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A B S T R A C T

Dendritic cells (DCs) are the principal antigen-presenting cells of the immune system and play key roles in
controlling immune tolerance and activation. As such, DCs are chief mediators of tumor immunity. DCs can
regulate tolerogenic immune responses that facilitate unchecked tumor growth. Importantly, however, DCs also
mediate immune-stimulatory activity that restrains tumor progression. For instance, emerging evidence in-
dicates the cDC1 subset has important functions in delivering tumor antigens to lymph nodes and inducing
antigen-specific lymphocyte responses to tumors. Moreover, DCs control specific therapeutic responses in cancer
including those resulting from immune checkpoint blockade. DC generation and function is influenced pro-
foundly by cytokines, as well as their intracellular signaling proteins including STAT transcription factors.
Regardless, our understanding of DC regulation in the cytokine-rich tumor microenvironment is still developing
and must be better defined to advance cancer treatment. Here, we review literature focused on the molecular
control of DCs, with a particular emphasis on cytokine- and STAT-mediated DC regulation. In addition, we
highlight recent studies that delineate the importance of DCs in anti-tumor immunity and immune therapy, with
the overall goal of improving knowledge of tumor-associated factors and intrinsic DC signaling cascades that
influence DC function in cancer.

1. Introduction

Similar to other immune lineages, fully differentiated DCs comprise
distinct subsets that differ in function, morphology, and anatomical
location. DC subsets arise from specified hematopoietic progenitors,
and require unique transcriptional and signaling programs for their
development and functional responses. In some cases, DC transcrip-
tional and signaling responses are activated or repressed by extra-
cellular factors in the tumor microenvironment (TME), such as cyto-
kines, which influence DC function. Furthermore, recent work indicates
the importance of specific DC populations such as cDC1s in tumor im-
munity and immune therapy. Nonetheless, the potential for DC use in
cancer treatment remains largely untapped. Improved understanding of
DC regulation during development and in the TME is necessary for
generating novel cancer therapies and effectively reducing the burden
of this devastating disease. Towards this aim, we review molecular
mechanisms controlling DCs, with a specific focus on cytokines and
cytokine-activated STATs, as well as roles for specific DC subsets in

cancer and cancer therapy.

2. Dendritic cell subsets and their developmental regulation

2.1. DC subsets and cross species identification

In steady state conditions, DCs are customarily divided into two
major populations, the conventional or classical DC (cDC) subsets and
the plasmacytoid DCs (pDCs) (Fig. 1). Traditionally, the cDCs are re-
cognized as the professional antigen-presenting cells, while pDCs are
major producers of type I interferons (IFN-Is). Moreover, the cDC sub-
sets comprise type 1 cDCs (cDC1s) and type 2 cDCs (cDC2s), which also
differ in function, localization, and morphology. Canonical surface
marker (phenotypic) profiles of major murine and human DC subsets
are delineated in Fig. 1 and Table 1.

Recently, an unsupervised high-dimensional clustering analysis
based on marker expression revealed that cDC1s can be defined across
species as CADM1hi XCR1hi CD11bl° CD172l° CD24hi cells, while cDC2s
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can be defined as CADM1lo XCR1l° CD11bhi CD172hi cells (Guilliams
et al., 2016). This information is valuable in standardizing DC defini-
tions and should be taken into account when analyzing DCs. Since DC
subsets demonstrate unique functions, their accurate identification is
important for understanding DC roles in immune responses, cancer and
other diseases. In this review, we will refer to unique DC subsets (e.g.,
cDC1, cDC2, pDC) when these were defined in the experiments under
discussion, while our use of the term “DC” will indicate information
relevant to most DC populations or when specific subsets were not
delineated experimentally.

2.2. DC subsets in inflammation

Inflammatory conditions have profound effects on DCs. In some
cases, this has led to confusion or disparate definitions of DC popula-
tions. Furthermore, inflammation itself is a broad term, referring to
distinct states such as type I or type II inflammation that are char-
acterized by specific cytokines and immune responses (Turner et al.,
2014; Wynn, 2015). Thus, descriptions of DCs in inflammation must
consider the effects of cytokines and other inflammatory mediators on
characteristic DC markers, as well as DC migration, tissue retention or

Fig. 1. Identification and localization of mouse and human DC subsets. The major DC populations in lymphoid and non-lymphoid organs of mouse and human are indicated by cross
species markers recently identified by (Guilliams et al., 2016). Tissue-specific DC markers are highlighted in red.
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survival. For example, inflammatory conditions associated with infec-
tion or abundant amounts of granulocyte-macrophage colony stimu-
lating factor (GM-CSF) elicit rapid production of monocyte-derived DCs
(MoDCs, CD11c+ CD11b+ Ly6C+ MHC II+) (Cook et al., 2004;
Dominguez and Ardavin, 2010; Greter et al., 2012; Leon and Ardavin,
2008; Rothchild et al., 2014; Serbina et al., 2003).

In murine models of inflammatory arthritis and peritonitis, MoDC
differentiation is dependent on GM-CSF derived from CD4+ T cells
(Campbell et al., 2011). One type of MoDCs expresses tumor necrosis
factor (TNF) and iNOS (also termed Tip-DC), and contributes to im-
mune responses as well as pathological inflammatory reactions
(Bosschaerts et al., 2010; Guilliams et al., 2014; Mildner and Jung,
2014; Serbina et al., 2003). The effects of inflammation on DCs will be
further considered in our discussion of tumor influences on DCs.

2.3. DC development from hematopoietic progenitors

The majority of DC populations originate from hematopoietic stem
cells (HSCs) via multipotent and lineage-restricted progenitor subsets
including common myeloid progenitors (CMPs) and common lymphoid
progenitors (CLPs) (D'Amico and Wu, 2003) (Chicha et al., 2004;
Karsunky et al., 2003). A classic view of the DC developmental path
involves the sequential generation of macrophage/DC progenitors
(MDPs), common DC progenitors (CDPs), and pre-DCs, which arise
primarily from CMPs and granulocyte-monocyte progenitors (GMPs)
(Naik et al., 2007) (Fogg et al., 2006; Lee et al., 2015; Liu et al., 2009;
See et al., 2017). Separately, early lymphoid-primed progenitors have
been reported to possess potential to differentiate into cDCs, which are
phenotypically indistinguishable from MDP-derived DCs (Helft et al.,
2017; Naik et al., 2013), suggesting a dual ontogeny of cDCs.

Additional studies revealed two subsets of DC-committed progeni-
tors based on the differential expression of CD115. The CD115− (lin−

Flt3+ CD117int CD115−) DC progenitors are biased toward pDC dif-
ferentiation, while CD115+ (lin− Flt3+ CD117int CD115+) CDPs give
rise mainly to cDC1s and cDC2s (Onai et al., 2013). Recent work has
shown pre-DCs can be divided into four subpopulations on the basis of
Siglec-H and Ly6C expression. Siglec-H+ Ly6C− pre-DCs retain pDC
developmental potential, while Siglec-H+ Ly6C+ pre-DCs selectively
produce precursor subsets with restricted ability to generate cDC1 or
cDC2 lineages. The Siglec-H− Ly6C− CD24+ pre-DCs are committed to
cDC1s and Siglec-H− Ly6C+ CD24− pre-DCs are primed toward cDC2s
(Schlitzer et al., 2015). By contrast, Langerhans cells as well as tissue-
resident macrophages develop from embryonic precursors including
erythromyeloid progenitor cells or monocytes residing in yolk sac or
fetal liver, respectively (Hoeffel et al., 2012). The HSC-derived and
embryonic developmental pathways have been reviewed previously
and we refer readers to the following excellent resources for additional
information (Ginhoux and Merad, 2010; Mildner and Jung, 2014;
Murphy et al., 2016; Swiecki and Colonna, 2015).

2.4. Transcriptional regulation of DC development by intrinsic factors

Numerous transcriptional regulators mediate development of DCs
from HSCs and specified hematopoietic progenitors (Table 1). Certain
factors including PU.1, GATA-2, Ikaros, and Gfi1 are necessary for both
pDC and cDC development, due to their essential activity in early he-
matopoietic progenitor subsets (Anderson et al., 2000; Carotta et al.,
2010; Guerriero et al., 2000; Iwama et al., 2002; Li et al., 2016a;
Onodera et al., 2016; Rathinam et al., 2005; Wu et al., 1997). Other
transcriptional regulators play specific roles in one or more DC lineages.
For instance, IRF8, ID2, and Batf3 are the principal factors controlling
cDC1 generation (Edelson et al., 2010; Hacker et al., 2003; Hildner
et al., 2008; Poulin et al., 2012; Schiavoni et al., 2002; Sichien et al.,
2016; Tamura et al., 2005; Tsujimura et al., 2003), whereas IRF2, IRF4,
and RelB mediate cDC2 differentiation (Ichikawa et al., 2004; Schlitzer
et al., 2013; Suzuki et al., 2004; Tamura et al., 2005; Watchmaker et al.,

2014; Wu et al., 1998), and E2-2 is uniquely required for the pDC
lineage (Cisse et al., 2008) (Table 1). Mutations in several key DC
factors, including IRF8, GATA-2, and E2-2, abrogate development of
DCs as well as other immune subsets (e.g., macrophages) in humans
(Bigley et al., 2016; Cisse et al., 2008; Dickinson et al., 2011;
Hambleton et al., 2011). This research not only underscores crucial,
conserved roles for specific transcriptional regulators and the affected
DC populations in immunity, but also provides opportunities to un-
derstand cross-species transcriptional pathways that are necessary for
DC development.

2.5. Transcriptional regulation of DC development by cytokines and STATs

By contrast with the previously described transcriptional regulators,
STAT transcription factors are activated in DCs and their progenitors by
extracellular cytokines, which are expressed in hematopoietic tissues
such as bone marrow, and are often found in abundance in tumors, or
produced systemically during infection or inflammation (Diao et al.,
2010; Sere et al., 2013; Turner et al., 2014; Vega-Ramos et al., 2014a;
Vega-Ramos et al., 2014b; Yang and Lattime, 2003; Yang et al., 2003).
Cytokines associate with unique high affinity cell surface receptors,
which activates rapid signal transduction to the nucleus via the Jak-
STAT pathway, culminating in transcriptional responses that elicit
significant effects on cellular behavior (Schindler et al., 2007). The Jak-
STAT pathway is stimulated by ligand-induced receptor conformational
changes that activate associated Jak protein tyrosine kinases, which
subsequently phosphorylate residues within the receptor intracellular
domain. This enables recruitment of STAT proteins to the receptor-Jak
complex, and results in STAT phosphorylation by Jaks. Tyrosine
phosphorylation of STATs stimulates their homo- or heterodimeriza-
tion, nuclear accumulation, and STAT-mediated transcriptional reg-
ulation (Schindler et al., 2007). A total of seven STAT proteins have
been identified (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b,
STAT6); each is responsive to an array of cytokines (Li and Watowich,
2014; Stark and Darnell, 2012).

STATs have been shown to play key roles in DC development in
homeostasis and cytokine-driven conditions (Chen et al., 2013; Durai
and Murphy, 2016; Fancke et al., 2008; Hillmer et al., 2016; Karsunky
et al., 2003; Li and Watowich, 2013; Murphy et al., 2016; Onai and
Manz, 2008; Sere et al., 2013; van de Laar et al., 2012) (Table 1). For
instance, STAT3 is stimulated in hematopoietic progenitors by FMS-like
tyrosine kinase 3 ligand (Flt3L) (Esashi et al., 2008), which is essential
for development of all HSC-derived DC populations (Gilliet et al., 2002;
Kingston et al., 2009; Maraskovsky et al., 1996; McKenna et al., 2000;
Naik et al., 2005). STAT3 deletion from hematopoietic cells abrogates
Flt3L-induced progenitor proliferation, as well as expansion of cDCs
and pDCs in response to Flt3L administration (Esashi et al., 2008;
Laouar et al., 2003; Li et al., 2012). An initial report indicated STAT3
deletion led to reduction of all DC subsets in homeostatic conditions (as
judged by analysis of CD11c+ cells); however, subsequent studies
showed STAT3 was specifically required for pDC generation but not
cDC production in steady state (Laouar et al., 2003; Li et al., 2012;
Melillo et al., 2010). STAT3 stimulates Flt3L-responsive expression of
the pDC transcriptional regulator E2-2 in CDPs, suggesting a molecular
pathway by which STAT3 selectively regulates pDC generation (Li
et al., 2012). Recently, a STAT3-binding long noncoding RNA (lnc-DC)
was identified as a positive regulator of human MoDC and murine cDC
differentiation (Wang et al., 2014). Lnc-DC prevents the depho-
sphorylation of STAT3 on tyrosine 705 (Y705), which promotes sus-
tained STAT3 activity via persistent Y705 phosphorylation (Wang et al.,
2014), a post-translational modification that is required for canonical
STAT3 transcriptional function (Hillmer et al., 2016). While a re-
quirement for lnc-DC-mediated STAT3 activation in murine cDC dif-
ferentiation was somewhat unexpected in light of the dispensable role
for STAT3 in cDCs determined by genetic STAT3 ablation (Li et al.,
2012; Melillo et al., 2010), additional work is required to fully
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understand cDC1, cDC2, and MoDC regulation by lnc-DC and STAT3 in
vivo.

STAT5 is stimulated by GM-CSF, the cytokine used originally to
generate DCs from murine bone marrow or human peripheral blood
cultures (Caux et al., 1996; Inaba et al., 1992; Sallusto and
Lanzavecchia, 1994). It is now recognized that GM-CSF induces pro-
duction of several DC populations as well as MoDCs in culture, although
the relationship of these subsets to DC and monocyte populations found
in vivo remains uncertain (Helft et al., 2015). Nonetheless, these data
are consistent with earlier reports that showed limited roles for GM-CSF
in homeostatic DC production in vivo (Kingston et al., 2009; Vremec
et al., 1997). Intriguingly, GM-CSF is required for the generation of
nonlymphoid organ cDC1 subsets, yet does not control other DC po-
pulations appreciably in steady state (Bogunovic et al., 2009; Greter
et al., 2012; Kingston et al., 2009). GM-CSF overexpression leads to
increases in nonlymphoid organ and lymphoid cDC1s, as well as cDC2s
(Daro et al., 2000; Li et al., 2012; O'Keeffe et al., 2002). Interestingly,
GM-CSF also has the unique function of inhibiting pDC production in
vivo, as well as in Flt3L-containing cultures in vitro (Gilliet et al., 2002;
Li et al., 2012; Zhan et al., 2012).

The majority of GM-CSF-mediated effects on DCs have been shown
to require STAT5. For example, STAT5 stimulates ID2 expression in
CDPs to promote generation of nonlymphoid organ cDC1s, which are
uniquely dependent on STAT5 and GM-CSF (Greter et al., 2012; Li
et al., 2012). STAT5 was also reported to inhibit IRF8 expression in DC
progenitors, thereby blocking pDC generation (Esashi et al., 2008). New
information regarding the nonhematopoietic role for IRF8 in pDC de-
velopment as well as the recognition that STAT5 induces expression of
ID2, a negative regulator of pDCs (Hacker et al., 2003; Li et al., 2012;
Sichien et al., 2016), suggests suppression of pDC generation by GM-
CSF-STAT5 signaling may be influenced significantly by the ability of
STAT5 to mediate ID2 upregulation, although this hypothesis requires
direct examination in vivo. Furthermore, the level and timing of STAT5
activation may be crucial in controlling DC development, as low STAT5
activity is reported to induce cDC commitment from human CD34+

hematopoietic progenitors whereas high STAT5 activity inhibits the
generation of pre-DCs from CD34+ progenitors but promotes terminal
differentiation of cDCs from pre-DCs (van de Laar et al., 2011). Future
work is needed to determine STAT5 function in DC progenitor subsets,
cDC1 maintenance in tissues, and direct gene targets of STAT5 in pro-
genitors and fully differentiated cDC1s.

The IFN-Is, including IFN-α and IFN-β, are important for mediating
global antiviral responses and anti-tumor immunity. One component of
the IFN-I-activated response involves control of DC production, particu-
larly during infection or inflammation (Li et al., 2011). This is executed
by the transcriptional regulators STAT1 and STAT2, which are the
principal effectors of IFN-Is (Au-Yeung et al., 2013; Schindler et al.,
2007). For example, STAT1 mediates IFN-α-induced production of pDCs,
as well as the development and function of pDCs within Peyer’s patches,
an intestinal secondary lymphoid organ (Li et al., 2011). A recent study
indicates IFN-I works in collaboration with Flt3L to promote pDCs from
the CLP subset (Chen et al., 2013). By contrast, IFN-β-STAT2 signals
regulate CD8α+ cDC development independent of STAT1 function
(Hahm et al., 2005). Since IFN-I function in DCs are a major focus of the
accompanying review by Vatner and Janssen, we refer readers to their
publication for additional details. In addition, it is important to point out
that other cytokines, such as macrophage colony-stimulating factor (M-
CSF) and transforming growth factor beta (TGF-β), contribute to DC
development via STAT-independent mechanisms (Borkowski et al., 1996;
Fancke et al., 2008; Kaplan et al., 2007).

3. DC functions in immune activation and tolerance

3.1. DC activation and antigen presentation

DCs are the principal immune population bridging the innate and

adaptive immune systems. This is due to their ability to recognize a
variety of microbial-, pathogen-, and danger-associated molecular pat-
terns (i.e., MAMPs, PAMPs, and DAMPs) via an “innate” response, and
subsequently undergo maturation or activation events that promote their
antigen-presenting functions and enable their regulation of antigen-spe-
cific adaptive immune responses. DC activation by MAMPs, PAMPs, and
DAMPs is mediated by numerous cell surface and intracellular sensors,
including the Toll-like receptors (TLRs). Significantly, TLR expression is a
defining feature of specific DC subsets (Table 1). These unique TLR ex-
pression patterns endow DC subsets with specificity toward certain pa-
thogens or danger signals, e.g., pDCs are highly responsive to infection
with RNA- or DNA-containing viruses, which trigger TLR7 or TLR9 via
the respective viral genomic material. By contrast, cDC1s detect in-
tracellular pathogens, viruses, and tumor DAMPs through TLR3
(Edwards et al., 2003; Mashayekhi et al., 2011), while cDC2s recognize
bacterial, parasite, and fungal PAMPs such as flagellin (TLR5 agonist) or
lipopolysaccharide (LPS; TLR4 agonist) (Edwards et al., 2003).

Within hours of TLR ligation, DCs produce distinctive pro- or anti-
inflammatory cytokines that elicit STAT-signaling in responding po-
pulations through paracrine mechanisms. TLR3 stimulation of murine
cDC1s favors secretion of pro-inflammatory cytokines such as inter-
leukin-12 (IL-12) (Gauzzi et al., 2010; Hochrein et al., 2001;
Maldonado-Lopez et al., 1999), which induces generation of the T
helper 1 (Th1) subset from naïve CD4+ T cells via intrinsic STAT4
signaling (Pulendran et al., 1999; Zhu et al., 2010). By contrast, both
human and murine pDC lineages are characterized by their ability to
produce abundant amounts of IFN-Is, in addition to other pro-in-
flammatory factors, upon TLR7 or TLR9 stimulation (Heath and
Carbone, 2009; Liu, 2005). This response contributes to activation of
immune subsets such as cDCs via IFN-α/β-mediated stimulation
(McKenna et al., 2005; Montoya et al., 2002). Moreover, cytokine
production by both murine and human DCs activates innate immune
populations including natural killer (NK) and innate lymphoid (ILCs)
cells (Durai and Murphy, 2016; Lewis et al., 2011; Mashayekhi et al.,
2011; Sabado et al., 2017; Tussiwand et al., 2015). Interestingly, recent
studies show TLR ligation also alters DC metabolism in mouse and
human DCs by increasing glycolytic flux, suggesting glycolysis is im-
portant for DC activation (Everts et al., 2014; O'Neill and Pearce, 2016).

In addition to cytokine production, key steps in DC activation include
induction of MHC II, co-stimulatory molecules (e.g., CD80, CD86, CD40),
and chemokine receptor expression (e.g., CCR2, CCR5, CCR7) (Akira
et al., 2001; Blanco et al., 2008). Activation of cDC1s in peripheral tis-
sues promotes their migration to lymph nodes (LNs). Both cDC1s and
cDC2s capture and efficiently present peptides derived from “exogenous”
(e.g., extracellular) antigens on MHC II molecules to activate CD4+ T
cells, while “endogenous” (e.g., cytoplasmic) antigens are presented on
MHC I molecules to activate CD8+ T cells (Neefjes et al., 2011). Fur-
thermore, cDC1s possess enhanced ability to “cross-present” exogenous
antigens on MHC I molecules relative to other subsets, which enables
cDC1s to stimulate potent cytotoxic CD8+ T cell responses to extra-
cellular antigens such as those derived from tumors (Heath et al., 2004).
In fact, the cDC1-mediated antigen cross-presentation pathway is crucial
for CD8+ T cell priming, reactivation of memory CD8+ T cells, and anti-
tumor CD8+ T cell responses (Hildner et al., 2008; Vyas et al., 2008;
Zhou et al., 2018). Intrinsic GM-CSF signaling was shown to be required
for optimal cDC1 antigen cross-presentation activity, independent of DC
growth (Zhan et al., 2011). DC-mediated antigen presentation provides
the initial signal (i.e., signal 1) for naïve T cell activation. DC-expressed
costimulatory molecules provide “signal 2”, while DC-produced cyto-
kines comprise “signal 3”, culminating in the ability of DCs to shape
adaptive immune responses according to the pathogen or danger signal
sensed (Chen and Flies, 2013; Lichtman, 2012).

3.2. DC-mediated immune tolerance

In homeostatic conditions, most lymphoid organ DCs exhibit an
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immature phenotype, with low levels of MHC II and co-stimulatory
molecules, which is crucial for DCs to mediate central and peripheral
immune tolerance (Wilson et al., 2003). DCs in the medullary region of
the thymus continuously sample and present self-antigens to developing
T cells, which promotes development of natural regulatory T cells
(nTreg) and contributes significantly to negative selection of CD4+ T
cells with strong self-reactivity (Baba et al., 2009; Hadeiba and Butcher,
2013; Oh and Shin, 2015; Proietto et al., 2008). Notably, the thymic
Sirpα+ cDC2s have been shown to play key roles in nTreg induction
and negative selection in animal models (Baba et al., 2009; Proietto
et al., 2008). Ginhoux and colleagues demonstrated recently that
human fetal cDC2s promote enhanced Treg induction upon coculture
with allogenic splenic T cells, while concomitantly suppressing CD8+ T
cell proliferation and production of proinflammatory cytokines, in
comparison to adult cDC2s (McGovern et al., 2017). Several mechan-
isms have been suggested to be involved in DC-mediated central tol-
erance, including modulation of costimulatory molecule expression
(CD70, CD80, CD86) and induction of the metabolic enzyme arginase II
(Coquet et al., 2013; Hanabuchi et al., 2010; McGovern et al., 2017;
Watanabe et al., 2005). In addition, thymic stromal lymphopoietin
(TSLP), a cytokine that signals through STAT5, was shown to activate
human pDCs and cDCs, which in turn demonstrate efficient Treg gen-
eration due to impaired IL-12 production (Bell et al., 2013; Hanabuchi
et al., 2010).

DC-deficiency in Flt3−/− mice or animals with conditional DC de-
letion due to lineage-specific expression of diptheria toxin receptor
(DTR) (i.e., in Itgax-DTR animals) leads to a systemic reduction in
nTregs and total Tregs, whereas mice with expanded cDC populations
following Flt3L treatment show increased nTreg and total Treg amounts
(Darrasse-Jèze et al., 2009). These data further link DCs with Treg
abundance in vivo. Interestingly, the enrichment of nTregs specific for
peripheral tissue, i.e. prostate, was shown to be dependent on active
antigen presentation by DCs, as reduction of antigen load through
castration or depletion of MHC II+ DCs caused marked reduction of
nTregs in the prostate-draining LN (Leventhal, Immunity 2016). This
process also required CCR7, consistent with earlier reports that induc-
tion of Treg proliferation in the periphery involves CCR7-mediated
cDC1 trafficking to the LN (Idoyaga et al., 2013; Leventhal et al., 2016).
Moreover, CX3CR1+ cDCs are required for induction of peripheral
Tregs in response to orally fed antigens (Esterhazy et al., 2016). Simi-
larly, intestinal CD103+ cDC1s are important in inducing gut-homing
Tregs via their production of retinoic acid, TGF-β, and indoleamine 2,3-
dioxygenase (IDO) (Scott et al., 2011). More recently, Roquilly et al.
reported that the function of DCs is severely restrained in mice re-
covering from primary pneumonia. In these conditions, DCs secrete
elevated amounts of TGF-β and are biased to promote Treg differ-
entiation (Roquilly et al., 2017). These findings are consistent with
earlier reports that indicated DCs that had previously encountered in-
flammatory signals alter cytokine production (Vega-Ramos et al.,
2014b).

Several anti-inflammatory molecules, including IL-10, TGF-β, and
prostaglandin E2 (PGE2), have been reported to inhibit DC activation,
rendering DCs tolerogenic and enhancing their ability to induce per-
ipheral Treg development. In addition to promoting Treg generation,
DCs can also directly suppress effector T cells. For instance, DCs engage
T cell co-inhibitory molecules including CD152 (CTLA-4) via DC-ex-
pressed CD80 or CD86, or CD279 (PD-1) via DC-expressed CD273 (PD-
L2) or CD274 (PD-L1); these interactions repress T cell activation and
limit T cell-mediated immunity (Butte et al., 2007). Overall, DCs ac-
tively promote tolerance towards self-antigens in the steady state
through positive regulation of Tregs and via inhibition of effector T
cells. Abrogating DC tolerance in the TME is likely to be central to
improving tumor immunity, thus further understanding of DC tolerance
mechanisms is critical.

3.3. STAT-mediated control of DC function

STAT1 and STAT2 are important mediators of DC activation, in
particular DC responses to IFN-Is (Fuertes et al., 2011; Jackson et al.,
2004; Johnson and Scott, 2007; Xu et al., 2016). For instance, STAT1 is
required for optimal expression of MHC and costimulatory molecules in
cDCs (Jackson et al., 2004; Johnson and Scott, 2007). Moreover,
STAT1-deficiency reduces DC-mediated Th1 cell priming during infec-
tion such as Leishmania major (Jackson et al., 2004; Johnson and Scott,
2007). STAT1 is also important in activating pDCs, as STAT1-deficient
pDCs produce less IFN-α, IL-12, and free radicals versus STAT1-suffi-
cient pDCs, and express a tolerogenic phenotype, which attenuates the
severity of graft-versus-host disease (GVHD) (Capitini et al., 2014).
Similar to STAT1, STAT2 is involved in DC activation upon TLR sti-
mulation, including induction of IFN-I gene expression, cross-pre-
sentation of tumor antigens to CD8+ T cells, and antiviral responses
(Chen et al., 2009; Xu et al., 2016).

By contrast with the activating functions of STAT1 and STAT2,
STAT3 is regarded as a potent negative regulator of DCs. Cytokines that
stimulate STAT3 in DCs, such as IL-10, inhibit DC-mediated production
of pro-inflammatory factors, including IL-6, TNF-α, and IL-12, and
thereby suppress DC-dependent immune and inflammatory responses.
Accordingly, STAT3-deficient DCs have increased cytokine production
and Th1 activation abilities following TLR stimulation, and animals
with DC-specific or hematopoietic-restricted STAT3-deficiency develop
chronic inflammatory bowel disease (Melillo et al., 2010). Furthermore,
STAT3 induces expression of repressive factors in DCs, including cell
surface expression of the co-inhibitory ligand PD-L1, which inhibits T
cell activity (Hillmer et al., 2016).

STAT5 was originally reported to be important for DC activation by
thymic stromal lymphopoietin (TSLP). Mice with DC-restricted STAT5-
deficiency showed reduced expression of co-stimulatory molecules
(CD80, CD86, OX40L) and less CCL17 production from skin and lung
DC populations. Moreover, STAT5 expression in DCs is critical in pro-
moting T helper 2 (Th2) responses during airway inflammation (Bell
et al., 2013). Mice with DC-specific deletion of STAT5 also exhibit re-
duced ear swelling and less DCs in the skin-draining LN during Th2
contact-hypersensitivity reactions (Bell et al., 2013). Consistently,
STAT5 inhibition by the bromodomain inhibitor JQ1 disrupts human
MoDC activation, as judged by defective CD83 upregulation, reduced
IL-12 p70 production, and decreased Th1 polarization (Toniolo et al.,
2015); however, these data must be interpreted with caution due to the
potential for JQ1 to exert additional effects on gene expression and
cellular responses.

Interestingly, STAT4 is induced by Th1 cytokines and LPS, and is
required for IFN-γ production by DCs. By contrast, Th2 cytokines acti-
vate STAT6 while suppressing STAT4 in mouse and human DCs (Frucht
et al., 2000; Fukao et al., 2001). Overall, however, STAT4 and STAT6
have been relatively understudied in DCs compared to other STATs.
Future work directed toward delineating the function of these factors in
DC-mediated immunity, as well as deeper insight into the mechanisms
by which STAT-mediated gene expression regulates DC function, is
necessary for understanding how DCs integrate cytokine signals in
homeostasis, as well as during active immune responses or in the TME.

4. Cytokines in the TME and effects on DC function

4.1. DC growth factors and the TME

Several DC growth factors have important roles in mediating im-
mune responses to tumors, although it is important to point out that
certain growth factors also stimulate additional immune subsets as
discussed below. Pioneering work in this area was done using B16
melanoma cells transduced with virus encoding GM-CSF, which caused
GM-CSF secretion from the engineered tumor cells. Since GM-CSF was
originally identified as a principal DC growth factor, this approach was
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used to increase DC migration and accumulation within tumors. GM-
CSF transduction facilitated tumor rejection by the immune system, and
protected mice from rechallenge with melanoma (Dranoff et al., 1993).
This finding led to the development of cancer vaccines consisting of
irradiated cancer cells transduced with GM-CSF, although un-
fortunately this vaccine strategy showed limited therapeutic effect in
clinical trials (Lawson et al., 2015). This unanticipated poor response
may be due to the lack of DC activating signals (e.g., TLR agonists), or
high amounts of immunosuppressive factors in the TME following
vaccination. In addition, GM-CSF is well recognized and in fact was
originally identified as a myeloid growth factor capable of stimulating
monocyte and granulocyte production from hematopoietic progenitor
cells (Burgess et al., 1977; Burgess and Metcalf, 1980). Immature
monocytes, granulocytes, and macrophages comprise myeloid-derived
suppressor (MDSC) populations in many tumors; thus, tumor vaccines
secreting GM-CSF may also drive production and accumulation of im-
munosuppressive MDSCs within tumors (Burga et al., 2015; Kohanbash
et al., 2013). Strikingly, however, in an initial clinical trial, re-
combinant GM-CSF has shown potential as a combination therapy with
anti-CTLA-4 immune checkpoint blockade in treatment of metastatic
melanoma (Hodi et al., 2014).

Early immunotherapy studies also indicated the potential for Flt3L
to promote anti-tumor responses (Lynch et al., 1997). Using a similar
cancer vaccine approach, expression of Flt3L in melanoma cells in-
creased tumor rejection as compared to a GM-CSF-expressing tumor
vaccine. This effect was in part due to the ability of the Flt3L-ex-
pressing vaccine to increase tumor-associated cDC1s (inferred by
CD11b−/lo staining) (Curran and Allison, 2009). Furthermore, the
Flt3L-expressing vaccine synergized with anti-CTLA-4 checkpoint
blockade therapy (Curran and Allison, 2009). More recently, systemic
Flt3L treatment in combination with intratumoral injections of poly-
riboinosinic:polyribocytidylic acid (poly I:C), a TLR3 agonist, de-
monstrated a significant therapeutic effect in multiple mouse models
of melanoma (Salmon et al., 2016). Flt3L stimulated the accumulation
of cDC progenitors in the TME, the majority of which developed into
CD103+ cDC1s, while poly I:C treatment induced their activation,
promoting anti-tumor responses (Salmon et al., 2016). Taken together,
DC growth factors play important roles in modulating tumor immunity
and progression, and may serve as a basis for future cancer therapies.
Since DCs are capable of inducing tolerance or immunity depending
on microenvironmental context, roles for growth factors and effects on
DC function may vary among tumor types.

4.2. IFN-I-STAT1, TLR, and STING signaling in DCs in the TME

IFN-I signaling in cDC1s is critical for the generation of cell-medi-
ated immunity towards tumors (Diamond et al., 2011). IFN-I enhances
the ability of cDC1s to cross-present antigen to naïve CD8+ T cells and
stimulates anti-tumor immunity (Diamond et al., 2011). The ability of
IFN-Is to promote immunity against murine melanoma was shown to
require STAT1 signaling in response to type I IFN receptor- (IFNAR)
stimulation (Fuertes et al., 2011). Accordingly, following tumor im-
plantation, STAT1- or IFNAR-deficient mice show reduced intratumoral
accumulation of cDC1s and decreased tumor-antigen specific T cell
priming compared to wild type controls (Fuertes et al., 2011). Inter-
estingly, in the absence of IFN-Is or STAT1, cDC1s were absent from the
TME (Fuertes et al., 2011), suggesting IFN-I-STAT1 signals may also be
required for the recruitment or local differentiation of cDC1s.

IFN-Is can be induced by the activation of a number of innate im-
mune sensors, recognizing ligands naturally present in the TME. These
sensors include certain TLR agonists such as tumor-derived DNA or
RNA, which stimulate TLR3, TLR7 or TLR9 activation. Moreover, the
STimulator of INterferon Genes (STING), which senses cytoplasmic
DNA has been recognized as an important mediator of IFN-I production
in the TME (Woo et al., 2014). By contrast, deficiency in MyD88, TRIF,
TLR4, TLR9, P2X7R, or MAVS, which comprise important receptors or

signaling proteins involved in innate recognition of pathogens and
danger signals, did not impair spontaneous CD8+ T cell priming (Woo
et al., 2014). Collectively, these data support the concept that STING is
a crucial DNA sensor in the TME. This topic is covered in detail in the
accompanying review by Vatner and Janssen in this issue, as well as an
earlier review (Corrales et al., 2017).

Activation of other innate immune signaling pathways has been
used in approaches such as tumor vaccine adjuvants to improve ther-
apeutic responses in cancer. As mentioned earlier, intratumoral injec-
tion of poly I:C slowed tumor progression (Salmon et al., 2016), an
effect that may be due to activation of TLR3-expressing CD103+ cDC1s
in the TME. In addition, imiquimod, a TLR7 agonist, is an approved
therapy for basal cell carcinoma, implicating pDC stimulation and
production of IFN-Is as important in anti-tumor activity (Le Mercier
et al., 2013; Wu et al., 2017). Others TLR agonists are in clinical trials
or have been approved for use in cancer; this topic is covered in greater
detail in an earlier review (Shi et al., 2016).

4.3. Immunosuppressive factors and STAT signaling in the TME

Although numerous potential stimulatory signals for DCs exist in the
TME, many tumors also contain abundant amounts of im-
munosuppressive cytokines such as IL-10, which can be produced by
TLR-stimulated DCs or macrophages. IL-10 suppresses DC-mediated
production of pro-inflammatory cytokines such as IL-12 upon TLR li-
gation, and consequently inhibits the ability of DCs to stimulate CD4+

Th1 polarization and CD8+ T cell activation (Ruffell et al., 2014; Yang
and Lattime, 2003). Recently, we found that IL-10, as well as IL-6 and
VEGF, were produced by murine melanoma cells and were expressed in
melanoma tumors in vivo (Li et al., 2016b). Prior studies show IL-6
signaling in DCs inhibits the upregulation of co-stimulatory molecules
CD80 and CD86, as well as CCR7, in response to TLR activation (Hegde
et al., 2004; Park et al., 2004), while VEGF suppresses DC maturation
from human hematopoietic progenitors in vitro (Gabrilovich et al.,
1996; Oyama et al., 1998). In a study of human cancer patients, ele-
vated circulating VEGF levels correlated with an increase in immature
DCs, which lacked T cell stimulatory capacity, and a decrease in mature
DCs (Almand et al., 2000). Consistently, administration of VEGF-neu-
tralizing antibodies in tumor-bearing mice enhanced the abundance
and function of DCs in lymphoid organs, and improved anti-tumor
CD8+ T cell responses (Gabrilovich et al., 1999).

STAT3 is activated by IL-10, IL-6, and VEGF. Thus the aforemen-
tioned studies as well as original work using conditional STAT3 deletion
mediated by the MX cre transgene implicated an immunosuppressive
role for cytokine-responsive STAT3 signaling in DCs (Kortylewski et al.,
2005). To formally test this concept, we used animals with DC-re-
stricted STAT3 deletion (i.e., CD11c cre Stat3f/f mice) and the B16
melanoma tumor model. Our results revealed slower melanoma tumor
growth in mice lacking STAT3 expression in DCs, compared to wild
type controls. In addition, STAT3 deletion from DCs enhanced the ratio
of IFN-γ-producing CD4+ and CD8+ T cell subsets versus Tregs in tu-
mors, suggesting STAT3 signaling in DCs promotes an im-
munosuppressive tumor-infiltrating lymphocyte (TIL) profile (Li et al.,
2016b). The immunosuppressive activity of STAT3 was traced to in-
hibition of ID2, a transcriptional regulator required for cDC1 differ-
entiation and function (Hacker et al., 2003; Li et al., 2016b). Sig-
nificantly, overexpression of ID2 in GM-CSF-derived DCs, which were
delivered intratumorally at an early stage of melanoma growth, slowed
tumor progression when compared to the control DC vaccine. Fur-
thermore, the ID2-expressing DCs suppressed Treg production in
DC:naïve T cell co-cultures in vitro, and promoted an increase in IFN-γ-
producing TILs versus Tregs upon vaccination in vivo (Li et al., 2016b).
These data collectively implicate STAT3 and ID2 as negative and po-
sitive regulators of DC activity in melanoma, respectively. Future work
is required to understand the transcriptional and molecular pathways
that are controlled by these important regulators in DCs.
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In addition to STAT3-activating cytokines, other factors in the TME
inhibit DC function. For instance, PGE2 blocks DC differentiation in
vitro, and is accompanied by low expression of MHC II, CD80, and
CD40 (Yang et al., 2003). PGE2-mediated responses in DCs are de-
pendent on expression of the EP2 receptor. Consistently, tumor growth
studies in EP2-deficient mice demonstrated decreased tumor progres-
sion and prolonged survival, as well as increased DC and CD8+ T cells
in TdLNs (Yang et al., 2003). Recent work showed that inhibition of IL-
10-mediated signaling dramatically reduced the suppressive effect of
PGE2 on DCs in vitro (Ahmadi et al., 2008), suggesting IL-10 con-
tributes to the immunosuppressive activity of PGE2.

Signaling via the intracellular factor β-catenin also plays important
roles in tumor-DC crosstalk in the TME. In murine melanoma, it was
recently shown that a tumor-derived Wnt ligand (Wnt5a) promoted IDO
production by DCs via β-catenin signaling, which led to increased DC-
mediated Treg generation (Holtzhausen et al., 2015). In addition, de-
letion of the Wnt co-receptors LRP5 and LRP6 on DCs significantly
delayed melanoma growth and correlated with increased DC abun-
dance and proliferation of T effector cells in the TdLNs (Hong et al.,
2016). Moreover, β-catenin signaling in melanoma cells was found to
prevent CCL4-dependent recruitment of DCs and generation of anti-
tumor immunity (Spranger et al., 2015).

TGF-β, an important signaling molecule involved in many aspects of
tumor biology, was found in early studies to inhibit DC maturation in
vitro (Yamaguchi et al., 1997). Interestingly, “immature” DCs, e.g., DCs
expressing CD11c but low levels of MHC II and co-stimulatory mole-
cules, have been implicated as an important source of TGF-β in the
TdLNs, and thereby enhancing Treg expansion (Ghiringhelli et al.,
2005). Overall, TGF-β is largely responsible for orchestrating an im-
munosuppressive environment through its interactions with many cell
types in the TME. This topic has been reviewed in depth previously, and
we refer readers to the following excellent resources (Flavell et al.,
2010; Pickup et al., 2013).

5. Tumor-associated DCs and their roles in tumor immunity

5.1. Accurate DC identification in tumors

Early studies indicated that tumor-infiltrating DCs are defective in
their ability to stimulate T cells and drive anti-tumor immune re-
sponses, thus enabling tumor growth. This was attributed to reduced
expression of co-stimulatory molecules and subdued production of pro-
inflammatory cytokines, along with elevated expression of inhibitory
molecules such as PD-L1, by tumor associated DCs (Perrot et al., 2007;
Stoitzner et al., 2008). These studies utilized CD11c and MHC II ex-
pression to identify DCs, which defines DCs broadly and includes
MoDCs, a population that is significantly more abundant in most tumor
types versus cDCs (Broz et al., 2014; Salmon et al., 2016). More recent
work, analyzing many tumor types and stages of tumor development,
has delineated cDC subsets with varying T cell stimulatory capacity and
revealed that cDCs are a sparse population in most tumors (Broz et al.,
2014; Edelson et al., 2010; Roberts et al., 2016; Salmon et al., 2016;
Spranger et al., 2017). Thus, current methods for identifying DC subsets
(Guilliams et al., 2016) (Table 1) allow for the specific characterization
of DC phenotype and function within the TME.

The recognition of DCs as the principal intermediates between innate
and adaptive immune responses, and the advent of immune checkpoint
therapy for cancer, has spurred new investigation in DC function within
the TME (Steinman, 2012; Topalian et al., 2015). Through careful pro-
filing of distinct DC subsets in many tumor models and use of genetically
modified mice with DC deficiencies, cDC1s (e.g., tissue resident CD103+

DCs) have emerged as the most potent activators of T cell mediated anti-
tumor immunity. Nonetheless, pDCs and cDC2s also have appreciable but
understudied roles in regulating immune responses to tumors. Here, we
focus discussion on cDCs (versus MoDCs) in the TME, with particular
attention to the roles and regulation of cDC1s.

5.2. cDC1s as principal inducers of T cell mediated tumor immunity

The superior ability of cDC1s to cross present exogenous antigens on
MHC I and initiate CD8+ T cell-mediated anti-tumor immunity was
initially established in Batf3-deficient mice, which selectively lack
cDC1s and demonstrate an inability to reject highly immunogenic fi-
brosarcoma tumors (Hildner et al., 2008). Since this seminal finding,
Batf3-deficient mice have been used to test the necessity of cDC1s in
other tumor types, and in response to immune checkpoint blockade and
adoptive T cell therapy. Collectively, these studies demonstrated es-
sential roles for cDC1s in initiating and sustaining CD8+ T cell re-
sponses toward melanoma, lymphoma, and colon tumors, as well as
cancer immune therapy (Broz et al., 2014; Salmon et al., 2016;
Sánchez-Paulete et al., 2016; Spranger et al., 2017). Furthermore,
analysis of The Cancer Genome Atlas (TCGA) database revealed that the
abundance of cDC1 s in tumors correlates positively with patient sur-
vival across 12 different cancer types (Broz et al., 2014).

Although it is clear that cDC1s stimulate tumor-reactive CD8+ cy-
totoxic T cells (Hildner et al., 2008), the mechanisms that enable their
selective ability to cross-present antigen are only now being uncovered.
For example, early work showed splenic cDC1s and cDC2s have similar
abilities to endocytose exogenous antigens (Schnorrer et al., 2006;
Segura et al., 2009). Recent studies, however, revealed the endocytic
compartment of tumor-infiltrating CD103+ cDC1s has a higher pH in
comparison to other potential antigen-presenting cells in the TME (Broz
et al., 2014). Elevated pH of the endocytic compartment is important
for maintaining antigen cross-presentation function in DCs, and is
mediated via a process involving NADPH oxidase 2 (NOX2) (Savina
et al., 2006). Consistently, purification of antigen-presenting cells from
the TME, followed by T cell priming and activation assays, demon-
strated CD103+ cDC1s were the most efficient DC subset in activating
naïve as well as previously primed CD8+ T cells (Broz et al., 2014). In
addition, cDC1s effectively recognize and take up dead cell antigens via
a process mediated by Clec9A, which contributes to their antigen cross-
presentation function in cancer and viral infection (Sancho et al., 2008;
Zelenay et al., 2012).

Importantly, recent studies have also shown that CD103+ cDC1s are
the only DC population capable of transporting solid tumor antigens to
tumor-draining lymph nodes (TdLNs), consistent with their tissue re-
sidence and ability to migrate upon activation (Roberts et al., 2016;
Salmon et al., 2016). DCs migrate to LNs in response to the chemokine
CCL21, which is secreted by lymphatic endothelial cells and signals via
the CCR7 chemokine receptor expressed on the DC cell surface (Ohl
et al., 2004) (Fig. 2). CCR7-deficient CD103+ cDC1s were impaired in
LN migration and T cell priming towards B16 murine melanoma an-
tigen, leading to enhanced melanoma progression (Roberts et al.,
2016). Moreover, tumor antigen-containing CD103+ cDC1s were de-
monstrated to interact directly with CD8+ T cells in TdLNs (Roberts
et al., 2016). By contrast, in a mouse model of multiple sclerosis, the
induction of antigen-specific tolerance by cDC1s was also dependent on
CCR7 expression (Idoyaga et al., 2013). Thus, future work to determine
whether and how cDC1s and other DC populations actively promote
antigen-specific tolerance versus immunity in LNs will aid in devel-
oping new therapies for cancer and immune disease.

Recent studies using advanced imaging technology revealed that
CD8+ T cells require interaction with antigen-bearing cDC1s for effi-
cient activation (Hor et al., 2015; Kitano et al., 2016). An important
factor contributing to cDC1:CD8+ T cell interaction is the selective
expression of the chemokine receptor XCR1 by cDC1s. In LNs, cDC1s
expressing XCR1+ serve as a central platform to engage CD4+ T cell
help for optimized CD8+ T cell priming and CD8+ T cell memory re-
sponses (Eickhoff et al., 2015; Hor et al., 2015). In addition, activated
CD8+ T cells in LNs upregulate the chemokine XCL1, which attracts
XCR1+ cDC1 cells. These events orchestrate the formation of cDC1:T
cell clusters that augment the priming and generation of the CD8+

cytotoxic T cell immune response (Brewitz et al., 2017; Hor et al., 2015;
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Kitano et al., 2016). Interestingly, clustering of XCR1+ cDC1s with
CD8+ T cells has also been observed in the TdLNs of melanoma-bearing
mice, but its relevance to mediating anti-tumor immunity needs to be
further explored (Roberts et al., 2016). Taken together, studies suggest
that the trafficking of tumor antigen to the TdLN by the CD103+ cDC1
population is critical for the generation of effective T cell-mediated
immunity against solid tumors (Fig. 2). Of note, cDC1s can also transfer
antigen to other DC populations residing in LN to activate CD8+ T cells
(Allan et al., 2006).

5.3. Mechanisms regulating cDC1 accumulation in tumors

Pre-cDCs are recruited to tumors by the chemokine CCL3 (Fig. 2),
which is produced primarily by tumor-infiltrating lymphocytes (TILs)
and tumor-associated macrophages (TAMs); tumor-infiltrating pre-DCs
subsequently undergo differentiation to cDCs (Iida et al., 2008).
Moreover, the chemokine CCL4, secreted by Braf-mutant, PTEN-defi-
cient (BrafV600E Pten−/−) murine melanoma cells, mediates recruitment
of tissue-resident CD103+ cDC1s to melanoma tumors (Spranger et al.,
2015). Consistently, the chemokine receptors CCR1 and CCR5, which
are stimulated by CCL3 (CCR1) or CCL4 (CCR1 and CCR5), are neces-
sary for accumulation of CD205+ cDCs (potentially cDC1s) as well as
other CD11c+ cells in the TME (Iida et al., 2008). Strikingly, only mice
with intact CCR1, CCR5, or CCL3 during primary tumor challenge could

reject secondary tumors (Iida et al., 2008). Upon their recruitment,
CD103+ cDC1s appear to be a primary source of the T cell chemoat-
tractant CXCL10 (Spranger et al., 2017). These results are consistent
with a positive correlation between tumor-associated CD103+ cDC1s
and T cells, as exclusion of CD103+ cDC1s from melanoma tumors
resulted in a profound lack of T cell infiltration (Spranger et al., 2015)
(Fig. 2). Moreover, CCR5-dependent recruitment of CD103+ cDC1s was
required for response of tumor-bearing animals to adoptive T cell
transfer in conditions designed to mimic immunotherapy (Spranger
et al., 2017). Taken together, these findings delineate the roles of CCL3,
CCL4, CCR1, and CCR5, as well as CXCL10, in mediating the sequential
recruitment of CD103+ cDC1s and effector T cells to the TME, re-
spectively, to initiate and sustain anti-tumor immunity (Fig. 2).

5.4. Roles for cDC2s in solid tumors

As mentioned previously, early reports that focused on DC function
in tumors typically used a broad definition of DCs, such as identification
by the CD11c+ CD11b+ MHC II+ cell surface phenotype (or variations
of these markers). Tissue-localized cDC2s and MoDCs share this ex-
pression profile (Broz et al., 2014; Guilliams et al., 2016), raising the
possibility that early DC definitions and functional delineations may
reflect a collection of subsets. In addition, a genetic model lacking
cDC2s selectively, analogous to Batf3−/− mice deficient in cDC1, has

Fig. 2. Schematic illustration of trafficking and activation or tolerance signals regulating CD103+ cDC1s in the TME. Pre-cDCs migrate to the TME, differentiate into CD103+

cDC1s, and integrate a variety of activating or tolerogenic signals, as shown. Tumor-associated CD103+ cDC1s subsequently migrate to the TdLNs to prime anti-tumor naïve CD8+ T cells.
CD103+ cDC1s in the TME also secrete chemokines that recruit anti-tumor T cells, as indicated.
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not been developed or used extensively to study cDC2s in tumor im-
munity. Recent reports indicate cDC2s are capable of engulfing tumor
antigen and inducing T cell proliferation in vitro, following their pur-
ification from the TME, suggesting cDC2s may contribute to stimulating
anti-tumor T cell responses (Broz et al., 2014; Eickhoff et al., 2015; Hor
et al., 2015) Nonetheless, cDC2s are not thought to be effective antigen
cross-presenting cells, and significant gaps exist in our understanding of
cDC2s in tumor immunity, particularly in light of the fact that cDC1s
appear to play a dominant role (Broz et al., 2014; Hildner et al., 2008;
Roberts et al., 2016; Salmon et al., 2016; Spranger et al., 2017).
Moreover, whether cDC2s mediate tolerogenic responses or influence
the migration or activity of other tumor-infiltrating immune subsets
requires further investigation.

5.5. Roles for pDCs in solid tumors

Although pDCs do not typically reside in tissues in steady state, they
are recruited to sites of inflammation as well as solid tumors, where
they have shown conflicting roles. For example, the abundance of pDCs
in human breast cancer and melanoma correlates with poor prognosis
(Aspord et al., 2014; Sawant and Ponnazhagan, 2013), and depletion of
pDCs (through use of anti-BST2 antibodies) in a murine orthotopic
model of breast cancer significantly delayed tumor growth (Le Mercier
et al., 2013). By contrast, imiquimod stimulates pDC production of IFN-
Is and enhances anti-tumor cell-mediated immunity in humanized
melanoma and orthotopic breast tumor models (Aspord et al., 2014; Le
Mercier et al., 2013). Furthermore, CD40L- or TLR9-stimulated pDCs
secrete IFN-Is in the TME, which helps promote NK- and CD8+ T cell-
mediated responses against melanoma in tumor-bearing mice (Liu
et al., 2008; Salio et al., 2003). Taken together, these findings suggest
that the functional properties of pDCs in tumors are associated with
their activation status, and stimulation of pDCs could be considered for
targeted therapeutic approaches in human breast and melanoma tu-
mors, and potentially other cancers.

In addition to secreting IFN-Is and other pro-inflammatory media-
tors in the TME, pDCs exhibit cytotoxic activity against human mela-
noma cells. For example, human pDCs activated by imiquimod or IFN-
α, were able to lyse multiple human melanoma cell lines ex vivo (Kalb
et al., 2012). Moreover, murine pDCs activated with either imiquimod
or CpG (a TLR9 agonist) showed direct cytotoxic effects on mouse
breast cancer cells in vitro, and suppressed tumor growth in vivo (Wu
et al., 2017). Given the cytotoxic effects of IFN-Is, it is possible these
responses result directly from pDC-mediated IFN-I production, although
alternative mechanisms may also contribute. Interestingly, a recent
study revealed that pDCs promoted XCL1-driven clustering of cDC1s
and T cells in LNs in a model of vaccinia virus infection, a response that
was mediated by pDC production of IFN-Is (Brewitz et al., 2017). Future
studies are required to address the molecular basis of pDC-mediated
toxicity toward tumor cells, as well as roles for pDCs in regulating other
immune subsets and discrete cancer types.

5.6. DCs in hematological malignancies

Compared to solid tumors, fewer studies have probed the functions
of DCs in hematological malignancies. Fully differentiated DC subsets
are not found in abundance in the bone marrow or peripheral blood,
major sites occupied by leukemic cells, which may reduce the ability of
the immune system to detect leukemia versus tissue-localized (solid)
tumors. Notably, however, defective DC production and function has
been reported in patients with myeloproliferative disorders, myelo-
dysplastic syndromes, acute/chronic myeloid leukemia (AML/CML),
and T and B cell lymphoma (Galati et al., 2016). For example, both
cDC1s and pDCs were reduced in the circulation of patients with CML
and non-Hodgkin’s lymphoma, accompanied by impaired DC migration
and antigen presentation activity (Dong et al., 2003; Fiore et al., 2006;
Mohty et al., 2002; Mohty et al., 2004). Furthermore, the most

commonly used therapeutic agent for CML, imatinib mesylate, was
associated with enhanced pDC abundance and function (Mohty et al.,
2004). While these data suggest impaired DC amounts or function may
contribute to the progression of leukemia or lymphoma, a significant
amount of work is required to understand roles for DCs in the pro-
gression of hematological malignancies.

6. DC-based therapies and tumor vaccines

Various regimens, including those that mimic DC-expressed acti-
vating ligands for T cells (e.g., 4-1BB, OX40 agonist, CD40L), agents
that stimulate DCs directly (e.g., CD40 agonists, TLR agonists), or me-
chanisms that block DC-mediated negative signals (e.g. anti-CTLA, anti-
PD-1, anti-PD-L1) have been studied extensively in experimental tumor
models and, in many cases, tested in clinical trials for cancer (Eriksson
et al., 2017; Freeman et al., 2000; Latchman et al., 2001; Leach et al.,
1996; Melero et al., 2013; Richman and Vonderheide, 2014; Topalian
et al., 2015; Vonderheide and Glennie, 2013). In addition, there has
been much focus in the field directed toward expanding and activating
DCs isolated from cancer patients for later therapeutic use. For ex-
ample, DCs, monocytes, or progenitor cells have been isolated from
peripheral blood samples, grown in conditions that promote DC pro-
liferation and differentiation ex vivo, and used as an adoptive (auto-
logous) cell therapy in cancer (Garg et al., 2017). Additionally, DCs that
have been differentiated and activated using cocktails of growth factors,
cytokines, and TLR or co-stimulatory agonists are also being in-
vestigated as cancer treatment options (Garg et al., 2017). Before DCs
are administered back to the patient, they may be incubated with tumor
cell lysates or specific tumor antigen-derived peptides. This is used to
improve DC presentation of tumor antigens and resulting T cell re-
sponses toward the tumor. Currently, several clinical trials, using dif-
ferent variations of these approaches are in progress or recently com-
pleted; these are summarized herein (Fig. 3) and reviewed in depth
elsewhere (Garg et al., 2017).

Separately, strategies that target tumor antigens to DCs in vivo have
been investigated for efficacy in treating cancer or viral infection. For
example, antigens have been linked to antibodies against DC-specific
endocytic receptors, such as DEC205, DC-SIGN, and Clec9A (Birkholz
et al., 2010; Bonifaz et al., 2004; Tullett et al., 2016; Wakim et al.,
2015; Wang, 2012) (Fehres et al., 2015; Macri et al., 2017). Im-
portantly, when targeting peptides to receptors on DCs, the absence of
adjuvant can lead to the induction of tolerogenic immunity to the

Fig. 3. DC vaccine-based clinical trials. The graph shows the number of DC vaccine-
based clinical trials in distinct cancers listed on clinicaltrial.gov from November 1999 to
March 2017. Information for the following cancers is included: central nervous system
(CNS) tumors (Medulloblastoma, Ependymoma, Gliobastoma Multiforme and
Astrocytoma); genitourinary (GU) tumors (Prostate); skin tumors (Melanoma); gastro-
intestinal (GI) tumors (Colorectal, Pancreas, Esophagus); lung tumors (Mesothelioma,
Adenocarcinoma, Non-Small Cell lung cancer, Small cell lung cancer); renal tumors
(Renal cell carcinoma); breast tumors (Ductal carcinoma in situ); other solid tumors
(Sarcomas, Neuroblastoma, Wilm’s Tumor, Ewing’s Sarcoma and Rhabdomyosarcoma);
and hematological malignancies (Acute Myeloid Leukemia, Myeloma, Lymphoma).
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antigen (Hawiger et al., 2001; Idoyaga et al., 2013), an undesirable
response in tumor vaccination. Thus, further studies investigating the
molecular mechanisms that regulate DC antigen presentation and im-
mune activation is important for maximizing the clinical efficacy of DC-
based therapies.

7. Concluding remarks

Studies over the last few decades have revealed important tran-
scriptional and cytokine-driven pathways regulating DC differentiation.
Moreover, DC function is dynamically modulated by microenviron-
mental factors including cytokines and chemokines present in the TME.
In many cases, these elicit immunosuppressive activities and under-
standing mechanisms by which these inhibitory pathways can be cir-
cumvented is key to improving DC based immunotherapy. In exciting
advances, several current studies have indicated the importance of the
type 1 conventional DCs (cDC1s) in delivering tumor-associated anti-
gens to prime cytotoxic T cells for anti-tumor immunity. This knowl-
edge as well as improved methods to delineate DC subset identification,
differentiation, migration, and activation triggers, may be incorporated
to improve the efficacy of DC-based therapy in cancer.

Declaration of interest

The authors declare no competing financial interests. None of the
authors affiliated with this manuscript have any commercial or asso-
ciations that might pose a conflict interest.

Acknowledgement

This study was supported by grants from the NIH National Institute
of Allergy and Infectious Diseases (R01AI109294 to S.S.W.), a Research
Training Award from the Cancer Prevention and Research Institute of
Texas (CPRIT RP170067 to T.T.C), and the MD Anderson Center for
Inflammation and Cancer (to S.S.W. and H.S.L.)

References

Ahmadi, M., Emery, D.C., Morgan, D.J., 2008. Prevention of both direct and cross-
priming of antitumor CD8+ T-cell responses following overproduction of pros-
taglandin E2 by tumor cells in vivo. Cancer Res. 68, 7520–7529.

Akira, S., Takeda, K., Kaisho, T., 2001. Toll-like receptors: critical proteins linking innate
and acquired immunity. Nat. Immunol. 2, 675–680.

Allan, R.S., Waithman, J., Bedoui, S., Jones, C.M., Villadangos, J.A., Zhan, Y., Lew, A.M.,
Shortman, K., Heath, W.R., Carbone, F.R., 2006. Migratory dendritic cells transfer
antigen to a lymph node-resident dendritic cell population for efficient CTL priming.
Immunity 25, 153–162.

Almand, B., Resser, J.R., Lindman, B., Nadaf, S., Clark, J.I., Kwon, E.D., Carbone, D.P.,
Gabrilovich, D.I., 2000. Clinical significance of defective dendritic cell differentiation
in cancer. Clin. Cancer Res. 6, 1755–1766.

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

Aspord, C., Leccia, M.T., Charles, J., Plumas, J., 2014. Melanoma hijacks plasmacytoid
dendritic cells to promote its own progression. Oncoimmunology 3, e27402.

Au-Yeung, N., Mandhana, R., Horvath, C.M., 2013. Transcriptional regulation by STAT1
and STAT2 in the interferon JAK-STAT pathway. JAKSTAT 2, e23931.

Baba, T., Nakamoto, Y., Mukaida, N., 2009. Crucial contribution of thymic Sirp alpha+
conventional dendritic cells to central tolerance against blood-borne antigens in a
CCR2-dependent manner. J. Immunol. 183, 3053–3063.

Bell, B.D., Kitajima, M., Larson, R.P., Stoklasek, T.A., Dang, K., Sakamoto, K., Wagner,
K.U., Kaplan, D.H., Reizis, B., Hennighausen, L., Ziegler, S.F., 2013. The transcription
factor STAT5 is critical in dendritic cells for the development of TH2 but not TH1
responses. Nat. Immunol. 14, 364–371.

Bigley, V., Barge, D., Collin, M., 2016. Dendritic cell analysis in primary im-
munodeficiency. Curr. Opin. Allergy Clin. Immunol. 16, 530–540.

Birkholz, K., Schwenkert, M., Kellner, C., Gross, S., Fey, G., Schuler-Thurner, B., Schuler,
G., Schaft, N., Dorrie, J., 2010. Targeting of DEC-205 on human dendritic cells results
in efficient MHC class II-restricted antigen presentation. Blood 116, 2277–2285.

Bjorck, P., 2001. Isolation and characterization of plasmacytoid dendritic cells from Flt3
ligand and granulocyte-macrophage colony-stimulating factor-treated mice. Blood
98, 3520–3526.

Blanco, P., Palucka, A.K., Pascual, V., Banchereau, J., 2008. Dendritic cells and cytokines
in human inflammatory and autoimmune diseases. Cytokine Growth Factor Rev. 19,

41–52.
Bogunovic, M., Ginhoux, F., Helft, J., Shang, L., Hashimoto, D., Greter, M., Liu, K.,

Jakubzick, C., Ingersoll, M.A., Leboeuf, M., Stanley, E.R., Nussenzweig, M., Lira, S.A.,
Randolph, G.J., Merad, M., 2009. Origin of the lamina propria dendritic cell network.
Immunity 31, 513–525.

Bonifaz, L.C., Bonnyay, D.P., Charalambous, A., Darguste, D.I., Fujii, S., Soares, H.,
Brimnes, M.K., Moltedo, B., Moran, T.M., Steinman, R.M., 2004. In vivo targeting of
antigens to maturing dendritic cells via the DEC-205 receptor improves T cell vac-
cination. J. Exp. Med. 199, 815–824.

Borkowski, T.A., Letterio, J.J., Farr, A.G., Udey, M.C., 1996. A role for endogenous
transforming growth factor beta 1 in Langerhans cell biology: the skin of trans-
forming growth factor beta 1 null mice is devoid of epidermal Langerhans cells. J.
Exp. Med. 184, 2417–2422.

Bosschaerts, T., Guilliams, M., Stijlemans, B., Morias, Y., Engel, D., Tacke, F., Herin, M.,
De Baetselier, P., Beschin, A., 2010. Tip-DC development during parasitic infection is
regulated by IL-10 and requires CCL2/CCR2, IFN-gamma and MyD88 signaling. PLoS
Pathog. 6, e1001045.

Brewitz, A., Eickhoff, S., Dähling, S., Quast, T., Bedoui, S., Kroczek, R.A., Kurts, C., Garbi,
N., Barchet, W., Iannacone, M., 2017. CD8+ T cells orchestrate pDC-XCR1+ den-
dritic cell spatial and functional cooperativity to optimize priming. Immunity 46,
205–219.

Broz, M.L., Binnewies, M., Boldajipour, B., Nelson, A.E., Pollack, J.L., Erle, D.J., Barczak,
A., Rosenblum, M.D., Daud, A., Barber, D.L., 2014. Dissecting the tumor myeloid
compartment reveals rare activating antigen-presenting cells critical for T cell im-
munity. Cancer Cell 26, 638–652.

Burga, R.A., Thorn, M., Point, G.R., Guha, P., Nguyen, C.T., Licata, L.A., DeMatteo, R.P.,
Ayala, A., Espat, N.J., Junghans, R.P., 2015. Liver myeloid-derived suppressor cells
expand in response to liver metastases in mice and inhibit the anti-tumor efficacy of
anti-CEA CAR-T. Cancer Immunol. Immunother. 64, 817–829.

Burgess, A.W., Metcalf, D., 1980. The nature and action of granulocyte-macrophage
colony stimulating factors. Blood 56, 947–958.

Burgess, A.W., Camakaris, J., Metcalf, D., 1977. Purification and properties of colony-
stimulating factor from mouse lung-conditioned medium. J. Biol. Chem. 252,
1998–2003.

Butte, M.J., Keir, M.E., Phamduy, T.B., Sharpe, A.H., Freeman, G.J., 2007. Programmed
death-1 ligand 1 interacts specifically with the B7-1 costimulatory molecule to inhibit
T cell responses. Immunity 27, 111–122.

Campbell, I.K., van Nieuwenhuijze, A., Segura, E., O'Donnell, K., Coghill, E., Hommel, M.,
Gerondakis, S., Villadangos, J.A., Wicks, I.P., 2011. Differentiation of inflammatory
dendritic cells is mediated by NF-kappaB1-dependent GM-CSF production in CD4T
cells. J. Immunol. 186, 5468–5477.

Capitini, C.M., Nasholm, N.M., Chien, C.D., Larabee, S.M., Qin, H., Song, Y.K., Klover,
P.J., Hennighausen, L., Khan, J., Fry, T.J., 2014. Absence of STAT1 in donor-derived
plasmacytoid dendritic cells results in increased STAT3 and attenuates murine GVHD.
Blood 124, 1976–1986.

Carotta, S., Dakic, A., D'Amico, A., Pang, S.H., Greig, K.T., Nutt, S.L., Wu, L., 2010. The
transcription factor PU.1 controls dendritic cell development and Flt3 cytokine re-
ceptor expression in a dose-dependent manner. Immunity 32, 628–641.

Caton, M.L., Smith-Raska, M.R., Reizis, B., 2007. Notch-RBP-J signaling controls the
homeostasis of CD8- dendritic cells in the spleen. J. Exp. Med. 204, 1653–1664.

Caux, C., Vanbervliet, B., Massacrier, C., Dezutter-Dambuyant, C., de Saint-Vis, B.,
Jacquet, C., Yoneda, K., Imamura, S., Schmitt, D., Banchereau, J., 1996. CD34+
hematopoietic progenitors from human cord blood differentiate along two in-
dependent dendritic cell pathways in response to GM-CSF+TNF alpha. J. Exp. Med.
184, 695–706.

Chen, L., Flies, D.B., 2013. Molecular mechanisms of T cell co-stimulation and co-in-
hibition. Nat. Rev. Immunol. 13, 227–242.

Chen, L.S., Wei, P.C., Liu, T., Kao, C.H., Pai, L.M., Lee, C.K., 2009. STAT2 hypomorphic
mutant mice display impaired dendritic cell development and antiviral response. J.
Biomed. Sci. 16, 22.

Chen, Y.L., Chen, T.T., Pai, L.M., Wesoly, J., Bluyssen, H.A., Lee, C.K., 2013. A type I IFN-
Flt3 ligand axis augments plasmacytoid dendritic cell development from common
lymphoid progenitors. J. Exp. Med. 210, 2515–2522.

Chicha, L., Jarrossay, D., Manz, M.G., 2004. Clonal type I interferon–producing and
dendritic cell precursors are contained in both human lymphoid and myeloid pro-
genitor populations. J. Exp. Med. 200, 1519–1524.

Cisse, B., Caton, M.L., Lehner, M., Maeda, T., Scheu, S., Locksley, R., Holmberg, D.,
Zweier, C., den Hollander, N.S., Kant, S.G., Holter, W., Rauch, A., Zhuang, Y., Reizis,
B., 2008. Transcription factor E2-2 is an essential and specific regulator of plasma-
cytoid dendritic cell development. Cell 135, 37–48.

Cook, A.D., Braine, E.L., Hamilton, J.A., 2004. Stimulus-dependent requirement for
granulocyte-macrophage colony-stimulating factor in inflammation. J. Immunol.
173, 4643–4651.

Coquet, J.M., Ribot, J.C., Babala, N., Middendorp, S., van der Horst, G., Xiao, Y., Neves,
J.F., Fonseca-Pereira, D., Jacobs, H., Pennington, D.J., Silva-Santos, B., Borst, J.,
2013. Epithelial and dendritic cells in the thymic medulla promote CD4+Foxp3+
regulatory T cell development via the CD27-CD70 pathway. J. Exp. Med. 210,
715–728.

Corrales, L., Matson, V., Flood, B., Spranger, S., Gajewski, T.F., 2017. Innate immune
signaling and regulation in cancer immunotherapy. Cell Res. 27, 96–108.

Curran, M.A., Allison, J.P., 2009. Tumor vaccines expressing flt3 ligand synergize with
ctla-4 blockade to reject preimplanted tumors. Cancer Res. 69, 7747–7755.

D'Amico, A., Wu, L., 2003. The early progenitors of mouse dendritic cells and plasma-
cytoid predendritic cells are within the bone marrow hemopoietic precursors ex-
pressing Flt3. J. Exp. Med. 198, 293–303.

Daro, E., Pulendran, B., Brasel, K., Teepe, M., Pettit, D., Lynch, D.H., Vremec, D., Robb, L.,

T.T. Chrisikos et al. Molecular Immunology 110 (2019) 24–39

34

http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0005
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0005
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0005
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0010
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0010
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0015
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0015
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0015
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0015
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0020
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0020
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0020
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0025
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0025
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0025
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0030
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0030
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0035
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0035
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0040
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0040
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0040
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0045
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0045
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0045
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0045
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0050
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0050
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0055
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0055
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0055
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0060
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0060
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0060
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0065
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0065
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0065
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0070
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0070
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0070
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0070
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0075
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0075
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0075
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0075
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0080
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0080
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0080
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0080
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0085
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0085
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0085
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0085
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0090
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0090
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0090
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0090
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0095
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0095
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0095
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0095
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0100
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0100
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0100
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0100
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0105
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0105
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0110
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0110
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0110
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0115
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0115
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0115
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0120
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0120
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0120
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0120
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0125
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0125
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0125
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0125
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0130
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0130
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0130
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0135
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0135
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0140
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0140
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0140
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0140
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0140
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0145
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0145
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0150
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0150
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0150
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0155
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0155
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0155
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0160
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0160
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0160
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0165
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0165
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0165
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0165
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0170
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0170
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0170
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0175
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0175
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0175
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0175
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0175
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0180
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0180
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0185
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0185
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0190
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0190
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0190
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0195


Shortman, K., McKenna, H.J., Maliszewski, C.R., Maraskovsky, E., 2000.
Polyethylene glycol-modified GM-CSF expands CD11b(high)CD11c(high) but
notCD11b(low)CD11c(high) murine dendritic cells in vivo: a comparative analysis
with Flt3 ligand. J. Immunol. 165, 49–58.

Darrasse-Jèze, G., Deroubaix, S., Mouquet, H., Victora, G.D., Eisenreich, T., Yao K.-h.
Masilamani, R.F., Dustin, M.L., Rudensky, A., Liu, K., Nussenzweig, M.C., 2009.
Feedback control of regulatory T cell homeostasis by dendritic cells in vivo. J. Exp.
Med. 206, 1853–1862.

Diamond, M.S., Kinder, M., Matsushita, H., Mashayekhi, M., Dunn, G.P., Archambault,
J.M., Lee, H., Arthur, C.D., White, J.M., Kalinke, U., 2011. Type I interferon is se-
lectively required by dendritic cells for immune rejection of tumors. J. Exp. Med
(jem).

Diao, J., Zhao, J., Winter, E., Cattral, M.S., 2010. Recruitment and differentiation of
conventional dendritic cell precursors in tumors. J. Immunol. 184, 1261–1267.

Dickinson, R.E., Griffin, H., Bigley, V., Reynard, L.N., Hussain, R., Haniffa, M., Lakey,
J.H., Rahman, T., Wang, X.N., McGovern, N., Pagan, S., Cookson, S., McDonald, D.,
Chua, I., Wallis, J., Cant, A., Wright, M., Keavney, B., Chinnery, P.F., Loughlin, J.,
Hambleton, S., Santibanez-Koref, M., Collin, M., 2011. Exome sequencing identifies
GATA-2 mutation as the cause of dendritic cell, monocyte, B and NK lymphoid de-
ficiency. Blood 118, 2656–2658.

Dominguez, P.M., Ardavin, C., 2010. Differentiation and function of mouse monocyte-
derived dendritic cells in steady state and inflammation. Immunol. Rev. 234, 90–104.

Dong, R., Cwynarski, K., Entwistle, A., Marelli-Berg, F., Dazzi, F., Simpson, E., Goldman,
J.M., Melo, J.V., Lechler, R.I., Bellantuono, I., Ridley, A., Lombardi, G., 2003.
Dendritic cells from CML patients have altered actin organization, reduced antigen
processing, and impaired migration. Blood 101, 3560–3567.

Dranoff, G., Jaffee, E., Lazenby, A., Golumbek, P., Levitsky, H., Brose, K., Jackson, V.,
Hamada, H., Pardoll, D., Mulligan, R.C., 1993. Vaccination with irradiated tumor
cells engineered to secrete murine granulocyte-macrophage colony-stimulating factor
stimulates potent, specific, and long-lasting anti-tumor immunity. Proc. Natl. Acad.
Sci. 90, 3539–3543.

Durai, V., Murphy, K.M., 2016. Functions of murine dendritic cells. Immunity 45,
719–736.

Dursun, E., Endele, M., Musumeci, A., Failmezger, H., Wang, S.H., Tresch, A., Schroeder,
T., Krug, A.B., 2016. Continuous single cell imaging reveals sequential steps of
plasmacytoid dendritic cell development from common dendritic cell progenitors.
Sci. Rep. 6, 37462.

Dzionek, A., Fuchs, A., Schmidt, P., Cremer, S., Zysk, M., Miltenyi, S., Buck, D.W.,
Schmitz, J., 2000. BDCA-2, BDCA-3, and BDCA-4: three markers for distinct subsets
of dendritic cells in human peripheral blood. J. Immunol. 165, 6037–6046.

Edelson, B.T., Kc, W., Juang, R., Kohyama, M., Benoit, L.A., Klekotka, P.A., Moon, C.,
Albring, J.C., Ise, W., Michael, D.G., Bhattacharya, D., Stappenbeck, T.S., Holtzman,
M.J., Sung, S.S., Murphy, T.L., Hildner, K., Murphy, K.M., 2010. Peripheral CD103+
dendritic cells form a unified subset developmentally related to CD8alpha+ con-
ventional dendritic cells. J. Exp. Med. 207, 823–836.

Edwards, A.D., Chaussabel, D., Tomlinson, S., Schulz, O., Sher, A., Reis e Sousa, C., 2003.
Relationships among murine CD11c(high) dendritic cell subsets as revealed by
baseline gene expression patterns. J. Immunol. 171, 47–60.

Eickhoff, S., Brewitz, A., Gerner, M.Y., Klauschen, F., Komander, K., Hemmi, H., Garbi, N.,
Kaisho, T., Germain, R.N., Kastenmüller, W., 2015. Robust anti-viral immunity re-
quires multiple distinct T cell-dendritic cell interactions. Cell 162, 1322–1337.

Eriksson, E., Moreno, R., Milenova, I., Liljenfeldt, L., Dieterich, L.C., Christiansson, L.,
Karlsson, H., Ullenhag, G., Mangsbo, S.M., Dimberg, A., Alemany, R., Loskog, A.,
2017. Activation of myeloid and endothelial cells by CD40L gene therapy supports T-
cell expansion and migration into the tumor microenvironment. Gene Ther. 24,
92–103.

Esashi, E., Wang, Y.H., Perng, O., Qin, X.F., Liu, Y.J., Watowich, S.S., 2008. The signal
transducer STAT5 inhibits plasmacytoid dendritic cell development by suppressing
transcription factor IRF8. Immunity 28, 509–520.

Esterhazy, D., Loschko, J., London, M., Jove, V., Oliveira, T.Y., Mucida, D., 2016.
Classical dendritic cells are required for dietary antigen-mediated induction of per-
ipheral Treg cells and tolerance. Nat. Immunol. 17, 545–555.

Everts, B., Amiel, E., Huang, S.C., Smith, A.M., Chang, C.H., Lam, W.Y., Redmann, V.,
Freitas, T.C., Blagih, J., van der Windt, G.J., Artyomov, M.N., Jones, R.G., Pearce,
E.L., Pearce, E.J., 2014. TLR-driven early glycolytic reprogramming via the kinases
TBK1-IKKvarepsilon supports the anabolic demands of dendritic cell activation. Nat.
Immunol. 15, 323–332.

Fainaru, O., Shseyov, D., Hantisteanu, S., Groner, Y., 2005. Accelerated chemokine re-
ceptor 7-mediated dendritic cell migration in Runx3 knockout mice and the spon-
taneous development of asthma-like disease. Proc. Natl. Acad. Sci. U. S. A. 102,
10598–10603.

Fancke, B., Suter, M., Hochrein, H., O'Keeffe, M., 2008. M-CSF: a novel plasmacytoid and
conventional dendritic cell poietin. Blood 111, 150–159.

Fehres, C.M., van Beelen, A.J., Bruijns, S.C., Ambrosini, M., Kalay, H., van Bloois, L.,
Unger, W.W., Garcia-Vallejo, J.J., Storm, G., de Gruijl, T.D., van Kooyk, Y., 2015. In
situ delivery of antigen to DC-SIGN(+)CD14(+) dermal dendritic cells results in
enhanced CD8(+) T-cell responses. J. Invest. Dermatol. 135, 2228–2236.

Fiore, F., Von Bergwelt-Baildon, M.S., Drebber, U., Beyer, M., Popov, A., Manzke, O.,
Wickenhauser, C., Baldus, S.E., Schultze, J.L., 2006. Dendritic cells are significantly
reduced in non-Hodgkin's lymphoma and express less CCR7 and CD62L. Leuk.
Lymphoma 47, 613–622.

Flavell, R.A., Sanjabi, S., Wrzesinski, S.H., Licona-Limón, P., 2010. The polarization of
immune cells in the tumour environment by TGFβ. Nat. Rev. Immunol. 10.

Fogg, D.K., Sibon, C., Miled, C., Jung, S., Aucouturier, P., Littman, D.R., Cumano, A.,
Geissmann, F., 2006. A clonogenic bone marrow progenitor specific for macrophages
and dendritic cells. Science 311, 83–87.

Freeman, G.J., Long, A.J., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H., Fitz, L.J.,
Malenkovich, N., Okazaki, T., Byrne, M.C., Horton, H.F., Fouser, L., Carter, L., Ling,
V., Bowman, M.R., Carreno, B.M., Collins, M., Wood, C.R., Honjo, T., 2000.
Engagement of the Pd-1 immunoinhibitory receptor by a novel B7 family member
leads to negative regulation of lymphocyte activation. J. Exp. Med. 192, 1027–1034.

Frucht, D.M., Aringer, M., Galon, J., Danning, C., Brown, M., Fan, S., Centola, M., Wu,
C.Y., Yamada, N., El Gabalawy, H., O'Shea, J.J., 2000. Stat4 is expressed in activated
peripheral blood monocytes, dendritic cells, and macrophages at sites of Th1-medi-
ated inflammation. J. Immunol. 164, 4659–4664.

Fuertes, M.B., Kacha, A.K., Kline, J., Woo, S.-R., Kranz, D.M., Murphy, K.M., Gajewski,
T.F., 2011. Host type I IFN signals are required for antitumor CD8+ T cell responses
through CD8α+ dendritic cells. J. Exp. Med. 208, 2005–2016.

Fukao, T., Frucht, D.M., Yap, G., Gadina, M., O'Shea, J.J., Koyasu, S., 2001. Inducible
expression of Stat4 in dendritic cells and macrophages and its critical role in innate
and adaptive immune responses. J. Immunol. 166, 4446–4455.

Gabrilovich, D.I., Chen, H.L., Girgis, K.R., Cunningham, H.T., Meny, G.M., Nadaf, S.,
Kavanaugh, D., Carbone, D.P., 1996. Production of vascular endothelial growth
factor by human tumors inhibits the functional maturation of dendritic cells. Nat.
Med. 2, 1096–1103.

Gabrilovich, D.I., Ishida, T., Nadaf, S., Ohm, J.E., Carbone, D.P., 1999. Antibodies to
vascular endothelial growth factor enhance the efficacy of cancer immunotherapy by
improving endogenous dendritic cell function. Clin. Cancer Res. 5, 2963–2970.

Galati, D., Corazzelli, G., De Filippi, R., Pinto, A., 2016. Dendritic cells in hematological
malignancies. Crit. Rev. Oncol. Hematol. 108, 86–96.

Garg, A.D., Vara Perez, M., Schaaf, M., Agostinis, P., Zitvogel, L., Kroemer, G., Galluzzi,
L., 2017. Trial watch: dendritic cell-based anticancer immunotherapy.
OncoImmunology 6 (7) e1328341.

Gauzzi, M.C., Del Corno, M., Gessani, S., 2010. Dissecting TLR3 signalling in dendritic
cells. Immunobiology 215, 713–723.

Ghiringhelli, F., Puig, P.E., Roux, S., Parcellier, A., Schmitt, E., Solary, E., Kroemer, G.,
Martin, F., Chauffert, B., Zitvogel, L., 2005. Tumor cells convert immature myeloid
dendritic cells into TGF-β–secreting cells inducing CD4+ CD25+ regulatory T cell
proliferation. J. Exp. Med. 202, 919–929.

Gilliet, M., Boonstra, A., Paturel, C., Antonenko, S., Xu, X.L., Trinchieri, G., O'Garra, A.,
Liu, Y.J., 2002. The development of murine plasmacytoid dendritic cell precursors is
differentially regulated by FLT3-ligand and granulocyte/macrophage colony-stimu-
lating factor. J. Exp. Med. 195, 953–958.

Ginhoux, F., Merad, M., 2010. Ontogeny and homeostasis of Langerhans cells. Immunol.
Cell Biol. 88, 387–392.

Greter, M., Helft, J., Chow, A., Hashimoto, D., Mortha, A., Agudo-Cantero, J., Bogunovic,
M., Gautier, E.L., Miller, J., Leboeuf, M., Lu, G., Aloman, C., Brown, B.D., Pollard,
J.W., Xiong, H., Randolph, G.J., Chipuk, J.E., Frenette, P.S., Merad, M., 2012. GM-
CSF controls nonlymphoid tissue dendritic cell homeostasis but is dispensable for the
differentiation of inflammatory dendritic cells. Immunity 36, 1031–1046.

Guerriero, A., Langmuir, P.B., Spain, L.M., Scott, E.W., 2000. PU.1 is required for mye-
loid-derived but not lymphoid-derived dendritic cells. Blood 95, 879–885.

Guilliams, M., Ginhoux, F., Jakubzick, C., Naik, S.H., Onai, N., Schraml, B.U., Segura, E.,
Tussiwand, R., Yona, S., 2014. Dendritic cells, monocytes and macrophages: a unified
nomenclature based on ontogeny. Nat. Rev. Immunol. 14, 571–578.

Guilliams, M., Dutertre, C.A., Scott, C.L., McGovern, N., Sichien, D., Chakarov, S., Van
Gassen, S., Chen, J., Poidinger, M., De Prijck, S., Tavernier, S.J., Low, I., Irac, S.E.,
Mattar, C.N., Sumatoh, H.R., Low, G.H., Chung, T.J., Chan, D.K., Tan, K.K., Hon, T.L.,
Fossum, E., Bogen, B., Choolani, M., Chan, J.K., Larbi, A., Luche, H., Henri, S., Saeys,
Y., Newell, E.W., Lambrecht, B.N., Malissen, B., Ginhoux, F., 2016. Unsupervised
high-dimensional analysis aligns dendritic cells across tissues and species. Immunity
45, 669–684.

Hacker, C., Kirsch, R.D., Ju, X.S., Hieronymus, T., Gust, T.C., Kuhl, C., Jorgas, T., Kurz,
S.M., Rose-John, S., Yokota, Y., Zenke, M., 2003. Transcriptional profiling identifies
Id2 function in dendritic cell development. Nat. Immunol. 4, 380–386.

Hadeiba, H., Butcher, E.C., 2013. Thymus-homing dendritic cells in central tolerance.
Eur. J. Immunol. 43, 1425–1429.

Hahm, B., Trifilo, M.J., Zuniga, E.I., Oldstone, M.B., 2005. Viruses evade the immune
system through type I interferon-mediated STAT2-dependent, but STAT1-in-
dependent, signaling. Immunity 22, 247–257.

Hambleton, S., Salem, S., Bustamante, J., Bigley, V., Boisson-Dupuis, S., Azevedo, J.,
Fortin, A., Haniffa, M., Ceron-Gutierrez, L., Bacon, C.M., Menon, G., Trouillet, C.,
McDonald, D., Carey, P., Ginhoux, F., Alsina, L., Zumwalt, T.J., Kong, X.F.,
Kumararatne, D., Butler, K., Hubeau, M., Feinberg, J., Al-Muhsen, S., Cant, A., Abel,
L., Chaussabel, D., Doffinger, R., Talesnik, E., Grumach, A., Duarte, A., Abarca, K.,
Moraes-Vasconcelos, D., Burk, D., Berghuis, A., Geissmann, F., Collin, M., Casanova,
J.L., Gros, P., 2011. IRF8 mutations and human dendritic-cell immunodeficiency. N.
Engl. J. Med. 365, 127–138.

Hanabuchi, S., Ito, T., Park, W.R., Watanabe, N., Shaw, J.L., Roman, E., Arima, K., Wang,
Y.H., Voo, K.S., Cao, W., Liu, Y.J., 2010. Thymic stromal lymphopoietin-activated
plasmacytoid dendritic cells induce the generation of FOXP3+ regulatory T cells in
human thymus. J. Immunol. 184, 2999–3007.

Hawiger, D., Inaba, K., Dorsett, Y., Guo, M., Mahnke, K., Rivera, M., Ravetch, J.V.,
Steinman, R.M., Nussenzweig, M.C., 2001. Dendritic cells induce peripheral T cell
unresponsiveness under steady state conditions in vivo. J. Exp. Med. 194, 769–780.

Heath, W.R., Carbone, F.R., 2009. Dendritic cell subsets in primary and secondary T cell
responses at body surfaces. Nat. Immunol. 10, 1237–1244.

Heath, W.R., Belz, G.T., Behrens, G.M., Smith, C.M., Forehan, S.P., Parish, I.A., Davey,
G.M., Wilson, N.S., Carbone, F.R., Villadangos, J.A., 2004. Cross-presentation, den-
dritic cell subsets, and the generation of immunity to cellular antigens. Immunol.
Rev. 199, 9–26.

Hegde, S., Pahne, J., Smola-Hess, S., 2004. Novel immunosuppressive properties of

T.T. Chrisikos et al. Molecular Immunology 110 (2019) 24–39

35

http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0195
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0195
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0195
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0195
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0200
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0200
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0200
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0200
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0205
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0205
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0205
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0205
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0210
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0210
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0220
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0220
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0225
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0225
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0225
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0225
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0230
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0230
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0230
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0230
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0230
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0235
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0235
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0240
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0240
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0240
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0240
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0245
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0245
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0245
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0250
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0250
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0250
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0250
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0250
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0255
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0255
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0255
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0260
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0260
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0260
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0265
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0265
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0265
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0265
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0265
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0270
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0270
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0270
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0275
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0275
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0275
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0280
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0280
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0280
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0280
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0280
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0285
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0285
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0285
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0285
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0290
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0290
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0295
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0295
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0295
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0295
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0300
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0300
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0300
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0300
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0305
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0305
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0310
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0310
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0310
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0315
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0315
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0315
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0315
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0315
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0320
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0320
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0320
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0320
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0325
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0325
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0325
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0330
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0330
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0330
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0335
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0335
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0335
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0335
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0340
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0340
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0340
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0345
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0345
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0350
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0350
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0350
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0355
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0355
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0360
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0360
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0360
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0360
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0365
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0365
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0365
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0365
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0370
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0370
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0375
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0375
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0375
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0375
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0375
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0380
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0380
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0385
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0385
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0385
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0390
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0390
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0390
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0390
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0390
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0390
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0390
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0395
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0395
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0395
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0400
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0400
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0405
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0405
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0405
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0410
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0410
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0410
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0410
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0410
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0410
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0410
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0410
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0415
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0415
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0415
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0415
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0420
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0420
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0420
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0425
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0425
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0430
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0430
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0430
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0430
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0435


interleukin-6 in dendritic cells: inhibition of NF-κB binding activity and CCR7 ex-
pression. FASEB J. 18, 1439–1441.

Helft, J., Bottcher, J., Chakravarty, P., Zelenay, S., Huotari, J., Schraml, B.U., Goubau, D.,
Reis e Sousa, C., 2015. GM-CSF mouse bone marrow cultures comprise a hetero-
geneous population of CD11c(+)MHCII(+) macrophages and dendritic cells.
Immunity 42, 1197–1211.

Helft, J., Anjos-Afonso, F., van der Veen, A.G., Chakravarty, P., Bonnet, D., e Sousa, C.R.,
2017. Dendritic cell lineage potential in human early hematopoietic progenitors. Cell
Rep. 20, 529–537.

Hildner, K., Edelson, B.T., Purtha, W.E., Diamond, M., Matsushita, H., Kohyama, M.,
Calderon, B., Schraml, B.U., Unanue, E.R., Diamond, M.S., Schreiber, R.D., Murphy,
T.L., Murphy, K.M., 2008. Batf3 deficiency reveals a critical role for CD8alpha+
dendritic cells in cytotoxic T cell immunity. Science 322, 1097–1100.

Hillmer, E.J., Zhang, H., Li, H.S., Watowich, S.S., 2016. STAT3 signaling in immunity.
Cytokine Growth Factor Rev. 31, 1–15.

Hochrein, H., Shortman, K., Vremec, D., Scott, B., Hertzog, P., O'Keeffe, M., 2001.
Differential production of IL-12, IFN-alpha, and IFN-gamma by mouse dendritic cell
subsets. J. Immunol. 166, 5448–5455.

Hodi, F.S., Lee, S., McDermott, D.F., Rao, U.N., Butterfield, L.H., Tarhini, A.A., Leming, P.,
Puzanov, I., Shin, D., Kirkwood, J.M., 2014. Ipilimumab plus sargramostim vs ipili-
mumab alone for treatment of metastatic melanoma: a randomized clinical trial.
JAMA 312, 1744–1753.

Hoeffel, G., Wang, Y., Greter, M., See, P., Teo, P., Malleret, B., Leboeuf, M., Low, D., Oller,
G., Almeida, F., Choy, S.H., Grisotto, M., Renia, L., Conway, S.J., Stanley, E.R., Chan,
J.K., Ng, L.G., Samokhvalov, I.M., Merad, M., Ginhoux, F., 2012. Adult Langerhans
cells derive predominantly from embryonic fetal liver monocytes with a minor con-
tribution of yolk sac-derived macrophages. J. Exp. Med. 209, 1167–1181.

Holtzhausen, A., Zhao, F., Evans, K.S., Tsutsui, M., Orabona, C., Tyler, D.S., Hanks, B.A.,
2015. Melanoma-derived Wnt5a promotes local dendritic-cell expression of IDO and
immunotolerance: opportunities for pharmacologic enhancement of immunotherapy.
Cancer Immunol. Res. 3, 1082–1095.

Hong, Y., Manoharan, I., Suryawanshi, A., Shanmugam, A., Swafford, D., Ahmad, S.,
Chinnadurai, R., Manicassamy, B., He, Y., Mellor, A.L., 2016. Deletion of LRP5 and
LRP6 in dendritic cells enhances antitumor immunity. Oncoimmunology 5,
e1115941.

Hor, J.L., Whitney, P.G., Zaid, A., Brooks, A.G., Heath, W.R., Mueller, S.N., 2015.
Spatiotemporally distinct interactions with dendritic cell subsets facilitates CD4+
and CD8+ T cell activation to localized viral infection. Immunity 43, 554–565.

Ichikawa, E., Hida, S., Omatsu, Y., Shimoyama, S., Takahara, K., Miyagawa, S., Inaba, K.,
Taki, S., 2004. Defective development of splenic and epidermal CD4+ dendritic cells
in mice deficient for IFN regulatory factor-2. Proc. Natl. Acad. Sci. U. S. A. 101,
3909–3914.

Idoyaga, J., Fiorese, C., Zbytnuik, L., Lubkin, A., Miller, J., Malissen, B., Mucida, D.,
Merad, M., Steinman, R.M., 2013. Specialized role of migratory dendritic cells in
peripheral tolerance induction. J. Clin. Invest. 123, 844–854.

Iida, N., Nakamoto, Y., Baba, T., Kakinoki, K., Li, Y.-Y., Wu, Y., Matsushima, K., Kaneko,
S., Mukaida, N., 2008. Tumor cell apoptosis induces tumor-specific immunity in a CC
chemokine receptor 1-and 5-dependent manner in mice. J. Leukoc. Biol. 84,
1001–1010.

Inaba, K., Inaba, M., Romani, N., Aya, H., Deguchi, M., Ikehara, S., Muramatsu, S.,
Steinman, R.M., 1992. Generation of large numbers of dendritic cells from mouse
bone marrow cultures supplemented with granulocyte/macrophage colony-stimu-
lating factor. J. Exp. Med. 176, 1693–1702.

Ippolito, G.C., Dekker, J.D., Wang, Y.H., Lee, B.K., Shaffer 3rd, A.L., Lin, J., Wall, J.K.,
Lee, B.S., Staudt, L.M., Liu, Y.J., Iyer, V.R., Tucker, H.O., 2014. Dendritic cell fate is
determined by BCL11A. Proc. Natl. Acad. Sci. U. S. A. 111, E998–1006.

Ito, T., Amakawa, R., Kaisho, T., Hemmi, H., Tajima, K., Uehira, K., Ozaki, Y., Tomizawa,
H., Akira, S., Fukuhara, S., 2002. Interferon-alpha and interleukin-12 are induced
differentially by Toll-like receptor 7 ligands in human blood dendritic cell subsets. J.
Exp. Med. 195, 1507–1512.

Iwama, A., Osawa, M., Hirasawa, R., Uchiyama, N., Kaneko, S., Onodera, M., Shibuya, K.,
Shibuya, A., Vinson, C., Tenen, D.G., Nakauchi, H., 2002. Reciprocal roles for
CCAAT/enhancer binding protein (C/EBP) and PU.1 transcription factors in
Langerhans cell commitment. J. Exp. Med. 195, 547–558.

Jackson, S.H., Yu, C.R., Mahdi, R.M., Ebong, S., Egwuagu, C.E., 2004. Dendritic cell
maturation requires STAT1 and is under feedback regulation by suppressors of cy-
tokine signaling. J. Immunol. 172, 2307–2315.

Jarrossay, D., Napolitani, G., Colonna, M., Sallusto, F., Lanzavecchia, A., 2001.
Specialization and complementarity in microbial molecule recognition by human
myeloid and plasmacytoid dendritic cells. Eur. J. Immunol. 31, 3388–3393.

Johnson, L.M., Scott, P., 2007. STAT1 expression in dendritic cells, but not T cells, is
required for immunity to Leishmania major. J. Immunol. 178, 7259–7266.

Kadowaki, N., Ho, S., Antonenko, S., Malefyt, R.W., Kastelein, R.A., Bazan, F., Liu, Y.J.,
2001. Subsets of human dendritic cell precursors express different toll-like receptors
and respond to different microbial antigens. J. Exp. Med. 194, 863–869.

Kalb, M.L., Glaser, A., Stary, G., Koszik, F., Stingl, G., 2012. TRAIL+ human plasmacytoid
dendritic cells kill tumor cells in vitro: mechanisms of imiquimod-and IFN-
α–mediated antitumor reactivity. J. Immunol. 188, 1583–1591.

Kaplan, D.H., Li, M.O., Jenison, M.C., Shlomchik, W.D., Flavell, R.A., Shlomchik, M.J.,
2007. Autocrine/paracrine TGFbeta1 is required for the development of epidermal
Langerhans cells. J. Exp. Med. 204, 2545–2552.

Karsunky, H., Merad, M., Cozzio, A., Weissman, I.L., Manz, M.G., 2003. Flt3 ligand reg-
ulates dendritic cell development from Flt3+ lymphoid and myeloid-committed
progenitors to Flt3+ dendritic cells in vivo. J. Exp. Med. 198, 305–313.

Kashiwada, M., Pham, N.L., Pewe, L.L., Harty, J.T., Rothman, P.B., 2011. NFIL3/E4BP4 is
a key transcription factor for CD8alpha(+) dendritic cell development. Blood 117,

6193–6197.
Kingston, D., Schmid, M.A., Onai, N., Obata-Onai, A., Baumjohann, D., Manz, M.G., 2009.

The concerted action of GM-CSF and Flt3-ligand on in vivo dendritic cell homeostasis.
Blood 114, 835–843.

Kitano, M., Yamazaki, C., Takumi, A., Ikeno, T., Hemmi, H., Takahashi, N., Shimizu, K.,
Fraser, S.E., Hoshino, K., Kaisho, T., 2016. Imaging of the cross-presenting dendritic
cell subsets in the skin-draining lymph node. Proc. Natl. Acad. Sci. 113, 1044–1049.

Kohanbash, G., McKaveney, K., Sakaki, M., Ueda, R., Mintz, A.H., Amankulor, N., Fujita,
M., Ohlfest, J.R., Okada, H., 2013. GM-CSF promotes the immunosuppressive activity
of glioma-infiltrating myeloid cells through interleukin-4 receptor-α. Cancer Res. 73,
6413–6423.

Kortylewski, M., Kujawski, M., Wang, T., Wei, S., Zhang, S., Pilon-Thomas, S., Niu, G.,
Kay, H., Mule, J., Kerr, W.G., Jove, R., Pardoll, D., Yu, H., 2005. Inhibiting Stat3
signaling in the hematopoietic system elicits multicomponent antitumor immunity.
Nat. Med. 11, 1314–1321.

Krug, A., Towarowski, A., Britsch, S., Rothenfusser, S., Hornung, V., Bals, R., Giese, T.,
Engelmann, H., Endres, S., Krieg, A.M., Hartmann, G., 2001. Toll-like receptor ex-
pression reveals CpG DNA as a unique microbial stimulus for plasmacytoid dendritic
cells which synergizes with CD40 ligand to induce high amounts of IL-12. Eur. J.
Immunol. 31, 3026–3037.

Laouar, Y., Welte, T., Fu, X.Y., Flavell, R.A., 2003. STAT3 is required for Flt3L-dependent
dendritic cell differentiation. Immunity 19, 903–912.

Latchman, Y., Wood, C.R., Chernova, T., Chaudhary, D., Borde, M., Chernova, I., Iwai, Y.,
Long, A.J., Brown, J.A., Nunes, R., 2001. PD-L2 is a second ligand for PD-1 and
inhibits T cell activation. Nat. Immunol. 2, 261.

Lawson, D.H., Lee, S., Zhao, F., Tarhini, A.A., Margolin, K.A., Ernstoff, M.S., Atkins, M.B.,
Cohen, G.I., Whiteside, T.L., Butterfield, L.H., 2015. Randomized, placebo-controlled,
phase III trial of yeast-derived granulocyte-macrophage colony-stimulating factor
(GM-CSF) versus peptide vaccination versus GM-CSF plus peptide vaccination versus
placebo in patients with no evidence of disease after complete surgical resection of
locally advanced and/or stage IV melanoma: a trial of the eastern cooperative on-
cology Group–American college of radiology imaging network cancer research group
(E4697). J. Clin. Oncol. 33, 4066–4076.

Le Mercier, I., Poujol, D., Sanlaville, A., Sisirak, V., Gobert, M., Durand, I., Dubois, B.,
Treilleux, I., Marvel, J., Vlach, J., 2013. Tumor promotion by intratumoral plasma-
cytoid dendritic cells is reversed by TLR7 ligand treatment. Cancer Res. 73,
4629–4640.

Leach, D.R., Krummel, M.F., Allison, J.P., 1996. Enhancement of antitumor immunity by
CTLA-4 blockade. Science 271, 1734–1736.

Lee, J., Breton, G., Oliveira, T.Y.K., Zhou, Y.J., Aljoufi, A., Puhr, S., Cameron, M.J.,
Sékaly, R.-P., Nussenzweig, M.C., Liu, K., 2015. Restricted dendritic cell and mono-
cyte progenitors in human cord blood and bone marrow. J. Exp. Med. 212, 385–399.

Leon, B., Ardavin, C., 2008. Monocyte-derived dendritic cells in innate and adaptive
immunity. Immunol. Cell Biol. 86, 320–324.

Leventhal, Daniel S., Gilmore, Dana C., Berger, Julian M., Nishi, S., Lee, V., Malchow, S.,
Kline, Douglas E., Kline, J., Griend, Vander, Donald, J., Huang, H., Socci, Nicholas D.,
Savage, Peter A., 2016. Dendritic cells coordinate the development and homeostasis
of organ-Specific regulatory T cells. Immunity 44, 847–859.

Lewis, K.L., Caton, M.L., Bogunovic, M., Greter, M., Grajkowska, L.T., Ng, D., Klinakis, A.,
Charo, I.F., Jung, S., Gommerman, J.L., Ivanov, I.I., Liu, K., Merad, M., Reizis, B.,
2011. Notch2 receptor signaling controls functional differentiation of dendritic cells
in the spleen and intestine. Immunity 35, 780–791.

Li, H.S., Watowich, S.S., 2013. Diversification of dendritic cell subsets: emerging roles for
STAT proteins. JAKSTAT 2, e25112.

Li, H.S., Watowich, S.S., 2014. Innate immune regulation by STAT-mediated transcrip-
tional mechanisms. Immunol. Rev. 261, 84–101.

Li, H.S., Gelbard, A., Martinez, G.J., Esashi, E., Zhang, H., Nguyen-Jackson, H., Liu, Y.J.,
Overwijk, W.W., Watowich, S.S., 2011. Cell-intrinsic role for IFN-alpha-STAT1 sig-
nals in regulating murine Peyer patch plasmacytoid dendritic cells and conditioning
an inflammatory response. Blood 118, 3879–3889.

Li, H.S., Yang, C.Y., Nallaparaju, K.C., Zhang, H., Liu, Y.J., Goldrath, A.W., Watowich,
S.S., 2012. The signal transducers STAT5 and STAT3 control expression of Id2 and
E2-2 during dendritic cell development. Blood 120, 4363–4373.

Li, H.S., Jin, J., Liang, X., Matatall, K.A., Ma, Y., Zhang, H., Ullrich, S.E., King, K.Y., Sun,
S.C., Watowich, S.S., 2016a. Loss of c-Kit and bone marrow failure upon conditional
removal of the GATA-2 C-terminal zinc finger domain in adult mice. Eur. J.
Haematol. 97, 261–270.

Li, H.S., Liu, C., Xiao, Y., Chu, F., Liang, X., Peng, W., Hu, J., Neelapu, S.S., Sun, S.C.,
Hwu, P., Watowich, S.S., 2016b. Bypassing STAT3-mediated inhibition of the tran-
scriptional regulator ID2 improves the antitumor efficacy of dendritic cells. Sci.
Signal. 9, ra94.

Lichtman, A.H., 2012. T cell costimulatory and coinhibitory pathways in vascular in-
flammatory diseases. Front. Physiol. 3, 18.

Liu, C., Lou, Y., Lizee, G., Qin, H., Liu, S., Rabinovich, B., Kim, G.J., Wang, Y.H., Ye, Y.,
Sikora, A.G., Overwijk, W.W., Liu, Y.J., Wang, G., Hwu, P., 2008. Plasmacytoid
dendritic cells induce NK cell-dependent, tumor antigen-specific T cell cross-priming
and tumor regression in mice. J. Clin. Invest. 118, 1165–1175.

Liu, K., Victora, G.D., Schwickert, T.A., Guermonprez, P., Meredith, M.M., Yao, K., Chu,
F.-F., Randolph, G.J., Rudensky, A.Y., Nussenzweig, M., 2009. In vivo analysis of
dendritic cell development and homeostasis. Science 324, 392–397.

Liu, Y.J., 2005. IPC: professional type 1 interferon-producing cells and plasmacytoid
dendritic cell precursors. Annu. Rev. Immunol. 23, 275–306.

Lynch, D.H., Andreasen, A., Maraskovsky, E., Whitmore, J., Miller, R.E., Schuh, J.C.,
1997. Flt3 ligand induces tumor regression and antitumor immune responses in vivo.
Nat. Med. 3, 625–631.

Macri, C., Dumont, C., Panozza, S., Lahoud, M.H., Caminschi, I., Villadangos, J.A.,

T.T. Chrisikos et al. Molecular Immunology 110 (2019) 24–39

36

http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0435
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0435
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0440
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0440
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0440
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0440
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0445
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0445
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0445
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0450
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0450
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0450
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0450
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0455
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0455
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0460
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0460
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0460
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0465
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0465
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0465
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0465
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0470
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0470
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0470
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0470
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0470
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0475
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0475
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0475
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0475
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0480
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0480
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0480
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0480
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0485
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0485
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0485
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0490
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0490
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0490
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0490
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0495
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0495
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0495
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0500
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0500
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0500
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0500
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0505
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0505
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0505
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0505
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0510
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0510
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0510
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0515
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0515
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0515
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0515
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0520
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0520
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0520
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0520
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0525
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0525
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0525
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0530
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0530
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0530
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0535
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0535
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0540
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0540
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0540
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0545
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0545
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0545
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0550
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0550
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0550
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0555
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0555
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0555
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0560
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0560
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0560
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0565
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0565
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0565
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0570
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0570
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0570
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0575
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0575
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0575
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0575
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0580
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0580
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0580
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0580
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0585
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0585
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0585
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0585
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0585
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0590
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0590
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0595
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0595
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0595
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0600
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0600
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0600
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0600
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0600
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0600
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0600
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0600
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0605
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0605
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0605
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0605
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0610
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0610
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0615
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0615
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0615
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0620
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0620
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0625
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0625
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0625
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0625
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0630
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0630
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0630
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0630
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0635
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0635
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0640
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0640
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0645
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0645
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0645
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0645
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0650
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0650
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0650
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0655
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0655
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0655
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0655
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0660
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0660
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0660
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0660
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0665
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0665
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0670
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0670
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0670
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0670
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0675
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0675
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0675
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0680
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0680
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0685
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0685
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0685
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0690


Johnston, A.P., Mintern, J.D., 2017. Antibody-mediated targeting of antigen to C-
type lectin-like receptors Clec9A and Clec12A elicits different vaccination outcomes.
Mol. Immunol. 81, 143–150.

Maldonado-Lopez, R., De Smedt, T., Michel, P., Godfroid, J., Pajak, B., Heirman, C.,
Thielemans, K., Leo, O., Urbain, J., Moser, M., 1999. CD8alpha+ and CD8alpha-
subclasses of dendritic cells direct the development of distinct T helper cells in vivo.
J. Exp. Med. 189, 587–592.

Maraskovsky, E., Brasel, K., Teepe, M., Roux, E.R., Lyman, S.D., Shortman, K., McKenna,
H.J., 1996. Dramatic increase in the numbers of functionally mature dendritic cells in
Flt3 ligand-treated mice: multiple dendritic cell subpopulations identified. J. Exp.
Med. 184, 1953–1962.

Mashayekhi, M., Sandau, M.M., Dunay, I.R., Frickel, E.M., Khan, A., Goldszmid, R.S.,
Sher, A., Ploegh, H.L., Murphy, T.L., Sibley, L.D., Murphy, K.M., 2011. CD8alpha(+)
dendritic cells are the critical source of interleukin-12 that controls acute infection by
Toxoplasma gondii tachyzoites. Immunity 35, 249–259.

Matsumoto, M., Funami, K., Tanabe, M., Oshiumi, H., Shingai, M., Seto, Y., Yamamoto,
A., Seya, T., 2003. Subcellular localization of Toll-like receptor 3 in human dendritic
cells. J. Immunol. 171, 3154–3162.

McGovern, N., Shin, A., Low, G., Low, D., Duan, K., Yao, L.J., Msallam, R., Low, I.,
Shadan, N.B., Sumatoh, H.R., Soon, E., Lum, J., Mok, E., Hubert, S., See, P., Kunxiang,
E.H., Lee, Y.H., Janela, B., Choolani, M., Mattar, C.N.Z., Fan, Y., Lim, T.K.H., Chan,
D.K.H., Tan, K.K., Tam, J.K.C., Schuster, C., Elbe-Burger, A., Wang, X.N., Bigley, V.,
Collin, M., Haniffa, M., Schlitzer, A., Poidinger, M., Albani, S., Larbi, A., Newell, E.W.,
Chan, J.K.Y., Ginhoux, F., 2017. Human fetal dendritic cells promote prenatal T-cell
immune suppression through arginase-2. Nature 546, 662–666.

McKenna, H.J., Stocking, K.L., Miller, R.E., Brasel, K., De Smedt, T., Maraskovsky, E.,
Maliszewski, C.R., Lynch, D.H., Smith, J., Pulendran, B., Roux, E.R., Teepe, M.,
Lyman, S.D., Peschon, J.J., 2000. Mice lacking flt3 ligand have deficient hemato-
poiesis affecting hematopoietic progenitor cells, dendritic cells, and natural killer
cells. Blood 95, 3489–3497.

McKenna, K., Beignon, A.S., Bhardwaj, N., 2005. Plasmacytoid dendritic cells: linking
innate and adaptive immunity. J. Virol. 79, 17–27.

Means, T.K., Hayashi, F., Smith, K.D., Aderem, A., Luster, A.D., 2003. The Toll-like re-
ceptor 5 stimulus bacterial flagellin induces maturation and chemokine production in
human dendritic cells. J. Immunol. 170, 5165–5175.

Melero, I., Hirschhorn-Cymerman, D., Morales-Kastresana, A., Sanmamed, M.F.,
Wolchok, J.D., 2013. Agonist Antibodies to TNFR Molecules That Costimulate T and
NK Cells. AACR.

Melillo, J.A., Song, L., Bhagat, G., Blazquez, A.B., Plumlee, C.R., Lee, C., Berin, C., Reizis,
B., Schindler, C., 2010. Dendritic cell (DC)-specific targeting reveals Stat3 as a ne-
gative regulator of DC function. J. Immunol. 184, 2638–2645.

Mildner, A., Jung, S., 2014. Development and function of dendritic cell subsets. Immunity
40, 642–656.

Mohty, M., Isnardon, D., Vey, N., Briere, F., Blaise, D., Olive, D., Gaugler, B., 2002. Low
blood dendritic cells in chronic myeloid leukaemia patients correlates with loss of
CD34+/CD38- primitive haematopoietic progenitors. Br. J. Haematol. 119,
115–118.

Mohty, M., Jourdan, E., Mami, N.B., Vey, N., Damaj, G., Blaise, D., Isnardon, D., Olive, D.,
Gaugler, B., 2004. Imatinib and plasmacytoid dendritic cell function in patients with
chronic myeloid leukemia. Blood 103, 4666–4668.

Montoya, M., Schiavoni, G., Mattei, F., Gresser, I., Belardelli, F., Borrow, P., Tough, D.F.,
2002. Type I interferons produced by dendritic cells promote their phenotypic and
functional activation. Blood 99, 3263–3271.

Murphy, T.L., Grajales-Reyes, G.E., Wu, X., Tussiwand, R., Briseno, C.G., Iwata, A.,
Kretzer, N.M., Durai, V., Murphy, K.M., 2016. Transcriptional control of dendritic cell
development. Annu. Rev. Immunol. 34, 93–119.

Muzio, M., Bosisio, D., Polentarutti, N., D'Amico, G., Stoppacciaro, A., Mancinelli, R.,
van't Veer, C., Penton-Rol, G., Ruco, L.P., Allavena, P., Mantovani, A., 2000.
Differential expression and regulation of toll-like receptors (TLR) in human leuko-
cytes: selective expression of TLR3 in dendritic cells. J. Immunol. 164, 5998–6004.

Nagasawa, M., Schmidlin, H., Hazekamp, M.G., Schotte, R., Blom, B., 2008. Development
of human plasmacytoid dendritic cells depends on the combined action of the basic
helix-loop-helix factor E2-2 and the Ets factor Spi-B. Eur. J. Immunol. 38, 2389–2400.

Naik, S.H., Proietto, A.I., Wilson, N.S., Dakic, A., Schnorrer, P., Fuchsberger, M., Lahoud,
M.H., O'Keeffe, M., Shao, Q.X., Chen, W.F., Villadangos, J.A., Shortman, K., Wu, L.,
2005. Cutting edge: generation of splenic CD8+ and CD8- dendritic cell equivalents
in Fms-like tyrosine kinase 3 ligand bone marrow cultures. J. Immunol. 174,
6592–6597.

Naik, S.H., Sathe, P., Park, H.Y., Metcalf, D., Proietto, A.I., Dakic, A., Carotta, S., O'Keeffe,
M., Bahlo, M., Papenfuss, A., Kwak, J.Y., Wu, L., Shortman, K., 2007. Development of
plasmacytoid and conventional dendritic cell subtypes from single precursor cells
derived in vitro and in vivo. Nat. Immunol. 8, 1217–1226.

Naik, S.H., Perié, L., Swart, E., Gerlach, C., van Rooij, N., de Boer, R.J., Schumacher, T.N.,
2013. Diverse and heritable lineage imprinting of early haematopoietic progenitors.
Nature 496, 229–232.

Nakano, H., Yanagita, M., Gunn, M.D., 2001. CD11c(+)B220(+)Gr-1(+) cells in mouse
lymph nodes and spleen display characteristics of plasmacytoid dendritic cells. J.
Exp. Med. 194, 1171–1178.

Neefjes, J., Jongsma, M.L., Paul, P., Bakke, O., 2011. Towards a systems understanding of
MHC class I and MHC class II antigen presentation. Nat. Rev. Immunol. 11, 823–836.

O'Keeffe, M., Hochrein, H., Vremec, D., Pooley, J., Evans, R., Woulfe, S., Shortman, K.,
2002. Effects of administration of progenipoietin 1, Flt-3 ligand, granulocyte colony-
stimulating factor, and pegylated granulocyte-macrophage colony-stimulating factor
on dendritic cell subsets in mice. Blood 99, 2122–2130.

O'Neill, L.A., Pearce, E.J., 2016. Immunometabolism governs dendritic cell and macro-
phage function. J. Exp. Med. 213, 15–23.

Oh, J., Shin, J.S., 2015. The role of dendritic cells in central tolerance. Immune Network
15, 111–120.

Ohl, L., Mohaupt, M., Czeloth, N., Hintzen, G., Kiafard, Z., Zwirner, J., Blankenstein, T.,
Henning, G., Förster, R., 2004. CCR7 governs skin dendritic cell migration under
inflammatory and steady-state conditions. Immunity 21, 279–288.

Onai, N., Manz, M.G., 2008. The STATs on dendritic cell development. Immunity 28,
490–492.

Onai, N., Kurabayashi, K., Hosoi-Amaike, M., Toyama-Sorimachi, N., Matsushima, K.,
Inaba, K., Ohteki, T., 2013. A clonogenic progenitor with prominent plasmacytoid
dendritic cell developmental potential. Immunity 38, 943–957.

Onodera, K., Fujiwara, T., Onishi, Y., Itoh-Nakadai, A., Okitsu, Y., Fukuhara, N., Ishizawa,
K., Shimizu, R., Yamamoto, M., Harigae, H., 2016. GATA2 regulates dendritic cell
differentiation. Blood 128, 508–518.

Oyama, T., Ran, S., Ishida, T., Nadaf, S., Kerr, L., Carbone, D.P., Gabrilovich, D.I., 1998.
Vascular endothelial growth factor affects dendritic cell maturation through the in-
hibition of nuclear factor-kappa B activation in hemopoietic progenitor cells. J.
Immunol. 160, 1224–1232.

Park, S.-J., Nakagawa, T., Kitamura, H., Atsumi, T., Kamon, H., Sawa S.-i. Kamimura, D.,
Ueda, N., Iwakura, Y., Ishihara, K., 2004. IL-6 regulates in vivo dendritic cell dif-
ferentiation through STAT3 activation. J. Immunol. 173, 3844–3854.

Park, C.S., Lee, P.H., Yamada, T., Burns, A., Shen, Y., Puppi, M., Lacorazza, H.D., 2012.
Kruppel-like factor 4 (KLF4) promotes the survival of natural killer cells and main-
tains the number of conventional dendritic cells in the spleen. J. Leukoc. Biol. 91,
739–750.

Perrot, I., Blanchard, D., Freymond, N., Isaac, S., Guibert, B., Pacheco, Y., Lebecque, S.,
2007. Dendritic cells infiltrating human non-small cell lung cancer are blocked at
immature stage. J. Immunol. 178, 2763–2769.

Pickup, M., Novitskiy, S., Moses, H.L., 2013. The roles of TGFbeta in the tumour mi-
croenvironment. Nat. Rev. Cancer 13, 788–799.

Poulin, L.F., Reyal, Y., Uronen-Hansson, H., Schraml, B.U., Sancho, D., Murphy, K.M.,
Hakansson, U.K., Moita, L.F., Agace, W.W., Bonnet, D., Reis e Sousa, C., 2012. DNGR-
1 is a specific and universal marker of mouse and human Batf3-dependent dendritic
cells in lymphoid and nonlymphoid tissues. Blood 119, 6052–6062.

Proietto, A.I., van Dommelen, S., Zhou, P., Rizzitelli, A., D'Amico, A., Steptoe, R.J., Naik,
S.H., Lahoud, M.H., Liu, Y., Zheng, P., Shortman, K., Wu, L., 2008. Dendritic cells in
the thymus contribute to T-regulatory cell induction. Proc. Natl. Acad. Sci. U. S. A.
105, 19869–19874.

Pulendran, B., Smith, J.L., Caspary, G., Brasel, K., Pettit, D., Maraskovsky, E.,
Maliszewski, C.R., 1999. Distinct dendritic cell subsets differentially regulate the
class of immune response in vivo. Proc. Natl. Acad. Sci. U. S. A. 96, 1036–1041.

Rathinam, C., Geffers, R., Yucel, R., Buer, J., Welte, K., Moroy, T., Klein, C., 2005. The
transcriptional repressor Gfi1 controls STAT3-dependent dendritic cell development
and function. Immunity 22, 717–728.

Richman, L.P., Vonderheide, R.H., 2014. Role of crosslinking for agonistic CD40 mono-
clonal antibodies as immune therapy of cancer. Cancer immunology research 2,
19–26.

Roberts, E.W., Broz, M.L., Binnewies, M., Headley, M.B., Nelson, A.E., Wolf, D.M., Kaisho,
T., Bogunovic, D., Bhardwaj, N., Krummel, M.F., 2016. Critical role for CD103+/
CD141+ dendritic cells bearing CCR7 for tumor antigen trafficking and priming of T
cell immunity in melanoma. Cancer Cell 30, 324–336.

Roquilly, A., McWilliam, H.E.G., Jacqueline, C., Tian, Z., Cinotti, R., Rimbert, M., Wakim,
L., Caminschi, I., Lahoud, M.H., Belz, G.T., Kallies, A., Mintern, J.D., Asehnoune, K.,
Villadangos, J.A., 2017. Local modulation of antigen-presenting cell development
after resolution of pneumonia induces long-term susceptibility to secondary infec-
tions. Immunity 47, 135–147 (e135).

Rothchild, A.C., Jayaraman, P., Nunes-Alves, C., Behar, S.M., 2014. iNKT cell production
of GM-CSF controls Mycobacterium tuberculosis. PLoS Pathog. 10.

Ruffell, B., Chang-Strachan, D., Chan, V., Rosenbusch, A., Ho, C.M., Pryer, N., Daniel, D.,
Hwang, E.S., Rugo, H.S., Coussens, L.M., 2014. Macrophage IL-10 blocks CD8+ T
cell-dependent responses to chemotherapy by suppressing IL-12 expression in in-
tratumoral dendritic cells. Cancer Cell 26, 623–637.

Sánchez-Paulete, A.R., Cueto, F.J., Martínez-López, M., Labiano, S., Morales-Kastresana,
A., Rodríguez-Ruiz, M.E., Jure-Kunkel, M., Azpilikueta, A., Aznar, M.A., Quetglas,
J.I., 2016. Cancer immunotherapy with immunomodulatory anti-CD137 and
anti–PD-1 monoclonal antibodies requires BATF3-dependent dendritic cells. Cancer
Discov. 6, 71–79.

Sabado, R.L., Balan, S., Bhardwaj, N., 2017. Dendritic cell-based immunotherapy. Cell
Res. 27, 74–95.

Salio, M., Cella, M., Vermi, W., Facchetti, F., Palmowski, M.J., Smith, C.L., Shepherd, D.,
Colonna, M., Cerundolo, V., 2003. Plasmacytoid dendritic cells prime IFN-gamma-
secreting melanoma-specific CD8 lymphocytes and are found in primary melanoma
lesions. Eur. J. Immunol. 33, 1052–1062.

Sallusto, F., Lanzavecchia, A., 1994. Efficient presentation of soluble antigen by cultured
human dendritic cells is maintained by granulocyte/macrophage colony-stimulating
factor plus interleukin 4 and downregulated by tumor necrosis factor alpha. J. Exp.
Med. 179, 1109–1118.

Salmon, H., Idoyaga, J., Rahman, A., Leboeuf, M., Remark, R., Jordan, S., Casanova-
Acebes, M., Khudoynazarova, M., Agudo, J., Tung, N., 2016. Expansion and activa-
tion of CD103+ dendritic cell progenitors at the tumor site enhances tumor responses
to therapeutic PD-L1 and BRAF inhibition. Immunity 44, 924–938.

Sancho, D., Mourão-Sá, D., Joffre, O.P., Schulz, O., Rogers, N.C., Pennington, D.J.,
Carlyle, J.R., Reis e Sousa, C., 2008. Tumor therapy in mice via antigen targeting to a
novel, DC-restricted C-type lectin. J. Clin. Invest. 118, 2098–2110.

Sasaki, I., Hoshino, K., Sugiyama, T., Yamazaki, C., Yano, T., Iizuka, A., Hemmi, H.,
Tanaka, T., Saito, M., Sugiyama, M., Fukuda, Y., Ohta, T., Sato, K., Ainai, A., Suzuki,
T., Hasegawa, H., Toyama-Sorimachi, N., Kohara, H., Nagasawa, T., Kaisho, T., 2012.

T.T. Chrisikos et al. Molecular Immunology 110 (2019) 24–39

37

http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0690
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0690
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0690
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0695
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0695
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0695
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0695
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0700
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0700
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0700
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0700
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0705
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0705
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0705
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0705
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0710
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0710
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0710
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0715
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0715
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0715
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0715
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0715
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0715
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0715
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0720
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0720
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0720
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0720
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0720
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0725
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0725
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0730
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0730
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0730
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0735
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0735
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0735
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0740
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0740
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0740
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0745
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0745
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0750
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0750
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0750
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0750
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0755
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0755
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0755
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0760
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0760
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0760
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0765
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0765
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0765
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0770
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0770
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0770
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0770
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0775
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0775
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0775
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0780
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0780
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0780
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0780
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0780
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0785
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0785
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0785
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0785
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0790
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0790
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0790
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0795
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0795
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0795
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0800
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0800
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0805
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0805
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0805
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0805
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0810
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0810
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0815
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0815
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0820
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0820
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0820
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0825
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0825
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0830
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0830
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0830
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0835
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0835
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0835
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0840
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0840
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0840
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0840
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0845
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0845
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0845
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0850
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0850
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0850
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0850
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0855
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0855
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0855
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0860
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0860
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0865
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0865
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0865
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0865
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0870
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0870
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0870
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0870
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0875
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0875
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0875
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0880
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0880
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0880
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0885
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0885
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0885
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0890
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0890
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0890
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0890
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0895
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0895
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0895
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0895
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0895
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0900
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0900
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0905
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0905
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0905
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0905
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0910
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0910
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0910
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0910
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0910
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0915
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0915
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0920
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0920
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0920
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0920
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0925
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0925
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0925
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0925
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0930
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0930
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0930
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0930
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0935
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0935
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0935
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0940
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0940
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0940


Spi-B is critical for plasmacytoid dendritic cell function and development. Blood 120,
4733–4743.

Satpathy, A.T., Briseno, C.G., Cai, X., Michael, D.G., Chou, C., Hsiung, S., Bhattacharya,
D., Speck, N.A., Egawa, T., 2014. Runx1 and Cbfbeta regulate the development of
Flt3+ dendritic cell progenitors and restrict myeloproliferative disorder. Blood 123,
2968–2977.

Savina, A., Jancic, C., Hugues, S., Guermonprez, P., Vargas, P., Moura, I.C., Lennon-
Dumenil, A.M., Seabra, M.C., Raposo, G., Amigorena, S., 2006. NOX2 controls pha-
gosomal pH to regulate antigen processing during crosspresentation by dendritic
cells. Cell 126, 205–218.

Sawai, C.M., Sisirak, V., Ghosh, H.S., Hou, E.Z., Ceribelli, M., Staudt, L.M., Reizis, B.,
2013. Transcription factor Runx2 controls the development and migration of plas-
macytoid dendritic cells. J. Exp. Med. 210, 2151–2159.

Sawant, A., Ponnazhagan, S., 2013. Role of plasmacytoid dendritic cells in breast cancer
bone dissemination. Oncoimmunology 2, e22983.

Schiavoni, G., Mattei, F., Sestili, P., Borghi, P., Venditti, M., Morse 3rd, H.C., Belardelli,
F., Gabriele, L., 2002. ICSBP is essential for the development of mouse type I inter-
feron-producing cells and for the generation and activation of CD8alpha(+) dendritic
cells. J. Exp. Med. 196, 1415–1425.

Schindler, C., Levy, D.E., Decker, T., 2007. JAK-STAT signaling: from interferons to cy-
tokines. J. Biol. Chem. 282, 20059–20063.

Schlitzer, A., McGovern, N., Teo, P., Zelante, T., Atarashi, K., Low, D., Ho, A.W., See, P.,
Shin, A., Wasan, P.S., Hoeffel, G., Malleret, B., Heiseke, A., Chew, S., Jardine, L.,
Purvis, H.A., Hilkens, C.M., Tam, J., Poidinger, M., Stanley, E.R., Krug, A.B., Renia,
L., Sivasankar, B., Ng, L.G., Collin, M., Ricciardi-Castagnoli, P., Honda, K., Haniffa,
M., Ginhoux, F., 2013. IRF4 transcription factor-dependent CD11b+ dendritic cells
in human and mouse control mucosal IL-17 cytokine responses. Immunity 38,
970–983.

Schlitzer, A., Sivakamasundari, V., Chen, J., Sumatoh, H.R., Schreuder, J., Lum, J.,
Malleret, B., Zhang, S., Larbi, A., Zolezzi, F., Renia, L., Poidinger, M., Naik, S., Newell,
E.W., Robson, P., Ginhoux, F., 2015. Identification of cDC1- and cDC2-committed DC
progenitors reveals early lineage priming at the common DC progenitor stage in the
bone marrow. Nat. Immunol. 16, 718–728.

Schnorrer, P., Behrens, G.M., Wilson, N.S., Pooley, J.L., Smith, C.M., El-Sukkari, D.,
Davey, G., Kupresanin, F., Li, M., Maraskovsky, E., Belz, G.T., Carbone, F.R.,
Shortman, K., Heath, W.R., Villadangos, J.A., 2006. The dominant role of CD8+
dendritic cells in cross-presentation is not dictated by antigen capture. Proc. Natl.
Acad. Sci. U. S. A. 103, 10729–10734.

Schotte, R., Nagasawa, M., Weijer, K., Spits, H., Blom, B., 2004. The ETS transcription
factor Spi-B is required for human plasmacytoid dendritic cell development. J. Exp.
Med. 200, 1503–1509.

Scott, C.L., Aumeunier, A.M., Mowat, A.M., 2011. Intestinal CD103+ dendritic cells:
master regulators of tolerance? Trends Immunol. 32, 412–419.

See, P., Dutertre, C.-A., Chen, J., Günther, P., McGovern, N., Irac, S.E., Gunawan, M.,
Beyer, M., Händler, K., Duan, K., 2017. Mapping the human DC lineage through the
integration of high-dimensional techniques. Science 356, eaag3009.

Segura, E., Albiston, A.L., Wicks, I.P., Chai, S.Y., Villadangos, J.A., 2009. Different cross-
presentation pathways in steady-state and inflammatory dendritic cells. Proc. Natl.
Acad. Sci. U. S. A. 106, 20377–20381.

Serbina, N.V., Salazar-Mather, T.P., Biron, C.A., Kuziel, W.A., Pamer, E.G., 2003. TNF/
iNOS-producing dendritic cells mediate innate immune defense against bacterial in-
fection. Immunity 19, 59–70.

Sere, K., Felker, P., Hieronymus, T., Zenke, M., 2013. TGFbeta1 microenvironment de-
termines dendritic cell development. Oncoimmunology 2, e23083.

Shi, M., Chen, X., Ye, K., Yao, Y., Li, Y., 2016. Application potential of toll-like receptors
in cancer immunotherapy: systematic review. Medicine 95, e3951.

Sichien, D., Scott, C.L., Martens, L., Vanderkerken, M., Van Gassen, S., Plantinga, M.,
Joeris, T., De Prijck, S., Vanhoutte, L., Vanheerswynghels, M., Van Isterdael, G.,
Toussaint, W., Madeira, F.B., Vergote, K., Agace, W.W., Clausen, B.E., Hammad, H.,
Dalod, M., Saeys, Y., Lambrecht, B.N., Guilliams, M., 2016. IRF8 transcription factor
controls survival and function of terminally differentiated conventional and plas-
macytoid dendritic cells, respectively. Immunity 45, 626–640.

Spits, H., Couwenberg, F., Bakker, A.Q., Weijer, K., Uittenbogaart, C.H., 2000. Id2 and Id3
inhibit development of CD34(+) stem cells into predendritic cell (pre-DC)2 but not
into pre-DC1: Evidence for a lymphoid origin of pre-DC2. J. Exp. Med. 192,
1775–1784.

Spranger, S., Bao, R., Gajewski, T.F., 2015. Melanoma-intrinsic [bgr]-catenin signalling
prevents anti-tumour immunity. Nature 523, 231–235.

Spranger, S., Dai, D., Horton, B., Gajewski, T.F., 2017. Tumor-residing batf3 dendritic
cells are required for effector t cell trafficking and adoptive T cell therapy. Cancer
Cell 31, 711–723 (e714).

Stark, G.R., Darnell Jr., J.E., 2012. The JAK-STAT pathway at twenty. Immunity 36,
503–514.

Steinman, R.M., 2012. Decisions about dendritic cells: past, present, and future. Annu.
Rev. Immunol. 30, 1–22.

Stoitzner, P., Green, L.K., Jung, J.Y., Price, K.M., Atarea, H., Kivell, B., Ronchese, F.,
2008. Inefficient presentation of tumor-derived antigen by tumor-infiltrating den-
dritic cells. Cancer Immunol. Immunother. 57, 1665–1673.

Suzuki, S., Honma, K., Matsuyama, T., Suzuki, K., Toriyama, K., Akitoyo, I., Yamamoto,
K., Suematsu, T., Nakamura, M., Yui, K., Kumatori, A., 2004. Critical roles of inter-
feron regulatory factor 4 in CD11bhighCD8alpha- dendritic cell development. Proc.
Natl. Acad. Sci. U. S. A. 101, 8981–8986.

Swiecki, M., Colonna, M., 2015. The multifaceted biology of plasmacytoid dendritic cells.
Nat. Rev. Immunol. 15, 471–485.

Tamura, T., Tailor, P., Yamaoka, K., Kong, H.J., Tsujimura, H., O'Shea, J.J., Singh, H.,
Ozato, K., 2005. IFN regulatory factor-4 and −8 govern dendritic cell subset

development and their functional diversity. J. Immunol. 174, 2573–2581.
Toniolo, P.A., Liu, S., Yeh, J.E., Moraes-Vieira, P.M., Walker, S.R., Vafaizadeh, V.,

Barbuto, J.A., Frank, D.A., 2015. Inhibiting STAT5 by the BET bromodomain in-
hibitor JQ1 disrupts human dendritic cell maturation. J. Immunol. 194, 3180–3190.

Topalian, S.L., Drake, C.G., Pardoll, D.M., 2015. Immune checkpoint blockade: a common
denominator approach to cancer therapy. Cancer Cell 27, 450–461.

Tsujimura, H., Tamura, T., Ozato, K., 2003. Cutting edge: IFN consensus sequence binding
protein/IFN regulatory factor 8 drives the development of type I IFN-producing
plasmacytoid dendritic cells. J. Immunol. 170, 1131–1135.

Tullett, K.M., Leal Rojas, I.M., Minoda, Y., Tan, P.S., Zhang, J.G., Smith, C., Khanna, R.,
Shortman, K., Caminschi, I., Lahoud, M.H., Radford, K.J., 2016. Targeting CLEC9A
delivers antigen to human CD141+ DC for CD4+ and CD8+T cell recognition. JCI
Insight 1, e87102.

Turner, M.D., Nedjai, B., Hurst, T., Pennington, D.J., 2014. Cytokines and chemokines: at
the crossroads of cell signalling and inflammatory disease. Biochim. Biophys. Acta
1843, 2563–2582.

Tussiwand, R., Everts, B., Grajales-Reyes, G.E., Kretzer, N.M., Iwata, A., Bagaitkar, J., Wu,
X., Wong, R., Anderson, D.A., Murphy, T.L., Pearce, E.J., Murphy, K.M., 2015. Klf4
expression in conventional dendritic cells is required for T helper 2 cell responses.
Immunity 42, 916–928.

Vega-Ramos, J., Roquilly, A., Asehnoune, K., Villadangos, J.A., 2014a. Modulation of
dendritic cell antigen presentation by pathogens, tissue damage and secondary in-
flammatory signals. Curr. Opin. Pharmacol. 17, 64–70.

Vega-Ramos, J., Roquilly, A., Zhan, Y., Young, L.J., Mintern, J.D., Villadangos, J.A.,
2014b. Inflammation conditions mature dendritic cells to retain the capacity to
present new antigens but with altered cytokine secretion function. J. Immunol. 193,
3851–3859.

Vonderheide, R.H., Glennie, M.J., 2013. Agonistic CD40 Antibodies and Cancer Therapy.
AACR.

Vremec, D., Lieschke, G.J., Dunn, A.R., Robb, L., Metcalf, D., Shortman, K., 1997. The
influence of granulocyte/macrophage colony-stimulating factor on dendritic cell le-
vels in mouse lymphoid organs. Eur. J. Immunol. 27, 40–44.

Vyas, J.M., Van der Veen, A.G., Ploegh, H.L., 2008. The known unknowns of antigen
processing and presentation. Nat. Rev. Immunol. 8, 607–618.

van de Laar, L., van den Bosch, A., Wierenga, A.T., Janssen, H.L., Coffer, P.J., Woltman,
A.M., 2011. Tight control of STAT5 activity determines human CD34-derived inter-
stitial dendritic cell and langerhans cell development. J. Immunol. 186, 7016–7024.

van de Laar, L., Coffer, P.J., Woltman, A.M., 2012. Regulation of dendritic cell devel-
opment by GM-CSF: molecular control and implications for immune homeostasis and
therapy. Blood 119, 3383–3393.

Wakim, L.M., Smith, J., Caminschi, I., Lahoud, M.H., Villadangos, J.A., 2015. Antibody-
targeted vaccination to lung dendritic cells generates tissue-resident memory CD8T
cells that are highly protective against influenza virus infection. Mucosal Immunol. 8,
1060–1071.

Wang, P., Xue, Y., Han, Y., Lin, L., Wu, C., Xu, S., Jiang, Z., Xu, J., Liu, Q., Cao, X., 2014.
The STAT3-binding long noncoding RNA lnc-DC controls human dendritic cell dif-
ferentiation. Science 344, 310–313.

Wang, B., 2012. Targeting dendritic cells in situ for breast cancer immunotherapy.
Oncoimmunology 1, 1398–1400.

Watanabe, N., Wang, Y.H., Lee, H.K., Ito, T., Wang, Y.H., Cao, W., Liu, Y.J., 2005.
Hassall's corpuscles instruct dendritic cells to induce CD4+CD25+ regulatory T cells
in human thymus. Nature 436, 1181–1185.

Watchmaker, P.B., Lahl, K., Lee, M., Baumjohann, D., Morton, J., Kim, S.J., Zeng, R.,
Dent, A., Ansel, K.M., Diamond, B., Hadeiba, H., Butcher, E.C., 2014. Comparative
transcriptional and functional profiling defines conserved programs of intestinal DC
differentiation in humans and mice. Nat. Immunol. 15, 98–108.

Wilson, N.S., El-Sukkari, D., Belz, G.T., Smith, C.M., Steptoe, R.J., Heath, W.R., Shortman,
K., Villadangos, J.A., 2003. Most lymphoid organ dendritic cell types are phenoty-
pically and functionally immature. Blood 102, 2187–2194.

Woo, S.-R., Fuertes, M.B., Corrales, L., Spranger, S., Furdyna, M.J., Leung, M.Y., Duggan,
R., Wang, Y., Barber, G.N., Fitzgerald, K.A., 2014. STING-dependent cytosolic DNA
sensing mediates innate immune recognition of immunogenic tumors. Immunity 41,
830–842.

Wu, L., Nichogiannopoulou, A., Shortman, K., Georgopoulos, K., 1997. Cell-autonomous
defects in dendritic cell populations of Ikaros mutant mice point to a developmental
relationship with the lymphoid lineage. Immunity 7, 483–492.

Wu, L., D'Amico, A., Winkel, K.D., Suter, M., Lo, D., Shortman, K., 1998. RelB is essential
for the development of myeloid-related CD8alpha- dendritic cells but not of lym-
phoid-related CD8alpha+ dendritic cells. Immunity 9, 839–847.

Wu, X., Briseno, C.G., Grajales-Reyes, G.E., Haldar, M., Iwata, A., Kretzer, N.M., Kc, W.,
Tussiwand, R., Higashi, Y., Murphy, T.L., Murphy, K.M., 2016. Transcription factor
Zeb2 regulates commitment to plasmacytoid dendritic cell and monocyte fate. Proc.
Natl. Acad. Sci. U. S. A. 113, 14775–14780.

Wu, J., Zhang, M., Liu, D., 2017. Bruton tyrosine kinase inhibitor ONO/GS-4059: from
bench to bedside. Oncotarget 8, 7201.

Wynn, T.A., 2015. Type 2 cytokines: mechanisms and therapeutic strategies. Nat. Rev.
Immunol. 15, 271–282.

Xu, J., Lee, M.H., Chakhtoura, M., Green, B.L., Kotredes, K.P., Chain, R.W., Sriram, U.,
Gamero, A.M., Gallucci, S., 2016. STAT2 is required for TLR-Induced murine den-
dritic cell activation and cross-presentation. J. Immunol. 197, 326–336.

Yamaguchi, Y., Tsumura, H., Miwa, M., Inaba, K., 1997. Contrasting effects of TGF-β1 and
TNF-α on the development of dendritic cells from progenitors in mouse bone marrow.
Stem Cells 15, 144–153.

Yang, A.S., Lattime, E.C., 2003. Tumor-induced interleukin 10 suppresses the ability of
splenic dendritic cells to stimulate CD4 and CD8 T-cell responses. Cancer Res. 63,
2150–2157.

T.T. Chrisikos et al. Molecular Immunology 110 (2019) 24–39

38

http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0940
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0940
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0945
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0945
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0945
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0945
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0950
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0950
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0950
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0950
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0955
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0955
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0955
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0960
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0960
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0965
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0965
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0965
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0965
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0970
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0970
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0975
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0975
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0975
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0975
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0975
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0975
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0975
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0980
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0980
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0980
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0980
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0980
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0985
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0985
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0985
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0985
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0985
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0990
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0990
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0990
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0995
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref0995
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1000
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1000
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1000
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1005
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1005
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1005
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1010
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1010
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1010
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1015
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1015
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1020
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1020
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1025
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1025
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1025
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1025
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1025
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1025
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1030
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1030
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1030
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1030
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1035
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1035
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1040
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1040
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1040
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1045
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1045
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1050
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1050
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1055
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1055
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1055
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1060
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1060
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1060
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1060
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1065
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1065
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1070
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1070
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1070
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1075
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1075
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1075
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1080
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1080
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1085
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1085
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1085
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1090
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1090
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1090
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1090
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1095
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1095
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1095
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1100
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1100
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1100
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1100
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1105
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1105
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1105
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1110
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1110
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1110
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1110
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1115
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1115
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1120
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1120
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1120
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1125
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1125
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1130
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1130
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1130
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1135
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1135
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1135
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1140
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1140
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1140
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1140
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1145
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1145
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1145
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1150
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1150
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1155
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1155
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1155
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1160
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1160
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1160
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1160
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1165
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1165
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1165
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1170
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1170
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1170
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1170
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1175
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1175
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1175
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1180
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1180
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1180
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1185
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1185
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1185
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1185
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1190
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1190
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1195
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1195
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1200
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1200
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1200
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1205
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1205
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1205
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1210
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1210
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1210


Yang, L., Yamagata, N., Yadav, R., Brandon, S., Courtney, R.L., Morrow, J.D., Shyr, Y.,
Boothby, M., Joyce, S., Carbone, D.P., 2003. Cancer-associated immunodeficiency
and dendritic cell abnormalities mediated by the prostaglandin EP2 receptor. J. Clin.
Invest. 111, 727.

Zelenay, S., Keller, A.M., Whitney, P.G., Schraml, B.U., Deddouche, S., Rogers, N.C.,
Schulz, O., Sancho, D., Reis e Sousa, C., 2012. The dendritic cell receptor DNGR-1
controls endocytic handling of necrotic cell antigens to favor cross-priming of CTLs in
virus-infected mice. J. Clin. Invest. 122, 1615–1627.

Zhan, Y., Carrington, E.M., van Nieuwenhuijze, A., Bedoui, S., Seah, S., Xu, Y., Wang, N.,
Mintern, J.D., Villadangos, J.A., Wicks, I.P., Lew, A.M., 2011. GM-CSF increases
cross-presentation and CD103 expression by mouse CD8(+) spleen dendritic cells.
Eur. J. Immunol. 41, 2585–2595.

Zhan, Y., Vega-Ramos, J., Carrington, E.M., Villadangos, J.A., Lew, A.M., Xu, Y., 2012.
The inflammatory cytokine, GM-CSF, alters the developmental outcome of murine
dendritic cells. Eur. J. Immunol. 42, 2889–2900.

Zhang, J., Raper, A., Sugita, N., Hingorani, R., Salio, M., Palmowski, M.J., Cerundolo, V.,
Crocker, P.R., 2006. Characterization of Siglec-H as a novel endocytic receptor ex-
pressed on murine plasmacytoid dendritic cell precursors. Blood 107, 3600–3608.

Zhou, Y., Wu, J., Liu, C., Guo, X., Zhu, X., Yao, Y., Jiao, Y., He, P., Han, J., Wu, L., 2018.
p38alpha has an important role in antigen cross-presentation by dendritic cells. Cell
Mol. Immunol. 15, 246–259. https://www.ncbi.nlm.nih.gov/pubmed/27867197.

Zhu, J., Yamane, H., Paul, W.E., 2010. Differentiation of effector CD4T cell populations
(*). Annu. Rev. Immunol. 28, 445–489.

T.T. Chrisikos et al. Molecular Immunology 110 (2019) 24–39

39

http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1215
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1220
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1220
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1220
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1220
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1225
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1225
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1225
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1225
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1230
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1230
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1230
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1235
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1235
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1235
https://www.ncbi.nlm.nih.gov/pubmed/27867197
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1245
http://refhub.elsevier.com/S0161-5890(18)30021-X/sbref1245

	Molecular regulation of dendritic cell development and function in homeostasis, inflammation, and cancer
	Introduction
	Dendritic cell subsets and their developmental regulation
	DC subsets and cross species identification
	DC subsets in inflammation
	DC development from hematopoietic progenitors
	Transcriptional regulation of DC development by intrinsic factors
	Transcriptional regulation of DC development by cytokines and STATs

	DC functions in immune activation and tolerance
	DC activation and antigen presentation
	DC-mediated immune tolerance
	STAT-mediated control of DC function

	Cytokines in the TME and effects on DC function
	DC growth factors and the TME
	IFN-I-STAT1, TLR, and STING signaling in DCs in the TME
	Immunosuppressive factors and STAT signaling in the TME

	Tumor-associated DCs and their roles in tumor immunity
	Accurate DC identification in tumors
	cDC1s as principal inducers of T cell mediated tumor immunity
	Mechanisms regulating cDC1 accumulation in tumors
	Roles for cDC2s in solid tumors
	Roles for pDCs in solid tumors
	DCs in hematological malignancies

	DC-based therapies and tumor vaccines
	Concluding remarks
	Declaration of interest
	Acknowledgement
	References




