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ARTICLE INFO ABSTRACT

Keywords: Inhibitor of binding or differentiation 2 (Id2), a member of helix-loop-helix (HLH) transcriptional factors, is
Inhibitor of binding or differentiation 2 recently reported as an important regulator of the development or differentiation of immune cells. It has been
T cell demonstrated that Id2 plays a critical role in the early lymphopoiesis. However, it has been discovered recently
B cell

Dendritic cell
Innate lymphoid cell

that Id2 displays new functions in different immune cells. In the adaptive immune cells, Id2 is required for
determining T-cell subsets and B cells. In addition, Id2 is also involved in the development of innate immune
cells, including dendritic cells (DCs), natural killer (NK) cells, and other innate lymphoid cells (ILCs). Here, we

review the current reports about the role of 1d2 in the development or differentiation of main immune cells.

1. Introduction

The inhibitor of DNA binding or differentiation (Id) is a member of
helix-loop-helix (HLH) proteins, which belong to E protein family. In
mammals, the Id family has four members (Id1-Id4). In 1990, Benezra
et al discovered and identified the first Id protein which was named as
Id1 (Benezra et al., 1990). Then, Id2 and Id3 were identified or cloned
in 1991 (Sun et al., 1991), (Christy et al., 1991). Id4 was found by
Riechmann et al., 1994, 1994). Like other members of HLH protein
family, Id protein has a highly conserved domain named HLH (Benezra
et al., 1990). The conserved regions are consisting of three components:
two amphipathic a helices called “helix” with 15~20 residues and a
shorter peptide named “loop”. Nearly all members of HLH proteins
have a basic region with 10~20 amino acid, which locates in the N-
terminal of helix 1 (Fig. 1). Through this domain, bHLH proteins can be
guided to bind to DNA containing E boxes (CANNTG), N boxes
(CACNAG) or Ets sites (GGAA/T) to promote or repress the transcrip-
tion (Zebedee and Hara, 2001). The HLH domain has a significant role
in regulating gene expression by forming homo-dimerization or hetero-

dimerization when recognizing their targets (Ellenberger et al., 1994).

Whereas, Id proteins lack this basic region (Benezra et al., 1990)
(Fig. 1). It results in that they cannot bind to DNA containing E/N boxes
to regulate associated genes. But Id proteins can form a complex with
bHLH proteins to arrest them binding to DNA. Therefore, Id proteins
can be regarded as inhibitors of bHLH. Since the main function of bHLH
is promoting the differentiation of cells, Id proteins perform as in-
hibitors of cell differentiation and DNA binding (Benezra et al., 1990),
(Joan Garrell, 1990), (Ellis et al., 1990) and promoters of cell pro-
liferation (Iavarone et al., 1994).

However, different Id protein also has different functions in immune
system. In different Id-null mouse models, scientists disclosed that the
deletion of Id1 influenced the T-cell migration (Sikder et al., 2003).
1d27/~ mice lack lymph nodes and Peyer’s patches and the number of
natural killer cells(Yokota et al., 1999), Langerhan’s cells and splenic
dendritic cells decreased (Hacker et al., 2003), (Kusunoki et al., 2003).
Id3-delection impact on the humoral immunity and B-cell proliferation.
Unlike other Id proteins, Id4 mainly functions in neural proliferation.
Among these four members, Id2 performs more roles than other
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Fig. 1. Schematic structure of bHLH proteins and Id proteins.
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members in immune cells. Thus, we highlight its role in the develop-
ment and differentiation of several main immune cells in this review.

2. T cell

The progenitors of lymphocytes develop from the hematopoietic
stem cells (HSCs) and differentiate into the common lymphoid pre-
cursors (CLPs). After that, a part of CLPs leaves the bone marrow and
migrates into thymus as immature T lymphocytes (thymocytes) in
which they develop into mature T cells. When arriving in the thymus,
most T-cell precursors develop into aff T cells, and the remaining be-
come y8 T cells. In the next process of a3 T cell differentiation, these
cells undergo three stages: double negative stage, double positive stage
and single positive stage. After the negative and positive selections, the
mature CD4" or CD8™* naive T cells are driven into peripheral immune
organs or peripheral blood where the naive T cells can further develop
into other sub-populations. For example, after induced by different
cytokines, CD4 ™" naive T cells can differentiate into regulatory T (Treg)
cells (TGF-P) and different subsets of helper T (Th) cells, such as Thl
(IL-12), Th2 (IL-4), Th17 (IL-6/ TGF-B). In recent years, it is declared
that Th2 cells can develop into a new subset T cell, follicular helper T
(Tth) cells, through interaction with B cells in the lymphoid follicle.
Meanwhile, the CD8* naive T cells can become cytotoxic T cells after
stimulated with antigens. In addition to these subgroups mentioned
above, T cells also have other lineages, such as natural killer T cells
(NKT).

Most recent studies have shown that Id2 is a crucial transcription
factor in the differentiation of Th cells. In the T cell-specific Id2-defi-
cient mice, Lin et al disclosed that the population size of MOG (myelin
oligodendrocyte glycoprotein) specific CD4™ T cells is reduced and the
interleukin-17A* (IL-17A™) IFN-y" CD4™ T cells almost completely
disappeared. It means that Id2 is required for the maintenance of these
CD4*T cells (Lin et al., 2012). Meanwhile, deletion of Id2 can influence
the balance between Thl and Tfh cells. Id2 may reinforce Thl differ-
entiation, but repress Tth differentiation through regulating Th1-asso-
ciated genes (Slamf1, Cxcr6 and Gzmb) and Tfh-associated genes (CxcrS5,
Tcf7 and Il6ra), respectively (Shaw et al., 2016). E proteins, targets of
Id2, play powerful roles in regulating Tfh differentiation. The E-Id
protein axis can repress Tfh development by activating the PI3K-AKT-
mTORC1 and c-myc/pl9Arf pathway (Miyazaki et al., 2015). In the
same way, at the early differentiation stage of Tth cells, Bcl6, a tran-
scriptional inhibitor, suppresses Id2 expression directly and allows E
proteins promote CXCR5 expression to drive Tfh differentiation. How-
ever, E proteins upregulate the expression of Bcl6 via increasing the
expression of Tef7 and Lefl. So E proteins and Bcl6 compose a positive
feedback loop to promote Tfh differentiation in the Id2-delection mice
(Shaw et al., 2016).

Moreover, Id2 also can also regulate the differentiation of CD8* T
cells. Although the deletion of Id2 does not influence the proliferation
and differentiation of CD8 ™ naive T cells during infection, it increases
the apoptosis of effector cells by inhibiting associated genes (Bcl2, Ctla4
and Bcl2111) regulated by E proteins. Collectively, the repression of 1d2
can result in the increase of IL-10 produced by CD8* T cells (Masson
et al., 2014). Recently, it is found that sustained Id2 regulation of E
proteins is required for effector CD8* T cells (Omilusik et al., 2018). It
can inhibit the formation of CD8* memory cells via blocking E2A
protein which binds to several key memory differentiation associated
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genes like Tcf7 (Masson et al., 2013). Conditional deletion of Id2 may
transform KLRG1™ “terminal” effector/effector-memory CD8" T cell
population into a KLRG1' memory-like population (Omilusik et al.,
2018).

Furthermore, it is reported that the absence of Id2 resulted in a
severe defect in the accumulation of hepatic invariant NKTs (iNKTs) in
1990 (Monticelli et al., 2009). Both Id2 and Id3 promoted iNKT cell
lineage specification which results in innate-like tumor (D’Cruz et al.,
2014), (Li et al., 2017).But both Mihalis et al and Louise et al demon-
strated that Id2 could collaborate with Id3 to suppress thymic iNKTs
(D’Cruz et al., 2014), (Verykokakis et al., 2013). Id2 was expressed in T-
BET " NKT1 cells, but Id3 was expressed in PLZF"8" NKT2 cells (D’Cruz
et al., 2014). Meanwhile, Id2 involves in the process of the maintaining
and homing of Treg with the present of Id3 (Miyazaki et al., 2014).

3. Bcell

Bone marrow is the central immune organ where B cells originate
and differentiate. HSCs differentiate into CLPs through recognizing
FLT3 ligand expressed on the surface of mesenchymal stem cells
(MSCs), then into pro-B cells. Furthermore, IL-7, secreted by matrix
cells, leads B-cell progenitors following next developmental processes:
B-cell precursors, immature B cells and mature B cells. Each stage is
marked by various gene expression patterns and immunoglobulin (H
and L chain) gene loci arrangement, the latter due to B cells undergoing
V(D)J recombination as they development (Pelanda and Torres, 2012).
At last, immature B cells migrate from bone marrow to the spleen as
transitional B cells: T1 and T2 (Loder et al., 1999). When immature B
cells migrate to the spleen, they are considered T1 B cells. In the spleen,
T1 B cells become T2 B cells. T2 B cells differentiate into follicular B
cells or marginal B cells. These cells can be considered mature B cells
(Chung et al., 2003).

It has been demonstrated that B cell development is mediated by a
transcriptional network comprised by transcriptional factors, such as
Pax5, PU.1, Ikaros, EBF, E2A, I1d2 and so on. PU.1 and Pax5 can be
repressed by Id2 (Gonda et al., 2003),(Matthias and Rolink, 2005). It
negatively regulates B cell differentiation and development (Ji et al.,
2008), (Pongubala et al., 2008), (Becker-Herman et al., 2002), (Gore
et al., 2010). Growth factor independence 1 (Gfi-1) can influences
proliferation and differentiation of hematopoietic cells. Li and his col-
leagues disclosed that Gfi-1 could restrict B-cell progenitor develop-
ment by inhibiting Id2, directly (Li et al., 2010). Jensen et al demon-
strated that increased expression of Id2 repressed the efficient
recombination of V(D)J and the differentiation of pre-B cells (Jensen
et al., 2013), which might account for why the pre-B cell pool shrank
with the age in human and mice (Rossi et al., 2003), (Jensen et al.,
2010), (Johnson et al., 2002), (Cancro, 2005). The early B cell factor
(Ebf1) can restore B cell differentiation in the IL-7Ra. "~ mice through
repression of E2A protein by I1d2 (Thal et al., 2009). In Id2-deficient B
cells, Sugai et al found that the switching recombination of IgE is in-
creased (Sugai et al., 2003), because Id2 functions as a repressor of IgE
class switch recombination (CSR) by inhibiting the activation of E2A
and Pax5 which can bind to activation-induced cytidine deaminase
(AID) (Gonda et al., 2003), (Sugai et al., 2004). Mad3, an antagonist of
the c-Myc proto-oncogene product, can directly bind to the promoter of
Id2 to suppress the B-cell differentiation in immature B cells and is
opposite to Mad4 (Gore et al., 2010). Mercer et al also found that the
Id2-HPC, a cell line with the multipotency both in vitro and in vivo,
could differentiate into B cell through the repression of E2A by 1d2
(Mercer et al., 2011). It was reported by Zhang et al that Notch signal
could up-regulate the differentiation of marginal zone (MZ) B cells and
down-regulate that of follicular (Fo) B cells by promoting the tran-
scription of Id2 and Asb2 genes to regulate the expression of E2A
(Zhang et al., 2013). Interestingly, Mathas et al demonstrated that the
increased Id2 and ABF-1 could promote the lost or abnormal expression
of B-cell specific genes which may result in Hodgkin lymphoma cells
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(HC) derived from mature B cells (Mathas et al., 2006).

Above all, we can summary that although many transcription fac-
tors play important roles in the differentiation of B cells and most of
them have some interaction with Id2. It is the reason of that many
specific B-cell genes have E boxes in their promoters which can be re-
cognized by E proteins (Kee et al., 2000). So these factors can regulate
the B-cell maturation by Id2 to further influence the B-cell associated
genes, especially E2A.

4. Dendritic cell

Dendritic cells (DCs), all originating from CD34" HSCs, are pro-
fessional antigen presenting cells. DCs are normally divided into two
categories: one, called myeloid dendritic cells (MDCs), is from common
myeloid progenitor cells (CMPs); another, called lymphoid dendritic
cells (LDCs), is from CLPs. Recently, scientists prefer to name MDCs as
conventional dendritic cells (cDCs), and to name LDCs as plasmacytoid
dendritic cells (pDCs). The two progenitors of c¢DCs,
CD14*CD11¢*CD1~ monocytes and CD14* CD11c¢*CD1 ™" monocytes,
develop into mature DCs after undergoing four stages: progenitor
phase, immature phase, migratory phase and mature phase. However,
pDCs can develop from three origins: HSCs, peripheral blood and
thymus. Both CLPs and CMPs can develop into Flt3" progenitors, and
further differentiate into Langerhans cells (LCs, locating in the skin and
intestinal epithelium), interstitial DCs (locating in heart, lungs, livers
and kidney), and pDCs. Various transcriptional factors play important
roles in the development of DCs, like Ikaros, Rel B, IRF-2, IRF-4, IRF-8,
PU.1 and E2-2. Similarly, Id2 is also important for the differentiation of
dendritic cells.

A growing body of evidence has implicated Id2 as playing a critical
role in regulating the fate of DCs. It has been established that IRF8 can
directly drive the progenitors into classic CD8a* DCs by targeting Id2
and Batf3 (Jaiswal et al., 2013), (Jackson et al., 2011). In Id2 ™/~ mice,
it is shown that the percentage of splenic CD8a™ DCs is reduced
(Hacker et al., 2003), (Kusunoki et al., 2003). However, another report
has demonstrated that Id2 is not essential for the development of
CD8a* DCs (Seillet et al., 2013). Thus, the detailed role of Id2 in
CD8a* DCs is still under investigation.

Ets transcription factor Spi-B and E2-2 can promote pDC differ-
entiation with the reduction of Id2. However, Spi-B cannot reverse the
Id2 block in pDC development (Nagasawa et al., 2008). Zinc-finger
transcription factor Bcll1l A which can regulate E2-2, Id2 and Mtgl6, is
required for pDC differentiation (Ippolito et al., 2014). Meanwhile,
Ghosh et al proved that Mtgl6, a member of ETO protein family, could
promote pDC development and inhibit ¢DC differentiation by down-
regulating Id2 expression (Ghosh et al., 2014). Zeb2, another Zinc-
finger transcription factor, can facilitate pDCs and pre-cDCs to
(XCR1~SIRPa*) ¢DC2 lineage by repressing 1d2 directly (Scott et al.,
2016). This result is just identical with what Spits et al found in 2000.
They demonstrated that Id2 could inhibit the development of
CD34*CD38"~ progenitor cells into pre-DC2s but not into pre-DCls
(Spits et al., 2000). Opposite to CD8a* DCs, the HIF-1-induced Id2
represses induced pDCs with Flt3-L under hypoxia (Weigert et al.,
2012). Interestingly, Schlitzer et al explored that CCR9- murine pDCs
could be induced into cDC-like cells through down-regulating E2-2 and
up-regulating Id2, PU.1 and Batf3. It means that Id2 can promote the
differentiation of ¢cDCs and repress the development of pDCs(Schlitzer A
et al., 2011).

It is also established that Stat3 stimulates the expression of E2-2
which controls the population of pDCs, but Stat5 promotes the ex-
pression of Id2 to restrain CD103* DC differentiation (Li et al., 2012).
Id2, FIt3-L and Irf8 can all regulate the nonlymphoid tissue CD103™"
DCs, same as lymphoid tissue CD8" DCs that come from the same
progenitor (Hashimoto et al., 2011). Deletion of both Id2 and Irf8 or
absence of FIt3-L makes HSCs fail to differentiate into CD103* DCs
(Ippolito et al., 2014), (Ginhoux et al., 2009). Meanwhile, Id2 gene
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expression in CD103* DCs is higher than other DC subsets (Khandelwal
et al., 2013).

Hacker et al discovered that Id2~/~ mice lacked Langerhans cells
(LCs). They believed in that Id2 could be reduced by the absence of
TGF-B1 in LC development (Hacker et al., 2003). Similarly, Heinz et al
demonstrated that TGF-p1 could up-regulate PU.1 and Id2 to promote
CD34* HSCs into LCs (Heinz et al., 2006). Interestingly, Sere et al
found two different types of LCs, long-term and short-term LCs. They
demonstrated that Id2 was required for long-term LC development.
Oppositely, the short-term LCs could develop from Gr-1" monocytes
with an Id2-indepentent condition (Sere et al., 2012). Meanwhile,
Chopin et al disclosed that though Id2 and PU.1 were important to LC
differentiation, the former was not necessary for the bone marrow de-
rived LCs (Chopin et al., 2013).

To sum up, it is shown that Id2 is critical to DC differentiation.
Although various proteins can interact with Id2 to influence DC de-
velopment, the effect of Id2 acting on different subtypes of DCs are still
unclear and how it functions is unknown.

5. Innate lymphoid cell

Innate lymphoid cells (ILCs) are a recently recognized group of
lymphocytes which have the ability to resist the pathogens through
secreting cytokines. But they lack the rearranged antigen-specific re-
ceptors. Based on the expression of lineage-specific transcription factors
and discrete cytokine profiles, the identified ILCs can be divided into
three subsets: ILCls, ILC2s and ILC3s. ILCls can produce the typel
cytokine interferon-y (IFNy), like natural killer (NK) cells (Bernink
et al., 2013), (Diefenbach et al., 2014), (Fuchs et al., 2013). ILC2s
which are GATA3 (Klein Wolterink et al., 2013) and RORa (Wong et al.,
2012)dependent, produce IL-4, IL-5 and/or IL-13. ILC3s, like Th17
cells, produce IL17 and/or IL-22, such as lymphoid tissue inducer (LTi)
cells (Diefenbach et al., 2014), (McKenzie et al., 2014). Different cy-
tokines and transcriptional factors can guide innate lymphoid cell
progenitors (ILCPs) differentiating into different ILCs. Among these
cytokine and factors, Id2 plays a critical role in the development of
ILCs.

The first report demonstrating the importance of Id2 in ILCs is based
on the Id2-deficient mice. Yokota et al found that Id2~/~ mice lack
lymph nodes and Peyer’s patches. Furthermore, the deletion of Id2 re-
sulted in the reduction of NK cells which belonged to ILC1s (Yokota
et al., 1999). The subsequent discovery also found that NK cells were
reduced in Id2 7/~ fetal thymus (FT). The Id2~/~ FT progenitors could
not differentiate into NK cells in IL2-supplemented-fetal thymus organ
culture (FTOC) (Ikawa et al., 2001). Other transcriptional factors, like
E4bp4 (known as Nfil3), even long non-coding RNA (Mowel et al.,
2017), can regulate IL-15 receptor to promote the progenitors into NK
cells through Id2 (Schotte R et al., 2010), (Gascoyne et al., 2009),
(Delconte et al., 2016), (Male et al., 2014). However, there are another
points illustrating that Id2 does not influence NK cell progenitors, but
regulates NK cell maturation (Nandakumar et al., 2013), (Boos et al.,
2007).

Likewise, both ILC2s and ILC3s are reduced in Id2~/~ mice (Moro
et al., 2010), (Satoh-Takayama et al., 2010). Xu et al found that both
adult and fetal ILC subsets were reduced in Nfil3~/~ mice. They de-
monstrated that Nfil3 could regulate the expression of Id2 to influence
ILCPs (Xu et al., 2015). Id2 also can maintain the balance of ILC3s and
keep the production of IL-22 to resist the early attack of pathogens (Guo
et al., 2015). In addition to promote T cell development, the activation
of Notch signaling can repress ILC development through decreasing 1d2
expression (Chea et al., 2016). Recently, it is also found that Id2 gov-
erns human ILC development from thymic progenitor cells toward
immature CD5% ILCs (Nagasawa et al., 2017). Taken together, 1d2
appears to drive ILC development by suppressing intrinsic B- and T-cell
lineage potentials to allow for the expression of ILC-specific factors
(Lim, 2015).
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Fig. 2. Role of Id2 in the differentiation and development of immune cells. Inhibitor of binding or differentiation 2 (Id2) can promotes T cells activation, Th17
differentiation, but represses the Tfh differentiation, mediates the apoptosis of CD8* T cells and blocks the forming of CD8* memory T cells. Id2 also acts as a
repressor for B cells development and differentiation. During dendritic cell development, Id2 promotes the differentiation of ¢cDCs, contributes to the development of
LCs but represses the development of pDCs. Meanwhile, Id2 performs as a driven for the development of Innate Lymphoid Cells.

6. Conclusions

Since the discovery of Id2, various evidences suggest that Id2 plays
a critical role in the development and differentiation of almost all im-
mune cells. Several studies demonstrate that Id2 seems to be a center of
transcriptional factors to control the fate of immune cells. We can find
that the mechanism of how Id2 regulating T cells and B cells is clear.
While, how Id2 functions precisely in DC and ILC development and
differentiation is unclear (Fig. 2). This problem should be further ad-
dressed. It is clear that various factors acting as the upstream of Id2 to
regulating its expression, but which one acts on Id2 directly and what
the exact mechanism is are poorly understood. Furthermore, as E pro-
teins are targets of Id2, how cytokines and factors mediate the balance
between Id2 and E proteins during cell development and differentiation
remains unclear. Altogether, it is likely that detailed illumination of the
changeable expression of Id2 contributes the understanding of devel-
opment of immune cells and the process of immune reactions.
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