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T-cell immunity against tumors and bacterial or viral
infections relies essentially on the recognition of
antigenic peptides processed and presented to T cells
by antigen (Ag)-presenting cells (APCs). During in vivo
immune responses, the role of APC is played primarily
by dendritic cells (DCs) acting as initiators, stimulators
and regulators of Ag-specific T lymphocytes. Despite
the extensive research on DC biology over the past
decade, driven by the possibility of exploiting the
potential of DCs as APCs in vaccination and
immunotherapeutic anticancer trials1, their origin
remains unknown largely and represents a
particularly controversial issue in current immunology.
However, searching for the origin of DCs must take into
account the fact that different subpopulations of DCs,
with unique phenotypic characteristics and functional
potential, are found in different locations2. We discuss
whether this diversity could be correlated with
different developmental origins of DCs and multiple
DC differentiation pathways.

Owing to certain similarities with monocytes
and/or macrophages in their distribution within
lymphoid tissues, morphology, phenotype, enzymatic
activities, and endocytic and/or phagocytic capacity,
originally, DCs were considered to be myeloid-
derived3. Indeed, evidence generated by different
experimental approaches supports, as proposed
originally, the fact that certain subsets of DCs are of
myeloid origin. However, a series of results generated
on the basis of in vivo and in vitro systems, both in
humans and mice, has led to the concept that DCs can
be generated from lymphoid-committed precursors.
Therefore, current information dealing with the
derivation of DCs is controversial, and no definitive
conclusions can be drawn about the origin of the

different DC subpopulations. In this review, we will
present the most relevant aspects of the available
literature in this field to define theoretical models of
DC differentiation, both in the human and mouse
systems, which could contribute to a better
understanding of the origin of DCs.

Experimental support for a dual myeloid–lymphoid

model of DC origin

Myeloid-derived DCs
Evidence for a myeloid DC lineage derives, in part,
from human and mouse in vitro DC differentiation
assays, in which DCs were generated from monocytes
or intermediate myeloid precursors that retained the
capacity to generate macrophages. Bipotential
macrophage–DC precursors have been characterized
in mouse bone marrow (BM)4, and in vivo
differentiation of dermal CD11b+F4/80− phagocytic
cells, considered to be monocytes, into DCs upon
migration to the lymph nodes has been reported5.

Lymphoid-derived DCs
The first evidence of the generation of DCs from
lymphoid-committed precursors was obtained as a
result of searching for an intrathymic differentiation
pathway for thymic DCs. This research was
undertaken based on the hypothesis that thymic DCs,
being involved in T-cell negative selection6, should
develop intrathymically. Therefore, the earliest
murine thymic precursors, namely CD4low precursors,
which generate T, B and natural killer (NK) cells, but
not myeloid cells7, were assayed for their capacity to
generate DCs upon intrathymic transfer into
irradiated mice. These experiments showed that
CD4low precursors could reconstitute fully the thymic
population of DCs expressing CD8α in mice, and led
to the concept of lymphoid DCs (Ref. 8). Equivalent
results were obtained subsequently with human early
thymic progenitors9–12 or BM lymphoid-committed
precursors13, supporting the existence of human
lymphoid DCs.

Plasmacytoid cells
Human plasmacytoid cells, which represent an
immature CD11c− DC population with a strong
capacity for secretion of type I interferon (IFN) after
viral stimulation14,15 and differentiate into DC-like
cells upon culture with interleukin-3 (IL-3) plus CD40
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ligand (CD40L)16, were proposed to be lymphoid-
derived owing to (1) their dependence on IL-3 but not
granulocyte–macrophage colony-stimulating factor
(GM-CSF)16; (2) their expression of pTα, a molecule
which upon assembly with a T-cell receptor (TCR) β
chain forms a pre-TCR (Ref. 17); and (3) the block in
the differentiation of T cells, B cells and plasmacytoid
cells, but not myeloid cells, from CD34+CD38− fetal
liver precursors transfected with inhibitors of DNA
binding (Id)-2 and Id-3 (Ref. 18). However, in contrast
to these reports, a myeloid origin for plasmacytoid
cells was proposed on the basis of the derivation of
IL-3 receptor (IL-3R)hi DCs from CD34+M-CSFR+

progenitors19. Interestingly, evidence for a murine
counterpart of human plasmacytoid cells has been
reported recently [C. Asselin-Paturel et al. (2001) The
IFN-α-producing cells in mice are immature CD11clow,
CD8α−, CD11b− dendritic cells. Keystone Symposia,
Dendritic Cells: Interfaces with Immunology and
Medicine, 12–18 March 2001, Abstr. #304].

Dual myeloid–lymphoid DC differentiation
The fact that CD8α+, but not CD8α−, DCs were
generated from CD4low precursors when transferred
intravenously20 led to the hypothesis that mouse
CD8α− DCs were myeloid-derived, and to a dual-
origin model for DCs, involving the existence of
myeloid and lymphoid DCs. However, although
CD8α− and CD8α+ DCs have been considered since
then as myeloid- and lymphoid-derived, respectively2,
this concept has been challenged by a recent report by
our group demonstrating that both subpopulations
can be generated from CD4low lymphoid-committed
precursors21. These findings were confirmed
subsequently and extended by showing that CD8α−

and CD8α+ DCs could both be derived from either
lymphoid- or myeloid-committed progenitors22,23. In
conclusion, experimental evidence no longer supports
the concept that CD8α− and CD8α+ DCs correspond to
myeloid and lymphoid DCs, respectively, or represent
different DC lineages.

Moreover, although, under defined experimental
conditions, DCs can be generated from both myeloid
and lymphoid precursors, the available information
in either the murine or human system does not allow
one to define conclusively the DC differentiation
pathways generating DCs in vivo. On the basis of
these considerations and additional data discussed
previously, the possible correlations between the
development of DCs and myeloid or lymphoid
lineages are shown in Figure 1, illustrating the
multiple and controversial differentiation pathways
leading to DCs that can be proposed on the basis of
experimental evidence. For example, CD8α− and
CD8α+ DCs could be derived from either myeloid or
lymphoid precursors. Similarly, murine Langerhans
cells (LCs) can be generated in vitro from myeloid
precursors24,28 or from CD4low lymphoid precursors
after intravenous transfer25. In human, DCs that
express some myeloid markers were generated from
both myeloid27 and lymphoid13 precursors. Therefore,
whether a particular DC subpopulation is
differentiated under physiological conditions from a
myeloid or lymphoid progenitor could be unrelated to
its possible derivation under experimental conditions,
making the issue of in vivo DC derivation an
unresolved and open question. As a consequence,
although DC diversity implies functional
specialization, at this stage, it remains to be defined
whether the derivation of a DC lineage determines its
specific functions. Nevertheless, the analysis of DC
differentiation in in vivo and in vitro experimental
models could provide important insights into the
mechanisms controlling the physiological generation
of DCs.

Mouse DC differentiation

Most of the relevant information relating to the
in vivo development of murine DCs has been reported
in the previous section. Different experimental
approaches have been designed to analyze the
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Fig. 1. Correlations between the development of dendritic cells (DCs) and myeloid versus lymphoid
lineages in (a) mouse and (b) human. The multiple and controversial differentiation pathways leading
to DCs that can be established on the basis of experimental evidence are shown. Solid green boxes
and solid green arrows indicate the experimentally supported existence of precursor populations and
differentiation pathways, respectively. Dashed green boxes and dashed green arrows indicate the
nonformally proven, but indirectly supported, existence of precursor populations and differentiation
pathways, respectively. Red boxes and arrows indicate the possible existence of precursor
populations and differentiation pathways, respectively. Evidence for numbered pathways is
supported by the following references: 1, Ref. 5; 2, Ref. 22; 3, Ref. 24; 4, C. Ardavin, unpublished; 5,
Ref. 21; 6, Ref. 25; 7, Ref. 26; 8 and 9, Ref. 27; 10, Ref. 13. Abbreviation: HSC, hematopoietic stem cell.



development of murine DCs in vitro, which involve
different hematopoietic precursors, the use of diverse
DC differentiation- and/or maturation-inducing
mediators and different culture protocols. Most of the
relevant data on this topic is summarized in Figure 2.
Most methods developed for generating DCs in vitro
rely on two-step culture protocols, which generate
immature DCs after a first culture period, followed by
a second incubation phase leading to mature DCs.
The first culture phase involves cell proliferation,
whereas no expansion takes place during maturation.

In vitro differentiation of DCs driven by GM-CSF plus
TNF-α
BM lineage marker (Lin)− cells or blood adherent cells
cultured with GM-CSF and IL-4, followed by
maturation induced by tumor necrosis factor α
(TNF-α) (Fig. 2a), generated a DC population that
was phenotypically homogeneous and did not express
CD8α (Refs 29,30). No significant differences were

found when other maturation inducers, such as
lipopolysaccharide (LPS) or CD40L, were employed29.
However, when BM Lin− cells were incubated with
GM-CSF, stem cell factor (SCF) and TNF-α, followed
by maturation with GM-CSF and TNF-α (Fig. 2b),
two mature DC subsets with different phenotypes
were generated28. Both were CD11c+ MHC class II
(MHCII)hiCD86hiCD40+, and negative for CD8α and
DEC-205 [an endocytic receptor expressed by CD8α+

DCs and LCs (Ref. 33)], but differed in their
expression of E-cadherin (E-cadh), M-CSFR and
nonspecific esterase (NSE). E-cadh−M-CSFR+NSE+

DCs derived from CD11c+CD11b+ immature DCs,
which also generated macrophages when cultured
with M-CSF. This result indicates that E-cadh−

M-CSFR+NSE+ DCs are derived from a
CD11c+CD11b+ myeloid intermediate. By contrast,
E-cadh+M-CSFR−NSE− DCs, displaying
characteristics of epidermal LCs, were derived from
CD11c+CD11b− immature DCs without the capacity to
differentiate into macrophages. Therefore, TNF-α
drives DC precursors along two independent
differentiation pathways, generating lymphoid-organ
DC-like and LC-like DCs.

In vitro differentiation of LC-like DCs
The generation of LCs from CD11c+CD11b− immature
cells is not dependent on the presence of exogenous
transforming growth factor β1 (TGF-β1), which is
required for the in vivo differentiation of LCs
(Ref. 34). In vitro generation of LC-like DCs without
TGF-β might reflect an incomplete differentiation
and/or maturation of LCs, or the acquisition of certain
LC markers by in-vitro-derived DCs unrelated to
physiological LCs. An alternative differentiation
protocol for LCs from BM Lin− cells requires the
addition of GM-CSF and TGF-β, followed by
maturation with GM-CSF and TNF-α (Fig. 2c), and
generates E-cadh+DEC-205+ LC-like cells24. The
expression of DEC-205 by these LC-like cells could
correspond to a more mature and/or physiological
phenotype, and might reflect the requirement for
TGF-β for the in vivo differentiation of LCs. Indeed,
LC-like DCs generated by this culture method
migrated efficiently to the lymph nodes after
subcutaneous injection35, and up-regulated their
expression of CD8α upon migration, as described for
epidermal LCs using an in vivo assay33. These data on
the in vitro generation of LCs do not reveal whether
LCs could derive physiologically from a myeloid
progenitor. By contrast, the generation of LCs from
CD4low precursors25 demonstrates that LCs can
differentiate from a lymphoid precursor under
experimental conditions.

FLT3L-driven differentiation of DCs in vitro
Interestingly, culture of BM Lin− cells with fms-like
tyrosine kinase 3 ligand (FLT3L) alone, followed by
maturation with either LPS or IFN-α (Fig. 2d),
generated both CD8α−CD11bhi and CD8α+CD11blow
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Fig. 2. Main in vitro differentiation pathways of dendritic cells (DCs) in mice. For each differentiation
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like tyrosine kinase 3 ligand; GM-CSF, granulocyte–macrophage colony-stimulating factor;
IL, interleukin; Lin, lineage; LPS, lipopolysaccharide; M-CSF, macrophage colony-stimulating factor;
SCF, stem cell factor; TGF-β, transforming growth factor β; TNF-α, tumor necrosis factor α.



DCs, suggesting that FLT3L is a key cytokine to
drive the in vitro differentiation of DCs with a
similar phenotype to that described for their
physiological counterparts. However, when defining
the cytokine requirements of a particular DC
differentiation pathway, it is important to take into
account that certain cytokines can be produced
endogenously during DC differentiation assays. In
this sense, it has been demonstrated that antibodies
against IL-6, but not IL-2, IL-3, IL-4, IL-7, IL-11,
IL-15, G-CSF, CSF-1 or TGF-β1, could block
FLT3L-driven differentiation of DCs, revealing an
essential role for IL-6 in the FLT3L-mediated
generation of CD8α− and CD8α+ DCs (Ref. 31).
Anyhow, these results do not allow one to define
whether FLT3L-driven DCs were generated from
myeloid or lymphoid precursors in this assay.

DC differentiation from multipotent thymic lymphoid
precursors in vitro
The generation of DCs from CD4low lymphoid
precursors can be achieved in cultures with IL-1, IL-3,
IL-7, TNF-α, SCF and FLT3L (Ref. 32) (Fig. 2e),
without GM-CSF, which is required for the
differentiation of myeloid precursors. CD4low-derived
DCs did not express CD8α, in contrast to thymic DCs
generated in vivo from these precursors8, suggesting
that additional cytokines are required to achieve a
more physiological in vitro differentiation of DCs from
CD4low precursors.

Model of mouse DC development
In conclusion, data from in vitro studies in the mouse
have proven to be particularly relevant to define the
cytokine requirements that drive the differentiation of
DCs, but have not allowed us to draw conclusions
about the in vivo origin of mouse DC subsets. This
controversial issue could be addressed conclusively by
defining the DC precursor populations responsible for
the in vivo development of DCs. Importantly, in reports
dealing with the differentiation of DCs, immature DCs
are often considered to be DC precursors. This is
incorrect, because immature DCs express specific
differentiation markers and are nonproliferating
cells2. However, a Lin–MHCII –CD11c+ DC precursor
population from mouse blood has been characterized
recently (C.Ardavín, unpublished). These DC
precursors were devoid of lymphoid or myeloid
differentiation potential, and had the capacity to
reconstitute fully all splenic DC subpopulations,
including CD8α− and CD8α+ DCs, as well as a new
CD11c+MHCII+B220+CD40− subpopulation of DCs
(also found in mouse thymus, lymph nodes and BM).
This novel subpopulation had tolerogenic potential
and was characterized by a very low stimulatory
capacity, but acquired a strong stimulatory ability
upon microbial stimulation (C.Ardavín, unpublished).
Interestingly, a CD11c−B220+ DC subset with
tolerogenic capacity has been isolated recently from
mouse liver36. Whether these DC-committed

precursors are derived in vivo from a myeloid or
lymphoid progenitor is currently under investigation.
However, the characterization of this common DC
precursor provides the basis for integrating the results
dealing with the generation of CD8α− and CD8α+ DC
subsets from either myeloid or lymphoid precursors.
Interestingly, it has been demonstrated recently that
splenic CD8α+ DCs can be generated from the CD8α−

DC subset upon intravenous transfer, by a maturation
process involving the up-regulation of expression of
CD8α, DEC-205 and CD24 (Ref. 67). These data
support the hypothesis that CD8α− and CD8α+ DCs
correspond to different maturation and/or
differentiation stages of the same DC population. On
the basis of these data, an integrated model of mouse
DC development is presented in Figure 3.

Differentiation of human DCs

In vitro studies of the differentiation of human DCs
have been influenced greatly by the aim of optimizing
culture systems to allow an efficient production of DCs
for use in cancer immunotherapy. Additional studies
have been conducted simultaneously to explore the
mechanisms controlling different generation
pathways for human DCs. The essential information
derived from these studies is summarized in Figure 4.
Two main protocols to generate DCs, from either
monocytes or CD34+ precursors, have been described,
and generally involve, as mentioned for the in vitro
differentiation of mouse DCs, a first differentiation
phase followed by a maturation step.

Monocyte-derived DCs
Peripheral blood monocytes cultured with GM-CSF
and IL-4 (Fig. 4a) generate immature DCs that can be
driven into a mature state by TNF-α (Ref. 26),
following a pathway similar to that described for mice
in Figure 2a. Other maturation mediators, such as
LPS, IFN-γ or CD40L, had similar effects, although
slight phenotypical or functional differences have been
reported (reviewed in Ref. 1). Importantly, a number of
experiments support the idea that GM-CSF- and IL-4-
driven differentiation of monocytes generates
nonstable DCs, which can revert to a monocytic stage
upon the withdrawal of cytokines41. Moreover, the
reversal of TNF-α-mediated maturation of monocyte-
derived DCs occurred when TNF-α was removed42.
These data might have important implications
regarding the use of monocyte-derived DCs with
GM-CSF and IL-4 in cancer immunotherapy, and
suggest that monocyte-derived DCs might not have a
physiological counterpart.

Differentiation of DCs from CD34+ precursors in vitro
CD34+ precursors obtained from cord blood43 or BM
(Ref. 27) differentiated into DCs when cultured with
GM-CSF and TNF-α (Fig. 4b). In this culture system,
differentiation proceeded through two independent,
immature DC intermediates, defined by their
mutually exclusive expression of CD14 and CD1a.
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When cultured with GM-CSF and TNF-α,
CD14+CD1a− intermediates generated E-cadh−

mature DCs, with a dermal or lymphoid-organ DC
phenotype. They could generate macrophages also
when cultured with M-CSF, indicating that the
CD14+CD1a− pathway originated from a myeloid
progenitor. By contrast, CD14−CD1a+ intermediates

generated E-cadh+langerin+ LC-like DCs, by a TGF-β-
independent pathway. This differentiation pathway
parallels murine pathway (b) described in Figure 2.
Differentiation of LCs can also be achieved from the
CD11b− fraction of CD14+CD1a− intermediates
(Fig. 4c), by a TGF-β-dependent pathway37, as
reported for the differentiation of mouse LCs from BM
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Lin−c-kit+ precursors (Fig. 2c). Similarly, LC-like DCs
can be differentiated by culturing monocytes38 or
blood CD11c+CD1a+ DCs (Ref. 39) with GM-CSF, IL-4
and TGF-β (Fig. 4d). Subsequent maturation of LCs
occurred after incubation with TNF-α and IL-1. As
discussed for mouse LCs, the TGF-β-independent
human LC differentiation pathway might reflect a
defective LC differentiation or maturation process, or
the expression of LC markers by in-vitro-derived DCs
unrelated to a physiological LC counterpart.

DC differentiation from multipotent thymic lymphoid
precursors in vitro
As described for murine CD4low precursors32, DCs can
be generated in vitro from lymphoid-committed
precursors using a complex combination of cytokines.
BM CD34+CD10+Lin− precursors endowed with T-, B-
and NK-cell, but not myeloid, differentiation capacity,
produced DCs after culture with IL-1β, IL-7,
GM-CSF, SCF and FLT3L (Ref. 13) (Fig. 4f).
Interestingly, CD34+CD1a− lymphoid-committed
thymic precursors generated DCs after culture with
IL-7, TNF-α, SCF and FLT3L (Refs 11,12) (Fig. 4e), in
the absence of GM-CSF, although this cytokine
improved the yield of DCs produced11. Therefore,
mouse and human thymic precursors share a
requirement for IL-7, TNF-α, SCF and FLT3L to
generate DCs [pathway (e) in Figs 2,4]. GM-CSF is
dispensable, in contrast with GM-CSF-dependent
differentiation of DCs from BM precursors, with the
exception of FLT3L-driven generation of DCs
(Fig. 2d). Nevertheless, it was reported that
CD34+CD1a− thymic precursors generated monocytes
when cultured with M-CSF, indicating that they
retained some myeloid capacity11. Alternatively, this
result might support the theory that human thymic
nonplasmacytoid, CD11c+ DCs are myeloid-derived.
In this sense, a thymic CD11b+ DC subset expressing
the myeloid markers M-CSFR, CD14, CD33 and
CD64 was described recently44. Moreover, a common
differentiation pathway for DCs and monocytes from
thymic CD34+CD1a− precursors, branching from a
CD5− intermediate, independent of the CD5+ T-cell
differentiation pathway, has been identified
(M.L. Toribio, pers. commun.). However, additional
experiments are required to address this issue
conclusively. The expression of markers considered to
be lymphoid or myeloid might not be decisive
evidence of DC lineage derivation, because murine
CD8α− DCs, expressing the myeloid markers CD11b
and F4/80, could be derived from lymphoid precursors
after intravenous transfer21,22.

Differentiation of plasmacytoid cells in vitro
Plasmacytoid cells can be generated in vitro from
blood CD34+CD45RA−IL-3Rα− cells after culture in
the presence of FLT3L (Ref. 40) (Fig. 4g). Their
maturation into Ag-presenting DCs can be induced
with IL-3 and CD40L (Ref. 16) or IL-3 and TNF-α
(Ref. 45), whereas IL-3 and IL-4 induced apoptosis of
plasmacytoid cells, indicating their differential
requirements compared with DCs.

Globally, as concluded for murine DC
differentiation assays, results derived from in vitro
human DC differentiation studies have provided
relevant information with regard to the cytokines
controlling the development of human DCs, and could
lead to the optimization of DC-mediated
immunotherapy protocols, although they do not allow
one to define conclusively the physiological lineage
derivation of human DCs.
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Control of DC differentiation

Cytokines
As mentioned previously, different cytokines are
required to induce the in vitro differentiation of DCs
from different precursors. These cytokine
combinations were defined on the basis of
differentiation protocols from hematopoietic
precursors and complex cytokine-combination tests.
Additional information concerning the involvement of
cytokines in the differentiation of DCs arises from
genetically deficient mice. These experimental data
indicate that some cytokines appear to have a
dispensable role, whereas others are strictly required
for the generation of DCs. The most relevant
cytokines involved in the differentiation of DCs are
considered.

GM-CSF appears to be required for the in vitro
differentiation of DCs from BM and blood progenitors,
but not from thymic precursors. Nevertheless, the
generation of DCs from BM Lin− cells in the absence
of GM-CSF was reported31, suggesting that its role
can be fulfilled by other cytokines. In this report, the
differentiation of DCs was driven only by exogenously
supplied FLT3L, although it was demonstrated that
endogenously produced IL-6 was required. Therefore,
when ascribing a role to a defined cytokine in the
differentiation of DCs, it is important to consider its
involvement in driving the differentiation of DC
precursors and/or inducing the production of other
cytokines. Moreover, cytokines claimed to be essential
in vitro could be dispensable in vivo, due to the action
of replacing cytokines. In this sense, GM-CSF- or
GM-CSFR-deficient mice displayed normal
development of DCs (Ref. 46).

TNF-α, employed in most mouse and human DC
and LC differentiation assays from BM precursors,
has been proposed to be a crucial cytokine for the
generation of DCs from CD34+ precursors43. The
generation of DCs from BM Lin−c-kit+ precursors
driven by GM-CSF, SCF and TNF-α is impaired in
TNFRI-deficient mice47. However, no defects in the
differentiation of DCs have been reported in TNF-α-
or TNFRI-deficient mice, suggesting that TNF-α does
not play an essential role in this process. In this sense,
lymphotoxin α (LTα) could achieve at least some of
the activities attributed to TNF-α with regard to the
development of DCs, because LTα can bind to TNFRI
and TNFRII, and interestingly, LTα-deficient mice
have reduced numbers of splenic DCs (Ref. 48). In
addition, TNF-α could exert a regulatory role in the
growth of DCs, because TNF-α has been shown to
diminish granulocyte differentiation and increase the
responsiveness of early progenitors to GM-CSF, by
inducing expression of the GM-CSFR β chain49.
Therefore, TNF-α appears to have a double function
in the differentiation of DCs by promoting the early
phases of DC differentiation and acting as a
maturation stimulus in later phases.

FLT3L has been demonstrated to have a strong
differentiation-promoting potential for mouse and

human DCs, both in vivo and in vitro31,50–52.
Consequently, FLT3L-deficient mice displayed
important defects in the differentiation of DCs
(Ref. 53). In addition, FLT3L has been claimed to
increase the in vitro survival of DC precursors52,
selectively favor their differentiation52 and promote
the differentiation of mixed DC–macrophage colonies
in combination with leukemia inhibitory factor
(LIF)4. Interestingly, differentiation of CD8α+ and
CD8α− DCs in vitro can only be achieved in FLT3L-
driven BM cultures31, suggesting that FLT3L induces
a more physiological DC differentiation process than
other stimuli, such as GM-CSF and TNF-α. In
conclusion, FLT3L appears to play an essential role in
the differentiation of DCs under both in vitro and
in vivo conditions.

IL-4 has been shown to be a key cytokine for
inducing the differentiation of DCs from human
monocytes, and interestingly, it has been shown that
this cytokine exerts an inhibitory function on
macrophage differentiation49. It has also been shown
that IL-4 allows the generation of murine DCs from
BM cells, in combination with GM-CSF (Ref. 29).
Moreover, treatment of cancer patients with GM-CSF
and IL-4 has been reported to enhance the number of
circulating DCs (Ref. 54). However, as discussed
previously, the fact that human monocyte-derived
DCs could represent an unstable form of DC, which
could revert to a macrophage state upon removal of
cytokines, might indicate that murine DCs derived
from GM-CSF- and IL-4-driven cultures could
undergo a similar phenotypic and functional reversal
upon cytokine withdrawal.

Although LC-like DCs can be generated in vitro in
the absence of TGF-β, when these are compared with
LCs differentiated in the presence of TGF-β, their
phenotype suggests that TGF-β is required to achieve
a complete and/or more physiological differentiation
of LCs. Importantly, the skin of TGF-β-deficient mice
is devoid of epidermal LCs (Ref. 34).

With regard to the differentiation of DCs from
either mouse or human thymic early lymphoid
precursors, although complex combinations of
cytokines appear to be required, several reports
support an essential role for IL-7 in this process11,12,32.
The differentiation steps, in which the cytokines
considered in this section appear to have a relevant
function, are indicated in Figure 5 parts (a) and (b).

Transcription factors
The analysis of DC subpopulations in mice deficient
for transcription factors involved in myeloid and
lymphoid development was undertaken to address
the derivation of DC lineages. DCs were absent in
mice homozygous for a dominant-negative mutation
in the Ikaros gene (Ikaros DN−/−), which display a
profound deficiency in lymphoid, but not myeloid,
development55, although epidermal LCs were
generated56. These data could be interpreted as
evidence of a lymphoid origin for DCs, compared with
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a myeloid origin for LCs. However, DC deficiency in
these mice could reflect an altered lymphoid-organ
environment, impairing the normal homing and
differentiation of DC precursors. Mice with an Ikaros
null mutation (Ikaros C−/−) display less-severe defects
in lymphoid development57, having normal
differentiation of CD8α+ DCs, but low numbers of
splenic CD8α− DCs. These data might indicate a
selective defect in CD8α− DCs, as well as a
developmental link between T cells and CD8α+ DCs

(Ref. 56). However, because B-cell differentiation is
impaired severely in these mice57, their splenic
architecture, particularly of the marginal zone, is
most probably disrupted; marginal-zone organization
is known to be controlled by B cells58. Therefore, on
the basis of the experimental evidence supporting the
DC-differentiation model proposed in Figure 3, the
low numbers of CD8α− DCs present in Ikaros C−/− mice
could reflect a rapid transition of CD8α− to CD8α+

DCs, owing to an altered marginal zone that does not
allow the stabilization of a CD8α− DC population. A
similar defect in the ratio of CD8α− to CD8α+ DCs has
been reported in mice deficient for PU.1 (Ref. 59) or
RelB (Ref. 60), which have important defects in
myelomonocytic and B-cell development (PU.1−/−

mice), and T-cell development (RelB−/− mice). As
discussed for Ikaros C−/− mice, the profound deficiency
of B cells and macrophages in PU.1−/− mice and the
splenomegaly of RelB−/− mice, with increased
numbers of myeloid cells and a reduced white pulp61,
could explain the defects in the number of CD8α− DCs
reported in these mice, although alternative
interpretations cannot be excluded. Therefore, data
derived so far from the study of DCs in mice deficient
for these transcription factors do not allow us to draw
definitive conclusions with regard to the lineage
derivation of DCs.

Conclusions

Current information from humans and mice does not
support a conclusive definition of the physiological
differentiation pathways that generate DCs in vivo.
This controversial situation originates as the
consequence of experimental evidence suggesting
that the in vivo differentiation of a particular DC
subpopulation from a myeloid or lymphoid progenitor
might be unrelated to its possible generation under
experimental conditions.

In this sense, when analyzing the derivation of
mouse DCs by transfer of precursor populations into
irradiated mice, the physiological developmental
potential of a defined precursor might be altered by
the experimental situation, resulting in a
nonphysiological differentiation behaviour owing to
partial reversion of its lineage commitment. In
support of this view, recent reports have
demonstrated reversal of lymphoid-precursor
commitment, with the acquisition of myeloid
differentiation capacity62,63. Similarly, the in vitro
differentiation of human DCs induced by complex
combinations of cytokines could drive a defined
progenitor to develop a nonphysiological
differentiation potential. Moreover, this
controversial situation is complicated further by the
existence of bipotential lymphoid–myeloid
precursors, described both in humans and mice64–66.
Therefore, as discussed, the issue of ascribing a
certain DC subset to a myeloid or lymphoid lineage
remains largely unresolved. An alternative view of
DC development, which would involve a common
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Fig. 5. Alternative models of human and mouse differentiation of dendritic cells (DCs).
(a) Corresponding to the current view of DC development, this model considers the existence of two
independent differentiation routes: a main myeloid DC development pathway giving rise to lymphoid
organ DCs and Langerhans cells (LCs); and a secondary pathway generating lymphoid DCs, which
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kinase 3 ligand; IL, interleukin; TGF-β, transforming growth factor β; TNF-α, tumor necrosis factor α.



DC differentiation pathway from either myeloid or
lymphoid precursors, is supported by two important
conclusions that can be drawn from the experiments
described. First, in mice, a single lymphoid or
myeloid progenitor population seems to be endowed
with the capacity to reconstitute most, if not all, DC
subpopulations, including those present in the
thymus, skin and spleen, upon intravenous
transfer8,21–23,25. Second, both in the mouse and
human systems, at least certain DC subsets with a
defined phenotype can be differentiated in vitro
from either myeloid or lymphoid precursors. For
example CD1a+CD11b+CD33+CD83+ human DCs
can be generated from myeloid27 or lymphoid11

precursors.

Integrated human and mouse DC differentiation models
Based on the information presented, two alternative
models for the differentiation of mouse and human
DCs are proposed in Figure 5. Model (a), which
corresponds essentially to the current view of DC
development, considers the existence of two parallel,
but independent, DC differentiation routes
originating from myeloid or lymphoid precursors.
According to this model, the main differentiation
pathway, generating DCs such as those found in the
dermis and lymphoid organs, as well as LCs, would
be myeloid-derived. A lymphoid-derived DC
precursor would generate lymphoid DCs, of which
thymic DCs, interstitial DCs and plasmacytoid cells
have been proposed as the most probable
candidates.

An alternative model (b), which we favor, relies on
the existence of a common DC differentiation
pathway that generates most DC subpopulations,
including lymphoid- and nonlymphoid-organ DCs
and LCs, through a common DC precursor. This
common DC precursor could differentiate from
myeloid, lymphoid or more primitive
myeloid–lymphoid progenitors, either in the BM or,
alternatively, in an extramedullar location, such as
the thymus. By contrast, monocytes could generate
DCs by an independent route although, as discussed
previously, it must be clarified whether this
constitutes a pathway that occurs in vivo. Finally,
human plasmacytoid cells would derive from a
lymphoid precursor, as proposed, or from the common
DC precursor. In this model, only monocyte-derived
DCs and, eventually, plasmacytoid cells would
genuinely represent myeloid and lymphoid DCs,
respectively, with the remaining DCs and LCs not
being ascribable to either the myeloid or lymphoid
lineages.

Ongoing research will allow us to define
conclusively the physiological mechanisms governing
the development of DCs, and therefore, design
alternative protocols for the use of DCs in cancer
immunotherapy. In this sense, the concept that the
development of DCs results essentially from the
differentiation potential of a common DC progenitor,
could provide new insights for the optimization of
in vitro DC production techniques, required for DC
vaccination trials to induce activation or suppression
of T-cell immunity.
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