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Plasmacytoid dendritic cells in immunity

Marco Colonna!, Giorgio Trinchieri? & Yong-Jun Liu3

Human and mouse plasmacytoid dendritic cells have been shown to correspond to a specialized cell population that produces
large amounts of type | interferons in response to viruses, the so-called natural interferon—producing cells. As a result, intensive
investigation is now focused on the potential functions of plasmacytoid dendritic cells in both innate and adaptive immunity.
Here we review recent progress on the characterization of plasmacytoid dendritic cell origin, development, migration and
function in immunity and tolerance, as well as their effect on human diseases.

In 1958, Lennert and Remmele first reported a cell type similar to
plasma cells but lacking B cell and plasma cell markers that was
abundant in the T cell zones of human lymphoid tissue' (Fig. 1).
These cells were called T-associated plasma cells! and later plasma-
cytoid T cells?. They were also identified in the thymus and in lymph
nodes of patients with various inflammatory and neoplastic dis-
eases?. Because these cells shared some markers with myelomono-
cytic cells?, they were also called plasmacytoid monocytes, and these
different terms were used interchangeably for many years.

Human peripheral blood leukocytes are known to be efficient pro-
ducers of type I interferon after exposure to viruses. In 1978, Trinchieri
and colleagues® showed that type I interferon is a potent enhancer of
natural killer (NK) cell-mediated cytotoxicity and that during expo-
sure of peripheral blood leukocytes to viruses or virus-infected cells,
only a small subset of cells is responsible for production of most of the
interferon antiviral activity. These interferon-producing cells were
identified as non-T, non-B, non-NK, non-monocytic cells expressing
low-affinity Fcy receptors and major histocompatibility complex
(MHC) class II antigens*®. Although interferon-producing cells were
rare nonadherent lineage-negative MHC class II-positive mononuclear
cells®, they were also clearly distinct from classical peripheral blood
dendritic cells (DCs)”*8.

In 1994, O’Doherty et al.? identified in human peripheral blood a
subset of CD11¢~ immature DCs with low MHC class IT expression
and poor T cell stimulatory ability. After culture with monocyte-
conditioned medium, these cells increased MHC class II expres-
sion and acquired a more irregular dendritic-like morphology.
Grouard et al.'® subsequently isolated CD11c"CD4"CD45RA*
cells from tonsil and showed that they have characteristics almost
identical to those of the peripheral blood CD11¢™ immature DC
subset and corresponded to the plasmacytoid T cells or monocytes
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described in secondary lymphoid organs. These cells died rapidly
in culture, but in presence of interleukin 3 (IL-3) and CD40 ligand
(CD40L) they differentiated into cells with mature interdigitating
DC morphology'® (Fig. 2). The survival effect of IL-3 on these
‘plasmacytoid” DC precursors depended on their high expression
of IL-3 receptor o-chain (IL-3Rat). On the basis of the ability of
the plasmacytoid cells to induce T helper type 2 (Ty2) cell differ-
entiation in response to certain stimuli, the name type 2 DC pre-
cursor (pDC2) was proposed. Monocytic precursors of myeloid
DCs, which favor a Ty;1 response, were given the name pDCI (ref.
11). However, because of the flexibility of both classical DCs and
plasmacytoid DCs to give raise to either T;1 or T2 responses, the
descriptive term plasmacytoid DCs (pDCs) is now preferred. In
1999, Siegal et al.'> and Cella et al.!> definitively identified the
pDCs of peripheral blood and secondary lymphoid organs as
being identical to the interferon-producing cells responsible for
type I interferon production in peripheral blood in response to
most viruses.

The phenotype of human pDCs

Human pDCs are CD4"CD45RA*IL-3Ro(CD123)*ILT3*ILT1-
CD11c™ lineage™ cells. The low-affinity Fcy receptor identified in
early studies of interferon-producing cells>* corresponds to
FcyRIla (CD32), which modulates type I interferon production!.
Two additional markers, BDCA-2 and BDCA-4, are restricted to
human pDCs in peripheral blood and bone marrow!>. BDCA-2 is a
C-type lectin transmembrane glycoprotein that can internalize
antigen for presentation to T cells, and antibodies to BDCA-2
inhibit type I interferon production from these cells'>. BDCA-4 is
identical to neuropilin-1, a neuronal receptor of the class 3 sema-
phorin subfamily that is also a coreceptor for vascular endothelial
growth factor A on endothelial and tumor cells. Antibodies to
BDCA-4 do not have a substantial effect on pDC function and can
be used for the purification of pDCs by positive selection!®. A
malignant counterpart of pDCs has been identified as a very rare
hematological neoplasia!”. These tumor cells have a morphology
very similar to that of pDCs, they express the same surface markers,
including BDCA-2 and BDCA-4, and they produce large amounts

of type I interferons in response to viruses'”.
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Figure 1 Localization of pDCs. The pDCs are present mostly in clusters in the T cell-rich area of secondary lymphoid organs. (a,b) In human lymph nodes,
they are closely associated with high endothelial venules. (c,d) In mouse spleens, pDCs are found mostly in the periarteriolar lymphoid sheaths, but scattered
pDC are present in the marginal zone and red pulp, with a distribution distinct from that of DCs22:23 Inflammatory conditions induce the clustering of pDCs
either in the marginal zone or in the T cell area of the spleen (C. Asselin-Paturel, unpublished data) and their recruitment to the sentinel lymph nodes23.
Images show pDCs in human lymph nodes (a,b) and mouse spleens (c,d) at various magnifications after staining with antibodies CD123 (a,h) and 440c (c,d).
Courtesy of F. Facchetti (Department of Pathology, University of Brescia, Brescia, Italy). Original magnifications, x50 (a,c), x400 (b) and x200 (d).

Characterization of mouse pDCs

In 2001, three different groups reported the identification of mouse
pDCs'8-29, which share most of the morphological, phenotypic and
functional characteristics of their human counterparts. Unlike
human pDCs, mouse pDCs express the cell surface antigens B220
and Ly6C. Thus, they react with the RB6-8C5 (GR1) antibody,
which recognizes Ly6G on granulocytes but cross-reacts with
Ly6C18‘20. Moreover, mouse pDCs express CD11c, although in low
amounts compared with DCs, and, except in mice treated with the
cytokine Flt3 ligand (FIt3L), they do not express CD123 (IL-
3R) 1929, Activation of pDCs improves their viability in culture and
upregulates their expression of MHC class II and costimulatory
molecules!®. In contrast to freshly isolated pDCs, which have low
expression of CD8a. in a proportion of cells, activated pDCs have
high expression of CD8a.!>21,

Three additional antibodies recognizing mouse pDC-restricted sur-
face markers have been identified>>??. The 120G8 antibody reacts with
an antigen strongly expressed on mouse pDCs but also upregulated by
type I interferon on other cells, such as B lymphocytes and endothelial
cells?2. Use of the 120G8 antibody effectively depletes pDCs in vivo. The
440c antibody also selectively recognizes mouse pDCs and is not upreg-
ulated by type I interferon on other cells. Unlike the 120G8 antibody,
the 440c antibody directly reduces type I interferon production by
pDCs in vitro and in vivo without depleting the cells?®. The mPDCA-1
antibody selectively recognizes and depletes mouse pDCs?*4%. In
experiments using combinations of traditional surface markers or the
new specific antibodies, mouse pDCs have been identified in lym-
phoid organs (Fig. 1) and also in liver, lung and skin?>?3. The number
of pDCs in the spleen is variable among mouse strains, with the 129
strain having a several-fold greater number of pDCs than most other
strains?2. Mice in which pDCs had been depleted in vivo using the GR1
antibody or pDC-specific antibodies 120G8 and mPDCA-1 were
unable to produce type I interferons in response to mouse
cytomegalovirus infection or to CpG oligonucleotides*>?4-26, demon-
strating that pDCs represent in vivo a specialized type I
interferon—producing cell.

The development of pDCs

The developmental path and molecular regulation of pDCs are not
fully understood. FIt3L is the main cytokine for the development of
pDCs from hematopoietic stem cells in humans and mice?’-3!. The
ability of FIt3L to promote pDC development in vivo was demon-
strated by experiments showing that administration of FIt3L to
human volunteers led to an increase in the number of peripheral

1220

blood pDCs®! and that Flt3L-transgenic mice have more pDCs,
whereas FIt3L-deficient mice have fewer pDCs?0. Another important
cytokine in pDC biology is granulocyte colony-stimulating factor,
which promotes pDC mobilization from bone marrow?>"32,

The hypothesis that pDCs are of lymphoid origin is supported by
findings that the gene transcripts of pre-T cell receptor o (pTa),
A5 and Spi-B, as well as immunoglobulin H (IgH) diversity-joining
gene rearrangements, are found in pDCs but not in DCs of myeloid
origin (mDCs)3334, Moreover, overexpression of the dominant
negative transcription factor Id2 or Id3 blocks development of
pDCs, T cells and B cells but not of mDCs?>. However, more recent
studies have shown that FIt3* cells among common lymphoid
progenitors (CLPs) or common myeloid progenitors (CMPs) can
differentiate into both mDCs and pDCs in cultures and in vivo3®37.
In addition, studies of mice deficient in interferon-regulatory fac-
tor 8 (IRF8), a transcriptional factor essential for the myeloid cell
lineage38, demonstrated that the generation of pDCs, CD8o* DCs,
epidermal DCs and dermal DCs were all impaired®. As a result of
these seemingly divergent findings, several different hypotheses
have been proposed regarding the developmental origin of pDCs.
One hypothesis proposes the existence of a common DC precursor
in blood that can give rise to all DC subsets*’. Another hypothesis
suggests that pDCs arise as a branch of the committed lymphoid
lineage!®34. The pDCs also have been proposed to be a population
of lymphoid cells undergoing an in vivo cell fate conversion from a
lymphoid to a myeloid cell type*!.

Although CMPs do not express recombination activating gene
products and IgH diversity-joining rearrangement, pDCs derived
from CMPs express recombination activating gene products and
show IgH diversity-joining rearrangement*2. Thus, pDCs may repre-
sent a unique hematopoietic lineage, whose development may be
much more flexible than both conventional lymphoid (B, T and NK)
and myeloid (monocyte and granulocyte) cells. Moreover, it has been
shown that virus infection can program bone marrow pDCs to differ-
entiate into mDCs*. Thus, pDC development during immune
response against pathogens warrants more in-depth analysis.

Localization, migration and life span

The identification of human pDCs in fetal liver, thymus and bone
marrow suggests that pDCs develop from hematopoeitic stem cells in
these primary lymphoid tissues?’. Transfer of human CD34"
hematopoietic progenitor cells into severe combined immunodefi-
cient mice or mice deficient in recombination activating gene 2 and
IL-2Ryleads to the generation of human pDCs in mouse bone marrow
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and human thymus grafted subcutaneously**°. During adult life,
pDCs are produced constantly in the bone marrow and migrate from
the bone marrow to lymph nodes, mucosal-associated lymphoid tis-
sues and spleen in steady-state conditions. Kinetic studies indicate that
pDCs in mice have an average turnover of about 2 weeks?!.

Human blood pDCs express L-selectin'3, which is downregulated
in lymphoid organs, where pDCs are particularly abundant in the T
cell-rich areas around high endothelial venules>!? (Fig. 1). Thus,
pDCs may constitutively emigrate from the blood into lymph nodes
through high endothelial venules, like naive T lymphocytes.
Consistent with this hypothesis, noninflamed lymph nodes and
spleens of L-selectin-deficient mice show a substantial reduction in
pDCs!8. However, other studies have suggested that circulating pDCs
preferentially accumulate in lymph nodes when they are exposed to
an inflammatory stimulus!®2347, In addition, pDC attachment to
inflamed high endothelial venules is dominated by E-selectin- rather
than L-selectin-mediated interactions*’. Thus, the relative impor-
tance of constitutive and inflammation-induced pDC migration into
the lymph nodes is still controversial.

Chemokines and their receptors mediate leukocyte trafficking. The
pDCs express the chemokine receptor CXCR3 (refs. 13,47-50), which
promotes migration in response to interferon-y (IFN-y)-inducible
chemokines such as CXCL9 and CXCL10. CXCR3 is required for
most pDC migration into inflamed lymph nodes*”. However, pDCs
express at least three additional receptors, CCR1, CCR2 and CCR5,
for the inflammatory chemokines CCL2, CCL3, CCL4 and CCLS5.
They also express two receptors, CXCR4 and (after activation) CCR7,
for the constitutive chemokines CXCL12 and CCL21 (refs. 47-49).
CCR7 can mediate migration of mouse pDCs in in vitro chemotaxis
assays*”%%, and CXCR4 is involved in pDC migration in vivo, at least
into tumors °!. Moreover, pDCs express the G protein—coupled recep-
tor ChemR23, which drives their migration in response to chemerin,
a peptide chemoattractant that is released by inflamed tissues and
tumors (S. Sozzani, unpublished data). Thus, CXCR3 may not be
solely responsible for pDC migration; at least some redundancy
seems likely in vivo in steady-state and/or inflammatory conditions.

In vitro studies have shown that CCR2, CCR5, CCR7 and CXCR3
are not functional in human pDCs48. However, CXCR3 and CXCR4
can mediate pDC migration when simultaneously engaged**>, sug-
gesting that chemokine receptor function may require cooperation
between distinct receptors. Studies in T cells have demonstrated
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that chemokine receptors can heterodimerize, delivering intracellu-
lar signals through pertussis toxin—insensitive pathways that trigger
cell adhesion but not chemotaxis®?. Thus, CXCR3, CXCR4 and
other chemokine receptors on pDCs may heterodimerize, stabiliz-
ing pDC adhesive interactions with high endothelial venules. A pos-
sible requirement for LFA-1 or other integrins expressed on pDCs,
such as VLA4 and VLAS5, for firm adherence of pDCs to high
endothelial venules remains to be explored. However, involvement
of VLAS has already been found in pDC migration into tumors, as
tumor microvasculature expresses a counter-ligand for VLA-5,
VCAM-1 (ref. 51).

Pathogen sensing

The ability of pDCs to secrete type I interferons depends on cellular
sensors that promptly detect the presence of DNA and RNA viruses.
Initial clues regarding the identity of pDC viral sensors came from the
demonstration that pDCs express a subset of Toll-like receptors
(TLRs), including TLR7 and TLR9 (ref. 53). TLRY expression
accounts for pDC responses to CpG oligonucleotides, which mimic
bacterial DNA%3. TLR7 is responsible for pDC responses to guanosine
analogs as well as imidazoquinolines, which are used as antiviral com-
pounds in the treatment of human papilloma virus infections>>*. All
TLRs expressed in pDCs signal through the adaptor molecule
MyD88, which recruits signaling mediators to activate the transcrip-
tion factor NF-xB>4. Unlike DCs, pDCs do not express TLR2, TLR4,
TLRS5 or TLR3, which explains why pDCs do not respond to bacterial
products such as peptidoglycans, lipopolysaccharide and flagellin, or
poly(I:C), which mimics viral double-stranded RNA.

Because DNA viral genomes contain CpG-rich regions, TLR9 was a
likely candidate for pDC recognition of viral DNA. The generation of
MyD88- and TLR9-deficient mice>* allowed the demonstration that
pDCs require TLR9 to respond to DNA viruses, including herpes sim-
plex virus 2 and 1 and mouse cytomegalovirus?>>>. Although
TLR9-deficient pDCs respond to RNA viruses (such as influenza),
MyD88-deficient pDCs do not. This observation, along with the
structural homology between some TLR7 ligands and ribonu-
cleotides®”, indicated that TLR7 is a likely candidate for pDC recogni-
tion of RNA wviruses. This has been demonstrated with
single-stranded RNA (ssRNA) viruses such as influenza®®>® and
vesiculostomatitis virus®, as well as synthetic ssRNA sequences rich
in uridine that mimic ssRNA viruses®®>°.
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Figure 2 Morphology of pDCs. (a) By electron microscopy, pDCs appear as lymphoblasts with a medium-to-large diameter, a slightly eccentric, indented,
round or oval nucleus, lightly stained perinuclear areas and well developed rough endoplasmic reticulum. (b,c) By scanning electron microscopy, resting
pDCs have a spherical shape (b), whereas CD40L-activated pDCs have a dendritic cell-like morphology (¢). Original magnifications, x7,000 (a) and x3,000
(b,c). Reproduced from ref. 10 by copyright permission of the Rockefeller University Press.
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Figure 3 The immunostimulatory functions of activated pDCs. The pDCs
activated by TLRs, CD40L and culture with IL-3 are potent producers

of type | interferons, which promote NK and CD8™* T cell cytotoxicity
and secretion of IFN-vy; differentiation and maturation of DC; Ty1
polarization of uncommitted antigen-experienced CD4* T helper cell
populations expanded by DCs; and differentiation of B cells into plasma
cells. Type | interferons also regulate secretion of IL-12 by DCs and
other cell types. The pDCs also secrete IL-12, which contributes to Tyy1
polarization; proinflammatory chemokines such as CXCL9, CXCL10,
CCR3, CCR4 and CCR5, which attract activated T cells; and IL-6, which
facilitates differentiation of plasma cells. The pDCs can also present
antigens and expand memory and/or naive T cell populations, depending
on the experimental model. IPC, interferon-producing cell.

The identification of pDC viral sensors raises several intriguing
questions. One enigma is how viral nucleic acids actually reach the
TLRs. Unlike many TLRs, TLR7 and TLR9 are not expressed on the
cell surface but instead are expressed in the endosomal compartment
of pDCs®!. Accordingly, lysosomal inhibitors like cloroquine inhibit
pDC responses to viruses®>>*%. Moreover, recognition of DNA and
ssRNA viruses through TLR9-TLR7 does not require active viral
replication®>6:>%00:62 Thuys, it is possible that after binding and/or
fusing to cells, DNA and ssRNA viruses are internalized and delivered
to the lysosomal compartment, where DNA and ssRNA are released
to interact with TLRs.

Another key question concerns the signaling pathway that connects
TLR-MyD88 with secretion of type I interferons. Transcriptional regu-
lation of IFN-3 and IFN-0. genes is controlled mainly by IRF3 and/or
IRF7 (ref. 63). IRF3 can be activated by TLR3 and TLR4 through the
pathway mediated by the adaptor molecule TRIF but there is no evi-
dence for this pathway in pDCs. IRF7 has constitutively high expres-
sion in pDCs but not in DCs%4¢. Moreover, MyD88 recruits IRF7 but
not IRF3 through the adaptor molecule TRAF6 (ref. 67). Thus, this
MyD88-TRAF6-IRF7 pathway may explain why TLRs elicit substantial
secretion of IFN-a in pDCs while inducing little IFN-o. in DCs.

DCs can secrete type I interferons in response to RNA viruses,
although less efficiently than pDCs®. The interferon response of DCs
is mediated mainly by TLR-independent molecular sensors of double-
stranded RNA®, which include double-stranded RNA-activated pro-
tein kinase (PKR) and the RNA helicase RIG-I. The function of these
molecules in the pDC response to viruses remains to be explored. The
picture emerging from various studies?>>%62 shows both pDCs and
DCs, and possibly other cells, secreting type I interferon and other
cytokines in response to viruses through TLR-dependent and TLR-
independent pathways. These multiple pathways may provide the
innate system with flexibility in antiviral immunity.
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Linking innate and adaptive immunity

Because pDCs produce large amounts of cytokines, particularly type I
interferons, they regulate inflammation and link innate with adaptive
immunity (Fig. 3). Type I interferons released by human pDCs acti-
vate NK cell cytolytic activity but protect uninfected cells from NK
cell-mediated lysis®”%. Human pDCs can also induce IFN-y produc-
tion in NK cells through IL-12 secretion, although less efficiently than
activated DCs. In the mouse, mouse cytomegalovirus infection acti-
vates pDCs through TLRY, triggering secretion of type I interferons
and IL-12 that increase NK cell-mediated cytotoxicity, IFN-y produc-
tion and, in vivo, early antiviral resistance’®’!. Type I interferons
released by pDCs can also affect T cell functions, inducing early acti-
vation markers such as CD69, long-term T cell survival, IFN-y pro-
duction and Ty1 differentiation, although with different molecular
mechanisms in humans and mice’2. Moreover, type I interferons pro-
mote differentiation, maturation and immunostimulatory functions
of DCs”>. A very important aspect of pDC-mediated regulation of
adaptive immunity is the ability, through the production of both type
I interferons and IL-6, to induce human B cells to differentiate into
plasma cells and produce immunoglobulin’#7>. Moreover, B cells
activated by pDCs preferentially secrete IgG rather than IgM, suggest-
ing that pDCs may specifically target memory B cells. As pDCs are
activated by virus infections, they may be particularly important in
inducing antiviral antibodies.

Another main effect of type I interferons is the inhibition of IL-12
production, particularly the p40 subunit?® (Fig. 3). In some condi-
tions, however, type I interferons enhance the production of the IL-12
p70 heterodimer’2. Moreover, endogeneous type I interferon signal-
ing is required for optimal IL-12 p35 subunit induction and IL-12 p70
heterodimer production by both human and mouse DCs (G. Gautier,
unpublished data). Thus, the effects of type I interferon on IL-12 pro-
duction and the mechanisms underlying these effects are still unclear.
The production of IL-12 by human pDCs is controversial, but cells
preincubated with IL-3 and then stimulated with CpG oligonu-
cleotides and CD40L are efficient producers of IL-12 (p70 plus p40)
while downregulating their ability to produce type I interferon'®7°,
Mouse pDCs clearly produce IL-12 p70 in response to exposure to
viruses or different TLR ligands!'®. Both human and mouse pDCs are
potent producers of chemokines, which may potentiate adaptive
responses by attracting activated CD4* and CD8* T cells during an

immune response*>77-7%,

pDCs as antigen-presenting cells

Freshly isolated human and mouse pDCs are very poor inducers of
T lymphocyte proliferation. The pDCs may present antigens ineffi-
ciently because they do not capture, process and load antigens onto
MHC molecules as effectively as classical DCs. Supporting this,
studies have shown that pDCs do not endocytose antigens as well as
DCs'0. In addition, pDCs have low expression of two mature
cathepsins, cathepsin S and cathepsin D, which are lysosomal pro-
teases involved in antigen processing®’. Most importantly, pDCs
have minimal expression of costimulatory molecules and low MHC
class II expression compared with DCs”1%1%, The transcription fac-
tor MHC class II transactivator (CIITA), which regulates MHC class
IT expression, is driven by different promoters in pDCs (C2ta pIII)
and DCs (C2ta pI)®l. Although CIITA type I mRNA is silenced
shortly after DC maturation, inhibiting de novo MHC class II
biosynthesis, CIITA type III mRNA is not silenced by pDC activa-
tion. Whether the unique transcriptional regulation of MHC class II
in pDCs is the basis for low cell surface amounts of MHC class II
remains to be explored.
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In contrast to freshly isolated pDCs, activated pDCs augment cell
surface expression of MHC class IT and costimulatory molecules,
increasing their T cell stimulatory ability!®!%82 (Fig. 3).
Accordingly, activated pDCs induce expansion of antigen-specific
memory CD8" T cell populations and Tyy1 CD4™ T cell populations
specific for endogenous antigens®? and influenza virus’8. Human
leukemic pDCs also efficiently present antigens to influenza
virus—specific CD4* and CD8" T cell clones and tetanus
toxoid—specific T cell clones'”. Mouse pDCs activated in vivo with
mouse cytomegalovirus and in vitro with CpG present pulsed pep-
tides to naive T cells and induce a potent Tyl polarization in
vitro’184, Moreover, CpG-activated and influenza virus-activated
mouse pDCs expand naive CD8% T cell populations in vivo in
response to endogenous and exogenous antigens, respectively®>86,
Thus, activated pDCs can present antigens and induce considerable
expansion of T cell populations, although less efficiently than DCs.
Because CD8" T cell responses against herpes simplex virus 1, vac-
cinia virus and influenza virus in vivo are primed mainly by CD8o.*
DCs% and not by other DC or pDC subsets, further investigation of
pDC antigen presentation during diverse viral infections in vivo is
warranted. It is also possible that pDCs cooperate with DCs in vivo,
inducing the differentiation of unpolarized antigen-experienced T
cell populations that have been expanded by DCs%38. This inde-
pendent and coordinated control of T cell proliferation and differ-
entiation may provide the immune system with greater flexibility in
regulating immune responses.

pDCs in T cell polarization

The pDCs are considerably flexible in directing T cell responses,
depending on the maturation stage and nature and concentration
of the antigen®4%°, Virus-activated pDCs have been shown to elicit
a potent Tyl polarization, inducing T cells to produce large
amounts of IFN-y32 or both IFN-y and IL-10 (ref. 90). The Tj1
polarization mediated by mature pDCs was shown to depend on
type I interferon®® or on both type I interferon and IL-12 (ref. 82;
Fig. 3). In one study, CD40L-activated pDCs preincubated with IL-
3 were also shown to induce Tyl polarizationsz. However, an ear-
lier study showed that IL-3- and CD40L-activated pDCs induced a
modest T2 response in allogeneic T cells that was not mediated by
IL-4 (ref. 11). Moreover, IL-3- and CD40L-activated pDCs that
expressed the costimulatory molecule OX40L and produced little
type I interferon preferentially primed Tpy2 cells through an
OX40L-dependent mechanism®! (Fig. 3). Virus activation of pDCs
for 24 h induced a strong type I interferon response that resulted in
the masking of the OX40L effect and development of Tyy1 cells®!. As
IL-3 progressively augments production of IL-12 by pDCs'®7¢, the
discrepancies regarding the ability of CD40L-activated pDCs to
prime different types of T helper responses and the reciprocal func-
tion of type I interferon and IL-12 in T cell priming may be due to
variations in the periods of preincubation with IL-3, which was
used for maintaining pDC viability! 82,

When CD40L-activated pDCs are cultured with allogeneic CD8* T
cells, the T cells show poor secondary proliferative and cytolytic activ-
ity?? (Fig. 4). These pDC-primed CD8" T cells produce little IFN-y
but substantial IL-10 and inhibit bystander proliferation of naive CD8
T cells®2. Both the generation of these CD8" T cells and their suppres-
sion mechanism are IL-10 dependent, consistent with a regulatory
function for these cells®?. However, production of IL-10 is often
found in strongly Tyl-polarized T cell clones and it is directly
induced by priming with Ty;1-polarizing cytokines such as IL-12 (ref.
93) and type I interferon®*.
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Tolerogenic functions of immature pDCs

In humans, freshly isolated pDC induce anergy in human CD4* T cell
clones with various antigenic specificities. IL-2 and IFN-y production by
T cells is impaired, whereas IL-10 production is increased. Anergy is
reversed by the addition of exogeneous IL-2 (ref. 95). One study has sug-
gested that human pDCs can induce CD4"CD25" T regulatory cells®®
(Fig. 4). In the mouse, freshly isolated antigen-pulsed spleen pDCs
induce minimal proliferation and no cytokine polarization in antigen-
specific T cell receptor—transgenic T cells®#°7. These T cells do not pro-
liferate even if exogenous IL-2 is added but they acquire regulatory
activity and suppress antigen-specific T cell proliferation®’. Stimulation
of pDCs with the inhibitory ligands CTLA4-Ig or OX2(CD200)-Ig
induces the production of indoleamine 2,3-dioxygenase, which has a
strong inhibitory activity on T cell proliferation and could contribute to
the tolerogenic potential of these cells®>*® (Fig. 4). In addition, deple-
tion of pDCs in mice during inhalation of normally inert antigenled to a
Ty42 response and all the cardinal features of asthma, whereas adoptive
transfer of pDCs before sensitization prevented disease in a mouse
asthma model, suggesting that pDCs may provide intrinsic protection
against inflammatory responses to harmless antigens®. Unlike results
with spleen pDCs, CpG oligonucleotide stimulation of cells derived
from the mesenteric lymph nodes with characteristics of the pDCs
resulted in antigen-presenting cells that were able to differentiate naive T
cells into regulatory T cells with suppressive activity!?’. Thus, pDCs,
particularly in their immature state, or in certain anatomic localizations,
may have tolerogenic functions, although the exact nature and mecha-
nisms of these functions remain to be explored (Fig. 4).

pDCs and human diseases

The expression of CD4, CXCR4 and CCR5 by human pDCs suggest
that they may be the targets of human immunodeficiency virus (HIV)
infection*®. Immunohistochemical staining of tonsils and thymus
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Figure 4 The tolerogenic functions of pDCs. The pDCs activated in the
presence of CD40L, short-term culture in IL-3 and the absence of TLR
ligands preferentially prime T2 cells through an OX40L-dependent
mechanism. CD8* (and CD4+) T cells primed with CD40L-activated
pDCs have a regulatory phenotype, with poor proliferative and cytolytic
activity and little production of IFN-y but release of IL-10. Generation
of these regulatory T cells may be induced by type | interferon, strong
Tyl polarization, IL-10 or as-yet-unknown mechanisms. Stimulation of
pDCs through the CD200 receptor (CD200R) induces the production of
indoleamine 2,3 dioxygenase (IDO), leading to tryptophan depletion and
the generation of toxic metabolites, which have a strong inhibitory effect
on T cell proliferation and survival. The pDCs have also been reported

to induce CD4*CD25* T regulatory cells capable of suppressing T cell
proliferation in antigen-independent way2¢.

Inhibition of T cell proliferation
T cell apoptosis
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from HIV-infected people shows the presence of pDCs containing the
HIV p24 antigen, indicating that pDCs are productively infected by
HIV!0L, Earlier studies showed that peripheral blood mononuclear
cells from patients with AIDS have a decreased ability to produce
IFN-0. in response to herpes simplex virus stimulation!®2,
Subsequently, studies demonstrated that peripheral blood pDC num-
bers are decreased in advanced stages of HIV infection!93-195, Loss of
circulating pDCs correlates with a high HIV viral load and the occur-
rence of opportunistic infections and Kaposi sarcoma!%.

A link between IFN-o and human systemic lupus erythematosus
(SLE) was originally made by two clinical observations: the develop-
ment of SLE during IFN-o therapy in a 23-year-old woman with a
metastatic carcinoma!%, and the finding that many SLE patients have
increased serum concentrations of type 1 interferons'%’. The numbers
of circulating pDCs are decreased in patients with SLE, but large num-
bers of activated pDCs infiltrate the skin lesions and actively produce
type 1 interferon in these patients!?®1%, The pDCs seem to be acti-
vated by immune complexes consisting of double-stranded DNA anti-
bodies and DNA derived from apoptotic cells'>!10. The high
concentrations of IFN-o. in the sera of SLE patients were found to acti-
vate DCs to trigger T cell-mediated autoimmunity'!! as well as to pro-
mote the differentiation of B cells into antibody-secreting plasma
cells’. The expression of type 1 interferon genes and interferon-
induced genes represent the most salient molecular ‘signatures’ of SLE
peripheral blood cells''>!13, and they may be the most important
effector molecules in SLE pathology, as well as targets for treating SLE.

Both immature DCs and pDCs infiltrate solid tumors!4-116, Tumor-
infiltrating immature DCs seem to be refractory to stimulation by
lipopolysaccharide or CD40L and lack the ability to activate T cells!!>117.,
These tumor-infiltrating immature myeloid DCs probably present
tumor antigens continuously and induce tumor-specific regulatory T
cells'®119 In breast cancer, large numbers of infiltrating CD123* pDCs
are correlated with an increased risk of tumor dissemination and relapse
(I. Treilleux, unpublished data). In ovarian epithelial cell carcinomas,
large numbers of pDCs were found in ascites. These pDCs were inca-
pable of activating T cells and instead induced IL-10-producing regula-
tory T cells®!. The pDCs in the tumor-draining lymph nodes may express
indoleamine 2,3-dioxygenase, which may create a local microenviron-
ment that is potently suppressive of host antitumor T cell responses!?’.
These findings suggest that both immature DCs and pDCs in the solid
tumor are incapable of inducing antitumor immune responses, but
instead may induce regulatory T cells that inhibit immunity. TLR ago-
nists may be used to activate tumor-infiltrating pDCs to produce type 1
interferon, which may activate tumor-infiltrating immature DCs to
induce antitumor T cell responses or may have antiangiogenetic effects.
Indeed, one study has demonstrated that targeting pDCs by imidazo-
quinolines in cutaneous tumors can induce tumor regression'2!,

Outstanding questions

Despite extensive characterization of pDCs, particularly in the past
few years, there are still unsolved mysteries regarding their origin and
function. The relationship between pDCs and DCs, especially
whether pDCs are actually precursors that develop into mature DCs
fully endowed with antigen-presenting function, will continue to be
an important matter of investigation. Analyses of pDCs and DCs sub-
set transcriptomes at distinct stages of differentiation will be essential
for delineating the pDC developmental pathway(s) at the molecular
level. Identification of previously unknown pDC-specific markers,
including 120G8, 440c and mPDCA-1, in conjunction with analysis
of pDC differentiation in mice with various genetic defects in leuko-
cyte development will also aid in ‘dissecting’ pDC development.
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A related key issue is the contribution of pDCs to immune
responses, especially in comparison with DCs. Classical DCs serve
as sentinels in peripheral tissues, where they alert the immune sys-
tem to pathogens and then initiate immune responses in sec-
ondary lymphoid organs!?2. The pDCs, however, circulate in the
blood and access lymph nodes from the blood, driven mainly by
inflammatory stimuli. Therefore, pDCs may not be essential for
initiating immune responses. In fact, pDCs may specialize in mod-
ulating the strength, duration and quality of NK, T and B cell
responses by releasing appropriate cytokines and chemokines as
well as presenting antigens. Moreover, depending on the stimulus,
pDCs may become either immunostimulating or tolerogenic. The
availability of depleting antibodies*?=2° will allow investigation of
pDC function in vivo in a variety of infectious models. In addition,
imaging of pDCs in vivo by two-photon microscopy may provide a
direct view of the interaction of pDCs with other cells during
immune responses.

Although pDCs have been detected in the mucosa of patients with
allergic rhinitis'??, in the skin of patients with SLE!%19 and in
tumors® 1110, the assessment of pDC function in experimental models
of allergy, autoimmunity and cancer has just begun. Adoptive transfer
of pDCs activated with various stimuli and depletion of pDCs in these
models will further the understanding of pDC function in the patho-
genesis of human diseases and may also indicate that these cells could
be potential targets for therapeutic intervention.
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