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Abstract: The epigenome bridges environmental factors and the genome, fine-tuning the process of
gene transcription. Physiological programs, including the development, maturation and maintenance
of cellular identity and function, are modulated by intricate epigenetic changes that encompass DNA
methylation, chromatin remodeling, histone modifications and RNA processing. The collection of
genome-wide DNA methylation data has recently shed new light into the potential contribution of
epigenetics in pathophysiology, particularly in the field of immune system and host defense. The
study of patients carrying mutations in genes encoding for molecules involved in the epigenetic
machinery has allowed the identification and better characterization of environment-genome inter-
actions via epigenetics as well as paving the way for the development of new potential therapeutic
options. In this review, we summarize current knowledge of the role of epigenetic modifications
in the immune system and outline their potential involvement in the pathogenesis of inborn errors
of immunity.

Keywords: epigenetics; DNA methylation; inborn errors of immunity

1. Introduction

Epigenetics is now emerging as an important tool of fine-tuning of gene transcription,
and is thus directly implicated in cell maturation and functionality. The collection of
genome-wide DNA methylation data has also recently shed new light onto the potential
contribution of epigenetics in pathophysiology and, in particular, in the field of immune
response. Here, we focus on the association between the pathogenesis of inborn errors of
immunity and alterations of epigenetic modifications. In particular, we will summarize
well-known disorders or newly identified syndromes in which disturbances of epigenetic
machinery may help explain undefined cases and that may, in turn, clarify the contribution
of the epigenome to immune system development.

2. Physiologic Roles of Epigenetics

During development, stable and heritable mechanisms, such as histone modifications
and DNA methylation, are employed for the functional regulation of gene expression [1,2].
These processes are referred to as “epigenetics”, indicating changes occurring without
a direct alteration of the DNA sequence. Under this term are included all the changes
exerted via the regulation of chromatin functions and states of activation that are critical for
the control of DNA accessibility and transcription. Indeed, the three-dimensional folding
of the nuclear genome is tightly linked to the functional DNA-dependent processes of
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replication and transcription. In particular, DNA replication is a complex and dynamic
phenomenon based on the interplay among the epigenetic signature, the transcriptional
activity and the structure of chromatin into which DNA is folded and condensed into the
nucleus [3]. The double-stranded DNA is wrapped around a core of 8 histone proteins,
including two copies of each histone, H2A, H2B, H3, and H4, forming superordinate
biomolecular structures, namely nucleosomes, that build up chromatin fibers [4] (Figure 1A).
Because of the flexibility of chromatin fibers, target DNA sequences can contact their
regulatory elements, even though they are distantly located. Chromosomes segregate
into two mutually exclusive types of chromatin, “A” and “B” compartments, including
gene-rich active and repressive chromatin, respectively [5,6]. The A compartment is located
centrally, whereas the B compartment is typically located peripherally in the nucleus [6].
Besides chromatin structure remodeling, DNA methylation, histone post-translational
modifications and non-coding RNAs (ncRNAs) are the key epigenetic factors involved in
the dynamics of transcriptional control.
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For DNA methylation, a methyl group is added to the carbon 5 (5meC) of cytosine-
followed-by-guanine dinucleotides (CG or CpG sites) by DNA methyltransferases 
(DNMTs), a family of four enzymes. Unlike in mammals, bacterial methylation may also 

Figure 1. (A) Chromosomes formed by chromatin fibers organized into nucleosomes, in which
they are wrapped around eight histone proteins (as shown in the red box, zooming in chromosome
structure). On a deeper level, DNA methyltransferases (DNMTs) act on double-stranded DNA,
adding a methyl group to the carbon 5 (5meC) of cytosine-followed-by-guanine dinucleotides,
while Ten-Eleven Translocation (TET) enzymes are responsible for demethylation, removing a 5meC
(red X in the figure). (B) The differentiation from a common progenitor, a hematopoietic stem
cell, to lymphoid and myeloid lineage, is accompanied by a wave of increasing methylation or
demethylation, respectively. DNMTs: DNA methyltransferases, TET: Ten-Eleven Translocation; HSC:
hematopoietic stem cell, CLP: common lymphoid progenitor, CMP: common myeloid progenitor,
PMN: polymorphonucleate.

For DNA methylation, a methyl group is added to the carbon 5 (5meC) of cytosine-
followed-by-guanine dinucleotides (CG or CpG sites) by DNA methyltransferases (DN-
MTs), a family of four enzymes. Unlike in mammals, bacterial methylation may also occur
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at N4 cytosine (4meC) and N6 adenine (6meA), the latter being the most prevalent in
bacteria [7].

In mammals, DNMT3A, DNMT3B and DNMT3L catalyze de novo DNA methylation
with differential kinetics and patterns during male and female gametogenesis and within
cell lineage specification in post-implantation development [8,9], while DNMT1 secures
the maintenance of DNA methylation following replication through cell division [10].

In the primordial germ cells and pre-implantation embryo, two waves of extensive
erasure involving both passive and active mechanisms occur. Consecutive cell divisions
may be followed by passive DNA demethylation, while enzyme members of the Ten-
Eleven Translocation (TET) family mediate active demethylation through the oxidation of
5-methylcytosine (5mC) to 5-formylcytosine (5fC), 5-hydroxymethylcytosine (5hmC) and
5-carboxylcytosine (5caC), followed by the replication-dependent dilution of oxidized 5mC
or the thymine DNA glycosylase (TDG)-mediated excision of 5fC and 5caC coupled with
base excision repair [10].

In general, DNA methylation is high across gene bodies and inter-genic regions, and
low at regulatory regions, such as promoters and enhancers. Once established on regulatory
regions, methylation can be repressive for transcription because it either directly inhibits
the binding of transcription factors or indirectly inhibits the activity of methyl-binding
proteins and chromatin modifiers. The methylation of gene bodies is not a repressive mark,
but it prevents spurious transcription initiation [11].

Although it is prevalent in mammals, it is worth mentioning that CpG methylation is
not the only model of methylation: evidence of non-CpG methylation sites has been found
in human embryonic stem cells, induced pluripotent stem cells and brain tissues [12,13].
Hence, novel research to ascertain its role in the maintenance of pluripotency, as well as
in the pathophysiology of cancer and neurodegeneration, has developed significantly in
recent years [14–16].

Histone marks, such as histone H3 modifications, correlate with gene expression. For
example, histone 3 lysine 4 trimethylation (H3K4me3) and/or histone 3 lysine 27 acetylation
(H3K27ac) are active marks, found at active promoters and/or enhancers. They correlate
negatively with DNA methylation and positively with gene expression [17].

Proper DNA methylation is required for normal human development [18]. Methylation
abnormalities may be associated with genetic defects involving cis-acting elements or trans-acting
factors, but can also occur in the absence of obvious genetic changes as primary epimutations;
these may represent stochastic or environment-driven errors in the establishment or maintenance
of an epigenetic program [19]. Single-locus methylation defects can be a consequence of a variant
occurring in cis, while, when multiple loci are involved, this may be due to a variant occurring in
trans. In the latter case, variants in DNMTs or mutations in chromatin modifiers or transcription
factors may alter genomic methylation [18].

In cancer, abnormal DNA methylation patterns have been frequently demonstrated,
such as the hypermethylation of tumor suppressor gene promoters or the methylation
changes of imprinted loci [20].

Recently, through the use of high-throughput screening platforms, an increasing num-
ber of disorders have been associated with specific “episignatures”, indicating that DNA
methylation analysis may represent a powerful tool for the more accurate classification of
diseases with overlapping clinical signs and for categorizing cases with unclear genetic
variants [21].

The so-called non-coding RNAs include microRNAs (mRNAs) and long-non-coding
RNAs (lncRNAs), both of which are involved in the regulation of gene expression. The
former are short molecules that bind to complementary sequences in the 3′ UTR region
of the mRNA, directly inhibiting its translation or inducing its degradation. The latter
are longer than 200 nucleotides and act by binding to histone modifiers or transcription
regulation proteins [22]

Since they play a crucial role in regulating processes such as proliferation, differ-
entiation, development, and apoptosis, it is not surprising that the disruption of their
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function is also relevant for human diseases, as uncovered by evidence gained in the field
of tumorigenesis [23].

3. Epigenetics in the Immune System

A growing body of evidence suggests that epigenetic mechanisms, including DNA methy-
lation, play a key role in hematopoiesis, contributing to the differentiation of the hematopoietic
stem cell (HSC) into different subsets of immune cells, namely towards the lymphoid and
myeloid lineages. Indeed, each cell subset exhibits a unique methylation profile, with remark-
able differences between the cells of the myeloid and lymphoid lineages [24].

DNA methylation is increased with lymphoid differentiation but reduced in myeloid
differentiation [25] (Figure 1B). Interestingly, in humans, the inactivation of DNA demethy-
lating enzymes TET has been associated with several myeloid malignancies, as myelopro-
liferation replaces cell differentiation [26].

During each step of their development, B cells undergo methylation changes in up
to one third of all their genome CpGs. In the early phases of differentiation in the bone
marrow, these changes are considered lineage-determining. Non-CpGs demethylation
occurs upon B-cell commitment in pre-B2 cells, while CpG methylation changes in effector
genes are detected in all other stages of B-cell maturation and activation after B-cell receptor
stimulation by antigen binding in the spleen [27].

DNA methylation and histone acetylation are also involved in V(D)J recombination, a
process that causes changes in chromatin structure and allows recombination steps through
the activity of RAG1/2 enzyme, which recognizes specific signal sequences [28].

As for the T-cell compartment, when the lineage choice of T cells occurs, DNA methy-
lation of the Cd4 locus is required for its repression in CD8+ cells and its expression in
CD4+ cells, as demonstrated in mouse models [29]. In the thymus, DNMT1 interaction
with FOXP3 (Forkhead Box P3) transcription factor induces Tregs development. Tregs are a
heterogeneous population of CD4-positive T cells characterized by a high expression of
CD25 and a low expression of CD127 [30]. After T cell activation, active DNA demethyla-
tion is essential for interleukin-2 (IL2) synthesis and for lineage polarization into T helper-1
(Th1), Th2, and Th17 [31,32].

DNA methylation plays a critical role in CD4+ T-cell differentiation: DNMT1 loss leads
to decreased peripheral T-cell proliferation and the increased expression of cytokines such
as IL-2, IL-3, IL-4 and IFNγ, in activated CD4+ (and CD8+) T cells, suggesting a repressive
function of DNMT1 towards cytokine production. Under TH2 polarizing conditions,
DNMT1 dissociates from the IL4 locus, enabling the demethylation of the locus and the
increased expression of IL-4 [33].

The shift to a memory-like phenotype induced in NK cells by some viral infections
may also rely on changes in the methylome profiling of promoters of cytokines, including
IL13, IL5, and IFN, which become demethylated, as observed in T-cell activation [33,34].

The role of DNA methylation machinery has also been described in the mononuclear-
phagocyte system during monocyte differentiation into macrophages and their polarization
to a “M1” state or an anti-inflammatory “M2” phenotype, as well as in keeping the neu-
trophil phenotype fully differentiated [35].

Extensive mRNA expression profiling has widely demonstrated how hematopoiesis
and cell lineage commitment are also accompanied and orchestrated by changes in mRNA
signatures [36]. For instance, relevant steps in both T- and B-cell lymphopoiesis rely on
gene regulation by specific sets of miRNA [37]. Notably, hematopoiesis also undergoes
regulation by lncRNAs that stimulate the proliferation and differentiation of erythroid
progenitors by targeting GATA1, TAL1 and KLF1, as well as granulocyte differentiation,
thanks to HOTAIRM1, that acts as a regulator of cell cycle [38–40].

4. Epigenetic Alterations in Inborn Errors of Immunity

Since the proper establishment of DNA methylation patterns is necessary for the dif-
ferentiation of cells of the immune system, the impairment of DNA methylation machinery
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results in immune dysfunction and diseases. Historically known as primary immunod-
eficiencies, Mendelian disorders of the immune system are now referred to as Inborn
Errors of Immunity (IEI), a more precise and wider definition that takes into account the
traditionally known feature of increased susceptibility to infections along with remarkable
immune dysregulation and/or hyperinflammation [41,42]. More than 400 genes have been
included in the most recent classification of by the International Union of Immunological
Sciences [43,44]. In the following sections, we review the potential involvement of epige-
netic alterations in the pathogenesis of some inborn errors of immunity, whose features are
summarized in Table 1.

Table 1. Representative gene defects causing epigenetic changes and immunological alterations
within defined syndromes.

Humoral
Immunity Disorder

Altered
Epigenetic

Mechanism
Genes Major Immunological

Alteration

CVID DNA
methylation

PAX5,
PIK3CD,
BCL2L1,

RPS6KB2,
TCF3,

KCNN4

Agammaglobulinemia,
impaired response to vaccines,

autoimmunity, CLD,
enteropathy

ICF1 DNA
methylation DNMT3B

Agammaglobulinemia or
hypogammaglobulinemia,

recurrent infections

ICF2 DNA
methylation ZBTB24

Agammaglobulinemia or
hypogammaglobulinemia,

recurrent infections

ICF3 DNA
methylation CDCA7

Agammaglobulinemia or
hypogammaglobulinemia,

recurrent infections

ICF4 DNA
methylation HELLS

Agammaglobulinemia or
hypogammaglobulinemia,

recurrent infections

KS1 Histone
modification KMT2D Hypogammaglobulinemia,

autoimmune cytopenia

KS2 Histone
modification KDM6A Hypogammaglobulinemia,

autoimmune cytopenia

Adaptive
immunity

22q11.2 DS

DNA
methylation
Non-coding

RNAs

TBX1 Lymphopenia, recurrent
infections, autoimmunity

Schimke
immuno-
osseous

dysplasia

Chromatin
remodeling SMARCAL1 Lymphopenia, recurrent

infections

Immune dys-
regulation

TET2 loss-of-
function

DNA
methylation TET2

Hepatosplenomegaly,
lymphadenopathy,

autoimmunity
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4.1. Inborn Errors of Humoral Immunity

Common Variable Immunodeficiency (CVID) is a heterogeneous group of disorders
characterized by hypogammaglobulinemia and impaired response to vaccinations. CVID
is characterized by marked genetic and phenotypic heterogeneity and monogenic variants
have been identified in no more than 10% of patients [45]. Thus, the majority of CVID
patients lack a monogenic basis and a polygenic origin may be assumed in most cases. Since
a genetic diagnosis of CVID can be achieved only in a small percentage of patients [46],
epigenetic alterations, such as DNA methylation and histone modifications, may be theo-
retically envisioned as potential mechanisms implicated in genetically undefined cases, as
a few studies, described below, seem to suggest.

In the early stages of B cell differentiation, during the transition from pro-B to pre-
B cells, an alteration in DNA methylation occurs, especially in intragenic and intronic
regions [47] closely associated with transcription factor sites related to B cell development,
such as EBF1, E2F, and PAX5 [48]. Tallmadge et al. analyzed the transcriptome sequencing
of horses affected by CVID, revealing a significant down-regulation in PAX5 expression. The
suspicion of an epigenetic mechanism responsible for this down-regulation was confirmed
by the analysis of the epigenomic profile, which revealed a hypermethylation of the PAX5
enhancer in the bone marrow of CVID-affected horses [49].

However, the most important alterations in DNA methylation are observed in the
transition from naïve B cells to germinal center memory and plasma cells. B-cell differ-
entiation is associated with a gradual DNA demethylation [27], with a similar grade of
DNA methylation in memory and plasma cells, although these two cell lines have different
transcriptional profiles [50]. A study on CVID-discordant monozygotic twins revealed an
increase in the DNA methylation of critical B lymphocyte genes, such as PIK3CD, BCL2L1,
RPS6KB2, TCF3 and KCNN4 in the affected sibling, as compared to the healthy sibling. This
hypermethylation, observed in both unswitched- and switched-memory B cells, led to a
down-regulation of those genes and, consequently, to B cell dysfunction [51].

In another study, the DNA methylome of CVID patients was compared with that
of healthy donors, underpinning the hypothesis that altered demethylation during B cell
differentiation may contribute to the pathogenesis of CVID, with a reduction in memory B
cells paralleling the degree of demethylation impairment [51].

Immunodeficiency with centromeric instability and facial anomalies syndrome (ICF)
is a rare disease caused by biallelic mutations in DNA methyltransferases, characterized by
instability of the pericentromeric heterochromatin of chromosomes 1, 9 and 16, peculiar
facial anomalies and immune deficiency. The latter may have a variable degree of sever-
ity, ranging from complete agammaglobulinemia to decreased levels of single classes of
immunoglobulins, lymphopenia, T-cell proliferative response [52–54] and, rarely, autoim-
munity [52]. Recurrent respiratory and gastrointestinal infections are typical features.

ICFs are classified according to genetic defects in ICF1, ICF2, ICF3 and ICF4, due to
mutations in the DNMT3B, ZBTB24, CDCA7 and HELLS genes, respectively [55–57].

As for ICF1, most patients harbor mutations in the catalytic domain of DNMT3B and
show hypomethylation of DNA at determined noncoding repetitive sequences and genes
located in inactive heterochromatin, causing chromatin decondensation and chromosomal
instability [58]. It has been hypothesized that dysregulated DNA methylation underlies an
abnormal maturation of B cells and the generation of immunologic memory [59]. Indeed,
lymphoblastoid B cell lines from patients with ICF1 show an impaired expression of
the genes involved in critical processes such as lymphocyte signaling, maturation and
migration. When compared with controls, almost half of these genes appear to be up-
regulated. Additionally, the finding of an increased histone trimethylation at lysine-4,
H3K4me3 supported this hypothesis [59].

ZBTB24 is another regulator of hematopoietic development and, being highly ex-
pressed in naïve B cells, has a paramount role in B-cell differentiation [60]. In ICF patients
with ZBTB24 mutations, a normal number of total B lymphocytes, as well as naïve and
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unswitched-memory B cells, has been described, associated with a decrease in switched-
memory B cells [53].

Finally, the HELLS gene, causing ICF4, encodes a lymphoid-specific, ATP-dependent,
chromatin-remodeling enzyme, which forms a complex with CDC7A protein, whose
gene defect underlies ICF3. Together, they activate chromatin-remodeling activity and,
presumably, as in mouse models, exert epigenetic control over B cell development [61].

Kabuki syndrome (KS), a rare, multisystemic genetic syndrome associated with an
immune disorder, has an estimated prevalence of 1:30,000–1:40,000 individuals. It is
characterized by typical facial features, mild-to-moderate developmental delay, cardiac,
skeletal and/or renal malformations and immunological abnormalities [62]. Children
with KS might share some immune system abnormalities overlapping with CVID, such
as hypogammaglobulinemia, increased susceptibility to upper and lower respiratory tract
infections and a higher risk of lymphoproliferation [63]. Autoimmune manifestations
have also been reported, the most common being autoimmune thrombocytopenia, with
or without hemolytic anemia, followed by thyroiditis, celiac disease and vitiligo [64,65].
Seventy percent of KS cases are caused by mutations in the histone methyltransferase
KMT2D [66], whereas the remaining cases are due to mutations in the histone demethylase
KDM6A [67]. Both genes contribute to gene expression during embryogenesis. In particular,
KMT2D is a lysine H3K4 mono-methyltransferase belonging to the SET domain containing
1/Mixed-Lineage Leukemia (SET1/MLL) protein family, whereas KDM6A acts on H3K27-
methylated lysine to remove a repressive mark [68]. Antibody deficiency, as well as a
reduction in B cells, total-memory B cells and class-switched-memory B cells, have been
detected in KS patients [69].

The immune defects described in KS patients may depend on a loss of H3K4 methy-
lation occurring at crucial transcription factors, dysregulating T and B lymphocyte dif-
ferentiation. KMT2D loss-of-function might also cause a direct alteration of the antibody
maturation, reducing the efficiency of class-switch recombination, while autoimmunity
may derive from B-cell tolerance breakage or defective Treg generation [70].

4.2. Inborn Errors of Adaptive Immunity

The 22q11.2 Deletion Syndrome (22q11.2 DS) is the most common chromosomal mi-
crodeletion disorder. It is characterized by a wide phenotypic spectrum and includes
multi-organ defects with congenital heart disease, immunodeficiency, hypoparathyroidism,
genitourinary problems, palatal abnormalities, developmental delay and psychiatric symp-
toms [71]. So far, no single gene has been identified to explain all the features of 22q11.2DS
and epigenetic mechanisms have been proposed to explain the clinical variability [72]. The
phenotype of 22q11.2 DS could be the sum of the haploinsufficiency of 22q11.2 genes, as
well as histone and DNA methylation defects [73]. TBX1 (T-box 1) is the main candidate
gene to explain the disease manifestations and it is involved in chromatin accessibility and
transcriptional regulation [74]. TBX1 was found to co-localize with three H3K4 methyl-
transferases in ChIP–Western blot analyses of co-immunoprecipitation experiments. In
mouse models, Tbx1 haploinsufficiency is associated with a global reduction in H3K4me1
histone monomethylation levels, causing the differential expression of some protein-coding
genes [75]. A genome-wide DNA methylation analysis conducted on 22q11.2DS patients
by Rooney et al. [73] led to the identification of 160 differentially methylated CpG probes,
retained for the epigenetic signature of the syndrome. Moreover, the DNA methylation
profile described was different in patients carrying typical deletions as compared to patients
with atypical distal deletions. Identifying the target genes and functional consequences of
the histone and DNA methylation alteration in 22q11.2 DS will help to better understand
the pathogenesis of the syndrome.

The dysregulation of miRNAs and lncRNAs due to microdeletion may also partially
account for the heterogeneity of the immunological and clinical phenotypes of the syndrome.
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Moreover, a reduced function of miR1857, among others, may contribute to a decreased
expression of Bruton’s tyrosine kinase (Btk) and marginal-zone B1 protein (Mzb1), thus
explaining a subsequent reduction in memory B cells [72].

Schimke immuno-osseous dysplasia (OMIM 242900) is an autosomal recessive disor-
der, due to mutations in SMARCAL1 gene encoding SWI/SNF-related, matrix-associated,
actin-dependent regulator of chromatin, subfamily A like 1, a chromatin-remodeling en-
zyme. The function of SMARCAL1 is to regulate transcription through chromatin remodel-
ing [76]. The clinical phenotype includes: dysmorphic features, short stature with skeletal
abnormalities, such as spondyloepiphyseal dysplasia and exaggerated lumbar lordosis;
and arteriopathy. Impaired kidney function and immune deficiency consisting in recurrent
bacterial, viral, or fungal infections have also been reported [77]. Laboratory tests show
lymphopenia, absent mitogen-induced proliferation response, reduced CD8 and CD3/CD4
T cells [78]. Loss-of-function mutations in SMARCAL1 may lead to genome instability, since
the enzyme recognizes transitions from single- to double-stranded DNA.

4.3. Inborn Errors of Innate Immunity

No studies of the methylation changes that could occur in this subgroup of disorders
have been conducted. However, given that the signaling pathways affected in these
diseases, such as that of TLR4, have been described in some cases to cause modifications in
DNA methylation, it is conceivable to hypothesize that DNA methylation may potentially
exert a mechanistic role in the pathogenesis of undefined disorders or, putatively, in
modulating the natural history.

Mendelian susceptibility to Mycobacterial disease (MSMD) is a rare inherited condi-
tion characterized by selective predisposition to clinical disease caused by weakly virulent
mycobacteria, such as bacillus Calmette–Guerin vaccines and non-tuberculous environ-
mental mycobacteria [79] in otherwise healthy patients with no overt abnormalities in
routine hematological and immunological functionality. MSMD patients are also at higher
risk of tuberculosis, salmonellosis, candidiasis and, more rarely, to infections with other
intra-macrophagic bacteria, fungi, or parasites [80]. Nine MSMD-causing genes, including
seven autosomal (IFNGR1, IFNGR2, STAT1, IL12B, IL12RB1, ISG15 and IRF8) and two
X-linked (NEMO and CYBB) genes, have been described so far; all are involved in IFN-γ-
dependent immunity [81]. Pacis et al. showed that the Mycobacterium tuberculosis infection
of dendritic cells induces rapid loss of DNA methylation at distal enhancers that activate
master immune transcription factors (including nuclear factor-kB and members of the
Interferon Regulatory Factor family), suggesting an important role for DNA methylation in
regulating innate immune responses [82,83].

4.4. Inborn Errors of Immunity with Immune Dysregulation

Bi-allelic loss-of-function variants in TET2 in humans have been associated with im-
munodeficiency and autoimmune lymphoproliferative syndrome (ALPS)-like phenotypes
with remarkable predisposition to lymphoma [84]. TET2 is a crucial epigenetic regulatory
factor in hematopoietic cells, facilitating demethylation by oxidizing 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC) and other oxidation products. Loss-of-function
mutations in TET2 are responsible for DNA methylation increases in hematologic cells,
thus accounting for the failure of the controlled development of B cells and the expansion of
double-negative T cells [85]. In Tregs, TET is implicated in the stability of Foxp3 molecules.
The haploinsufficiency of TET2 is related to hematological neoplasia. However, it should
be mentioned that TET2 mutations also occur in healthy subjects with clonal hematopoiesis,
implying that they are sufficient to induce cancer alone [86,87]. Extrinsic factors, namely
infections through hyperinflammation, seem to be co-factors in carcinogenesis.

The activity of activation-induced cytidine deaminase (AID) is hampered in TET2-/-
mice, leading to abnormal demethylation. Altogether, these changes impair the transcrip-
tion of genes critical for germinal center exit, antigen presentation and the differentiation of
germinal center B cells, concurring with the development of diffuse large B-cell lymphomas.
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Therefore, it is conceivable to presume that TET2 has a crucial role in cell proliferation and
differentiation [87].

TET proteins are also essential for specific points of B cell development, such as the
transition from pro-B to pre-B and the differentiation of plasma cells [88].

5. Conclusions

Gene expression in the immune system is tightly regulated by epigenetic processes,
including DNA methylation, chromatin remodeling and histone modifications, that or-
chestrate development, maturation and cell lineage commitment. In line with this, specific
DNA methylation signatures and histone modification patterns can be detected for each
cell population.

Next-generation sequencing technologies have enabled the identification of several
new forms of IEI, surprisingly changing the scenario and expanding the knowledge of their
molecular basis. Nonetheless, a genetic etiology still needs to be elucidated for many of
them; hence, it is reasonable that alterations to the epigenetic mechanisms that control the
transcription of genes involved in immune response may contribute to the pathogenesis of
at least some of these disorders.

In addition, although most genetic IEIs are paradigmatic examples of monogenic
disorders, a broad spectrum of severity and clinical phenotypes is widely recognized.
Therefore, epigenetic signatures may be implicated in the regulation of disease expressivity
and penetrance, possibly expanding the phenotype.
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30. Piotrowska, M.; Gliwiński, M.; Trzonkowski, P.; Iwaszkiewicz-Grzes, D. Regulatory T Cells-Related Genes Are under DNA
Methylation Influence. Int. J. Mol. Sci. 2021, 22, 7144. [CrossRef]

31. Gamper, C.J.; Agoston, A.T.; Nelson, W.G.; Powell, J.D. Identification of DNA methyltransferase 3a as a T cell receptor-induced
regulator of Th1 and Th2 differentiation. J. Immunol. 2009, 183, 2267–2276. [CrossRef] [PubMed]

32. Feng, Y.; Arvey, A.; Chinen, T.; van der Veeken, J.; Gasteiger, G.; Rudensky, A.Y. Control of the inheritance of regulatory T cell
identity by a cis element in the Foxp3 locus. Cell 2014, 158, 749–763. [CrossRef]

33. Correa, L.O.; Jordan, M.S.; Carty, S.A. DNA Methylation in T-Cell Development and Differentiation. Crit. Rev. Immunol. 2020, 40,
135–156. [CrossRef]

34. Luetke-Eversloh, M.; Cicek, B.B.; Siracusa, F.; Thom, J.T.; Hamann, A.; Frischbutter, S.; Baumgrass, R.; Chang, H.D.; Thiel, A.;
Dong, J.; et al. NK cells gain higher IFN-γ competence during terminal differentiation. Eur. J. Immunol. 2014, 44, 2074–2084.
[CrossRef] [PubMed]

35. Mills, C.D.; Kincaid, K.; Alt, J.M.; Heilman, M.J.; Hill, A.M. M-1/M-2 macrophages and the Th1/Th2 paradigm. J. Immunol. 2000,
164, 6166–6173. [CrossRef] [PubMed]

36. Petriv, O.I.; Kuchenbauer, F.; Delaney, A.D.; Lecault, V.; White, A.; Kent, D.; Marmolejo, L.; Heuser, M.; Berg, T.; Copley, M.; et al.
Comprehensive microRNA expression profiling of the hematopoietic hierarchy. Proc. Natl. Acad. Sci. USA 2010, 107, 15443–15448.
[CrossRef] [PubMed]

37. Johanson, T.M.; Skinner, J.P.; Kumar, A.; Zhan, Y.; Lew, A.M.; Chong, M.M. The role of microRNAs in lymphopoiesis. Int. J.
Hematol. 2014, 100, 246–253. [CrossRef]

38. Tian, X.; Tian, J.; Tang, X.; Ma, J.; Wang, S. Long non-coding RNAs in the regulation of myeloid cells. J. Hematol. Oncol. 2016, 9, 99.
[CrossRef]

http://doi.org/10.1038/nature21373
http://www.ncbi.nlm.nih.gov/pubmed/28225755
http://doi.org/10.1038/nature08514
http://www.ncbi.nlm.nih.gov/pubmed/19829295
http://doi.org/10.1016/j.cell.2011.12.035
http://www.ncbi.nlm.nih.gov/pubmed/22341451
http://doi.org/10.1007/s13668-019-0266-1
http://www.ncbi.nlm.nih.gov/pubmed/30887425
http://doi.org/10.1093/bfgp/elab035
http://doi.org/10.1186/s12859-020-3448-3
http://doi.org/10.1038/nrg3354
http://doi.org/10.1111/cge.13480
http://doi.org/10.1038/s41576-018-0092-0
http://doi.org/10.3390/cancers12113411
http://doi.org/10.2217/epi-2018-0192
http://www.ncbi.nlm.nih.gov/pubmed/30875234
http://doi.org/10.1016/j.bbagrm.2019.194417
http://www.ncbi.nlm.nih.gov/pubmed/31493559
http://doi.org/10.1038/nrg3074
http://www.ncbi.nlm.nih.gov/pubmed/22094949
http://doi.org/10.1016/j.clim.2020.108622
http://doi.org/10.1038/nature09367
http://doi.org/10.1016/j.ccr.2011.06.001
http://doi.org/10.1038/ng.3291
http://doi.org/10.1371/journal.pbio.1001475
http://doi.org/10.1038/ni.3198
http://doi.org/10.3390/ijms22137144
http://doi.org/10.4049/jimmunol.0802960
http://www.ncbi.nlm.nih.gov/pubmed/19625655
http://doi.org/10.1016/j.cell.2014.07.031
http://doi.org/10.1615/CritRevImmunol.2020033728
http://doi.org/10.1002/eji.201344072
http://www.ncbi.nlm.nih.gov/pubmed/24752800
http://doi.org/10.4049/jimmunol.164.12.6166
http://www.ncbi.nlm.nih.gov/pubmed/10843666
http://doi.org/10.1073/pnas.1009320107
http://www.ncbi.nlm.nih.gov/pubmed/20702766
http://doi.org/10.1007/s12185-014-1606-y
http://doi.org/10.1186/s13045-016-0333-7


J. Clin. Med. 2022, 11, 1261 11 of 13

39. Zhang, X.; Weissman, S.M.; Newburger, P.E. Long intergenic non-coding RNA HOTAIRM1 regulates cell cycle progression during
myeloid maturation in NB4 human promyelocytic leukemia cells. RNA Biol. 2014, 11, 777–787. [CrossRef]

40. Dahariya, S.; Paddibhatla, I.; Kumar, S.; Raghuwanshi, S.; Pallepati, A.; Gutti, R.K. Long non-coding RNA: Classification,
biogenesis and functions in blood cells. Mol. Immunol. 2019, 112, 82–92. [CrossRef]

41. Giardino, G.; Gallo, V.; Prencipe, R.; Gaudino, G.; Romano, R.; De Cataldis, M.; Lorello, P.; Palamaro, L.; Di Giacomo, C.; Capalbo,
D.; et al. Unbalanced Immune System: Immunodeficiencies and Autoimmunity. Front. Pediatr. 2016, 4, 107. [CrossRef] [PubMed]

42. Delmonte, O.M.; Castagnoli, R.; Calzoni, E.; Notarangelo, L.D. Inborn Errors of Immunity with Immune Dysregulation: From
Bench to Bedside. Front. Pediatr. 2019, 7, 353. [CrossRef] [PubMed]

43. Tangye, S.G.; Al-Herz, W.; Bousfiha, A.; Chatila, T.; Cunningham-Rundles, C.; Etzioni, A.; Franco, J.L.; Holland, S.M.; Klein,
C.; Morio, T.; et al. Human Inborn Errors of Immunity: 2019 Update on the Classification from the International Union of
Immunological Societies Expert Committee. J. Clin. Immunol. 2020, 40, 24–64. [CrossRef] [PubMed]

44. Bousfiha, A.; Jeddane, L.; Picard, C.; Al-Herz, W.; Ailal, F.; Chatila, T.; Cunningham-Rundles, C.; Etzioni, A.; Franco, J.L.; Holland,
S.M.; et al. Human Inborn Errors of Immunity: 2019 Update of the IUIS Phenotypical Classification. J. Clin. Immunol. 2020, 40,
66–81. [CrossRef]

45. van Schouwenburg, P.A.; Davenport, E.E.; Kienzler, A.K.; Marwah, I.; Wright, B.; Lucas, M.; Malinauskas, T.; Martin, H.C.;
Lockstone, H.E.; Cazier, J.B.; et al. Application of whole genome and RNA sequencing to investigate the genomic landscape of
common variable immunodeficiency disorders. Clin. Immunol. 2015, 160, 301–314. [CrossRef] [PubMed]

46. Abolhassani, H.; Hammarström, L.; Cunningham-Rundles, C. Current genetic landscape in common variable immune deficiency.
Blood 2020, 135, 656–667. [CrossRef] [PubMed]

47. Almamun, M.; Levinson, B.T.; Gater, S.T.; Schnabel, R.D.; Arthur, G.L.; Davis, J.W.; Taylor, K.H. Genome-wide DNA methylation
analysis in precursor B-cells. Epigenetics 2014, 9, 1588–1595. [CrossRef]

48. Lee, S.T.; Xiao, Y.; Muench, M.O.; Xiao, J.; Fomin, M.E.; Wiencke, J.K.; Zheng, S.; Dou, X.; de Smith, A.; Chokkalingam, A.; et al. A
global DNA methylation and gene expression analysis of early human B-cell development reveals a demethylation signature and
transcription factor network. Nucleic Acids Res. 2012, 40, 11339–11351. [CrossRef]

49. Tallmadge, R.L.; Shen, L.; Tseng, C.T.; Miller, S.C.; Barry, J.; Felippe, M.J. Bone marrow transcriptome and epigenome profiles
of equine common variable immunodeficiency patients unveil block of B lymphocyte differentiation. Clin. Immunol. 2015, 160,
261–276. [CrossRef]

50. Lai, A.Y.; Mav, D.; Shah, R.; Grimm, S.A.; Phadke, D.; Hatzi, K.; Melnick, A.; Geigerman, C.; Sobol, S.E.; Jaye, D.L.; et al. DNA
methylation profiling in human B cells reveals immune regulatory elements and epigenetic plasticity at Alu elements during
B-cell activation. Genome Res. 2013, 23, 2030–2041. [CrossRef]

51. Rodríguez-Cortez, V.C.; del Pino-Molina, L.; Rodríguez-Ubreva, J.; Ciudad, L.; Gómez-Cabrero, D.; Company, C.; Urquiza, J.M.;
Tegnér, J.; Rodríguez-Gallego, C.; López-Granados, E.; et al. Monozygotic twins discordant for common variable immunodefi-
ciency reveal impaired DNA demethylation during naïve-to-memory B-cell transition. Nat. Commun. 2015, 6, 7335. [CrossRef]
[PubMed]

52. Sterlin, D.; Velasco, G.; Moshous, D.; Touzot, F.; Mahlaoui, N.; Fischer, A.; Suarez, F.; Francastel, C.; Picard, C. Genetic, Cellular
and Clinical Features of ICF Syndrome: A French National Survey. J. Clin. Immunol. 2016, 36, 149–159. [CrossRef] [PubMed]

53. Lana, E.; Mégarbané, A.; Tourrière, H.; Sarda, P.; Lefranc, G.; Claustres, M.; De Sario, A. DNA replication is altered in Immunode-
ficiency Centromeric instability Facial anomalies (ICF) cells carrying DNMT3B mutations. Eur. J. Hum. Genet. 2012, 20, 1044–1050.
[CrossRef] [PubMed]

54. Kamae, C.; Imai, K.; Kato, T.; Okano, T.; Honma, K.; Nakagawa, N.; Yeh, T.W.; Noguchi, E.; Ohara, A.; Shigemura, T.; et al. Clinical
and Immunological Characterization of ICF Syndrome in Japan. J. Clin. Immunol. 2018, 38, 927–937. [CrossRef] [PubMed]

55. Chouery, E.; Abou-Ghoch, J.; Corbani, S.; El Ali, N.; Korban, R.; Salem, N.; Castro, C.; Klayme, S.; Rjeily, M.A.A.; Khoury-Matar,
R.; et al. A novel deletion in ZBTB24 in a Lebanese family with immunodeficiency, centromeric instability, and facial anomalies
syndrome type 2. Clin. Genet. 2012, 82, 489–493. [CrossRef] [PubMed]

56. Thijssen, P.E.; Ito, Y.; Grillo, G.; Wang, J.; Velasco, G.; Nitta, H.; Unoki, M.; Yoshihara, M.; Suyama, M.; Sun, Y.; et al. Mutations in
CDCA7 and HELLS cause immunodeficiency-centromeric instability-facial anomalies syndrome. Nat. Commun. 2015, 6, 7870.
[CrossRef]

57. Toubiana, S.; Velasco, G.; Chityat, A.; Kaindl, A.M.; Hershtig, N.; Tzur-Gilat, A.; Francastel, C.; Selig, S. Subtelomeric methylation
distinguishes between subtypes of Immunodeficiency, Centromeric instability and Facial anomalies syndrome. Hum. Mol. Genet.
2018, 27, 3568–3581. [CrossRef]

58. Xu, G.L.; Bestor, T.H.; Bourc’his, D.; Hsieh, C.L.; Tommerup, N.; Bugge, M.; Hulten, M.; Qu, X.; Russo, J.J.; Viegas-Péquignot, E.
Chromosome instability and immunodeficiency syndrome caused by mutations in a DNA methyltransferase gene. Nature 1999,
402, 187–191. [CrossRef]

59. Jin, B.; Tao, Q.; Peng, J.; Soo, H.M.; Wu, W.; Ying, J.; Fields, C.R.; Delmas, A.L.; Liu, X.; Qiu, J.; et al. DNA methyltransferase 3B
(DNMT3B) mutations in ICF syndrome lead to altered epigenetic modifications and aberrant expression of genes regulating
development, neurogenesis and immune function. Hum. Mol. Genet. 2008, 17, 690–709. [CrossRef]

60. de Greef, J.C.; Wang, J.; Balog, J.; den Dunnen, J.T.; Frants, R.R.; Straasheijm, K.R.; Aytekin, C.; van der Burg, M.; Duprez, L.;
Ferster, A.; et al. Mutations in ZBTB24 are associated with immunodeficiency, centromeric instability, and facial anomalies
syndrome type 2. Am. J. Hum. Genet. 2011, 88, 796–804. [CrossRef]

http://doi.org/10.4161/rna.28828
http://doi.org/10.1016/j.molimm.2019.04.011
http://doi.org/10.3389/fped.2016.00107
http://www.ncbi.nlm.nih.gov/pubmed/27766253
http://doi.org/10.3389/fped.2019.00353
http://www.ncbi.nlm.nih.gov/pubmed/31508401
http://doi.org/10.1007/s10875-019-00737-x
http://www.ncbi.nlm.nih.gov/pubmed/31953710
http://doi.org/10.1007/s10875-020-00758-x
http://doi.org/10.1016/j.clim.2015.05.020
http://www.ncbi.nlm.nih.gov/pubmed/26122175
http://doi.org/10.1182/blood.2019000929
http://www.ncbi.nlm.nih.gov/pubmed/31942606
http://doi.org/10.4161/15592294.2014.983379
http://doi.org/10.1093/nar/gks957
http://doi.org/10.1016/j.clim.2015.05.005
http://doi.org/10.1101/gr.155473.113
http://doi.org/10.1038/ncomms8335
http://www.ncbi.nlm.nih.gov/pubmed/26081581
http://doi.org/10.1007/s10875-016-0240-2
http://www.ncbi.nlm.nih.gov/pubmed/26851945
http://doi.org/10.1038/ejhg.2012.41
http://www.ncbi.nlm.nih.gov/pubmed/22378288
http://doi.org/10.1007/s10875-018-0559-y
http://www.ncbi.nlm.nih.gov/pubmed/30353301
http://doi.org/10.1111/j.1399-0004.2011.01783.x
http://www.ncbi.nlm.nih.gov/pubmed/21906047
http://doi.org/10.1038/ncomms8870
http://doi.org/10.1093/hmg/ddy265
http://doi.org/10.1038/46052
http://doi.org/10.1093/hmg/ddm341
http://doi.org/10.1016/j.ajhg.2011.04.018


J. Clin. Med. 2022, 11, 1261 12 of 13

61. Jenness, C.; Giunta, S.; Müller, M.M.; Kimura, H.; Muir, T.W.; Funabiki, H. HELLS and CDCA7 comprise a bipartite nucleosome
remodeling complex defective in ICF syndrome. Proc. Natl. Acad. Sci. USA 2018, 115, E876–E885. [CrossRef] [PubMed]

62. Stagi, S.; Gulino, A.V.; Lapi, E.; Rigante, D. Epigenetic control of the immune system: A lesson from Kabuki syndrome. Immunol.
Res. 2016, 64, 345–359. [CrossRef] [PubMed]

63. Margot, H.; Boursier, G.; Duflos, C.; Sanchez, E.; Amiel, J.; Andrau, J.-C.; Arpin, S.; Brischoux-Boucher, E.; Boute, O.; Burglen,
L.; et al. Immunopathological manifestations in Kabuki syndrome: A registry study of 177 individuals. Genet. Med. 2020, 22,
181–188. [CrossRef]

64. Ming, J.E.; Russell, K.L.; McDonald-McGinn, D.M.; Zackai, E.H. Autoimmune disorders in Kabuki syndrome. Am. J. Med. Genet.
A 2005, 132, 260–262. [CrossRef] [PubMed]

65. Hoffman, J.D.; Ciprero, K.L.; Sullivan, K.E.; Kaplan, P.B.; McDonald-McGinn, D.M.; Zackai, E.H.; Ming, J.E. Immune abnormalities
are a frequent manifestation of Kabuki syndrome. Am. J. Med. Genet. A 2005, 135, 278–281. [CrossRef]

66. Ng, S.B.; Bigham, A.W.; Buckingham, K.J.; Hannibal, M.C.; McMillin, M.J.; Gildersleeve, H.I.; Beck, A.E.; Tabor, H.K.; Cooper,
G.M.; Mefford, H.C.; et al. Exome sequencing identifies MLL2 mutations as a cause of Kabuki syndrome. Nat. Genet. 2010, 42,
790–793. [CrossRef]

67. Lederer, D.; Grisart, B.; Digilio, M.C.; Benoit, V.; Crespin, M.; Ghariani, S.C.; Maystadt, I.; Dallapiccola, B.; Verellen-Dumoulin, C.
Deletion of KDM6A, a histone demethylase interacting with MLL2, in three patients with Kabuki syndrome. Am. J. Hum. Genet.
2012, 90, 119–124. [CrossRef]

68. Van Laarhoven, P.M.; Neitzel, L.R.; Quintana, A.M.; Geiger, E.A.; Zackai, E.H.; Clouthier, D.E.; Artinger, K.B.; Ming, J.E.; Shaikh,
T.H. Kabuki syndrome genes KMT2D and KDM6A: Functional analyses demonstrate critical roles in craniofacial, heart and brain
development. Hum. Mol. Genet. 2015, 24, 4443–4453. [CrossRef]

69. Lindsley, A.W.; Saal, H.M.; Burrow, T.A.; Hopkin, R.J.; Shchelochkov, O.; Khandelwal, P.; Xie, C.; Bleesing, J.; Filipovich, L.; Risma,
K.; et al. Defects of B-cell terminal differentiation in patients with type-1 Kabuki syndrome. J. Allergy Clin. Immunol. 2016, 137,
179–187.e10. [CrossRef]

70. Aref-Eshghi, E.; Rodenhiser, D.I.; Schenkel, L.C.; Lin, H.; Skinner, C.; Ainsworth, P.; Paré, G.; Hood, R.L.; Bulman, D.E.; Kernohan,
K.D.; et al. Genomic DNA Methylation Signatures Enable Concurrent Diagnosis and Clinical Genetic Variant Classification in
Neurodevelopmental Syndromes. Am. J. Hum. Genet. 2018, 102, 156–174. [CrossRef]

71. McDonald-McGinn, D.M.; Sullivan, K.E.; Marino, B.; Philip, N.; Swillen, A.; Vorstman, J.A.; Zackai, E.H.; Emanuel, B.S.;
Vermeesch, J.R.; Morrow, B.E.; et al. 22q11.2 deletion syndrome. Nat. Rev. Dis. Primers 2015, 1, 15071. [CrossRef] [PubMed]

72. Du, Q.; de la Morena, M.T.; van Oers, N.S.C. The Genetics and Epigenetics of 22q11.2 Deletion Syndrome. Front. Genet. 2019,
10, 1365. [CrossRef] [PubMed]

73. Rooney, K.; Levy, M.A.; Haghshenas, S.; Kerkhof, J.; Rogaia, D.; Tedesco, M.G.; Imperatore, V.; Mencarelli, A.; Squeo, G.M.; Di
Venere, E.; et al. Identification of a DNA Methylation Episignature in the 22q11.2 Deletion Syndrome. Int. J. Mol. Sci. 2021,
22, 8611. [CrossRef] [PubMed]

74. Baldini, A.; Fulcoli, F.G.; Illingworth, E. Tbx1: Transcriptional and Developmental Functions. Curr. Top Dev. Biol. 2017, 122,
223–243. [CrossRef]

75. Fulcoli, F.G.; Franzese, M.; Liu, X.; Zhang, Z.; Angelini, C.; Baldini, A. Rebalancing gene haploinsufficiency in vivo by targeting
chromatin. Nat. Commun. 2016, 7, 11688. [CrossRef]

76. Boerkoel, C.F.; Takashima, H.; John, J.; Yan, J.; Stankiewicz, P.; Rosenbarker, L.; André, J.L.; Bogdanovic, R.; Burguet, A.; Cockfield,
S.; et al. Mutant chromatin remodeling protein SMARCAL1 causes Schimke immuno-osseous dysplasia. Nat. Genet. 2002, 30,
215–220. [CrossRef]

77. Bertulli, C.; Marzollo, A.; Doria, M.; Di Cesare, S.; La Scola, C.; Mencarelli, F.; Pasini, A.; Affinita, M.C.; Vidal, E.; Magini, P.; et al.
Expanding Phenotype of Schimke Immuno-Osseous Dysplasia: Congenital Anomalies of the Kidneys and of the Urinary Tract
and Alteration of NK Cells. Int. J. Mol. Sci. 2020, 21, 8604. [CrossRef]

78. Saraiva, J.M.; Dinis, A.; Resende, C.; Faria, E.; Gomes, C.; Correia, A.J.; Gil, J.; da Fonseca, N. Schimke immuno-osseous dysplasia:
Case report and review of 25 patients. J. Med. Genet. 1999, 36, 786–789. [CrossRef]

79. Indumathi, C.K.; Bustamante, J. Clinical and immunological profile of children with Mendelian Susceptibility to Mycobacterial
Diseases (MSMD) from an Indian tertiary care hospital. Indian J. Tuberc. 2021, 68, 292–297. [CrossRef]

80. Bustamante, J.; Boisson-Dupuis, S.; Abel, L.; Casanova, J.L. Mendelian susceptibility to mycobacterial disease: Genetic, immuno-
logical, and clinical features of inborn errors of IFN-γ immunity. Semin. Immunol. 2014, 26, 454–470. [CrossRef]

81. Bustamante, J. Mendelian susceptibility to mycobacterial disease: Recent discoveries. Hum. Genet. 2020, 139, 993–1000. [CrossRef]
[PubMed]

82. Pacis, A.; Mailhot-Léonard, F.; Tailleux, L.; Randolph, H.E.; Yotova, V.; Dumaine, A.; Grenier, J.C.; Barreiro, L.B. Gene activation
precedes DNA demethylation in response to infection in human dendritic cells. Proc. Natl. Acad. Sci. USA 2019, 116, 6938–6943.
[CrossRef] [PubMed]

83. Pacis, A.; Tailleux, L.; Morin, A.M.; Lambourne, J.; MacIsaac, J.L.; Yotova, V.; Dumaine, A.; Danckaert, A.; Luca, F.; Grenier, J.C.;
et al. Bacterial infection remodels the DNA methylation landscape of human dendritic cells. Genome Res. 2015, 25, 1801–1811.
[CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1717509115
http://www.ncbi.nlm.nih.gov/pubmed/29339483
http://doi.org/10.1007/s12026-015-8707-4
http://www.ncbi.nlm.nih.gov/pubmed/26411453
http://doi.org/10.1038/s41436-019-0623-x
http://doi.org/10.1002/ajmg.a.30332
http://www.ncbi.nlm.nih.gov/pubmed/15523604
http://doi.org/10.1002/ajmg.a.30722
http://doi.org/10.1038/ng.646
http://doi.org/10.1016/j.ajhg.2011.11.021
http://doi.org/10.1093/hmg/ddv180
http://doi.org/10.1016/j.jaci.2015.06.002
http://doi.org/10.1016/j.ajhg.2017.12.008
http://doi.org/10.1038/nrdp.2015.71
http://www.ncbi.nlm.nih.gov/pubmed/27189754
http://doi.org/10.3389/fgene.2019.01365
http://www.ncbi.nlm.nih.gov/pubmed/32117416
http://doi.org/10.3390/ijms22168611
http://www.ncbi.nlm.nih.gov/pubmed/34445317
http://doi.org/10.1016/bs.ctdb.2016.08.002
http://doi.org/10.1038/ncomms11688
http://doi.org/10.1038/ng821
http://doi.org/10.3390/ijms21228604
http://doi.org/10.1136/jmg.36.10.786
http://doi.org/10.1016/j.ijtb.2020.07.027
http://doi.org/10.1016/j.smim.2014.09.008
http://doi.org/10.1007/s00439-020-02120-y
http://www.ncbi.nlm.nih.gov/pubmed/32025907
http://doi.org/10.1073/pnas.1814700116
http://www.ncbi.nlm.nih.gov/pubmed/30886108
http://doi.org/10.1101/gr.192005.115
http://www.ncbi.nlm.nih.gov/pubmed/26392366


J. Clin. Med. 2022, 11, 1261 13 of 13

84. Kaasinen, E.; Kuismin, O.; Rajamäki, K.; Ristolainen, H.; Aavikko, M.; Kondelin, J.; Saarinen, S.; Berta, D.G.; Katainen, R.;
Hirvonen, E.A.M.; et al. Impact of constitutional TET2 haploinsufficiency on molecular and clinical phenotype in humans. Nat.
Commun. 2019, 10, 1252. [CrossRef]

85. Spegarova, J.S.; Lawless, D.; Mohamad, S.M.B.; Engelhardt, K.R.; Doody, G.; Shrimpton, J.; Rensing-Ehl, A.; Ehl, S.; Rieux-Laucat,
F.; Cargo, C.; et al. Germline TET2 loss of function causes childhood immunodeficiency and lymphoma. Blood 2020, 136, 1055–1066.
[CrossRef]

86. Muto, H.; Sakata-Yanagimoto, M.; Nagae, G.; Shiozawa, Y.; Miyake, Y.; Yoshida, K.; Enami, T.; Kamada, Y.; Kato, T.; Uchida, K.;
et al. Reduced TET2 function leads to T-cell lymphoma with follicular helper T-cell-like features in mice. Blood Cancer J. 2014,
4, e264. [CrossRef]

87. Rosikiewicz, W.; Chen, X.; Dominguez, P.M.; Ghamlouch, H.; Aoufouchi, S.; Bernard, O.A.; Melnick, A.; Li, S. TET2 deficiency
reprograms the germinal center B cell epigenome and silences genes linked to lymphomagenesis. Sci. Adv. 2020, 6, eaay5872.
[CrossRef]

88. Lio, C.W.; Zhang, J.; González-Avalos, E.; Hogan, P.G.; Chang, X.; Rao, A. Tet2 and Tet3 cooperate with B-lineage transcription
factors to regulate DNA modification and chromatin accessibility. Elife 2016, 5, e18290. [CrossRef]

http://doi.org/10.1038/s41467-019-09198-7
http://doi.org/10.1182/blood.2020005844
http://doi.org/10.1038/bcj.2014.83
http://doi.org/10.1126/sciadv.aay5872
http://doi.org/10.7554/eLife.18290

	Introduction 
	Physiologic Roles of Epigenetics 
	Epigenetics in the Immune System 
	Epigenetic Alterations in Inborn Errors of Immunity 
	Inborn Errors of Humoral Immunity 
	Inborn Errors of Adaptive Immunity 
	Inborn Errors of Innate Immunity 
	Inborn Errors of Immunity with Immune Dysregulation 

	Conclusions 
	References

