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Abstract: The development, differentiation, and function of immune cells are precisely regulated by
transcription factors. The E26 transformation-specific (ETS) transcription factor family is involved
in various physiological and pathological processes by regulating cell proliferation, differentiation,
and apoptosis. Emerging evidence has suggested that ETS family proteins are intimately involved in
the development and function of immune cells. This review summarizes the role of the ETS family
in immune cells and immune-related disorders. Seven transcription factors within the ETS family,
including PU.1, ETV5, ETV6, ETS1/2, ELK3, and ELF1, play essential roles in the development and
function of T cells, B cells, macrophages, neutrophils, and dendritic cells. Furthermore, they are
involved in the occurrence and development of immune-related diseases, including tumors, allergies,
autoimmune diseases, and arteriosclerosis. This review is conducive to a comprehensive overview
of the role of the ETS family in immune cells, and thus is informative for the development of novel
therapeutic strategies targeting the ETS family for immune-related diseases.
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1. Introduction

Immune cells are those involved in the immune system, responsible for recognizing
and destroying pathogens, removing waste, initiating and regulating immune responses,
and maintaining overall health. According to surface markers and functional characteristics,
immune cells are divided into T lymphocytes, B lymphocytes, macrophages, neutrophils,
dendritic cells, and others. The expression of specific genes within cells, the local immune
microenvironment, and the interactions among immune cells collectively modulate the
development and function of immune cells and contribute to the onset and progression of
diseases [1,2]. Among them, transcription factors exert crucial roles in the development
and function of immune cells by regulating key genes.

The E26 transformation-specific (ETS) family is highly evolutionarily conserved [3].
The ETS family consists of 28 genes in humans, while it consists of 27 genes in mice [4].
Based on the differences in sequences and sequence preferences, the ETS family is divided
into four classes and 12 subfamilies [5–8]. The ETS family is involved in a variety of
physiological processes, including embryonic development, cell cycle, differentiation,
proliferation, apoptosis, migration, and secretion [9–14]. In recent years, much attention
has been focused on the role of the ETS family in the development and differentiation of
immune cells.

In this review, we summarize the role of the ETS family in various immune cells and
immune-related diseases. This knowledge contributes to the systematic understanding
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of the pathogenesis and physiology of ETS factors in immune cells and provides novel
strategies for intervention in immune cell-mediated diseases.

1.1. ETS Family Profile

The ETS family is evolutionarily highly conserved and contains multiple transcription
factors [3]. ETS family proteins all contain a conserved sequence region known as the ETS
domain. This is a winged helix-turn-helix (wHTH) DNA-binding domain consisting of
85 amino acids that form three α-helices and a four-stranded β-sheet, which recognizes
the core GGAA/T sequence (ETS binding site) [15]. The third α helix establishes the main
groove contact with DNA (GGAA/T sequence), and the different affinities of the sequences
flanking the core motif determine the DNA recognition sequence preferences of several
family members [3]. In addition, approximately half of the human ETS family members
also contain the N-terminal pointed domain, which consists of 65 to 85 amino acids [16].
Based on the differences in sequence, the ETS family is divided into 12 subfamilies: ETS,
ERG, PEA3, ETV2, TCF, ERF, PDEF, ELF, ESE, TEL, SPI, and ELG [8]. Based on sequence
preference, the ETS family is also divided into four categories (Figure 1). Class I contains
over half of the ETS family (the ETS, ERG, PEA3, ETV2, TCF, ERF, and ELG subfamilies),
showing the same consensus sequence (ACCGGAAGT) [17]. Class II contains the TEL, ESE,
and ELF subfamilies, which differ on the first nucleotide (CCCGGAAGT) [17]. Class III
is composed of the SPI subfamily and has a preference for adenine-rich sequence binding
sites [5]. Class IV only includes PDEF, which prefers the GGAT sequence rather than
GGAA [6].

Int. J. Mol. Sci. 2024, 25, xxxx 3 of 15 
 

 
Int. J. Mol. Sci. 2024, 25, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/ijms 
 

 
Figure 1. Homology tree of human ETS transcription factors. ETS factors mentioned in this review 
are shown in red. Neighbor-Joining test and MEGA11 software were used for the protein sequence 
alignment. 

Through literature searches, we found that seven ETS family members, including 
PU.1, ETS variant transcription factor (ETV) 5 and 6, ETS Proto-Oncogene 1 and 2 (ETS1 
and 2), ELK3, and E74 Like ETS transcription factor 1 (ELF1), play roles in the develop-
ment and differentiation of immune cells. The subfamily and their pointed domain and 
ETS domain are shown in Figure 2. PU.1 pertains to the class III SPI subfamily and is 
encoded by the Spi1 gene. PU.1 is specifically expressed in hematopoietic lineage cells 
such as macrophages, granulocytes, and B lymphocytes [18]. ETV5 belonging to the Class 
I PEA3 subfamily, and also named ETS-related molecule (ERM), is widely expressed in 
multiple organs and shows high expression levels in immune cells [19]. ETV6 is one of the 
class II TEL subfamilies and encodes a transcriptional repressor, exerting a pivotal role in 
hematopoiesis and embryonic development [20]. The other four transcription factors are 
class I or II: ETS1/2, ELK3, and ELF1, which pertain to the ETS subfamily, the TCF sub-
family, and the ELF subfamily, respectively. The expression of ETS family factors varies 
greatly among different immune cells, which may suggest that they have different roles 
in different immune cells (Figure 3). 

Figure 1. Homology tree of human ETS transcription factors. ETS factors mentioned in this re-
view are shown in red. Neighbor-Joining test and MEGA11 software were used for the protein
sequence alignment.

Through literature searches, we found that seven ETS family members, including PU.1,
ETS variant transcription factor (ETV) 5 and 6, ETS Proto-Oncogene 1 and 2 (ETS1 and 2),
ELK3, and E74 Like ETS transcription factor 1 (ELF1), play roles in the development and
differentiation of immune cells. The subfamily and their pointed domain and ETS domain
are shown in Figure 2. PU.1 pertains to the class III SPI subfamily and is encoded by the Spi1
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gene. PU.1 is specifically expressed in hematopoietic lineage cells such as macrophages,
granulocytes, and B lymphocytes [18]. ETV5 belonging to the Class I PEA3 subfamily, and
also named ETS-related molecule (ERM), is widely expressed in multiple organs and shows
high expression levels in immune cells [19]. ETV6 is one of the class II TEL subfamilies and
encodes a transcriptional repressor, exerting a pivotal role in hematopoiesis and embryonic
development [20]. The other four transcription factors are class I or II: ETS1/2, ELK3,
and ELF1, which pertain to the ETS subfamily, the TCF subfamily, and the ELF subfamily,
respectively. The expression of ETS family factors varies greatly among different immune
cells, which may suggest that they have different roles in different immune cells (Figure 3).
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https://www.proteinatlas.org/ENSG00000244405-ETV5/immune+cell. ETV6 available from 
https://www.proteinatlas.org/ENSG00000139083-ETV6/immune+cell. ETS1 available from 
https://www.proteinatlas.org/ENSG00000134954-ETS1/immune+cell. ETS2 available from 
https://www.proteinatlas.org/ENSG00000157557-ETS2/immune+cell. ELK3 available from 
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Figure 3. The expression of ETS transcription factors in immune cells. PU.1 available from https://www.
proteinatlas.org/ENSG00000066336-SPI1/immune+cell. ETV5 available from https://www.proteinatlas.
org/ENSG00000244405-ETV5/immune+cell. ETV6 available from https://www.proteinatlas.org/ENSG0
0000139083-ETV6/immune+cell. ETS1 available from https://www.proteinatlas.org/ENSG000001349
54-ETS1/immune+cell. ETS2 available from https://www.proteinatlas.org/ENSG00000157557-ETS2
/immune+cell. ELK3 available from https://www.proteinatlas.org/ENSG00000111145-ELK3/immune+
cell. ELF1 available from https://www.proteinatlas.org/ENSG00000120690-ELF1/immune+cell (all
accessed on 14 September 2024).
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2. ETS Family in Immune Cells
2.1. T Cell

T lymphocytes differentiate and mature in the thymus, then circulate through the
bloodstream to peripheral lymphoid organs where they settle and proliferate. Upon
activation by antigens, T cells differentiate and proliferate into functionally heterogeneous
effector cells. Among these, helper T (Th) lymphocytes, including Th1, Th2, Th9, and
Th17, regulate other lymphocytes in performing their functions. Signal transducer and
activator of transcription (STAT) signaling pathways respond to different cytokines to
induce different subtypes of Th cells. Transcription factors STAT4 and STAT6 mediate the
induction of Th1 and Th2 phenotypes by IL-12 and IL-4. IL-6, IL-21, and IL-23 can activate
STAT3, inducing the differentiation and maintenance of Th17 cells. Th9 cells, which secrete
IL-9 and IL-21, are differentiated depending on IL-4 and TGF-β [21].

ETV5 is expressed at its highest level in γδ thymocytes expressing the Vγ2 T cell
receptor (TCR) chain. T cell-specific deletion of ETV5 does not affect the total number of
γδT cells, but results in fewer mature Vγ2 thymocytes and more naive cells [19]. In IL-6-
and IL-23-stimulated Th17 cells, STAT3 directly binds to the ETV5 promoter to activate
the expression of ETV5. ETV5 can recruit histone acetyltransferase p300 at the IL17a-IL17f
sites, resulting in a reduction in repressive histone marks (H3K4 methylation and H3K27
acetylation) and an increase in active histone marks (H3K27 methylation). This alteration
directly facilitates the expression of IL-17a and IL-17f [22]. ETV5 also directly binds to
conserved non-coding sequences of the IL-10 sites to promote the production of IL-10 by
Th2 cells [23]. Furthermore, overexpression of ETV5 enhances the level of IFN-γ in Th1
cells. Nevertheless, the expression of ETV5 in STAT4-deficient T cells is insufficient to
restore IFN-γ to a normal Th1 level, indicating that ETV5 may not be the only transcription
factor induced by IL-12 [24].

PU.1 promotes or inhibits gene expression in early T cells through two indepen-
dent mechanisms. It promotes gene expression by opening chromatin and cooperating
with transcriptional cofactor nucleation complexes, such as SATB1 and RUNX1. Con-
versely, it can also indirectly inhibit T-cell gene expression by competitively redistributing
its cofactors [25]. PU.1 can rapidly induce transposase accessibility and recruit histone
acetyltransferases [26]. PU.1 regulates Th9 cell differentiation by controlling unique and
dynamic epigenetic modifications in the promoter, such as inhibiting histone methylation
to induce Th9-specific PU.1 expression [27]. PU.1 increases histone acetylation at the IL-9
sites through direct interaction with histone acetyltransferases, thereby promoting IL-9
expression [28]. However, studies have also found that PU.1 inhibits Th9 cell differentiation
and reduces IL-9 production by Th9 cells through selective autophagy [29]. In addition,
ETV5 and PU.1 can also act synergistically. ETV5 promotes the production of IL-9 in Th9
cells by recruiting histone acetyltransferases to different IL-9 binding sites [30].

ELF1 is highly expressed in T cells and has been reported to regulate the expression of
multiple T cell-related genes, including granulocyte-macrophage colony-stimulating factor
(GM-CSF), interleukin-2 receptor α subunit, and CD4 [31]. The Ets1 binding site of the
GM-CSF promoter is crucial for the synergy between acute myeloid leukemia 1 (AML1)
and calmodulin-dependent protein phosphatase calcineurin in Jurkat T cells. Under the
stimulation of TCR, both subunits of activated calcineurin interact directly with the N-
terminal homologous domain portion of AML1, which is an essential transcription factor
for hematopoiesis [32]. AML1 recruits calcineurin phosphatase at the GM-CSF promoter,
targeting glycogen synthase kinase-3β-phosphorylated ETS1 [33].

2.2. B Cell

B lymphocytes play a critical role in adaptive immunity by producing high-affinity
antibodies (immunoglobulins), generating immune memory, acting as antigen-presenting
cells, and secreting cytokines. The development of B lymphocytes is a multi-step pro-
cess involving the ordered expression of intracellular and surface-localized markers and
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the rearrangement of immunoglobulin gene segments. The process involves a range of
transcription factors (such as PU.1) and cell surface molecules (such as CD20) [34].

B lymphocytes were deficient in PU.1 deficient mice, suggesting that PU.1 is an indis-
pensable regulator of B-cell development [35]. PU.1 can bind to interferon regulatory factor
(IRF) 4 and IRF8 to regulate the class switching and recombination of immunoglobulins [36].
PU.1 regulates early B-cell development by regulating the cell receptor signaling pathway
of B cells, including the CD40L receptor, Toll-like receptor ligands [37], and IL-7Ra [38]. The
histone acetyltransferase CREB-binding protein and EP300 can enhance the binding ability
of PU.1 to the CD20 promoter by mediating the acetylation of PU.1, thus promoting CD20
expression and B-cell development [39]. On the contrary, the binding of the Spi-C tran-
scription factor to PU.1 induces the DNA binding of PU.1, which reduces the DNA binding
ability of PU.1, thus inhibiting the expression of genes related to B-cell development [40].

2.3. Macrophage

Macrophages are involved in the recognition, phagocytosis, and degradation of cell
debris and pathogens. These cells exert pro-inflammatory or anti-inflammatory effects
through the release of distinct cytokines and chemokines.

The expression of monocyte/macrophage-specific markers CD 11b and F4/80 in fe-
tal liver cells and bone marrow-derived macrophages is dependent on the presence of
functional PU.1 [41]. The PEST (a region rich in proline, glutamate, serine, and threo-
nine) sequence of the PU.1 protein is an important domain for protein–protein interaction
in B cells and macrophages [42]. Expression of the PEST-binding domain of PU.1 in
macrophages results in reduced proliferation [43]. During macrophage differentiation,
PU.1 keeps macrophage-specific genes accessible by preventing the polycomb repressive
complex 2 from binding to transcriptional regulatory elements [44]. Lipopolysaccharides
(LPS) treatment induces the formation of a complex between PU.1 and c-Jun, while the elim-
ination of the complex inhibits the transcriptional activity of PU.1 on gene expression [45].
NF-κB-induced kinases regulate the expression of the COX-2 gene by inducing the phos-
phorylation of PU.1, thereby participating in the inflammatory response and polarization
of macrophages [46–48].

ETS1 inhibits the expression of the IL-1β-induced MUC5AC gene by disrupting the
interaction of NF-κB and CREB on the MUC5AC promoter, thus alleviating lung infection in
mice [49]. By inhibiting MAPK/NF-κB signaling, ETS2 directly binds to promoters, inhibits
transcription, reduces the production of IL-6, TNF-α, and IFN-β in macrophages, and
alleviates LPS-induced inflammation [50]. Endogenous expression of ELK-3 is inversely
proportional to NOS2 and significantly inhibits NOS2 promoters in a dose-dependent
manner, attenuating endogenous NOS2 in induced inflammatory responses [51]. ELK-3 is
an important inhibitory factor for the transcription of the HO-1 gene, contributing to the
strict control of the regulation of the HO-1 gene under inflammatory stimulation [52].

During bacterial infection, such as M.avium, activation of the RNA-sensing pathway
in macrophages inhibits the E3 ubiquitin ligase CRL4COP1/DET1 and stimulates the
expression of intercellular cell adhesion molecule-1 (ICAM-1) [53]. ICAM-1 is required for
the formation of immune synapses between infected macrophages and antigen-specific
CD4+ T cells [54]. CRL4 targets the transcription factor ETV5, which is degraded by the
ubiquitin–proteasome system. In the absence of ETV5, ICAM-1 expression is significantly
reduced [54]. Moreover, PU.1 and ETS2 significantly enhance the activation of BCL-x, which
is essential for the cytotoxic function and survival of macrophages [55]. During E. coli
infection, LPS decreases the promoter activity of EIK-3, thereby facilitating the phagocytic
capacity of macrophages [56].

In addition to initiating immune and inflammatory responses, the ETS family is also in-
volved in the metabolic regulation of macrophages. The expression of ETV5 is significantly
reduced in adipose tissue macrophages of obese mice, which leads to macrophage activa-
tion and inhibition of endoplasmic reticulum stress, and IL6 expression in macrophages [57].
In addition, when expressed at macrophage levels in mature adipocytes, PU.1 represses
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genes with nearby adipocyte-specific PPARγ binding sites, while a common macrophage-
adipocyte gene expression program is retained, suggesting a cell-remodeling function of
PU.1 in terminally differentiated adipocytes [58].

2.4. Neutrophil

As the principal immune cells in peripheral blood, neutrophils constitute the first
line of defense against fungal and bacterial infections and serve as a significant regulator
of the adaptive immune system [59]. PU.1 can be involved in neutrophil differentiation
by activating its transcription by binding to promoters of microtubule-associated protein
1S and death-associated protein kinase 2 [60], and by directly activating the transcription
of hexokinase 3 [61]. PU.1 also promotes neutrophil nuclear division by regulating the
transcription of laminin B receptor, an intracapsular protein that is necessary for neutrophil
nuclear segmentation [62]. PU.1 can also suppress neutrophil activation by regulating
the inflammatory epigenome of neutrophils. PU.1 inhibits enhancer accessibility through
the recruitment of histone deacetylases, thereby preventing JUNB, a key mediator of
inflammatory activation, from accessing chromatin [63]. Additionally, through forward
genetic screening of zebrafish, it has been identified that the conserved PU.1-ZBTB11-TP53
pathway between fish and mammals is a regulator of neutrophil development [64].

2.5. Dendritic Cells

Dendritic cells (DCs), the most antigen-presenting cells, can recognize and respond
to pathogen-associated and risk-related signals to stimulate T cells to initiate adaptive
immunity [65]. DC subsets are divided into two major lineages: plasmacytoid dendritic cells
(pDCs), derived from lymphoid stem cells; and conventional DCs (cDCs), differentiated
from myeloid stem cells under the stimulation of GM-CSF, known as myeloid DCs [66].
Major histocompatibility complex class II molecules (MHCII) and integrin CD11c (encoded
by ITGAX) are highly expressed in cDCs [67,68]. MHCII expression is regulated by Class II
trans-activator (CIITA), a cofactor with three distinct promoters, pI, pIII, and pIV [69]. pI
and pIII play major roles in cDCs and pDCs, respectively [70].

PU.1 is differentially expressed in DC, with high expression in cDCs and low ex-
pression in pDCs [71]. Moreover, PU.1 can induce precursor T cells to become cDCs [72],
whereas hematopoietic progenitors of PU.1-deficient mice cannot produce cDCs in vitro [73].
PU.1 activates the ITGAX promoter by directly binding to the cis-acting element, participat-
ing in the transcription of CD11c and subsequent protein expression [74]. PU.1 indepen-
dently binds to one side of the CIITA pI promoter and concurrently forms a heterodimer
with IRF8 to bind to another site [70]. PU.1 also promotes CIITA pI expression by regu-
lating histone acetylation in the CIITA pI promoter region [75]. Although the expression
level of PU.1 in pDCs is low, it can still activate pIII by directly binding to the CIITA pIII
promoter [76].

PU.1 is also involved in the regulation of other key genes governing DC functions,
such as CD80, CD86 [77], OX40L [78], CCL22 [79], CCR7 [80], and DC-SIGN [81,82]. CD80,
CD86, and OX40L contribute to antigen presentation and thus are crucial for activation of T
cells [77,78]. Chemokine CCL22 acts on CCR4-expressing cells, including Th2 and Treg [83].
CCR7 mediates the entry of dendritic cells into the T-cell zones in lymph nodes, initiating
antigen presentation and T-cell responses [84]. Dendritic cell-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN) mediates antigen capture, processing, and
presentation [85]. PU.1 initiates transcription by binding them to their promoters, which in
turn perform their respective functions.

2.6. Other Immune Cells

A few studies have reported the function of the ETS family in other immune cells
(mast cells, eosinophils, and basophils). Interestingly, PU.1 and other transcription factors
are highly expressed in eosinophils, but there are few studies on them.
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Mast cells (MCs) exert a crucial role in IgE-mediated allergic reactions. When PU.1
is downregulated in bone marrow-derived MCs (BMMCs), the IgE-mediated activation
is attenuated. In BMMCs, knocking down PU.1 reduces IgE-mediated activation [86].
Overexpression of PU.1 induces the expression of several monocyte-specific genes (MHC
II class, CD11b, CD11c, and F4/80) on BMMCs cultured in vitro [87]. PU.1 directly binds
to the CIITA pIV promoter to activate pIV in mast cells [87]. Furthermore, the human
IL1RL1/ST2 gene encodes the IL-33 receptor, with mast cells and basophils being the
main targets of IL-33 [88]. In human mast cell line LAD2 and basophilic cell line KU812,
PU.1 directly activates the ST2 promoter through ETS-family-related cis-elements [89]. In
addition, PU.1 and ETS-1 play an important role in the specific gene expression of mast
cells or eosinophils in conjunction with GATA-1 or GATA-2. In monocytes and red blood
cells, PU.1 is antagonistic to GATA-1/2 to regulate cell-type-specific gene expression [90].
However, in mast cells and eosinophils, PU.1 positively regulates GATA-1 or GATA-2, and
both of them are essential during development [91,92].

3. ETS in Immune-Related Diseases
3.1. Cancer

Tumor-associated macrophages are important immune cells that constitute the tumor
microenvironment and participate in regulating various complex immune responses of
tumors [93]. The activation of the BTK signaling pathway induced by PU.1 leads to the
activation of the AKT/ mTOR pathway in macrophages, which promotes tumor migration,
invasion, and proliferation [94]. Tumor-infiltrating lymphocytes are objective predictors
of the status of cancer sentinel lymph nodes and survival rates. In colon cancer, ETV1
and ETV5 expression levels are positively correlated with infiltration of CD8+ T cells,
CD4+ T cells, macrophages, DCs, and cancer-associated fibroblasts [95]. Also, ETV6
allelic mutations are associated with lymphoma [20]. In acute lymphoblastic leukemia
(ALL), ETV6-RUNX1 is the most common translocation [96,97]. Insulin-like growth factor
2 binding protein 1 is overexpressed in ETV6-RUNX1 positive B-cell -ALL and drives
carcinogenic signaling [98].

The abnormal expression and chromosomal translocations of FLI1, ERG, ETV6, and
PU.1 are often associated with leukemia [99]. In addition, the research of the ETS family in
cancer is mostly focused on the proliferation, apoptosis, migration, and angiogenesis of
cancer cells [8]. Other parts related to immune cells lack relevant research.

3.2. Allergies and Autoimmune Diseases

PU.1 promotes the polarization of macrophages and induces the expression of the
allergenic factors YM-1 and FIZZ-1, which are involved in the development of allergic
inflammation [100]. The expression of ETV5 in intestinal mucosa and peripheral blood
CD4 T cells of inflammatory bowel disease (IBD) patients is significantly increased. Overex-
pression of ETV5 enhances the Th1/Th17 immune response and induces intestinal mucosal
inflammation by up-regulating the phosphorylation of STAT3 and STAT4 [101]. In the
2,4,6-trinitrobenzene sulfonic acid solution-induced IBD mice, the specific deletion of ETV5
in CD4+ T cells improves intestinal inflammation and fibrosis [102]. Follicular helper
T (Tfh) cells can produce high-affinity antibodies against specific pathogens, but their
overproduction is associated with systemic autoimmune diseases such as systemic lupus
erythematosus (SLE) [103]. The transcriptional suppressor capicua maintains immune
tolerance by inhibiting abnormal activation of adaptive immunity [104]. ETV5 inhibits
excessive enhancement of Tfh cell differentiation in capicua-deficient CD4+ T cells [105]. T
cell-specific deletion of ETV5 improves cell differentiation and autoimmune phenotypes
in the SLE mice. SPP1 is an ETV5 target that promotes the differentiation of Tfh cells.
The ETV5 and SPP1 levels of CD4+ T cells are increased in SLE patients and positively
correlated with disease activity [106].
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3.3. Arteriosclerosis

Macrophages play a crucial role in plaque development, local inflammation, and
thrombosis. In a mouse model of arteriosclerosis, ETV6 expression is elevated in aortic
macrophages. By inhibiting the phosphorylation of IKKβ and NF-κB p65, ETV6 knockout
inhibits the expression of inflammatory factors such as IL-1β, IL-6, and TNF-α, thereby
reducing macrophage-mediated inflammation [107].

4. Conclusions

This review summarizes our current understanding of ETS family transcription factors
on immune cells and immune-related diseases (Figure 4). To date, seven transcription
factors in the ETS family have been identified to be involved in the regulation of immune
cells. Among these, PU.1 and ETV5 are the most studied. PU.1 and ETV5 not only
participate in the development and differentiation of a variety of immune cells such as T
cells, B cells, macrophages, neutrophils, and dendritic cells, but also affect key genes that
control infection and inflammation. Deficiency of PU.1 and ETV5 can lead to developmental
defects and functional abnormalities of immune cells. Immune-related diseases, including
cancer, allergies, autoimmune diseases, and atherosclerosis, are often associated with
abnormal expression of PU.1 and ETV5.
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rophages, PU.1 and ETS2 significantly enhance the activation of BCL-x. CRL4 targets the ETV5, 
which is degraded by the ubiquitin–proteasome system. In neutrophils, PU.1 activates the transcrip-
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Figure 4. ETS family in immune cells. In Th17 cells, STAT3 directly binds to the ETV5 promoter
to activate the expression of ETV5. ETV5 directly facilitates the expression of IL-17a and IL-17f.
In Th2 cells, EVT5 promotes the production of IL-10. In Th1 cells, ETV5 enhances the level of
IFN-γ. In Th9 cells, ETV5 and PU.1 promote the production of IL-9. PU.1 regulates early B-cell
development and differentiation. In macrophages, ELK3 inhibits the expression of NOS2 and HO-1.
ETS2 inhibits the expression of IL-6. Phosphorylated PU.1 initiates transcription of COX2 and ROS.
LPS induces the formation of a complex between PU.1 and c-Jun promoting transcription. In bacteria-
infected macrophages, PU.1 and ETS2 significantly enhance the activation of BCL-x. CRL4 targets the
ETV5, which is degraded by the ubiquitin–proteasome system. In neutrophils, PU.1 activates the
transcription of MRP1S and DAPK2. PU.1 also promotes neutrophil nuclear division by regulating
the transcription of LBR. In cDCs, PU.1 activates the transcription of CCR7, CD11c, OX40L, DC-SIGN,
and CIITA pI and forms a heterodimer with IRF8 promoting CIITA pI expression. In pDCs, PU.1
activates pIII by directly binding to the CIITA pIII promoter. Scheme 1. HO-1; Cyclooxygenase 2,
COX2; Reactive oxygen species, ROS; Lipopolysaccharides, LPS; B-cell lymphoma, BCL; Cullin-RING
E3 ubiquitin ligases, CRL4; Microtubule-associated protein 1S, MRP1S; Death-associated protein
kinase 2, DAPK2; Laminin B receptor, LBR; Conventional DC, cDC; Plasmacytoid dendritic, pDC;
C-C Motif Chemokine Receptor 7, CCR7; OX40 ligand, OX40L; Dendritic cell-specific ICAM-grabbing
non-integrin, DC-SIGN; Interferon regulatory factor 8, IRF8; Class II trans-activator, CIITA.
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Despite the fact that the role of the ETS family in immune cells has been partially
elucidated in recent years, their complex role remains to be revealed. First, the ETS family
has a large number of members, and the effects of the members, other than the seven
members that have been studied so far, on immunity are unknown. Second, the ETS family
members may exhibit opposite effects on different immune cells. There may be synergistic
or antagonistic regulatory effects within the ETS family or with other transcription factors.
Third, the expression levels of different ETS members vary over time and space during
immune cell development and differentiation.

5. Future Directions

Although these complex roles may be beneficial in balancing the intensity of the
immune response, they greatly increase the difficulty of research. In forthcoming research,
on the one hand, it is essential to thoroughly analyze the correlation between the ETS
family and various diseases and disease processes based on clinical samples. On the other
hand, before studying the immune microenvironment, it is necessary to clarify the roles
and mechanisms of the ETS family in individual immune cells using immune cell-specific
transgenic animals.

Author Contributions: Conceptualization, writing, diagram drawing, Supervision, W.Z., Y.Y. (Yue
Yin)—Conceptualization, Y.Y. (Yaxu Yang), X.H.—writing, Y.Y. (Yaxu Yang)—diagram drawing, L.S.,
F.S.—Supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation (81930015, 82330017,
82100912, 82070592 and 82270610) and the Young Elite Scientist Sponsorship Program by CAST
No. YESS20200034.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Gajewski, T.F.; Schreiber, H.; Fu, Y.X. Innate and adaptive immune cells in the tumor microenvironment. Nat. Immunol. 2013, 14,

1014–1022. [CrossRef] [PubMed]
2. Netea, M.G.; Joosten, L.A.; Latz, E.; Mills, K.H.; Natoli, G.; Stunnenberg, H.G.; O’Neill, L.A.; Xavier, R.J. Trained immunity: A

program of innate immune memory in health and disease. Science 2016, 352, aaf1098. [CrossRef] [PubMed]
3. Leprince, D.; Gegonne, A.; Coll, J.; de Taisne, C.; Schneeberger, A.; Lagrou, C.; Stehelin, D. A putative second cell-derived

oncogene of the avian leukaemia retrovirus E26. Nature 1983, 306, 395–397. [CrossRef] [PubMed]
4. Findlay, V.J.; LaRue, A.C.; Turner, D.P.; Watson, P.M.; Watson, D.K. Understanding the role of ETS-mediated gene regulation in

complex biological processes. Adv. Cancer Res. 2013, 119, 1–61. [CrossRef] [PubMed]
5. Ray-Gallet, D.; Mao, C.; Tavitian, A.; Moreau-Gachelin, F. DNA binding specificities of Spi-1/PU.1 and Spi-B transcription factors

and identification of a Spi-1/Spi-B binding site in the c-fes/c-fps promoter. Oncogene 1995, 11, 303–313. [PubMed]
6. Oettgen, P.; Finger, E.; Sun, Z.; Akbarali, Y.; Thamrongsak, U.; Boltax, J.; Grall, F.; Dube, A.; Weiss, A.; Brown, L.; et al. PDEF, a

novel prostate epithelium-specific ets transcription factor, interacts with the androgen receptor and activates prostate-specific
antigen gene expression. J. Biol. Chem. 2000, 275, 1216–1225. [CrossRef] [PubMed]

7. Hollenhorst Peter, C.; Ferris Mary, W.; Hull Megan, A.; Heejoon, C.; Sun, K.; Graves Barbara, J. Oncogenic ETS proteins mimic
activated RAS/MAPK signaling in prostate cells. Genes Dev. 2011, 25, 2147–2157. [CrossRef]

8. Sizemore, G.M.; Pitarresi, J.R.; Balakrishnan, S.; Ostrowski, M.C. The ETS family of oncogenic transcription factors in solid
tumours. Nat. Rev. Cancer 2017, 17, 337–351. [CrossRef]

9. Lopez James, P.; Turner Jerrold, R.; Philipson Louis, H. Glucose-induced ERM protein activation and translocation regulates
insulin secretion. Am. J. Physiol.-Endocrinol. Metab. 2010, 299, E772–E785. [CrossRef]

10. Chen, S.-R.; Liu, Y.-X. Regulation of spermatogonial stem cell self-renewal and spermatocyte meiosis by Sertoli cell signaling.
Reproduction 2015, 149, R159–R167. [CrossRef]

11. Denechaud, P.D.; Lopez-Mejia, I.C.; Giralt, A.; Lai, Q.; Blanchet, E.; Delacuisine, B.; Nicolay, B.N.; Dyson, N.J.; Bonner, C.; Pattou,
F.; et al. E2F1 mediates sustained lipogenesis and contributes to hepatic steatosis. J. Clin. Investig. 2016, 126, 137–150. [CrossRef]
[PubMed]

12. Zhang, Z.; Newton, K.; Kummerfeld, S.K.; Webster, J.; Kirkpatrick, D.S.; Phu, L.; Eastham-Anderson, J.; Liu, J.; Lee, W.P.; Wu,
J.; et al. Transcription factor Etv5 is essential for the maintenance of alveolar type II cells. Proc. Natl. Acad. Sci. USA 2017, 114,
3903–3908. [CrossRef]

13. Zhang, X.; Zhao, X.; Li, G.; Zhang, M.; Xing, P.; Li, Z.; Chen, B.; Yang, H.; Wu, Z. Establishment of Etv5 gene knockout mice as a
recipient model for spermatogonial stem cell transplantation. Biol. Open 2021, 10, bio056804. [CrossRef]

https://doi.org/10.1038/ni.2703
https://www.ncbi.nlm.nih.gov/pubmed/24048123
https://doi.org/10.1126/science.aaf1098
https://www.ncbi.nlm.nih.gov/pubmed/27102489
https://doi.org/10.1038/306395a0
https://www.ncbi.nlm.nih.gov/pubmed/6316156
https://doi.org/10.1016/b978-0-12-407190-2.00001-0
https://www.ncbi.nlm.nih.gov/pubmed/23870508
https://www.ncbi.nlm.nih.gov/pubmed/7624145
https://doi.org/10.1074/jbc.275.2.1216
https://www.ncbi.nlm.nih.gov/pubmed/10625666
https://doi.org/10.1101/gad.17546311
https://doi.org/10.1038/nrc.2017.20
https://doi.org/10.1152/ajpendo.00199.2010
https://doi.org/10.1530/REP-14-0481
https://doi.org/10.1172/jci81542
https://www.ncbi.nlm.nih.gov/pubmed/26619117
https://doi.org/10.1073/pnas.1621177114
https://doi.org/10.1242/bio.056804


Int. J. Mol. Sci. 2024, 25, 10004 10 of 13

14. Zhao, X.; Jin, T.; Ji, X.; Zhang, Q.; Zhang, X.; Wu, Z.; Li, Z.; Yang, H. Wdr17 Regulates Cell Proliferation, Cell Cycle Progression
and Apoptosis in Mouse Spermatocyte Cell Line. Animals 2024, 14, 1418–1432. [CrossRef] [PubMed]

15. Seth, A.; Watson, D.K. ETS transcription factors and their emerging roles in human cancer. Eur. J. Cancer 2005, 41, 2462–2478.
[CrossRef] [PubMed]

16. Slupsky, C.M.; Gentile, L.N.; Donaldson, L.W.; Mackereth, C.D.; Seidel, J.J.; Graves, B.J.; McIntosh, L.P. Structure of the Ets-1
pointed domain and mitogen-activated protein kinase phosphorylation site. Proc. Natl. Acad. Sci. USA 1998, 95, 12129–12134.
[CrossRef] [PubMed]

17. Hollenhorst, P.C.; McIntosh, L.P.; Graves, B.J. Genomic and biochemical insights into the specificity of ETS transcription factors.
Annu. Rev. Biochem. 2011, 80, 437–471. [CrossRef] [PubMed]

18. Turkistany, S.A.; DeKoter, R.P. The transcription factor PU.1 is a critical regulator of cellular communication in the immune
system. Arch. Immunol. Ther. Exp. 2011, 59, 431–440. [CrossRef] [PubMed]

19. Jojic, V.; Shay, T.; Sylvia, K.; Zuk, O.; Sun, X.; Kang, J.; Regev, A.; Koller, D. Immunological Genome Project Conso. Identification
of transcriptional regulators in the mouse immune system. Nat. Immunol. 2013, 14, 633–643. [CrossRef]

20. Hock, H.; Shimamura, A. ETV6 in hematopoiesis and leukemia predisposition. Semin. Hematol. 2017, 54, 98–104. [CrossRef]
21. Abbas, A.K.; Murphy, K.M.; Sher, A. Functional diversity of helper T lymphocytes. Nature 1996, 383, 787–793. [CrossRef]

[PubMed]
22. Pham, D.; Sehra, S.; Sun, X.; Kaplan, M.H. The transcription factor Etv5 controls TH17 cell development and allergic airway

inflammation. J. Allergy Clin. Immunol. 2014, 134, 204–214. [CrossRef] [PubMed]
23. Koh, B.; Hufford, M.M.; Sun, X.; Kaplan, M.H. Etv5 Regulates IL-10 Production in Th Cells. J. Immunol. 2017, 198, 2165–2171.

[CrossRef] [PubMed]
24. Ouyang, W.; Jacobson, N.G.; Bhattacharya, D.; Gorham, J.D.; Fenoglio, D.; Sha, W.C.; Murphy, T.L.; Murphy, K.M. The Ets

transcription factor ERM is Th1-specific and induced by IL-12 through a Stat4-dependent pathway. Proc. Natl. Acad. Sci. USA
1999, 96, 3888–3893. [CrossRef]

25. Hosokawa, H.; Ungerbäck, J.; Wang, X.; Matsumoto, M.; Nakayama, K.I.; Cohen, S.M.; Tanaka, T.; Rothenberg, E.V. Transcription
Factor PU.1 Represses and Activates Gene Expression in Early T Cells by Redirecting Partner Transcription Factor Binding.
Immunity 2018, 48, 1119–1134.e7. [CrossRef]

26. Ungerbäck, J.; Hosokawa, H.; Wang, X.; Strid, T.; Williams, B.A.; Sigvardsson, M.; Rothenberg, E.V. Pioneering, chromatin
remodeling, and epigenetic constraint in early T-cell gene regulation by SPI1 (PU.1). Genome Res. 2018, 28, 1508–1519. [CrossRef]

27. Ramming, A.; Druzd, D.; Leipe, J.; Schulze-Koops, H.; Skapenko, A. Maturation-related histone modifications in the PU.1
promoter regulate Th9-cell development. Blood 2012, 119, 4665–4674. [CrossRef]

28. Goswami, R.; Kaplan, M.H. Gcn5 is required for PU.1-dependent IL-9 induction in Th9 cells. J. Immunol. 2012, 189, 3026–3033.
[CrossRef] [PubMed]

29. Rivera Vargas, T.; Cai, Z.; Shen, Y.; Dosset, M.; Benoit-Lizon, I.; Martin, T.; Roussey, A.; Flavell, R.A.; Ghiringhelli, F.; Apetoh, L.
Selective degradation of PU.1 during autophagy represses the differentiation and antitumour activity of TH9 cells. Nat. Commun.
2017, 8, 559–574. [CrossRef] [PubMed]

30. Koh, B.; Hufford, M.M.; Pham, D.; Olson, M.R.; Wu, T.; Jabeen, R.; Sun, X.; Kaplan, M.H. The ETS Family Transcription Factors
Etv5 and PU.1 Function in Parallel To Promote Th9 Cell Development. J. Immunol. 2016, 197, 2465–2472. [CrossRef] [PubMed]

31. Guidez, F.; Li, A.C.; Horvai, A.; Welch, J.S.; Glass, C.K. Differential utilization of Ras signaling pathways by macrophage
colony-stimulating factor (CSF) and granulocyte-macrophage CSF receptors during macrophage differentiation. Mol. Cell. Biol.
1998, 18, 3851–3861. [CrossRef] [PubMed]

32. Ohki, M. Molecular basis of the t(8;21) translocation in acute myeloid leukaemia. Semin. Cancer Biol. 1993, 4, 369–375. [PubMed]
33. Liu, H.B.; Holm, M.; Xie, X.Q.; Wolf-Watz, M.; Grundström, T. AML1/Runx1 recruits calcineurin to regulate granulocyte

macrophage colony-stimulating factor by Ets1 activation. J. Biol. Chem. 2004, 279, 29398–29408. [CrossRef] [PubMed]
34. Pang, S.H.; Carotta, S.; Nutt, S.L. Transcriptional control of pre-B cell development and leukemia prevention. Curr. Top. Microbiol.

Immunol. 2014, 381, 189–213. [CrossRef] [PubMed]
35. Carotta, S.; Willis, S.N.; Hasbold, J.; Inouye, M.; Pang, S.H.; Emslie, D.; Light, A.; Chopin, M.; Shi, W.; Wang, H.; et al. The

transcription factors IRF8 and PU.1 negatively regulate plasma cell differentiation. J. Exp. Med. 2014, 211, 2169–2181. [CrossRef]
36. Pang, S.H.; Minnich, M.; Gangatirkar, P.; Zheng, Z.; Ebert, A.; Song, G.; Dickins, R.A.; Corcoran, L.M.; Mullighan, C.G.; Busslinger,

M.; et al. PU.1 cooperates with IRF4 and IRF8 to suppress pre-B-cell leukemia. Leukemia 2016, 30, 1375–1387. [CrossRef]
37. Willis, S.N.; Tellier, J.; Liao, Y.; Trezise, S.; Light, A.; O’Donnell, K.; Garrett-Sinha, L.A.; Shi, W.; Tarlinton, D.M.; Nutt, S.L.

Environmental sensing by mature B cells is controlled by the transcription factors PU.1 and SpiB. Nat. Commun. 2017, 8, 1426–1439.
[CrossRef]

38. DeKoter, R.P.; Lee, H.J.; Singh, H. PU.1 regulates expression of the interleukin-7 receptor in lymphoid progenitors. Immunity 2002,
16, 297–309. [CrossRef]

39. Scialdone, A.; Khazaei, S.; Hasni, M.S.; Lennartsson, A.; Gullberg, U.; Drott, K. Depletion of the transcriptional coactivators
CREB-binding protein or EP300 downregulates CD20 in diffuse large B-cell lymphoma cells and impairs the cytotoxic effects of
anti-CD20 antibodies. Exp. Hematol. 2019, 79, 35–46.e31. [CrossRef]

https://doi.org/10.3390/ani14101418
https://www.ncbi.nlm.nih.gov/pubmed/38791636
https://doi.org/10.1016/j.ejca.2005.08.013
https://www.ncbi.nlm.nih.gov/pubmed/16213704
https://doi.org/10.1073/pnas.95.21.12129
https://www.ncbi.nlm.nih.gov/pubmed/9770451
https://doi.org/10.1146/annurev.biochem.79.081507.103945
https://www.ncbi.nlm.nih.gov/pubmed/21548782
https://doi.org/10.1007/s00005-011-0147-9
https://www.ncbi.nlm.nih.gov/pubmed/21972017
https://doi.org/10.1038/ni.2587
https://doi.org/10.1053/j.seminhematol.2017.04.005
https://doi.org/10.1038/383787a0
https://www.ncbi.nlm.nih.gov/pubmed/8893001
https://doi.org/10.1016/j.jaci.2013.12.021
https://www.ncbi.nlm.nih.gov/pubmed/24486067
https://doi.org/10.4049/jimmunol.1600801
https://www.ncbi.nlm.nih.gov/pubmed/28100679
https://doi.org/10.1073/pnas.96.7.3888
https://doi.org/10.1016/j.immuni.2018.04.024
https://doi.org/10.1101/gr.231423.117
https://doi.org/10.1182/blood-2011-11-392589
https://doi.org/10.4049/jimmunol.1201496
https://www.ncbi.nlm.nih.gov/pubmed/22904310
https://doi.org/10.1038/s41467-017-00468-w
https://www.ncbi.nlm.nih.gov/pubmed/28916785
https://doi.org/10.4049/jimmunol.1502383
https://www.ncbi.nlm.nih.gov/pubmed/27496971
https://doi.org/10.1128/mcb.18.7.3851
https://www.ncbi.nlm.nih.gov/pubmed/9632769
https://www.ncbi.nlm.nih.gov/pubmed/8142622
https://doi.org/10.1074/jbc.M403173200
https://www.ncbi.nlm.nih.gov/pubmed/15123671
https://doi.org/10.1007/82_2014_377
https://www.ncbi.nlm.nih.gov/pubmed/24831348
https://doi.org/10.1084/jem.20140425
https://doi.org/10.1038/leu.2016.27
https://doi.org/10.1038/s41467-017-01605-1
https://doi.org/10.1016/S1074-7613(02)00269-8
https://doi.org/10.1016/j.exphem.2019.10.004


Int. J. Mol. Sci. 2024, 25, 10004 11 of 13

40. Soodgupta, D.; White, L.S.; Yang, W.; Johnston, R.; Andrews, J.M.; Kohyama, M.; Murphy, K.M.; Mosammaparast, N.; Payton,
J.E.; Bednarski, J.J. RAG-Mediated DNA Breaks Attenuate PU.1 Activity in Early B Cells through Activation of a SPIC-BCLAF1
Complex. Cell Rep. 2019, 29, 829–843.e825. [CrossRef]

41. Karpurapu, M.; Wang, X.; Deng, J.; Park, H.; Xiao, L.; Sadikot, R.T.; Frey, R.S.; Maus, U.A.; Park, G.Y.; Scott, E.W.; et al. Functional
PU.1 in macrophages has a pivotal role in NF-κB activation and neutrophilic lung inflammation during endotoxemia. Blood 2011,
118, 5255–5266. [CrossRef] [PubMed]

42. Lloberas, J.; Soler, C.; Celada, A. The key role of PU.1/SPI-1 in B cells, myeloid cells and macrophages. Immunol. Today 1999, 20,
184–189. [CrossRef] [PubMed]

43. Celada, A.; Borras, F.E.; Soler, C.; Lloberas, J.; Klemsz, M.; vanBeveren, C.; McKercher, S.; Maki, R.A. The transcription factor PU.1
is involved in macrophage proliferation. J. Exp. Med. 1996, 184, 61–69. [CrossRef] [PubMed]

44. Tagore, M.; McAndrew, M.J.; Gjidoda, A.; Floer, M. The Lineage-Specific Transcription Factor PU.1 Prevents Polycomb-Mediated
Heterochromatin Formation at Macrophage-Specific Genes. Mol. Cell. Biol. 2015, 35, 2610–2625. [CrossRef] [PubMed]

45. Joo, M.; Kwon, M.; Cho, Y.J.; Hu, N.; Pedchenko, T.V.; Sadikot, R.T.; Blackwell, T.S.; Christman, J.W. Lipopolysaccharide-dependent
interaction between PU.1 and cJun determines production of lipocalin-type prostaglandin D synthase and prostaglandin D2 in
macrophages. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2009, 296, L771–L779. [CrossRef] [PubMed]

46. Azim, A.C.; Wang, X.; Park, G.Y.; Sadikot, R.T.; Cao, H.; Mathew, B.; Atchison, M.; Van Breemen, R.B.; Joo, M.; Christman, J.W.
NF-κB-inducing kinase regulates cyclooxygenase 2 gene expression in macrophages by phosphorylation of PU.1. J. Immunol.
2007, 179, 7868–7875. [CrossRef]

47. Karpurapu, M.; Kakarala, K.K.; Chung, S.; Nie, Y.; Koley, A.; Dougherty, P.; Christman, J.W. Epigallocatechin gallate regulates the
myeloid-specific transcription factor PU.1 in macrophages. PLoS ONE 2024, 19, e0301904. [CrossRef] [PubMed]

48. Shakerian, L.; Ghorbani, S.; Talebi, F.; Noorbakhsh, F. MicroRNA-150 targets PU.1 and regulates macrophage differentiation and
function in experimental autoimmune encephalomyelitis. J. Neuroimmunol. 2018, 323, 167–174. [CrossRef] [PubMed]

49. Song, K.S.; Yoon, J.H.; Kim, K.S.; Ahn, D.W. c-Ets1 inhibits the interaction of NF-κB and CREB, and downregulates IL-1β-induced
MUC5AC overproduction during airway inflammation. Mucosal Immunol. 2012, 5, 207–215. [CrossRef] [PubMed]

50. Ma, X.; Jiang, Z.; Li, N.; Jiang, W.; Gao, P.; Yang, M.; Yu, X.; Wang, G.; Zhang, Y. Ets2 suppresses inflammatory cytokines through
MAPK/NF-κB signaling and directly binds to the IL-6 promoter in macrophages. Aging 2019, 11, 10610–10625. [CrossRef]

51. Chen, Y.H.; Layne, M.D.; Chung, S.W.; Ejima, K.; Baron, R.M.; Yet, S.F.; Perrella, M.A. Elk-3 is a transcriptional repressor of
nitric-oxide synthase 2. J. Biol. Chem. 2003, 278, 39572–39577. [CrossRef] [PubMed]

52. Chung, S.W.; Chen, Y.H.; Yet, S.F.; Layne, M.D.; Perrella, M.A. Endotoxin-induced down-regulation of Elk-3 facilitates heme
oxygenase-1 induction in macrophages. J. Immunol. 2006, 176, 2414–2420. [CrossRef] [PubMed]

53. Abdullah, Z.; Schlee, M.; Roth, S.; Mraheil, M.A.; Barchet, W.; Böttcher, J.; Hain, T.; Geiger, S.; Hayakawa, Y.; Fritz, J.H.; et al. RIG-I
detects infection with live Listeria by sensing secreted bacterial nucleic acids. EMBO J. 2012, 31, 4153–4164. [CrossRef] [PubMed]

54. Cheng, Y.; Kiene, N.J.; Tatarian, A.; Eix, E.F.; Schorey, J.S. Host cytosolic RNA sensing pathway promotes T Lymphocyte-mediated
mycobacterial killing in macrophages. PLoS Pathog. 2020, 16, e1008569. [CrossRef]

55. McIvor, Z.; Hein, S.; Fiegler, H.; Schroeder, T.; Stocking, C.; Just, U.; Cross, M. Transient expression of PU.1 commits multipotent
progenitors to a myeloid fate whereas continued expression favors macrophage over granulocyte differentiation. Exp. Hematol.
2003, 31, 39–47. [CrossRef] [PubMed]

56. Tsoyi, K.; Geldart, A.M.; Christou, H.; Liu, X.; Chung, S.W.; Perrella, M.A. Elk-3 is a KLF4-regulated gene that modulates the
phagocytosis of bacteria by macrophages. J. Leukoc. Biol. 2015, 97, 171–180. [CrossRef]

57. Hu, R.D.; Zhang, W.; Li, L.; Zuo, Z.Q.; Ma, M.; Ma, J.F.; Yin, T.T.; Gao, C.Y.; Yang, S.H.; Zhao, Z.B.; et al. Chromatin accessibility
analysis identifies the transcription factor ETV5 as a suppressor of adipose tissue macrophage activation in obesity. Cell Death Dis.
2021, 12, 1023–1033. [CrossRef]

58. DiSpirito, J.R.; Fang, B.; Wang, F.; Lazar, M.A. Pruning of the Adipocyte Peroxisome Proliferator-Activated Receptor γ Cistrome
by Hematopoietic Master Regulator PU.1. Mol. Cell. Biol. 2013, 33, 3354–3364. [CrossRef]

59. Mantovani, A.; Cassatella, M.A.; Costantini, C.; Jaillon, S. Neutrophils in the activation and regulation of innate and adaptive
immunity. Nat. Rev. Immunol. 2011, 11, 519–531. [CrossRef] [PubMed]

60. Haimovici, A.; Brigger, D.; Torbett, B.E.; Fey, M.F.; Tschan, M.P. Induction of the autophagy-associated gene MAP1S via PU.1
supports APL differentiation. Leuk. Res. 2014, 38, 1041–1047. [CrossRef] [PubMed]

61. Federzoni, E.A.; Valk, P.J.; Torbett, B.E.; Haferlach, T.; Löwenberg, B.; Fey, M.F.; Tschan, M.P. PU.1 is linking the glycolytic enzyme
HK3 in neutrophil differentiation and survival of APL cells. Blood 2012, 119, 4963–4970. [CrossRef] [PubMed]

62. Malu, K.; Garhwal, R.; Pelletier, M.G.; Gotur, D.; Halene, S.; Zwerger, M.; Yang, Z.F.; Rosmarin, A.G.; Gaines, P. Cooperative
Activity of GABP with PU.1 or C/EBPε Regulates Lamin B Receptor Gene Expression, Implicating Their Roles in Granulocyte
Nuclear Maturation. J. Immunol. 2016, 197, 910–922. [CrossRef] [PubMed]

63. Fischer, J.; Walter, C.; Tönges, A.; Aleth, H.; Jordão, M.J.C.; Leddin, M.; Gröning, V.; Erdmann, T.; Lenz, G.; Roth, J.; et al. Safeguard
function of PU.1 shapes the inflammatory epigenome of neutrophils. Nat. Immunol. 2019, 20, 546–558. [CrossRef] [PubMed]

64. Keightley, M.C.; Carradice, D.P.; Layton, J.E.; Pase, L.; Bertrand, J.Y.; Wittig, J.G.; Dakic, A.; Badrock, A.P.; Cole, N.J.; Traver, D.;
et al. The Pu.1 target gene Zbtb11 regulates neutrophil development through its integrase-like HHCC zinc finger. Nat. Commun.
2017, 8, 14911. [CrossRef] [PubMed]

https://doi.org/10.1016/j.celrep.2019.09.026
https://doi.org/10.1182/blood-2011-03-341123
https://www.ncbi.nlm.nih.gov/pubmed/21937699
https://doi.org/10.1016/s0167-5699(99)01442-5
https://www.ncbi.nlm.nih.gov/pubmed/10203717
https://doi.org/10.1084/jem.184.1.61
https://www.ncbi.nlm.nih.gov/pubmed/8691150
https://doi.org/10.1128/MCB.00027-15
https://www.ncbi.nlm.nih.gov/pubmed/26012552
https://doi.org/10.1152/ajplung.90320.2008
https://www.ncbi.nlm.nih.gov/pubmed/19181746
https://doi.org/10.4049/jimmunol.179.11.7868
https://doi.org/10.1371/journal.pone.0301904
https://www.ncbi.nlm.nih.gov/pubmed/38662666
https://doi.org/10.1016/j.jneuroim.2018.06.010
https://www.ncbi.nlm.nih.gov/pubmed/30196828
https://doi.org/10.1038/mi.2011.67
https://www.ncbi.nlm.nih.gov/pubmed/22294049
https://doi.org/10.18632/aging.102480
https://doi.org/10.1074/jbc.M308179200
https://www.ncbi.nlm.nih.gov/pubmed/12896968
https://doi.org/10.4049/jimmunol.176.4.2414
https://www.ncbi.nlm.nih.gov/pubmed/16456000
https://doi.org/10.1038/emboj.2012.274
https://www.ncbi.nlm.nih.gov/pubmed/23064150
https://doi.org/10.1371/journal.ppat.1008569
https://doi.org/10.1016/s0301-472x(02)01017-2
https://www.ncbi.nlm.nih.gov/pubmed/12543105
https://doi.org/10.1189/jlb.4A0214-087R
https://doi.org/10.1038/s41419-021-04308-0
https://doi.org/10.1128/MCB.00599-13
https://doi.org/10.1038/nri3024
https://www.ncbi.nlm.nih.gov/pubmed/21785456
https://doi.org/10.1016/j.leukres.2014.06.010
https://www.ncbi.nlm.nih.gov/pubmed/25043887
https://doi.org/10.1182/blood-2011-09-378117
https://www.ncbi.nlm.nih.gov/pubmed/22498738
https://doi.org/10.4049/jimmunol.1402285
https://www.ncbi.nlm.nih.gov/pubmed/27342846
https://doi.org/10.1038/s41590-019-0343-z
https://www.ncbi.nlm.nih.gov/pubmed/30911105
https://doi.org/10.1038/ncomms14911
https://www.ncbi.nlm.nih.gov/pubmed/28382966


Int. J. Mol. Sci. 2024, 25, 10004 12 of 13

65. Théry, C.; Amigorena, S. The cell biology of antigen presentation in dendritic cells. Curr. Opin. Immunol. 2001, 13, 45–51.
[CrossRef] [PubMed]

66. Ziegler-Heitbrock, L.; Ancuta, P.; Crowe, S.; Dalod, M.; Grau, V.; Hart, D.N.; Leenen, P.J.; Liu, Y.J.; MacPherson, G.; Randolph, G.J.;
et al. Nomenclature of monocytes and dendritic cells in blood. Blood 2010, 116, e74–e80. [CrossRef]

67. Steinman, R.M.; Kaplan, G.; Witmer, M.D.; Cohn, Z.A. Identification of a novel cell type in peripheral lymphoid organs of mice. V.
Purification of spleen dendritic cells, new surface markers, and maintenance in vitro. J. Exp. Med. 1979, 149, 1–16. [CrossRef]

68. Metlay, J.P.; Witmer-Pack, M.D.; Agger, R.; Crowley, M.T.; Lawless, D.; Steinman, R.M. The distinct leukocyte integrins of mouse
spleen dendritic cells as identified with new hamster monoclonal antibodies. J. Exp. Med. 1990, 171, 1753–1771. [CrossRef]
[PubMed]

69. Muhlethaler-Mottet, A.; Otten, L.A.; Steimle, V.; Mach, B. Expression of MHC class II molecules in different cellular and functional
compartments is controlled by differential usage of multiple promoters of the transactivator CIITA. EMBO J. 1997, 16, 2851–2860.
[CrossRef]

70. Smith, M.A.; Wright, G.; Wu, J.; Tailor, P.; Ozato, K.; Chen, X.; Wei, S.; Piskurich, J.F.; Ting, J.P.; Wright, K.L. Positive regulatory
domain I (PRDM1) and IRF8/PU.1 counter-regulate MHC class II transactivator (CIITA) expression during dendritic cell
maturation. J. Biol. Chem. 2011, 286, 7893–7904. [CrossRef]

71. Carotta, S.; Dakic, A.; D’Amico, A.; Pang, S.H.; Greig, K.T.; Nutt, S.L.; Wu, L. The transcription factor PU.1 controls dendritic
cell development and Flt3 cytokine receptor expression in a dose-dependent manner. Immunity 2010, 32, 628–641. [CrossRef]
[PubMed]

72. Laiosa, C.V.; Stadtfeld, M.; Xie, H.; de Andres-Aguayo, L.; Graf, T. Reprogramming of committed T cell progenitors to macrophages
and dendritic cells by C/EBPα and PU.1 transcription factors. Immunity 2006, 25, 731–744. [CrossRef] [PubMed]

73. Anderson, K.L.; Perkin, H.; Surh, C.D.; Venturini, S.; Maki, R.A.; Torbett, B.E. Transcription factor PU.1 is necessary for
development of thymic and myeloid progenitor-derived dendritic cells. J. Immunol. 2000, 164, 1855–1861. [CrossRef]

74. Yashiro, T.; Kasakura, K.; Oda, Y.; Kitamura, N.; Inoue, A.; Nakamura, S.; Yokoyama, H.; Fukuyama, K.; Hara, M.; Ogawa, H.;
et al. The hematopoietic cell-specific transcription factor PU.1 is critical for expression of CD11c. Int. Immunol. 2017, 29, 87–94.
[CrossRef] [PubMed]

75. Kitamura, N.; Yokoyama, H.; Yashiro, T.; Nakano, N.; Nishiyama, M.; Kanada, S.; Fukai, T.; Hara, M.; Ikeda, S.; Ogawa, H.; et al.
Role of PU.1 in MHC class II expression through transcriptional regulation of class II transactivator pI in dendritic cells. J. Allergy
Clin. Immunol. 2012, 129, 814–824.e816. [CrossRef] [PubMed]

76. Miura, R.; Kasakura, K.; Nakano, N.; Hara, M.; Maeda, K.; Okumura, K.; Ogawa, H.; Yashiro, T.; Nishiyama, C. Role of PU.1 in
MHC Class II Expression via CIITA Transcription in Plasmacytoid Dendritic Cells. PLoS ONE 2016, 11, e0154094. [CrossRef]
[PubMed]

77. Kanada, S.; Nishiyama, C.; Nakano, N.; Suzuki, R.; Maeda, K.; Hara, M.; Kitamura, N.; Ogawa, H.; Okumura, K. Critical role of
transcription factor PU.1 in the expression of CD80 and CD86 on dendritic cells. Blood 2011, 117, 2211–2222. [CrossRef] [PubMed]

78. Yashiro, T.; Hara, M.; Ogawa, H.; Okumura, K.; Nishiyama, C. Critical Role of Transcription Factor PU.1 in the Function of the
OX40L/TNFSF4 Promoter in Dendritic Cells. Sci. Rep. 2016, 6, 34825. [CrossRef] [PubMed]

79. Yashiro, T.; Nakano, S.; Nomura, K.; Uchida, Y.; Kasakura, K.; Nishiyama, C. A transcription factor PU.1 is critical for Ccl22 gene
expression in dendritic cells and macrophages. Sci. Rep. 2019, 9, 1161–1169. [CrossRef]

80. Yashiro, T.; Takeuchi, H.; Nakamura, S.; Tanabe, A.; Hara, M.; Uchida, K.; Okumura, K.; Kasakura, K.; Nishiyama, C. PU.1 plays a
pivotal role in dendritic cell migration from the periphery to secondary lymphoid organs via regulating CCR7 expression. FASEB
J. 2019, 33, 11481–11491. [CrossRef]

81. Domínguez-Soto, A.; Puig-Kröger, A.; Vega, M.A.; Corbí, A.L. PU.1 regulates the tissue-specific expression of dendritic cell-specific
intercellular adhesion molecule (ICAM)-3-grabbing nonintegrin. J. Biol. Chem. 2005, 280, 33123–33131. [CrossRef] [PubMed]

82. Chopin, M.; Lun, A.T.; Zhan, Y.; Schreuder, J.; Coughlan, H.; D’Amico, A.; Mielke, L.A.; Almeida, F.F.; Kueh, A.J.; Dickins, R.A.;
et al. Transcription Factor PU.1 Promotes Conventional Dendritic Cell Identity and Function via Induction of Transcriptional
Regulator DC-SCRIPT. Immunity 2019, 50, 77–90. [CrossRef] [PubMed]

83. Vissers, J.L.; Hartgers, F.C.; Lindhout, E.; Teunissen, M.B.; Figdor, C.G.; Adema, G.J. Quantitative analysis of chemokine expression
by dendritic cell subsets in vitro and in vivo. J. Leukoc. Biol. 2001, 69, 785–793. [CrossRef] [PubMed]

84. Hong, W.; Yang, B.; He, Q.; Wang, J.; Weng, Q. New Insights of CCR7 Signaling in Dendritic Cell Migration and Inflammatory
Diseases. Front. Pharmacol. 2022, 13, 841687. [CrossRef]

85. Zhou, T.; Chen, Y.; Hao, L.; Zhang, Y. DC-SIGN and immunoregulation. Cell Mol. Immunol. 2006, 3, 279–283. [CrossRef]
86. Oda, Y.; Kasakura, K.; Fujigaki, I.; Kageyama, A.; Okumura, K.; Ogawa, H.; Yashiro, T.; Nishiyama, C. The effect of PU.1

knockdown on gene expression and function of mast cells. Sci. Rep. 2018, 8, 2005. [CrossRef]
87. Ito, T.; Nishiyama, C.; Nishiyama, M.; Matsuda, H.; Maeda, K.; Akizawa, Y.; Tsuboi, R.; Okumura, K.; Ogawa, H. Mast cells

acquire monocyte-specific gene expression and monocyte-like morphology by overproduction of PU.1. J. Immunol. 2005, 174,
376–383. [CrossRef]

88. Schmitz, J.; Owyang, A.; Oldham, E.; Song, Y.; Murphy, E.; McClanahan, T.K.; Zurawski, G.; Moshrefi, M.; Qin, J.; Li, X.; et al.
IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T helper type 2-associated
cytokines. Immunity 2005, 23, 479–490. [CrossRef] [PubMed]

https://doi.org/10.1016/S0952-7915(00)00180-1
https://www.ncbi.nlm.nih.gov/pubmed/11154916
https://doi.org/10.1182/blood-2010-02-258558
https://doi.org/10.1084/jem.149.1.1
https://doi.org/10.1084/jem.171.5.1753
https://www.ncbi.nlm.nih.gov/pubmed/2185332
https://doi.org/10.1093/emboj/16.10.2851
https://doi.org/10.1074/jbc.M110.165431
https://doi.org/10.1016/j.immuni.2010.05.005
https://www.ncbi.nlm.nih.gov/pubmed/20510871
https://doi.org/10.1016/j.immuni.2006.09.011
https://www.ncbi.nlm.nih.gov/pubmed/17088084
https://doi.org/10.4049/jimmunol.164.4.1855
https://doi.org/10.1093/intimm/dxx009
https://www.ncbi.nlm.nih.gov/pubmed/28338898
https://doi.org/10.1016/j.jaci.2011.10.019
https://www.ncbi.nlm.nih.gov/pubmed/22112519
https://doi.org/10.1371/journal.pone.0154094
https://www.ncbi.nlm.nih.gov/pubmed/27105023
https://doi.org/10.1182/blood-2010-06-291898
https://www.ncbi.nlm.nih.gov/pubmed/21119111
https://doi.org/10.1038/srep34825
https://www.ncbi.nlm.nih.gov/pubmed/27708417
https://doi.org/10.1038/s41598-018-37894-9
https://doi.org/10.1096/fj.201900379RR
https://doi.org/10.1074/jbc.M503401200
https://www.ncbi.nlm.nih.gov/pubmed/16051608
https://doi.org/10.1016/j.immuni.2018.11.010
https://www.ncbi.nlm.nih.gov/pubmed/30611612
https://doi.org/10.1189/jlb.69.5.785
https://www.ncbi.nlm.nih.gov/pubmed/11358988
https://doi.org/10.3389/fphar.2022.841687
https://doi.org/10.1111/j.1365-313X.2009.03825.x
https://doi.org/10.1038/s41598-018-19378-y
https://doi.org/10.4049/jimmunol.174.1.376
https://doi.org/10.1016/j.immuni.2005.09.015
https://www.ncbi.nlm.nih.gov/pubmed/16286016


Int. J. Mol. Sci. 2024, 25, 10004 13 of 13

89. Baba, Y.; Maeda, K.; Yashiro, T.; Inage, E.; Niyonsaba, F.; Hara, M.; Suzuki, R.; Ohtsuka, Y.; Shimizu, T.; Ogawa, H.; et al.
Involvement of PU.1 in Mast Cell/Basophil-Specific Function of the Human IL1RL1 ST2 Promoter. Allergol. Int. 2012, 61, 461–467.
[CrossRef] [PubMed]

90. Ito, T.; Nishiyama, C.; Nakano, N.; Nishiyama, M.; Usui, Y.; Takeda, K.; Kanada, S.; Fukuyama, K.; Akiba, H.; Tokura, T.; et al.
Roles of PU.1 in monocyte- and mast cell-specific gene regulation: PU.1 transactivates CIITA pIV in cooperation with IFN-γ. Int.
Immunol. 2009, 21, 803–816. [CrossRef] [PubMed]

91. Walsh, J.C.; DeKoter, R.P.; Lee, H.J.; Smith, E.D.; Lancki, D.W.; Gurish, M.F.; Friend, D.S.; Stevens, R.L.; Anastasi, J.; Singh, H.
Cooperative and antagonistic interplay between PU.1 and GATA-2 in the specification of myeloid cell fates. Immunity 2002, 17,
665–676. [CrossRef] [PubMed]

92. Takemoto, C.M.; Brandal, S.; Jegga, A.G.; Lee, Y.N.; Shahlaee, A.; Ying, Y.; DeKoter, R.; McDevitt, M.A. PU.1 Positively Regulates
GATA-1 Expression in Mast Cells. J. Immunol. 2010, 184, 4349–4361. [CrossRef] [PubMed]

93. Pan, Y.; Yu, Y.; Wang, X.; Zhang, T. Tumor-Associated Macrophages in Tumor Immunity. Front. Immunol. 2020, 11, 583084.
[CrossRef] [PubMed]

94. Song, G.; Zhang, Z.; Chen, Y.; Hou, W.; Zhong, W.; Zhou, Y.; Zhang, A.; Xu, Y. PU.1 induces tumor-associated macrophages
promoting glioma progression through BTK-mediated Akt/mTOR pathway activation. Am. J. Cancer Res. 2024, 14, 1139–1156.
[CrossRef] [PubMed]

95. Shen, X.; Zhou, C.; Feng, H.; Li, J.; Xia, T.; Cheng, X.; Zhao, R.; Zou, D. ETV1 Positively Correlated With Immune Infiltration and
Poor Clinical Prognosis in Colorectal Cancer. Front. Immunol. 2022, 13, 939806. [CrossRef]

96. Zhou, C.; Uluisik, R.; Rowley, J.W.; David, C.; Jones, C.L.; Scharer, C.D.; Noetzli, L.; Fisher, M.H.; Kirkpatrick, G.D.; Bark, K.; et al.
Germline ETV6 mutation promotes inflammation and disrupts lymphoid development of early hematopoietic progenitors. Exp.
Hematol. 2022, 112, 24–34. [CrossRef]

97. Kodgule, R.; Goldman, J.W.; Monovich, A.C.; Saari, T.; Aguilar, A.R.; Hall, C.N.; Rajesh, N.; Gupta, J.; Chu, S.C.A.; Ye, L.; et al.
ETV6 Deficiency Unlocks ERG-Dependent Microsatellite Enhancers to Drive Aberrant Gene Activation in B-Lymphoblastic
Leukemia. Blood Cancer Discov. 2023, 4, 34–53. [CrossRef]

98. Sharma, G.; Tran, T.M.; Bansal, I.; Beg, M.S.; Bhardwaj, R.; Bassi, J.; Tan, Y.; Jaiswal, A.K.; Tso, C.; Jain, A.; et al. RNA binding
protein IGF2BP1 synergizes with ETV6-RUNX1 to drive oncogenic signaling in B-cell Acute Lymphoblastic Leukemia. J. Exp.
Clin. Cancer Res. 2023, 42, 231–250. [CrossRef]

99. Wang, Y.; Huang, Z.; Sun, M.; Huang, W.; Xia, L. ETS transcription factors: Multifaceted players from cancer progression to tumor
immunity. Biochim. Biophys. Acta Rev. Cancer 2023, 1878, 188872. [CrossRef]

100. Qian, F.; Deng, J.; Lee, Y.G.; Zhu, J.; Karpurapu, M.; Chung, S.; Zheng, J.N.; Xiao, L.; Park, G.Y.; Christman, J.W. The transcription
factor PU.1 promotes alternative macrophage polarization and asthmatic airway inflammation. J. Mol. Cell Biol. 2015, 7, 557–567.
[CrossRef] [PubMed]

101. Shi, Y.; Dai, S.; Qiu, C.; Wang, T.; Zhou, Y.; Xue, C.; Yao, J.; Xu, Y. MicroRNA-219a-5p suppresses intestinal inflammation through
inhibiting Th1/Th17-mediated immune responses in inflammatory bowel disease. Mucosal Immunol. 2020, 13, 303–312. [CrossRef]
[PubMed]

102. Mistri, S.K.; Hilton, B.M.; Horrigan, K.J.; Andretta, E.S.; Savard, R.; Dienz, O.; Hampel, K.J.; Gerrard, D.L.; Rose, J.T.; Sidiropoulos,
N.; et al. SLAM/SAP signaling regulates discrete gammadelta T cell developmental checkpoints and shapes the innate-like
gammadelta TCR repertoire. bioRxiv Prepr. Serv. Biol. 2024.

103. Wei, X.; Niu, X. T follicular helper cells in autoimmune diseases. J. Autoimmun. 2023, 134, 102976. [CrossRef] [PubMed]
104. Lee, Y. Regulation and function of capicua in mammals. Exp. Mol. Med. 2020, 52, 531–537. [CrossRef] [PubMed]
105. Park, S.; Park, J.; Kim, E.; Lee, Y. The Capicua/ETS Translocation Variant 5 Axis Regulates Liver-Resident Memory CD8+ T-Cell

Development and the Pathogenesis of Liver Injury. Hepatology 2019, 70, 358–371. [CrossRef] [PubMed]
106. Park, J.; Lee, J.; Hur, Y.; Kim, C.J.; Kim, H.B.; Um, D.; Kim, D.S.; Lee, J.Y.; Park, S.; Park, Y.; et al. ETV5 promotes lupus pathogenesis

and follicular helper T cell differentiation by inducing osteopontin expression. Proc. Natl. Acad. Sci. USA 2024, 121, e2322009121.
[CrossRef]

107. Xiong, X.; Yan, Z.; Jiang, W.; Jiang, X. ETS variant transcription factor 6 enhances oxidized low-density lipoprotein-induced
inflammatory response in atherosclerotic macrophages via activating NF-κB signaling. Int. J. Immunopathol. Pharmacol. 2022, 36,
1–12. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2332/allergolint.12-OA-0424
https://www.ncbi.nlm.nih.gov/pubmed/22824976
https://doi.org/10.1093/intimm/dxp048
https://www.ncbi.nlm.nih.gov/pubmed/19502584
https://doi.org/10.1016/s1074-7613(02)00452-1
https://www.ncbi.nlm.nih.gov/pubmed/12433372
https://doi.org/10.4049/jimmunol.0900927
https://www.ncbi.nlm.nih.gov/pubmed/20304827
https://doi.org/10.3389/fimmu.2020.583084
https://www.ncbi.nlm.nih.gov/pubmed/33365025
https://doi.org/10.62347/USAJ2794
https://www.ncbi.nlm.nih.gov/pubmed/38590399
https://doi.org/10.3389/fimmu.2022.939806
https://doi.org/10.1016/j.exphem.2022.06.002
https://doi.org/10.1158/2643-3230.BCD-21-0224
https://doi.org/10.1186/s13046-023-02810-1
https://doi.org/10.1016/j.bbcan.2023.188872
https://doi.org/10.1093/jmcb/mjv042
https://www.ncbi.nlm.nih.gov/pubmed/26101328
https://doi.org/10.1038/s41385-019-0216-7
https://www.ncbi.nlm.nih.gov/pubmed/31628427
https://doi.org/10.1016/j.jaut.2022.102976
https://www.ncbi.nlm.nih.gov/pubmed/36525939
https://doi.org/10.1038/s12276-020-0411-3
https://www.ncbi.nlm.nih.gov/pubmed/32238859
https://doi.org/10.1002/hep.30594
https://www.ncbi.nlm.nih.gov/pubmed/30810242
https://doi.org/10.1073/pnas.2322009121
https://doi.org/10.1177/20587384221076472

	Introduction 
	ETS Family Profile 

	ETS Family in Immune Cells 
	T Cell 
	B Cell 
	Macrophage 
	Neutrophil 
	Dendritic Cells 
	Other Immune Cells 

	ETS in Immune-Related Diseases 
	Cancer 
	Allergies and Autoimmune Diseases 
	Arteriosclerosis 

	Conclusions 
	Future Directions 
	References

