ineffective to activate PKC 

Cross-linking of CD69 and 
PMA 

IL-2 and IFN-γ expression (inhibited by CsA), enhancement of 
CD25 and proliferation 

Thymocytes 
and peripheral 
T cells  

Cross-linking of CD69 and 
PMA 

Proliferation 

Sánchez-
Mateos et 
al., 1989 

T and B cells AIM PMA Proliferation 

Testi et al., 
1990 

Platelets Leu-23 Cross-linking of CD69 Aggregation and degranulation, TXB2 and PGE2 production and 
Ca2+ influx 
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References Cellular type Antibody In combination with Function 

Moretta et 
al., 1991 

NK MLR3, c227 and 
31C4 

- Cytolytic activity 

T cell γδ+ Cytolytic activity 

T αβ+ Not cytolytic activity 

Tugores et 
al., 1992 

T cell TP 1/8 PMA AP-1 activity, transcription of c-fos, participation of c-fos in AP-1 
complexes 

Testi et al., 
1992 

Platelets Leu23 Cross-linking of CD69 Aggregation TXA2-mediated; arachidonic acid release and TXA2 
production PLA2 dependent  

Inositol 1,3,4-trisphosphate generation 

Santis et al., 
1992 

T cell TP1/22 and TP1/8 PMA TNF-α secretion, abrogated by CsA 

Gavioli et al., 
1992 

Neutrophils MLR3 PMA Ca2+ influx through cellular membrane 

Lysozyme release 

D’Ambrosio 
et al., 1993 

T cell Leu23 PMA, cross-linking of CD69, 
anti CD3 and CD28 

IL-2 expression induced by AP-1 and NFAT complexes  

De Maria et 
al., 1994 

Monocytes Leu23 F(ab’)2 Cross-linking of CD69 Extracellular Ca2+, PLA2 activation by in vivo arachidonic acid  
release 

PGE2α, 6-ketoPGF1α, and LTB4 detection suggesting the  
activation of both cyclooxygenase and lipoxygenase pathways 

Strong NO production 

Walsh et al., 
1996 

Peripheral eo-
sinophils 

MLR3, P8, TP1/8 
and TP1/55 

Soluble or mAb immobilized 
on protein-A coated plastic 
96 well plates 

Apoptosis induction independent of TGF-β1 

Conde et al., 
1996 

Thymocytes TP1/8, TP1/33, and 
TP1/22 

Submitogenic doses of phor-
bol ester 

Stimulation of glycolysis, DAG synthesis and increment of intracel-
lular Ca2+ levels 

CsA Inhibition of the increment on glycolysis and Ca2+ levels 
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References Cellular type Antibody In combination with Function 

Ramírez et 
al., 1996 

Mono-
cytes/macro-
phages or 
THP1 cells 

MCA736 LPS and cross-linking Apoptosis induction 

Borrego et 
al., 1999 

NK Leu-23, TP1/8, 3G1 
or BL-Ac/p26 

PMA or IL-2 Citotoxicity, proliferation, CD25, ICAM-1, TNF-α production and 
Ca2+ mobilization 

Zingoni et 
al., 2000 

RBL cell line 
and NK 

Leu-23 Cross-linking Degranulation with ERK enzymes activation 

Sancho et 
al., 2000 

RBL-2H3 mast 
cells  

Tp1/55 and TP1/8 PMA and cross-linking Mast cell activation through a pertussis toxin-sensitive G protein 
pathway 

Pisegna et 
al., 2002 

NK and RBL 
CD69+ 

Leu-23, TP1/8 and 
c227 

IL-2 activation and cross-
linking 

CD69-triggered cytotoxicity induces by Syk and Src kinases acti-
vation, tyrosine phosphorylation and activation of PLCγ2 and Vav1 

Foerster et 
al., 2002 

Eosinophils TP1/55.3  IFN-γ or GM-CSF Apoptosis induction and reduced Bcl-2 expression 
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similar molecular response was observed in 

human monocytes, in addition to strong nitric 

oxide (NO) production (De Maria et al., 

1994). Ca2+ mobilization, and expression of 

intercellular adhesion molecule-1 (ICAM-1), 

CD25 and TNF-α were also triggered in pre-

activated NK cells by anti-CD69 antibodies 

(Borrego et al., 1999). The binding of CD69 

by anti-CD69 antibodies triggers cytolytic ac-

tivity in NK cells and γδ T cells but not αβ T 

cells, in an extracellular signal-regulated ki-

nase (ERK) enzymes-dependent manner 

(Moretta et al., 1991; Zingoni et al., 2000). In 

addition, antibodies induce granule exocyto-

sis in neutrophils and mast cells activation 

(Gavioli et al., 1992; Sancho et al., 2000). In-

terestingly, anti-CD69 antibodies blocked IL-

1β production of THP-1 cells cultured with 

Jurkat cells and also inhibited the ability of T 

cells to activate macrophages (Manié et al., 

1993; Mcinnes et al., 1997). Taken together, 

these effects of anti-CD69 antibodies indi-

cated a role in cell activation, which would 

not be unexpected given their rapid mem-

brane expression in response to multiple stim-

uli. However, mice lacking CD69 showed no 

differences in antigen-dependent T cell acti-

vation, except in B cell development 

(Lauzurica et al., 2000). Bone marrow analy-

sis showed higher B220hiIgMneg pre-B cells 

and a modest increase in the immunoglobulin 

(Ig) G2a and IgM production, as T-dependent 

and T-independent antigens response was 

found in the absence of CD69 (Lauzurica et 

al., 2000). The implications of the regulation 

exerted by CD69 over B cell functions have 

not been explored in more detail. It was also 

shown that anti-CD69 antibodies induce 

apoptosis in eosinophils and macrophages 

and THP1 cells in presence of LPS stimula-

tion (Ramírez et al., 1996; Walsh et al., 1996; 

Foerster et al., 2002).  

Taken together, these antibody-induced 

effects indicated that CD69 exerts a major 

positive role in immune cell activation. How-

ever, when the role of CD69 was evaluated 

using animal models of chronic inflammation 

in vivo, its important role as a negative im-

mune regulatory molecule was revealed 

(González-Amaro et al., 2013). CD69-defi-

cient mice showed a significant susceptibility 

to collagen-induced arthritis (CIA), allergic 

asthma, contact dermatitis, autoimmune myo-

carditis and colitis induced by CD45Rb+ 

CD4+ T cell transfer (Sancho et al., 2003; 

Cruz-Adalia et al., 2010; Martín et al., 2010b; 

Radulovic et al., 2012). Administration of 

blocking CD69-antibodies also increased cy-

tokine release by T cells and exacerbated in-

flammatory responses in animal models 

(Cruz-Adalia et al., 2010; Martín et al., 

2010b). Nevertheless, CD69 can also play an 

inflammatory role in tissue inflammation, 

highlighting the effect of CD69 on T cell mi-

gration and retention in the tissue (Hasegawa 

et al., 2013; Cibrián et al., 2016). Hence, the 

complexity of CD69-mediated regulation of 

the immune response involves not only its 

possible intracellular signaling pathway but 

also interaction with membrane partners and 

ligands in tissues. The detailed signals trans-

mitted through the extracellular or transmem-

brane region vs cytoplasmic tail of CD69 

have not yet been fully elucidated. 

 

CD69 LIGANDS 

For years, attempts have been made to 

identify potential ligands of CD69 to better 

understand its function. So far, four ligands 

have been described and studied to varying 

degrees of depth. Galectin-1 (Gal-1) was the 

first protein described, followed by 

S100A8/S100A9 complex, myosin light 

chain (Myl) 9 and Myl12 and oxidized low-

density lipoprotein (oxLDL) (Figure 1A) (de 

la Fuente et al., 2014; Lin et al., 2015; 

Hayashizaki et al., 2016; Tsilingiri et al., 

2019).  The multiple CD69 interacting pro-

teins described suggest that there is a broad 

context in which this receptor may play its 

functional roles. 

The binding of the first ligand described, 

the protein Gal-1, was characterized by mass 

spectrometry, surface plasmon resonance 

(SPR) and binding assays (de la Fuente et al., 

2014). Gal-1 is a soluble protein secreted by 

many cell types that can bind to glycosylated 
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membrane proteins and regulate inflamma-

tory responses (Sundblad et al., 2017). In vitro 

studies showed the interaction of Gal-1 on hu-

man monocyte-derived dendritic cells with 

CD69 expressed by CD4+ T cells in a carbo-

hydrate-dependent manner (de la Fuente et 

al., 2014). The Gal-1-CD69 binding limits 

Th17 differentiation of human and mouse 

CD4+ T cells (de la Fuente et al., 2014). Thus, 

the binding of Gal-1 to CD69 is thought to 

contribute to the regulation of Th17 differen-

tiation.  

The second ligand identified by immuno-

precipitation and mass spectrometry was the 

calcium-binding S100A8/S100A9 complex, 

also known as calprotectin (Figure 1A). The 

authors showed that the binding of 

S100A8/S100A9 derived from human periph-

eral mononuclear cells to CD69 was carbohy-

drate-dependent and favored Treg differentia-

tion with reduced levels of phospho-STAT3 

and high SOCS3 expression (Lin et al., 2015). 

PMA-activated hPBMCs treated with 

S100A8/S100A9 displayed enhanced TGF-β 

and reduced IL-4 secretion compared to small 

hairpin RNA targeting CD69 (shCD69) T 

cells, which also showed an increment in IL-

17A (Lin et al., 2015). As with Gal-1, this lig-

and is not specific for CD69 because the 

S100A8/S100A9 complex recognizes carbox-

ylated glycans (Srikrishna et al., 2001). How-

ever, both ligands can shape the Th17/Treg 

phenotype through in vitro binding to CD69. 

The role of this ligand binding to CD69 on 

monocytes has recently been demonstrated. 

Specifically, by direct binding experiments 

employing the quartz crystal microbalance 

with dissipation (QCM-D) technique, the au-

thors probed that CD69 binds to 

S100A8/S100A9 tetramers on monocytes 

with a dissociation constant in the low nano-

molar range (Russo et al., 2022). This interac-

tion controls the monocyte migratory capacity 

through the activation of SOCS3, which re-

duces STAT3 phosphorylation and regulates 

the small GTPases activity (Russo et al., 

2022). Hence, CD69 deficient monocytes 

showed higher levels of phosphorylated 

STAT3 as well as reduced levels of SOCS3 

(Russo et al., 2022), pointing to dysregulation 

of this molecular pathway intrinsic to the ab-

sence of CD69. Thus, in inflammation sites 

where monocytes were activated, the binding 

of S100A8/S100A9 tetramers to CD69 would 

be regulating their inflammatory state as a 

counteracting effect. Moreover, this complex 

would be able to induce Treg differentiation 

to favor the resolution of inflammation.  

Myosin light chain (Myl) 9 and Myl12 

were also reported to be functional ligands of 

CD69 accounting for the migration of acti-

vated T helper cells (Hayashizaki et al., 

2016). The ligand was identified by affinity 

purification employing the GST–His–CD69 

extracellular domain as bait and subsequently 

mass spectrometry analysis. Using different 

mutants of Myl9, the authors probed that 

CD69 binding occurs through the N-terminal 

region of Myl9 and depends on the positive 

charges of lysine residues (Hayashizaki et al., 

2016). In this context, blocking with anti-

CD69 or anti-Myl9/12 antibodies ameliorated 

the inflammation in allergic airway inflam-

matory models (Hayashizaki et al., 2016). 

The authors propose that Myl9/12 provides a 

platform to attract and retain CD69+ T cells; 

however, whether this ligand regulates the T 

cell differentiation process or induces CD69-

mediated intracellular signaling remains to be 

elucidated.  

The most recent ligand described for 

CD69 in CD4+ T cells is oxLDL (Figure 1B). 

The C-type lectin-like domains of CD69 and 

oxLDL receptor 1 (LOX-1) share similar 

structural features necessary for oxLDL bind-

ing and both genes are closely located on the 

same chromosome (Tsilingiri et al., 2019). 

OxLDL-CD69 binding induces the internali-

zation of the receptor and reduces the levels 

of IL-8 and IFN-γ in T lymphocytes 

(Tsilingiri et al., 2019). Moreover, in vitro 

differentiation assays with human CD4+ T 

cells exposed to oxLDL showed a reduction 

of Th17 and Th1 response and an increased 

expansion of Treg (Tsilingiri et al., 2019). 

Blocking this interaction with anti-CD69 an-

tibodies proved the specificity of CD69 in  
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Figure 1: Molecular signaling induced by CD69 engagement. A) Glycosylation-dependent CD69 
ligand-mediated signalling. Binding of Gal-1 of human monocyte-derived dendritic cells to CD69 in-
creases the Treg cell differentiation mostly mediated by JAK3/STAT5 activation. S100A8/S100A9 di-
mers bind to CD69 on T cells, enhancing SOCS3 expression, which reduces STAT3 phosphorylation 
and promotes Treg cell development. S100A8/S100A9 tetramers bind to CD69 on monocytes, activating 
STAT3 modulation through SOCS3 expression and reducing the activity of small GTPases, such as 
Cdc42, RhoA and Rac, and thus monocyte migration. B) OxLDL-CD69 binding and crosslinking of anti-
CD69 antibody induce PD-1 expression. The binding of oxLDL to CD69 induces the expression of the 
nuclear receptors NR4A, the levels of PD-1 and decreases IL-8 and IFN-γ expression. Crosslinking of 
anti-CD69 antibodies induces the NFAT activation that leads to PD-1 expression. Cyclosporine A inhibits 
the PD-1 induction by CD69 engagement. This figure was created with BioRender.com.
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mediating these phenotypes. The main source 

of IFN-γ during the atheroma plaque formation 

are Th1 cells, which are regulated by NF-κB 

activation (Hansson and Libby 2006; Oh and 

Ghosh 2013). Whether CD69 may control 

NF-kB activity has not been properly ex-

plored. In addition, oxLDL-CD69 binding en-

hanced the expression of NR4A transcription 

factors, specifically NR4A3 and NR4A1 

(Tsilingiri et al., 2019). NR4A3 and NR4A1 

belong to the NR4A orphan nuclear receptors, 

controlling Treg cell development and 

maintenance (Sekiya et al., 2013; Odagiu et 

al., 2021).  Interestingly, the antigen activa-

tion of B cell receptor (BCR) on B lympho-

cytes induces primary response genes (PRGs) 

such as CD69, but also NR4A1 and NR4A3 

(Tan et al., 2020). In the absence of NR4A1, 

CD69 and some other PRGs enhance their ex-

pression indicating a negative feedback be-

tween these two molecules that does not hap-

pen in NR4A3 knock-out B cells (Tan et al., 

2020). Thus, the induction of NR4A nuclear 

receptors through the CD69 engagement 

could be regulating the CD69 expression it-

self. Lack of CD69 in the lymphoid compart-

ment of  Ldlr-/-  mice fed a high-fat diet pro-

motes accelerated development of atheroma 

plaques, consistent with enhanced  Th17 re-

sponses in the para-aortic lymph nodes and 

increased Th17/Treg cell ratio in the blood 

(Tsilingiri et al., 2019).  

Recently, oxLDL binding to CD69 has 

been shown to induce the programmed cell 

death 1 (PD-1) expression on human CD4+ T 

cells, mostly through NFAT-mediated activa-

tion (Jiménez-Fernández et al., 2022). Molec-

ular cross-linking of CD69 with monoclonal 

antibodies enhanced NR4A nuclear receptors 

and PD-1 expression and the inhibition of 

NFAT with cyclosporine A impaired the en-

hancement of NR4A3 and PD-1 (Jiménez-

Fernández et al., 2022). Higher CD69, 

NR4A3 and PD-1 levels were found in in-

flamed abdominal aortic samples from pa-

tients with higher hyperlipidemia, which rein-

forces the relevant role of these molecules in 

the pathology progression. The role of PD-1 

in mediating T cell-induced atherosclerotic 

injury has been previously characterized. Hy-

percholesterolemic Ldlr deficient and Pd1 

double knockout mice developed larger ather-

osclerotic lesions with increased CD4+, CD8+ 

and macrophage infiltration and higher serum 

TNF-α levels (Bu et al., 2011). The results 

were also confirmed with blocking anti-PD-1 

antibody and Ldlr−/− and Pd-l1/l2−/− bone 

marrow chimeras. Recently, agonistic PD-1 

antibody treatment diminished the atheroscle-

rosis development in Ldlr−/− mice, enhancing 

atheroprotective B and CD4+ T cell responses 

(Grievink et al., 2021). The PD-1 regulation 

through CD69-oxLDL could contribute to the 

exacerbated phenotype observed in a previous 

atherosclerosis model in the bone marrow 

(BM) chimeric Ldlr−/− mice deficient for 

CD69 only in the lymphoid compartment and 

also in asymptomatic individuals with sub-

clinical atherosclerosis (Tsilingiri et al., 

2019). 

 

CD69 CYTOPLASMIC TAIL  

INTERACTION AND CD4+ T CELL 

DIFFERENTIATION PROGRAMS 

Numerous studies have shown that the ab-

sence of CD69 leads to an exacerbated form 

of inflammatory diseases in vivo, using mouse 

models (González-Amaro et al., 2013). The 

study of the role of CD69 in the differentia-

tion of T helper lineages revealed enhanced 

Th17 responses in mice lacking CD69, 

whereas Th1 and Th2 responses were unal-

tered (Martín et al., 2010a). Pull-down assays 

with the cytoplasmic tail of CD69 showed its 

association with JAK3/STAT5 suggesting 

regulation of this signaling pathway (Figure 

1A). Accordingly, CD69 deficient cells dis-

played impaired STAT5 phosphorylation un-

der Th17 differentiation conditions indicating 

a defect in the JAK3 signaling. JAK3/STAT5 

signaling inhibition in CD69 deficient T cells 

favors dimerization and translocation of 

STAT3 to the nucleus, inducing RORγt ex-

pression and consequently a Th17 differenti-

ation bias (Martín et al., 2010a). The interac-

tion of Gal-1 with CD69 potentially regulates 

this mechanism to negatively control Th17 

differentiation. in mouse and human CD4 T 
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cells (de la Fuente et al., 2014). The regula-

tion of the JAK3/STAT5 pathway by CD69 

has also been studied in the development of 

Thymus-derived regulatory T (tTreg) cells 

(Sánchez-Díaz et al., 2017). CD69-deficient 

tTreg cells have impaired STAT5 phosphory-

lation as well as reduced levels of bic/miR-

155 and higher expression of its downstream 

target molecule SOCS-1, a repressor for Treg 

differentiation (Sánchez-Díaz et al., 2017). 

Blocking CD69 with monoclonal antibodies, 

that downregulate its membrane expression, 

also impairs STAT5 phosphorylation, reduces 

the levels of miR-155, thereby promoting 

SOCS-1 inhibition (Sánchez-Díaz et al., 

2017). This study highlights the role of CD69 

as a key regulator of mir-155 and SOCS-1 ex-

pression during the generation and homeosta-

sis of tTreg cells. 

 

CIS-MOLECULAR ASSOCIATION OF 

CD69 AND THEIR FUNCTIONAL  

IMPLICATIONS 

By using immunoprecipitation and direct 

protein sequencing techniques, Vance et al., 

identified the association of CD69 with an N-

terminal fragment of calreticulin (CALR) de-

rived from the cell surface of PMA-activated 

human peripheral blood mononuclear cells 

(PBMCs) (Vance et al., 2005). CALR is a 

Ca2+-binding protein from the endoplasmic 

reticulum responsible for the proper folding 

of proteins which can be also exposed on the 

surface membrane and have multiple addi-

tional functions (Fucikova et al., 2020). B 

lymphocytes were identified as the main cell 

subset expressing both CD69 and CALR and 

thus the authors proposed that this association 

occurs laterally at the cell surface (Vance et 

al., 2005). However, the nature of this inter-

action and its possible functional role in T cell 

activation and function have not been fully 

explored.  

A well-established function of CD69 is 

the control of lymphocyte migration through 

the negative regulation of sphingosine 1 phos-

phate receptor (S1P1) expression on the mem-

brane (Figure 2). The S1P1 is involved in reg-

ulating the lymphocyte egress from the thy-

mus and the lymphoid organs to the circula-

tion in response to the sphingosine-1-phos-

phate (S1P) chemoattractant gradient 

(Matloubian et al., 2004). After IFNα/β sig-

naling, CD69 is expressed by T cells and 

forms a complex with S1P1 causing its inter-

nalization and thus blocking the lymphocyte 

egress (Shiow et al., 2006). The nature of this 

interaction was subsequently described as in-

volving helix 4 of S1P1 and transmembrane 

and membrane proximal regions of CD69, 

whereas the CTLD domain enhances the in-

teraction between both receptors (Bankovich 

et al., 2010). Likewise, the S1P1/CD69 axis 

has also been shown to control the migration 

of mouse skin dendritic cells (DC) to lymph 

nodes (LNs) in a contact sensitization model. 

In the absence of CD69, the ability of skin 

DCs to migrate to the LNs is increased as ev-

idenced by subcutaneous transfer of deficient 

cells and two-photon microscopy analysis 

(Lamana et al., 2011). Chemotaxis to S1P and 

expression of S1P1 is higher in Cd69–/– DCs 

and the use of S1P analogues (SEW2871 and 

FTY720) impaired the DC migration from the 

skin to peripheral LNs (Lamana et al., 2011). 

Thus, CD69 expression controls the retention 

of the cells in the lymphoid organs, allowing 

them to differentiate and activate properly be-

fore exiting into circulation. CD69 also con-

trols monocyte migratory capacity through 

the regulation of pSTAT3 levels by SOCS3 

(Lin et al., 2015; Russo et al., 2022), thereby 

CD69 has two pathways controlling cell mi-

gration. Better characterizing the intracellular 

signaling of CD69 ligands could provide in-

sights into CD69-dependent regulation of 

SOCS3 and Th cell differentiation. Neverthe-

less, CD69 knockout mice have normal thy-

mocyte development pointing out that this 

function is not exclusive to CD69 and it might 

be controlled by other molecules (Lauzurica 

et al., 2000). Most recently, one exception to 

this was reported, in which the expression of 

CD69 on CD24+PLZFhi innate precursors was 

essential to retain them in the thymus and to 

develop into mature NKT2 cells (Kimura et 
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Figure 2: Lateral association of CD69 with transmembrane receptors. A) CD69 is associated with 
S1P1 on T and B cells which leads to downmodulation and degradation of S1P1, and impairs cell mi-
gration to S1P-dependent chemotaxis. B) CD69 interacts with the amino acid transporter SLC7A5-
SLC3A2, also known as LAT1-CD98, stabilizing the expression of SLC7A5 on the T cell membrane. 
This interaction favors the amino acid uptake, increasing leucine (Leu) transport that activates mTORC 
and promotes Th17 cell differentiation. HIF-1α is also stimulated by mTORC and mediates Th17 differ-
entiation. CD69 increases the uptake of tryptophan (Trp) and the Trp-derived metabolite FICZ, which is 
an AHR agonist. AHR activation induces the transcription of IL-22 and CD39 mRNA. AHR modulates 
HIF-1α levels and vice versa, which can also impact in the Th17 cell differentiation program. This figure 
was created with BioRender.com. 

 

al., 2018). However, this regulation was par-

tially independent of S1P1, since its deletion 

did not completely restore the NKT2 cell dif-

ferentiation, suggesting that CD69 plays a 

role beyond cell retention through the control 

of S1P1 (Kimura et al., 2018). Further exper-

iments involving the CD69 ligands-mediated 

signaling, or a better understanding of its in-

trinsic signaling, may shed light on how 

CD69 regulates NKT2 cell generation.   

In addition to controlling the cell egress 

from the thymus and the lymph nodes, the role 

of the CD69-S1P1 axis was also studied in the 

regulation of lymphocyte egress from the 

BM. Blockade of CD69 with monoclonal an-

tibodies induced a rapid mobilization of large 

numbers of BM leukocytes, which is inhibited 

by using the agonist of S1P1 FTY720 (Chiba 

2005; Notario et al., 2018). The anti-CD69 

treatment also promoted the proliferation of 

hematopoietic stem and progenitor cells and 

the increase of mTOR, p70S6K, S6 and 4E-

BP1 phosphorylation (Notario et al., 2018). 

Interestingly, cell mobilization was inhibited 

by rapamycin, indicating that CD69 acts 

through mTOR as previously described and 

discussed below (Cibrián et al., 2016). How-

ever, in this context, it has not been thor-

oughly studied whether this upregulation of 

mTOR when using an anti-CD69 antibody is 

due to an agonistic effect or the loss of CD69 

expression on the membrane.  

The role of the S1P1 regulation through 

CD69 has also been studied on TRM, where 

CD69 is widely expressed. In this context, 

skin CD8+ effector cells upregulate mem-

brane CD69 in response to multiple signals, 

which represses S1P1 expression, allowing its 

retention and local memory formation (Skon 
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et al., 2013; Mackay et al., 2015). It is note-

worthy that CD69 has also been implicated in 

the control of CD4+ T cell migration inde-

pendently of S1P1. CD69 deficient cells have 

enhanced expression of the chemokines CCL-

1, CXCL-10 and CCL-19 on T cells from dif-

ferent inflammatory bowel disease murine 

models (Radulovic et al., 2013). The admin-

istration of neutralizing antibodies against 

these chemokines improved the outcome of 

CD69 deficient mice under dextran sodium 

sulphate (DSS)-induced colitis (Radulovic et 

al., 2013). 

Additionally, CD69 also associates on cis 

with SLC7A5-SLC3A2 on the T cells plasma 

membrane (Figure 2) (Cibrián et al., 2016). 

This association appears to stabilise or control 

the expression of SLC7A5 on the surface 

membrane of activated CD4+ T cells, regulat-

ing the amino acid uptake (Cibrián et al., 

2016; Cibrián and Sánchez-Madrid, 2017). 

SLC7A5-SLC3A2 transporter mediates the 

high-affinity antiport of tryptophan, phenylal-

anine, leucine and histidine (Scalise et al., 

2018). Specifically, CD69-deficient CD4+ 

and γδ T cells had less uptake of L-Trp, L-Phe 

and L-Leu and the antibody-induced internal-

ization of CD69 prevented L-Trp and L-Phe 

capture in wild-type CD4+ cells (Cibrián et 

al., 2016). The amino acids uptake mediated 

by SLC7A5 modulates the activation of the 

mammalian target of rapamycin complex 1 

(mTORC1) (Sinclair et al., 2013). This ser-

ine/threonine kinase regulates multiple T cell 

functions but also promotes Th17 differentia-

tion and suppresses the generation of FoxP3 

regulatory T cells (Kopf et al., 2007). In vitro 

CD69-deficient differentiated Th17 cells 

showed impaired phosphorylation of 

mTORC1 downstream kinases S6 and 4E-

BP1 after TCR engagement, indicating that 

CD69 is required for the proper performance 

of the mTORC1 signaling pathway (Cibrián 

et al., 2016). Aryl hydrocarbon receptor 

(AHR)-dependent responses were also evalu-

ated in CD69-deficient mice in a model of 

psoriasis induced by IL-23, as these mice de-

veloped mild psoriasis and showed reduced 

IL-22 and STAT3 levels. AHR activates the 

RORγt-mediated IL-22 transcription in Th17 

cells and the binding of this cytokine to its re-

ceptor induces the activation and phosphory-

lation of STAT3 in CD4 T cells and group 3 

innate lymphocytes (ILC3) (Glal et al., 2018; 

Zenewicz, 2018). The metabolite derived 

from L-Trp 6-formylindolo [3,2-b] carbazole 

(FICZ) is an AHR agonist (Fernández-

Gallego et al., 2021). FICZ uptake was higher 

in CD69+ T cells and LAT1-dependent, sup-

porting the regulation of AHR signaling by 

CD69 and IL-22 secretion in dermal γδ T cells 

(Cibrián et al., 2016). In addition to binding 

the SLC7A5-SLC3A2 complex, differential 

proteomic analysis revealed a possible associ-

ation of CD69 with other amino acid trans-

porters such as GTR1 and MOT1 (Cibrián et 

al., 2016). Further studies will determine 

whether CD69 could regulate the membrane 

expression of other amino acid transporters 

and their impact on cellular metabolism. 

In addition to controlling IL-22 secretion, 

AHR is a ligand-activated transcriptional fac-

tor capable of regulating Treg cell develop-

ment and Th17 cell differentiation in a ligand-

dependent manner (Quintana et al., 2008). 

Specific binding of FICZ to AHR promotes 

Th17 differentiation to the detriment of Treg 

cell development, increasing disease severity 

in a model of experimental autoimmune en-

cephalomyelitis (Quintana et al., 2008). AHR 

forms a complex with the AHR nuclear trans-

locator (ARNT or HIF-1β) and controls HIF-

1α levels, as HIF-1α regulates AHR degrada-

tion, thereby affecting the differentiation of 

type 1 regulatory T cells (Tr1) (Mascanfroni 

et al., 2015). Extracellular ATP and hypoxia 

induce the inactivation of AHR via HIF-1α, 

inhibiting Tr1 differentiation and, conversely, 

CD39 promotes AHR activation by degrading 

ATP (Mascanfroni et al., 2015). Interestingly, 

HIF-1α mediates Th17 differentiation 

through RORγt and IL-17 activation, after 

mTOR stimulation (Dang et al., 2011). More-

over, CD69 is directly regulated by HIF-1α, 

which can bind to a hypoxia response element 

(HRE) at the locus of human CD69, as 

demonstrated by ChIP experiments (Labiano 

et al., 2017). Thus, CD69 is involved in the 
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regulation of the immune response through 

the regulation of AHR, possibly with HIF-1α 

implication and affecting the metabolism 

through the regulation of amino acid uptake 

by SLC7A5 (Cibrián and Sánchez-Madrid, 

2017). A recent report has also described that 

CD69+ Tregs, through an AHR-dependent 

mechanism, express high levels of membrane 

CD39 in hypoxic conditions after myocardial 

infarction (MI). CD39-mediated conversion 

of extracellular ATP to adenosine by CD69+ 

Tregs cells induced apoptosis of proinflam-

matory γδT cells infiltrating ischemic myo-

cardium (Blanco-Domínguez et al., 2022). 

Mice lacking CD69 and patients with lower 

CD69 expression of Tregs showed a worse 

prognosis after acute MI (Blanco-Domínguez 

et al., 2022).  

 

CD69 AS AN IMMUNE CHECKPOINT: 

RELEVANCE OF THE  

CD69-MEDIATED PD-1 REGULATION 

Recently, the engagement of CD69 by its 

ligand oxLDL has been shown to induce the 

expression of the immunoregulatory molecule 

PD-1 on human CD4+ T cells (Jiménez-

Fernández et al., 2022). Cd69 deficient mice 

showed enhanced T cells and NK-mediated 

anti-tumor responses due to increased IFNγ 

secretion and cytolytic activity, respectively 

(Esplugues et al., 2003). Downregulation of 

CD69 by antibody treatment also improved 

antitumor activity in WT mice (Esplugues et 

al., 2003). This observation was validated by 

an independent group using a different Cd69-

deficient germline and a different antibody 

treatment. Interestingly, these authors identi-

fied a higher frequency of exhausted CD8+ tu-

mor-infiltrating lymphocytes (TILs), both 

PD1hiTim3– and PD1hiTim3+, in the WT mice 

than in CD69-deficient mice (Mita et al., 

2018). The percentage of CD69+ cells was el-

evated in both populations and more evident 

in the PD1hiTim3+ cells, classified as ex-

tremely exhausted cells (Mita et al., 2018). 

Moreover, the anti-CD69 therapy resulted in 

higher CD4+ and CD8+ TILs with lower 

PD1hiTim3+ exhausted CD8+ T cells, but the 

mechanism was not identified (Mita et al., 

2018). Overall, these studies suggest a key 

role of CD69 in T-cell exhaustion through the 

regulation of PD-1 expression, conceivably 

by the activation of CD69-mediated signaling 

by known or unknown ligands in the tumor 

microenvironment. 

The relationship between CD69 and PD-1 

expression and the exhaustion program has 

also been shown in human atherosclerotic dis-

ease. Specific immune dysregulation was ob-

served by an in-depth study combining mass-

cytometry (CyTOF), cellular indexing of tran-

scriptomes and epitopes by sequencing 

(CITE-seq) and single-cell RNA-seq, of 

blood and carotid artery plaques of sympto-

matic or asymptomatic patients (Fernandez et 

al., 2019). T cells were enriched in the plaques 

compared to the blood, with the majority be-

ing effector memory (EM) T cells with high 

CD69 and PD-1 expression (Fernandez et al., 

2019). The authors concluded that T cells 

show various states of activation along with 

exhaustion in the atheroma plaque. Thus, 

CD69 may play a dual role in atherosclerosis 

development and possibly other pathologies 

through modulation of PD-1 levels and the 

control of T cells exhaustion program 

(Fernandez et al., 2019; Tsilingiri et al., 2019; 

Jiménez-Fernández et al., 2022).  

 

CONCLUDING REMARKS 

In this review, we have described that the 

CD69 receptor acts as a regulator of activa-

tion, migration, retention, metabolism, and T 

cell exhaustion, and also as a regulator of pro-

inflammatory Th17 responses. Different lig-

ands bind to CD69 modulating several signal-

ing pathways, therefore, there is a wide range 

of scenarios by which this molecule can regu-

late the function of immune cells. Im-

portantly, the expression of CD69 ligands in 

different inflammatory settings can shape the 

CD69-mediated function on immune cells. 

Lateral association with membrane receptors, 

such as S1P1 and SLC7A5-SLC3A2 amino 

acid transporter, can also control the complex 

effects that CD69 exerts on immune cells. It 

is therefore conceivable that novel ligands 
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will be identified in the future, as well as 

novel lateral associated proteins, potentially 

leading to new mechanisms of immune cell 

regulation mediated by CD69. It will also be 

interesting to further explore whether CD69 

associates with additional intracellular signal-

ling molecules, when it is expressed on the 

membrane, even in the absence of ligands, or 

after its internalization, to better understand 

the complex role of CD69 as an immunoreg-

ulatory molecule. 
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