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Cytokines in the generation and
maturation of dendritic cells:
recent advances

Dendritic cells (DCs) are extremely efficient antigen presenting cells (APCs)

that are potent stimulators of both T and B cell-mediated immune responses.

Although DCs are normally present in very small numbers in the peripheral blood

(PB), recent advances have made it possible to generate relatively large

numbers of cells in culture. DCs can be differentiated in vitro from various

cellular sources, including bone marrow (BM), cord blood (CB) and PB

mononuclear cells (PBMCs). Although a wide variety of conditions have been

en
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reported to be able to support DC generation, the majority of research and

clinical protocols to date differentiate DCs from precursors using granulocyte-

macrophage colony stimulating factor (GM-CSF) in combination with either

tumor necrosis factor-(TNF-)alpha or interleukin (IL)-4. However, a diverse array

of cytokines has been shown to be able to induce DC differentiation under a

variety of conditions. According to recent reports, cytokines such as IL-2, IL-6, IL-

7, IL-13, IL-15 and hepatocyte growth factor (HGF), in combination or even, in

some cases, alone, can contribute to the generation of DCs from either

monocytes or CD34+ cells. Although the majority of cytokine combinations

include GM-CSF, some do not. For example, Flt3 ligand (FL), in conjuction with IL-

6 (in the absence of GM-CSF), has been reported to be able to induce DC

differentiation from BM cells in a murine system. Other agents can play a dual

role in DC activity. CD40 ligand (CD40L), as a single agent, has been shown to be

able to generate DCs from PB monocytes, while numerous other reports have

also demonstrated its role as a potent maturation factor. In contrast, for other

cytokines such as IL-16 or IL-17, although there is no data for a role in DC

generation, they have been reported to be involved in promoting DC maturation

in vitro as defined by upregulation of costimulatory molecules, major

histocompatibility complex (MHC) antigens and antigen presenting/T

lymphocyte stimulatory capacity. Furthermore, cytokines such as stem cell

factor (SCF) and FL have been shown to dramatically enhance in vivo DC

recovery. The wide variety of cytokines and conditions that have been shown to

be able to influence DC differentiation and activity to amply demonstrate the

extreme heterogeneity found in the DC population, something that is reflected

in the diverse phenotypes, functions and ontogeny displayed by DCs. This

diversity may account for the large number of roles that have been attributed to

DCs in the development and function of the immune system and, in turn,

emphasizes the potential as well as the challenges of modifying specific

aspects of the immune response system by manipulating specific DC

subpopulations.

INTRODUCTION

Dendritic cells are professional APCs that play a crucial role in the initiation and

regulation of both humoral and cellular immune responses. These cells were

first described many years ago by Langerhans in 1868 but they were not referred
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to as "dendritic cells" until 1973 by Steinman and Cohn, who were able to identify,

isolate and characterize DCs from mice spleen [1]. Their role in the regulation of

immune responses was subsequently established a number of years later, in a

series of studies in the late 1970s and early 1980s [2, 3]. Unfortunately, research

in the area was severely hampered by the fact that, under normal physiological

conditions, only very low numbers of dendritic cells were present in the

peripheral blood. Furthermore, specific phenotypic markers, to allow definitive

identification and isolation of pure DC populations were lacking.

However, DC research underwent a significant renaissance with the

development of procedures to obtain relatively large numbers of cells with DC-

like characteristics via extended culture of PB, BM or CB precursor cells in the

presence of specific cytokines, typically GM-CSF in conjunction with either TNF-

alpha or IL-4 [4-6], resulting in expansion and/or differentiation of several cell

types, including those in the DC lineage. The in vitro generation of DCs from two

specific precursor populations has been particularly well characterized: PB

monocytes and CD34  stem cells (derived from BM, mobilized PB or CB). Both

macrophages and DCs can be differentiated from blood monocytes, the ultimate

outcome being dependent on the culture conditions. While cells cultured with

GM-CSF consistently differentiate to a macrophage phenotype that exhibits

adherence to plastic and cell surface expression of CD14, monocytes cultured

with GM-CSF and IL-4 rapidly lose CD14 expression, become nonadherent and

acquire morphology typical of DCs [7]. Alternatively, DCs can also be generated

from BM and granulocyte colony stimulating factor (G-CSF) or GM-CSF

mobilized PB CD34  hematopoietic progenitor cells (HPCs) by culture in the

presence of GM-CSF and TNF-alpha. Interestingly, even HPC-derived DCs show

some heterogeneity (PB CD34  cells may give rise to greater numbers of fully

functional DCs compared to their BM counterparts) suggesting heterogeneity

within the stem cell population [8].

This renaissance rekindled interest in DC research that resulted in significant

progress on several fronts, including the development of specific antibodies [9,

10] and protocols that enabled identification and isolation of dendritic cells. The

development of culture methods and identification of specific markers

therefore, represent two major milestones that have, in turn, fostered a huge

body of research investigating both basic DC biology and function as well as

translational clinical applications of DCs for immunotherapy of disease.

+

+

+
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With the tremendous advances in the understanding of DC biology, one fact that

has become abundantly clear is that the so-called "dendritic cells" actually

represent a widely heterogeneous population of cells. A number of criteria have

been used to delineate or define these DC populations. Initial work focused on

classifying DCs largely on the basis of their phenotypic profile and these criteria

are still widely used to either identify specific DC populations or determine their

maturation or activation state. Immature monocyte-derived dendritic cells

(MoDCs) express intermediate levels of the cell surface markers CD40, CD80,

CD86, and HLA-DR on their surface. In addition, immature DCs possess a

number of mechanisms by which antigen uptake and internalization is achieved,

including macropinocytosis [11], Fc-mediated uptake and antigen-specific

receptors (such as CD32, CD64, DEC-205 and macrophage mannose receptor

[12]. Upon maturation by such stimulii as TNF-alpha, lipopolysaccharide (LPS) or

CD40L, cell surface expression of the costimulatory CD80 and CD86 molecules

as well as HLA-DR is upregulated. As well, maturation induces de novo

expression of CD83 which is therefore used a surrogate marker for mature DCs

[13]. These changes reflect the decreased antigen uptake, but enhanced

presentation and T cell stimulation functions of mature DCs. Phenotypically,

distinct DC subpopulations have also been defined by the expression of specific

cell surface antigens in addition to CD80, CD86 and CD83. For example, CD1a

molecule is expressed on DCs during certain maturational phases coincident

with antigen capture and processing [14]. MoDCs have been classified as CD1a

and CD1a  DC subsets that differ in their cytokine production profiles and

capacity to direct CD4 T helper (Th) cell differentiation [15]. In humans, other

MoDC markers include, the beta2-integrins CD11a, CD11b, CD11c and CD18 [16].

In the mice, the DCs have been characterized as either CD11b CD11c  or

CD11b CD11c  [17].

More recently, DCs have been classified on the basis of their functional

characteristics, specifically as DC1, DC2 [18-21], and the more recently

described DC3 [22] dendritic cells, based on their ability to induce Th1, Th2 and

tolerogenic immune responses, respectively. In this regard, DCs can be

classified into different subtypes based on both their cytokine production and

the type of Th response that they elicit. Generally, mature MoDCs are termed

DC1, produce IL-12 and polarize Th1 development. On the other hand, DCs

generated from CD34  are generally DC2 cells, produce interferon-(IFN-)alpha

and beta, and polarize Th2 cell development. Currently, no data have been
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reported with regard to a DC subset that can polarize Th3 cell development (T

helper cells that produce and secrete TGF-beta [23, 24]).

Finally, DCs have also been distinguished based on either their tissues of

residence (such as Langerhans cells (LC) that reside in the epidermis, follicular

DCs from the germinal centers in the thymus, or DCs that reside in the dermis,

spleen, lymphatic system, intestine, etc.), or their ontogeny based on their

derivation from a particular precursor cell type, or more generally, along specific

lineages such as myeloid or lymphoid pathways.

Unfortunately, a fundamental problem with the fact that DCs have been

described using a variety of criteria is that it is not immediatedly clear how data

derived from a population DCs described in one manner relate to those DCs

described using different parameters. Although work defining the interrelation

between phenotypically, functionally and ontogenically defined DCs is

underway, these relationships have not yet been fully defined and

characterized. As a result, those seeking an understanding of the research in

the DC field face an added a level of complexity. This has been even further

confounded by an extensive amount data derived from animal studies,

particularly in murine models. Since equivalent populations have not been

identified for all DC subgroups, in all animal models, it is impossible to

completely relate studies in one animal model to either those in other animals or

to the human condition.

Studies of DC generation and maturation have been carried out using a wide

range of in vitro and in vivo systems, combining research of both in vivo DC

ontogeny and ex vivo differentiation and utilizing a broad array of precursor cell

types in various animal models. The heterogeneity of DCs is well demonstrated

by the wide variety of cytokines that have been reported in the scientific

literature to play a role in either DC generation and/or maturation. Work to

identify the cytokines that are able to generate DCs has yielded confusing and

often contradictory reports. In this paper, we will review the recent advances

surrounding the role of cytokines in dendritic cell generation and maturation. In

spite of the difficulties encountered by DC researchers in relating and

coordinating the huge amount of data, the basic and translational research in

DC biology continues to expand, due in no small part to the potential of DCs for

clinical immunotherapeutic applications.
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CYTOKINE-INDUCED DIFFERENTIATION OF DC

Granulocyte-macrophage colony-stimulating factor, interleukin-4 and

tumour necrosis factor-alpha

The combination of GM-CSF with IL-4 or TNF-alpha represents, by far, the most

extensively characterized and utilitized cytokine combinations that have been

identified to support DC differentiation in vitro. GM-CSF (as well as SCF and FL),

together with TNF-alpha, have been well described as being active in the

differentiation of CD34  to cells with DC phenotype [5, 25, 26], whereas GM-CSF

and IL-4 seem to be sufficient for culture of monocytes to DCs [27, 28].

GM-CSF has been shown to function by inducing DC progenitor expansion as

well as promoting differentiation and survival of DCs [29]. In addition to inducing

differentiation, TNF-alpha has been shown to strongly potentiate the

proliferation of CD34  HPCs induced by either IL-3 or GM-CSF [5, 30] and to be

required for the clonogenic growth of pure human DC colonies in the presence

of GM-CSF [31]. Conversely, IL-4 functions to inhibit macrophage colony

formation in addition to its role in inducing DC growth and maturaton from

monocytes [4].

Treatment with GM-CSF and IL-4 or TNF-alpha produce DCs with an immature

phenotype that display inefficient antigen presentation. Upon treatment with a

number of maturative factors, DCs acquire the characteristics of mature DC,

including morphology, loss of monocyte markers, loss of antigen uptake,

upregulation of accessory molecules, translocation of class II MHC to the cell

surface and finally a capacity to efficiently prime naive T cells [32].

Interleukin-2

Reports have indicated a role for IL-2 in inducing both human CD34  cell [33] and

monocyte [34] differentiation toward a DC phenotype. Bykovskaja et al. [33]

succeeded in inducing growth and differentiation of DCs from CB CD34  cells in

cultures initiated in media supplemented with IL-2 alone or in combination with

SCF and TNF-alpha, and subsequently grown with either IL-2 alone or IL-2 and

SCF for 4-5 weeks. The morphology and phenotype of these DCs were similar to

those cultured in the presence of GM-CSF. Similarly, Civallero et al. [34] recently

investigated and demonstrated the differentiation of DCs from monocyte

S
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precursors in vitro with IL-2, IL-4, GM-CSF and G-CSF alone or in combination.

The results indicated that the differentiation was directly related to the

presence of IL-2 which, in addition to playing a direct role, was able to exert a

syngergistic effect with GM-CSF. However, based on their results, the authors

hypothesized that IL-2 could act as a maturation factor rather than as a growth

factor in the DC differentiation.

In spite of initial studies that suggested that IL-2 was not able to directly

enhance DC function [35], subsequent reports have suggested a role for IL-2 in

regulating DC function. Certainly, expression of the IL-2 receptors (IL-2Rs) on

DCs has been demonstrated [35, 36] and furthermore, IL-2-induction of motility

and accumulation of DCs in lung and skin has been shown [36]. From these

results, the authors concluded that IL-2 is a potent enhancer of DC motility that

may act in conjunction with other Th1 proinflammatory cytokines to attract DCs

to sites of inflammation. In addition, a role in the regulation of DCs during

antigen presentation has been proposed, due to observations of a synergistic

effect of IL-2R activation with CD40 or MHC Class II stimulation [37].

Interleukin-3

Caux et al. [38] analyzed whether IL-3, in combination with TNF-alpha, could

support the generation of CD1a  DCs in vitro. Cultures of human CB CD34  HPCs

with IL-3 and TNF-alpha, yielded 11%-17% CD1a  cells while IL-3 alone did not

result in significant cell numbers. Although the absolute percentage of CD1a

cells was much lower than that observed in cells cultured with GM-CSF and TNF-

alpha (42%-78%), the strong proliferation induced by the combination of IL-3

and TNF-alpha resulted in an equivalent number of CD1a  cells, suggesting that

IL-3 may allow expansion of DCs. More recently, Blom et al. [39] confirmed that

IL-3 contributes (in this case, with CD40L) to the differentiation of CD34

progenitors into pre-DC2 cells.

Interleukin-3 was also found to be able to influence the function of differentiated

DCs. In mice, three distinct BM-derived DC (BMDC) populations were expanded

from BALB/c BM cells based on culture with GM-CSF and IL-3, IL-3 plus Th1-

biasing cytokines (IL-12 and IFN-gamma) or IL-3 plus Th2-biasing cytokines (IL-

4), to give rise to BMDC0, BMDC1 and BMDC2 cells respectively. While all of

these cells expressed the DC-specific marker CD11c, they demonstrated

differential functionality. BMDC1 cells exhibited superior T cell-stimulating

+ +

+
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activity in allogeneic MLRs, inducing a higher frequency of IFN-gamma-

producing CD8  T cells compared to BMDC2s. Moreover, BMDC1, but not BMDC2,

were strong inducers of H-2(d)-specific cytotoxic T lymphocytes (CTLs).

BMDC0 exhibited intermediate stimulatory activity and, when cultured with IFN-

gamma, could be induced to differentiate into BMDC1-like stimulator cells,

concomitant with the up-regulation of both MHC antigens and co-stimulatory

molecules. In contrast, BMDC2 were refractory to further differentiation into

cells with superior stimulating capacity by treatment with IFN-gamma, although

this treatment enhanced MHC expression. These findings indicate that IL-3 in

conjuction with Th1- and Th2-biasing cytokines (in addition to their effect on Th

cell differentiation), may play a critical role in the functional skewing of DC [40].

In vivo, work by Storozynsky et al. [41] demonstrated that exposure to IL-3 and

GM-CSF resulted in the generation of large numbers of DCs with increased T cell

stimulatory capacity that were important for cross-priming and subsequent

generation of tumor-reactive CTLs. These cells produced IFN-alpha and IFN-

beta, in addition expressing the IL-3 receptor. To date, there is no information

about the in vivo effect of IL-3 on human DCs.

Interleukin-6

Interestingly, studies on IL-6 have demonstrated variable effects on DC

differentiation, based on precursor cell type. IL-6 was found to inhibit monocyte

differentiation to DCs [42], resulting in an increased CD14 CD1a  population

concomitant with a reduced CD14 CD1a  DC population in GM-CSF/IL-4

supplemented cultures while IL-11, leukemia inhibitory factor, oncostatin M or

macrophage-colony stimulating factor (M-CSF) did not exert such an effect.

This inhibitory effect was abrogated by TNF-alpha, LPS, IL-1beta, CD40L or TGF-

beta1, of which TNF-alpha was the most potent, suggesting that IL-6 inhibited

DC differentiation from monocytes by promoting differentiation toward a

macrophage lineage that could be, in turn, modulated by other factors (i.e. TNF-

alpha, LPS, etc.). These observations were confirmed by Chromarat et al. [43]

who observed an IL-6-dependent switch in GM-CSF, IL-4 cultured monocyte

from DCs to macrophages.

In contrast, IL-6 has been reported to induce CD34  cell expansion and

differentiation into DCs in cooperation with GM-CSF [44], GM-CSF and SCF [45]

or FL [46] as judged by phenotype analysis and T lymphocyte stimulatory

+
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capacity. However, there have also been reports demonstrating an IL-6-

mediated inhibition of CD34  stem cell DC differentiation. Menetier-Caux et al.

reported that the release of IL-6 and M-CSF from renal cell carcinoma cells was

able to inhibit GM-CSF/TNF-alpha-induced differentiation of CD34  cells [47], as

well as monocytes [48] to DCs. These disparate effects of IL-6 on CD34  cells

should not perhaps be surprising, however, in view of the fact that Menetier-

Caux et al. reported the release of a number of soluble factors, in addition to IL-

6, including M-CSF, which exert their own direct and modifying effects.

Interleukin-7

IL-7 has been shown to be able to induce DC differentiation from both CD34

thymocytes [49] and monocytes (in co-operation with GM-CSF [50]). In the

latter report, investigators showed that DCs exhibiting a novel phenotype,

designated G7 DCs, were generated from adherent PBMCs following 7 day

culture in GM-CSF and IL-7. These cells expressed cell surface antigens typically

expressed on DCs generated with GM-CSF and IL-4, including MHC class I and II,

CD1a, CD11c, CD23, CD40, CD54, CD58, CD80, CD86 and CD95. However, these

cells also expressed CD21 which has been reported to function as a receptor for

a number of ligands, including type 2 complement, CD23, EBV and IFN-alpha.

Researchers found that these DCs were at least 1-2 logs more effective in

autologous and allogeneic MLR assays respectively when compared to PBMCs,

and the proliferative response of CD4 and CD8 T cells (to tetanus toxoid and an

EBV peptide respectively), as well as anti-EBV T cell cytotoxicity was enhanced

in response to G7 DCs compared to GM-CSF/IL-4 DCs. Similarly, Li et al. [51]

evaluated the phenotypic and functional properties of MoDCs following culture

with GM-CSF alone (GM-CSF-DCs), or in combination with IL-4 (IL4-DCs) or IL-7

(IL7-DCs). Consistent with the earlier report, IL-7-DCs (as well as GM-CSF-DCs)

expressed "a CD21-like molecule". The authors of these studies hypothesized

that IL-7, together with GM-CSF, activates a unique signalling pathway in

monocytes/macrophage resulting in differentiation to either a distinct DC

subtype [50] or differentiation stage [51] that are similar but distinct from GM-

CSF/IL-4-DCs.

Furthermore, work by Varas et al. [52] suggested a function for IL-7 in vivo for the

development of thymic DCs. Using an in vitro model (rat fetal thymus organ

cultures or FTOCs), the authors showed that IL-7 was able to dramatically

increase the numbers of CD3 CD4 CD8  cells that exhibited typical DC markers

+
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(including MHC class II, OX-62, CD11b, CD68, and CD54), morphology and

ultrastructural features and were potent stimulators of the allogeneic MLRs. IL-7

induced DC precursor differentiation as the DCs were not actively dividing,

precluding expansion of pre-existing cells. Interestingly, the addition of IL-7 to

FTOC from severe combined immunodeficient mice also generated large

numbers of DC in the absence of thymocyte maturation.

Interleukin-12

In addition to its role in regulation of hematopoiesis, IL-12 has also been shown

to contribute to the generation of DCs. In vivo studies of DC accumulation in

spleen, lymph node, thymus, liver, and tumor tissues indicated that IL-12, alone

or in combination with FL, induced the production of DCs which were largely

derived from myeloid precursors, while FL induced both myeloid and lymphoid

dendropoiesis [53]. The authors suggested that antitumor activity exhibited by

IL-12 may, at least in part, be due to this enhanced production of myeloid DCs.

Furthermore, IL-12 and FL were also implicated in maturation of DCs. Recently, it

was demonstrated that IL-12 acts directly on DCs to induce functional activation

through signaling events mediated by the beta1 subunit of the IL-12 receptor

[54] that results in increased surface expression of mature class II molecules

[55]. MoDCs express the IL12-Rbeta2 while monocytes do not.

Interleukin-13

IL-13 shares a number of properties with IL-4, in spite of the fact that its receptor

does not contain the common gamma-chain present in the receptor complex for

IL-4 and a number of other cytokines. Piemonti et al. [56] first demonstrated the

ability of IL-13 to substitute for IL-4, giving rise to DCs with similar phenotypic

and functional characteristics following culture with GM-CSF and either IL-4 or

IL-13. In addition to cell yield, morphology and membrane phenotype, IL-13- and

IL-4-derived DCs exhibited similar capacity for macropinocytosis, stimulating

MLRs, and responsiveness to chemokines. Thus the researchers concluded that

IL-13 was equivalent to IL-4 for the generation of DCs from PBMCs, suggesting

that signaling via common cytokine receptor gamma-chain is not essential.

Furthermore, DCs generated with IL-13 were shown to be able to effectively

induce antigen-specific CTL responses [57]. These data were consistent with

studies in which DCs generated from PBMCs of healthy donors as well as breast

and melanoma cancer patients using GM-CSF and IL-13, exhibited similar
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phenotype, purity and yield to GM-CSF/IL-4 and both populations of DCs were

able to effectively present allo- and recall antigens as determined in allogenic

and autologous MLRs respectively. In addition, both populations of DCs induced

CD3 , CD8 , CD4  and CD56  CTLs which were capable of lysing appropriate

targets in an antigen-specific manner [58].

Interestingly, not only was IL-13 able to support CD34  differentiation to DCs in

conjunction with GM-CSF, it was in fact, reported to be superior to the

"standard" cytokine cocktail of GM-CSF and TNF-alpha et al. [58] compared DCs

from the PB CD34  progenitors of G-CSF mobilized healthy donors and breast

cancer patients generated with either GM-CSF and IL-13 or GM-CSF and TNF-

alpha. One third of the bulk cells cultured with IL-13 were CD1a /CD14  and

strongly expressed CD1c, CD40, CD80 and HLA-DR after 15 days in culture. In

comparison, although a similar percentage of cells expressed CD1a in response

to GM-CSF and TNF-alpha, considerably lower fluorescence intensity was

observed, and CD14 was found to be strongly expressed on more than 50% of

cells. In addition, IL-13 DCs possessed enhanced capacity to present antigens to

autologous lymphocytes and to stimulate allogeneic MLRs compared to TNF-

alpha-derived DCs.

Interleukin-15

It has been shown that extended culture for 2-4 weeks with IL-15, as a single

agent, has the capacity to induce DC differentiation from human CD34

hemopoietic precursor cells [59]. Two main populations of cells were

distinguished in the cultures, the predominant population (73%-85%) being

composed of small to medium-size cells that exhibited a natural killer cell

phenotype (CD56 ), while the minor population (9%-21%) were comprised

mainly of DCs (75%-95% CD1a ). The resultant DCs exhibited the typical

morphological, immunocytochemical, phenotypic, and functional

characteristics of mature DCs. Flow cytometry analysis performed weekly

revealed increasing co-expression of CD1a or CD83 with HLA-DR, CD80, CD86,

and IL-2R alpha, beta and gamma subunits. Freshly isolated CD34  cells did not

express IL-2R subunits but acquired expression of the gamma-chain after 2-3

days in culture with IL-15. Induced expression of IL-2Rgamma on CD34  cells may

explain the primary mechanism of IL-15-regulated differentiation of hemopoietic

precursor cells. These data suggest that IL-15 may act as a growth and survival

factor for lymphoid DCs [59].
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Hepatocyte growth factor

Hepatocyte growth factor (HGF) has been known to play a role in the immune

response. Ovali et al. [60] demonstrated a role for this cytokine in the

differentiation of DCs from CD34  BM cells. CD34  cells obtained from healthy

donors were incubated with various combinations of HGF, GM-CSF and TNF-

alpha for 12 days. HGF as a single agent, generated a greater yield of DCs from

CD34  BM cells than GM-CSF, either alone or in combination with TNF-alpha as

judged by flow cytometry, morphology and T cell stimulatory capacity. In

addition, HGF was also found to potentiate the effect of GM-CSF on DC

development while TNF-alpha abrogated the effects. Thus, it appears that HGF

can exert a significant effect on the development of DCs from CD34  BM cells.

CD40 ligand

Although it has been well demonstrated that GM-CSF can act in combination

with a number of cytokines to induce DC development from PB monocytes,

relatively little work has been done looking at the activity of various cytokine

combinations in the absence of GM-CSF. Brossart et al. [61] analyzed the effect

of FL and CD40 ligand (CD40L) on the development of human DCs in the

absence of GM-CSF.

From these studies, it was found that although FL alone is not sufficient to

induce DC differentiation, it was able to potentiate this response in conjunction

with IL-4, and thus appears to be able to substitute for GM-CSF. These DCs

underwent further maturation after stimulation with TNF-alpha or CD40L, as

characterized by CD83 expression, upregulation of MHC, cell adhesion, and

costimulatory molecules as well as increased ability to stimulate an allogeneic

proliferative response. In contrast, ligation of CD40 as a single agent, was able to

promote differentiation of adherent blood monocytes into functional DCs in the

absence of other cytokines. These cells displayed the phenotypic and functional

characteristics of mature DCs and were potent stimulatory cells in priming of

MHC class I-restricted CTL responses, although their ability to take up and

present soluble protein antigens was reduced. Similarly, human CB and BM

CD34  HPCs expressed CD40 and engagement of the receptor mediated

differentiation into DCs [62]. Ligation of CD40 on CB CD34  HPCs induced cell

proliferation and differentiation into a cell population with prominent DC

attributes via a GM-CSF independent mechanism. These cells displayed strong

+ +

+

+

+

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 12/41



expression of the HLA-DR MHC class II molecule and were able to prime

allogeneic naive T cells although they lacked detectable CD1a and CD40

expression, features shared by a DC population identified in tonsillar T cell areas.

TRANCE

TRANCE (TNF-related activation-induced cytokine) is a novel member of the TNF

superfamily that was cloned during a search for apoptosis regulatory genes

[63], and whose expression is restricted to lymphoid-specific organs on T cells

[63, 64]. High levels of TRANCE receptor expression are found on mature DCs

[65, 66] compared to the low levels found on activated T and B cells, and

treatment of DCs with TRANCE results in an enhanced ability to stimulate T cells

although it does not increase the T cell stimulatory capacity of DC on a per cell

basis and, in fact, does not alter expression of MHC or costimulatory molecules

on mature DCs [67]. Instead, TRANCE was found to inhibit apoptosis of mouse

BMDCs and MoDC in vitro, suggesting a role as a DC survival factor [67].

However, it has also been suggested that TRANCE may modify other aspects of

DC function such as modulating the quality of the T cell response, i.e. Th1 versus

Th2. Josien [68] reported that stimulation of antigen-pulsed mature DCs with

TRANCE prior to immunization enhanced their adjuvant capacity and improved T

cell priming in vivo leading to enhanced primary and memory T cell responses.

This effect was mediated via the DCs as TRANCE did not exert any significant

direct effect on the proliferation, activation or survival of T or B cells.

These results were confirmed in other studies where treatment of DCs with

TRANCE induced proinflammatory (IL-6, IL-1) as well as T cell growth and

differentiation (IL-12, IL-15) cytokines [68]. TRANCE cooperated with CD40L or

TNF-alpha to further increase the viability of DCs, suggesting that TNF-related

molecules may cooperatively regulate the function and survival of DCs to

enhance T cell mediated immune responses. In another report, the TRANCE was

able to provide the required costimulation for efficient CD4  T cells priming

during viral infection in the absence of CD40L/CD40 interaction [69].

Macrophage-colony stimulating factor

Kamps et al. [70] studied whether it is possible that CD34  progenitor cells could

be induced to differentiate along a DC lineage in response to M-CSF. Indeed,

culture with this cytokine was able to induce the generation of CD83  DC from

+
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CD34  progenitor cells, in conjunction with TNF-alpha, IL-4, and MGF, although

their absolute number was almost threefold lower than the number of CD83

cells derived from GM-CSF plus TNF-alpha, IL-4, and MGF cultured CD34  cells.

However, as described earlier, there are data suggesting that M-CSF, in

conjunction with other soluble factors such as IL-6, can inhibit DC differentiation

from CD34  stem cells. M-CSF was reported to result in the upregulation of the

M-CSF receptor, concomitant with a downregulation of GM-CSF receptor levels

[47].

Flt3 ligand

FL was first reported to have a mobilizing effect on DCs in vivo [71] although

recent observations have also reported a capacity to generate DC following in

vivo adminstration. The adminstration of FL to healthy human volunteers

increased the number of circulating DC precusors. Moreover, these circulating

DCs were efficient stimulators of T cells in vitro [72, 73]. However, the

mechanism for the increased DC number is not completely clear and may be a

result of increased generation/differentiation from DC precursors, mobilization

of preexisting cells, or both. In vitro, it has been demonstrated that this cytokine

can induce the differentiation of DCs [46, 74]. This factor was able to cooperate

with TGF-beta to potentiate in vitro development of DCs and allow dendritic cell

cluster formation under serum-free conditions [74], while Brasel et al. [46]

described an FL-dependent BM culture system that generated DCs with diverse

phenotypic characteristics. Murine BM cells cultured at high density in

recombinant human FL for 9 days, developed into small lymphoid-sized cells,

most of which expressed CD11c, CD86, and MHC class II. The CD11c  population

could be divided into 2 populations on the basis of the level of expression of

CD11b. These DCs could be activated/matured with IFN-alpha or LPS to express

an activated phenotype that included up-regulation of MHC class II, CD1d,

CD8alpha, CD80, CD86, and CD40. Interestingly, work by Parajuli et al. [75]

suggest that FL may act on a distinct population of DCs compared to GM-CSF.

The FL-derived DCs also exhibited potent antigen-processing and antigen-

presenting capacity. SCF, which exhibits some of the same bioactivities as FL,

was unable to replace FL in promoting DC development in vitro [46].

Interestingly, FL was found to preferentially induce a DC1 subpopulation which, in

turn, elaborated a Th1-biased response, while researchers found that GM-CSF

favoured a DC2 subpopulation and a Th2 immune response.
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Transforming growth factor-beta

Endogenous TGF-beta is required for the development of both LC and non-LC

DC from CD34  HPCs [76], an effect mediated through proliferation and

differentiation of CD14  and CD1a  DC precursors respectively. Exogenous TGF-

beta polarized the CD34  HPCs towards LCs by inducing differentiation of CD14

DC precursors into E-cadherin , Lag CD68 , and factor XIIIa  LCs which exhibited

functions similar to CD1a  precursor-derived DC (and contrary to DCs derived

from CD14  precursors in the absence of TGF-beta), in that they did not secrete

IL-10 on CD40 ligation or stimulate differentiation of CD40-activated naive B

cells. Collectively these results suggested that TGF-beta polarized CD34  HPC

differentiation toward LC. On the other hand, IL-4 induced non-LC DC

development independently of TGF-beta [76].

In contrast, Zhang et al. [77] found that TGF-beta1 was able to significantly

inhibit the generation of CD11b CD11c  and CD11b CD11c  DC precursors

from murine Lin c-kit  HPCs cultured with GM-CSF, SCF and TNF-alpha.

Expression of the cell surface antigen expression of Ia and CD86, as well as RNA

levels of MHC class II transactivator and CC-chemokine receptor 7 were

suppressed in Lin c-kit  HPC cultures stimulated with GM-CSF, SCF and TNF-

alpha. TGF-beta1 also suppressed development of mature DCs from

CD11b CD11c  DC precursors, but not from CD11b CD11c  DC precursors.

CYTOKINE-INDUCED IN VITRO MATURATION OF DC

One aspect of DC biology which has proven to be of particular interest is the

dichotomy exhibited in the cellular properties/processes of DCs during

maturation that reflect the functional division between immature and mature

cells. While immature cells possess very efficient mechanisms for antigen

uptake and processing, their presentation capacity is relatively poor, thus

making them ideal to function as sentinels in the peripheral tissues with the

ability to acquire antigens from invading pathogens. Conversely, mature DCs

exhibit reduced antigen uptake capacity while acquiring enhanced presentation

ability, thus rendering them ideal to function as cells to stimulate an acquired

immune response by efficiently presenting exogenous antigens to immune

effector cells. It has now been well documented that DCs arise from multiple

lineages and progress through a series of intermediate stages until fully mature,

at which time they are capable of optimal antigen presentation and T cell
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activation. A wide variety of stimuli are able to induce DC maturation and these

include signals from T cells such as CD40L [61, 62], inflammatory cytokines such

as TNF-alpha and IL-1, bacterial stimuli such as LPS [6, 78], live gram positive

bacteria [79], bacterial DNA and double-stranded RNA [80]. In addition, infection

by pathogens such as the influenza virus, can also directly induce the

maturation of DCs [81], and recently, additional cytokines have also been

reported to induce DC maturation, such as IL-16 and IL-17. Certainly, the ability of

DCs to generate an effective immune response has been correlated with their

maturation state [81-83].

Interestingly, the reported phenotypic and functional changes associated with

the DC maturation process have all been remarkably similar in spite of the wide

variety of inducing signals. However, more recently, molecular gene expression

analyses using such techniques as DNA array and SAGE (Serial Analysis of Gene

Expression) has suggested that, similarities may be superficial and that, in fact,

fundamental differences exist between DC populations that have been matured

in different ways, which may have functional implications [84, 85].

Interleukin-1

Initial reports indicated that DCs were able to synthesize and secrete IL-1 which

acted to stimulate T cells [86, 87]. More recently, it has been found that IL-1 is

also able to promote DC maturation [88]. Using the GM-CSF-dependent murine

cell line, XS52 as a model system for DC maturation, the authors screened a

variety of factors for their ability to mature XS52 cells as judged by enhanced

expression of MHC class II, CD40, CD80, CD86 and CD11c molecules,

downregulation of CD14 and enhanced ability to stimulate both naive and primed

T cells in an antigen-specific manner. IL-1beta (as well as TNF-alpha and CD40

ligation) was found to synergize with IL-4 to induce DC maturation in this system

and these matured DCs were potent stimulators of a contact hypersensitivity

reaction when conjugated with a hapten. A role for IL-1 was also suggested in

work by Williamson et al. [89] investigating strategies to convert tolerogenic

DCs into immunogenic cells with FL. A combination of FL and IL-1alpha was able

to induce a potent active response to orally administered soluble Ag, rather than

the normal tolerogenic response. This suggested that IL-1 and other

inflammatory signals can act on FL-expanded DCs, and can act to regulate

intestinal immune responses [89].
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Interleukin-10, interleukin-12

Initiation and development of appropriate immune responses and the optimal

elimination of invading pathogens can, in large part, explained by the concept of

immune regulation by CD4  helper T lymphocyte subgroups through the

production of mutually exclusive sets of effector cytokines, the so-called Th1

and Th2 cytokines [reviewed in 90]. However, although this is generally

accepted immunological dogma, how the immune system makes the Th1/Th2

decision is still not well understood. Recently, it has been hypothesized that Th

biasing may be a function of DC derived signalling [91]. DC1 and DC2 cells may

initiate either a Th1 or Th2 biased immune response by providing "Signal 3". APCs

provide the appropriate signals to T lymphocytes to allow generation of antigen-

specific immune responses. These have traditionally included Signal 1 (antigen

specific activation by recognition and binding of an appropriate peptide: MHC

Class II peptide presented on the surface of the DC to the cognate T cell

receptor on the CD4  T lymphocyte) and Signal 2 (Co-stimulatory signal by

recognition and binding of costimulatory molecules on the surface of DCs such

as CD40L and CD80/CD86 to their cognate receptors on the surface of T

lymphocytes, CD40 and CD28 respectively). However, it now appears that DCs

may also provide Signal 3, secretion of either Th1 or Th2 cytokines such as IL-

12/IFN-gamma and IL-4/IL-10 respectively, that determine the Th bias of the

resultant immune response.

However, although subtypes of DCs produce these different cytokines, it now

appears that DCs also respond to stimulation by these same cytokines [92, 93].

The addition of IL-12 results in a dose-dependent maturation of BM-derived DCs

generated in vitro with GM-CSF and TNF-alpha, as judged by upregulation of

costimulatory molecules and enhanced T lymphocyte stimulatory capacity [94].

Similarly, DCs have also been reported to be responsive to IL-10. Consistent with

this, De Smedt et al. [95] reported that IL-10 induced maturation DCs to a

phenotype with impaired ability to produce IL-12 and IFN-gamma (and therefore,

elaborated a Th2-biased response). However, in contrast, Cortini et al. [96]

found that IL-10 actually acted to inhibit DC maturation. By preventing autocrine

IL-10 stimulation using neutralizing antibodies, the researchers were able to

induce DCs with elevated CD80, 86 and 83 expression, enhanced secretion of

Th1 cytokines and enhanced capacity to stimulate T lymphocyte, particularly

with a Th1 bias. In any case, these results suggest that DCs are responsive to
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autocrine cytokine stimulation that ultimately influence DC maturation and

function.

Interleukin-16

Numerous studies have indicated a role for this cytokine in the modulation of DC

maturation and activity. IL-16, a natural ligand for the CD4 receptor, has also

been found to modulate T lymphocyte function. Some APCs, including

macrophages, as well as specific DC populations, have been shown to express

functional surface CD4 molecules and these cells have been found to play a

critical role in a variety of different immune processes. Recombinant IL-16 was

found to upregulate CD25 and CD80 receptor expression on monocyte-derived

macrophages but to downregulate CD4 and CD86 surface expression. In MoDCs

however, both CD25 and CD83 was upregulated with no change observed in

CD4, CD80 or CD86 expression levels. Chemokine receptor gene expression was

only modestly and transiently down-regulated following stimulation with IL-16.

Based on the ability of IL-16 to up-regulate CD25 and CD83 expression in MoDC,

it was suggested that this cytokine might enhance dendritic cell maturation

[97].

Interleukin-17

IL-17 is a T cell-derived cytokine that stimulates stromal cells and macrophages

to secret proinflammatory cytokines [98]. It has been hypothesized that IL-17

may contribute to allogeneic immune responses during organ and stem cell

transplant [99]. To address a possible mechanism by which IL-17 may promote

alloreactivity, the influence of IL-17 on the differentiation and function of GM-

CSF/IL-4 differentiated BM-derived DCs was investigated. A minor proportion of

CD11c  DCs was found to express the IL-17R, and its ligand was able to promote

the maturation of DC progenitors, as demonstrated by increased cell-surface

expression of CD11c, costimulatory molecules CD40, CD80, CD86, and MHC

class II antigens, as well as enhanced allostimulatory capacity. IL-17 had a lesser

effect on the phenotype and function of more fully differentiated myeloid DCs.

These findings suggested that the effect of IL-17 may be mediated, at least in

part, via a maturation-inducing effect on DCs [99].

CD40 ligand

+
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Work by a number of groups have also shown that ligand- or antibody-induced

trimerization of CD40 induces DC maturation and enhanced stimulatory ability

[100-102]. As such, CD40/CD40L has been widely regarded as a major signaling

pathway for DC maturation, which is essential for the initiation of antigen-

specific T cell responses and are therefore, considered major players in anti-

tumour immunity. Studies using DCs genetically modified ex vivo to express

CD40L to enhance in vivo presentation of tumor antigens to the cellular immune

system, show a resultant induction of antitumor immunity and suppression of

tumor growth [102].

Recent work, however, has suggested that CD40 ligation may not be sufficient

for optimal maturation. Although CD83 has thus been widely accepted as a

surrogate marker for a mature DC population, recent work [103] has suggested

that IL-12 expression may be a more accurate marker of mature DCs, specifically

of functionally active cells that are capable of activating antigen-specific T cells.

Based on this criterion, a combination of signaling through CD40 and IFN-

gammaR was required to optimally mature DCs. Phenotypically mature DCs

could only be induced to produce high levels of IL-12 p70 when provided with

both stimulatory signals simultaneously. Interestingly, CD83 expression was

necessary, but not sufficient, for optimal production of IL-12, as only a subset of

cells expressing high CD80 and CD83 levels synthesized significant amounts of

IL-12. DCs matured with both CD40 and IFN-gammaR signals were superior to

DCs stimulated with either agent alone in terms of their capacity to activate

antigen-specific T cell in vitro. In contrast, Kuniyoshi et al. [104] found that the

production of IL-15 rather than IL-12 was an important factor in the enhanced

immunostimulatory ability of CD40-stimulated DCs.

The mechanism by which CD40/CD40L interaction enhances DC function may

be through a process that has been termed "DC conditioning", initiated by the

recognition of peptide: MHC class II molecules on the surface of DCs by the T

cell receptor on CD4 T lymphocytes. This recognition results in the upregulation

of CD40L on the surface of CD4 T lymphocytes and subsequent binding to DC

CD40. This ligation of CD40 in turn upregulates costimulatory molecules and

produces a "conditioned" DC that is capable of efficient interaction with CD8 T

lymphocytes expressing appropriate T cell receptors recognizing peptides

presented in MHC class I molecules on the surface of the "conditioned DC". In

this way, CD4 T cell help may be provided through two distinct pathways, the
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more classical concept of cytokine production as well as by CD40L

"conditioning" [105].

Transforming growth factor-beta

The immunosuppressive functions of TGF-beta have been well demonstrated,

functions that may be mediated, at least in part, by effects on DC generation

and maturation (reviewed by Strobl & Knapp [106]). Several studies have shown

that TGF-beta1 inhibits in vitro activation and maturation of DCs. TGF-beta1

inhibits upregulation of critical T cell costimulatory molecules on the surface of

DCs, thereby reducing the antigen-presenting capacity of DCs. Thus, in addition

to direct inhibitory effects of TGF-beta1 on effector T lymphocytes, inhibitory

effects are also, likely exerted at the level of APCs, which contribute to

immunosuppressive effects of TGF-beta.

In contrast, certain subpopulations of immature DCs in nonlymphoid tissues

appear to be positively regulated by TGF-beta1 signaling, particularly for

development and function of epithelial-associated DC populations. Recent

studies have shown that epithelial LCs require TGF-beta1 for development, both

in vitro and in vivo, as well as for enhanced antigen processing and costimulation

[106].

Interferon-alpha, beta, gamma

Interferons have been reported to have the capacity to both induce generation

[107] and maturation of DCs. The ability of interferons to induce DC maturation

has been extensively documented, and has generally been shown to result in

increased T lymphocyte stimulatory capacity via upregulated expression of

specific costimulatory molecules, particularly CD86, and elaboration of various

immunomodulatory cytokines [103, 108-112].

Interestingly however, the situation with IFN does not appear to be as simple as

reported for other cytokines, since the effect seems to be critically dependent

on both the DC and IFN subtype. Ito et al. [110] demonstrated that IFN-alpha and

-gamma were effective at enhancing viability and inducing maturation of CD11c

PB DCs as judged by upregulation of costimulatory molecules and induction of a

IL-10/Th2-biased response and a IL-12/Th1 biased-response, respectively. In

contrast, only IFN-alpha exerted an effect on CD11c  DC viability, and neither IFN-
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alpha, -beta nor -gamma was able induce significant maturation of this

subpopulation of DCs. Similar results for DCs generated in vitro from monocyte

precursors where IFN-alpha induced DC maturation and enhanced function [111-

113] have also been reported, although some studies have reported

contradictory data. McRae et al. [114] recently reported the inhibition of human

DCs generated in vitro from monocyte precursors by IFN-alpha/beta while

Larsen et al., earlier reported IFN-gamma [115] had no effect on DC

immunostimulatory function. The basis for these disparate findings is not clear,

although the former work dealt primarily with the differentiation rather than

maturation of DCs, while the latter study did demonstrate elevated CD86

expression although no enhancement of immunostimulatory capacity was

noted. Furthermore, although these studies did not detect any influence of IFN-

beta mediated effects, Huang et al. [116], researching the mechanism of IFN-

beta-induced IL-12 downregulation in multiple sclerosis patients, found that DCs

were biased towards a DC2 subtype following exposure to IFN-beta. These cells

secreted IL-10, exhibited inhibited IL-12 production, and as expected, elaborated

a Th2 mediated T lymphocyte response.

Interestingly however, another effect was observed by Lui et al. [117] and Vidalain

et al. [118] who noted an upregulation of TNF-related apoptosis-inducing ligand

on IFN-alpha or -gamma stimulated CD11c PB DCs and IFN-beta-stimulated

MoDCs, and a concomittant ability to lyse tumour cells expressing TRAIL

receptor, thus indicating a role for IFN matured DCs in direct cytolysis of tumour

cells.

CONCLUSION

As reviewed here, an incredibly wide variety of cytokines, under appropriate

conditions, have the capacity to differentiate and mature DCs from a variety of

precursor populations. There is no doubt that the development of methods to

obtain large numbers of DC-like cells have enabled tremendous advances in

both our understanding of DC biology and function, as well as our ability to

harness these cells to modulate the immune system. Furthermore, the wide

array of cytokines, conditions and precursor cells, as well as the properties of

the resultant DCs, have made it very clear that in vitro generated DCs represent

a heterogeneous population, something which parallels the wide variety of DC

subpopulations in vivo.
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However, although the methodology has offered tremendous opportunity in the

context of increasing our basic understanding of DC biology, it also suffers from

potential drawbacks that may limit its utility. Major among these is the relevance

of in vitro generated DCs to the in vivo condition. In vitro derived cells have been

and are currently used extensively as models for DC biology, to gain insight into

their in vivo development and properties, as well as their roles in immune

function. However, it is not clear how well the in vitro conditions (including

cytokines) used to differentiate DCs or the resultant cell populations, actually

represent in vivo processes. In fact, it is entirely possible that some or most of

them have no physiological relevance and do not represent differentiation

pathways that occur in vivo in spite of the fact that they ultimately generate

cells with DC-like properties. Not only would these studies fail to generate

meaningful in vivo data, they would ultimately be misleading. Therefore, a major

challenge confronting the use of in vitro models include identifying those

conditions that accurately (or adequately) represent in vivo processes.

Furthermore, in the context of such heterogeneous in vitro and in vivo DC

subpopulations, it is essential to define the specific in vitro conditions that

reflect specific in vivo processes. In this way, it will be possible to effectively use

these in vitro derived cells to study and understand the properties, functions

and roles of specific DCs in vivo. Furthermore, by eliminating those conditions

that have no in vivo relevance, it may be possible to obtain a more unified picture

of the processes that lead to the generation and maturation of these cells,

something that is currently extremely difficult if not impossible in view of the

multitude of cytokines, culture conditions, DC precursors and DC subtypes

capable of generating DCs in vitro.

However, in terms of clinical application, how well the in vitro conditions reflect

the in vivo scenario is not as relevant as the ability of the DC to fulfill the desired

role. It is clear that there is an extensive body of work, both ongoing and

completed, aimed at determining the effectiveness of specific cytokines to

induce DC subsets. However, the relative capacity of these different cytokines

mixtures to induce DC generation and/or maturation, at least in a larger context,

remains largely unexplored as does the relative ability of these resultant DC

subsets to induce a desired immune effect, either immunogenic or tolerogenic.

In terms of clinical application, the functional/therapeutic characteristics of

these DC subsets would undoubtedly have significant consequences on their

utility for immunotherapy. Although it is beyond the scope of this review, studies
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of in vitro DC differentiation and maturation for clinical applications are currently

underway. These are largely focused on the induction of antigen-specific

immune responses for anti-tumour as well as anti-viral and anti-infectious

disease applications, but also include induction of tolerance for the treatment of

autoimmune disease, graft-versus-host disease and organ rejection. Although

the relationship of in vitro to in vivo DCs may not be relevant in this context, an

understanding of the different functions and properties of the various DC

subtypes and the effect of maturation state on the quality and quantity of the

immune response is essential to optimize the effectiveness of DC-based

immunotherapeutic approaches. In this context, both the absolute functionality

as well as the relative ability compared to other DC subsets is important. By

understanding the functional properties of the different subpopulations and

maturational states on the ability of DCs to modulate the immune system, and

by subsequently correlating the ability of various cytokines to specifically

modulate DC subpopulations and/or DC maturation, we will begin to more fully

realize the potential of DC-based immunotherapies to specifically manipulate

the immune system.

1. Steinman R M, Cohn Z A. 1973. Identification of a novel cell type in peripheral

lymphoid organs of mice. I. Morphology, quantitation, tissue distribution. J. Exp.

Med. 137: 1142.

2. Steinman R M, Witmer M D. 1978. Lymphoid dendritic cells are potent

stimulators of primary mixed leucocyte reaction in mice. Proc. Natl. Acad. Sci.

USA 75: 5132.

3. Inaba K, Witmer M D, Steinman R M. 1984. Clustering of dendritic cells, helper T

lymphocytes and histocompatible B cells, during primary antibody responses in

vitro. J. Exp. Med. 160: 858.

4. Romani N, Gruner S, Brang D, Kampgen E, Lenz A, Trockenbacher B, Konwalinka

G, Fritsch P O, Steinman R M, Schuler G. 1994. Proliferating dendritic cells

progenitors in human blood. J. Exp. Med. 180: 83.

References

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 23/41



5. Caux C, Dezutier-Dambuyant C, Schmitt D, Banchereau J. 1992. GM-CSF and

TNF-alpha cooperate in the generation of dendritic Langerhans cells. Nature

360: 258.

6. Sallusto F, Lanzavecchia A. 1994. Efficient presentation of soluble antigen by

cultured human dendritic cells is maintained by granulocyte/macrophage

colony-stimulatory factor plus interleukin-4 and downregulated by tumor

necrosis factor alpha. J. Exp. Med. 179: 1109.

7. Kiertscher S M, Roth M D. 1996. Human CD14  leukocytes acquire the

phenotype and function of antigen-presenting dendritic cells when cultured in

GM-CSF and IL-4. J. Leukoc. Biol. 59: 208.

8. Ratta M, Rondelli D, Fortuna A, Curti A, Fogli M, Fagnoni F, Martinelli G, Terragna

C, Tura S, Lemoli R M. 1998.Generation and functional characterization of human

dendritic cells derived from CD34 cells mobilized into peripheral blood:

comparison with bone marrow CD34  cells. Br. J. Haematol. 101: 756.

9. Norbury C C, Chambers B J, Prescott A R, Ljunggren H G, Watts C. 1997.

Constitutive macropinocytosis allows TAP-dependent major histocompatibility

complex class I presentation of exogenous soluble antigen by bone marrow-

derived dendritic cells. Eur. J. Immunol. 27: 280.

10. Zhou L, Schwarting R, Smith H M, Tedder T F. 1992. A novel cell-surface

molecule expressed by human interdigitating reticulum cells, Langerhans cells,

and activated lymphocytes is a new member of the Ig superfamily. J. Immunol.

149: 735.

11. Hock B D, Starling G C, Daniel P B, Hart D N. 1994. Characterization of CRMF-

44, a novel monoclonal antibody to an activation antigen expressed by the

allostimulatory cells within peripheral blood, including dendritic cells.

Immunology 83: 573.

12. Kato M, Neil T K, Fearnley D B, McLellan A D, Vuckovic S, Hart D N. 2000.

Expression of multilectin receptors and comparative FITC-dextran uptake by

human dendritic cells. Int. Immunol. 12: 1511.

+

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 24/41



13. Weissman D, Li Y, Orenstein J M, Fauci A S. 1995. Both a precursor and a

mature population of dendritic cells can bind HIV. However, only the mature

population that expresses CD80 can pass infection to unstimulated CD4  T

cells. J. Immunol. 155: 4111.

14. Coventry B J. 1999. CD1a positive putative tumour infiltrating dendritic cells in

human breast cancer. (Review) Anticancer Res. 19: 3183.

15. Chang C C, Wright A, Punnonen J. 2000. Monocyte-derived CD1a  and CD1a

dendritic cell subsets differ in their cytokine production profiles, susceptibilities

to transfection, and capacities to direct Th cell differentiation. J. Immunol. 165:

3584.

16. Ammon C, Meyer S P, Schwarzfischer L, Krause S W, Andreesen R, Kreutz M.

2000. Comparative analysis of integrin expression on monocyte-derived

macrophages and monocyte-derived dendritic cells. Immunology 100: 364.

17. Daro E, Pulendran B, Brasel K, Teepe M, Pettit D, Lynch D H, Vremec D, Robb L,

Shortman K, McKenna H J, Maliszewski C R, Maraskovsky E. 2000. Polyethylene

glycol-modified GM-CSF expands CD11b(high)CD11c(high) but not

CD11b(low)CD11c(high) murine dendritic cells in vivo: a comparative analysis

with Flt3 ligand. J. Immunol. 165: 49.

18. Rissoan M C, Soumelis V, Kadowaki N, Grouard G, Briere F, de Waal Malefyt R,

Liu Y J. 1999. Reciprocal control of T helper cell and dendritic cell differentiation.

Science 283: 1183.

19. Sato M, Iwakabe K, Kimura S, Nishimura T. 1999. Functional skewing of bone

marrow-derived dendritic cells by Th1- or Th2-inducing cytokines. Immunol. Lett.

67: 63.

20. Liu Y J, Kadowaki N, Rissoan M C, Soumelis V. 2000. T cell activation and

polarization by DC1 and DC2. Curr. Top. Microbiol. Immunol. 251: 149.

21. Kadowaki N, Antonenko S, Ho S, Rissoan M C, Soumelis V, Porcelli S A, Lanier L

L, Liu Y J. 2001. Distinct cytokine profiles of neonatal natural killer T cells after

expansion with subsets of dendritic cells. J. Exp. Med. 193: 1221.

+

+ -

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 25/41



22. de Jong E C, Vieira P L, Kalinski P, Kapsenberg M L. 1999. Corticosteroids

inhibit the production of inflammatory mediators in immature monocyte-derived

DC and induce the development of tolerogenic DC3. J. Leukoc. Biol. 66: 201.

23. Weiner H L. 2001. Oral tolerance: immune mechanisms and the generation of

Th3-type TGF-beta-secreting regulatory cells. (Review) Microbes Infect. 3: 947.

24. Weiner H L. 2001. Induction and mechanism of action of transforming growth

factor-beta-secreting Th3 regulatory cells. Immunol. Rev. 182: 207.

25. Reid C D, Stackpoole A, Meager A, Tikerpae J. 1992. Interactions of tumor

necrosis factor with granulocyte-macrophage colony-stimulating factor with

granulocyte-macropahge colony-stimulating factor and other cytokines in the

regulation of dendritic cell growth in vitro from early bipotent CD34  progenitors

in human bone marrow. J. Immunol. 149: 2681.

26. Santiago-Schwarz F, Belilos E, Diamond B, Carsons S E. 1992. TNF in

combination with GM-CSF enhances the differentiation of neonatal cord blood

stem cells into dendritic cells and macrophages. J. Leukoc. Biol. 52: 274.

27. Bender A, Sapp M, Schuler G, Steinmam R M, Bhardwaj N. 1996. Improved

methods for the generation of dendritic cells from nonproliferating progenitors

in human blood. J. Immunol. Methods 196: 121.

28. Romani N, Reider D, Heuer M, Ebner S, Kampgen E, Eibl B, Niederwieser D,

Schuler G. 1996. Generation of mature dendritic cells from human blood. An

improved method with special regard to clinical applicability. J. Immunol.

Methods 196: 137.

29. Markowicz S, Engleman E G. 1990.Granulocyte-macrophage colony-

stimulating factor promotes differentiation and survival of human peripheral

blood dendritic cells in vitro. J. Clin. Invest. 85: 955.

30. Caux C, Favre C, Saeland S, Duvert V, Durand I, Mannoni P, Banchereau J. 1991.

Potentiation of early hematopoiesis by tumor necrosis factor-alpha is followed

by inhibition of granulopoietic differentiation and proliferation. Blood 78: 635.

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 26/41



31. Young J W, Szabolcs P, Moore M A. 1995. Identification of dendritic cell colony-

forming units among normal human CD34  bone marrow progenitors that are

expanded by c-kit-ligand and yield pure dendritic cell colonies in the presence of

granulocyte/macrophage colony-stimulating factor and tumor necrosis factor

alpha. J. Exp. Med. 182: 1111.

32. Shortman K, Caux C. 1997. Dendritic cell development: multiple pathways to

nature's adjuvants. (Review) Stem Cells 15: 409.

33. Bykovskaja S N, Buffo M J, Bunker M, Zhang H, Majors A, Herbert M, Lokshin A,

Levitt M L, Jaja A, Scalise D, Kosiban D, Evans C, Marks S, Shogan J. 1998.

Interleukin-2-induces development of denditric cells from cord blood CD34

cells. J. Leukoc. Biol. 63: 620.

34. Civallero M, Barni S, Nano R, Capelli E. 2000. Dendritic cells and interleukin-2:

cytochemical and ultrastructural study. Histol. Histopathol. 15: 1077.

35. Koide S L, Inaba K, Steinman R M. 1987. Interleukin-1 enhances T dependent

immune responses by amplifying the function of dendritic cells. J. Exp. Med. 165:

515.

36. Kradin R L, Xia W, Pike M, Byers H R, Pinto C. 1996. Interleukin-2 promotes the

motility of dendritic cells and their accumulation in lung and skin. Pathobiology

64: 180.

37. Fukao T, Koyasu S. 2000. Expression of functional IL-2 receptors on mature

splenic dendritic cells. Eur. J. Immunol. 30: 1453.

38. Caux C, Vanbervliet B, Massacrier C, Durand I, Banchereau J. 1996.

Interleukin-3 cooperates with tumor necrosis factor alpha for the development

of human dendritic/Langerhans cells from cord blood CD34  hematopoietic

progenitor cells. Blood 87: 2376.

39. Blom B, Ho S, Antonenko S, Liu Y J. 2000. Generation of interferon alpha-

producing predendritic cell (Pre-DC)2 from human CD34  hematopoietic stem

cells. J. Exp. Med. 192: 1785.

+

+

+

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 27/41



40. Sato M, Iwakabe K, Ohta A, Sekimoto M, Nakui M, Koda T, Kimura S, Nishimura.

2000. T Functional heterogeneity among bone marrow-derived dendritic cells

conditioned by T(h)1- and T(h)2-biasing cytokines for the generation of

allogeneic cytotoxic T lymphocytes. Int. Immunol. 12: 335.

41. Storozynsky E, Woodward J G, Frelinger J G, Lord E M. 1999. Interleukin-3 and

granulocyte-macrophage colony-stimulating factor enhance the generation

and function of dendritic cells. Immunology 97: 138.

42. Mitani H, Katayama N, Araki H, Ohishi K, Kobayashi K, Suzuki H, Nishii K,

Masuya M, Yasukawa K, Minami N, Shiku H. 2000. Activity of interleukin-6 in the

differentiation of monocytes to macrophages and dendritic cells. Br. J. Haematol.

109: 288.

43. Chomarat P. Banchereau J. Davoust J. Palucka A K. 2000. IL6 switches the

differentiation of monocytes from dendritic cells to macrophages. Nat. Immunol.

1: 510.

44. Bernhard H, Huseby E S, Hand S L, Lohmann M, Batten W Y, Disis M L, Gralow J

R, Meyer zum Buschenfelde K H, Ohlen C, Cheever M A. 2000. Dendritic cells lose

ability to present protein antigen after stimulating antigen-specific T cell

responses, despite upregulation of MHC class II expression. Immunobiology 201:

568.

45. Bernhard H, Lohmann M, Batten W Y, Metzger J, Lohr H F, Peschel C, zum

Buschenfelde K M, Rose-John S. 2000. The gp130-stimulating designer cytokine

hyper-IL-6 promotes the expansion of human hematopoietic progenitor cells

capable to differentiate into functional dendritic cells. Exp. Hematol. 28: 365.

46. Brasel K, De Smedt T, Smith J L, Maliszewski C R. 2000. Generation of murine

dendritic cells from flt3-ligand-supplemented bone marrow cultures. Blood 96:

3029.

47. Menetrier-Caux C, Montmain G, Dieu M C, Bain C, Facrot M C, Caux C, Blay Y J.

1998. Inhibition of the differentiation of dendritic cells from CD34  progenitors by

tumor cells: role of interleukin-6 and macrophage colony-stimulating factor.

Blood 92: 4778.

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 28/41



48. Menetrier-Caux C, Thomachot M C, Alberti L, Montmain G, Blay Y J. 2001. IL-4

prevents the blockade of dendritic cell differentiation induced by tumor cells.

Cancer Res. 61: 3096.

49. Marquez C, Trigueros C, Fernandez E, Toribio M L. 1995. The development of T

and non-T cell lineages from CD34  human thymic precursors can be traced by

the differential expression of CD44. J. Exp. Med. 181: 475.

50. Takahashi K, Honeyman M C, Harrison L C. 1997. Dendritic cells generated

from human blood in granulocyte macrophage-colony stimulating factor and

interleukin-7. Hum. Immunol. 55: 103.

51. Li L, Masucci M G, Levitsky V. 2000. Effect of interleukin-7 on the in vitro

development and maturation of monocyte derived human dendritic cells. Scand

J. Immunol. 51: 361.

52. Varas A, Vicente A, Sacedon R, Zapata A G. 1998. Interleukin-7 influences the

development of thymic dendritic cells. Blood 92: 93.

53. Esche C, Cai Q, Peron J M, Hunter O, Subbotin V M, Lotze M T, Shurin M R.

2000. Interleukin-12 and Flt3 ligand differentially promote dendropoiesis in vivo.

Eur. J. Immunol. 30: 2565.

54. Nagayama H, Sato K, Kawasaki H, Enomoto M, Morimoto C, Tadokoro K, Juji T,

Asano S, Takahashi T A. 2000. IL-12 responsiveness and expression of IL-12

receptor in human peripheral blood monocyte-derived dendritic cells. J.

Immunol. 165: 59.

55. Grohmann U, Orabona C, Bianchi R, Belladonna M L, Fioretti M C, Puccetti P.

2000. IL-12 induces SDS-stable class II alphabeta dimers in murine dendritic

cells. Cytokine 12: 401.

56. Piemonti L, Bernasconi S, Luini W, Trobonjaca Z, Minty A, Allavena P,

Mantovani A. 1995. IL-13 supports differentiation of dendritic cells from

circulating precursors in concert with GM-CSF. Eur. Cytokine Netw. 6: 245.

57. Alters S E. Gardea J R, Holm B, Lebkowski J, Philip R. 1999. IL-13 can substitute

for IL-4 in the generation of dendritic cells for the induction of cytotoxic T

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 29/41



lymphocyte and gene therapy. J. Immunother 22: 229.

58. Lopez M, Amorim L, Gane P, Cristoph A, Bardinet D, Abina A M, Minty A,

Bernard J. 1997. IL-13 induces CD34  cells isolated from G-CSF mobilized blood to

differentiate in vitro into potent antigen presenting cells. J. Immunol. Methods

208: 117.

59. Bykovskaia S N, Buffo M, Zhang H, Bunker M, Levitt M L, Agha M, Marks S,

Evans C, Ellis P, Shurin M R, Shogan J. 1999. The generation of human dendritic

and NK cells from hemopoietic progenitors induced by interleukin-15. J. Leukoc.

Biol. 66: 659.

60. Ovali E, Ratip S, Kibaroglu A, Tekelioglu Y, Cetiner M, Karti S, Aydin F, Bayik M,

Akoglu T. 2000. Role of hepatocyte growth factor in the development of

dendritic cells from CD34  bone marrow cells. Haematologica 85: 464.

61. Brossart P, Grunebach F, Stuhler G, Reichardt V L, Mohle R, Kanz L, Brugger W.

1998. Generation of functional human dendritic cells from adherent peripheral

blood monocytes by CD40 ligation in the absence of granulocyte-macrophage

colony-stimulating factor. Blood 92: 4238.

62. Flores-Romo L, Bjorck P, Duvert V, van Kooten C, Saeland S, Banchereau J.

1997. CD40 ligation on human cord blood CD34  hematopoietic progenitors

induces their proliferation and differentiation into functional dendritic cells. J.

Exp. Med. 185: 341.

63. Wong B R, Rho J, Arron J, Robinson E, Orlinick J, Chao M, Kalachikov S, Cayani

E, Bartlett FS 3rd, Frankel W N, Lee S Y, Choi Y. 1997. TRANCE is a novel ligand of

the tumor necrosis factor receptor family that activates c-Jun N-terminal kinase

in T cells. J. Biol. Chem. 272: 25190.

64. Chen N J, Huang M W, Hsieh S L. 2001. Enhanced secretion of IFN-gamma by

activated Th1 cells occurs via reverse signaling through TNF-related activation-

induced cytokine. J. Immunol. 166: 270.

65. Wong B R, Josien R, Lee S Y, Sauter B, Li H L, Steinman R M, Choi Y. 1997.

TRANCE (tumor necrosis factor [TNF]-related activation-induced cytokine), a

+

+

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 30/41



new TNF family member predominantly expressed in T cells, is a dendritic cell-

specific survival factor. J. Exp. Med. 186: 2075.

66. Wong B R, Josien R, Choi Y. 1999. TRANCE is a TNF family member that

regulates dendritic cells and osteoclast function (Review). J. Leukoc. Biol. 65:

715.

67. Josien R, Li H L, Ingulli E, Sarma S, Wong B R, Vologodskaia M, Steinman R M,

Choi Y. 2000. TRANCE, a tumor necrosis factor family member, enhances the

longevity and adjuvant properties of dendritic cells in vivo. J. Exp. Med. 191: 495.

68. Josien R, Wong B R, Li H L, Steinman R M, Choi Y. 1999. TRANCE, a TNF family

member, is differentially expressed on T cell subsets and induces cytokine

production in dendritic cells. J. Immunol. 162: 2562.

69. Bachmann M F. Wong B R. Josien R. Steimann R M. Oxenius A. Choi Y. 1999.

TRANCE, a tumor necrosis factor family member critical for CD40 ligand-

independent T helper cell actvation. J. Exp. Med. 189: 1025.

70. Kamps A W, Hendriks D, Smit J W, Vellenga E. 1999. Role of macrophage

colony-stimulating factor in the differentiation and expansion of monocytes and

dendritic cells from CD34  progenitor cells. Med. Oncol. 16: 46.

71. Maraskovsky E, Brasel K, Teepe M, Roux E R, Lyman S D, Shortman K, McKenna

H J. 1996. Dramatic increase in the numbers of functionally mature dendritic

cells in Flt3 ligand-treated mice: multiple dendritic cell subpopulations

identified. J. Exp. Med. 184: 1953.

72. Maraskovsky E, Daro E, Roux E, Teepe M, Maliszewski C R, Hoek J, Caron D,

Lebsack M E, McKenna H J. 2000. In vivo generation of human dendritic cell

subsets by Flt3 ligand. Blood 96: 878.

73. Shurin M R, Pandharipande P P, Zorina T D, Haluszczak C, Subbotin V M,

Hunter O, Brumfield A, Storkus W J, Maraskovsky E, Lotze M T. 1997. FLT3 ligand

induces the generation of functionally active dendritic cells in mice. Cell

Immunol. 179: 174.

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 31/41



74. Strobl H, Bello-Fernandez C, Riedl E, Pickl W F, Majdic O, Lyman S D, Knapp W.

1997. Flt3 ligand in cooperation with transforming growth factor-beta1

potentiates in vitro development of Langerhans-type dendritic cells and allows

single-cell dendritic cell cluster formation under serum-free conditions. Blood

90: 1425.

75. Parajuli P, Mosley R L, Pisarev V, Chavez J, Ulrich A, Varney M, Singh R K,

Talmadge J E. 2001. Flt3 ligand and granulocyte-macrophage colony-stimulating

factor preferentially expand and stimulate different dendritic and T cell subsets.

Exp. Hematol. 29: 1185.

76. Caux C, Massacrier C, Dubois B, Valladeau J, Dezutter-Dambuyant C, Durand

I, Schmitt D, Saeland S. 1999. Respective involvement of TGF-beta and IL-4 in the

development of Langerhans cells and non-Langerhans dendritic cells from

CD34  progenitors. J. Leukoc. Biol. 66: 781.

77. Zhang Y, Zhang Y Y, Ogata M, Chen P, Harada A, Hashimoto S, Matsushima K.

1999. Transforming growth factor-beta1 polarizes murine hematopoietic

progenitor cells to generate Langerhans cell-like dendritic cells through a

monocyte/macrophage differentiation pathway. Blood 93: 1208.

78. Sallusto F, Cella M, Danieli C, Lanzavecchia A. 1995. Dendritic cells use

macropinocytosis and the mannose receptor to concentrate macromolecules in

the major histocompatibility complex class II compartment: downregulation by

cytokines and bacterial products. J. Exp. Med. 182: 389.

79. Rescigno M, Citterio S, Thery C, Rittig M, Medaglini D, Pozzi G, Amigorena S,

Ricciardi-Castagnoli P. 1998. Bacteria-induced neo-biosynthesis, stablization,

and surface expression of functional class I molecules in mouse dendritic cells.

Proc. Natl. Acad. Sci. USA 95: 5229.

80. Cella M, Salio M, Sakakibara Y, Langen H, Julkunen I, Lanzavecchia A. 1999.

Maturation, activation, and protection of dendritic cells induced by double-

stranded RNA. J. Exp. Med. 189: 821.

81. Larsson M, Messmer D, Somersan S, Fonteneau J F, Donahoe S M, Lee M,

Dunbar P R, Cerundolo V, Julkunen I, Nixon D F, Bhardwaj N. 2000. Requirement of

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 32/41



mature dendritic cells for efficient activation of influenza A-specific memory

CD8  T cells. J. Immunol. 165: 1182.

82. Labeur M S, Roters B, Pers B, Mehling A, Luger T A, Schwarz T, Grabbe S. 1999.

Generation of tumor immunity by bone marrow-derived dendritic cells correlates

with dendritic cell maturation stage. J. Immunol. 162: 168.

83. Trevejo J M, Marino M W, Philpott N, Josien R, Richards E C, Elkon K B, Falck-

Pedersen E. 2001. TNF-alpha-dependent maturation of local dendritic cells is

critical for activating the adaptive immune response to virus infection. Proc.

Natl. Acad. Sci. USA 98: 12162.

84. Hashimoto S I, Suzuki T, Nagai S, Yamashita T, Toyoda N, Matsushima K. 2000.

Identification of genes specifically expressed in human activated and mature

dendritic cells through serial analysis of gene expression. Blood 96: 2206.

85. Moschella F, Maffei A, Catanzaro R P, Papadopoulos K P, Skerrett D, Hesdorffer

C S, Harris P E. 2001. Transcript profiling of human dendritic cells maturation-

induced under defined culture conditions: comparison of the effects of tumour

necrosis factor-alpha, soluble CD40 ligand trimer and interferon-gamma. Br. J.

Hematol. 114: 444.

86. Rasanen L, Lehto M, Jansen C, Reunala T, Leinikki P. 1986. Human epidermal

Langerhans cells and peripheral blood monocytes. Accessory cell function,

autoactivating and alloactivating capacity and ETAF/IL-1 production. Scand J.

Immunol. 24: 503.

87. Nagelkerken L M, van Breda Vriesman P J. 1986. Membrane-associated IL 1-like

activity on rat dendritic cells. J. Immunol. 136: 2164.

88. Yamada N, Katz S I. 1999. Generation of mature dendritic cells from a CD14

cell line (XS52) by IL-4, TNF-alpha, IL-1 beta, and agonistic anti-CD40 monoclonal

antibody. J. Immunol. 163: 5331.

89. Williamson E, Westrich G M, Viney J L. 1999. Modulating dendritic cells to

optimize mucosal immunization protocols. J. Immunol. 163: 3668.

+

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 33/41



90. Dong C, Flavell R A. 2001. Th1 and Th2 cells. (Review) Curr. Opin. Hematol. 8:

47.

91. Kapsenberg M L, Hilkens C M, Wierenga E A, Kalinski P. 1999. The paradigm of

type 1 and type 2 antigen-presenting cells. Implications for atopic allergy.

(Review) Clin. Exp. Allergy 29 (Suppl 2): 33.

92. Sato M, Iwakabe K, Kimura S, Nishimura T. 1999. Functional skewing of bone

marrow-derived dendritic cells by Th1- or Th2-inducing cytokines. Immunol. Lett.

67: 63.

93. Rissoan M C, Soumelis V, Kadowaki N, Grouard G, Briere F, de Waal Malefyt R,

Liu Y J. 1999. Reciprocal control of T helper cell and dendritic cell differentiation.

Science 283: 1183.

94. Kelleher P, Knight S C. 1998. IL-12 increases CD80 expression and the

stimulatory capacity of bone marrow-derived dendritic cells. Int. Immunol. 10:

749.

95. De Smedt T, Van Mechelen M, De Becker G, Urbain J, Leo O, Moser M. 1997.

Effect of interleukin-10 on dendritic cell maturation and function. Eur. J. Immunol.

27: 1229.

96. Corinti S, Albanesi C, la Sala A, Pastore S, Girolomoni G. 2001. Regulatory

activity of autocrine IL-10 on dendritic cell functions. J. Immunol. 166: 4312.

97. Hermann E, Darcissac E, Idziorek T, Capron A, Bahr G M. 1999. Recombinant

interleukin-16 selectively modulates surface receptor expression and cytokine

release in macrophages and dendritic cells. Immunology 97: 241.

98. Fossiez F, Djossou O, Chomarat P, Flores-Romo L, Ait-Yahia S, Maat C, Pin J J,

Garrone P, Garcia E, Saeland S, Blanchard D, Gaillard C, Das Mahapatra B, Rouvier

E, Golstein P, Banchereau J, Lebecque S. 1996. T cell interleukin-17 induces

stromal cells to produce proinflammatory and hematopoietic cytokines. J. Exp.

Med. 183: 2593.

99. Antonysamy M A, Fanslow W C, Fu F, Li W, Qian S, Troutt A B, Thomson A W.

1999. Evidence for a role of IL-17 in organ allograft rejection: IL-17 promotes the

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 34/41



functional differentiation of dendritic cell progenitors. J. Immunol. 162: 577.

100. Cella M, Scheidegger D, Palmer-Lehmann K, Lane P, Lanzavecchia A, Alber G.

1996. Ligation of CD40 on dendritic cells triggers production of high levels of

interleukin-12 and enhances T cell stimulatory capacity: T-T help via APC

activation. J. Exp. Med. 184: 747.

101. Koch F, Stanzl U, Jennewein P, Janke K, Heufler C, Kampgen E, Romani N,

Schuler G. 1996. High level IL-12 production by murine dendritic cells:

upregulation via MHC class II and CD40 molecules and downregulation by IL-4

and IL-10. J. Exp. Med. 184: 741.

102. Kikuchi T, Moore M A, Crystal R G. 2000. Dendritic cells modified to express

CD40 ligand elicit therapeutic immunity against preexisting murine tumors.

Blood 96: 91.

103. Mosca P J, Hobeika A C, Clay T M, Nair S K, Thomas E K, Morse M A, Lyerly H K.

2000. A subset of human monocyte-derived dendritic cells expresses high

levels of interleukin-12 in response to combined CD40 ligand and interferon-

gamma treatment. Blood 96: 3499.

104. Kuniyoshi J S, Kuniyoshi C J, Lim A M, Wang F Y, Bade E R, Lau R, Thomas E K,

Weber J S. 1999. Dendritic cell secretion of IL-15 is induced by recombinant

huCD40LT and augments the stimulation of antigen-specific cytolytic T cells.

Cell Immunol. 193: 48.

105. Ridge J P, Di Rosa F, Matzinger P. 1998. A conditioned dendritic cell can be a

temporal bridge between a CD4  T helper and a T killer cell. Nature 393: 474.

106. Strobl H, Knapp W. 1999. TGF-beta1 regulation of dendritic cells. (Review)

Microbes Infect. 1: 1283.

107. Xu H, Kramer M, Spengler H P, Peters J H. 1995. Dendritic cell differentiated

from human monocytes through a combination of IL-4, GM-CSF and IFN-gamma

exhibit phenotype and function of blood dendritic cells. Adv. Exp. Med. Biol. 378:

75.

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 35/41



108. Basham T, Smith W, Lanier L, Morhenn V, Merigan T. 1984. Regulation of

expression of class II major histocompatibility antigens on human peripheral

blood monocytes and Langerhans cells by interferon. Hum. Immunol. 10: 83.

109. Peguet-Navarro J, Dalbiez-Gauthier C, Dezutter-Dambuyant C, Schmitt D.

1993. Dissection of human Langerhans cells'allostimulatory function: the need

for an activation step for full development of accessory function. Eur. J. Immunol.

23: 376.

110. Ito T, Amakawa R, Inaba M, Ikehara S, Inaba K, Fukuhara S. 2001. Differential

regulation of human blood dendritic cell subsets by IFNs. J. Immunol. 166: 2961.

111. Santini S M, Lapenta C, Logozzi M, Parlato S, Spada M, Di Pucchio T, Belardelli

F. 2000. Type I interferon as a powerful adjuvant for monocyte-derived dendritic

cell developoment and activity in vitro and in Hu-PBL-SCID mice. J. Exp. Med. 191:

1777.

112. Radvanyi L G, Bannerjee A, Wier M, Messner H. 1999. Low levels of interferon-

alpha induce CD86 (B7.2) expression and accelerates dendritic cell maturation

from human peripheral blood mononuclear cells. Scand J. Immunol. 50: 499.

113. Luft T, Pang K C, Thomas E, Hertzog P, Hart D N, Trapani J, Cebon J. 1998. Type

I IFNs enhance the terminal differentiation of dendritic cells. J. Immunol. 161: 1947.

114. McRae B L, Nagai T, Semnani R T, van Seventer J M, van Seventer G A. 2000.

Interferon-alpha and -beta inhibit the in vitro differentiation of

immunocompetent dendritic cells from CD14  precursors. Blood 96: 210.

115. Larsen C P, Ritchie S C, Hendrix R, Linsley P S, Hathcock K S, Hodes R J, Lowry

R P, Pearson T C. 1994. Regulation of immunostimulatory function and

costimulatory molecule (B7-1 and B7-2) expression on murine dendritic cells. J.

Immunol. 152: 5208.

116. Huang Y M, Hussien Y, Yarilin D, Xiao B G, Liu Y J, Link H. 2001. Interferon-beta

induces the development of type 2 dendritic cells. Cytokine 13: 264.

117. Liu S,Yu Y, Zhang M, Wang W, Cao X. 2001. The involvement of TNF-alpha-

related apoptosis-inducing ligand in the enhanced cytotoxicity of IFN-beta-

+

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 36/41



stimulated human dendritic cells to tumor cells. J. Immunol. 166: 5407.

118. Vidalain P O, Azocar O, Yagita H, Rabourdin-Combe C, Servet-Delprat C. 2001.

Cytotoxic activity of human dendritic cells is differentially regulated by double

stranded RNA and CD40 ligand. J. Immunol. 167: 3765.

Figures

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 37/41



Authors

G. M. Zou, Y. K. Tam

Section of Oncology/Hematology, University of Chicago Medical Center, 5841
South Maryland Avenue. MC2115. Chicago. 60637-1470. USA.

In this issue

Osteoprotegerin and inflammation
N. Saidenberg Kermanac'h, Natacha Bessis, M. Cohen-Solal, M.C. De Vernejoul,
Marie-Christophe Boissier
bone resorption, inflammation, osteoprotegerin, RANK.

Impact of glycosylation on the effect of cytokines. A
special focus on oncology

A.-L. Chamorey, N. Magné, X. Pivot, G. Milano

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 38/41

https://www.jle.com/en/revues/ecn/doc/osteoprotegerin-and-inflammation_11415/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=+bone+resorption
https://www.jle.com/en/recherche/recherche.phtml?q=inflammation
https://www.jle.com/en/recherche/recherche.phtml?q=osteoprotegerin
https://www.jle.com/en/recherche/recherche.phtml?q=RANK.
https://www.jle.com/en/revues/ecn/doc/impact-of-glycosylation-on-the-effect-of-cytokines-a-special-focus-on-oncology_11402/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/impact-of-glycosylation-on-the-effect-of-cytokines-a-special-focus-on-oncology_11402/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=+cytokine+glycosylation
https://www.jle.com/en/recherche/recherche.phtml?q=oncology
https://www.jle.com/en/recherche/recherche.phtml?q=erythropoietin
https://www.jle.com/en/recherche/recherche.phtml?q=granulocyte-colony+stimulating+factors


cytokine glycosylation, oncology, erythropoietin, granulocyte-colony stimulating factors,
interleukins, interferons.

Role of the pro-inflammatory cytokines tumor necrosis
factor-alpha, interleukin-1beta, interleukin-6 and
interleukin-8 in the pathogenesis of the otitis media with
effusion

M. G. Smirnova, S. L. Kiselev, N. V. Gnuchev, J. P. Birchall, J. P. Pearson
endotoxin, cytokines, middle ear inflammation, otitis media.

Macrophages/microglial cells in patients with cerebral
malaria

M. H. Deininger, P. G. Kremsner, R. Meyermann, H. Schluesener
cerebral malaria, cytokines, macrophages.

Cytokines in the generation and maturation of dendritic
cells: recent advances

G. M. Zou, Y. K. Tam
dendritic cells, cytokines, generation, maturation, differentiation.

Interleukin-10 promoter polymorphism in multiple
sclerosis: association with disease progression

L. Almeras, B. Meresse, J. de Seze, D. Lefranc, Sylvain Dubucquoi, I. Fajardy, P.
Vermersch, L. Prin
interleukin-10, polymorphism, microsatellite, multiple sclerosis.

Effects of early dexamethasone therapy on pulmonary
fibrogenic mediators and respiratory mechanics in preterm
infants
G. Vento, P. G. Matassa, F. Ameglio, E. Capoluongo, L. Tortorolo, C. Romagnoli
TGF-beta1, bFGF, VEGF, pulmonary function testing, tracheobronchial aspirate fluid,
dexamethasone.

Analysis of the systemic immune response in HIV-1-
infected patients suffering from opportunistic Candida
infection

C. Punzón, S. Resino, J.-M. Bellón, Ma A. Muñoz-Fernández, M. Fresno
Candida, HIV, cytokine, phagocytes, polymorphonuclear, T cell.

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 39/41

https://www.jle.com/en/recherche/recherche.phtml?q=+cytokine+glycosylation
https://www.jle.com/en/recherche/recherche.phtml?q=oncology
https://www.jle.com/en/recherche/recherche.phtml?q=erythropoietin
https://www.jle.com/en/recherche/recherche.phtml?q=granulocyte-colony+stimulating+factors
https://www.jle.com/en/recherche/recherche.phtml?q=interleukins
https://www.jle.com/en/recherche/recherche.phtml?q=interferons.
https://www.jle.com/en/revues/ecn/doc/role-of-the-pro-inflammatory-cytokines-tumor-necrosis-factor-alpha-interleukin-1beta-interleukin-6-and-interleukin-8-in-the-pathogenesis-of-the-otitis-media-with-effusion_11403/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/role-of-the-pro-inflammatory-cytokines-tumor-necrosis-factor-alpha-interleukin-1beta-interleukin-6-and-interleukin-8-in-the-pathogenesis-of-the-otitis-media-with-effusion_11403/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/role-of-the-pro-inflammatory-cytokines-tumor-necrosis-factor-alpha-interleukin-1beta-interleukin-6-and-interleukin-8-in-the-pathogenesis-of-the-otitis-media-with-effusion_11403/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/role-of-the-pro-inflammatory-cytokines-tumor-necrosis-factor-alpha-interleukin-1beta-interleukin-6-and-interleukin-8-in-the-pathogenesis-of-the-otitis-media-with-effusion_11403/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=endotoxin
https://www.jle.com/en/recherche/recherche.phtml?q=cytokines
https://www.jle.com/en/recherche/recherche.phtml?q=middle+ear+inflammation
https://www.jle.com/en/recherche/recherche.phtml?q=otitis+media.
https://www.jle.com/en/revues/ecn/doc/macrophages-microglial-cells-in-patients-with-cerebral-malaria_11404/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/macrophages-microglial-cells-in-patients-with-cerebral-malaria_11404/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=++cerebral+malaria
https://www.jle.com/en/recherche/recherche.phtml?q=cytokines
https://www.jle.com/en/recherche/recherche.phtml?q=macrophages.
https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=+dendritic+cells
https://www.jle.com/en/recherche/recherche.phtml?q=cytokines
https://www.jle.com/en/recherche/recherche.phtml?q=generation
https://www.jle.com/en/recherche/recherche.phtml?q=maturation
https://www.jle.com/en/recherche/recherche.phtml?q=differentiation.
https://www.jle.com/en/revues/ecn/doc/interleukin-10-promoter-polymorphism-in-multiple-sclerosis-association-with-disease-progression_11406/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/interleukin-10-promoter-polymorphism-in-multiple-sclerosis-association-with-disease-progression_11406/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=++interleukin-10
https://www.jle.com/en/recherche/recherche.phtml?q=polymorphism
https://www.jle.com/en/recherche/recherche.phtml?q=microsatellite
https://www.jle.com/en/recherche/recherche.phtml?q=multiple+sclerosis.
https://www.jle.com/en/revues/ecn/doc/effects-of-early-dexamethasone-therapy-on-pulmonary-fibrogenic-mediators-and-respiratory-mechanics-in-preterm-infants_11407/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/effects-of-early-dexamethasone-therapy-on-pulmonary-fibrogenic-mediators-and-respiratory-mechanics-in-preterm-infants_11407/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/effects-of-early-dexamethasone-therapy-on-pulmonary-fibrogenic-mediators-and-respiratory-mechanics-in-preterm-infants_11407/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=TGF-beta1
https://www.jle.com/en/recherche/recherche.phtml?q=bFGF
https://www.jle.com/en/recherche/recherche.phtml?q=VEGF
https://www.jle.com/en/recherche/recherche.phtml?q=pulmonary+function+testing
https://www.jle.com/en/recherche/recherche.phtml?q=tracheobronchial+aspirate+fluid
https://www.jle.com/en/recherche/recherche.phtml?q=dexamethasone.
https://www.jle.com/en/revues/ecn/doc/analysis-of-the-systemic-immune-response-in-hiv-1-infected-patients-suffering-from-opportunistic-candida-infection_11408/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/analysis-of-the-systemic-immune-response-in-hiv-1-infected-patients-suffering-from-opportunistic-candida-infection_11408/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/analysis-of-the-systemic-immune-response-in-hiv-1-infected-patients-suffering-from-opportunistic-candida-infection_11408/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=++Candida
https://www.jle.com/en/recherche/recherche.phtml?q=HIV
https://www.jle.com/en/recherche/recherche.phtml?q=cytokine
https://www.jle.com/en/recherche/recherche.phtml?q=phagocytes
https://www.jle.com/en/recherche/recherche.phtml?q=polymorphonuclear
https://www.jle.com/en/recherche/recherche.phtml?q=T+cell.
https://www.jle.com/en/revues/ecn/doc/interferon-alpha-suppresses-leptin-levels-studies-in-interferon-alpha-treated-patients-with-hepatitis-c-virus-infection-and-murine-adipocytes_11409/jle_article.dhtml


Interferon-alpha suppresses leptin levels: studies in
interferon-alpha treated patients with hepatitis C virus
infection and murine adipocytes
S. Kaser, A. Kaser, W. Vogel, J. R. Patsch, H. Tilg
interferon-alpha, leptin, chronic hepatitis C virus infection, adipocytes.

The CD14-260 C => T promoter polymorphism co-
segregates with the tumor necrosis factor-alpha (TNF-
alpha)-308 G => A polymorphism and is associated with the
interleukin-1beta (IL-1beta) synthesis capacity of human
leukocytes
M. Heesen, B. Bloemeke, B. Bachmann-Mennenga, D. Kunz
CD14, tumor necrosis factor-alpha, interleukin-1beta, endotoxin, genetic polymorphism,
linkage disequilibrium, polymerase chain reaction.

Extracellular matrix proteins influence phenotype and
cytokine expression in human breast cancer cell lines

K. Hirtenlehne, M. Pec, E. Kubista, C. F. Singer
breast cancer, cell line, extracellular matrix (ECM), tumor cell phenotype, malignant
potential, cytokine expression pattern.

Expression and regulation of the macrophage
inflammatory protein-1alpha gene by nicotine in rat
alveolar macrophages

I.-W. Chong, S.-R. Lin, J.-J. Hwang, M.-S. Huang, T.-H. Wang, J.-Y. Hung, J. D.
Paulauskis
nicotine, macrophage inflammatory protein-1alpha (MIP-1alpha), rat alveolar macrophage
(RAM).

Recombinant human interleukin (IL)-1beta-mediated
regulation of hypoxia-inducible factor-1alpha (HIF-1alpha)
stabilization, nuclear translocation and activation requires
an antioxidant/reactive oxygen species (ROS)-sensitive
mechanism

J. J. Haddad
antioxidant, airway epithelium, cytokine, HIF-1alpha, IL-1beta, mitochondria, oxygen
sensing, reactive oxygen species.

2026/10/21 10:42 JLE — European Cytokine Network — Cytokines in the generation and maturation of dendritic cells: recent advances

https://www.jle.com/en/revues/ecn/doc/cytokines-in-the-generation-and-maturation-of-dendritic-cells-recent-advances_11405/jle_article.dhtml 40/41

https://www.jle.com/en/revues/ecn/doc/interferon-alpha-suppresses-leptin-levels-studies-in-interferon-alpha-treated-patients-with-hepatitis-c-virus-infection-and-murine-adipocytes_11409/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/interferon-alpha-suppresses-leptin-levels-studies-in-interferon-alpha-treated-patients-with-hepatitis-c-virus-infection-and-murine-adipocytes_11409/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/interferon-alpha-suppresses-leptin-levels-studies-in-interferon-alpha-treated-patients-with-hepatitis-c-virus-infection-and-murine-adipocytes_11409/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=++interferon-alpha
https://www.jle.com/en/recherche/recherche.phtml?q=leptin
https://www.jle.com/en/recherche/recherche.phtml?q=chronic+hepatitis+C+virus+infection
https://www.jle.com/en/recherche/recherche.phtml?q=adipocytes.
https://www.jle.com/en/revues/ecn/doc/the-cd14-260-c-t-promoter-polymorphism-co-segregates-with-the-tumor-necrosis-factor-alpha-tnf-alpha-308-g-a-polymorphism-and-is-associated-with-the-interleukin-1beta-il-1beta-synthesis-capacity-of-human-leukocytes_11410/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/the-cd14-260-c-t-promoter-polymorphism-co-segregates-with-the-tumor-necrosis-factor-alpha-tnf-alpha-308-g-a-polymorphism-and-is-associated-with-the-interleukin-1beta-il-1beta-synthesis-capacity-of-human-leukocytes_11410/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/the-cd14-260-c-t-promoter-polymorphism-co-segregates-with-the-tumor-necrosis-factor-alpha-tnf-alpha-308-g-a-polymorphism-and-is-associated-with-the-interleukin-1beta-il-1beta-synthesis-capacity-of-human-leukocytes_11410/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/the-cd14-260-c-t-promoter-polymorphism-co-segregates-with-the-tumor-necrosis-factor-alpha-tnf-alpha-308-g-a-polymorphism-and-is-associated-with-the-interleukin-1beta-il-1beta-synthesis-capacity-of-human-leukocytes_11410/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/the-cd14-260-c-t-promoter-polymorphism-co-segregates-with-the-tumor-necrosis-factor-alpha-tnf-alpha-308-g-a-polymorphism-and-is-associated-with-the-interleukin-1beta-il-1beta-synthesis-capacity-of-human-leukocytes_11410/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=+CD14
https://www.jle.com/en/recherche/recherche.phtml?q=tumor+necrosis+factor-alpha
https://www.jle.com/en/recherche/recherche.phtml?q=interleukin-1beta
https://www.jle.com/en/recherche/recherche.phtml?q=endotoxin
https://www.jle.com/en/recherche/recherche.phtml?q=genetic+polymorphism
https://www.jle.com/en/recherche/recherche.phtml?q=linkage+disequilibrium
https://www.jle.com/en/recherche/recherche.phtml?q=polymerase+chain+reaction.
https://www.jle.com/en/revues/ecn/doc/extracellular-matrix-proteins-influence-phenotype-and-cytokine-expression-in-human-breast-cancer-cell-lines_11411/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/extracellular-matrix-proteins-influence-phenotype-and-cytokine-expression-in-human-breast-cancer-cell-lines_11411/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=+breast+cancer
https://www.jle.com/en/recherche/recherche.phtml?q=cell+line
https://www.jle.com/en/recherche/recherche.phtml?q=extracellular+matrix+%28ECM%29
https://www.jle.com/en/recherche/recherche.phtml?q=tumor+cell+phenotype
https://www.jle.com/en/recherche/recherche.phtml?q=malignant+potential
https://www.jle.com/en/recherche/recherche.phtml?q=malignant+potential
https://www.jle.com/en/recherche/recherche.phtml?q=cytokine+expression+pattern.
https://www.jle.com/en/revues/ecn/doc/expression-and-regulation-of-the-macrophage-inflammatory-protein-1alpha-gene-by-nicotine-in-rat-alveolar-macrophages_11412/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/expression-and-regulation-of-the-macrophage-inflammatory-protein-1alpha-gene-by-nicotine-in-rat-alveolar-macrophages_11412/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/expression-and-regulation-of-the-macrophage-inflammatory-protein-1alpha-gene-by-nicotine-in-rat-alveolar-macrophages_11412/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=+nicotine
https://www.jle.com/en/recherche/recherche.phtml?q=macrophage+inflammatory+protein-1alpha+%28MIP-1alpha%29
https://www.jle.com/en/recherche/recherche.phtml?q=rat+alveolar+macrophage+%28RAM%29.
https://www.jle.com/en/recherche/recherche.phtml?q=rat+alveolar+macrophage+%28RAM%29.
https://www.jle.com/en/revues/ecn/doc/recombinant-human-interleukin-il-1beta-mediated-regulation-of-hypoxia-inducible-factor-1alpha-hif-1alpha-stabilization-nuclear-translocation-and-activation-requires-an-antioxidant-reactive-oxygen-species-ros-sensitive-mechanism_11413/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/recombinant-human-interleukin-il-1beta-mediated-regulation-of-hypoxia-inducible-factor-1alpha-hif-1alpha-stabilization-nuclear-translocation-and-activation-requires-an-antioxidant-reactive-oxygen-species-ros-sensitive-mechanism_11413/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/recombinant-human-interleukin-il-1beta-mediated-regulation-of-hypoxia-inducible-factor-1alpha-hif-1alpha-stabilization-nuclear-translocation-and-activation-requires-an-antioxidant-reactive-oxygen-species-ros-sensitive-mechanism_11413/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/recombinant-human-interleukin-il-1beta-mediated-regulation-of-hypoxia-inducible-factor-1alpha-hif-1alpha-stabilization-nuclear-translocation-and-activation-requires-an-antioxidant-reactive-oxygen-species-ros-sensitive-mechanism_11413/jle_article.dhtml
https://www.jle.com/en/revues/ecn/doc/recombinant-human-interleukin-il-1beta-mediated-regulation-of-hypoxia-inducible-factor-1alpha-hif-1alpha-stabilization-nuclear-translocation-and-activation-requires-an-antioxidant-reactive-oxygen-species-ros-sensitive-mechanism_11413/jle_article.dhtml
https://www.jle.com/en/recherche/recherche.phtml?q=+antioxidant
https://www.jle.com/en/recherche/recherche.phtml?q=airway+epithelium
https://www.jle.com/en/recherche/recherche.phtml?q=cytokine
https://www.jle.com/en/recherche/recherche.phtml?q=HIF-1alpha
https://www.jle.com/en/recherche/recherche.phtml?q=IL-1beta
https://www.jle.com/en/recherche/recherche.phtml?q=mitochondria
https://www.jle.com/en/recherche/recherche.phtml?q=oxygen+sensing
https://www.jle.com/en/recherche/recherche.phtml?q=oxygen+sensing
https://www.jle.com/en/recherche/recherche.phtml?q=reactive+oxygen+species.
https://www.jle.com/en/revues/ecn/doc/thioredoxin-specifically-cross-desensitizes-monocytes-to-mcp-1_11414/jle_article.dhtml


Thioredoxin specifically cross-desensitizes monocytes to
MCP-1
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