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Abstract: Dendritic cells (DCs) initiate and shape both innate and adaptive immune responses. They are 
specialized in antigen presentation to naive T cells, thereby orchestrating the T cell immune responses. 
Human peripheral blood and tissues contain several subsets of phenotypically and functionally distinct 
DCs, which promote interactions between the external environment and lymphoid organs. Because of the 
difficulty in purifying these cells, in vitro studies only became more frequent when Frederica Sallusto and 
Antonio Lanzavecchia developed a method to generate DCs from blood monocytes in vitro. Nowadays a 
wide range of biotechnological innovations has allowed the study of DCs and their precursors in the most 
diverse situations faced by the immune system. As a result of such studies, monocyte-derived dendritic 
cells (MDDC) are presently used in clinical protocols for the treatment of a variety of diseases, including 
cancer and human immunodeficiency virus infection. We summarize recent advances in the understanding 
of methodologies and inputs used in protocols to differentiate DCs from blood monocytes in vitro.
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INTRODUCTION

In 1973, Ralph M. Steinman and Zanvil A. Cohn 
described a new cell type that had a cytoplasm with 
pseudopodia structures of various sizes and shapes, 
giving the cell a starry aspect, much like neuronal 
dendrites (Steinman and Cohn 1973). This work 
described the cell currently known as a Dendritic 
cell (DC). In 2011, the importance of this discovery 
was recognized with the Nobel Prize in Physiology 
or Medicine (Steinman 2012). However, the study 
of these cells only had significant advances in 
the 1990’s, when Frederica Sallusto and Antonio 

Lanzavecchia first developed a method allowing 
the generation of DCs from blood monocytes. In 
this study, monocytes obtained from peripheral 
blood were differentiated into myeloid DCs in 
the presence of granulocyte-macrophage colony 
stimulating factor (GM-CSF) and interleukin (IL)-
4, (Sallusto and Lanzavecchia 1994).

DCs are the major antigen presenting cells 
(APCs) due to their unique ability to activate naive 
T cells (Steinman and Witmer 1978, Banchereau 
et al. 2000). DCs are bone marrow derived, 
originating from both myeloid and lymphoid 
precursors and can encompass a range of cell types 
with several phenotypes and functions (Ardavin et 
al. 1993, Banchereau et al. 2000, Ueno et al. 2007, 
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Merad et al. 2013). They are distributed throughout 
the body but are especially present in regions such 
as the skin and mucous membranes, promoting 
interactions between the external environment and 
lymphoid organs (Steinman 1991, Guermonprez 
et al. 2002, Granot et al. 2017, Worbs et al. 2017). 
Due to its migratory patterns, DCs are called “the 
Sentinels” of the immune system (Stockwin et al. 
2000, Randolph et al. 2008, Merad et al. 2013, 
Worbs et al. 2017). 

Generally, these cells are found inside tissues 
in a so-called “immature” state characterized by 
a high capacity to capture and process antigens 
and a limited capacity to stimulate T cells. In the 
immature state, DCs exhibit low expression of the 
co-stimulatory molecules CD80 and CD86, as well 
as a low expression of major histocompatibility 
complex (MHC) class II molecules. The presence 
of “danger signals” triggers morphological changes 
in DCs, inducing a process known as maturation, 
which is characterized by a reduction of the DC 
endocytic capacity and the increased expression 
of MHC class II and co-stimulatory molecules 
(Banchereau et al. 2000, Joffre et al. 2009, Dalod et 
al. 2014, Worbs et al. 2017).

Considering this cell type diversity, DCs may 
be classified according to several criteria, including 
their location, such as skin, lungs, and lymphoid 
organs, since their function is intimately linked to 
the compartment where they are located (Wu and 
Liu 2007). Within this anatomical classification, 
it is also possible to separate DCs in two further 
categories: the migratory DCs, which migrate 
continuously from peripheral tissues to the 
draining lymph nodes via the afferent lymphatic 
vessels, and resident DCs, which are found in the 
tissues, and when activated, migrate to the draining 
lymph nodes (Randolph et al. 2008, Segura et 
al. 2012, Merad et al. 2013, Pulendran 2015). In 
this regard, DCs are usually classified according 
to their different abilities to drive the immune 
response by differential antigen presentation or by 

modulating the immune system through cytokine 
secretion (Joffre et al. 2009, 2012, Kurts et al. 2010, 
Pulendran 2015). Nowadays DCs are evaluated 
according to their transcriptional profiles in order 
to understand the regulation of the development 
and differentiation of the distinct DC lineages (Belz 
and Nutt 2012, Hammer and Ma 2013, Merad et al. 
2013, Collin and Bigley 2018).

Due to its central role in immune responses, 
a better understanding of the physiology and 
function of the DCs will help us to improve the 
use in clinical protocols to treat several diseases 
such as cancer and human immunodeficiency virus 
(HIV) infection (Banchereau et al. 2001, Turville et 
al. 2002, Kavanagh and Bhardwaj 2002, Gandhi et 
al. 2016, Garg et al. 2017).

This review presents key information 
about the generation of human DC from blood 
monocytes (MDDC). We will analyze alternatives 
for the purification of precursor cells (meaning 
the monocytes), the selection of suitable culture 
medium, appropriate culture medium supplements, 
growth factors, and cytokines. We will also review 
the most common molecular markers used to 
characterize DCs by flow cytometry. The Figure 
1 presents a schematic summary of the steps in a 
monocyte-derived dendritic cell culture.

SOURCES OF MONOCYTES

The first step for monocyte-derived dendritic cell 
culture is to choose the monocyte source, since 
these cells are the preferred precursors for in vitro 
MDDC generation. One possibility is to directly 
collect blood by venipuncture. The advantage of 
whole blood as a monocyte source is the freshness 
of the material. However, the disadvantage of using 
whole blood is the low yield of monocytes, since 
they represent only 6% of all peripheral blood cells, 
so using whole blood requires the processing of 
a large blood volume (Meyer et al. 2005, WHO 
2010, Gillio-Meina et al. 2013).
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The use of the cells, which are normally 
discarded after the processing of donated blood, 
is a way to skip such a problem. Commonly, after 
blood donation, the blood bag is centrifuged, 
which allows the separation of its components into 
erythrocytes, plasma, and a buff y coat, which are 
collected into separate bags. The buff y coat is a 
concentrate of platelets and leukocytes which 
can be further processed for platelet purifi cation. 
The remaining material is rich in leukocytes and 
constitutes an excellent source of monocytes, but is 
commonly discarded. Processing a 450 mL blood 
bag usually generates 30–80 mL of buff y coat with 
approximately 1x109 cells (Ito and Shinomiya 2001, 
Repnik et al. 2003, Meyer et al. 2005, Strasser and 
Eckstein 2010). 

When plasmapheresis is performed in order to 
obtain distinct blood products, leukocytes are often 
collected together with platelets as a byproduct and 
must be removed to avoid immune rejection in the 
recipient. Therefore, leukocytes are fi ltered out by 
leukoreduction and collected into leukoreduction 
system chambers (LRSC) or leukocyte removal 
filters also known as buffy cones (Ebner et al. 
2001, Dietz et al. 2006, Strasser et al. 2007). The 
buff y cone usually contains 10 mL of a processed 
mixture with approximately 1x109 cells.

Another possible source for large quantities 
of leukocytes is a leukopak. This is an enriched 
leukapheresis product consisting of a variety of 
blood cells including monocytes, lymphocytes, and 
erythrocytes. There are two types of leukopaks: 
one is collected from peripheral blood without 
any stimulation on the blood donor and the other 
are obtained from donors who were stimulated 
with G-CSF (granulocyte colony stimulating 
factor) to induce leukocyte production and trigger 
migration of stem cells from bone marrow into 
the bloodstream. Usually, leukopaks are collected 
from healthy donors, but for research purposes it 
is possible to obtain leukopaks from donors that 
present certain pathologies such as hematological 
malignancies and diabetes.  Although the production 
of leukopaks from such specifi c donors is not usual, 
this kind of product can be commercially provided 
under request. Commercial leukopaks generally 
contain 80–200 mL of processed material with 
approximately 7x109peripheral blood mononuclear 
cells (PBMC), (more information available on: 
www.allcells.com/products/whole-tissue/leuko-
pak). The Table I shows the percentage of cell 
types and the amount of cells found in diff erent 
monocyte sources.

MONOCYTE PURIFICATION

After choosing the source of cells, the next 
step in MDDC culture is to process the sample 

Source 
selection

•Peripheral blood
•Leukoreduction system chambers
•Buffy coat
•Leukopacks

Monocyte
purification

•Density gradient centrifugation
•Adherence to inert surface
•Magnetic-beads/antibody based cell isolation
•Fluorescent antibody based cell sorting

Monocyte-derived
dendritic cell

culture

•Cytokines
•Culture medium
•Supplements of the culture medium
•Culture time
•In vivo activation of immature dendritic cell

Cytometry
characterization

•Immunophenotype markers

Figure 1 - Scheme of the steps of a MDDC culture.
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(Elkord et al. 2005). It is possible to use density 
gradient media to separate blood components. 
One of the most commonly used density gradient 
medium is Ficoll® Paque Plus (GE Healthcare 
Life Sciences – Catalog number: 17144003). 
Ficoll® Paque Plus is a synthetic sucrose polymer 
that ensures the separation of blood components 
as follows: erythrocytes and polymorphonuclear 
cells (eosinophils and neutrophils) are denser than 
Ficoll® Paque Plus and therefore are deposited on 
the bottom of the tube. Immediately above the 
erythrocytes a density gradient medium Ficoll® 
Paque Plus layer forms (density of 1.077 G/mL 
at 20°C). Above the Ficoll® Paque Plus layer, 
PBMCs form a layer of cells similar to a cloud, 
while the plasma is the uppermost layer in the tube 
(see Figure 2). The PBMC layer includes B and 
T lymphocytes, monocytes, NK (Natural Killer) 
cells, and dendritic cells (Meyer et al. 2005). 
This methodology is highly efficient and recovers 
around 95% of the mononuclear cells present in the 
original blood sample (Ito and Shinomiya 2001, 
Lehner and Holter 2002). 

Since monocytes are the only circulating 
blood cells to show high expression of CD14 on 
their membrane, this molecule is widely used as a 
biomarker for monocytes and as a target for their 
purification (Patel et al. 2017). Another distinct 
characteristic of monocytes is the ability to adhere 

to inert surfaces like plastic, different from other 
cells present in the PBMC fraction (Patarroyo 
et al. 1988). Protocols that take advantage of 
this characteristic usually seed PBMC cells in a 
plastic flask with the appropriate culture medium 
(presented in the “Culture Medium” topic) and 
allow adherence for 2 hours in a humidified 
incubator. All monocytes will adhere to the culture 
flask while B and T lymphocytes, NK cells, and DCs 
will remain non-adherent and can be eliminated as 
floating cells.

Another system to isolate monocytes is 
the use of magnetic beads coated with specific 
antibodies. Such magnetic bead-based cell 
isolation methodology can be performed using both 
a positive or a negative selection approach. In a 
negative selection approach using the Dynabeads™ 

TABLE I
Percentage of cells in whole blood and blood products in health individuals.

Whole blood (%) Buffy coat (%) LRSC (%) Leukopak (%)
CD4+ T cells 22.5 24.4 32.39 31,92
CD8+ T cells 6.8 10.8 15.04 17.13

B cells 5.2 7.2 11.33 12.52
Monocytes 8.4 10.7 20.28 19.08
NK cells 4.4 4.1 10.21 7.65

Eosinophils 3.2 1.3 1.88 1.07
Neutrophils 53.8 34.4 2.89 3.91

PBMC 2x106 cells/mL 1x109 cells 1x109 cells  7x109 cells/half 

LRSC: Leukoreduction System Chamber. NK: Natural Killer. PBMC: Peripheral Blood Mononuclear Cells. Modified from: https://
www.miltenyibiotec.com/US-en/resources/macs-handbook/human-cells-and-organs/human-cell-sources/blood-human.html.

 
 
 
 
 
 
 
 
  
 
 
 
 

Plasma  
               

Ficoll® Paque Plus 

Red blood cells 

Mononuclear layer 

Figure 2 - Schematic diagram of the separation of the 
components of a blood sample from Ficoll® Paque Plus 
density gradient medium.
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Untouched™ Human Monocytes Kit, for example, 
(Invitrogen, Norway, Catalog number: 11350D), 
a mixture of biotinylated monoclonal antibodies, 
each one of them specific against a distinct surface 
cell marker [anti-CD3 (a typical T lymphocyte 
antigen), anti-CD7 (a typical T- and NK-
lymphocyte antigen), anti-CD16a and anti-CD16b 
(typical antigens expressed in T lymphocytes, DCs, 
NK cells, macrophages and granulocytes), anti-
CD19 (expressed in B lymphocytes), anti-CD56 (a 
NK cell surface molecule), anti-CDw123 (a typical 
plasmacytoid DCs antigen) and anti-CD235a (a 
typical antigen expressed in erythrocytes and stem 
cell precursors)] is added to the sample. After that, 
beads coupled with streptavidin are added. Of note, 
these beads act as superparamagnetic particles, 
meaning that they exhibit magnetic properties when 
placed in a magnetic field. After a short incubation 
period, the streptavidin-beads will bind to the 
biotinylated-antibody-labeled cells. A magnet is 
applied to the sample and the cells linked to the 
biotinylated-antibody-streptavidin-beads will be 
attracted and will be immobilized by the magnet 
whereas cells not linked to any of these antibodies 
will be free in the supernatant and can be washed 
out and collected. Since the mixture of antibodies 
encompasses specificities against all PBMCs, but 
not against monocytes, this system will capture 
all non-monocyte cells. Importantly, no binding 
will occur between antibodies and monocytes, and 
therefore the isolated cells will be recovered after 
a relatively mild handling, without any activation 
mediated by antibodies. 

Conversely, using a positive selection 
approach with anti-human CD14 MicroBeads from 
Miltenyi Biotec, Germany, (Catalog number: 130-
050-201), for example, the cell sample is incubated 
with an anti-CD14 antibody bound to a magnetic 
bead. During this incubation period, the anti-CD14 
antibody binds to the CD14-positive cells present 
in the sample and the cell suspension is loaded onto 
a column which contains a magnet that induces a 

high-gradient magnetic field. Thus, the magnetically 
labeled CD14-positive cells are retained within the 
column and the unlabeled cells run through. After 
removing the column from the magnetic field, 
the magnetically retained CD14-positive cells are 
eluted. It is worthy of note that the CD14 molecule 
belongs to the lipopolysaccharide (LPS) receptor 
complex. Recognition through this receptor is 
interpreted by the cell as a “danger signal” (Joffre et 
al. 2009) capable of inducing a maturation process 
on immature DCs (more details in “Activation of 
Immature Dendritic Cell”). However, according 
to the manufacturer, the binding of an antibody to 
CD14 does not trigger signal transduction since 
CD14 alone lacks a cytoplasmic domain. (Akira 
and Takeda 2004, Liew et al. 2005, Napolitani et al. 
2005). The advantages of using magnetic selection 
are high purity (>95%) and speed (Delirezh et al. 
2013). 

Another technical alternative for cell 
separation involves flow cytometry. Fluorescent 
antibody-based cell sorting is a specialized type of 
flow cytometry used in the isolation of a specific 
cell type from a heterogeneous mixture of cells. 
The use of specific antibodies labeled with distinct 
fluorochromes allied to data about cell size and 
complexity allows the sorting of cells based on the 
presence or absence of specific molecules on its 
surface. Moreover, this technique is the only one 
capable of distinguishing and separating cells with 
different levels of expression of a given molecule 
within a population. Thus, through flow cytometry 
it is possible, for example, to isolate CD14highCD16- 
cells from a complex sample like total PBMCs, in 
a single procedure. As a consequence, cells will 
be subjected to less handling and, therefore, will 
be exposed to less stress. In this sense, when 
the objective is the isolation of a cell population 
defined by multiple simultaneous features (meaning 
the presence/absence of several surface markers 
in distinct expression intensities) cell sorter flow 
cytometry is the technique of choice. However, 
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drawbacks of this technique include the high cost 
of both the equipment and the accessories needed 
to ensure operator biosafety due to aerosols formed 
during sorting (Holmes et al. 2014).

CYTOKINES AND DCs GENERAL FEATURES

Sallusto and Lanzavecchia (Sallusto and 
Lanzavecchia 1994) first achieved in vitro MDDC 
generation through medium supplementation 
with distinct cytokines, in this case, through 
the combined use of IL-4 and GM-CSF. In the 
following years, several works characterized 
different protocols concerning the use of distinct 
cytokines in order to induce and support in vitro 
monocyte differentiation and maturation in 
MDDCs. It is of crucial importance to note that 
different combinations of cytokines will generate 
MDDCs with distinct characteristics and functions, 
so we should choose the cytokines that best match 
the purpose of the work. The cytokines most 
frequently used for in vitro MDDC differentiation 
and the main characteristics of the generated DCs 
will be briefly reviewed in the next paragraphs.

Sallusto and Lanzavecchia used the combination 
of IL-4 and GM-CSF to promote the differentiation 
of monocytes into DCs. GM-CSF growth factor 
seems to down-regulate the expression of the 
macrophage colony-stimulating factor (M-CSF) 
receptor on monocytes, thereby inhibiting 
M-CSF induced differentiation of monocytes into 
macrophages (Suzuki et al. 2004). Similarly, IL-4 
exerts its actions in monocytes differentiation by 
inhibiting macrophage colony formation (Jansen et 
al. 1989, Relloso et al. 2002). Reports also suggest 
that IL-4 can activate some properties of monocytes 
and up-regulate MHC class-II molecules, Dendritic 
Cell-Specific Intercellular adhesion molecule-
3-Grabbing Non-integrin (DC-SIGN) and co-
stimulatory molecules, and down-regulate CD14 
(Ruppert et al. 1991, Ulanova et al. 2001, Relloso 
et al. 2002, Sander et al. 2017). The DC generated 

by this protocol, after seven days in culture, show 
a typical dendritic morphology. The phenotype 
of this DC is characterized by high membrane 
expression of MHC class I and class II molecules, 
CD1a, CD1b, CD1c, FcγRII, ICAM-1, CD11b, 
CD11c, CD40, B7, and CD33. In this work, DCs 
were also positive for Ii, LFA-1, LFA-3, and CD44. 
The expression of CD14 was either low or negative 
and these DCs were also negative for FcγRI and 
FcγRIII. They also presented a high capacity to 
stimulate allogeneic and autologous T cells and a 
unique ability to stimulate naive T lymphocytes, 
being efficient at presenting soluble antigens 
(tetanus toxoid) to a specific T cell (Sallusto and 
Lanzavecchia 1994). 

Sanarico and colleagues (Sanarico et al. 2006), 
described another methodology for inducing 
differentiation of MDDCs in vitro using GM-CSF, 
IL-4, and IL-2. The DCs described by this group 
show the same morphology and phenotype of the 
DCs generated in the presence of GM-CSF and IL-
4. After LPS stimulation, it was observed that there 
was an up-regulation of activation markers such as 
human leukocyte antigen (HLA)-ABC, HLA-DR, 
CD80, CD86, and CD83 but not CD25 (the IL-2 
receptor subunit). However, some differences were 
observed regarding the DCs generated with GM-
CSF and IL-4 only, such as a significantly higher 
secretion of IL-1β, Tumor Necrosis Factor (TNF) 
-α, and IL-12p70 in response to LPS stimulation. 
They also demonstrated the capacity to induce high 
interferon (IFN) γ secretion by allogeneic naive T 
cells (Sanarico et al. 2006). 

Geissmann and coworkers developed a 
protocol for generating Langerhans cells (LC) in 
vitro, which are specific DCs found on the human 
skin (Perussia et al. 1985, Geissmann et al. 1998). 
They added GM-CSF, IL-4, and transforming 
growth factor (TGF) β to monocyte culture. 
The predominant TGF-β isoform expressed 
in the immune system, TGF-β1, regulates cell 
differentiation and survival during Langerhans 
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cell development (Bauer et al. 2012, Esebanmen 
and Langridge 2017). TGF-β also induces 
immature DCs to present an immunosuppressive 
phenotype thereby ensuring system homeostasis by 
downregulating the function of these cells (Li et al. 
2006, Travis and Sheppard 2014, Esebanmen and 
Langridge 2017). The Langerhans cells generated 
by this protocol, in an immature state, exhibit 
Birbeck granules and express CD1a, E-cadherin, 
and CLA, but do not express CD83 and CD86. 
However, the addition of TNF-α and IL-1 induces 
HLA class II, CD83, and CD86 expression and the 
loss of E-cadherin expression. These cells are also 
highly efficient in stimulating the proliferation of 
allogenous lymphocytes (Geissmann et al. 1998).

A different combination of cytokines was used 
to produce MDDC by Takahashi et al. (Takahashi 
et al. 1997). A combination of GM-CSF and 
IL-7 gave rise to floating cells with typical DC 
morphology and some adherent cells developed the 
appearance of Langerhans cell-like dendrites. The 
typical DC presents a membrane phenotype with 
high expression of MHC class I and class II, CD1a, 
CD11c, CD23, CD40, CD54, CD58, CD80, CD86, 
and CD95, and decreased CD14 expression (very 
low or absent). DCs induced by this protocol are 
also positive for CD21, weakly positive for CD32, 
and negative for CD16. Compared to PBMCs, the 
DCs generated by this protocol, also called G7 DC 
by the authors, are more effective in stimulating 
autologous and allogeneic T cell proliferation. 
G7 DCs are more effective in inducing peptide-
specific CTL activity than the DCs generated with 
GM-CSF and IL-4 (Takahashi et al. 1997). The role 
of IL-7 in monocyte differentiation in DCs is not 
fully elucidated. Studies on IL-7Rα-/- and IL-7-/- 
mice demonstrated that IL-7 may play an important 
role in the development of DCs and plasmacytoid 
dendritic cells (pDCs) but further investigations are 
required (Yang et al. 2005, Vogt et al. 2009).

Two different groups used the combination 
of GM-CSF and IFN-α to generate MDDC in 

vitro (Santini et al. 2000, Mohty et al. 2003). In 
both cases, the DCs generated with GM-CSF and 
IFN-α exhibited a typical DC morphology and 
show an immature phenotype which demonstrates, 
after exposure to maturation stimulus (CD40L or 
LPS), up-regulated expression of co-stimulatory 
molecules CD40, CD80, CD86, and high 
expression of CD83, HLA-DR, and MHC class 
I. The prominent ability of these DCs to secrete 
IFN-α suggests an ability to promote a Th1 
response. Mohty and colleagues also measured the 
expression of CD1a, blood dendritic cell antigen 
(BDCA) -4, CD54, CD58, and DC lysosome-
associated membrane protein (DC-LAMP) on 
MDDC, which showed an increase in expression 
after the maturation stimulus with CD40L for 2 
days. The DCs generated by Mohty and colleagues 
(called as IFN-DCs by the authors) differentially 
secreted, depending on their maturation stage, large 
amounts of inflammatory cytokines such as IL-1β, 
IL-6, IL-10, TNF-α, and especially IL-18 (which 
could be detected at both maturational stages). 
However, these cells did not secrete IL-12p70. 
In the immature state, IFN-DCs induced a potent 
autologous antigen-specific immune response. Like 
the natural type I IFN-producing plasmacytoid 
DCs, the IFN-DCs expressed a several Toll-like 
receptors (TLR) including TLR7 and could secrete 
IFN-α following viral stimulation or TLR7-specific 
stimulation (Ito et al. 2002, Mohty et al. 2003, Liu 
2005).

Santini and coworkers observed that, in 
response to type I IFN (IFN-α, IFN-α2b and IFN- 
β) and GM-CSF treatment, adherent monocytes 
became non-adherent cells within three days of 
culture. The loss of adherence was associated 
with cellular aggregation in large cell clusters. 
However, a considerable percentage of the cells 
underwent apoptosis after five days in culture, and 
it is important to note that TNF-related apoptosis-
inducing ligand (TRAIL) and TRAIL receptors 
(R1 and R2) were upregulated in response to 
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LPS stimulus (Wang and El-Deiry 2003). The 
DCs obtained by Santini and coworkers showed a 
stronger capability to stimulate the proliferation of 
allogeneic lymphocytes than DCs generated with 
GM-CSF and IL-4. In particular, DCs generated in 
the presence of type I IFN and GM-CSF showed 
a potent ability to take up, process, and present 
inactivated HIV-1 to autologous T lymphocytes in 
vitro when compared to DCs generated with GM-
CSF and IL-4 (Santini et al. 2000, Biron 2001, Ito 
et al. 2001). 

IL-3 cytokines are also used in association 
with IFN-β or IL-4 in protocols to produce MDDC. 
(Buelens et al. 2002, Ebner et al. 2002). DCs 
generated by these protocols acquire a dendritic 
morphology and show similarities in phenotype. 
The expression of CD14 molecules is low or absent, 
but high levels of BDCA-4, and CD11c are found 
when compared to DCs generated with GM-CSF 
and IL-4. Only CD1a was differentially expressed, 
either at low levels or not at all. After a maturation 
stimulus, DCs upregulated the costimulatory 
molecules CD40, CD80, CD86, CD83, DC-LAMP, 
HLA-DR, and MHC class I (Biron 2001, Buelens 
et al. 2002, Ebner et al. 2002). 

The IL-15 cytokine is used in two 
different protocols to generate MDDC in vitro 
(Mohamadzadeh et al. 2001, Saikh et al. 2001). 
Saikh and colleagues use only IL-15 to promote 
monocyte differentiation into DC. The DCs 
generated by Saikh and colleagues show surface 
levels of the costimulatory molecules CD86, 
CD80, CD40, and CD83 that were equivalent to 
DC obtained from cultures of monocytes treated 
with GM-CSF plus IL-4 and stimulated with 
TNF-α. However, the DCs generated with IL-15 
did not express CD1a. Another important feature 
of Saikh’s DCs is the ability to stimulate strong 
allo-responses and produce significant amounts of 
IFN-γ and IL-12 when compared to DCs generated 
with GM-CSF plus IL-4 and stimulated with TNF-α 
(Saikh et al. 2001, Dubois et al. 2002, 2005). 

Mohamadzadeh’s group differentiated 
monocytes in the presence of IL-15 plus GM-CSF 
(Mohamadzadeh et al. 2001). The resulting cells, 
after six days in culture, had a phenotype positive 
for CD1a molecule, negative for CD14, and an 
increased in surface expression of HLA-DR, 
CD40, CD80, CD86 and CD83. The intracellular 
expression of DC-LAMP was observed upon LPS 
activation. The interesting features about this DC 
are the expression of Langerhans cell markers such 
as E-Cadherin, Langerin, and chemokine receptor 
(CCR) 6. Nevertheless, they do not express 
Birbeck granules like a “genuine” Langerhans cell 
(Mohamadzadeh et al. 2001, Dubois et al. 2002, 
2005).

TNF-α is used together with GM-CSF by 
Iwamoto and coworkers to induce the differentiation 
of monocytes into DCs (called TNF-DC by the 
authors), (Iwamoto et al. 2007). The culture of 
CD14+ monocytes was incubated for seven days 
in the presence of GM-CSF and TNF-α, inducing 
a spindle-shaped and adherent morphology. Two 
days after LPS stimulation, they began to convert 
to DC-like floating cells with extended dendrites. 
The TNF-DC expressed low levels of CD14 and 
substantial levels of HLA-DR, CD40, CD70, CD80, 
CD86 and CD83, and produced extremely large 
amounts of TNF (>150 ng/mL at peak). They also 
produce IL-12/IL-23p40 and IL-23p19/p40, but 
very little IL-12p70 compared to DC generated with 
IL-4 and GM-CSF. The TNF-DC had the capacity 
to induce naive CD4 T cells to produce IFN-γ and 
TNF-α and stimulated resting CD4 T cells to secret 
IL-17 when compared to DC generated with IL-4 
and GM-CSF (Chomarat et al. 2003, Wajant et al. 
2003, Iwamoto et al. 2007, Brenner et al. 2015). 
The Table II presents a summary of the cytokines, 
growth factors and maturation inducing substances 
used by the different groups described above.
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CULTURE MEDIUM

The importance of the culture medium in the in 
vitro induction of DCs is undeniable since it should 
provide a suitable environment (an appropriate pH 
and all the necessary nutrients and factors) for cell 
maintenance, growth, and differentiation. There are 
many different culture media described and used 
in the extensive literature on MDDC. To make the 
best choice, it is necessary to consider the general 
and specific objectives of the experiments, as well 
to take into consideration the cost of the different 
supplements to be used (Duperrier et al. 2000, Peng 
et al. 2005, Janetzki et al. 2010).

If the main objective encompasses the 
clinical (therapeutic grade) use of the MDDCs 
generated in vitro, such as vaccines, the only 
Food and Drug Administration (FDA) approved 
culture medium is the AIM-V (GIBCO, Catalog 
number: 087-0112DK). The complete AIM-V 
composition is not informed by the manufacturer 
(GIBCO), although the manufacturer provides 
some important information (in this sense, it is 
reported that this medium does not contain serum 
but contains L-glutamine and antibiotics - 50 µg/
mL streptomycin sulfate and 10 µg/mL gentamicin 
sulfate). 

For research purposes, PromoCell, for 
example, offers three different medium types: DC 
Generation Medium (Catalog number: C-28050), 
DC Generation MediumDXF (Catalog number: 
C-28052), and Monocyte Attachment Medium 
(Catalog number: C-28051). As in the previous 
example, the complete composition is not disclosed. 
The only information available states that the DC 
Generation Medium DXF is free from animal-
derived components, although it contains human 
serum albumin. An important point, according to 
the manufacturer, is that the Monocyte Attachment 
Medium allows an efficient selection of monocytes 
from freshly isolated mononuclear cells through 
differential adherence and immunomagnetic 

purification steps. For all media, supplementation 
with growth factors and cytokines is needed 
(Challagundla et al. 2015). 

Another culture medium used to generate 
MDDC for research purposes is X-VIVO 15. 
The complete composition is not reported by the 
manufacturer (LONZA), so the only information 
available is that it is chemically defined and serum-
free. There are versions with or without L-glutamine, 
gentamicin, recombinant transferrin and phenol red. 
As previously stated, all media requires cytokine 
and growth factor supplementation, depending on 
the specific goal of the experiment and the initial 
cell source.

A commonly used medium in cell culture 
experiments is RPMI-1640. It was developed 
by Moore and colleagues at the Roswell Park 
Memorial Institute, hence the acronym RPMI 
(Moore et al. 1967). The exact RPMI-1640 
composition is available and well established, 
which allows the production of quite similar 
media by several manufacturers. There are several 
modified versions of RPMI, some of them lacking 
specific components, others already supplemented 
with certain growth factors or other molecules. 
Nevertheless, as a general rule, supplementation 
with serum, cytokines, and/or growth factors is 
required. 

SUPPLEMENTS FOR THE CULTURE MEDIUM

The widely used culture medium RPMI-1640 
is also the only commercial medium for which 
the complete formula is available. This enables 
each researcher to direct the supplementation 
specifically according to the particularities of each 
experiment. The most commonly used culture 
medium supplements (biological or chemical 
factors) for in vitro production of MDDCs will be 
briefly presented below.

An essential function of culture medium 
consists in providing cells an environment with a 
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physiological pH, and thus, buffering agents are 
essential. Sodium bicarbonate (NaHCO3) is a 
commonly used pH regulating agent, since it can 
be used in cell culture without increased toxicity 
to the cells. Sodium bicarbonate chemically reacts 
either as acid or as a base due to its amphoteric 
characteristic. In solution, sodium bicarbonate 
produces bicarbonate ions, while the metabolism 
of cells in culture produces carbon dioxide (CO2), 
decreasing the culture medium pH (if the culture 
medium contains phenol red, the color of the 
medium will become yellowish). In addition, 
the incubator also injects carbon dioxide into its 
atmosphere, thereby increasing the carbon dioxide 
concentration in the microenvironment and lowering 
the culture medium pH. Thus, within the incubator 
microenvironment, a sodium bicarbonate-carbon 
dioxide buffer balance is established. The carbon 
dioxide dissolved in the culture medium, either 
from the incubator or from the cell metabolism, 
equilibrates with the bicarbonate ions, buffering 
the medium. The sodium bicarbonate concentration 
in the medium should be in equilibrium with the 
carbon dioxide level in the incubator atmosphere. 
Thus, for media containing 1.5–2.2 g/L of sodium 
bicarbonate, the incubator must inject 5% of 
carbon dioxideinto its microenvironment. For 
media containing 3.7 g/L of sodium bicarbonate, 
the incubator should inject 10% of carbon dioxide. 
If the sodium bicarbonate concentration is too high 
in relation to the carbon dioxide level injected by 
the incubator, the culture medium will alkalize, and 
its color will turn pink (Barker 1998).

H E P E S  ( 4 - ( 2 - h y d r o x y e t h y l ) - 1 -
piperazineethanesulfonic acid) is a buffering agent 
which is membrane impermeable, chemically 
and enzymatically stable, demonstrates a limited 
effect on biochemical reactions, and has very low 
visible and UV light absorbance. HEPES provides 
extra buffering capacity when cell cultures require 
extended periods of manipulation outside of a 
CO2 incubator. The HEPES concentration in cell 

culture media may vary from 10 mM to 25 mM. 
Although HEPES-buffered medium exposed to 
fluorescent light was shown to be cytotoxic, due 
to the formation of free radicals, this effect is 
preventable by manipulating the cells under light-
shielded conditions.

Serum is a quite ubiquitous supplement in 
cell cultures. This component will supply mainly 
growth factors and cytoines to the cells, although 
generally it is not possible to define the exact types 
and concentrations of these components in the 
serum. Many studies use human serum from an AB 
serum pool to supplement cell cultures. The final 
concentrations of serum used vary from 1 - 10%. 
It is also possible to use plasma or even umbilical 
cord blood serum. Nevertheless, if the cells will 
not be used in clinical applications, fetal bovine 
serum is the least expensive choice, and is also 
easier to obtain. However, it is crucial to observe 
if the serum was inactivated. This inactivation is 
necessary due to the presence of proteins from the 
complement system which could cause cell death 
(Anton et al. 1998). 

Although cell culture procedures are 
conducted in aseptic environments, any biological 
contaminant can devastate the cell culture, and 
therefore the use of antibiotics and antimycotics is 
sometimes required. The most common antibiotics 
used in cell cultures are penicillin-streptomycin and 
gentamicin. Penicillin-streptomycin acts on Gram-
positive and Gram-negative bacteria whereas 
gentamicin is also active against mycoplasma. The 
recommended concentration for use in cell culture 
for Penicillin-streptomycin are 50 to 100 I.U./
mL penicillin and 50 to 100 μg/mL streptomycin 
(Catalog number: ATCC® 30-2300), and 5 to 50 
μg/mL gentamicin (Barker 1998). In culturing cells 
that are intended for clinical use, the FDA does not 
recommend the use of penicillin or β-lactams due to 
the possibility of severe hypersensitivity reactions 
(Vatsan et al. 2013). 
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A widely used antifungal agent is amphotericin 
B. It acts against both fungi and yeasts. The 
recommended concentration for use in cell culture 
is 0.25-2.5 μg/mL (GIBCO, Catalog number: 
15290026). 

 A component often added to culture medium is 
the amino acid glutamine. This amino acid can lead 
to citrate production, which is exported to the DC’s 
cytoplasm and acts as a substrate for fatty acids 
synthesis, an essential process for the induction 
of DC activation by TLR ligands. Due to its rapid 
degradation and instability in solution, glutamine 
supplementation must be performed after careful 
consideration. The recommended concentration for 
use in cell culture generally falls in the range of 2-6 
mM (GIBCO, Catalog number: 21051024). 

Free radicals are a natural side product of 
the increased metabolism in monocytes and 
in immature DCs during differentiation and 
maturation. To avoid the toxic effects of the 
accumulation of these reactive oxygen species in 
the culture medium, 2-mercaptoethanol (2-ME) 
is used as a reducing agent. Due to its instability 
in solution, 2-mercaptoethanol should be added 
daily. It is recommended to dilute 2-ME to 50 mM 
in phosphate-buffered saline (PBS), and add this 
solution to the cell medium at a final concentration 
of 50 µM. (GIBCO, Catalog Number: 21985023), 
(Click 2014). 

CULTURE TIME

The time needed to establish a cell line or to induce 
cell differentiation in vitro is quite variable, and 
several aspects should be taken into consideration. 
The majority of studies consider that the 
differentiation process from monocyte to immature 
DC is completed in five days with an additional 
period of 48 hours for maturation. However, 
several works have been demonstrated that in 
vitro development of mature DCs from monocyte 
precursors does not require more than 2 days of 

culture, defined by some as fast DCs (fDC), (Dauer 
et al. 2003, Obermaier et al. 2003, Ramadan et al. 
2004, Massa and Seliger 2013). The data about 
phenotypic characteristics, immune properties, and 
the pattern of responses induced for the fDC are 
still poorly understood (Tanaka et al. 2006, Rojas-
Canales et al. 2012, Pavlović et al. 2015).  

In vitro MATURATION OF IMMATURE 
DENDRITIC CELL

In the majority of MDDCs generation protocols, 
the resulting DCs are in an immature state. An 
immature dendritic cell (iDC) shows a high 
capacity to capture and process antigens but has 
limited capacity to stimulate T cells due to the 
low expression of the co-stimulatory molecules 
CD40, CD80, CD86, and HLA-class II. The in 
vitro maturation process is characterized by several 
events and although different groups may define 
distinct features, the main events include the 
downregulation of endocytic/phagocytic receptors, 
the upregulation of costimulatory molecules CD40, 
CD80 and CD86, the upregulation of CD58 and 
CD83, the shift in lysosomal compartments with 
downregulation of CD68, the upregulation of DC-
LAMP, and the changes in HLA-class II molecules 
(Banchereau et al. 2000, Lutz and Schuler 2002, 
Iwasaki and Medzhitov 2004). 

Some important morphological changes 
also occur during the DC in vitro maturation 
process, including the loss of adhesive structures, 
cytoskeleton reorganization, and the acquisition of 
high cellular motility (see Table III). These changes 
allow the DCs a better capacity for lymphocyte 
stimulation (Banchereau et al. 2000, Dalod et al. 
2014). 

To induce the DC maturation process in vitro it 
is necessary to give a stimulus that mimics a danger 
signal (Matzinger 1994, Gallucci et al. 1999, Joffre 
et al. 2009, Castiello et al. 2011). It is important 
to note that in a seven days protocol for MDDC 
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generation, the stimulus is usually given on day 
5 and is maintained for 48 hours. In the case of 
fDCs, the differentiation cocktail already contains 
substances that will induce cell maturation. The 
main substances used to promote DC maturation in 
MDDC cultures are described below (Haenssle et 
al. 2008, Castiello et al. 2011, Li et al. 2012).

A common substance used to mimic DC 
activation when provoked by bacteria is LPS, 
a characteristic component of the wall of Gram-
negative bacteria (Raetz and Whitfield 2002). The 
LPS molecule bis bound by the CD14 molecule 
present on the cell surface and activates the TLR4/
MD-2 complex pathway, promoting the secretion 
of pro-inflammatory cytokines by DCs (Iwasaki 
and Medzhitov 2004, Park and Lee 2013). 
Nevertheless, due to its potential toxicity, LPS is 
only used in research protocols. The majority of 
protocols aiming for DC maturation use LPS in 
a concentration range of 10 ng/mL to 10 µg/mL 
(InvivoGen, Catalog code: tlrl-eklps).

Flagellin is another substance that mimics the 
danger signal triggered by the presence of Gram-
negative and/or Gram-positive bacteria. Flagellin is 
generally detected by TLR5 whereas intracellular 
flagellin is detected by NOD-like receptors (NLRs) 
NLRC4 and NAIP5. The process of DC maturation 
induced by flagellin results in the activation of the 
NF-κB signaling pathway and cytokine production 

(Akira et al. 2001, Vicente-Suarez et al. 2009, Miao 
and Warren 2010). It was already been suggested 
that flagellin could be used as a vaccine adjuvant 
(Coffman et al. 2010). As in the previous case of 
LPS use, the flagellin concentrations used in DC 
maturation protocols widely vary, ranging from 10 
ng/mL to 10 µg/mL (Vicente-Suarez et al. 2009), 
(InvivoGen, Catalog code:tlrl-stfla).

To mimic virus-mediated activation during 
DC maturation it is possible to use commercially 
available synthetic polynucleotide sequences such 
as the double stranded RNA analog polyinosinic-
polycytidylic acid [poly(I:C)], the single-stranded 
RNA analog poly-uridine (polyU), or the single-
stranded RNA analog guanosine- and uridine-rich 
(GU-rich). Whereas poly(I:C) binds to TLR3, the 
remaining two types of sequences bind to TLR7/
TLR8 (Heil et al. 2004, Schlee and Hartmann 
2016). Alternatively, the use of compounds 
derived from imidazoquinoline such as the analog 
imiquimod can be used to activate immature DCs. 
Imiquimod is a commercially available compound 
which selectively binds to TLR7 (Xiao et al. 2016). 
Poly(I:C) and imiquimod are also used as adjuvants 
in protocols to develop cancer vaccines (Coffman 
et al. 2010), (InvivoGen, Catalog code: vac-pic).

Short synthetic single-stranded DNA molecules 
that contain unmethylated CpG dinucleotides 
(CpG) are also used as TLR9 agonists to activate 

TABLE III
Characteristics of DCs according to different maturation stages. The characteristics described refers to the expression in 

the plasma membrane.
Immature DC Mature DC

High intracellular expression of HLA-II High membrane expression of HLA-II
High endocytic/phagocytic capacity Low endocytic/phagocytic capacity 

High membrane expression of CCR1, CCR5 and CCR6 Low membrane expression of CCR1, CCR5, and CCR6
Low membrane expression of CCR7 High membrane expression of CCR7

Low membrane expression of CD40, CD54 and CD58 High membrane expression of CD40, CD54, and CD58
Absent/low membrane expression of DC-LAMP High membrane expression of DC-LAMP 

Low membrane expression of CD80, CD86 and CD83 High membrane expression of CD80, CD86, and CD83
High membrane expression of CD68 Low membrane expression of CD68

Induce T cell anergy/tolerance Great capacity to lymphocyte stimulation
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iDCs (Jakob et al. 1998, Hemmi et al. 2000, Akira 
et al. 2001, Iwasaki and Medzhitov 2004). A 
modified version of CpGs called CpG-ODN has 
been developed for clinical use as an adjuvant 
(Cella et al. 1999, Bauer et al. 2001, Coffman et 
al. 2010). 

 The CD40 is a costimulatory molecule 
expressed on DCs and the interaction with its 
ligand CD40L (CD154) leads to an activation of 
the NF-κB signaling pathway, a key transducer 
of inflammatory signals in DCs (Schulz et al. 
2000, Aggarwal 2003, O’Sullivan and Thomas 
2003, Ma and Clark 2009). Transfected cells 
expressing the CD40L protein can be used in co-
culture assays to induce the maturation of iDCs 
(Buelens et al. 2002, Mohty et al. 2003), whereas, 
to promote DC activation via CD40 receptor, 
some commercial alternatives are available. For 
example, CD40L recombinant protein, which 
should be used in conjunction with an enhancer for 
better performance, is already available (Enzo Life 
Sciences, Catalog number: ALX-850-064).

Interleukins and several other molecules can 
concomitantly be used to induce DC maturation. 
A “maturation cocktail” can, for example, contain 
IL-6, IL-1β, TNF-α, IFN-γ, and Prostaglandin E2 
(PGE2), (Jonuleit et al. 1997). In the cited case, this 
cocktail enhances the pro-inflammatory effects of 
TNF-α by creating an inflammatory environment 
that induces DC maturation. This cocktail generates 
mature DCs that strongly stimulate the proliferation 
of allogeneic lymphocytes (Castiello et al. 2011). 

TYPICAL MDDC IMMUNOPHENOTYPE 
MARKERS

The phenotype characterization of the obtained 
DCs is crucial to demonstrate the success of the 
MDDC differentiation. However, due to the absence 
of a consensus concerning which molecules 
characterize a DC and which markers are expressed 
in different DC subsets, it is quite common to find 

a wide variety of markers used in distinct studies. 
Nevertheless, the expression of certain molecules 
is consistently used to indicate successful MDDC 
differentiation and/or maturation. For example, 
since a peripheral blood monocyte, the main source 
for in vitro DC generation, expresses high levels 
of CD14 on its membrane, and MDDC lacks the 
expression of this same molecule, CD14 is a marker 
for DC differentiation. Additionally, to determine 
the success of the iDC maturation process, it is 
essential to monitor the increased expression of 
co-stimulatory molecules such as CD40, CD80, 
and CD86. These molecules are constitutively 
expressed at low levels in DCs, however, their 
expression can be considerably increased after 
induction of maturation by LPS (Banchereau et al. 
2000, Ueno et al. 2007).

The HLA-II molecule is also constitutively 
expressed at low levels both in monocytes and DCs. 
After a maturation stimulus, its expression on DCs 
is increased. Thus, like co-stimulatory molecules, 
HLA-II can be used as an indicator of the success 
of the iDC maturation process (Al-daccak et al. 
2004, Neefjes et al. 2011).

CD1 represents a group of antigen-presenting 
molecules which are responsible for the 
presentation of lipid antigens and their derivatives. 
There are five isoforms of CD1 proteins [CD1a, 
CD1b, CD1c, CD1e (group 1) and CD1d (group 
2)]. Myeloid DCs express all five proteins whereas 
Langerhans cells express only CD1a and CD1e 
(Mori et al. 2016). In blood monocytes, CD1a, 
CD1b, and CD1c (BDCA-1) can be upregulated 
on the cell surface by cytokine cocktails designed 
to drive DC differentiation in vitro (Moody 2006).

A strategy for characterizing a pDC, for 
example, would encompasses the measurement 
of the CD123 (IL-3Rα), CD303 (BDCA-2), and 
CD304 (BDCA-4) expression levels. This strategy 
depends on the fact that pDCs present high 
expression of such molecules in the membrane 
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(Dzionek et al. 2000, Colonna et al. 2004, Swiecki 
and Colonna 2015).

Other potential markers are CD207 (Langerin), 
which is used to characterize Langerhans cells 
(Merad et al. 2008, Nestle et al. 2009), and 
CD209 (DC-SIGN), which is expressed on pDCs 
and MDDCs and is highly expressed on DCs in 
mucosal tissues. The expression of this last marker 
is increased after LPS-mediated DC maturation 
induction (Belz and Nutt 2012). 

Finally, in the analyses performed by flow 
cytometry it is of great importance to evaluate the 
cellular viability. Substances used to determine 
cell viability can be divided into two broad groups: 
substances used in live cells or fixed cells. Calcein 
AM (BD Biosciences, Catalog Number 564061) is a 
dye used for staining live cells. The hydrophobicity 
of the acetomethoxy (AM) derivative of Calcein 
allows this dye to enter on viable cells. Once inside, 
intracellular esterases cleave the AM groups off 
allowing Calcein to fluoresce within the cell. Only 
viable cells are stained, since dead cells lack esterase 
activity. Calcein AM is optimally excited at the 495 
nm wavelength of light and emits maximally at 515 
nm (Chung et al. 2017). 

7-Amino-actinomycin D, or 7-AAD, is a 
nucleic acid dye used to indicate cell viability 
in flow cytometric assays. The fluorescence is 
detected in the far red range of the spectrum with a 
650 nm long-pass filter (Schmid et al. 1992).

For fixed cells, an alternative may be the 
reagents BD Horizon FVS from BD Biosciences 
(Catalog Number 564406). BD Horizon FVS are 
amine-reactive dyes used to discriminate viable 
from non-viablecells based on fluorescence 
intensity. These dyes react by covalently binding 
the cell surface and intracellular amines, resulting 
in live cells poorly stained and cells with permeable 
membranes exhibiting highly fluorescent. 
Typically, dead cells exhibit a fluorescence intensity 
10 to 20-fold greater than live cells stained with 
the same amount of dye. The advantage of these 

dyes is that they can be used in cells fixed with 
formaldehyde, and can be used in protocols where 
cell permeabilization occurs (Mahalingaiah et al. 
2018).

CONCLUSIONS

Despite several technical challenges, significant 
progress has been made in recent years concerning 
the generation of human DCs in vitro. Much of the 
recently acquired knowledge was due to studies 
using blood monocytes as in vitro precursors of 
DCs. The incorporation of knowledge concerning 
cellular biology, cytokines, growth factors, 
transcription profiles of these cells in different 
stages of maturation with the characterization 
of the patterns of expression of surface markers 
has allowed a more comprehensive and accurate 
description of the DCs present in distinct tissues 
both in pathological, as well as in healthy situations. 

The appropriate combination of cytokines and 
growth factors that will generate MDDCs with the 
most suitable characteristics for a given study is 
already possible. The development of protocols that 
allow us to differentiate MDDCs into a particular 
DC subtype as well as to simulate pathological 
microenvironments is a reality that has not only 
broadened our knowledge but also allows us to 
manipulate these cells for use in clinical protocols. 
The increasing amounts of reagents available to 
induce maturation of iDCs via a specific receptor 
also contributes to the production of DCs with 
specific characteristics, membrane markers, 
specific profile of cytokine secretion, or a given 
lymphocyte polarization state.

Another important advance in the study 
of MDDCs was the use of multiparametric flow 
cytometry (Hasan et al. 2015). The careful selection 
of antibodies and the optimal combination of the 
fluorochromes used to label such specific reagents 
are key steps in the establishment of a robust 
panel to analyze MDDCs (Maecker et al. 2004, 
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Byrd et al. 2015). To succeed in this step, several 
companies provide specific programs to help set 
up the analysis panels and protocols to identify the 
different DC subtypes. International consortia have 
also been working for the increased standardization 
of flow cytometry protocols including the 
EuroFlowConsortium, the Human Immunology 
Project Consortium (HIPC), the European 
Network for Translational Immunology Research 
and Education (ENTIRE) and the Association for 
Cancer Immunotherapy (CIMT).

Great progress has been made in the 
understanding of the development, differentiation, 
and function of DCs. However, the major challenge 
will be to transpose the acquired knowledge into in 
vivo situations to elucidate the DCs physiological 
behavior. This knowledge will be useful in the design 
of novel vaccines and DC-based immunotherapies 
for the prevention and treatment of several human 
diseases.
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