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ABSTRACT

This review updates the basic biology of lung DCs and
their functions. Lung DCs have taken center stage as
cellular therapeutic targets in new vaccine strategies
for the treatment of diverse human disorders, including
asthma, allergic lung inflammation, lung cancer, and in-
fectious lung disease. The anatomical distribution of
lung DCs, as well as the division of labor between their
subsets, aids their ability to recognize and endocytose
foreign substances and to process antigens. DCs can
induce tolerance in or activate naive T cells, making
lung DCs well-suited to their role as lung sentinels.
Lung DCs serve as a functional signaling/sensing unit to
maintain lung homeostasis and orchestrate host re-
sponses to benign and harmful foreign substances. J.
Leukoc. Biol. 90: 883-895; 2011.

Introduction

Tissue histiocytes (fixed tissue macrophages) were recognized
for their ability to clear materials from the blood, giving rise
to the concept of the reticuloendothelial system [1]. Improved
characterization of these cells led to the idea of a MPS arising
from common bone marrow-derived blood-borne progenitors
[2], including monocytes, macrophages, and other cells [3]. In
1965, Volkman and Gowans [4] demonstrated that bone mar-
row-derived peripheral blood monocytes differentiate into
macrophages, ending a longstanding notion that lymphocytes

Abbreviations: AM=alveolar macrophage, BALF=BAL fluid, Batf3=basic
leucine zipper transcription factor activating transcription factor-like 3,
BDCA=blood DC antigen, CD11b™ DC=CD11c*CD11b"CD103 Langer-
iNCD207 CD8a DC, CD103* cDC=CD11c*CD103*Langerin™ (CD207*)
CD8a CD11bb conventional DC, cDC=conventional DC, COPD=chronic
obstructive pulmonary disease, DAMP=danger-associated molecular pat-
tern, DC-SIGN=DC-specific ICAM-grabbing nonintegrin, DNGR-1=DC NK
lectin group receptor 1, EC=epithelial cel, Gl=gastrointestinal, ILT7=Ig-like
transcript 7, LNRDC=LN resident DC, MDP=macrophage and DC precur-
sor, MPS=mononuclear phagocyte system, pDC=plasmacytoid DC,
PDL1=programmed death ligand 1, RSV=respiratory syncytial virus,
TiPDC=TNF-a/INOS-producing DC, Treg=T regulatory cell, TSLP=thymic
stromal lymphopoietin
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were the immediate precursors of macrophages, and in 1973,
Steinman and Cohn [5] characterized and named DCs in
mouse spleen. The term “dendritic cell” was deemed appropri-
ate based on morphologic observations of living cells in vitro.
The MPS represents a diverse—functionally and phenotypically—
heterogeneous system of cells distributed throughout the body
[6]. Early studies about the structure and function of the MPS
did not fully appreciate the extensive network of lung DCs [7].
In this review, we show how, through its interaction with in-
haled substances, which activate DCs for the induction of tol-
erance or an acquired immune response, the lung DC network
serves to maintain lung function and homeostasis [8]. One of
the “hallmarks” of DCs is their ability to serve as APCs, which
are not a distinct cell type. Rather, antigen presentation is a
functional capacity shared by many cell types including baso-
phils [9-11], eosinophils [12], macrophages [13], B cells [14,
15], and human endothelial cells [16-19]. DCs are often con-
sidered the predominant APC type as a result of their essential
roles in immune responses, and based on this ability, lung DCs
can be viewed as interposed at the interface between innate
and acquired immunity. DCs fulfill an essential role in lung
homeostasis, in host resistance to infection and cancer, and in
the pathogenesis of pulmonary diseases. In this review, we will
discuss the three main categories of lung tissue DCs, namely
pDGCs, cDGCs, and DCs arising in inflammatory conditions.

ANATOMICAL DISTRIBUTION OF LUNG
DCs

DGCs perform their essential role in defense of the lung based
on their anatomical location that creates a functional cellular
interface between the external environment and the internal
lung microenvironment. As illustrated in Fig. 1, lung DCs are
in intimate contact with the respiratory epithelium of the
nose, nasopharynx, trachea, large and small bronchi and bron-
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Figure 1. Anatomical location and migratory pathway of lung DCs. (A) DCs are located throughout the respiratory tract. They are most abundant
in the nose, nasal turbinates, and trachea. As shown by the sliding scale at right, the density of lung DCs declines as one descends the respiratory
tract. (B) Two subsets of cDCs are present: an intraepithelial web of CD103" ¢DCs (blue) and CD11b" ¢DCs (orange) in the lamina propria, to-

gether with pDCs (yellow). The alveoli are lined with type I and type II alveolar ECs (peach). AMs (purple) form the main population of resident
alveolar cells, whereas neutrophils can be recruited in response to inflammatory stimulation. Both cDC subsets are present in the alveoli and mi-

grate to the draining LNs (right), where they present antigens to CD4" and CD8" T cells. CD103™ ¢DCs are specialized in cross-priming as

CD8a™ LNRDCs (red).

chioles, and the alveolar interstitium [20-23]. Throughout the
respiratory mucosa and in the alveoli, DCs “snorkel” through
the epithelial-tight junctions, sending their extended dendritic
projections into the airway lumen, where they come in contact
with antigens [24, 25]. Studies with rodents established the
extensive network of DCs throughout the respiratory mucosa
[26, 27]. In newborn rats, DCs first appear at the base of nasal
turbinates, an anatomical site where most inhaled particles are
first encountered in the respiratory tract. During the next few
days of postnatal development, DC numbers increase steadily
in the lung parenchyma [27, 28]. Large numbers of DCs are
associated with the large airways and to a lesser extent, the
smaller airways, whereas DCs occur in smaller numbers in the
alveoli. The airway DC population turns over rapidly in vivo,
with a half-life of =2 days [29, 30]. In contrast, the alveolar
lumen is dominated by resident AMs [29, 31].

DC DEVELOPMENTAL BIOLOGY

c¢DCs and into pDCs. This finding shows that monocytes and
the common DC precursor diverge from the MDP in the bone
marrow and clarifies the origins of monocytes, cDCs, and
pDCs. Whether these relationships among monocyte and DC
progenitors also occur in humans is, as yet, undetermined.
Thus, bone marrow-derived mononuclear phagocytes present
in the peripheral blood, including monocytes and pDCs, re-
plenish the lung DC subsets on a daily basis, and the entire
lung DC population is renewed in about 1 week [30, 31]. Un-
der steady-state conditions, “patrolling” blood monocyte sub-
sets in the lung vasculature are situated such that within min-
utes to hours after an inflammatory stimulation, they leave the
blood vessel lumen, cross the endothelial barrier, and traffic
into sites of inflammation, where given the appropriate signals,
they are able to differentiate into inflammatory DCs [33].

DC MATURATION, ACTIVATION, AND
TRAFFICKING

The origin and developmental pathways of lung DCs have
been considerably clarified in recent years. Liu et al. [32], for
the first time, showed that an early progenitor, termed the my-
eloid progenitor, develops into the MDP in the bone marrow.
The MDP develops into the common DC precursor and into
monocytes. The common DC precursor develops into pre-
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Lung DCs live in an “immature” state, in which they exhibit an
enhanced ability to recognize and capture inhaled materials,
principally through receptor-mediated endocytic processes. As
illustrated in Fig. 2, DCs that have captured inhaled materials
undergo a maturation process, leave the lung, and migrate to
draining regional lymphoid tissues, where they are capable of
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Figure 2. Antigen-induced T cell tolerance or anti-
gen-induced T cell activation is controlled by the
nature of the inhaled antigen. In the absence of sec-
ond signals provided by PAMPs or host endogenous
DAMPs, antigen-exposure DCs migrate to the re-
gional draining LNs and promote T cell tolerance
(upper pathway). In the presence of PAMPs or
DAMPs, antigen-exposed DCs mature and up-regu-
late cell-surface costimulatory molecules, migrate to
regional LNs, and promote antigen-specific CD4 ™"
and CD8™ T cell activation.
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fully activating naive T cells for the expression of acquired im-
munity [34]. When the ingested substances do not contain the
full complement of appropriate signals needed to initiate DC
maturation, these DCs remain in an immature state and fail to
fully activate naive T cells for acquired immunity. Rather, they
are able to induce immunologic tolerance in naive T cells.
This dual pathway for the activation of naive T cells is a criti-
cal aspect of lung DC biology and a continuous process that
occurs with every breath. These important characteristics of
DCs led to the discovery of functional heterogeneity among a
variety of lung DC subsets [35-38]. The close, functional rela-
tionship among DC populations, resident AMs, and lung ECs
maintains lung homeostasis, regulates inflammation and in-
nate and acquired immune responses, and down-regulates
these responses, returning the lung to its normal steady state
[7, 39, 40].

Two signals are required to fully activate the DC maturation
program (Fig. 2) [41]. The first signal is derived principally
through receptor-mediated antigen uptake, whereas the sec-

ond signal is derived from recognition of antigen-associated
molecules, termed PAMPs or DAMPs, derived from the host
[34]. PAMPs/DAMPS are recognized by PRRs, expressed on
the surface of lung DC subsets (reviewed in refs. [42-55]).
DCs express surface and intracellular PRRs, such as TLRs, nu-
cleotide-binding domain/leucine-rich repeat receptors, C-type
lectin receptors (including the DC-specific lectin DC-SIGN),
scavenger receptors, and a variety of other receptor molecules.
Various DC subsets differ in the PRRs they express (Table 1).
In contrast to other DC subsets, which express a broad profile
of TLRs, the TLR profile in pDCs is restricted to the intracel-
lular receptors TLR7 and TLR9. These differences define the
types of PAMP and DAMP ligands capable of activating these
distinct DC subsets. Pathogen recognition and the activation of
immature DCs after antigen engulfment are not simple pro-
cesses resulting from a single receptor system and a single mi-
crobial ligand or host ligand. Rather, PRRs often function in
tandem and function synergistically with themselves [52, 53,
56] and other non-TLR innate receptors [54]. To add to the

TABLE 1. Cell Surface Markers, Activation Markers, and TLR Distribution for Mouse and Human Lung DC Subsets

DC subset Surface markers

Activation markers TLRs

Murine lung
CD103" DCs CD11c™, CD8«~, CD11b"/~, CD103™",
MHC class II"", Langerin "

CD11c*, CD8a~, CD11b™, CD103",
MHC class IT'*, Langerin™

CD11c™, CD11b"/~, B220*, Ly6c™,
MHC class 117", SiglecH™*

CD11b™ DCs
pDCs

Human DCs
Myeloid DC in BALF,
spleen, blood
Myeloid DC in blood
and interstitium

CDl1c", BDCA1", HLA-DR™,
BDCA3*, BDCA4~

CDl11c", BDCAS™, HLA-DR™", Clec9A
(DNGR-1), Necl2™", Langerin™,
CXCR1™"

CD11c¢"™, BDCA2", BDCA4™
CD1287, L-selectin™, IL-3R™,
HLA-DR™'°

pDCs

MHC class II, CD80, CD83, CDS6,
PDL1, PDL2, CD40

MHC class II, CD80, CD83, CD86,
PDL1, PDL2, CD40

2,3,4,6,9,11,12,13

1,2,4,6,7,8,9,13

MHC class II, CD80, CD86 7,9, 12
HLA-DR, CD80, CD86 ?
HLA-DR, CD80, CD86 3
HLA-DR, CD80, CD86 7,9
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already growing complexity of DC maturation, PRRs have also
been shown to function synergistically with other non-PRRs to
generate effective immune responses [57-59]. Antigen plus
PAMP-exposed immature DCs differentiate into mature DCs
that express all three signals necessary for the activation of
naive T cells, i.e, MHC class II-antigenic peptide complexes
derived from antigen processing; up-regulated, costimulatory
molecules; and expression of high levels of appropriate cyto-
kines needed to fully activate naive T cells and polarize them
into antigen-specific T effector phenotypes (Thl, Th2, Th17,
Treg). Thus, the generation of an “optimal” acquired immune
response depends on the ability of lung DCs to undergo a full
maturation step, followed by their ability to induce the anti-
gen-specific full maturation and differentiation of naive T
cells. Although incompletely understood, these essential steps
depend, in turn, on the concerted actions of all of these re-
ceptors on lung DC subsets and naive T cells, resulting in a T
cell response that is most beneficial to the host.

In contrast to the initiation of adaptive T cell immunity, in
the absence of PAMP/DAMPs, DCs fail to up-regulate costimu-
latory molecules, such as CD40, CD80, and CD86, and the cy-
tokines needed to promote full activation of naive T cells to
express acquired immunity [34, 60—62]. Rather, they undergo
an attenuated, proliferative response upon stimulation and
differentiate into T cell subsets that promote antigen-specific
tolerance [62]. Lung DCs are also cross-regulated by activated
pDC and cDC subsets. For example, recent data suggest that
pDCs may mediate tolerance to harmless antigens by directly
dampening inflammatory responses induced following antigen
uptake by cDCs [61].

A longstanding challenge to researchers has been how to
discriminate between DCs that are at various stages of matura-
tion/activation versus distinct DC subsets (typically assessed by
phenotype). Under inflammatory conditions, monocytes mi-
grate from the blood to the tissues, where they give rise to
DCs and macrophages [63]. DC-ike cells with distinct pheno-
types are observed at inflammatory sites in mice and humans.
For example, activated pDCs, which produce large amounts of
IFN-a, and a monocyte-derived DC subset, termed TiPDC,
which produces TNF-a and iNOS, are found in the tissues fol-
lowing infections [64, 65]. Although first identified in the
spleens of Listeria monocytogenesinfected mice, TiPDCs have
also been identified in the lungs of mice infected with influ-
enza A virus [66]. Interestingly, TiPDCs may constitute the ma-
jor infected cell type during chronic Leishmania infection [67].
Nevertheless, the relative importance of TiPDCs in the host
response to lung pathogens remains to be determined. In this
review, we use the term “inflammatory DC” to serve as a func-
tional definition, rather than a phenotypic one, which can be
assigned to one or more DC subsets. It is likely that TiPDCs
and pDCs represent only some of the types of inflammatory
DCs that can be generated in response to infection.

An integral feature of the maturation and activation of DCs
discussed earlier is the homing of DC progenitor cells to the
lung, the homeostatic retention of DCs within the lung, and
the migration of activated DCs to the LNs. Furthermore, and
depending on specifically how (and probably where) the DCs
have been activated, these cells can “imprint” different effector
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mechanisms onto CD4" and CD8™ T cells and alter their
homing properties. Chemokines are key mediators of DC traf-
ficking and retention. Although a thorough discussion of this
extensive literature is beyond the scope of this review, a few
key, recent findings are worth noting. Most chemokines are
promiscuous, a feature that underlies the complexity of
chemokine biology, in that their function is often redundant.
The CCRG6 is unique in this regard, in that it binds a single
chemokine, CCL20, which is expressed by ECs in mucosal tis-
sue, including the gut and lung (reviewed in Ito et al. [68]).
CCR6 is expressed by immature DCs, B cells, and subsets of T
cells (Th17 and Tregs). Kallal et al. [69] reported recently that
CCR6 plays a key role in regulating the balance between pDC
and cDC in the context of RSV infection in the lung. The
chemokines and their receptors that mediate DC trafficking
allergic inflammation are generally distinct from those that
mediate DC trafficking in response to infection. Robays et al.
[70] tracked and compared chemokine receptor knockout ver-
sus WT DC populations through various lung compartments.
These investigators showed that CCR2, but not CCR5 or
CCR6, directly controlled the accumulation of DCs into aller-
gic lungs. Furthermore, the size of inflammatory monocyte
populations in peripheral blood was strikingly CCR2-depen-
dent, suggesting that CCR2 mediates the release of monocytic
DC precursors into the bloodstream. Another striking finding
relates to the CCRL2, a chemokine receptor expressed by acti-
vated DCs and macrophages, but not eosinophils and T cells.
CCRL2-deficient mice show normal recruitment of circulating
DGCs into the lung but are defective in the trafficking of anti-
gen-loaded lung DCs to mediastinal LNs [71]. This defect was
associated with a reduction in LN cellularity and reduced
priming of Th2 responses. The central role of CCRL2 defi-
ciency in DCs was supported by the fact that adoptive transfer
of CCRL2-deficient, antigen-loaded DCs into WT animals reca-
pitulated the phenotype observed in the knockout mice. These
data show a nonredundant role of CCRL2 in lung DC traffick-
ing and in the control of excessive airway inflammatory re-
sponses. The findings described above underscore the com-
plexity of the mechanisms that control DC trafficking in re-
sponse to infection and inflammation.

MOUSE LUNG DCs

In the mouse, Ly-6C" blood monocyte progenitors give rise to
the Ly-6C™ and Ly-6C' circulating monocyte subsets [72, 73].
Randolph and colleagues [63, 74] have shown that Ly—6C10
blood monocytes develop into CD11b™CD103™ lung DCs,
whereas Ly-6C™ blood monocytes develop into the CD11b~
CD1038™ lung DCs. Using lysozyme M-Cre X Rosa26-stop**
EGFP mice to assess DC relationships with monocytes or other
DC populations, Jakubzick et al. [74] showed that monocytes,
which were EGFP", developed into CD11b" and CD103™" lung
DGCs during the steady state. Whether blood monocytes main-
tain human lung DC subsets in a similar manner has not been
determined, but this is an important question to be answered,
as it relates to the manipulation of key DC subsets and their
precursors during inflammation and human lung disorders
[63]. The development of pDCs in human and mouse has sev-
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eral similarities. For example, human and mouse pDCs express
transcription factor 4 (E2-2), which is essential for maintaining
the cell fate of mature pDCs through direct regulation of lin-
eage-specific gene expression programs [75-77], as well as the
Ets family transcription factor, Spi-B [77, 78].

Lymphoid and spleen DCs have been well-characterized in
the mouse [36, 79, 80], and this has contributed significantly
to the characterization of mouse lung DC subsets. As illus-
trated in Table 1, there are three major subsets of DCs in
mouse lung in the normal steady state. CD103" cDCs are asso-
ciated with the single layer of respiratory ECs residing in the
lung interstitium and arteriolar walls [81]. In this close associa-
tion with ECs, CD103" ¢DCs also express tight junction pro-
teins, including claudin-1, claudin-7, and zona occludens-2,
which anchor the cDCs within the EC layer [81, 82] and also
allow snorkeling dendrites to extend through the airway EC
barrier into the airway lumen. The second lung DC subset,
CD11b™ DGs, is found in the airway and the lung parenchyma
[23, 83, 84]. Along with CD103"DCs, CD11b" DCs are able to
migrate from the airways to regional mediastinal LNs. The
third subset, pDCs, expresses CD11c%™, CD11b", Ly6c™,
B2207, and SiglecH™". Lung pDCs appear to be functionally
specialized for their ability to capture and cross-present viral
antigens and microbial components in the form of CpG DNA
[85, 86]. In the steady state, immature lung DCs, which en-
counter the appropriate signals for activation, undergo matu-
ration-associated loss of endocytic properties and up-regulation
of MHC class II and costimulatory molecules and migrate to
regional mediastinal LNs. Antigen processing-associated up-
regulation of surface MHC class II molecules by lung DCs is
coupled to enhanced cell motility and increased expression of
surface chemokine receptor molecules. Thus, mature DCs
are now able to migrate to draining regional LNs, bearing a
full complement of MHC class II-antigenic peptide com-
plexes, costimulatory molecules, and LN homing receptor
molecules [87].

Murine pDCs secrete large amounts of type I IFN in the LNs
in response to viral stimulation. These pDCs also act as tolero-
genic cells when expressing the inducible tolerogenic enzyme
indoleamine 2,3-dioxygenase, the inducible costimulator li-
gand, and/or the PDL1, which mediate Treg development and
suppression of self- and alloreactive cells. The ability of pDCs
to induce Treg development likely underlies their capacity to
maintain immunological tolerance, limit inflammation, and
restore homeostasis in the lung (reviewed in ref. [88]). It
should be noted that the tolerogenic phenotype of pDCs is
dependent on extrinsic factors. Bonnefoy et al. [89] reported
recently that TGF-B-treated pDCs favor Th17, but not Treg,
commitment. TGF-B-treated pDCs expressed TGF-8 mRNA
and released active TGF-B protein. Furthermore, an anti-
TGF-B antibody blocked Th17 commitment. Unexpectedly,
TGF-B treatment also induced IL-6 production by pDCs, which
serves to further promote Th17 commitment driven by TGF-B-
exposed pDCs. The in vivo pathogenic role of TGF-B-treated
pDCs was confirmed in a Th17-dependent, collagen-induced
arthritis model, in which the injection of TGF-B-treated pDCs
significantly increased arthritis severity and pathogenic Th17
cell accumulation in the draining LNs.
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Pre-DCs include pDCs and peripheral blood monocytes,
which upon inflammatory stimulation, can be the direct pre-
cursors of inflammatory DCs. Pre-DCs do not have the “classic”
dendritic form, and ¢DCs function but are able to differentiate
into DC subsets in response to antigen uptake and host-de-
rived inflammatory signals. In the mouse lung, inflammatory
DGCs are not particularly abundant in regional lymphoid tissues
in the steady state. Peripheral blood monocytes circulating in
the lung capillary bed infiltrate lung tissues rapidly during in-
flammation, where they differentiate into inflammatory DCs.
Thus, mouse lung ¢DCs and pDCs and their pre-DC precur-
sors reside within the lung parenchyma and the lung vascular
bed, providing a formidable cellular system that defends the
lung and maintains homeostasis [30].

DCs AT THE INNATE-ADAPTIVE IMMUNE
INTERFACE

CD103" DCs are implicated in antigenic transfer to draining
regional LNs, where LN resident CD8a™ DCs capture antigen
from CD103™ lung DCs [90-92]. Emigrant CD103™ lung DCs
and the LN resident CD8a™ DCs are able to present antigen
to and activate naive CD8" T cells [93]. The mechanism of
antigenic transfer enhances the numbers of DCs capable of
antigen presentation and activation of naive T cells in draining
regional LNs [92]. The mechanisms by which these LN resi-
dent CD8a™" DCs acquire antigen from emigrant lung CD103™"
DCs are unknown and an area of intense current research. In
the mouse, CD103" DCs have been shown to be developmen-
tally related to the CD8a" LN resident CD8a " DCs. Mice defi-
cient in the transcription factor Batf3 are deficient in lung
CD103" DCs and LN resident CD8a™ DCs, and Batf3~/~
mice exhibit reduced priming of CD8a™* T cells after Sendai
virus infection, as well as increased pulmonary inflammation
[94, 95]. This division of labor between the two major DC sub-
sets of the mouse lung and their ability to process and transfer
antigen among different DC subsets for the activation of naive
T cells may be dependent on the type of antigen encountered
by the lung CD103" DCs. For example, processing of antigens
derived from harmless microbes versus pathogenic microbes
may serve to maintain lung homeostasis rather than elicit an
inflammatory and/or acquired immune response in the lung.
This possibility remains an intense area of study and one that
is critical for improving vaccines.

CD11b"™ DCs migrate from the blood into the lung in re-
sponse to Cryptococcus neoformans in a CCR2-dependent man-
ner, and these cells are essential for clearance of the organism
[96]. CCR2-dependent TiPDCs have been found in the spleens
of L. monocytogenesinfected mice [64]. The accumulation of
these specialized DC subsets in the lung has been confirmed
using influenza A viruses, including H5NT1 strains, and TiPDCs
are required for the further proliferation of influenza-specific
CDS8™ T cells and ultimately, virus clearance [66]. McGill et al.
[97] show that during influenza challenge, CDS8a™ DCs can
migrate and accumulate in the lung. Along with interstitial
DGCs and pDGs, these CD8a™ DCs are essential for interactions
with CD8" T cells to enable the development of adaptive
immunity following influenza infection. Additionally,
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CD11c¢*CD11b*"MHCI " DCs have been shown to be essential
for the maintenance of inducible bronchial-associated lym-
phoid tissue in response to influenza infection in mice [98].
Aspergillus fumigatis causes an influx of monocytes and mono-
cyte-derived inflammatory DCs into the lungs, whereas deple-
tion of these cells causes impaired pulmonary fungal clear-
ance, as well as abolished CD4™ T cell priming [99]. During
RSV infection, there is a massive influx of CD11b™ DCs and
pDCs during the first 7 days, whereas CD103" DCs disappear
from the lung; yet, both major subsets transported RSV RNA
to the lung draining regional LN [100]. In a mouse model of
asthma, activated CD11c¢* CD11b™ DCs accumulate after OVA
challenge in OVA-sensitized mice [101]. Depletion of these
cells using a transgenic CD11c-diphtheria toxin receptor
model abolished the characteristic changes in eosinophilic in-
flammation, bronchial hyper-reactivity, and goblet cell hyper-
plasia [102]. The organization of lymphoid cells to form these
tertiary lymphoid structures has also been seen in the lungs of
mice without primary lymphoid organs [103], as well as in the
lungs of humans with pulmonary complications of rheumatoid
arthritis and Sjérgren syndrome [104]. Together, these studies
suggest that the heterogeneity of mouse lung DC subsets,
which arise and accumulate during lung inflammation, is di-
verse. Work still remains to define the function and fate of
several of these DC subsets in the mouse, as well as in defining
and characterizing their human counterparts.

HUMAN LUNG DCs

Characterization and function of human lung DC subsets have
been complicated by a lack of validated markers and by diffi-
culties in obtaining human lung tissues for investigation. A

summary of current human DC subsets and their cell surface
and activation markers is shown in Table 1. Human c¢DCs have
the classic DC form and function and are subdivided into mi-
gratory cDCs and LNRDCs. Migratory cDCs emigrate from the
peripheral tissues to regional draining LNs via the lymphatics.
LNRDCs do not migrate but spend their lives within lymphoid
tissues. Clinical samples that have been used to identify DC
subsets in human lung include sputum and BALF from
healthy control subjects. These cells are often compared with
DGs in the sputum and BALF of individuals with clinical con-
ditions, such as asthma, interstitial pulmonary fibrosis, cancer,
pneumonia, and sarcoidosis. Thus, comparisons should be
made with caution, as the underlying clinical conditions are
likely to influence DC trafficking, phenotype, and function. In
such samples, human lung DCs are differentiated from resi-
dent AMs by their expression of MHC class II, usually HLA-
DR. Additionally, human resident AMs are highly autofluores-
cent, whereas lung DCs are found among the low autofluores-
cent lung leukocytes [105]. Human lung DCs are also
excluded from other lung leukocytes by the absence of T, B,
and NK cell and monocyte and granulocyte lineage markers.
BALF and sputum, however, may not have DCs from the pa-
renchyma and thus, are likely poor sources of DCs for further
study.

Until recently, one limitation to human lung DC research
was the absence of a marker corresponding to the expression
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of CD8a by mouse lung DCs. It was therefore problematic to
interpret functional studies of mouse CD8a" DC subsets in
terms of a corresponding functional subset among human
lung DCs. A set of antibodies designated BDCA1-4, along with
the integrin CD11c, has now been used to differentiate be-
tween pDC and different ¢cDC subsets in humans [106]. Mac-
Donald et al. [107] identified four subsets of human DCs us-
ing human blood, and several groups have started to identify
subsets in the lung using the above markers [108-111]. Poulin
et al. [112] recently identified three populations of human
DGCs in the spleen and human cord blood, including one that
expresses high levels of BCDA3 (CD141) and Clec9a (DNGR-
1), a C-type lectin expressed on subsets of human and mouse
DCs. These human DCs resemble mouse CD8a" in phenotype
and function and express Necl2, CD207 (Langerin), Batf3, IFN
regulatory factor 8, and TLR3. With the use of CXCRI expres-
sion as a marker, Crozat et al. [113] demonstrated that expres-
sion of this marker is conserved across species, suggesting that
CXCRI expression may also help define human DC subsets
that are homologous to murine CD8«™ DCs.

In humans, pDCs express CD123, the IL-3R, as well as the
markers BDCA2, BDCA4, L-selectin, CD11¢™"°, and ILT7,
which associates with the signal adaptor protein FceRIy to
form a receptor complex [114]. In humans, pDCs appear to
be functionally specialized for their ability to respond to viral
antigens, as well as microbial components in the form of CpG
DNA, and to activate and differentiate after exposure to IL-3
and CD40 ligand [115]. Upon activation, pDCs are specialized
for their ability to produce IFN-a [116, 117]. pDCs have also
been shown to play a role in dampening the immune re-
sponse, for example, by priming IL-10-producing Tregs [118]
or as demonstrated by preventing asthmatic reactions to harm-
less inhaled antigens [61]. pDCs are negatively regulated by
engagement of the ILT7-FceRIy receptor complex, which in-
hibits the transcription and secretion of type I IFN and other
cytokines [114].

Studies demonstrate that MHC class II'" ¢DCs are present in
normal human airway mucosal epithelium, lung parenchyma,
and visceral pleura [27] and have identified a Langrin™ DC
subset in normal human lung bronchioles [119]. The BALF of
healthy volunteers contains two main DC subsets—a cDC sub-
set expressing CD11c and a pDC subset expressing CD123
[109]. Unlike in the BALF, where DCs are present in low
numbers, cDCs in the lung parenchyma are present in large
numbers. Like resident AMs, they are also associated with in-
teralveolar septa [26, 29]. Demedts et al. [108] identified
three DC subsets in normal human lung specimens: a
CDla*MHCII "BDCA1" ¢DC subset and a pDC subset, which
express BDCA2" and CD123" [106]. They identified a cDC
subset that expresses BDCA3™" and CD11c*. Other studies con-
firmed the presence of these pDC and ¢DC subsets in the
BALF of healthy, normal control subjects and in allergic asth-
matics following allergen challenge, as well as in the BALF of
subjects with sarcoidosis, interstitial pulmonary fibrosis, and
pneumonia [120, 121]. A recent study used single-cell suspen-
sions of human lung tissue to characterize and quantify Lang-
erhans-type DCs in the small airways of current and ex-smok-
ers, with and without COPD, and demonstrated a LangerinJr
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Langerhans-type DC subset and a DC-SIGN™ interstitial cDC
subset [122]. The Langerin™ DCs were also CDla", BDCA1 ™,
BCDA3™ BCDA4~, CD147, and HLA-DR™. The DC-SIGN™ in-
terstitial cDCs did not differ between current smokers and sub-
jects with COPD and are CDla™, BDCAI™, BCDA3™ ™,
BCDA4'/", CD14", and HLA-DR". Immunohistochemical
studies have demonstrated a selective accumulation of the
Langerhans-type DC subset in small airways of current smokers
and COPD subjects. Thus, in comparison with the state of
knowledge of mouse lung DC subsets, many questions remain
about the heterogeneity of human lung DC subsets under the
steady state and in response to lung infection and disease.

MICROENVIRONMENT AND DC
FUNCTION

Maintenance of lung homeostasis and generating an effective
inflammatory and/or immune response in the lung are critical
to maintain life. Lung DCs initiate all three of these responses,
and yet, these functions are not only dictated by encounter
with inhaled substances, they are also driven by the close func-
tional relationship between lung DC subsets and other lung
cells in the surrounding microenvironment. Airway ECs also
express PRRs that recognize microbes and their products, as
well as receptors for cytokines produced during inflammation.
Ligation of these receptors signals ECs to up-regulate the ex-
pression of a wide variety of effector proteins, e.g., IL-6, IL-8,
TNF-a, GM-CSF, IFN-y, chemokines, etc., all of which modu-
late the function of intraepithelial DCs. ECs respond to envi-
ronmental stresses, such as diesel exhaust particles [123], by
producing cytokines and chemokines that alter local DC func-
tion. TSLP, produced by respiratory ECs, alternatively activate
DCs, which drive Th2-mediated allergic immune responses,
although the role of TSLP in human chronic lung diseases,
such as asthma and allergic rhinitis, has not been fully charac-
terized [40, 124]. In humans and mice, allergen challenge is
accompanied by blood monocyte recruitment into the in-
flamed airways and subsequent differentiation into inflamma-
tory ¢cDCs [125, 126]. The production of CCR17 and CCL22
by inflammatory ¢DCs has been shown to attract CCR4" Th2
T cells into the airways and thereby, establish Th2-mediated
lung pathology [127]. EC-derived TSLP has also been shown
to induce ¢cDC CCL17 production, further facilitating Th2-
associated cell recruitment into the inflamed airways [128].
Human keratinocytes also produce TSLP after stimulation by
ligands for TLR2, TLR3, TLRS8, and TLRY and by 114, IL-13,
TNF-a, IL-1a, and IL-13 [129]. TLSP produced by these non-
myeloid cells has been shown to be a powerful activator of im-
mature DCs, driving their maturation into polarized cDCs,
which are then able to fully activate naive T cells for prolifera-
tion and differentiation. TSLP-activated, mature cDCs drive
naive T cell polarization toward the Th2 phenotype, and these
polarized Th2 cells produce TNF-«, IL-4, IL-5, and IL-13, but
not IL-10 [130]. During the process of activating naive T cells,
TSLP-activated cDCs also induce the proliferation of Th2 cen-
tral memory T cells, and in this manner, TSLP-activated DCs
play a key role in the maintenance and polarization of the al-
lergen-specific Th2 central memory T cell population in
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chronic allergic lung disease [131]. As a corollary to this find-
ing, the lungs of human asthmatics have been shown to ex-
press increased levels of TSLP [132].

Resident AM and lung ECs play a critical role in these pro-
cesses through their interactions with lung DGCs. It may be that
the major biological role of resident AM in the lung is to pre-
vent inappropriate alveolar inflammation with resulting tissue
damage and thereby, maintain normal alveolar gas exchange
[133]. Resident AMs comprise >90% of the cells in the alveo-
lar lumen, but a smaller population of DCs is also present [7,
39, 134]. Resident AMs adhere to integrin-expressing alveolar
EGs [39] and indirectly contact DCs in the alveolar wall. Resi-
dent AMs live in close contact with DCs present in the alveolar
lumen and may come into contact with ¢cDCs that extend den-
dritic snorkels into the alveolar lumen, similar to those in the
airway [60]. The close association contact among DCs, resident
AMs, and alveolar ECs permits cross-regulation of cellular
functions in these different cell types through communicating
molecular signals such as chemokines and other cytokines.
Communication between DCs and resident AMs is demon-
strated by studies showing that depletion of resident AM up-
regulates the APC function of lung DCs; thus, resident AMs
actively suppress the lung DC ability to present antigens and
induce inflammation, thereby maintaining lung homeostasis
[7, 134, 135].

The respiratory tract is continuously exposed to innocuous
airborne antigens and immunostimulatory molecules of micro-
bial origin, such as LPS. At low concentrations, airborne LPS
can induce a Th2-type response to harmless inhaled antigens
in the lungs, thereby promoting allergic asthma. However,
only a small fraction of people exposed to environmental LPS
develops allergic asthma. What prevents most people from
mounting a lung DC-driven Th2 response upon exposure to
LPS is not understood. Bedoret et al. [136] have reported that
lung interstitial macrophages prevent induction of a Th2-type
response in mice challenged with LPS and an experimental
harmless airborne antigen. Interstitial macrophages, but not
AM, were found to produce high levels of IL-10 and to inhibit
LPS-induced maturation and migration of DCs loaded with
experimental, harmless airborne antigen in an IL-10-depen-
dent manner. These investigators demonstrated further that
elimination of interstitial macrophages in vivo led to overt
asthmatic reactions to innocuous airborne antigens, inhaled
with low doses of LPS. This study revealed a crucial role for
interstitial macrophages in maintaining immune homeostasis
in the respiratory tract and provides an explanation for the
paradox—that although airborne LPS has the ability to pro-
mote the induction of Th2 responses by lung DCs, it does not
provoke allergic asthma under normal conditions. Whether
the same holds true for bacterial products other than LPS re-
mains to be determined.

Lastly, DCs in the lung share many features and functions
with professional APCs in other tissues, such as DCs in the GI
tract and Langerhans cells in the skin. Nevertheless, because
of differences in the host-environment interface in these tis-
sues, distinct, functional responses are mediated by different
subsets of DCs in each microenvironment. In the mouse, the
majority of ¢cDCs found in the lamina propria includes CD11b™,
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CD8a~, and MHC II'™" [137]. As noted earlier, human DCs
do not express CD8«, and although the human counterpart to
this cell has only been described recently (as reviewed by
Ueno et al. [138]), its role in the GI tract is presently un-
known. It should be noted that the microbiome of the GI tract
can have a profound impact on the response of the lung to
allergens and pathogens. Ichinohe et al. [139] reported re-
cently that the composition of the commensal microbiota in
the GI tract affects the generation of virus-specific CD4" and
CD8" T cells and antibody responses following respiratory in-
fluenza virus infection. A similar link may exist between the
lung and the skin microbiome. Demehri et al. [140] reported
that allergen challenge to the airways of mice engineered with
a chronic skin-barrier defect and a spontaneous atopic derma-
titis-like disorder resulted in a severe asthmatic phenotype not
seen in similarly treated WT littermates. Furthermore, these
investigators showed that TSLP, when overexpressed by skin
keratinocytes, is the systemic driver of this airway hyper-respon-
siveness. Elimination of TSLP signaling in these animals
blocked this asthmatic phenotype. Importantly, epidermal-de-
rived TSLP was sufficient to sensitize the lung to inhaled aller-
gens in the absence of epicutaneous sensitization by the same
allergen. Although these investigators did not explore the po-
tential connection between the skin microbiome and the ulti-
mate sensitization of the lung by epidermal-derived TSLP,
such a connection is likely to exist, especially when skin-barrier
defects are also present. How TSLP specifically regulates DC
function and skin-barrier function has been reviewed else-
where [32, 141].

LUNG DCs AND DISEASE

Lung DCs play key roles in the pathogenesis of human lung
diseases, such as asthma [142-144]. Human asthma is a
chronic inflammatory lung disease characterized by the accu-
mulation of T cells producing IL-4, IL-5, IL-9, IL-13, and
TNF-a, a cytokine profile characteristic of a Th2-mediated re-
sponse to antigen. These Th2 cells produce IL-9 and IL-13,
which mediate bronchial hyper-reactivity, recruit eosinophils
and mast cells into sites of airway inflammation, and induce
goblet cell hyperplasia. The daily balancing act among inhaled
antigen, the airway-barrier ECs, and cells of the innate and
acquired immune systems is mediated by mucosal and paren-
chymal lung DCs, which constitutively sample air at the air-
epithelial-barrier interface [24, 145]. Allergens may evade en-
docytic airway DCs and gain direct access to other lung DC
populations, for example, pDCs. Pollen aeroallergens contain
enzymes that disrupt EC-tight junctions, allowing allergens to
damage the air-epithelial-barrier interface and gain access to
DC subsets found in the lung parenchyma [146].

Most inhaled antigens that gain entry into the lung paren-
chyma are transported from the lung via afferent lymphatics to
regional LNs. As most inhaled antigens fail to fully activate the
lung DC maturation program required for the expression of
the three signals needed to fully activate naive T cells, one
outcome for most inhaled antigens is the induction of antigen-
specific tolerance [61, 147, 148]. These types of antigens acti-
vate Tregs to produce IL-10 and TGF-8, which suppress the
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ability of DCs to fully activate T cells [147, 148]. Inhalation
tolerance to antigen is also mediated by pDC antigen uptake,
resulting in the suppression of ¢cDCs through their ability to
up-regulate antigen-specific Tregs [148]. Inhalation tolerance
can then be broken by the exposure of airway cDCs to antigen
in the presence of a PAMP. Uptake of antigen and concomi-
tant PAMP recognition by a PRR drive immature cDC differen-
tiation to mature cDCs, which are polarized in their ability to
activate naive T cells [149], and in human asthma, this re-
quirement for dual activation signals for cDCs to drive T cell-
mediated responses is shown by the association between TLR
polymorphisms and asthma severity [150, 151].

REGULATORY MECHANISMS AND
NETWORKS

Mechanisms other than the induction of tolerance can also
reduce pathologic inflammation in the lung. A recent study
[152] has shown that treatment of patients with intermittent-
to-mild persistent asthma with omalizumab, a humanized IgG,

mAb that selectively binds to human IgE, decreased the num-
bers of airway cDCs from 126/mm? (pretreatment) to 49/mm?
(2 months post-treatment). In contrast, this treatment did not
alter the numbers of airway pDCs. The authors speculated that
omalizumab diminished the release of proinflammatory cyto-
kines and chemokines from airway mast cells and thus, re-
duced chronic airway inflammation by migratory cDCs but not
other inflammatory cells. Alternatively, a reduction in signal-
ing via IgERs, expressed on ¢DCs as a consequence of omali-
zumab treatment, may have also led to the reduction in airway
cDCs observed. Importantly, the decreased numbers of airway
cDCs were associated with improved methacholine provocation
responses and improved airway function.

IgE-mediated regulation of DC function is likely to play a
key role in controlling inflammation in the lung triggered by
allergens or respiratory viruses. Homeostatic (healthy, normal)
circulating levels of serum IgE minimize spontaneous Thl-me-
diated airway inflammation, suggesting a physiological role for
IgE in the regulation of Th cell differentiation. Homeostatic
levels of IgE suppress IL-12 production in the spleen and lung,
supporting the hypothesis that normal levels of IgE limit Th1
responses in vivo. Chung et al. [153] showed that experimen-
tal asthma after viral infection in mice depended on type I
IFN-driven up-regulation of FceRI expression on ¢DCs in the
lung. FceRI expression on lung cDCs also depends on a
CD49d™" subset of PMN neutrophils. Thus, PMN neutrophil-
c¢DC communication in the lung is necessary for the ability of
viral infection to drive atopic disease. It was shown previously
that IgE stimulates DCs directly through FcyRIII to suppress
IL-12 production in vitro and influences APCs to skew CD4" T
cells toward Th2 differentiation. Blink and Fu [154] demon-
strated recently a novel role for IgE in regulating differentia-
tion of adaptive immune responses through direct interaction
with FcyRIII on DCs. In a different study, pDCs from patients
with asthma were shown to secrete significantly less type I IFN
upon exposure to influenza A virus, and secretion was in-
versely correlated with serum IgE levels [155]. Moreover, IgE
cross-linking prior to viral challenge resulted in abrogation of
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the influenza-induced pDC IFN response, diminished influ-
enza, and gardiquimod-induced TLR7 up-regulation in pDCs
and blocked influenza-induced up-regulation of pDC matura-
tion/costimulatory molecules. In addition, exposure to influ-
enza and gardiquimod resulted in up-regulation of TLR7, with
concomitant down-regulation of FceRI expression in pDCs.
These data suggest that counter-regulation of FceRI and TLR7
pathways exists in pDCs and that IgE cross-linking impairs
pDC antiviral responses.

Taken together, and as illustrated in Fig. 3, these studies
suggest that lung DCs have multiple layers of redundant sys-
tems, which upon activation, serve to regulate DC function.
For example, the ability of DCs to recognize antigen in the
absence and presence of a PAMP/DAMP represents one layer
of regulation based on the initial interaction of lung DCs with
inhaled antigens. Molecular systems such as PAMPs/ DAMPs,
recognized by DC PRRs in association with antigen, are then
linked to signaling pathways, which once activated, modulate
DC function, thereby adding yet more complexity to DC func-
tion. The ability of other myeloid and nonmyeloid cells, for
example, resident AMs, PMN neutrophils, mucosal ECs, or air-
way neurons [156], to regulate DC function may be consid-
ered a second layer in this system. As a first line of host de-
fense, the ability of airway DCs to recognize and endocytose
antigen, in particular, to engulf microbes by phagocytosis, is
facilitated by the multiple receptor-based systems expressed on
the surface of DCs [157]. These receptor systems can recog-
nize host-derived proteins and then serve to opsonize the mi-
crobe for uptake by DCs. These host-derived proteins include
activated complement fragments, the Fc portion of opsonizing
antibodies that are bound to microbial proteins, such as flagel-
lin and microbial carbohydrate-containing surface molecules
(glycolipids and glycoprotein). In general, these DC surface
receptor systems are also linked to downstream signal trans-
duction molecules that culminate in the activation of several
key enzymes including PKC, PI3K, PLC, and the Rho GTPases
[157]. Activation of these enzyme systems mediates multiple
cellular responses in DCs, such as enhanced membrane traf-
ficking, cellular division, apoptosis, enhanced microbicidal ac-
tivity, the production of pro- and anti-inflammatory cytokines,
actin polymerization, cell motility and migration, cell differen-
tiation, as well as antigen processing and presentation. Once

Antigen Antigen

Collectins

e.g. SP-A, SP-D Pro-inflammatory cytokines

i\( e.g. TNF-a, IL-1B \

Anti-inflammatory

AMs l

T-cell tolerance T-cell activation
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activated through these systems, DC function may then be
down-regulated by receptor systems, which engage anti-inflam-
matory cytokines and other signals that oppose the activation
signals.

As microbes or phagocytosed antigens are cleared from the
host, cytokines that oppose the up-regulation of these antimi-
crobial pathways return the cells and therefore, the lungs to
their normal steady state. For example, phagocytic uptake of
most microbes results in the rapid production of ROS, which
are involved in the intracellular killing of the pathogen. ROS
can also increase downstream signaling pathways involving NF-
kB, AP-1, MAPK, and PI3K. ROS are involved in the activation
of DNA-based excision and repair pathways in most cells,
thereby preventing the cell from dying after phagocytosis of a
pathogen, which might damage host DNA. ROS, for example,
NO [158] and hydrogen peroxide [159], serve multiple intra-
cellular pathways required for full activation of DCs, as well as
for cell survival and the up-regulation of cellular pathways pro-
moting the differentiation of immature DCs into fully mature
DGs. Fluctuations in the ebb and flow of these layers of regula-
tion allow the lung and the host to recognize, respond to, and
eliminate harmful substances and then return to the normal,
steady state in which air exchange is maintained.

FUTURE CHALLENGES

In the last decade, there has been an explosion of information
about the biology of DCs, resulting principally from the rapid
development of new, immunologic techniques that permit a
more comprehensive study of DCs and their complex interac-

tions with other cells. Initial discoveries concerning DCs have
been made primarily in rodent systems, but new technologies,
including the availability of reagents and new markers, are al-
lowing investigators to carefully explore the biology of human
DCs. Translational research that transforms basic science dis-
coveries into solutions for human health problems is one of
the five priority areas identified by NIH for the targeting of
future resources [160]. Recent work has advanced the fields of
murine and human lung DC subsets, functions, ontogeny, and
anatomical distributions and drawn attention to the growing
importance of translational research in this area. The discov-

PAMPs/DAMPs

v/

Ol —> <—cytokines e.g. > <« YO
TGF-B, IL-10
Resident

Resident

Figure 3. Complexity in the regulation of lung DC func-
tion. Antigen-specific T cell tolerance (left) or activation
(right) is regulated at multiple levels, some of which are
mutually antagonistic. SP-A/D, Surfactant protein A/D.

AMs
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ery of more markers to characterize human lung DC subsets
and the intense efforts of several researchers in this area con-
tinue to propel this field. More research into tailoring specific
activation and maturation of lung DCs, as well as specific re-
lease of cytokines, will most certainly advance the development
of therapeutics and vaccines in the treatment of pulmonary
infectious diseases, asthma, and cancer.

We are likely on the verge of harnessing the full potential of
the human DC repertoire. Thorough analysis of DCs with tools
such as comparative genomics, more markers, and better
methods, as well as research at a fervent pace, will hopefully
give us a way to manipulate human DCs effectively and safely.
Understanding which DC subsets are the best therapeutic tar-
gets is essential, the goal of such manipulation to induce pro-
tective immunity to pathogens and cancer, more effective vac-
cinations, as well as inducing tolerance to asthma and in auto-
immune diseases.
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