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Dendritic cell lineage, plasticity and

cross-regulation

Yong-Jun Liu, Holger Kanzler,Vassili Soumelis and Michel Gilliet

Dendritic cells (DCs) are professional antigen-
presenting cells that have an extraordinary
capacity to stimulate naive T cells and initiate
primary immune responses. Here we review
progress in understanding the additional func-
tions of DCs in regulating the types of T
cell-mediated immune responses and innate
immunity to microbes. In addition, evidence for
the existence of myeloid and lymphoid DC lin-
eages and their different functions are summa-
rized. We propose that the diverse functions of
DCs in immune regulation are dictated by the
instructions they received during innate immune
responses to different pathogens and from their
evolutionary lineage heritage.

Dendritic cells (DCs) are professional antigen-presenting cellswithin the
immune system. They are continuously produced from hematopoietic
stem cells in the bone marrow and are widely distributed, as immature
DCs, into both lymphoid and nonlymphoid tissuest. Immature DCs,
including epidermal Langerhan’s cells, splenic margina zone DCs and
interstitial DCs within nonlymphoid tissues, continuoudly sample self-
antigento maintain T cell self-tolerance’. Immature DCs can aso take up
foreign antigens. When triggered by pathogens, the pattern-recognition
receptors expressed by immature DCs cause them to mature to immuno-
genic DCs. These mature DCs can initiate primary T cell-mediated
immune responses because they express high amounts of cell surface
major histocompatibility complexes (MHC) and costimulatory mole-
culest. Some studies suggest that DCs have the capacity to induce dif-
ferent types of T cell-mediated immune responses, depending on their
lineage, maturation stage and activation signals.

Twl- and Ty2-inducing DC subsets

The first experimental evidence suggesting that DCs may direct the type
of T cell-mediated immune response came from the observation that
DCs could produce the T helper subset 1 (T.1)-polarizing cytokine inter-
leukin 12 (IL-12)%®°. The question was: if al DCs produce IL-12, how
could the T2 response ever be induced? One explanation isthat DCs are
heterogeneous and not all DCs have the same capacity to produce IL-12.
In human blood there are two distinct types of DC precursor: these are
myeloid monocytes (pre-DC1s) and plasmacytoid DC precursors (pre-
DC2s)°. In mouse spleen, CD8* “lymphoid” and CD8- “myeloid” DC
subsets have been identified*t*. Whereas CD40 ligand (CD40L )-activat-
ed myeloid DC1s derived from monocytes produce a large amount of

IL-12 and preferentialy induce T,1 development, CD40L -activated lym-
phoid DC2s derived from plasmacytoid precursors produce lower
amounts of IL-12 and preferentially induce T.2 development®2%,
Paradoxically, opposite results were observed in mice. Whereas CD8*
splenic “lymphoid” DCs produce large amounts of 1L-12 and induce T,1
responses, CD8 “myeloid” DCs produce lower amounts of 1L-12 and
preferentially induce Tw2 responses. Although humans and mice are
opposites in terms of the functional classification of DC subsets, both
studies showed the existence of a high IL-12—producing DC subset that
induces T.1 responses and a low |L-12—producing subset that induces
T2 responses (Fig. 1). However, the concept of different DC lineage and
function was challenged by the findings that a given DC subset has a
remarkable plasticity in directing different types of T cell responsesi“.

The functional plasticity of the DC system

In humans, DCs showed different effector functions, which depended on
multiple factors, in directing T cell responses (Fig. 1). Whereas DC1s at
a mature stage induce T.1 differentiation and strong cytotoxic T lym-
phocyte (CTL) responses’, DC1s at an immature stage induce | L-10—pro-
ducing CD4* and CD8* regulatory T cells>. Pro-inflammatory and anti-
inflammatory factors also affect DC function. Immature DC1s derived
from monocytes after 5-7 days of culture with granulocyte—
macrophage colony-stimulating factor (GM-CSF) and IL-4 induce both
Tl and T2 differentiation®. Two groups of signals stimulate immature
DCl1sto induce Ty1 differentiation: (i) lipopolysaccharide (LPS) derived
from Gram-negative and Gram-positive bacteria Staphylococcus aureus
Cowan's antigen (SAC)*, unmethylated bacterial CpG—containing
oligonucleosides'®?! and double-stranded viral RNAZ and (ii) T cell sig-
nals such as CD40L* and interferon y (IFN-y)4. Many signals stimulate
immature DC1s to induce T2 differentiation or to inhibit T,,1 differenti-
aion; these include anti-inflammatory molecules such as IL-10, trans-
forming growth factor-B (TGF-B), prostaglandin E, (PGE;) and
steroids'#® and OX40 ligand cosignaing®?®. DC2s aso show different
effector functions depending on the type of differentiation factor.
Whereas pre-DC2s cultured with IL-3 preferentialy promote T2 differ-
entiation, pre-DC2s activated by virus prime naive T cells to produce
IFN-y and IL-10%?", Other factors that affect DC effector function
includethe DC:T cell ratio and the duration of DC activation. In cultures,
DCl1s induce Tn1 development at high DC:T cell ratios and T2 devel-
opment at low DC:T cell ratios®. Early-activated DCs produce large
amounts of 1L-12 and induce T4l responses. However, DCs that are
“exhausted” or “paralyzed”, as a result of prolonged activation, lose the
ability to produce IL-12 and preferentially induce T2 responses®=t.

In mice, the functional plasticity of DCs is dependent on the type of
pathogen (Fig. 1) and on the tissue microenvironment. At the yeast stage,
the fungus Candida albicans stimulates DCs to produce IL-12 and
induce Ty1 responses. However, at the hyphae stage, C. albicans stimu-
lates DCs to produce IL-4 and induce T.2 responses? LPS from
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riseto CD8* DCsin mice upon adoptive transfer*; and
(iii) myeloid DCs can be induced to express CD8 in
vitro by activation. Although CD8 cannot be used asa
lymphoid DC marker for peripheral DCs, the evidence
for a CD8* lymphoid DC lineage within the thymus is
substantial and CD8 is a valuable marker for the sepa-
ration of two functionally different DC subsets.

In humans, alymphoid DC lineage was suggested by
the characterization of a unique DC precursor caled a
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plasmacytoid T cell*’, plasmacytoid monocyte®® or a
CD4*CD11c pre-DC**". Unlike monocytes that dif-
ferentiate into immature DC1sin response to GM-CSF
and IL-4%%, the differentiation of pre-DC2sinto imma-

Myeloid Lymphoid i v

pre-DC1 pre-DC2 Poly I:C, CpG, SAC
CD40L, IFN-y, MCM
High DC:T cell ratio
Early activation
Yeast Candida
LPS (E. Coli)

-
o &
(IL-12+++) (IL-12 +/-)
DC1 DC2 DC1

ture DC2s requires IL-3-% or virus®. Severa lines of
evidence suggest that pre-DC2s are lymphoid in origin.
Pre-DC2s lack expression of the myeloid antigens
CD11c, CD13 and CD33 and mannose receptors®s’
and express the lymphoid markers CD2, CD5 and
CD745 as well as pre-T cell receptor a chain tran-
scripts™. In addition, they show little phagocytic activ-

ity and do not differentiate into macrophages after cul-

Figure 1. Regulation of T cell-mediated immune responses by DCs. (a) Evolutionary selection: two
DC subsets develop via a myeloid and lymphoid pathways. These two DC subsets express different sets of pat-
tern-recognition receptors in order to recognize different antigens. Myeloid DC1s produce a large amount of

ture with GM-CSF and M-CSF*. Finally, development
of preDC2, T and B cells, but not myeloid DCs, is
blocked by ectopic expression of 1d2 or 1d3*.

IL-12 during cognate T cell-DC interaction and preferentially induce Ty1 differentiation. Lymphoid DC2s pro-

duce a lower amount of IL-12 during cognate T cell-DC interaction and preferentially induce T,2 differentia-
tion. (b) Environmental instruction: each DC subset has a certain degree of flexibility in directing T cell respons-
es.This depends on signals from pathogens and the microenvironment. MCM, monocyte conditional medium.

Escherichia coli stimulates CD8* DCs to produce IL-12 and induces a
Tu1 response. However, LPS from Porphyromonas gingivalis does not
stimulate CD8* DCs to produce IL-12 and preferentially induces a T2
response®*. In addition, DCs activated by antigen from a nematode
worm induce a T2 response®. In terms of tissue origin, DCs isolated
from Peyer's patches®, respiratory tracts” and liver® preferentialy
induce T2 differentiation. In contrast, CD11c* DCs isolated from the
spleen preferentially induce T.1 differentiation. The functional differ-
ences among different tissue DCs may result from differencesin the tis-
sue cytokine microenvironment and exposure to particular pathogens, as
well as from the lineage origin of different tissue DCs.

Evidence for a lymphoid DC lineage
A lymphoid DC lineage was first proposed when it was shown that the
earliest T cell precursors in mouse thymus could giveriseto T cells, B
cells, natura killer (NK) cells and DCs but not to other cell types®. A B
lymphoid—related DC lineage was | ater proposed when it was shown that
mouse CD19* pro-B cells have the potentia to differentiate into DCsin
cultures®. Interestingly, thymic DCs express CD8; this observation led to
the discovery of CD8* and CD8- splenic DC subsetsin mice®#2. A kinet-
ic population study of splenic DC development by continuous 5-bro-
modeoxyuridine (BrdU)-labeling experiments showed that both DC sub-
sets can develop independently and do not represent two maturation
stages of one DC subset®#. Because thymic lymphoid DCs express
CD8, it was proposed that splenic CD8* and CD8- DCs represent lym-
phoid and myeloid subsets, respectively“#. This classification became
even more attractive after the discovery that CD8* and CD8- DC subsets
induce Ty1 versus T2 responses, respectivelyoi,

However, new studies suggest that CD8 is not alymphoid marker for
periphera DCs. Thisisbecause: (i) thethymusisnot the origin of splenic
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DC1 and DC2 invariant receptors
Although the experimental evidence for alymphoid lin-
eage is substantial, one question remains. why does the
immune system require more than one DC lineage or
subset when one alone is capable of generating al kinds of appropriate T
cell responses, depending on the pathogen type?

The evolutionary advantage of the subdivision of acell type within the
immune system is that it recognizes and presents antigens from
pathogens and injured host cells more effectively. For example—unlike
conventional B and T cells—B1, yd T and NKT cells express restricted
and distinct antigen receptors that are capable of recognizing common
antigens from bacteria or damaged host cells presented by non-MHC
class| or class |1 antigens®.

If myeloid and lymphoid DCs redlly exist and perform different func-
tions, they should express different evolutionary traits that are manifest-
ed in the pattern-recognition and presentation receptors. Indeed, human
myeloid pre-DC1s, but not lymphoid pre-DC2s, express toll-like recep-
tor 2 (TLR2) and TLRA4. In contrast, lymphoid pre-DC2s, but not
myeloid pre-DC1s, express high amounts of TLR7 and TLR9 (N.
Kadowaki et al., unpublished data). In accordance with their receptor
expression, pre-DC1s rapidly produce large amounts of pro-inflammato-
ry cytokines such as TNF-a, IL-6 and IL-12 in responses to TLR2 and
TLRA4 ligands such as glycoproteins from mycobacteria and Gram-posi-
tive bacterigf-*. In contrast, pre-DC2s do not respond to bacterial TLR2
and TLR4 ligands. Pre-DC2s produce type 1 IFN and differentiate into
DCsinresponseto TLR9 ligand and bacterial DNA rich in unmethylat-
ed CpG motifs®.

In addition, pre-DC1s and pre-DC2s express different lectin mole-
cules. DC1s but not DC2s express high amounts of mannose receptors
and can rapidly uptake large amounts of polysaccharide antigens such as
fluorescein isothiocyanate-dextran®. In contrast, DC2s specificaly
express a unique lectin recognized by the monoclonal antibody
BDCA2%5, Pre-DC2s can uptake antigen via BDCA2 and process and
present antigen to T cells. Binding of antibodiesto BDCAZ2 inhibits pre-
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Figure 2. Two independent DC systems induce T cells to produce IFN-yin
humans. DC1s use IL-12, DC2 use IFN-a and IFN-B. IFN-a and IFN- produced by
DC2s can strongly inhibit IL-12 production by DCl1s.

DC2 production of type 1 IFN induced by influenza virus®”. Unlike
DC2s, DC1s express MHC class I-ike molecules such as CD1ab,c and
d. Thisindicates that, through CD1, DC1s are able to present lipid anti-
gensto T cells. Indeed, DC1s, but not DC2s, were able to present a-
galactoceramide to NKT cells via CD1d%.

In addition to the expression of different sets of receptors, lymphoid
DC2s show poor phagocytosis and macropinocytosis at al maturation
stages compared to myeloid DC1s®. This suggests that human myeloid
DC1s may recognize and present a much broader range of antigens or
pathogens. Myeloid DC1s are located at sites of pathogen entry such as
skin and mucosal tissues; in contrast, under normal physiological con-
ditions lymphoid DC2s are mainly located within the T cell areas of
lymphoid tissues®. This suggests that, athough lymphoid DC2s can be
rapidly recruited to the site of antigen entry, they are not the first to
respond to microbia invasion via the body surface. Lymphoid DC2s,
therefore, may be specialized to recognize self-antigens or blood-borne
pathogens.

These data suggest that human myeloid DC1 and lymphoid DC2 lin-
eages have evolved to preferentially recognize different antigens or
pathogens and may activate different T cell-mediated immune respons-
es, as appropriate. The expression of invariant receptors to recognize
and present different microbial antigens by mouse CD8* and CD8- DC
subsets is less well studied. To date, it has been shown that CD8*, but
not CD8-, DCs express CD1d and lectin DEC-205*%.

The lymphoid DC2 response

Studies have shown that human lymphoid DC2s, isolated by expression
of two immunoglobulin-like receptors (ILT3*ILT1Y), produced large
amounts of 1L-12 in response to LPS or CD40L?"%, This contrasts with
the observation that ILT3*ILT1- pre-DC2s produce more than 800 pg/ml
of IL-12 p75 in response to L PS?"%. Because 10-30% of ILT3*ILT1 pre-
DC2s do not express high amounts of IL-3Ro?"% a key marker for
human pre-DC2s°%, their response to LPS might be due to contaminat-
ing myeloid DCs or macrophages?’ .

To determine whether the inferior ability of DC2s to produce IL-12
was due to “DC exhaustion” after prolonged activation by CD40L, IL-
12 production by DC1s and DC2s from the same donor was measured
every 6 h over a48-h period of activation by CD40L. DC1srapidly pro-
duced 1L-12 after 12 h (86 pg/ml) of CD40L activation and peaked at
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24 h (1256 pg/ml). After 24 h, the ability of DC1sto produce IL-12 was
greatly reduced and could not be boosted by a second round of CD40L
stimulation. In contrast, DC2s produced a maximum of 5.6 pg/ml of IL-
12 at al time-points after CD40L stimulation'’. This study shows that
in comparison to DC1s, theinability of DC2sto produce alarge amount
of IL-12 is due to an intrinsic property of DC2s as opposed to “DC
exhaustion”.

Pre-DC2s are natural type | IFN-producing cells
Although DC2s have an inferior capacity to produce IL-12 compared
with DC1s, human lymphoid pre-DC2s have a remarkable ability to
rapidly produce large amounts of type-1 IFN in response to viruses and
bacteria®®®. These cells represent the natural type 1 IFN—producing cells
(IPCs)™. The identification of mouse pre-DC2 as IPCs is based on their
capacity to produce large amounts of IFN-a in response to viral activer
tion™72, Surprisingly, mouse IPCs express CD11c, Gr-1 and B220. This
subset of mouse DCs appesrs to be different from CD8* and CD8- DC
subsets. The identification of mouse IPCswill permit thein vivo analysis
of IPC lineage development and the function of these cells.

Cytokine induction of IFN-yin DC1s and DC2s
After producing large amounts of type 1 IFN in response to viral stimu-
lation, IPCs differentiate into DCs. This differentiation is mediated by
type 1 IFNs that maintain the survival of pre-DC2s and by TNF-a,
which induces pre-DC2 differentiation to DC2s in an autocrine man-
ner®. Unlike IL-3-induced DC2s, which promote T.2 differentiation,
virus-induced DC2sinduce naive CD4* T cellsto produce large amounts
of IFN-y and IL-10. IFN-y production by CD4* T cells is dependent on
IFN-a and IFN-f3 produced by virus-induced DC2s but is independent
of IL-12%. This confirms data showing that human type 1 IFN can pro-
mote |FN-y production in an IL-12-independent manner™. Therefore,
there are two independent antigen-presenting cell types that induce
CD4* T cellsto produce IFN-y: DC1s, which produce IL-12, and DC2s,
which produce type 1 IFN (Fig. 2). However, a key difference between
the two systemsiis that whereas |L-12—producing DC1s stimulate CD4*
T cells to produce IFN-y, IFN-a—producing DC2s stimulate CD4* T
cellsto produce both IFN-y and 1L-10%(Fig. 2).

Unlike in humans, type 1 IFN is not capable of inducing mouse CD4*
T cells to produce IFN-y™=™, This is because of a mutation in signal
transducers and activators of transcription 2 (STAT2) that results in a
selective loss of type 1 IFN-induced STAT4 activation in mice”.
However, type 1 IFN can promote |FN-y production by mouse CD8* T
cells during viral infection in vivo, possibly via a STAT4-independent
mechanism™.

DC2 and DC1 cross-inhibition

The inhibitory effects of IFN-a and IFN-f3 on IL-12 production were
originally discovered in the mouse system?. Type 1 IFNs strongly inhib-
it IL-12 production by mouse splenic cells induced by SAC in vitro. In
addition, type 1 IFNs induced by lymphocytic choriomeningitis virus
(LCMV) infection strongly inhibit IL-12 production in vivo after stimu-
lation with LPS. Anti-type 1 IFN up-regulates 1L-12 production in
LCMV-infected mice™. It is probable that type 1 IFNs directly inhibit
I1L-12 production by mouse CD8* DCs. In humans, the biological effects
of type 1 IFN are complicated. Type 1 IFNsinhibit IL-12 production via
CD40L-activated monocyte-derived DC1s™. The ability of type 1 IFNs
to down-regulate IL-12 may be responsible for the therapeutic value of
using |FN-{ to treat multiple sclerosis. However, one study shows that
type-1 IFN in the sera of many systemic lupus erythematosis (SLE)
patients can strongly induce monocytes to differentiate into DCs, which
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potently activate both T and B lymphocytes™. The ability of IFN-
a to activate monocytes and DCs may be due to cofactors such as
apoptotic cells, nucleosome-antibody complexes and other
inflammatory factors within the SLE sera.

Negative-feedback regulation of T2 responses

A common feature of T cell cytokine-mediated T, cell differenti-
ation is the positive autocrine effect. For example, I1L-2 promotes
differentiation of 1L-2—producing Tx0 cells, IL-4 promotes differ-
entiation of 1L-4—producing T.2 cells, IFN-y promotes differenti-
ation of IFN-y—producing T.1 cells, IL-10 promotes differentia-
tion of IL-10—producing regulatory CD4* T cells® and TGF-3
induces TGF-B—producing T..3 cells®. Because negative-feedback
regulation represents a genera mechanism used to maintain
homeostasis of al physiological processes, the immune system
probably uses a negative-feedback mechanism to balance T,1 and
Tw2 responses.

IL-4, a prototype T2 cytokine, kills T.2-promoting DC2s cul-
tured with IL-3°%. In contrast, IL-4 shows two positive effects on
Tu1-promoting DC1s: (i) when cultured with GM-CSF, IL-4 pro-
motes DC1 differentiation®®s and (ii) in response to microbia
stimuli and CD40L, IL-4 primes DC1s to produce large amounts
of IL-12 p75°%4#2, These data suggest that positive- as well as nega
tive-feedback regulation of T.1-T,2 responses operate within DCs
(Fig. 3). Severa disease models in rodents support the theory that
such feedback regulation of 1L-4 may operate in vivo. In experi-

& B Thyroid
%@% gland

'

3

mental autoimmune uveoretinitisin rats, IL-4 promotes |FN-y pro-
duction and aggravates the disease®. In addition, IL-4—deficient

mice cannot mount a T.1 response to C. albicans &t the late stage
of infection® and IL-4 exacerbates disease in a Tyl cell-transfer
model of colitis®.

Figure 3. Negative-feedback regulation via the neuron-endocrine and the immune
systems. (a) Thyroid hormone inhibits its own secretion by inhibiting secretion of two hor-
mones: thyroid-stimulating hormone (TSH) from the pituitary gland and thyroid-releasing hor-
mone (TRH) from the hypothalamus. (b) The T2 cytokine, IL-4, inhibits T2 development by
promoting DC1 maturation and IL-12 production and blocking DC2 development by inducing

Summary and future perspectives

The remarkable functional plasticity of a given DC subset
endows the immune system with the flexibility to mount appropriate T
cell responses in response to the invading pathogens. Although the
expression of alimited set of pattern-recognition receptors by a partic-
ular DC subset may restrict its flexibility, it confers DCs with an evo-
lutionary memory that allows them to respond to a particular pathogen
more rapidly and efficiently. Therefore, the type of T cell-mediated
immune response to a particular pathogen or antigen may be dictated
by its lineage origin and the innate response by a DC to that particular
pathogen or antigen.

The finding that CD8 is not a reliable lymphoid marker for mouse
DCs, together with the identification of mouse | PCs, may explain the dis-
parate lineage and function data obtained from human and mouse DC
studies. The discovery that human |PCs do not express TLR4 and do not
respond to LPS may explain differing opinions on the ability of pre-DC2s
or DC2sto produce IL-12 and also emphasizes the importance of ensur-
ing cell purity when studies are carried out.

One of the key areas in DC research will be to determine the express-
ion and function of pattern-recognition receptors on DCs. Following the
completion of the human genome project, ten human TLRs were identi-
fied and now three key questions need to be addressed. What are the
interna ligands as well as the microbial ligands for all the TLRs? How
does each TLR instruct DCs to initiate appropriate innate and adaptive
immune responses? How do receptor expression patterns explain the
different cytokine production profiles of DC subsets?

Pre-DC2s are the professiona type 1 IFN—producing cellsin antivira
innate immunity; we believe this justifies the designation of these cellsas
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apoptosis of pre-DC2s. TP, T helper precursor cell.

anew member of the hematopoietic cell family. However, several impor-
tant questions concerning the basic biology of pre-DC2s remain. What,
in addition to the Fms-like tyrosine kinase type 3 ligand (FLT-3 ligand),
regulates the developmental of pre-DC2s from hematopoietic stem
cells*5? What are the molecular mechanisms that underlie robust IFN-a
production by pre-DC2s in response to viruses and bacteria? Do pre-
DC2s play acriticd rolein controlling viral infectionsin vivo, in partic-
ular in response to HIV and hepatitis C virus (HCV) in vivo?

In response to IL-3 or viral stimulation in vitro, pre-DC2s can dif-
ferentiate into DC2s and differently regulate T cell-mediated immune
responses. Two studies provided indirect evidence that DC2s might be
involved in the inhibition of graft-versus-host disease induced by G-
CSF-immobilized blood transplantation** and in allergen-induced
rhinitis®. Further research must be done to determine the function and
fate of pre-DC2 and/or IPCsin vivo when there is no immune response
and during immune responses to microbial antigens, allergens or
aloantigens. In addition, the molecular mechanisms by which mature
DC2sinduce IL-4— and IL-10-producing T cells must be determined.

DCs can change their effector functions depending on their matura-
tion stages and activation signals from pathogens and cytokines. The
new challenge will be to determine how to manipulate the effector
functions of DCs in vivo and to provide more effective vaccines for
treating tumors, infectious diseases and autoimmune diseases.
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