
Complexity of dendritic cell subsets and their function in the host
immune system

Introduction

Dendritic cells (DCs) are professional antigen-presenting

cells and are essential mediators of immunity and toler-

ance. They were first discovered in 1973 as a novel cell

population in mouse spleen that was clearly distinct from

macrophages.1–5 Similar to other leucocytes, DCs are

derived from haematopoietic stem cells. Although, the

pathways leading to generation of DCs were not com-

pletely understood, recent findings have shed light on DC

ontogeny.6–8 During haematopoiesis, haematopoietic stem

cells give rise to common myeloid progenitors (CMP)

and common lymphoid progenitors (CLP), with mono-

cytes, macrophages, megakaryocytes, granulocytes and

erythrocytes originating from CMP and T cells, B cells

and natural killer cells, originating from CLP.9,10 Studies

have documented that injection of purified CLP as well as

CMP into irradiated mice results in their differentiation

into DCs.11 Recently, it has also been shown that human

multi-lymphoid progenitors can give rise to all lymphoid

cell types along with monocytes, macrophages and DCs.12

Although DCs are traditionally thought to be of myeloid

origin, these studies indicate that even lymphoid progeni-

tors can give rise to DCs. However, in a recent study by

Schlenner et al.,13 fate mapping strategy was used to iden-

tify that under steady-state conditions most of the DCs

are derived from the myeloid lineage.

Dendritic cells are comprised of a heterogeneous popula-

tion of cells with DCs in various organs possessing unique

sets of cell surface markers. Moreover, different routes of

DC differentiation from precursors add another layer of

complexity to the heterogeneity of DC populations. It has

become evident that many distinct DC subtypes exist, each

with a particular location and a specialized function in the

immune system.14 In this review we discuss the recent

advances in our understanding of DC differentiation and
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Summary

Dendritic cells (DCs) are professional antigen-presenting cells that are

critical for induction of adaptive immunity and tolerance. Traditionally

DCs have been divided into two discrete subtypes, which comprise con-

ventional and non-conventional DCs. They are distributed across various

organs in the body and comprise a heterogeneous population, which has

been shown to display differences in terms of surface marker expression,

function and origins. Recent studies have shed new light on the process

of DC differentiation and distribution of DC subtypes in various organs.

Although monocytes, macrophages and DCs share a common macro-

phage–DC progenitor, a common DC progenitor population has been

identified that exclusively gives rise to DCs and not monocytes or macro-

phages. In this review, we discuss the recent advances in our understand-

ing of DC differentiation and subtypes and provide a comprehensive

overview of various DC subtypes with emphasis on their function and

origins. Furthermore, in light of recent developments in the field of DC

biology, we classify DCs based on the precursor populations from which

the various DC subsets originate. We classify DCs derived from common

DC progenitor and pre-DC populations as conventional DCs, which

includes both migratory and lymphoid-resident DC subsets and classify

monocyte-derived DCs and plasmacytoid DCs as non-conventional DCs.

Keywords: dendritic cells; lymphoid dendritic cells; monocyte-derived

dendritic cells; T cells; tolerance
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DC subtypes with an emphasis on classification of various

murine DC subsets as conventional or non-conventional

DCs based on their ontogeny.

Differentiation/origin of dendritic cells

Over the last decade, studies have established the poten-

tial of monocytes to differentiate into DCs. Monocytes

are circulating leucocytes that were classically known as

precursors to macrophages. Mouse monocytes have been

classified into two subsets: Ly6Chigh monocytes, which are

CX3CR1low, CCR2+, CD62L+, and CCR5), and Ly6Clow

monocytes, which are CX3CR1high, CCR2), CD62L), and

CCR5+.15 Previous studies indicated that it is particularly

during inflammation that DCs arise from monocytes.

However, recent findings challenge the notion and instead

indicate that even during steady-state conditions DCs can

arise from monocytes. Ly6Chigh monocytes have been

shown to give rise to CD103) DCs in the intestinal lam-

ina propria under steady-state conditions.16,17 The

Ly6Clow monocytes are thought to play a tolerogenic role

and recent evidence indicates that they can be differenti-

ated into DCs in vitro upon culturing with granulocyte–

macrophage colony-stimulating factor (GM-CSF) and

interleukin-4 (IL-4).18 Moreover, in vivo studies indicate

that injection of apoptotic thymocytes results in their

uptake by Ly6Clow monocytes, which subsequently

migrate to the spleen and differentiate into immunosup-

pressive DCs.18,19 It is important to note that adoptive

transfer of purified monocytes under steady-state condi-

tions to mice has failed to reconstitute the entire DC rep-

ertoire, whereas upon induction of inflammation using

complete Freund’s adjuvant monocytes have been able to

differentiate into certain DC subsets.20 Therefore, mono-

cytes cannot be regarded as the absolute precursors to

conventional DCs but probably differentiate into special-

ized DC subsets under specific conditions.

The common precursor to macrophages, monocytes

and DCs is the macrophage-DC progenitor (MDP) which

is classified as Lin) CX3CR1+ CD11b) CD115+cKit+

CD135+.6 The MDP is derived from CMP and only gives

rise to monocytes, macrophages and DCs.6 The MDP prob-

ably differentiates into a DC-restricted progenitor, called

the common DC progenitor (CDP), which exclusively gives

rise to DCs but not monocytes or macrophages.7

Although both MDP and CDP reside exclusively in the

bone marrow, a precursor DC population (pre-DCs),

derived from CDP, has been identified in bone marrow,

blood, spleen and lymph nodes, which comprise

< 0�05% of the leucocytes in respective tissues.7,8 These

pre-DCs have been shown to migrate to lymphoid tissues

through the blood and undergo proliferation and differ-

entiation into DCs.7 Therefore CMPs give rise to MDPs,

which give rise to CDPs, which subsequently give rise to

pre-DCs, which function as immediate precursors to

DCs. Figure 1 provides a schematic for differentiation of

DCs from precursors.

Although the myeloid origin of DCs has been estab-

lished, the lymphoid origins of DCs from CLPs cannot be

ignored. Recently, studies have identified that induction

of Toll-like receptor 9 (TLR9) via CpG DNA on CLPs

promotes the generation of DCs.21 It has also been shown

that induction of TLR4 signalling via lipopolysaccharide

treatment of CLPs promotes DC differentiation.22 Flt3, a

receptor tyrosine kinase, is involved in haematopoiesis

and although it is not needed for the generation of CDPs

in bone marrow, it plays a role in DC development in

peripheral tissue along with DC homeostasis and expan-

sion.23 It is particularly important for development of

plasmacytoid DCs along with CD8+ DCs and CD103+

DCs and functions by signalling through the mammalian

target of rapamycin (or mTOR) pathway.24 Studies have

indicated that adoptive transfer of CLPs followed by

injection of Flt3L drives DC differentiation from CLPs,

which indicates that CLPs do have the potential to differ-

entiate into DCs but still does not address whether under

steady-state conditions, CLPs act as precursors to DC

populations.25 Therefore, it is likely that under certain

conditions, certain subtypes of DCs can be derived from

lymphoid progenitors as well. Table 1 provides an over-

view of the various DC populations and their precursors.

Dendritic cell subtypes

Dendritic cells were initially broadly classified into two

groups, which include the steady-state conventional DCs

and non-conventional DCs.26 Steady-state conventional

DCs were regarded as having a DC form and function,

whereas non-conventional DCs were DCs that were usually

not seen in steady state but that arose in response to

inflammatory stimuli. Non-conventional DCs initially

included plasmacytoid DCs and monocyte-derived

DCs.7,8,14,26 However, the identification of DC subsets that

are monocyte-derived but arise in the absence of inflamma-

tion under steady-state conditions further complicates DC

classification. As DCs have multiple routes of development,

those which arise from pre-DCs with a classical DC func-

tion can be regarded as conventional DCs, whereas non-

conventional DCs can include monocyte-derived DCs

along with plasmacytoid DCs, which although are derived

from CDP and not monocytes are distinct in their function.

Figure 2 provides a classification of various DC subtypes as

conventional or non-conventional DCs.

Conventional steady-state DCs

Conventional DCs are comprised of DC subsets derived

from CDP and pre-DCs and can be further divided into

migratory and lymphoid DCs. Migratory DCs have the

ability to migrate from peripheral tissues to lymphoid
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organs, whereas lymphoid DCs reside in the lymphoid

organs and lack migratory function. Migratory DC sub-

sets include DC subsets found in the skin, lung, intestinal

tract, liver and kidneys. Lymphoid DCs are found in lym-

phoid organs such as lymph nodes, spleen and thymus

and have been further divided depending on the varied

expression of CD4 and CD8.

Migratory DCs

Migratory DCs are derived from CDPs and pre-DCs and

reside in peripheral tissues such as skin, lung, intestinal

tract, liver and kidney. Migratory DCs are characterized

by their unique ability to acquire antigen and subse-

quently migrate to the draining lymph nodes, where

interaction with T cells takes place.

Skin

Skin DCs include Langerhans cells (LCs) and dermal

DCs, which participate in the immune response against

pathogens that gain access to the epidermis and the der-

mis layers. These DCs have slow turnover with half-life of

> 21 days for LCs and approximately 12 days for dermal

DCs. Dermal DCs includes dermal langerin+ CD103+ DCs

and langerin) CD103) DCs. CD103 corresponds to inte-

grin aE, which is expressed on a subset of effector CD8+

T cells and CD4+ and CD8+ regulatory T (Treg) cells

along with DC subsets.27 Dermal langerin+ DCs can be

classified as conventional DCs, derived from bone mar-

row precursors with pre-DC precursor as the likely pre-

cursor for this dermal DC subset.28 However, the origins

of dermal langerin) CD103) DCs are not well under-

stood.

Dermal langerin+ CD103+ DCs are the most efficient

subset in processing viral antigens to the MHC I pathway,

probably via cross-presentation.29 Recently, this particular

subset has been shown to play a key role in initiating T

helper type 1 (Th1) and Th17 response during subcutane-

ous sensitization and has also been shown to cross-pres-

ent antigens expressed by keratinocytes.30,31 Studies have

also reported that dermal langerin+ DCs can play a role

HSCs

CMPCLP

CDP MDPPlasmacytoid DCs

Pre-DC

Monocytes

Ly6clowLy6chighCD24high Pre-DCs CD24low Pre-DCs

Lymphoid CD8+CD4+ DCs
Kidney CD103+ DCs

Kidney CX3CR1+ DCs

Intestinal e-cadherin+ DCs

Intestinal CD103–CX3CR1+ DCs

Lymphoid CD8–CD4– DCs

Lymphoid CD8–CD4+ DCs

Liver CD103+CD11b– DCs

Dermal langerin+CD103+ DCs

Pulmonary CD103+ DCs

Pulmonary CD103– DCs

CD103+ CX3CR1– LP DCs

CD103+CD11b–PP DCs

Langerhans cells
(during inflammation)

Figure 1. Differentiation of dendritic cells (DCs) from haematopoietic stem cells (HSC). The HSCs differentiate into common lymphoid progeni-

tors (CLPs) and common myeloid progenitors (CMPs); CMPs subsequently differentiate into monocytes and pre-DCs in the bone marrow. Sub-

sequently, monocytes and pre-DCs enter the blood and migrate to lymphoid organs and peripheral tissues, where they give rise to lymphoid DCs

and tissue-resident DCs. In addition to CMPs, CLPs also have the potential to give rise to DCs, but their contribution is not well understood.
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in mediating contact hypersensitivity with no evidence of

tolerance induction.32–34 In addition to dermal langerin+

DCs, langerin) dermal DCs have also been shown to

potentiate CD8+ T-cell responses, with dermal langerin)

DCs comprising the major population of migrating DCs

following intradermal injection of lentiviral vectors.35

However, in models of leishmania, it has been shown that

dermal langerin) DCs play a role in priming the CD4+ T-

cell response and dermal langerin+ DCs play a role in

priming the CD8+ T-cell response.36 Overall, studies point

to a role for both dermal DCs and dermal langerin+ DCs

as initiators of the immune response.

Lung

Lung consists of three DC subpopulations which include

CD103+ CD11chigh CD11b) DCs in the intraepithelial

network and CD103) CD11chigh CD11b+ DCs in the lam-

ina propria of conducting airways along with plasmacty-

oid DCs.37 Among the three subsets, the

CD103+ CD11chigh CD11b) DC population is regarded as

a conventional migratory DC population that is derived

from the pre-DC precursor population.38 CD103+ DCs in

the lung have the ability to migrate to the draining lymph

nodes, produce IL-12 and are specialized in cross-present-

ing antigens to CD8+ T cells.39,40 Among the resident pul-

monary DCs, it appears CD103+ DCs are the major

initiators of the CD8+ T-cell response to poxvirus infec-

tion.41 However, it appears that pulmonary CD103+ DCs

may comprise a heterogeneous population with CD8a+

and CD8a) DCs, with CD8a) CD103+ DCs being the

major initiators of the CD8+ cytotoxic T-cell

response.41,42

Intestinal tract

In the intestinal tract, DCs are found in Peyer’s patches,

lamina propria (LP) and mesenteric lymph nodes. Intesti-

nal DCs are classified primarily on varied expression of

CD103 and CX3CR1. The two main LP subsets are

CD103+ CX3CR1) CD11b+ (CD103+ LP) DCs and

CD103) CX3CR1+ CD11b+ DCs, with with the latter out-

numbering CD103+ LP DCs by threefold to fourfold. The

CD103+ LP DC is a conventional DC population derived

from CDPs along with pre-DCs, under the control of

Fltl3 and GM-CSFR ligands.16,17 CD103+ DCs are also

found in Peyer’s patches and are also a conventional DC

subset derived from CDPs as well as pre-DCs under the

control of Fltl3 but not GM-CSF signalling.16 Studies

have documented CD103+ DCs as serving both a regula-

tory and an immunogenic role in the intestinal tract.

The CD103+ LP DCs express high levels of CCR7 and

are substantially depleted in the mesenteric lymph nodes

of CCR7)/) mice but not in the LP of CCR7)/)

mice.16,43,44 This indicates that CD103+ DCs constitute

the major population of migratory DCs. In various exper-

imental models such as salmonella infection, CD103+

DCs have been shown to be the DC subset responsible

for antigen transport to the mesenteric lymph nodes.16

CD103+ LP DCs have been shown to recognize patho-

genic intestinal bacteria via TLR5 and secrete pro-inflam-

matory cytokines.45 Additionally, CD103+ DCs have also

been shown to induce expression of gut homing receptor

CCR9 on T cells and to drive induction of gut homing

CD8+ T cells.44,46 The TLR5-mediated bacterial recogni-

tion by CD103+ DCs combined with their migratory abil-

ity makes CD103+ DCs the major DC subset responsible

for initiating adaptive immune responses in the intestinal

tract.

Contrary to their role in initiating immune responses,

CD103+ DCs have also been shown to serve a regulatory

function, because depletion of CD103+ DCs exacerbates

colitis in mice.17 The CD103+ DCs have also been shown

to drive Treg-cell differentiation under steady-state condi-

tions through a mechanism dependent on transforming

growth factor-b (TGF-b) and retinoic acid.47 The DC-

specific b-catenin knockout mice display reduced num-

bers of Treg cells in the intestine with normal Treg-cell

frequencies in the spleen, indicating a role of b-catenin

signalling in intestinal DCs to promote tolerance.48

Table 1. Dendritic cell subtypes and their precursors

Dendritic cell subtypes Origin

Lung

CD103+ CD11chi CD11b) DCs Pre-DCs

CD103) CD11chi CD11b+ DCs Monocytes

Plasmacytoid DCs Pre-DCs?

Intestinal tract

LP CD103+ CX3CR1) CD11b+ DCs Pre-DCs

LP CD103) CX3CR1+ CD11b+ DCs Monocytes

PP CD103+ CX3CR1+ DCs Pre-DCs

E-cadherin+ DCs Monocytes

Liver

CD103+ CD11b) DCs Pre-DCs

CD103) CD11b+ DCs Monocytes

Plasmacytoid DCs Pre-DCs

Kidney

CX3CR1+ CD11b+ DCs Monocytes

CX3CR1+ CD11b) DCs Monocytes or Pre-DCs?

CD103+ CX3CR1) DCs Pre-DCs

Lymphoid DCs

CD8+ CD4+ DCs Pre-DCs

CD8) CD4) DCs Pre-DCs

CD8) CD4+ DCs Pre-DCs

Skin

Langerhans cells Yolk sac primitive

macrophages, monocytes

Dermal langerin) CD103) DCs Monocytes or Pre-DCs?

Dermal langerin+ CD103+ DCs Pre-DCs

DC, dendritic cell; LP, lamina propria; PP, Peyer’s patches.
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b-Catenin signalling is essential in intestinal DCs to pro-

mote expression of anti-inflammatory mediators such as

retinoic acid metabolizing enzymes, IL-10, TGF-b and

suppression of pro-inflammatory cytokines, which cumu-

latively promotes tolerance induction.48 Furthermore,

intestinal epithelial cells are also known to secrete factors

such as thymic stromal lymphopoietin which can

promote tolerance induction by CD103+ DCs under

steady state conditions.49 In the absence of inflammation,

E-cadherin from intestinal epithelial cells may interact

with CD103 on CD103+ DCs to activate the b-catenin

pathway promoting tolerance. However, during the pres-

ence of inflammatory stimuli CD103 and E-cadherin

interaction may be affected, which could inactivate the

b-catenin pathway and drive CD103+ DCs to an inflam-

matory phenotype to prime immune responses.

Liver

Hepatic DCs were initially identified as CD11c+ B220)

DCs and CD11c+ B220+ plasmacytoid DCs.50 CD11c+

B220) hepatic DCs have been shown to play a role in

peripheral tolerance under steady-state conditions and

can reduce ischaemia/reperfusion-induced liver injury

through secretion of IL-10.51 However, CD11c+ B220)

DCs have been further divided into CD103+ CD11b) and

CD103) CD11b+ subsets, with both expressing aldehyde

dehydrogenase, an enzyme that controls retinoic acid pro-

duction and has been associated with Treg-cell induc-

tion.52 Fltl3 is highly expressed in the CD103+ subset

compared with the CD103) subset and Fltl3 knockout

mice are substantially depleted of liver CD103+ DCs.38

Flt3 is involved in the generation of DCs from pre-DCs

pointing to pre-DCs being the precursor to CD103+ DCs,

which can therefore be classified as conventional DCs.38

In contrast to liver CD103+ DCs, CD103) hepatic DCs

can originate from MDPs as well as from monocytes,

indicating that CD103) DCs may include both pre-DC as

well as monocyte-derived populations.8 In lieu of the

recent findings, although CD103+ CD11b) hepatic DCs

can be classified as conventional, CD103) CD11b+ hepatic

DCs require further investigation to identify their origins.

Kidney

Subsets of DCs in kidney include the recently identified

interstitial CX3CR1+ CD11b+ DCs, CX3CR1+ CD11b)

DCs and CD103+ DCs.53 The CD103+ subset is largely a

conventional DC subset, arising from the pre-DC precur-

sor population.38 CD103+ DCs have been shown to play

an important role in mediating tolerance to kidney allo-

grafts.54 Renal DCs have been shown to secrete IL-10 and

their depletion has been associated with aggravated glo-

merular damage in a model of nephrotoxic nephritis.55 In

Dendritic cells (DCs)

Conventional DCs Non- conventional DCs

Lymphoid DCsMigratory DCs Plasmacytoid DCs Monocyte derived DCs

CD8– DCs

CD8–CD4– DCs CD8–CD4+ DCs CD8+CD4– DCs LP CD103–CX3CR1+

DCs

LP CD103+CX3CR1–DCs PP CD103+CX3CR1+DCs

CD8+ DCs

Intestine

Intestine

Liver

Liver

Lung

Lung

CD103–CD11b+DCs?

CD103+CDCX3CR1– DCsCD103+CD11b– DCs
CD103+CD11b– DCs CD103–CD11b+DCs?

CD103–CD11b+ DCs

Skin

Skin

Langerhans cells
(Under severe inflammation)

Kidney

Kidney

Dermal Iangerin–CD103– DCs ?

Dermal Iangerin–CD103– DCs ?

Dermal Iangerin+CD103+ DCs

CX3CR1+CD11b+ DCs CX3CR1+CD11b– DCs?

Figure 2. Classification of dendritic cell (DC) subsets as conventional and non-conventional DCs. Conventional DCs are derived from common

DC progenitor and pre-DC populations and are further divided into migratory and lymphoid DCs. Non-conventional DCs include plasmacytoid

DCs, which are derived from the pre-DC population along with monocyte-derived DC subsets, and are found in various peripheral organs.
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contrast, renal DCs have recently been also shown to play a

role in the progression of kidney disease.56 It is likely that

CD103+ kidney DCs may play a tolerogenic role, with an

immunological role attributed to other renal DC subsets.

The discrepancy could largely be because of studies relying

on CD11c as a marker for renal DCs. Further investigation

into subsets of renal DCs along with expression of CD103

on CX3CR1+ CD11b+ and CX3CR1+ CD11b) DCs is fur-

ther required to shed light on the role of various renal DC

subsets in tolerance versus immunity.

Lymphoid DCs

Lymphoid DC subsets are found in lymphoid organs such

as thymus, spleen and lymph nodes and include

CD8+ CD4+ DCs, CD8) CD4) DCs and CD8) CD4+

DCs. Both CD8) CD4) and CD8) CD4+ share a higher

degree of similarity than CD8+ CD4+ DCs and hence are

collectively referred to as CD8) DCs. CD8) CD4) DCs

and CD8) CD4+ DCs differ significantly in one functional

aspect: whereas CD8) CD4) DC, like CD8+ DC, can

make IL-12 p70 when appropriately stimulated, CD4+ DC

appear unable to do so.57 Under steady-state conditions

although CD8+ DCs can be observed in the T-cell areas

of the lymphoid tissues, CD8) DCs are found within the

marginal zones of lymphoid tissues and only migrate to

the T-cell areas upon stimulation.58,59 The recently identi-

fied pre-DC precursors can give rise to both CD8) and

CD8+ DCs.20 However, pre-DC precursors are further

divided into two subsets based on CD24 expression and

these include CD24high and CD24low pre-DC precursors.

The CD24high pre-DC, which are DEC205) MHCII), fur-

ther differentiate into CD8) CD24+ DEC205+ MHCII+

cells which differentiate into CD8+ DCs without divid-

ing.60 In contrast to CD24high pre-DCs, the CD24low pop-

ulation gives rise to CD8) DCs.59

Although, CD8+ DCs have been well characterized, our

understanding of CD8) DCs is fairly limited. Among lym-

phoid DC subsets, CD8) CD4) DCs have been shown to

secrete the highest amounts of interferon-c (IFN-c) and

act as potent initiators of the cytotoxic T-cell response

upon intravenous immunization with male antigen.61,62

In contrast to their role in driving T-cell responses, other

studies have reported that CD8) CD4) DCs are poor

stimulators of CD8+ T cells in vitro and instead prime

regulatory Tr1 cells, which secrete IL-10 and suppress the

immune response.63 The ability of CD8) CD4) DCs to

induce tolerance by driving Tr1 differentiation is medi-

ated via TGF-b1 secretion whereas the ability of

CD8) CD4) DCs in driving immunity is dependent on

TLR9 signalling. Stimulation of CD4) CD8) DCs via

TLR9 signalling has been shown to convert tolerogenic

CD8) CD4) DCs into immunogenic DCs, which could

potentiate a T-cell response.64 This raises the likelihood

that under steady-state conditions, CD8) CD4) DCs may

play a role in tolerance induction but upon stimulation

by TLR9 ligands, may revert to an immunogenic pheno-

type that can prime a cytotoxic T-cell response.

CD8) CD4+ DCs have been shown to reduce the severity

of experimental autoimmune encephalitis in murine mod-

els, first through secretion of IL-10 and through tolerizing

effects on Th1 cells.65 Studies have shown that

CD8) CD4+ DCs are unable to drive IFN-c production

in T cells and this ability is independent of IL-10

production.65

CD8+ DCs are found in the spleen, lymph nodes and

thymus and their turnover ranges from only 3 days in the

spleen to up to 10 days in the thymus.66 Moreover,

though CD8+ DCs in the spleen and the lymph nodes

probably derive from pre-DCs, the DNA of thymic CD8+

DCs contains IgH gene D–J arrangements as in T cells,

raising the likelihood that thymic CD8+ DCs may have

lymphoid origins.67 CD8+ DCs play a key role in viral

immunity along with immune responses to intracellular

pathogens, particularly in the spleen and the lymph

nodes.66 CD8+ DCs are the most potent producers of

IFN-a among lymphoid DCs, which plays a role in

increasing cytotoxicity of natural killer and T cells and

further contributes to viral immunity.62 Initially, CD8+

DCs were thought to express the complete CD8 molecules

found on T cells. However, later it became apparent that

T cells express the CD8ab heterodimer, whereas CD8+

DCs express the CD8aa homodimer. Although CD8 is

used as a marker to classify DCs, no studies to date have

been able to show a functional and/or developmental sig-

nificance of CD8 on DC surface. CD8+ DCs express

CD36 and Clec9A, which are receptors that give CD8+

DCs the ability to readily phagocytose dead cells.68 How-

ever, the distinguishing feature of CD8+ DCs is their abil-

ity to cross-present exogenous antigens through an MHC

class I pathway.69 Initially the ability of CD8+ DCs to

phagocytose dead cells was thought to be responsible for

their ability to cross-present. However, later studies iden-

tified that CD8+ DCs can even uptake soluble antigens

and cross-present via the MHC I pathway, indicating an

intrinsic difference in their antigen-processing machinery

compared with other DC subsets.70 This makes CD8+

DCs potent inducers of the CD8+ T-cell response to exog-

enous antigens and CD8) DCs potent inducers of the

CD4+ T-cell response.71 Stimulation of CD8+ DCs with a

TLR ligand induces CD40 induction on CD8+ DCs, which

drives the production of high levels of IL-12p70, which in

combination with MHC class I antigen presentation

drives an effector CD8+ T-cell response.72 Furthermore,

CD8+ DCs have also been shown to secrete IFN-k in

response to polyinosinic : polycytidilic acid, which is a

double-stranded RNA known to function as adjuvant.73

In addition to the induction of the immune response,

CD8+ DCs have also been implicated in tolerance induc-

tion. DEC205 is an endocytic receptor highly expressed
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on CD8+ DCs that mediates the efficient processing and

presentation of antigens on MHC class II products in

vivo.74 Targeting of antigen to DEC205 by coupling with

anti-DEC205 antibodies has been shown to induce CD8+

T-cell tolerance.75 This was mainly attributed to deletional

tolerance and also to the induction of regulatory T cells.76

Furthermore, CD8+ DCs have been shown to induce

peripheral self-tolerance by capturing self antigens and

presenting to both naive CD4+ and CD8+ T cells via the

cross-presentation pathway.77 It is likely that exposure to

an antigen in the presence of TLR ligands, which drive

CD40 induction, results in induction of the immune

response, whereas in the absence of any inflammatory

stimuli, the antigen is cross-presented and tolerance is

achieved.

Non-conventional DCs

Non-conventional DCs include plasmacytoid DCs, which,

although derived from CDP, are unique in their ability to

secrete high amounts of IFN; this distinguishes them from

conventional DCs, resulting in them being classified as

non-conventional DCs. Additionally, there are several DC

subsets derived from monocytes and not CDPs, which are

also classified as non-conventional DCs.

Plasmacytoid DCs

Plasmacytoid DCs (pDCs) comprise a distinct DC subset

found both in lymphoid and non-lymphoid organs and

characterized by rapid production of type I interferons in

response to viral infections. Differentiation of pDCs is

dependent on Fltl3 and MDP and CDP give rise to

pDCs.7,78 pDCs express TLR7 and TLR9, which recognize

viral RNA and DNA and signal downstream via phospha-

tidyl inositol 3-kinase, which regulates interferon regula-

tory factor 7 (IRF7), a key transcriptional regulatory of

IFN to drive type I interferon production.79 The TLR sig-

nalling and IFN production by pDCs is positively regu-

lated by Ly49Q, which is expressed on all pDCs and

binds to MHC I.80 Recognition of viral particles by TLRs

leading to IFN production by pDCs does not require viral

replication. Instead, TLR recognition of virus leads to IFN

production, which positively feedbacks via interferon

receptor to drive further IFN production by pDCs.81 In

addition to serving as a source of IFN, pDCs have also

been shown to be critical for differentiation of activated B

cells to plasma cells via secretion of type I interferons and

IL-6.82 Activated pDCs behave differently than conven-

tional DCs in antigen presentation following stimulation

via TLR9 ligands such as CpG DNA. In models of influ-

enza infection, conventional DCs undergo maturation

and present antigens in complex with MHC II, with a

parallel down-regulation of MHC II synthesis. In contrast,

although pDCs also undergo maturation and present anti-

gens, MHC II synthesis is not down-regulated, giving

pDCs the ability to continuously present endogenous viral

antigens in activated state.83

Plasmacytoid DCs have been associated with mainte-

nance of peripheral tolerance as well as in induction of the

autoimmune response. Studies have shown that in models

of experimental autoimmune encephalitis, pDCs migrate

to the lymph nodes and interact with myelin-specific

CD4+ T cells via MHC II and induce Treg-cell expansion,

which dampens the autoimmune response.84 Moreover,

pDCs have also been shown to up-regulate inducible

T-cell costimulator ligand expression upon undergoing

maturation, which drives induction of IL-10-producing

Treg cells.85 In contrast to tolerance, pDCs have also been

associated with autoimmune responses. Antimicrobial

peptide L77 (CAMP) has been shown to bind to self

DNA, which is then recognized by TLR9 in the endocytic

compartment of pDCs and drives IFN production leading

to an autoimmune response.86 Moreover, in the absence

of conventional DCs, alloantigen-expressing pDCs have

been shown to prime the T-cell response in models of

graft-versus-host disease.87 The differential ability of pDCs

to drive immunity versus tolerance is not completely

understood and may be attributed to individual pDC sub-

sets. The ability of pDCs to drive tolerance induction

could be attributed to a CCR9-expressing subset of pDCs,

which have been shown to be potent inducers of Treg cells

and suppressors of antigen-specific immune responses.88

Plasmacytoid DCs in the liver and the lung

Although pDCs have been implicated to play a key role in

hepatic immune responses, their role in the liver is not

completely understood. Under steady-state conditions,

hepatic DCs are poor stimulators of T-cell proliferation

but have a pro-inflammatory cytokine profile.89 Hepatic

pDCs, upon TLR9 ligation become potent inducers of nat-

ural killer cells, natural killer T cells and antigen-

specific CD8+ T cells in vitro.89 During hepatitis C infec-

tion, hepatitis C virus-infected cells trigger a robust IFN

response in pDCs, which plays a role in inhibiting infec-

tion.90 Furthermore, during chronic hepatitis C infection,

depletion of pDCs is observed, which may contribute to

viral persistence, indicating that hepatic pDCs play a key

role in initiating the immune response against hepatitis

C.91 However, hepatic pDCs may also play a role in toler-

ance. Hepatic pDCs express high levels of NOD2, a

pattern recognition molecule, which binds to its ligand

muramyl dipeptide.92 Treatment of pDCs with muramyl

dipeptide results in the reduction of T-cell stimulatory

capacity along with an increased expression of IRF4, which

is inhibitory to the nuclear factor-jB pathway.92 Taken

together, these studies indicate that though pDCs can

drive hepatic inflammation, they may also possess a self-

regulatory mechanism to control hepatic inflammation.
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The role of pulmonary pDCs is controversial, with

studies pointing towards their role in immunity as well as

tolerance. Adenoviral delivery to mice induces maturation

of both pDC and conventional DCs, with only conven-

tional DCs migrating to the draining lymph nodes, raising

the likelihood that pulmonary pDCs may play an indirect

role in potentiating immune responses by modulating

conventional DCs.93 In contrast to the role of pulmonary

pDCs in the immune response, studies have shown that

pulmonary pDCs can suppress the generation of effector

T cells in asthma models.94 Moreover, in the model of

dust mite-induced allergy, increased frequency of pDCs in

the lung is associated with suppression of airway inflam-

mation.95 Studies indicate that the programmed death-1/

programmed death ligand 1 pathway is important for

pDC-mediated suppression of airway inflammation and is

independent of the pDC maturation status.96 Further-

more, pulmonary pDCs may also suppress conventional

DC maturation as an increased ratio of pDC to conven-

tional DCs in the lungs is associated with reduced inflam-

mation along with a reduction in Th2-driving

chemokines.97 Plasmacytoid DCs in the lung may affect

the balance between Th1 and Th2 in the lung and shift

towards a Th1 response, which may also result in amelio-

ration of the Th2-associated inflammation observed in

asthma models.

Monocyte-derived DCs

Monocytes are derived from CMPs and MDPs and can

give rise to DCs under inflammatory as well as steady-

state conditions. Monocyte-derived DCs are found in

peripheral tissues such as the intestine, lung, skin and

kidneys, and also have the ability to uptake antigen and

subsequently migrate to draining lymph nodes.

Intestinal monocyte-derived DCs

E-cadherin+ DCs and CD103) CX3CR1+ intestinal DCs

are monocytic in origin. Ly6hi monocytes home to sites

of inflammation in the intestine and give rise to E-cadh-

erin+ DCs, which have a pro-inflammatory gene expres-

sion profile.98 E-cadherin+ DCs secrete very high amounts

of IL-23 and IL-12 upon stimulation and also exacerbate

T-cell colitis in mice, pointing towards their role in intes-

tinal inflammation.98 Another monocyte-derived DC pop-

ulation in the intestine is the CD103) CX3CR1+ DCs,

which are derived from Ly6Chigh monocytes under the

control of GM-CSF.16,17 CX3CR1+ DCs are capable of

taking up bacteria via transepithelial dendrites from intes-

tinal lumen, indicating that this DC subset may act as the

first line of defence to mucosal pathogens.99

CD103) CX3CR1+ DCs are longer lived than conven-

tional intestinal DCs and are poor stimulators of T-cell

proliferation with poor migration to the draining lymph

nodes.100 During the course of an infection, such as Sal-

monella, depletion of CX3CR1+ DCs only during the early

course of infection attenuates Salmonella-induced coli-

tis.101 These findings point towards the role of CX3CR1+

DCs in mediating the initial innate immune response

against pathogens and not in initiating intestinal T-cell

response, thereby playing a role in gut homeostasis.

Pulmonary monocyte-derived DCs

Pulmonary CD103) CD11chi CD11b+ DCs are monocyte

derived and Ly6lo monocytes have been shown to give rise

to this particular subset under steady-state conditions.102

However, in response to a pulmonary fungal infection,

largely Ly6hi monocytes have been shown to give rise to

this particular subset.103 In response to allergen challenge,

monocytes are recruited from the blood to the lung where

they undergo differentiation into CD103) CD11chi

CD11b+ DCs. These DCs are the key producers of CCL17

and CCL22, which are critical for infiltration of Th2 cells

and eosinophils into the airways to drive allergen-induced

inflammation.104 In the house-dust-mite-induced airway

allergy model, CD11b+ DCs uptake antigen, increase in

numbers, undergo maturation and secrete cytokines that

play a role in inducing a Th17 immune response.95 The

increased ratio of CD11b+ DCs compared with pDCs cor-

responds to an increased pulmonary immune response,

indicating that CD103) CD11chi CD11b+ DCs play a crit-

ical role in airway inflammation by regulating Th2 and

Th17 immune responses.

Monocyte-derived DCs in the skin

Langerhans cells possess a unique cellular organelle called

the Birbeck granule, with langerin (CD207), a C-type lec-

tin, as its main component, which plays a role in antigen

uptake.105 Among skin DCs, only epithelial resident LCs

express E-cadherin, which mediates their attachment to

neighbouring keratinocytes as well as langerin.106 In

human LCs, glycolipids from pathogens such as Mycobac-

terium leprae are endocytosed via langerin and then

loaded onto CD1a antigen without endosomal acidificat-

ion, which can then subsequently present antigens to T

cells.107 TGF-b1 is crucial to the development of LCs

because mice lacking TGF-b1 lack LCs.108 Furthermore, it

is the TGF-b1 derived from LCs that acts in an autocrine

manner for development/survival of LCs.109 Receptor for

colony-stimulating factor-1 (CSF-1) is also important for

LC development because under steady-state conditions

CSF-1 lacking mice lack LCs.110 Ly6Chi monocytes have

been shown to give rise to LCs during inflammation,

pointing towards a myeloid lineage of LCs.110 Along with

the myeloid ancestry of LCs, studies have also shown that

mouse lymphoid progenitors can give rise to LCs upon

transfer, pointing towards a lymphoid ontogeny of

416 � 2011 The Authors. Immunology � 2011 Blackwell Publishing Ltd, Immunology, 133, 409–419

R. Kushwah and J. Hu



LCs.111 In addition to the studies supporting myeloid/

lymphoid ancestry of LCs, several studies point to a dis-

tinct route of LC development, whereby yolk sac primi-

tive macrophages migrate to developing skin from E10 to

E16.5 and populate the LC compartment.112 Inspite of

the controversy surrounding development of LCs, LCs

can be regarded as non-conventional DCs because of their

origins from monocytes and/or macrophages.

Under steady-state conditions, LCs do not show

MHC II expression of surface and most MHC II mole-

cules are intracellular. Langerhans cells do express

E-cadherin, which mediates their adherence to keratino-

cytes. However, upon encounter with an immunogen,

MHC II is rapidly transported to the cell surface and

expression of E-cadherin is down-regulated, which medi-

ates LCs to detach from keratinocytes and migrate to

the skin-draining lymph nodes.113 Activation-induced

LCs also elongate their dendrites and penetrate the

keratinocyte tight junctions to sample external antigens

below the stratum corneum of the skin.114 The LCs

carry the antigen to the draining lymph nodes, where

CD8+ DCs take up the antigen and cross-present to

CD4+ and CD8+ T cells.115,116 However, studies have

challenged the immunogenic potential of LCs and have

instead showed that depletion of LCs leads to an

increase in ear swelling in contact hypersensitivity mod-

els, pointing towards a role of LCs in mediating immu-

nological tolerance.32 It has been shown that disruption

of E-cadherin under steady-state conditions leads to up-

regulation of co-stimulatory molecules, MHC II and

chemokine receptors on LCs, triggered via the b-catenin

pathway.117 However, these LCs fail to release immuno-

stimulatory cytokines and instead promote tolerance

induction via generation of regulatory T cells. As b-cate-

nin signalling in DCs has been association with a toler-

ogenic phenotype; it is likely that under steady-state

conditions, the b-catenin pathway promotes LC-induced

tolerance induction.48 However, signalling induced dur-

ing the presence of inflammatory stimuli may override

the b-catenin pathway and promote induction of the

immune response instead of tolerance.

Monocyte-derived DCs in kidney

CX3CR1+ interstitial DCs, which comprise CD11b+

and CD11b) DCs and are found in the kidney, also

express F4/80, a macrophage marker, indicating that this

DC subset could be monocyte derived.53 CD11b+

(CX3CR1+ CD11b+) DCs in the kidney express the

monocytic marker Gr1, indicating monocytic origin and

they have been shown to increase in numbers in a mouse

model of glomerular disease and are critical for the infil-

tration of T cells.56 In contrast to CD11b+ DCs, the func-

tion and the origins of CX3CR1+ CD11b) DCs are not

well understood, although the presence of CX3CR1 and

F4/80 indicate that CX3CR1+ CD11b) may also be mono-

cytic in origin.

Concluding remarks

Although DCs comprise a heterogenous population, they

are mostly derived from pre-DCs or monocytes. However,

lymphoid progenitors can also give rise to DCs and the

contribution of lymphoid progenitors to DC development

is not completely understood. Further studies are needed

to identify whether lymphoid-derived DCs arise normally

during steady-state conditions or under the influence of

inflammatory stimuli. Studies have tried to associate vari-

ous DC subsets with an ability to drive tolerance verus

immunity. It is likely that the local environment and the

presence of extrinsic signals, which drive a DC subset to

behave in either a tolerogenic or an inflammatory manner.

Recent studies have shed light on such signals such as

b-catenin pathway, but further studies are needed to better

understand the signals that can drive DC from behaving

tolerogenically to becoming immunostimulatory.
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