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Abstract

The immune system is characterized by the generation of structurally and functionally
heterogeneous immune cells that constitute complex innate and adaptive immunity. This
heterogeneity of immune cells results from changes in the expression of genes without altering
DNA sequence. To achieve this heterogeneity, immune cells orchestrate the expression and
functional status of transcription factor (TF) networks, which can be broadly categorized into 3
classes: pioneer TFs that facilitate initial commitment and differentiation of hematopoietic cells,
subset-specific TFs that promote the generation of selected cell lineages, and immune-signaling
TFs that regulate specialized function in differentiated cells. Epigenetic mechanisms are known to
be critical for organizing the TF networks, thereby controlling immune cell lineage-fate decisions,
plasticity, and function. The effects of epigenetic regulators can be heritable during cell mitosis,
primarily through the modification of DNA and histone methylation patterns at gene loci. By
doing so, the immune system is enabled to mount a selective but robust response to stimuli, such
as pathogens, tumor cells, autoantigens, or allogeneic antigens in the setting of transplantation,
while preserving the immune cell reservoir necessary for protecting the host against numerous
other unexpected stimuli and limit detrimental effect of systemic inflammatory reactions.
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A hallmark of the immune system is its capability to produce highly diversified immune
cells that protect the host against various types of infections and tumors.2=9 For example,
dendritic cells (DCs) are professional antigen-presenting cells crucial for eliciting primary T-
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cell responses.10-12 Based on their surface phenotype, anatomical location, and function,
DCs at the steady-state condition are broadly categorized into conventional DCs (cDCs) and
plasmacytoid DCs (pDCs).13:14 Under inflammatory conditions, DCs undergo profound
changes in their phenotype and functionality.14-18 They present antigenic peptide to trigger
antigen-specific T-cell responses.19-12 Dependent on the type of inflammatory stimuli,
certain subset(s) of DCs may be preferentially selected to produce special types of cytokines
(e.g., interleukin 12 [1L-12], IL-23) and Notch ligands (e.g., DLL1 and DLL4), thereby
inducing heterogeneous effector T cells, such as T helper 1 (Th1), TH2, TH17 cells, and
cytotoxic T cells (CTLs).19-23 Targeted deletion of a specific subset of DCs or T cells leads
to selective impairment of adaptive immunity against the corresponding pathogen(s) and
tumor.24-2% Thus, immune cell heterogeneity is designed to selectively protect the host
against a specific type of invader(s) while limiting the damage of potentially lethal
consequences of systemic immune responses.

Emerging evidence indicates that the heterogeneity of immune cells results from changes in
the expression of genes without altering DNA sequence.3:39-32 The difference in gene
expression initially arises during development of immune cells. Precise control of gene
expression is achieved through epigenetic mechanisms, which facilitate heritable and stable
programming of gene transcription while retaining potential to be modified.33-36 The
development of DCs and their functional maturation in response to inflammatory stimuli
provide a unique cellular model to study epigenetic regulation of the immune system. In this
chapter, we will discuss our current understanding of the epigenetic effects on DC
development as well as the epigenetic programs involved in the regulation of DC
heterogeneity. The epigenetic regulation of T-cell immune responses was previously
reviewed in Youngblood et al.,*37 Yang et al.,38 Russ et al.,3% and He et al.#? and is not
discussed here.

TRANSCRIPTION FACTORS AND GENERATION OF DISTINCT DC SUBSETS

Under steady-state condition, DCs develop from hematopoietic stem/progenitor cells
(HSPCs) through successive steps of lineage commitment and differentiation: multiple
potent progenitors (MPPs) — common DC progenitors (CDPs) — ¢DCs and pDCs (Fig.
1).13.14.24,2641-44 Dendritic cells can be induced from monocytes (named monocyte-derived
DCs [moDCs]).10:11.1445.46 |n humans, moDCs have been widely used as vaccine adjuvants
for the treatment of cancer and chronic infections.144> Analysis of gene-targeted mice has
identified many critical transcription factors (TFs) in DC development, with some (e.g., PU.
1 and Signal transducer and activator of transcription 3 [STAT3]) influencing all DCs and
others (e.g., transcription factor 4 [TCF4], which is known as E2-2, inhibitor of DNA
binding 2 [1D2], inter-feron regulatory factor 4 [IRF4], interferon regulatory factor 4 [IRF8],
and Kruppel-like factor 4 [KLF4]) controlling specific subsets.2426:41.47-49 For instance,
STAT3, which is activated by FLT3 ligand, induces generation of both cDCs and pDCs.%0:51
Targeted deletion of either FLT3 ligand or STAT3 causes significantly impaired generation
of DCs in vivo.5152 PU.1 is crucial for DC fate specification. The HSPCs lacking PU.1
show defective DC differentiation potential.>3-2° Thus, both PU.1 and STAT3 are known to
be pioneer TFs in the regulation of DC commitment and differentiation from MPP.24:41.43
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Dendritic cell subset-specifying TFs are required for committed CDP to become
functionally distinct DC lineages.2426:41.43 For example, HSPC-derived cDCs (CD11c
*SeglecH™B2207) can be further classified into 2 classes: cDC1 (CD8a*/CD103*D11b7)
and cDC2 (CD8a.~CD11b*).24:26:56-58 ¢DC1 are particularly efficient in cross-presenting
exogenous antigens to CD8* CTLs. cDC1 development requires the expression of TFs,
including BATF3, IRF8, and 1D2.9:57 BATF3 has a nonredundant role in CD103* cDC
development and a partial effect on inducing CD8a.* DCs in lymph organs.2%:26:59 |RF8-
deficient animals lack spleen-resident CD8a.* cDCs and nonlymphoid tissue CD103* ¢DCs.
24,2627 Fynctional analysis shows that BATF3 is crucial for cDC1-mediated antitumor
activity, whereas IRFS8 is also important for CD8* ¢cDC maturation and IL-12 production that
regulates both Tyy1 and CTL responses.24:25.27

cDC2 are the second branch of cDCs expressing TFs, such as IRF4, KLF4, Neurogenic
locus notch homolog protein 2, and RELB. These TFs are important in regulating cDC2
differentiation, survival, and function.5”:80 For example, IRF4 is required for cDC2 to prime
CD4* T cells and promote Ty17 differentiation in both lung and intestine.6.62 Interestingly,
KLF4-expressing cDC2 preferentially promotes T2 responses to Mansoni infection, but not
Twl and TH17 responses against herpes simplex virus and Toxoplasma gondii infections.2?
Thus, cDC2 can be functionally heterogeneous despite their homogeneous expression of
surface CD11b.

Plasmacytoid DCs are characterized by their production of high levels of interferon a upon
activation.22:63.64 plasmacytoid DCs are thought to be important for mediating antiviral
immune responses and autoimmune diseases.13:22:65 Several TFs are known to regulate pDC
differentiation, including TCF4, IRF8, and SPIB.*47:48.66 Both TCF and IRFS8 are crucial for
establishing the pDC gene expression and enhancer state in pDCs.61.67 Furthermore, TCF4
in peripheral pDCs represses the up-regulation of cDC genes.5%67 ID2 is known as a
counteracting TF and possesses the ability to reduce TCF4 expression, thereby inhibiting
pDC development from hematopoietic progenitor cells (HPCs).%5-69 This regulatory loop
between TCF4 and ID2 is important for balancing the generation of pDCs and cDCs while
maintaining DC plasticity.

Monocyte-derived DCs are thought to be inflammatory DCs and are widely used as vaccine
adjuvants in humans.1911.70.72 Upon induction by granulocyte macrophage colony-
stimulating factor and IL-4, both HPCs and monocytes may differentiate into moDCs.10
These cells are CD8a~CD11b* and produce high levels of inducible nitric oxide synthase
and arginase, resembling in vivo—generated inflammatory DCs.14.72.73 Transcription factors,
including CCAAT/enhancer-binding protein beta (CEBPB), IRF4, KLF4, STAT5, RELB,
and CCAAT/enhancer-binding protein alpha, are able to regulate moDC differentiation.
24,2629 Granulocyte macrophage colony-stimulating factor-driven moDC differentiation
requires expression of functional IRF4 and CEBPB.56.62.67.74 CEBPB can promote moDC
differentiation by counteracting IRF8 effects.5” Notably, KLF4 induces a set of monocyte
lineage—associated molecules and is a key switch factor regulating differentiation of
monocytes into moDCs.2% The engagement of multiple TFs in the regulation of moDCs
implies not only their importance in immune responses, but also their heterogeneity in
function and tissue distribution.14
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EPIGENETIC PROCESSES IN DCs

Epigenetic mechanisms regulate cell development, identity, and function. This can be
achieved by catalyzing histone modifications at promoter and enhancer regions, thereby
changing chromatin conformation and altering TF binding. For example, monomethylation
of histone H3 lysine 4 (H3K4me1l) and acetylation of histone H3 lysine 27 (H3K27ac) mark
genomic regions that indicate primed enhancers and active enhancers, respectively.42:49.75-78
Enhancers identified by H3K4mel and H3K27Ac are associated with genes critical for DC
subset specification. For example, pDC and moDCs are distinguished by thousands of
differential enhancers.4143:56 Analysis of H3K4me1 and H3K27Ac modifications reveals a
large number of differential sites between pDCs and moDCs. The amount of both H3K4mel
and H3K27ac in pDCs is significantly higher for pDC-specific genes than moDC-specific
genes.*36 Similarly, moDC-specific genes demonstrated significantly higher H3K4me1l and
H3K27ac intensity than pDC-specific genes.#3:6 Identification of these DC-specific
enhancer regions is important for defining the specific effects of epigenetic regulators.

Intriguingly, by systematically mapping more than 180,000 protein-DNA interactions of 25
TFs during moDC response to lipopolysaccharide (LPS), Amit and colleagues found that
chromatin marks, including H3K4me3, H3K4mel, and H3K27Ac, are significantly less
dynamic compared with changes in expression of TFs.67.79 Binding of H3K4me3 at the
promoter regions was remarkably stable during the first 2 hours of LPS response in moDCs.
67.79 Similar results are observed for these chromatin marks in pDCs.?6:67 These studies
suggest that the chromatin landscape of TFs crucial for DC differentiation have been
established prior to inflammatory stimulation and perhaps early during subset-specification
stage. It is important to examine which chromatin-modifying enzyme(s) play a critical role
in modifying these enhancers under steady-state and inflammatory conditions.

Some studies suggest that the differentiation of HPCs into DC lineages is associated with the
establishment of hierarchical organization of TF networks. Among them, PU.1 and CEBPB
represent the pioneer TF regulating DC lineage commitment, whereas TFs downstream of
immune signaling pathways (e.qg., activator protein 1 nuclear factor kappa-light-chain-
enhancer of activated B cells, and STAT1) are important for mediating DC responses upon
inflammatory stimulation.#3°6 PU.1 and CEBPB bind tens of thousands of chromatin sites
in pDCs and moDCs, respectively.#3:67 Intriguingly, more than 70% of other TFs bind in
close proximity to these pioneer TFs. In contrast, immune-signaling TFs show stimuli-
dependent binding dynamics in DCs.43:55.56.68.79 These observations suggest a critical role
of PU.1 and CEBPB in orchestrating the enhancer regions for other TFs in differentiating
HPCs, whereas immune-signaling TFs are programmed to regulate short-term stimulatory
responses.*3:79 Notably, genome-wide ChIP-seq analysis suggests that genes mediating fast
immune responses (e.g., activator protein 1 nuclear factor kappa-light-chain-enhancer of
activated B cells, and STAT1) have been programmed as early as DC commitment stage.*3.7
Similar hierarchical organization of TFs has been shown for other immune cells (such as T
and B cells), although the composition of hierarchical TF networks and their epigenetic
regulators vary in different cell types.4:32:80-85
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Recent studies have examined the epigenetic organization of TF networks in DC
progenitors.#3:6 Genome-wide analysis reveals that certain groups of genes are associated
with distinct development stages and subsets of DCs. Dendritic cell commitment (e.g., MPP
— CDP transition) is associated with down-regulation of genes (e.g., CCAAT/enhancer-
binding protein alpha, GATA2, GFI1, and T-cell acute lymphocytic leukemia protein 1) that
restrict hematopoietic cell differentiation from HSPCs#9.75.86 and up-regulation of CDP
signature genes (e.g., E2F2 and HOXA1) associated with cell cycle.5® Interestingly, pan-DC
genes (e.g., FLT3, IRF5, SPIB, and STAT1), which are expressed in both cDCs and pDCs
but expressed at low levels in MPP and CDP, are known to regulate the overall generation
and immune response of DCs.6 These gene profiles provide the basis for further
investigating how DCs organize the hierarchical TF network for their commitment, subset
specification, and differentiation.

In this hierarchical TF network regulating DC development, PU.1 may enable nucleosome
positioning and local histone modifications to regulate TF binding. PU.1 has a determining
function in fate decisions of hematopoiesis, including the establishment of DC lineages.
49,53-55,68,75,87.88 Ch|p-seq-based analysis of PU.1 and H3K4mel colocalization shows an
increasing overlap of PU.1 binding and H3K4me1l deposition from 20% in MPP to 70% in
¢DCs.%% This indicates an increased recruitment of PU.1 to enhancer elements during DC
development. Furthermore, PU.1 is believed to function as an enhancer factor for many other
TFs.67.79 However, a substantial proportion of enhancer regions shows no PU.1 occupancy,
such as in MPP and CDP.%6 This suggests that PU.1 binding of chromatin likely requires
other co-binding factors in DCs and that these PU.1-interaction factors may vary in DCs at
distinct stage of commitment and differentiation.

Determining the specific effects of functionally relevant epigenetic enzymes will greatly
facilitate our understanding of how epigenetic mechanisms control DC heterogeneity and
function through interacting with TFs. Recent studies have identified the capacity of PU.1
that regulates (or interacts with) DNA demethylation (machinery) and direct monocyte
differentiation into moDCs.8%90 Monocytes driven to differentiation by granulocyte
macrophage colony-stimulating factor and I1L-4 are uniquely affected by this phenomenon.8?
Interestingly, STAT6 interaction with TET2, a DNA demethylase, is important for moDC
differentiation. The effect of STAT6 and TET2 on DNA demethylation is associated with
functional PU.1, as evidenced by the observation that silencing PU.1 in monocytes markedly
impairs DNA demethylation.8” However, ChIP-seq analysis suggests that PU.1 motifs are
significantly enriched in both hypermethylated and hypomethylated genes.? Thus, PU.1
likely participates in the process of mediating both hyper- and hypo-DNA methylation,
thereby influencing DC commitment, differentiation, and subset specification.

EPIGENETIC PROGRAMMING OF DC HETEROGENEITY AND HERITABILITY

Immunological memory provides the host with long-term protection against pathogens. It is
well accepted that memory T cells are long-lived, self-renewing cells that are able to rapidly
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and robustly respond to a specific antigen (pathogen) upon re-encounter.#32.80.81 Memory B
cells function in a similar capacity, by producing high-affinity antibodies that neutralize
virus upon secondary exposure.82-85

Interestingly, Netea, Stunnenberg and colleagues have discovered that after an initial
priming by inflammatory stimuli monocytes can keep such attack “in memory” during their
subsequent differentiation into macrophages.2-9° For example, as compared with unprimed
naive macrophages, macrophages derived from monocytes primed with p-glucan short term
(24 hours) show an enhanced inflammatory status. This phenomenon is termed “trained
immunity.” In contrast, macrophages derived from monocytes that were pretreated with LPS
short term produced less pro-inflammatory mediators (e.g., IL-6 and tumor necrosis factor
a) upon challenge with certain Toll-like receptor agonist(s).92:93:95 They observed that both
mammalian target of rapamycin and hypoxia-inducible factor 1a are important for the
establishment of “trained immunity” in monocytes.%? Genome-wide analysis of histone
marks (e.g., H3K4mel, H3K4me3, and H3K27ac) and DNase | accessibility identifies that
approximately 8000 dynamic regions in monocytes are linked to trained immunity and
attenuated inflammatory pathways in differentiated macrophages compared with their naive
counterparts. These changes in monocytes have been established within 24 hours after
priming by B-glucan or LPS and last more than 5 days after priming.92-94 Thus, epigenetic
effects are associated with heritability of immunological memory in innate immune cells.
Identifying the precise role of epigenetic regulator(s) in mediating “trained” and attenuated
immunity in macrophages will introduce a new epigenetic perspective innate immunity and
better define pathophysio-logical roles of both innate and adaptive immunity.

In analogy to macrophages, monocytes may be able to imprint the gene programs triggered
by prior stimulation into DCs. In support of this idea, recent studies have shown that
differentiation of DCs from monocytes involves histone modifications and DNA
demethylation.90:91.96 First, there exists a general mechanism that allows immune cells to
generate differential enhancer landscapes and stable functional states by chromatin-
regulating TFs.49.75 Second, different types of DCs may produce specific patterns of
immune responses even when these differential lineages of DCs are activated by the same
stimulus. For instance, upon inflammatory stimulation, pDCs produce high levels of
interferon a/B. cDC1 produces IL-12, and cDC2 stimulates innate lymphoid cells to produce
IL-22.24-27.29.59 | addition, we have recently discovered that triggering of Toll-like
receptors induces high levels of the NOTCH ligand DLL4 in both ¢DCs, which is crucial for
Tnl and TH17 differentiation. In contrast, despite inflammatory stimuli, activation of
moDCs cannot induce DLL4.727397 Third, IRF8 binds more than 30,000 enhancer regions
(e.g., H3K4mel) highly enriched in pDCs. Enforced IRF8 expression leads to down-
regulation of IRF4 and CEBPB, thereby directing the epigenetic landscape toward a pDC-
specific pattern.6” Together, these observations argue that properties acquired by DCs during
the early stages of development may represent a pattern of cellular memory. Identification of
the epigenetic mechanisms that establish heritable programs in DC progenitors during
differentiation will address whether a “memory machinery” may critically regulate the
production of functionally specialized DC subsets.
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CONCLUDING REMARKS

Advances in mapping chromatin states in DCs and other immune cells greatly facilitate our
understanding of the epigenetic mechanisms that regulate immune cell diversity and immune
responses to variable stimuli. However, the precise roles of chromatin-modifying enzymes
that control DC development and function remain largely unknown. Future studies should
focus on identifying the functional relevance of specific epigenetic regulators in DCs and
their progenitors. Results from these studies will better define pathophysiological roles of
tumor and inflammation in mediating immune dysfunction under disease conditions.

Our understanding of immune function for DCs is derived mostly from studies of cells
developed under steady-state conditions. However, under inflammatory conditions, HPCs
may instate the transcriptional programs to reflect their initial encounter of the
environmental stimuli. For example, DCs derived from engrafted donor HSPCs display
aberrant phenotype and function in mice undergoing allogenic hematopoietic stem cell
transplantation.8-101 While cDC2-like cells in the spleen have impaired antigen-presenting
function,?8:99 CD103* ¢cDC1 shows augmented capacity to mediate alloreactive T-cell
responses.192 We have previously discovered that generation of thymic DCs and DLL4*
DCs from engrafted donor HSPCs is impaired in transplant mice with graft-versus-host
disease.”3193 |n addition, the tumor microenvironment may have major impact on the
production of functionally and phenotypically different DC subsets.27:28:104.105 |t wj|| be
intriguing to investigate under these inflammatory conditions whether and how epigenetic
effects may help immune cells to adopt previously recognized phenotype and functions,
thereby influencing overall consequence of immune responses.

Finally, various pharmacological approaches that target these epigenetic regulators have
been tested for cancer treatment in clinical trials.3°:36.106-109 Data from our studies and
others indicate that certain epigenetic regulators may play essential roles in regulating
immune cell function and survival capability. For example, EZH2 is essential for promoting
the survival and production of effector T cells.?0:110 Drugs inhibiting EZH2, which are in
clinical trials for treating cancers, might have adverse effects on T-cell immunity against
tumor when they are tested for cancer treatment. Similar effects have been shown for DNA
methylation inhibitors that can suppress cancer cell proliferation and survival, but also
induce the generation of regulatory T cells, which are known to blunt the efficacy of cancer
immunotherapy.111 It is likely that new strategies such as systems biology are needed for
identifying an optimal pharmacological approach that can maximize the efficacy of immune
cells on eliminating tumor cells while directly controlling tumor growth.
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FIGURE 1.

A hierarchical model of DC differentiation and transcription regulation. LT-HSC indicates
long-term HSC; ST-HSCT, short-term HSC; MPP, multipotent progenitor; CDP, common

DC precursor; Pre-DC, premature DCs; Mono, monocytes.
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