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ABSTRACT Dendritic cells are potent antigen-presenting
cells that initiate primary immune responses. Although den-
dritic cells derive from bone marrow stem cells, the interme-
diate stages in their development remain unknown. In this
study, plastic-adherent blood monocytes (CD14*, CDl1a")
cultured for 7 days with granulocyte—-monocyte colony-stim-
ulating factor, interleukin 4, and tumor necrosis factor a were
shown to differentiate into CDla* CD83* dendritic cells.
These cells displayed all phenotypic and morphologic char-
acteristics of mature dendritic cells and were the most potent
stimulatory cells in allogeneic mixed leukocyte reactions. The
identification of specific culture conditions that generate large
numbers of dendritic cells from purified monocytes uncovers
an important step in dendritic cell maturation that will allow
the further characterization of their role in autoimmune
diseases, graft rejection, and human immunodeficiency virus
infection.

Dendritic cells are the most potent antigen-presenting cells in
the immune system and are critically involved in the initiation
of primary immune responses, autoimmune diseases, graft
rejection, human immunodeficiency virus infection, and the
generation of T-cell-dependent antibodies (1). Mature den-
dritic cells are also the principal stimulatory cells of primary
mixed leukocyte reactions (2, 3). However, the study of dendritic
cells has proven difficult because they represent only a small
subpopulation of bone-marrow-derived leukocytes that includes
interdigitating reticulum cells in lymphoid organs, blood dendritic
cells, Langerhans cells in the epidermis of the skin, and dermal
dendritic cells (1). In addition, dendritic cells have been primarily
isolated and studied based on their unique morphology and lack
of surface antigens when compared to T cells, B cells, monocytes,
and natural killer cells (4-12).

Although dendritic cells can be generated from stem cells
and blood progenitor cells (13-22), the intermediate stages
of this developmental pathway remain unclear. CD1a* cells
with dendritic cell morphology and function, as well as
monocytes, can be generated from bone marrow or blood
progenitor cells after culture with combinations of granu-
locyte—-monocyte colony-stimulating factor (GM-CSF), and
either tumor necrosis factor a (TNF-a) or interleukin 4
(IL-4) (13-22). Blood monocyte subpopulations or adherent
cells with dendritic cell morphology, size, cell surface phe-
notype, or function have also been identified by using various
cell surface markers and methods of purification or culture
(4, 23-29). Recently, the identification of CD83 as a selective
marker of dendritic lineage cells has aided in their charac-
terization (30-34). Three populations of cells in blood that
have or can develop a dendritic cell morphology have been
identified: one population is CD83*, one population gains
the expression of CD83 after culture, and one population
does not express CD83 even after culture or activation and
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appears to derive from myelomonocytic cells (31, 32). Given
the close relationship between dendritic and myelomono-
cytic lineage cells, the developmental relationship between
CD14* blood monocytes and CD83* dendritic cells was
examined after cytokine-induced differentiation of monocytes.

METHODS

Cell Isolation and Cultures. Mononuclear cells were iso-
lated by Ficoll/Paque (Pharmacia) density gradient centrifu-
gation of heparinized blood obtained from healthy adult
donors according to protocols approved by the Human Use
Committee of Duke University. Monocytes were isolated by
plastic adherence as described (31). Monocytes were recov-
ered by incubation in ice-cold saline for 20 min at 4°C.
Resuspended monocytes (5 X 10° cells per ml) were layered
onto hypertonic 14.5% (vol/vol) metrizamide (Sigma) and
centrifuged at 650 X g for 15 min at room temperature to
sediment contaminating lymphocytes. Cells (>98% CD14%)
were harvested from the interface of the metrizamide gradient,
resuspended (1 X 106 cells per ml) in RPMI 1640 medium
(GIBCO/BRL) containing 10% (vol/vol) fetal calf serum, 10
mM glutamine, and penicillin/streptomycin. Blood CD83*
dendritic cells were isolated as described (31).

Monocytes were cultured in six-well tissue culture plates (1
X 106 cells per ml) in medium containing cytokines [GM-CSF
(800 units/ml)/IL-4 (500 units/ml)/TNF-a (100 units/ml)
(from Genzyme)]. The cultures were fed with fresh medium
and cytokines every 3 days and cell differentiation was mon-
itored by light microscopy. In some experiments, CD83* cells
were isolated from cultures of monocytes incubated with
GM-CSF/IL-4/TNF-a for 7 days by fluorescence-based cell
sorting as described (31). The cell preparations were >99%
CD83* when the isolated cells were reexamined for fluores-
cence staining.

Immunofluorescence Analysis. Monocyte differentiation
was assessed by two-color immunofluorescence staining with
flow cytometry analysis as described (31). Antibodies used in-
cluded fluorescein isothiocyanate-conjugated HB15a (CD83,
IgGa) (31), phycoerythrin-conjugated CD14 (Coulter), phyco-
erythrin-conjugated CD1a (Coulter), and antibodies from the
Fifth International Leukocyte Differentiation Antigen Work-
shop. Isotype-matched control antibodies (Coulter) were used to
determine the levels of background staining. Ten thousand cells
were analyzed by flow cytometry using an Elite flow cytometer
(Coulter).

Electron Microscopy. Cells were processed for transmission
electron microscopy as described (31).

Mixed Leukocyte Reactions. Monocyte-derived CD83*
and CD83~ cells were isolated by cell sorting. Responder T
cells used for allogeneic mixed leukocyte reaction assays
were isolated by sheep erythrocyte rosette formation of

Abbreviations: GM-CSF, granulocyte-monocyte colony-stimulating
factor; TNF, tumor necrosis factor; IL-4, interleukin 4.
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mononuclear cells obtained from healthy donors. Assays
were carried out as described (12). Briefly, stimulator cells
were irradiated (5000 rads; 1 rad = 0.01 Gy) and added in
graded doses to 1.5 X 10° allogeneic T cells in 96 well
U-bottom tissue culture plates (0.2 ml of medium per well).
Cell proliferation during the last 12 h of 5-day cultures was
quantified by incubation of cells with 1 uCi (37 kBq) of
[methyl-*H]thymidine (NEN-DuPont, Boston, MA). The
cells were harvested onto filters and radioactivity was mea-
sured in a scintillation counter.

RESULTS

Cytokine-Induced Monocyte Differentiation. Plastic-ad-
herent CD14* CD1a~ monocytes were purified and cultured
with different combinations of cytokines (Fig. 1). Monocytes
cultured with GM-CSF/IL-4 generated small distinctive clus-
ters of cells similar to those described for cultured blood
dendritic cell precursors and CD34" cells from bone marrow
(19, 21, 22, 29). However, these cells remained CD14" and did
not express CD83 at any time point (Fig. 14), although they
did become CD1a* (Fig. 1B). Monocytes cultured with GM-
CSF/TNF-a primarily adhered to the tissue culture plates and
formed only small loose cell clusters similar to those described
for cultured CD34* stem cells (20). Monocytes cultured with
either GM-CSF/IL-4 or GM-CSF/TNF-a became large mac-
rophage-like cells after 12 days of culture but remained CD14*
and CD83". In contrast, monocytes cultured with GM-CSF/
IL-4/TNF-a generated small clusters of cells on day 2 that
were semiadherent to the tissue culture plates (Fig. 24). The
cells were tightly clustered together by day 5 (Fig. 2B) with
some cells located between clusters (Fig. 2C). A large per-
centage (40-80%) of the monocytes differentiated into
CD83* CD14" cells, but this usually required 10-12 days of
culture (Fig. 14). In contrast, if TNF-a was added to GM-
CSF/IL-4 cultures at day 5, the cells became firmly adherent
to the tissue culture plates and 78-95% of the cells became
CD83* within 2-3 days (Fig. 1B). After acquisition of CD83
expression by cultured monocytes, there was a decrease in
CD1a expression (Fig. 1C), which is typical of CD83* blood
dendritic cells (31).

In all three of the above culture systems, cell viability
remained >95% as determined by trypan blue exclusion

CD83-FITC

CD14-PE
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until day 14-15, when the cells appeared to increase in size
and the cell clusters began to deteriorate. At day 20 or 21,
the cells cultured with GM-CSF/IL-4/TNF-a became large
round macrophage-like cells. Interestingly, monocytes or
CD83* blood dendritic cells did not expand in cell number
or incorporate significant amounts of radiolabeled thymi-
dine when cultured in the presence of cytokines. These
results suggest that TNF-a induces the differentiation of
blood monocytes cultured with GM-CSF/IL-4 into dendrit-
ic-like cells within 7-9 days, with a yield of CD83" cells similar
to the number of monocytes cultured.

Monocyte-Derived CD83* Cells Exhibit a Dendritic Mor-
phology. Monocyte-derived CD83* cells exhibited the char-
acteristic cellular projections and motility of dendritic cells
(Fig. 2C) and continually extended, retracted, and reoriented
their cellular processes and veils. These CD83* cells were
morphologically homogenous (Fig. 2D) with large irregular-
shaped nuclei, numerous mitochondria and vesicles, relatively
few cytoplasmic granules, and obvious abundant cellular pro-
jections (Fig. 2 E and F). Their morphology was identical to
that of freshly isolated CD83* blood dendritic cells (Fig. 2H)
but was distinct from that of monocytes (Fig. 2G).

Monocyte-Derived CD83* Cells Exhibit a Dendritic Cell
Phenotype. The phenotypes of monocyte-derived CD83*
cells and CD83* dendritic cells isolated from blood were
similar (31). Monocyte-derived CD83 ™ cells expressed CD13
and CD33 but lacked most other myeloid markers (Fig. 3 and
Table 1). Cultured CD83* cells expressed CD1c, CD13,
CD29, CD31, CD40, CD45R0O, CD86, and high levels of
major histocompatibility complex class I and class II mole-
cules, as do blood CD83* dendritic cells. However, in
contrast with blood CD83* dendritic cells, monocyte-
derived CD83" cells expressed CDla, CD1b, CD4, and
CD80 but were negative or mostly negative for CD2, CDS,
CD15s, and CD25. Small subpopulations of CD83* cells that
lacked CD4, yet expressed CD2 and CDS5 were observed in
some cultures (Fig. 3), suggesting further differentiation of
these cells.

Stimulating Activity of CD83* Cells in Mixed Leukocyte
Reactions. Monocytes cultured with GM-CSF/IL-4/TNF-«
induced significantly (P < 0.02, paired Student’s ¢ test) more
proliferation of allogeneic T cells than monocytes cultured
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FiG. 1. Monocytes cultured with GM-CSF/IL-4/TNF-a differentiate into CD83* CD1a* cells. CD14* blood monocytes were cultured with
the indicated combinations of cytokines (4) or with GM-CSF/IL-4 (B and C) for 5 days before the cultures were split and TNF-a was added to
the indicated cultures. The cell surface phenotype of cultured cells was examined in at least 10 experiments by two-color immunofluorescence
analysis over the subsequent 12 days. CD14-PE, phycoerythrin-conjugated CD14; CD83-FITC, fluorescein isothiocyanate-conjugated CD83.
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FiG. 2. Monocytes cultured with GM-CSF/IL-4/TNF-a develop a dendritic-cell morphology. CD14* monocytes were cultured with cytokines
for 2 (4) or 5 (B and C) days and examined by phase-contrast microscopy. (4 and B, X180; C, X360.) (D-H) Representative transmission electron
micrographs of monocyte-derived CD83* cells isolated by cell sorting from 7-day GM-CSF/IL-4/TNF-a cultures (D-F), blood CD83* dendritic
cells (G), and CD14* monocytes before culture (H). (D, X1670; E-H, X5200.)

with GM-CSF/IL-4 (Fig. 44). Furthermore, the CD83* cells 4B). The potent T-cell stimulatory activity of monocyte-
from the GM-CSF/IL-4/TNF-a cultures initiated significantly derived CD83™ cells was comparable with that of CD83* blood
higher (P < 0.002) stimulatory effects when compared with dendritic cells (31), confirming the functional maturity of
CD83" cells, even at a 1:300 (stimulator/responder) ratio (Fig. monocyte-derived CD83™ cells.
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FiG. 3. Cell surface phenotype of monocyte-derived CD83* cells.
Each histogram is representative of results obtained from 2 to 10 cell
preparations and the figure is a compilation of results from multiple
experiments. CD14* monocytes were cultured in GM-CSF/IL-4 for 5
days with TNF-a added during the final 2 days of the 7-day cultures.
In all cases, similar flow cytometer settings were used to ensure
uniformity, and the gates that delineated the histograms obtained from
control cell populations stained with control antibodies are shown. The
fluorescence intensity of CD83* cell expression of class II antigens
exceeded the four-decade logarithmic scale and, therefore, was accu-
mulated on the far right of the histogram. mAb, Monoclonal antibody;
FITC, fluorescein isothiocyanate.

DISCUSSION

These results demonstrate that functionally mature dendritic
cells can derive directly from blood monocytes under the
influence of a specific cascade of cytokines. Monocyte differ-
entiation into CD83* dendritic cells can be divided into several
stages. First, an intermediate maturation stage is induced by
GM-CSF/IL-4 where the cells were CD14* (Fig. 1 4 and B)
and expressed CD1a at high levels as described (29, 35). During
the second stage, TNF-a induced the majority of cells to
differentiate into CD83*, CD14~, and CD4"* cells with a
dendritic morphology. Continued culture of monocyte-derived
CD83+ cells led to decreased CD1a expression (Fig. 1C) and
acquisition of a dermal dendritic cell phenotype (Fig. 3 and
Table 1). The CD83* dendritic cells were the most potent of
all stimulator cells in mixed leukocyte reactions (Fig. 4). Three
populations of dermal dendritic cells have been previously
identified as CD14*/CDla~, CD14-/CD1a"*, and CD14~/
CD1a™, each with increasing antigen-presenting capacity (36).
This linear differentiation scheme is also consistent with most
CD83* cells in skin being CD1a* (30), while blood CD83*
cells lack CD1a (31). Acquisition of CD45RO expression by
monocyte-derived CD83 cells (Table 1) also correlates with
dendritic-cell maturation (37, 38). Therefore, monocyte dif-
ferentiation into dermal dendritic cells could be induced
during local inflammatory reactions within tissues where all
three cytokines are produced.

Earlier studies have reported that combinations of GM-CSF
and either TNF-« or IL-4 can generate dendritic-like cells from
blood leukocytes or their precursors (4, 13-29). Dendritic cells
were identified in those studies based on a dendritic-cell
morphology, size, surface phenotype, or function. This study
extends those findings by demonstrating that pure populations
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Table 1. Surface antigen expression by cell populations

Differentiated

CD83*
Blood monocytes blood
Antigen Antibody monocytes CD83* CD83~ DC
ClassI  W6.32 ++ +++ ++ +++
ClassII I3 +++ +++++ +++ ++++
CDla T6 - ++ ++++ -
CD1b 4A7.6.5 - ++ ++ -
CDlIc 10C3 - ++ ++ ++
CD2 T11 - +/—, few ++ +/— ++
CD3 T3 - - +/- -
CD4 T4 +/- +, few — + -
CD5 T1 + +/—, few ++ +/— +++
CD13 MY7 ++ ++4+ +++ ++
CD14 MY4 ++ - - -
CD15s csLex - - - +++
CD19 B4 - - - -
CD20 Bl - - - -
CD25 IL-2R - -, few + - +
CD29 4B4 ++ ++ ++ ++
CD31 1F11 ++ + + +/-
CD33 MY9 ++ +, weak + ++
CD40 HB14 + ++ ++ +
CD45 KCs6 ++ + + +
CD45RA 2H4 - - - -
CD45RO UCHL-1 - ++ ++ ++
CD54 HAE-4a - +/- +,weak  +
CD80 B7-g, BB1 - + + +
CD86 FUN-1 +/- +++ - +++
a2,6-SA  HB6 - - - ++
CMRF-44 - - - +
DC, dendritic cells; SA, sialic acid. The methods and levels of
surface antigen staining are as in Fig. 3. —, No staining above

background levels; +/—, variable weak reactivity; + to +++++,
increasingly positive staining based on a relative linear scale.

of mature CD14* monocytes from blood can be induced to
directly differentiate into functionally mature dendritic cells.
In addition, when monocytes were cultured with appropriate
combinations of GM-CSF, IL-4, and TNF-a, they expressed
CD83 (Fig. 1), a marker for mature dendritic cells. Relative to
our studies, Sallusto and Lanzacecchia (29) have shown that
adherent blood mononuclear cells cultured with GM-CSF and
IL-4 can generate dendritic cell lines with the phenotype and
antigen-processing capacity of immature dendritic cells. These
dendritic-cell lines express little or no CD14 and result from
cell growth (29), which differs from the monocyte-derived
dendritic cells described in our study (Fig. 1). Nonetheless,
incubation of their dendritic cell lines with TNF-a or soluble
CD40-ligand for 24 h upregulated their capacity to stimulate
naive allogeneic T cells and downregulated their capacity to
process/present soluble antigen. Therefore, it may be advan-
tageous to provide monocyte-derived dendritic cells (cultured
with GM-CSF/IL-4 only) with soluble antigens before induc-
ing their further maturation into potent CD83* stimulator cells
with TNF-a.

The ability to generate CD83* dendritic cells directly from
blood monocytes provides important clues as to the differen-
tiation pathways of this cell lineage and will facilitate the
further functional and molecular characterization of this rare
cell type. Specifically, the finding that dendritic cells expressed
CD4 during their intermediate stages of differentiation from
monocytes provides new insight into the controversial issue of
whether dendritic cells can be infected with the human im-
munodeficiency virus (32, 39-44). The entry of virus-infected
monocytes into cytokine-rich microenvironments may induce
their differentiation into dendritic cells that can then transmit
a vigorous cytopathic infection to T cells (32, 39, 40, 43). Given
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F1G. 4. Monocyte-derived CD83* cells are potent stimulator cells in an allogeneic mixed leukocyte reaction. (4) CD14* monocytes cultured
for 7 days with GM-CSF/IL-4 (O) or GM-CSF/IL-4/TNF-a (B) were used as stimulator cells. (B) CD83* (m) or CD83~ (O) cells obtained from
the GM-CSF/IL-4/TNF-a cultures were used as stimulator cells. Values are the mean * SD obtained for triplicate cultures and are representative
of those obtained in two experiments.

the capacity of dendritic cells to elicit strong antigen-specific
helper and cytotoxic T-cell responses, the ability to generate
large numbers of homogeneous preparations of CD83™* cells
from plastic-adherent monocytes will also facilitate the manipu-
lation of this cell lineage for vaccine development, organ grafting,
and ex vivo therapy for a broad range of human diseases.
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