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Summary

The term innate immunity typically refers to a quick but nonspecific host defense response against

invading pathogens. The innate immune system comprises particular immune cell populations,

epithelial barriers, and numerous secretory mediators including cytokines, chemokines, and

defense peptides. Innate immune cells are also now recognized to play important contributing

roles in cancer and pathological inflammatory conditions. Innate immunity relies on rapid signal

transduction elicited upon pathogen recognition via pattern recognition receptors (PRRs) and

cell:cell communication conducted by soluble mediators, including cytokines. A majority of

cytokines involved in innate immune signaling use a molecular cascade encompassing receptor-

associated Jak protein tyrosine kinases and STAT (signal transducer and activator of transcription)

transcriptional regulators. Here, we focus on roles for STAT proteins in three major innate

immune subsets: neutrophils, macrophages, and dendritic cells (DCs). While knowledge in this

area is only now emerging, understanding the molecular regulation of these cell types is necessary

for developing new approaches to treat human disorders such as inflammatory conditions,

autoimmunity, and cancer.
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Introduction

A classic view of the innate immune system includes specific hematopoietic lineages that

are dedicated to rapid pathogen clearance. These cell types specialize in phagocytosis and

recognizing pattern molecules that exist or are produced by microbial invaders and necrotic

cells (e.g. bacterial lipopolysaccharide, extracellular DNA). The association of pattern

molecules with surface receptors (PRRs) on innate immune cells elicits rapid intracellular

signal transduction. This culminates in numerous responses, which are designed to alert and

educate the host immune system (1). One of the most crucial responses initiated by PRR

signaling is synthesis and secretion of cytokine mediators. Cytokines elicit stress
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hematopoietic responses to combat infection (e.g. emergency granulopoiesis) and guide the

generation of appropriate adaptive immune subsets (2-5). Our understanding of innate

immunity has broadened, in part due to the recognition that epithelial cells and other

molecular messengers (e.g. anti-microbial peptides) have critical roles in immune activation.

These topics have been covered in excellent reviews (6-10). Accordingly, here, we focus on

the classic innate immune subsets and the roles for cytokine signaling via signal transducer

and activators of transcription (STAT) proteins in their regulation.

Many of the cytokines involved in innate immunity are categorized as interacting with class

I or class II receptors, which comprise a large gene family (11, 12). Class I receptor

cytokines are 4-α-helical bundle proteins that are typically involved in stimulating

proliferation, differentiation, and function of innate and adaptive immune populations (11).

These include granulocyte colony-stimulating factor [(G-CSF) also known as colony-

stimulating factor 3 (CSF3)], granulocyte-macrophage colony-stimulating factor [(GM-CSF)

also known as (CSF2)], interleukin-3 (IL-3), IL-5, IL-6, and IL-11. These proteins regulate

hematopoiesis by signaling through high affinity cell surface receptors that share common

subunits (e.g. IL-3Rβ for IL-3, IL-5, and GM-CSF; gp130 for IL-6, IL-11) (13, 14). Other

important class I receptor cytokines require the common γ chain (γc), which was first

identified as a crucial component of the IL-2 receptor (15). The γc-activating cytokines are

key regulators of B and T-lymphocyte development; accordingly, mutation of γc or its

selective Jak kinase (Jak3) results in severe immunodeficiency in mice and humans (15, 16).

The Jak-STAT cascade is a major intracellular signaling response elicited by class I cytokine

receptors, although it is important to note that other signaling modules such as the mitogen-

activated protein kinase (MAPK) and phosphoinositol 3-kinase (PI3K) pathways are also

stimulated. Typically, in the Jak-STAT pathway, the activated kinase phosphorylates

tyrosine residues within the cytokine receptor intracellular domain. These phosphorylated

tyrosines provide docking sites for the SH2-domain of STAT proteins. Cytoplasmically

localized STATs associate with the receptor and undergo Jak-mediated tyrosine

phosphorylation, which leads to their hetero- or homodimerization via SH2-phosphotyrosine

interactions. The dimerized STATs are competent to accumulate in the nucleus, bind DNA

and regulate expression of cytokine-responsive genes. This signaling cascade results in

direct and rapid changes in gene expression upon cytokine stimulation (17-19).

Cytokines that interact with class II receptors include interferons (IFNs), which are further

subdivided into type I (e.g. IFN-α, IFN-β), II (IFN-γ) and III (IFN-γ) IFNs, as well as IL-10

and IL-10-related molecules (e.g. IL-20, IL-22) (12). These cytokines also bind via high

affinity heteromeric receptors that activate the Jak-STAT cascade (19, 20). In addition, other

important protein mediators regulate innate immunity through receptor tyrosine kinases

(RTKs). These include the major DC and macrophage growth factors FMS-like tyrosine

kinase 3 ligand (Flt3L) and macrophage colony-stimulating factor [(M CSF) also known as

CSF1] (21, 22). Interestingly, the Flt3L and M-CSF receptors stimulate STAT protein

activation; this may occur by direct receptor-mediated activation via the kinase function

intrinsic to the RTK intracellular domain (23, 24). Here, we discuss the developmental

origins of neutrophils, macrophages and DCs, with a focus on the growth factors and STAT-

mediated mechanisms that regulate these critical innate immune populations.
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Neutrophil development and granulopoietic cytokines

Neutrophils (also known as neutrophilic granulocytes) are the most numerous immune cells

in bone marrow and blood. These short-lived cells usually undergo apoptosis after

performing their host-defense activities, which include secretion of proteases, reactive

oxygen intermediates, antimicrobial peptides and neutrophil extracellular “traps” (NETs)

(25). Activated neutrophils also release cytokines that orchestrate subsequent adaptive

immune responses. Like other leukocytes, neutrophils develop from hematopoietic stem

cells (HSCs) through defined progenitor populations, each with less developmental potential

than its immediate precursor. Neutrophil progenitors include hematopoietic multipotent

progenitors (MPP), common myeloid progenitors (CMP) and granulocyte-macrophage

progenitors (GMPs), as well as morphologically defined precursor populations (e.g.,

myeloblasts, promyelocytes, myelocytes, metamyelocytes) (25). In adults, neutrophils

undergo their main development stages within the bone marrow environment, where a large

reserve pool of mature cells is retained for rapid release during systemic infection.

G-CSF is the principal cytokine regulator of granulopoiesis, stimulating neutrophil

production and mobilization from bone marrow. G-CSF is present constitutively at low

levels in the circulation, and is rapidly induced during infection (3, 26-28). G-CSF-null

(Csf3−/−) mice develop chronic neutropenia, characterized by an approximate 50%

reduction in granulocytic precursors and a more severe reduction (~ 70%) in circulating

neutrophils (29). A similar phenotype was observed in mice carrying null or targeted

mutations of the G-CSF receptor (G-CSFR) (e.g. Csf3r−/− mice) (30-32), highlighting the

importance of signals elicited by engagement of G-CSF/G-CSFR in normal granulopoiesis.

G-CSF regulates proliferation and survival of granulocytic progenitors and differentiated

granulocytes (33, 34). Of note, G-CSF itself is not chemotactic, yet GCSF signaling through

the G-CSFR is required for efficient migration of neutrophils from bone marrow in steady

state conditions (34-36). While G-CSF-G-CSFR signaling is critical for maintaining normal

circulating neutrophil numbers, the incomplete loss of neutrophils in Csf3−/− or Csf3r−/−

mice indicates compensatory mechanisms can support neutrophil production.

Other cytokines, including IL-6, GM-CSF, and Flt3L, were identified as independent

regulators of granulopoiesis, albeit to a lesser extent than G-CSF. For example,

administration of recombinant IL-6 stimulated multiple hematopoietic progenitor subsets to

expand in number and increased circulating neutrophil levels (37). Important genetic

evidence was obtained for the role of IL-6 when mice with disruption of both Il6 and Csf3r

genes (Il6−/− Csf3r−/− mice) were found to have more severe neutropenia compared to

Csf3r−/− animals (38). Similarly, mice lacking G-CSF and GM-CSF have fewer neutrophils

versus mice lacking either gene alone (39). Furthermore, cytokines such as stem cell factor

(SCF) or Flt3L synergize with G-CSF in enhancing mobilization of hematopoietic

progenitors and neutrophils, indicating important roles for these factors in granulopoiesis at

progenitor stages and terminal neutrophil differentiation (40, 41).

Roles for STATs in neutrophil development and function

Activation of G-CSFR by G-CSF binding induces trans-phosphorylation of the receptor-

associated Jak1 and Jak2 proteins, which subsequently stimulate several signal cascades.
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Among these, G-CSFR-mediated STAT activation is robust and rapid; therefore, significant

effort has gone toward understanding whether and how STATs regulate granulopoiesis.

Experiments in cell culture systems ex vivo demonstrated that G-CSF activated STAT1,

STAT3, and STAT5, with STAT3 as the dominant response pathway (42-44). Accordingly,

STAT3 was shown to regulate G-CSF-induced development of neutrophil morphology, as

well as expression of the integrin Mac-1 (CD11b/CD18), the enzyme myeloperoxidase

(MPO) and the secondary granule proteins lactoferrin and 24p3 lipocalin in tissue culture

studies with granulocytic cell lines (45-47). These results led to the idea that STAT3 would

be a crucial, positive regulator of granulopoiesis. Surprisingly, however, several groups

showed using cre-loxP-mediated conditional Stat3 deletion that Stat3-deficiency in the

hematopoietic system leads to neutrophilia (48-51). These Stat3-deficient models have an

approximate threefold increase in circulating neutrophil numbers and a modest enhancement

of mature neutrophils in bone marrow. Significantly, mice with MXcre-induced or

hematopoietic-specific (Tie2cre-mediated) Stat3-deficiency contain relatively normal

numbers of granulocyte progenitors and precursor populations in bone marrow, including

lineage-Sca-1+ c-kit+ (LSK) cells, G-CSF- and GM-CSF-responsive colony-forming cells,

promyelocytes, myelocytes, and metamyelocytes (48, 50-52). These results collectively

indicate STAT3 is dispensable for early stages of granulopoiesis, yet has an important role

in restraining peripheral neutrophil numbers.

The negative role of STAT3 in granulopoiesis appears to be due in part to STAT3-

dependent induction of SOCS3, a member of the SOCS protein family that inhibits cytokine

signaling responses (53) (Fig. 1). SOCS proteins suppress Jak kinase function, promote

proteasome-mediated degradation of cytokine signaling components, and serve as

competitive inhibitors that block STAT binding to cytokine receptors (53). The murine

Socs3 promoter contains 2 consensus STATx binding sites, which suggested Socs3 was an

important STAT-regulated gene (54). Accordingly, STAT3-activating cytokines such as

IL-6 or leukemia-inhibitory factor (LIF) stimulate STAT3 interaction at the Socs3 promoter

in vivo, leading to rapid induction of Socs3 transcription (54, 55). Subsequent studies

revealed Socs3 as one of the most highly induced genes following STAT3 activation (56);

thus, Socs3 expression is often used as a readout for STAT3 signaling. SOCS3 dampens

STAT3 signal transduction from the G-CSFR and, therefore, SOCS3 plays a critical role in

suppressing the signaling cascade that activates its expression, consistent with its

autoregulatory function (54, 57) (Fig. 1). Hematopoietic-restricted Socs3 ablation leads to

neutrophilia (57). Following G-CSF treatment, hematopoietic Socs3-deficient mice exhibit

elevated neutrophilia and pathological neutrophil-mediated inflammation, indicating SOCS3

negatively regulates G-CSF-G-CSFR functions in vivo (57). These results support the idea

that STAT3-directed induction of SOCS3 is critical for dampening neutrophil production, in

line with observations of elevated neutrophil numbers in hematopoietic Stat3- or Socs3-

deficient mice (48, 57). However, the onset of neutrophilia in hematopoietic Socs3-deficient

mice is delayed compared to hematopoietic-restricted Stat3-deficient animals (49, 51, 52,

57). This may be due to differences in G-CSFR signaling in each model and/or STAT3-

mediated control of additional target genes in granulopoiesis, a subject covered in more

detail below.
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How does G-CSF promote the generation of Stat3-deficient granulocytes? The inability of

Stat3-deficient granulocytes to activate SOCS3 (or STAT3) in response to G-CSF results in

enhanced activation of other G-CSFR-induced pathways including augmented STAT1 and

Erk1/2 signaling (48). Importantly, both STAT1 and Erk1/2 signaling responses promote

granulocyte proliferation and delay neutrophil apoptosis; the latter is accomplished by

induction of antiapoptotic proteins (48, 50, 58, 59). Thus, STAT3-SOCS3 signaling elicited

by G-CSFR is crucial for maintaining neutrophil homeostasis, yet other G-CSFR signaling

responses stimulate granulopoiesis in the absence of STAT3 and SOCS3.

Socs3-deficient myeloid cells show elevated STAT3 activation but not enhanced MAPK

signaling in response to G-CSF (57), suggesting STAT3 may also stimulate genes that

positively regulate granulopoiesis. Support for this concept was obtained through studies of

mice that express a truncated isoform of the G-CSFR that contains a mutation (Csf3rd715F)

that attenuates STAT3 and STAT5 signaling, engineered by targeted gene replacement at the

Csf3r locus (32). Csf3rd715F animals display significant fewer metamyelocytes and mature

neutrophils in homeostasis, while their immediate precursors, myelocytes and

promyelocytes, are increased. Furthermore, Csf3rd715F mice fail to adequately induce

peripheral neutrophil numbers following G-CSF administration or bacterial challenge (32).

Granulocytic progenitors from Csf3rd715F mice exhibit suppressed proliferative and

differentiation responses to G-CSF. These functions can be rescued by reconstitution with

constitutively active STAT3. By contrast, dominant-negative STAT3 abrogated granulocytic

cell expansion and differentiation in response to G-CSF ex vivo (32). These data support the

idea that STAT3 has complex roles in granulopoiesis involving negative and positive

regulatory functions.

Using hematopoietic Stat3-deficent mice, we found STAT3 is required to mediate G-CSF-

driven ‘emergency’ granulopoiesis (51), a response that occurs during systemic infection

and is mimicked by clinical application of recombinant G-CSF cytokine (60, 61).

Significantly, we showed G-CSF-driven emergency granulopoiesis is independent of

SOCS3 (51), indicating additional STAT3 target genes are involved. We discovered STAT3

controls the ability of LSK and immature granulocyte progenitor populations to increase in

number during G-CSF treatment (51, 52). Moreover, STAT3 is required for hematopoietic

progenitor proliferation elicited by recombinant G-CSF or bacterial infection (52), most

likely explaining its role in regulating progenitor amounts during emergency granulopoiesis.

STAT3 acts by directly inducing expression of the transcriptional regulator C/EBPβ, which

is necessary for emergency but not steady state granulopoiesis (62). Furthermore, STAT3

works in collaboration with C/EBPβ to induce c-Myc expression (52) (Fig. 1), contributing

to sustained progenitor proliferation during emergency conditions. Interestingly, the

induction of c-Myc is mediated by direct and indirect STAT3-mediated mechanisms. These

include direct interaction of STAT3 and C/EBPβ with the c-Myc promoter, and indirect

suppression of C/EBPα interaction at the c-Myc promoter (52). C/EBPα is a key regulator

of steady state granulopoiesis. Its principal actions include controlling the expression

important granulocyte genes, inducing cell cycle arrest in developing granulocytic

progenitors, including c-Myc repression, which enables terminal neutrophil differentiation

(63, 64). In addition, other transcriptional regulators such as PU.1 and Gfi1 have important
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roles in granulopoiesis at progenitor as well as late differentiation stages (65-67). However,

STAT3 is unique in its ability to link extracellular cytokine cues elicited during infection

(e.g. G-CSF) with the transcriptional machinery that drives granulocytic progenitor

proliferation needed to sustain emergency granulopoiesis (Fig. 1).

An additional and often overlooked aspect of emergency granulopoiesis is the rapid release

of mature neutrophils from the bone marrow reserve, a phenomenon termed neutrophil

mobilization. We found STAT3 controls important neutrophil functions required for

mobilization including chemoattractant-stimulated actin reorganization and G-CSF-

responsive transcription of Cxcl2 (encoding MIP2) and Il8rb (encoding CXCR2, a receptor

for MIP-2) (51, 68, 69)(Fig. 1). Accordingly, STAT3 is necessary for acute neutrophil

mobilization elicited by G-CSF or MIP-2 (51, 68). However, the amount of mature

neutrophils accumulates in circulation during prolonged G-CSF treatment in hematopoietic

Stat3-deficient mice (51), suggesting alternative or compensatory migration pathways are

elicited in the absence of STAT3. Furthermore, STAT3 is required for chemotaxis of mature

neutrophils toward CXCR2 ligands including MIP-2 or KC (51), indicating STAT3

involvement in neutrophil responses that are necessary to localize to sites of infection or

inflammation (25). These data point to a potential mechanism that might lead to elevated

circulating neutrophil amounts in hematopoietic Stat3-deficient mice. The requirement for

STAT3 in neutrophil chemotaxis may cause defective tissue margination, contributing to

neutrophil accumulation in blood. Hence, neutrophilia in hematopoietic Stat3-deficient mice

may be due to combined effects of the failure to activate the negative regulator SOCS3 and

impaired neutrophil trafficking (i.e., tissue margination) (3, 48, 51, 57, 68). Importantly, the

human immunodeficiency condition Hyper-immunoglobulin E syndrome (HIES), associated

with inactivating mutations in one allele of STAT3, is reported to show defects in neutrophil

chemotaxis (70). Much remains to be learned about neutrophil function in HIES, however

these date suggest specific STAT3 functions may be conserved in humans. In summary,

STAT3 has numerous, complex and non-redundant roles in regulating steady state and

emergency granulopoiesis including SOCS3 induction, G-CSF-responsive progenitor

proliferation and neutrophil mobilization (Fig. 1).

Macrophage origin and growth factors

Macrophages are tissue-resident phagocytic cells that specialize in clearance of dead cells

and ingestion of invading pathogens. Macrophages are an important phagocytic component

of the reticuloendothelial system (or mononuclear phagocytic system). Macrophage

populations are highly diverse in adult organs and include subsets such as splenic marginal

zone macrophages, liver Kupffer cells and brain microglia. Macrophage heterogeneity is

increasingly recognized as a critical cellular component of inflammatory and neoplastic

diseases (71). Conditioned by their residential environment, macrophages gain distinct

functions that enable them to participate in tissue homeostasis and host defense (71, 72).

Unlike most immune cells, macrophages derived during embryogenesis can persist into

adulthood and maintain a tissue-specific reservoir through local proliferation. For example,

the microglia population in adult brain is established prenatally and derives primarily from

primitive progenitors found in the ectoderm of the yolk sac (73). Under homeostatic

conditions and in response to inflammation, embryonically derived microglia are maintained
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locally without replenishment from circulating precursor cells. However, blood monocytes

or myeloid precursors can contribute to the microglia pool under certain conditions, such as

central nervous system (CNS) inflammation induced by irradiation or complete lack of

embryonic microglia due to genetic PU.1 ablation (74-77).

Lineage tracing studies have shown that a majority of F4/80 high macrophages in other

tissues, such as spleen (red pulp macrophage), pancreas, liver (Kupffer cells), and lung

(alveolar macrophage), also arise from yolk sac progenitors. Development of these

populations does not require the adult hematopoietic regulator c-Myb (78, 79), consistent

with their origin from embryonic precursors and not adult bone marrow HSCs.

Alternatively, F4/80low tissue macrophages are thought to arise from bone marrow-derived

monocytes and are continuously replenished by hematopoietic progenitors (78, 79). More

recently, using parabiosis and fate-mapping approaches, macrophages in lung, spleen,

peritoneum, and bone marrow were shown to undergo stochastic self-renewal by

proliferating in situ, in homeostasis and after nongenotoxic ablation (80). These new

findings argue against the contribution of circulating monocytes to tissue-resident F4/80high

macrophages, although some studies indicate monocytes may act as a source of tissue

macrophages under certain experimental settings (81-84). By contrast, all resident

macrophages in mouse intestine were shown to arise from blood monocytes in steady state

conditions (85). Tumor-infiltrating and atherosclerotic-plaque macrophages also appear to

have monocyte origin (84, 86, 87). Thus, it appears that the majority of tissue-resident

macrophages in homeostasis, with the exception of intestinal populations, are distinct from

macrophages that arise during inflammation or pathological conditions.

Regardless of their diversity in anatomical location, morphology, and origin, the

development of most if not all macrophage populations requires activation of colony-

stimulating factor 1-receptor (CSF-1R), a high affinity receptor for M-CSF. Targeted

inactivation of murine Csf1r results in a severe deficiency of blood monocytes and tissue

macrophages (e.g. microglia), as well as impaired bone resorption associated with reduced

osteoclasts, which are derived from bone macrophages (73, 88, 89). Furthermore, blockade

of CSF-1R signals by CSF-1R-neutralizating antibodies or tyrosine kinase inhibitors also

eliminated or reduced mononuclear phagocytic cell populations (90-94), confirming an

essential role for CSF-1R-mediated signals in macrophage development. Depletion of tissue-

resident macrophages is more profound in Csf1r−/− mice versus animals carrying a nonsense

point mutation in Csf1 (Csf1op/op mice), the gene encoding M-CSF/CSF-1 (88, 95). For

example, microglia are present in Csf1op/op mice, but not Csf1r−/− animals. These results

suggested the presence of an alternative ligand(s) for CSF-1R, leading to identification of

IL-34 as a second CSF-1R ligand. Interestingly, IL-34 is required exclusively for the

development of microglia, but not other tissue macrophage subsets (96), results that are

consistent with the presence of microglia in Csf1op/op mice. Additional cytokines, such as

GM-CSF and IL-4, have been shown to maintain or expand tissue macrophage populations

(94, 97), further reflecting the complexity of this innate immune subset and its regulatory

control mechanisms.
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STAT proteins in macrophage polarization

Although M-CSF and CSF-1R have well established roles in macrophage development, very

little information exists about the intracellular signaling cascades they utilize to direct

macrophage generation. Engagement of M-CSFR stimulates activation of multiple signaling

pathways, including Tyk2, STAT1, STAT3, MAPK, and PI3K (23, 98-100). Bone marrow-

derived macrophages lacking expression of the PI3K p85α subunit show impaired

proliferation and migration in response to M-CSF or GM-CSF stimulation (101). These

results suggest the potential for PI3K signals to mediate macrophage development, although

it remains unclear whether bone marrow-derived macrophages reflect native macrophage

populations found in homeostatic conditions. While certain transcription factors are known

to control macrophage generation, including PU.1 and IRF8 (65, 66, 102-108), the precise

mechanisms that link extracellular M-CSF or IL-34 with intracellular cascades that drive

macrophage development remain unclear.

Extracellular factors also have crucial roles in macrophages by regulating functional

distinctions between differentiated populations. For example, macrophages have been

subdivided into two major types based on their functional differences: the ‘classically

activated’ M1 macrophage subset and the ‘alternatively activated’ M2 macrophage

population, although subsets with intermediate or additional phenotypes also exist (72, 109,

110) (Fig. 2). PRR agonists and cytokines that are encountered in infection and

inflammatory environments control M1 and M2 macrophage polarization (72, 109-111).

This process resembles CD4+ T-cell differentiation (e.g. Th1, Th2, Th17 polarization),

which is influenced by local cytokine cues (4). In macrophage polarization, stimulation with

the Toll-like receptor 4 (TLR4) antagonist LPS, the cytokine IFN-γ or TNF-α can drive the

M1 phenotype (110, 112-114). M1 macrophages produce high levels of proinflammatory

cytokines (e.g. TNFα, IL-1, IL-6, IL-12) and Th1-attracting chemokines (e.g. CXCL9,

CXCL10), and thus are efficient in eliciting Th1-type immune responses (110, 115). M1

macrophages also have enhanced antimicrobial capability, as revealed by elevated inducible

nitric oxide synthase (iNOS) and nitric oxide (NO) production (110, 116). The classic M1

traits include enhanced microbicidal activity, induction of MHC class II and antigen-

presenting function, and IL-12 production (109, 110). These features endow M1

macrophages with effective bacterial killing activity and induction of appropriate adaptive

immunity, thus the M1 population is broadly considered to be proficient at mediating host

defense responses (Fig. 2).

Since IFN-γ has a key role in M1 macrophage polarization, it is of little surprise that Jak1,

Jak2, and STAT1-mediated responses are involved, as these are the major signaling

molecules elicited by this cytokine (117). IFN-γ-activated STAT1 homodimers induce

transcription of classic M1 macrophage genes (e.g. iNOS, IL-12 and CIITA) by direct

binding to the gamma-activated sequence (GAS, a STAT consensus binding element) in

their proximal promoters (117). In the case of LPS stimulation, engagement of TLR4

induces IFN-β synthesis, which signals via an autocrine manner to induce IFN-stimulated

gene factor 3 (ISGF3) (20, 118, 119). ISGF3 is a heteromeric complex comprising STAT1,

STAT2, and IRF9. The activated ISGF3 complex translocates into the nucleus, where it

binds interferon-stimulated response elements (ISREs) in the promoter regions of target
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genes (20). While ISREs have been found in the promoter regions for the genes encoding

iNOS, IL-12 and CIITA, evidence in support of a direct interaction between ISGF3 and

these regions is lacking. By contrast, LPS was reported to stimulate STAT1 activation and

recruitment to iNOS GAS element, although this was detected at a delayed time point

compared to IFN-γ-induced STAT1 interaction (2 h versus 30 min), suggesting that new

protein synthesis, i.e. IFN-β, was also involved in LPS-mediated iNOS upregulation (118,

120, 121). To date, the precise mechanisms that are employed by LPS/TLR4 to activate M1

polarization remain unclear; however, STAT1 is well established as cytokine-responsive

factor involved in M1 induction (Fig. 2).

By contrast, macrophages that develop in the presence of Th2 cytokines such as IL–4, IL-10,

and IL-13 are classified as M2 (122-125) (Fig. 2). M2 macrophages express high levels of

IL-10, arginase 1 (Arg1) and the chemokines CCL17 and CCL22 (126-129). They are

thought to act as important regulators in tissue repair (i.e. enhancing repair mechanisms),

Th2-mediated allergic and parasitic immunity, and tumor development (109, 110, 124). The

induction of the M2 phenotype depends on STAT6, a signaling molecule activated by IL-4

and IL-13 (130). IL-4- or IL-13-mediated activation of STAT6 not only directly upregulates

expression of Arg1, one of the most specific M2 macrophage markers, but also induces

other key transcription factors (i.e. PPAR-γ and C/EBPβ) that synergize with STAT6 to

regulate M2-specific genes (131-133). Conversely, IL-10 inhibits STAT1 phosphorylation

and signals predominantly through STAT3, which stimulates Arg1 upregulation in

mycobacteria-infected macrophages (56, 132, 134). STAT3 also has a well-established role

in suppressing production of proinflammatory cytokines in macrophages and neutrophils,

and curbing lethal intestinal inflammation mediated by these cells in vivo (114, 135). This

may relate to its ability to interact physically with the NF-κB p65 and p50 subunits, and

thereby act as a dominant-negative inhibitor of NF-κB signaling to the M1 macrophage

hallmark gene iNOS (136-139). Furthermore, the interferon regulatory factors IRF5 and

IRF4 have been shown to specifically direct polarization into M1 or M2 macrophages,

respectively (Fig. 2) (72, 140, 141); however, it is not clear whether STAT signals are

involved in IRF regulation during macrophage polarization.

Collectively, STATs play crucial roles in determining macrophage functional polarization

(72) (Fig. 2). The balance of signal strength and crosstalk between STAT1-or STAT3/

STAT6-mediated pathways appear to be key factors leading to M1 or M2-related gene

activation and subsequent macrophage polarization (72, 110). In addition, stimulation of

human macrophages with GM-CSF or M-CSF promotes monocyte differentiation into M2-

or M1-polarized phenotypes (142, 143). STAT5 appears to be involved in GM-CSF-

mediated macrophage differentiation (144), while signals downstream of M-CSF are less

investigated.

STATs in tumor-associated macrophages and myeloid-derived suppressor cells

An additional, specialized macrophage population is now recognized in cancer: tumor-

associated macrophages (TAMs) (Fig. 2). TAMs are typically defined by the cell surface

profile Ly6C+ MHC class II+ CX3CR1+ CCR2+ CD62L+ in mouse, and CD14+ HLA-DR+

CD115+ CD312+ CD16+ in human. TAMs have gained increasing attention due to their
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immunosuppressive role during tumorigenesis (111, 145, 146). TAMs appear to be highly

related to another immune-suppressing population in tumors, myeloid-derived suppressor

cells (MDSCs), which are generally divided into granulocytic CD11b+ Ly6G+ Ly6Clo and

monocytic CD11b+ Ly6G− Ly6Chi subpopulations in mouse (147, 148). Accordingly,

MDSCs represent a heterogeneous population of myeloid cells, many of which are

incompletely terminally differentiated. Because of their high functional similarities and

potential overlap in developmental origins, TAMs and MDSCs are often discussed together.

In most established tumors, TAMs exhibit phenotypes synonymous with M2 macrophages

(145, 146)(Fig. 2). This includes low IL-12 and MHC class II expression, reduced

antimicrobial capability, and elevated production of angiogenic and immunosuppressive

factors (e.g. VEGF, prostaglandin E2, IL-10). For example, during carcinogen-induced lung

tumor development, infiltrating macrophages appear to switch from an M1 to M2 phenotype

(149). However, variations in TAM characteristics have been reported in different tumor

models, such as mice bearing D1-DMBA-3 mammary tumors, which contain myeloid cells

with low expression of macrophage markers, impaired inflammatory function, and present

neither M1 or M2 features (150).

Constitutive activation of STAT3 in cancer has been recognized as a crucial signal that

promotes tumor growth, angiogenesis and tumor-mediated immunosuppression (151).

Importantly, activated nuclear STAT3 has been detected in not only in malignant cells, but

also in tumor-associated stromal and immune cells, including TAMs and MDSCs (152).

Both tumor and immune cells can produce STAT3-activating factors, such as IL-6, IL-10

and VEGF, which are then able to induce STAT3 signaling in an autocrine as well as

paracrine manner. Conditional ablation of STAT3 in hematopoietic cells using the Mx1-cre-

loxP system resulted in greater anti-tumor immune responses, thus suppressing tumor

progression (151). Similarly, myeloid cell-restricted disruption of Stat3 using the LysMcre

model showed enhanced Th1 responses associated with hyperactivity of M1-like

macrophages (135), which may exert anti-tumor immunity. Moreover, STAT3 blockade in

MDSCs inhibited Arg1 activity and abrogated their suppressor function (153). These data

point to STAT3 as a critical immunosuppressive signal in tumor-associated immune subsets

including TAMs and MDSCs. It was reported in various tumor models that STAT3 in

MDSCs mediated the upregulation of the myeloid-related protein S100A9 and NADPH

oxidase, which are critical in MDSC generation and mediating their suppressive function

(154, 155). In addition, tumor-activated STAT3 and protein kinase C βII counter-regulate

each other and block the differentiation of monocytes into a DC-like population (156). Thus,

the role for STAT3 in tumor-associated immune populations is complex, involving effects

on myeloid differentiation as well as expression of tumor-regulatory genes.

IFN-γ and STAT1, in contrast, serve important immune surveillance functions against

tumors, as evidenced by the enhanced sensitivity to carcinogen-induced tumor growth in

mice deficient in IFNγR or STAT1 (157). However, TAMs were shown to express high

levels of activated STAT1, and TAMs isolated from mouse EL-4 lymphomas mediated T

cell suppressive function via a STAT1-dependent, yet STAT3-and STAT6-independent

manner (158, 159). Along the same lines, genetic disruption of STAT1 or delivery of IFN-γ-

neutralizing antibodies significantly enhanced IL-12-mediated cytotoxic T-cell (CTL)
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activity and restrained tumor progression (160). Furthermore, lack of SOCS1 leads to

spontaneous development of colorectal carcinomas, which are associated with STAT1

hyperactivity (161). Taken together, these data support the idea that STAT1-dependent

signals in TAMs may promote carcinogenesis by suppressing T-cell activities.

Origin and growth factors for dendritic cells

Dendritic cells (DCs) are a heterogeneous immune population that appear closely related yet

discrete from macrophages. DCs display distinct phenotypic and functional features based

on their anatomical location and developmental origin, a diversity shared with macrophages.

However, DCs lack typical macrophage markers, exhibit potent antigen-presenting function

and have progenitor/precursors distinct from macrophages (162, 163). The classical or

conventional DCs, which are frequently referred to as cDCs, were first identified in

splenocyte cultures in mid-1970s by virtue of their unique morphology, including the

presence of dendrites or branched cellular protrusions that mediate lymphocyte contacts

(164, 165). It is now well established that numerous subsets of DCs reside in lymphoid and

nonlymphoid organs. Murine DCs share the common marker CD11c and comprise the

splenic-resident CD11b− CD8α+ (CD8α+ DCs), CD11b+ CD4+ (CD4+ DCs) and CD11b+

CD4− CD8α− (CD4− CD8α− DCs) populations; nonlymphoid organ or tissue CD11b−

CD103+ DCs (CD103+ DCs); lymph node resident CD8α+ and CD8α− subsets; epidermal

Langerhans’ cells (langerin+); intestinal CD103+ and CD11b+ subsets; and plasmacytoid

DCs, which are found in circulation, bone marrow and spleen in homeostasis (166). The

majority of these DC subsets are able to acquire, process and present exogenous or cell-

associated antigens to prime adaptive lymphocyte responses. Recently, CD8α+ and CD103+

DCs have gained attention, due to their superior ability to secrete IL-12 and cross-present

exogenous antigen on MHC class I molecules (167-170). Due to these activities, CD8α+ and

CD103+ DCs are indispensably required to elicit efficient CD8+ T-cell responses against

viral infections, tumors, or vaccines (168, 171-173).

By contrast, pDCs are unique in their plasma cell-like morphology and ability to secrete

abundant amounts of type I IFN upon viral infection (174). Due to this exclusive role, pDCs

were predicted to participate in mediating anti-viral responses, a role that has been supported

by recent evidence in pDC-deficient mice (175). Moreover, pDCs undergo a maturation

process following TLR stimulation in which they acquire antigen-presenting function and

the ability to modulate T-cell responses (176, 177). In addition, pDCs mediate immune

tolerance to dietary and tumor antigens, contribute to wound healing and participate in the

pathogenesis of experimentally induced lupus (178-181).

Langerhans’ cells in the epidermis resemble tissue macrophages in terms of ontogeny and

developmental cues; yet appear closely related to DCs by virtue of certain phenotypic and

functional properties such as the expression of DC hallmark molecule CD11c and antigen

presentation capability. Consequently, the classification of Langerhans’ cells as DC versus

macrophage has been extensively debated. Recent analysis of the ImmGen Consortium

Project shows migrating Langerhans’ cells acquire DC signature genes such as Flt3 and

Zbtb46 (182, 183), suggesting close relationship to DCs. However, Langerhans’ cells arise

exclusively from embryonic precursors under steady state and require the cytokines IL-34
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and TGF-β for their development (89, 96, 184, 185). The embryonic origin and IL-34

dependence is reminiscent of macrophage/microglia populations (discussed above).

Langerhans’ cells appear before birth in the epidermis, where they maintain the resident

population throughout adult life via self-renewal. Under inflammatory settings, however,

blood-borne precursors may contribute to Langerhans’ cell repopulation (186-189).

Despite their obvious differences in function, the pDC and conventional DC populations,

with the exception of Langerhans’ cells, derive from bone marrow resident hematopoietic

progenitors that express the tyrosine kinase receptor Flt3 (190). Common lymphoid

progenitors (CLPs) and CMPs contain Flt3+ subsets, which are able to generate DCs upon

adoptive transfer in vivo, while Flt3− CMPs and Flt3− CLPs lack this ability (190). This

evidence was among the first to suggest that the DC lineages required Flt3 but development

was not restricted to the classic myeloid or lymphoid branches of the hematopoietic system.

Recent work has established that Flt3+ CLPs and Flt3+ CMPs have unique developmental

potential, with Flt3+ CLPs more proficient at generating pDCs compared to Flt3+ CMPs

(191-193). DC development proceeds through committed progenitors for the mononuclear

phagocyte lineages, the macrophage/DC progenitor (MDP) population, which has lost the

potential to generate granulocytes and thus is placed developmentally downstream of the

GMP stage (162, 194-196). MDPs give rise to common DC progenitors (CDP), which

generate conventional DCs and pDCs but not macrophage populations (197, 198). CDPs

further develop into pre-cDCs, a restricted precursor for conventional DCs (162). Pre-DCs

exit the bone marrow and migrate to lymphoid and nonlymphoid tissues, where they give

rise to the myriad of distinct conventional DC subsets. By contrast, pDCs arise from CDPs

through as yet undefined precursors and complete their terminal differentiation within the

bone marrow (162, 197, 198). The restricted development of DCs from Flt3+ progenitor

populations is entirely consistent with data that indicates the cytokine Flt3 ligand (Flt3L) is a

nonredundant growth factor required for DC homeostasis. Flt3L is produced by numerous

cell types including endothelial cells, stromal cells, LSK bone marrow cells and activated T

cells (199-201). By contrast, Flt3 expression is highly restricted to early hematopoietic

progenitors (HSC, LMPP), DC progenitors (MDP, CDP), pre-cDCs and mature DC subsets

(196, 202). Mice that lack either Flt3L or Flt3 show a profound deficiency in DCs, including

conventional and pDC lineages, and have reduced amounts of bone marrow DC progenitors

(203-205). Administration of recombinant Flt3L or Flt3L overexpression in transgenic mice

markedly boosts pDC and conventional DC numbers (e.g., CD8α+, CD4+ and CD103+ DCs)

in vivo (206-211). Moreover, Flt3L drives murine DC generation from bone marrow

progenitors, or human DC generation from peripheral blood (212-214).

GM-CSF is well known as a myeloid cell growth factor, regulating many aspects of

neutrophil, macrophage, and DC maturation and function (215). GM-CSF is commonly used

to generate large amounts of conventional DCs ex vivo for experimental as well as clinical

use (214, 216-218). GM-CSF also has a specific and unique role in repressing pDC

development ex vivo and in vivo (210, 214, 219). Injection of recombinant GM-CSF

cytokine or hydrodynamic gene transfer with GM-CSF-encoding plasmid markedly

enhances the production of numerous conventional DC populations in lymphoid and

nonlymphoid organs, including CD8α+ DCs, CD8α− CD4− DCs and CD103+ DCs (210,
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220-222). Surprisingly, however, mice lacking GM-CSF (Csf2−/−) or the GM-CSF receptor

β chain (Csf2rb−/−), which is required for GM-CSF receptor signaling, showed only minor

defects in lymphoid organ DC populations (205, 220). These data initially suggested GM-

CSF was dispensable for DC generation under steady state conditions. However, a better

recognition of specific nonlymphoid organ DC populations led to the recent finding that

GM-CSF is uniquely required for the accumulation and survival of CD103+ DCs in the

dermis, intestine and lung (89, 205, 223). These results indicate that GM-CSF plays a

distinct role in regulating DC accrual in nonlymphoid versus lymphoid organs. This function

has been postulated to be due to differences in homeostatic GM-CSF amounts in these

organs (89, 205, 223), an interesting concept that requires further study.

Function of STATs in DC subset diversification

STAT3 and STAT5 have been reported to be activated upon Flt3 receptor engagement by

Flt3L or in cells that express a constitutively activated mutant of Flt3 associated with human

leukemia (219, 224). Significantly, however, lin− Flt3+ DC progenitors respond to Flt3L by

uniquely stimulating STAT3, without detectable STAT5 activation (219). Accordingly,

several groups including our own have demonstrated the importance of STAT3 in DC

development using conditional Stat3-deficient mice. This approach has been necessary as

genome-wide Stat3 deletion leads to embryonic lethality (225). Conditional deletion of

STAT3 in hematopoietic cells (Tie2/Tek-cre Stat3f/f mice) was reported to abrogate Flt3L-

dependent DC generation in vitro and in vivo, deplete the total CD11c+ population, and

reduce the proportion of DC precursors without affecting HSC amounts (226). Using a

similar hematopoietic-specific Stat3-deficient model, we found that pDCs were uniquely

sensitive to Stat3-deficiency while conventional CD8α+, CD4+, and CD8α− CD4− DCs in

spleen and tissue CD103+ DCs were present in normal amounts under homeostatic

conditions (177, 210). In agreement with prior work, we found Flt3L-driven production of

conventional CD8α+, CD4+ and CD8α− CD4− DCs in spleen, as well as pDCs in bone

marrow, spleen and tissue, required STAT3 (210, 226). Moreover, studies of mice with DC-

restricted Stat3-deficiency (CD11c cre) support the concept that pDCs but not conventional

DC lineages are uniquely dependent upon STAT3 in steady state conditions (177, 210, 227).

Interestingly, however, Flt3L-responsive generation of the nonlymphoid organ CD103+ DC

population does not require STAT3 (210). Since this subset showed an approximate 10-fold

expansion during Flt3L treatment (210), the results highlight the importance of

understanding roles for other signaling pathways elicited by Flt3L. For example, Flt3L has

been reported to stimulate MAPK signaling, yet little is understood about the MAPK

pathway in DC development. Furthermore, it remains unclear whether Flt3L-driven

expansion of CD103+ DCs is mediated by cell autonomous signals that are activated by Flt3

directly in CD103+ DCs or their immediate precursors, or by paracrine effects within the

tissues that are induced by Flt3L and act indirectly to stimulate CD103+ DC amounts.

By investigating cellular and molecular responses elicited by STAT3, our laboratory has

obtained evidence indicating that STAT3 functions by regulating several aspects of DC

development. Using ex vivo cultures with bone marrow lin− Flt3+ DC progenitors from

hematopoietic Stat3-deficient mice, we found STAT3 is necessary for Flt3L-dependent

progenitor proliferation (219). By contrast, STAT3 is dispensable for progenitor
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proliferation in response to GM-CSF (219). We also discovered that Flt3L stimulates C/

EBPβ expression (210). This suggests the possibility that DC progenitor proliferative

responses to Flt3L could be mediated by STAT3-dependent activation of C/EBPβ, similar to

the mechanisms used by G-CSF and STAT3 to induce granulocytic progenitor cell growth

(52) (Fig. 1). While this model remains to be tested, the requirement for STAT3 in Flt3L-

driven progenitor proliferation is likely to explain the broad role for STAT3 in mediating

expansion of the conventional and pDC lineages in response to elevated levels of circulating

Flt3L (210, 219, 226).

The unique function that our laboratory and others identified for STAT3 in regulating pDC

development was reminiscent of studies focusing on the transcriptional regulator E2-2. E2-2

is a basic helix-loop-helix (bHLH) transcription factor that binds E box consensus sites to

regulate gene expression (228). Deletion of Tcf4, the gene encoding E2-2, leads to a

profound deficiency in pDCs but not other DC lineages (229), demonstrating its

fundamental importance in pDC development. E2-2 controls several genes that are uniquely

expressed in pDCs and/or required for pDC function, including IRF7, TLR7 and TLR9

(229-231). Furthermore, continued expression of E2-2 is required to maintain pDC cellular

identity, as conditional deletion in differentiated pDCs causes them to acquire conventional

DC-like traits (230, 231). We found that Flt3L stimulates Tcf4 expression in CDPs, with

Tcf4 induction specifically dependent on STAT3 (210). Using gene reporter assays with

wildtype and mutated STAT3 isoforms, we showed that STAT3 transcriptional activity is

required to stimulate Tcf4 expression in response to Flt3L. Moreover, Flt3L-activated

STAT3 is recruited to the Tcf4 promoter in vivo (210). These data collectively indicate that

Tcf4 is a direct STAT3 target gene in DC progenitors and suggest STAT3-mediated Tcf4

induction is important for promoting pDC development from the progenitor population (Fig.

3). Therefore, STAT3 not only regulates proliferative responses of DC progenitors upon

Flt3L engagement, but also controls expression of the pDC-specific regulator E2-2 (210,

219). It is highly likely that STAT3 regulates additional target genes in DC progenitors and

pDCs; genome-wide gene profiling and STAT3 chromatin immunoprecipitation experiments

in both populations will be needed for a better understanding of the function of STAT3 in

DC development.

Since GM-CSF-responsive progenitor proliferation and GM-CSF-mediated expansion of

conventional DC subsets in vivo is independent of STAT3 (210, 219), we undertook

experiments to investigate the role of STAT5 in DCs. STAT5 is a key signaling protein

activated upon GM-CSF engagement with its receptor. Following ligand binding, the GM-

CSF receptor activates its β-chain-associated Jak2 kinase. This leads to receptor tyrosine

phosphorylation, followed by the recruitment and tyrosine phosphorylation of STAT5A and

STAT5B (referred to herein as STAT5). Mice with genome-wide deletion of Stat5a and

Stat5b (Stat5−/− mice) die at birth (232); therefore, we used bone marrow chimeric mice

reconstituted with Stat5−/− fetal liver cells to investigate the role of STAT5 in DCs. These

experiments showed that Stat5−/− chimeric mice had reduced proportions and absolute

numbers of donor-derived bone marrow CD11c+ CD11b− DCs relative to Stat5-sufficient

controls. By contrast, we did not observe an effect on CD11c+ CD11b+ DCs (a population

comprises both CD4+ and CD8α−CD4-DCs), suggesting STAT5 regulates specific
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conventional DC populations (219). More strikingly, we found that STAT5 inhibited pDC

generation following bone marrow reconstitution. The absolute number and frequency of

donor-derived pDCs was higher in chimeras reconstituted with Stat5−/− progenitors versus

Stat5-sufficient controls (219). Prior studies had shown that GM-CSF inhibits pDC

generation in ex vivo culture systems (214). Using Stat5−/− fetal liver progenitors, we

confirmed that STAT5 mediated the suppressive effect of GM-CSF on pDC generation

(219). Thus, collectively, these experiments pointed to critical roles for STAT5 in blocking

pDC development and promoting generation of CD11b− DCs.

To further investigate STAT5 function in DCs, we utilized mice with hematopoietic-

restricted Stat5-deficiency. These animals were obtained by breeding Tie2 cre transgenic

mice with animals carrying the floxed Stat5a Stat5b locus (termed herein Stat5f/f) (232).

This approach provides an advantage to bone marrow chimeras reconstituted with Stat5−/−

fetal liver cells since Stat5 deletion occurs in adult (not fetal) hematopoietic progenitors.

Moreover, the Stat5−/− bone marrow chimeras show dramatically reduced spleen cell

numbers, which likely reflects the importance of STAT5 in lymphopoiesis (233), yet

confounds analysis of splenic DC populations. Accordingly, we compared the proportion

and absolute number of bone marrow, splenic and tissue DC populations in hematopoietic

Stat5-deficient mice and Stat5-sufficient animals in steady state conditions and following

GM-CSF treatment. We confirmed that STAT5 has a critical role in suppressing pDC

development in homeostasis and upon exposure to GM-CSF (210). Interestingly, we

determined that splenic conventional DC subsets including CD8α+, CD4+, and CD8α−

CD4− DCs were unaffected in hematopoietic Stat5-deficient mice. Taken in light of their

lack of dependence on STAT3 (210), the data collectively suggest that alternate intracellular

signaling cascades are important for the homeostatic generation of splenic CD8α+, CD4+

and CD8α− CD4− DCs. By contrast, STAT5 plays a critical role in the nonlymphoid

CD103+ DC population. This subset was significantly reduced in hematopoietic Stat5-

deficient mice in steady state, and failed to expand in these animals during GM-CSF

treatment (210). These data agree with the selective dependence of CD103+ DCs on GM-

CSF (89, 205, 223). Thus, CD103+ DC development is regulated by GM-CSF and STAT5,

while this signaling cascade inhibits pDC generation (89, 205, 210, 219, 223, 234, 235).

GM-CSF is stimulated during infection, most notably during responses to bacterial

pathogens (26); therefore, the distinct regulation of DC subsets by GM-CSF may indicate

that cytokines tailor antigen-presenting populations for effective pathogen removal, a

possibility that requires further investigation.

We noted that the unique role for STAT5 in suppressing pDCs and stimulating CD103+ DCs

was similar to the function of the transcriptional regulator Id2 in DCs. Id2 is a HLH protein

that lacks a basic DNA binding domain (228). Thus, Id2 is able to heterodimerize with

bHLH proteins and interfere with their DNA binding function (228). Significantly, Id2

interacts with the pDC regulator E2-2 and blocks its transcriptional activity (236).

Furthermore, Id2 is expressed at high amounts in conventional DCs but not pDCs (237).

These results collectively suggested Id2 as a negative regulator of the pDC lineage and a

positive factor for conventional DCs, responses that could be achieved by E2-2 blockade. In

agreement with this model, pDC amounts and type I IFN production are increased in Id2−/−
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mice, while CD103+ DCs and CD8α+ DCs were significantly reduced (237, 238). Therefore,

Id2 controls the production of pDC and conventional DC lineages in an opposing manner

(inhibition vs. promotion), although it remains unclear whether and how Id2 interferes with

E2-2 or other bHLH proteins during DC development to affect this outcome.

Because STAT5 and Id2 showed similar roles in negatively controlling pDC generation and

promoting CD103+ DC development, we investigated the possibility that Id2 was directly

controlled by STAT5. Using molecular techniques including chromatin

immunoprecipitations and gene expression analyses, we found that GM-CSF-activated

STAT5 bound the Id2 promoter in vivo and upregulated Id2 expression in CDPs (210) (Fig.

4). These results suggest a model in which GM-CSF-responsive STAT5 and Flt3L-

responsive STAT3 signaling in CDPs influences the expression of the key DC

transcriptional regulators Id2 and E2-2 (210, 234, 235) (Fig. 4). The developmental outcome

most likely depends on the timing and amplitude of STAT-mediated transcriptional

responses, as well as competitive interactions between the protein products of STAT-

dependent genes (Fig. 4).

In addition, we identified Irf8 as a STAT5-repressed gene in DC progenitors (219). IRF8 is

required for the generation and function of pDCs (239, 240). Significantly, IRF8 is also

important for development of the conventional CD8α+ and CD103+ DC subsets (237, 239,

241-243). We found that GM-CSF-activated STAT5 interacts directly with the Irf8 proximal

promoter to inhibit its transcription (Fig. 4) (219). These data are consistent with the

negative role for STAT5 in pDCs, and suggest it is mediated by suppression of Irf8 in

addition to induction of Id2. However, because IRF8 is a key positive factor for the CD8α+

and CD103+ DC subsets, it is not yet clear why STAT5-mediated suppression of Irf8 is

insufficient to block their development. It is possible that individual DC lineages have

distinct requirements for the amount of IRF8 expressed, with pDCs requiring higher IRF8

amounts versus conventional DCs. Alternatively, dedicated progenitor populations may have

different needs for IRF8 or encounter discrete microenvironments with or without the ability

to elicit GM-CSF-STAT5 signaling.

Few studies to date have investigated roles for STAT proteins in regulating DC function.

DC-restricted Stat3-deficient mice develop chronic intestinal inflammation, accompanied by

elevated levels of circulating pro-inflammatory cytokines (227). Bone marrow-derived DCs

(i.e. DCs generated from bone marrow in GM-CSF cultures) show enhanced pro-

inflammatory gene expression upon TLR stimulation (227). These results are consistent with

the anti-inflammatory activity of STAT3 (114, 135), although additional studies are needed

to evaluate this possibility and define the underlying mechanisms involved. By contrast,

DC-restricted deletion of Stat5 led to a deficiency in DC maturation induced by thymic

stromal lymphopoietin (TSLP), a potent mediator of Th2 and allergic responses (244). Stat5-

deficient DCs showed reduced upregulation of the CD80 and CD86 costimulatory

molecules, impaired production of the lymphocyte chemoattractant CCL17 and a decreased

ability to induce CD4+ Th2 development ex vivo (244). Moreover, DC-restricted STAT5

expression was critical for induction of Th2-mediated immunity at sites of environmental

contact (e.g. skin, lungs) (244). These results point to an essential and non-redundant

function for STAT5 in transmitting TSLP signals within DCs to affect adaptive immunity.
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STAT1 is well known as a key signal transducer for type I, II, and III IFNs (20).

Accordingly, a positive feedback loop of type I IFN receptor signaling via STAT1 is

important for robust production of type I IFNs in pDCs following TLR stimulation (245,

246). Furthermore, IFNs act on pDCs and conventional DCs to upregulate MHC and

costimulatory molecules, modify cytokine production profiles, and affect antigen

presentation; thus, STAT1 expression in DCs is important for modulating the nature of DC-

elicited immune responses (177, 247-250). Apart from its role in stimulating DC function,

IFN-α appears to have a unique ability to regulate pDC generation and affect the outcome of

pDC-mediated Th responses (177). High circulating amounts of IFN-α induce a STAT1-

dependent increase in pDCs as well as the pDC-regulatory factor IRF8 (Fig. 3), responses

that are accompanied by elevated amounts of lin− Flt3+ DC progenitors (177). The latter

result is consistent with the recent identification of type I (and type II) IFNs as proliferation-

inducing factors for HSCs (251, 252). In homeostatic conditions, type I IFN and STAT1 are

selectively required for accrual of pDCs in Peyer's Patches, lymphoid organs that are

adjacent to the intestine (177). Moreover, IFN-α synergizes with Flt3L to facilitate the

proliferation and survival of CLPs, and promote their differentiation into pDCs (253).

Interestingly, pDCs that are developed in IFN-α-containing cultures show reduced Tcf4

expression and an enhanced propensity to induce Th17 cells versus Flt3L-derived pDCs

(177), suggesting type I IFN exposure skews pDC functional responses. By contrast, the

conventional DC lineages are repressed by type I IFNs or viral infection (a potent inducer of

type I IFNs), an effect that has been reported to require STAT1 or STAT2, respectively

(177, 254). Collectively, these results suggest type I IFNs have complimentary effects on

pDC and conventional DC development (stimulatory or inhibitory, respectively), in addition

to their well established role in promoting maturation of differentiated DCs. It will now be

important to understand how type I IFN signals in DCs direct appropriate immune responses

or participate in disease development.

Summary and concluding comments

While the field has made major strides in understanding the roles for growth factors and

transcriptional regulators in innate immune development, much remains to be learned about

the pathways that control progenitor proliferation, differentiation decisions, and functional

responses. Specifically, we still lack information on other signaling cascades that are

directly downstream of Flt3 in DCs, and their role in mediating DC generation. We also

have only rudimentary knowledge of the functions for STAT proteins in mature innate

immune cells, as well as the precise mechanisms by which STAT proteins link extracellular

cytokine signals with transcriptional responses that affect developmental decisions or

functional outcomes. These topics are critical to investigate further as differentiated innate

immune cells and potentially their circulating precursors encounter microenvironments rich

in cytokines that will elicit STAT activation. Indeed, it is expected that STATs will

participate in many aspects of innate immune function, including immunosuppressive roles

in tumor microenvironments and pro-inflammatory functions in immune disease. Harnessing

the power of these cell populations is critical for improvements in human immunotherapy,

and understanding STAT protein function will be a key factor in learning how to regulate

subsequent anti-tumor immune responses.
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Fig. 1. Roles for STAT3 in G-CSFR signal transduction
G-CSF-activated STAT3 induces genes involved in G-CSFR signal termination (Socs3),

emergency granulopoiesis (Cebpb, c-myc) and neutrophil migration (Cxcl2, Il8rb).
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Fig. 2. Signals mediating macrophage polarization
(Left) Extracellular and intracellular factors involved in regulating the polarization of tissue

macrophages. (Right) Polarized macrophage populations (M1, M2, TAM) are illustrated,

showing intracellular signaling molecules, canonical soluble factors and major biological

functions.
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Fig. 3. Model for pDC transcriptional regulation by Flt3L- and IFN-α-responsive STATs
Cytokine-STAT signals involved in pDC development and function, showing STAT target

genes (Tcf4, Irf8) and effects of E2-2 on the pDC transcriptional network. X = unknown

factor(s) predicted to participate in cytokine-responsive regulation of Spib and Irf8.
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Fig. 4. Model for DC transcriptional regulation by Flt3L- and GM-CSF responsive STATs
Roles for Flt3L-STAT3 and GM-CSF-STAT5 in DC development, including effects of E2-2

and Id2 on the DC transcriptional network.
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