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SUMMARY

The cytokine requirements to differentiate CD34" progenitor cells from different origins either cord
blood (CB) or peripheral blood (PB) into dendritic cells (DC) are known to be different. In addition to
DC, macrophages and neutrophils are generated. On the other hand, phorbol esters such as PMA induce
primary human CD34" bone marrow (BM) progenitor cells to differentiate into functional DC and no
other lineages are generated. In addition, FCS is used as culture supplement in most of the protocols
described which contains additional foreign antigens potentially skewing the resulting immune response.
Therefore, we evaluated the ability to differentiate CB- and PB-CD34 ™ progenitor cells into DC with
PMA and under serum-free conditions. In this study, we delineate the maturation of cultured human
blood DC by analysis of expression co-stimulatory molecule B7-2 (CD86). Human mature DC with
typical morphology and surface antigen phenotype (CDla~, CD83" and CD86") were obtained from
CB- and PB-CD34 ™ progenitor cells after 1 week of culture in serum-free medium upon stimulation with
PMA alone. The same result was obtained from ex vivo-expanded BM-CD34 " cells. CD86 ™ yield was
increased by PMA compared to cytokine cocktails (28:0% * 7-0 versus 15:3% = 5-6 for CB and
44.-6% * 7-5 versus 28:1% = 7.5 for PB, respectively). CD86 was most up-regulated in the presence of
the calcium ionophore ionomycin. However, the number of viable cells after differentiation was
decreased by PMA plus ionomycin (P < 0-05) or plus TNF-alpha (P > 0-05) as compared with that in
PMA alone. We conclude that PMA is a potent activator to differentiate human CD34™" cells into mature
DC in serum-free medium. This may be used for in vitro studies of primed or genetically modified DC
against infectious and tumour-associated antigens.
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INTRODUCTION

Dendritic cells (DC) are found at trace levels in tissues or in
circulation and are inducing many lymphocyte functions [1].
During the past decade, DC have been identified as the most
potent antigen-presenting cells of the immune system [2,3]. The
superior ability of DC to present antigens to T cells has led to the
development of DC-based strategies for the purpose of enhancing
the immune response against tumours and infectious agents [1,4].
However, the application of DC in immunotherapy has been
hampered by the low number of these cells and the difficulty of
isolating them [5]. The identification of culture conditions
enabling the generation of DC in vitro are useful to study their
biology and to prepare large amounts of antigen-presenting cells
(APCs) for immunotherapeutic purposes [6].

It is now possible to generate a large number of DC from
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either CD34" progenitor cells [7-9] or from peripheral blood
monocytes [10,11]. CD34-derived dendritic cells (CD34-DC)
have a preferential capacity to activate CD8" T cells [6].
Introducing genes into DC by retroviral transduction of CD34"
progenitor cells is now an established method to potentiate a
specific immune response against tumour antigens [12]. DC can
be generated in vitro from CD34™" progenitors in cord blood (CB)
[9,13], bone marrow (BM) [8,14] and peripheral blood (PB) after
cytokine mobilization [15]. However, the cytokine requirements
to differentiate CB- and PB-CD34™" progenitor cells into DC are
known to be different [16] and GM-CSF plus TNF-alpha = SCF
not only generate DC but also macrophages and neutrophils
[9,14,17]. In addition, FCS used as culture supplement in most of
the protocols described contains additional foreign antigens
leading to the potential skewing of the resulting immune response.
Recently, serum-free culture conditions have been described for
the generation of cord blood-derived dendritic cells (CB-DC) in
the presence of SCF, GM-CSF, TNF-alpha and TGF-betal [18]. In
addition, DC can be generated from mobilized peripheral blood
CD34™ cells in the absence of bovine products using ex-vivo 10
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culture medium containing 10% autologous serum, thGM-CSF,
rhTNF-alpha and rhIL-4 [19].

Mature DC are typically characterized by expression of MHC
class I, MHC class II, the co-stimulatory molecules CD80 (B7-1)
and CD86 (B7-2) and the dendritic cell lineage marker CD83
[20]. CD86 is the most important ligand to induce CD28-mediated
co-stimulation for CD8" T cell activation [21].

Phorbol ester (PMA) is a stable analogue of 2,3-diacylglycerol
that activates the classical (alpha, betal, beta2 and gamma) and
new (delta, epsilon, eta, theta and mu) isoforms of protein kinase
C (PKC) [22]. PMA-mediated signalling induced the expression
of the RelB transcription factor, suggesting a pathway by which
genetic events involved in DC differentiation are initiated [23].
Recently, it was reported that PMA-induced PKC activation
specifically leads to differentiation of bone marrow CD34"
progenitor cells to mature DC and no other lineages are generated
[23,24].

Here we evaluated the ability to differentiate CB- and PB-
CD34™ progenitor cells into DC under serum-free conditions in
the presence of PMA. In addition, we delineate the maturation of
cultured human blood DC by analysis of expression co-
stimulatory molecule B7-2 (CD8§6).

MATERIALS AND METHODS

Recombinant human cytokines and growth factors

Flt-3 ligand (Flt-3L), granulocyte-macrophage colony-stimulating
factor (GM-CSF) and stem cell factor (SCF) were obtained from
Immunex Corp (Seattle, WA, USA), Peprotech (UK) and Amgen
(Thousand Oaks, CA, USA), respectively, and interleukin-3 (IL-
3), interleukin-4 (IL-4), transforming growth factor beta 1 (TGF-
betal) and tumour necrosis factor-alpha (TNF-alpha) were
purchased from Tebu GmbH (Frankfurt/M., Germany).

Culture media

The following culture media were used throughout experiments:
complete serum-containing media IMDM (Iscove’s modified
Dulbecco’s medium) and RPMI-1640 (Life Technologies,
Gaithersburg, MD, USA) supplemented with 10% heat-inactivated
fetal calf serum (FCS), 2 mm L-glutamine, 100 U/ml penicillin
and 100 wg/ml streptomycin, and complete serum-free media
CellGro® SCGM and CellGro® DC (CellGenix, Freiburg,
Germany) supplemented with 2 mm L-glutamine, 100 U/ml
penicillin and 100 wg/ml streptomycin.

CD34% cell isolation

Cord blood samples from normal full-term deliveries, human bone
marrow from healthy donors and G-CSF mobilized peripheral
blood were used in this study. Low-density mononuclear cells
(LD-MNCs) were separated on Ficoll-Paque gradient (specific
gravity 1-077 g/ml, Seromed, Berlin, Germany). CD34" cells
were separated by magnetic cell sorting (CD34 isolation Kkit,
MACS, Miltenyi Biotec, Bergisch Gladbach, Germany) following
the manufacturer’s instructions. After two cycles of magnetic
separation, the purity of CD34" cells measured by flow
cytometric analysis using non-cross-blocking antibody (HPCA-2
FITC, Becton Dickinson GmbH, Heidelberg, Germany) was about
98%.

Expansion of BM-CD34™ progenitor cells
Ex vivo expansion of CD34" progenitor cells facilitates the

identification of culture conditions useful to generate DC to study
their biology and their retroviral transduction for immunother-
apeutic purposes [25]. To test the ability to expand CD34 " cells in
serum-free medium, the increase in cell counts of BM-CD34™"
(5 x 10 cells/ml) cultured in complete serum-containing medium
IMDM or RPMI-1640 was compared with that cultured in
complete serum-free medium CellGro® SCGM or CellGro® DC
containing one of the two following cytokines cocktails: Flt-3L
(150 ng/ml), IL-3 (100 ng/ml), SCF (50 ng/ml) and TGF-betal
(0-5 ng/ml) or Flt-3L (300 ng/ml), IL-3 (100 ng/ml) and SCF
(100 ng/ml). Cultures were incubated for 7 days at 37°C in a
humidified 5% CO,-in-air atmosphere.

Generation of human CD34 ™ -derived dendritic cells with
cytokines and in serum-free medium

CB-CD34" cells (5 x 10* cells/ml) seeded into 24-well plates
(Greiner GmbH, Frickenhausen, Germany) were cultured in
complete serum-free medium (CellGro® DC) containing the
following cytokines that specifically reported for CB [18]: Flt-3L
and GM-CSF (100 ng/ml each), SCF (20 ng/ml), TGF-betal
(0-5 ng/ml) and TNF-alpha (10 ng/ml) for 14 days at 37°C/5%
CO,. The culture medium was exchanged at weekly intervals. The
density of cells did not exceed 10> cells/ml.

Also PB-CD34" cells were cultured under the above
conditions but with the following different cytokines cocktails
reported specifically for PB [16]: Flt-3L (150 ng/ml), IL-3
(100 ng/ml), SCF (50 ng/ml) and TGF-betal (0-5 ng/ml) for the
first week, Flt-3L (150 ng/ml), GM-CSF (100 ng/ml), IL-4 and
SCF (50 ng/ml each) and TGF-betal (0-5 ng/ml) for the second
week and Flt-3L (150 ng/ml), GM-CSF (100 ng/ml), IL-4 and
SCF (50 ng/ml each), TGF-betal (0-5 ng/ml) and TNF-alpha
(2 ng/ml) for the third and fourth weeks. At day 26, 20 ng/ml
TNF-alpha was added to induce maturation.

Generation of human CD34 ™ -derived dendritic cells with PMA
and in serum-free medium

CB- or PB-CD34" cells at a concentration of 5 x 10* cells/ml
were cultured in 24-well plates containing complete serum-free
medium (CellGro® DC). Cultures were stimulated with 15 ng/ml
PMA (Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany) and
incubated for 7 days at 37°C/5% CO,. PB-CD34 ™ cells were also
stimulated with PMA plus 10 ng/ml TNF-alpha or plus 100 ng/ml
ionomycin (Calbiochem-Novabiochem, Schwalbach, Germany).
Expanded BM-CD34" cells in complete CellGro® SCGM
containing Flt-3L (300 ng/ml), IL-3 (100 ng/ml) and SCF
(100 ng/ml) were also stimulated with PMA.

Flow cytometric analysis and monoclonal antibodies (MoAbs)

Adherent and loosely adherent cells after indicated periods of time
were harvested with 1 mm EDTA in cold PBS, washed twice, and
resuspended in staining buffer (PBS plus 0-2% BSA). Phenotypic
analysis of cells was performed by flow cytometer (FACScalibur
with CellQuest software, Becton Dickinson) using the following
MoAbs: CD1a (clone BL6) from Immunotech GmbH (Hamburg,
Germany), CD14 (clone M$P9) and HLA-DR (clone L243) both
from Becton Dickinson and CD83 (clone HB15e) and CD86
(clone IT2-2), both from PharMingen GmbH (Hamburg, Ger-
many). Non-specific binding was blocked by the addition of FcR
blocking reagent (Human IgG, MACS, Miltenyi Biotec). Appro-
priate conjugated isotype-matched antibodies were used as
controls. To exclude dead cells, 7-amino-actinomycin D (7-AAD,
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PharMingen) was added to each sample. Ten thousand cells from
each sample were analysed on flow cytometer. Data presentation
was performed using the WinMDI version 2-8 program.

Cell counts
Viable cell counts were performed using a Neubauer counting
chamber (Hawksely, UK) with at least 200 cells being counted per
sample. Cell viability was assessed using trypan blue exclusion
(Sigma-Aldrich Chemie GmbH).

CD86™ yield was calculated as the ratio of the output number
of CD86*DC relative to the input number of CD34" progenitor
cells after indicated periods of time using the following equation:

CD86™" yield

_ Number of viable CD86DC at the end of experiment
" the input number of CD34" progenitor cells (5 X 10%)

X 100

T cell proliferation assay

PB-autologous T cells were purified from MNCs by negative
selection using the Pan T Cell Isolation Kit (MACS, Miltenyi Biotec)
following the manufacturer’s instructions. PB-autologous monocytes
(Mo) were obtained by plastic adherence of MNCs. After 2 h non-
adherent cells were removed by 3 x washing with PBS.

To test the ability of PMA-generated DC to process and present
superantigen and soluble whole antigen, gamma-irradiated (3000
rad '¥’Cs) Mo or DC from day 7 PMA-treated PB-CD34" cell
cultures were plated in triplicate wells of 96-well flat-bottom plates
(Nunc, Denmark) at 2 x 10* cells/well. Purified autologous T cells
(1 x 10° cells/ml) in complete RPMI-1640 medium were added to
the Mo- or DC-containing wells without or with 3 wg/ml
staphylococcal enterotoxin B (SEB, Sigma-Aldrich Chemie GmbH)
or 10 pwg/ml preservative-free tetanus toxoid (TT, Calbiochem-
Novabiochem). Also autologous T cells were plated in triplicate
wells of 96-well flat-bottom plates with media alone (no stimulus)
or with media containing SEB or TT. Cultures were incubated for
7 days at 37°C in a humidified 5% CO,-in-air atmosphere.

T cell proliferation was assessed after 0-5 micro-Ci/well [3H]-
thymidine (Amersham, Braunschweig, Germany) had been added

for the final 18 h of culture. Cells were harvested using a 96-well
cell harvester, and [*H]-thymidine incorporation was measured
using a beta scintillation counter.

Statistics

Data are presented as mean values = s.d. For comparison of two
groups, unpaired #-tests and the Mann—Whitney test (U-test) were
used. For comparison of three groups, the Kruskal-Wallis test was
used. P-values of <0-05, < 0-01 and <0-001 were considered
statistically significant, highly significant and very highly
significant, respectively.

RESULTS

Expansion of BM-CD34™ cells in serum-free media compared

with serum-containing media and with different cytokine cocktails
In order to determine the useful method for ex vivo expansion of
CD34" progenitors, we compared BM-CD34" cells cultured in
complete serum-containing medium IMDM or RPMI-1640 with
cells cultured in complete serum-free medium CellGro® SCGM or
CellGro® DC containing either Flt-3L, 150 ng/ml; IL-3, 100 ng/
ml; SCF, 50 ng/ml and TGF-betal, 0-5 ng/ml (cocktail 1) or Flt-
3L, 300 ng/ml; IL-3, 100 ng/ml and SCF, 100 ng/ml (cocktail 2).

Table 1 shows that there is no statistical difference
(P = 0344, n=12) in expansion between serum-containing
media and serum-free media, the best (4-36 = 0-91, n = 6) and
the worse (3-28 * 0-51, n = 6) expansion were in CellGro®
SCGM and CellGro® DC, respectively. The expansion using
cytokines cocktail 2 is significantly better (P = 0-001, n = 12)
than that using cytokines cocktail 1.

These findings demonstrate that the best conditions for
expansion of CD34" cells are provided in serum-free medium
(CellGro® SCGM) containing FlIt-3L (300 ng/ml), IL-3 (100 ng/
ml) and SCF (100 ng/ml).

Phorbol ester induces differentiation of ex vivo expanded BM-

CD34" haematopoietic progenitors to DC in serum-free medium
Generation of mature DC from CD34 ™" progenitors using different
cytokine cocktails has been studied extensively. Recently, it has

Table 1. Expansion of BM-CD34 " in serum-free medium compared with serum-containing media and with different cytokine cocktails. BM-CD34™" cells

(5 x 10* cells/ml) cultured in complete serum-containing media IMDM or RPMI-1640 or complete serum-free medium CellGro® SCGM or CellGro® DC

containing either first cytokines cocktail (FIt-3L, 150 ng/ml; IL-3, 100 ng/ml; SCF, 50 ng/ml and TGF-betal, 0-5 ng/ml) or second cytokines cocktail (Flt-
3L, 300 ng/ml; IL-3, 100 ng/ml and SCF, 100 ng/ml). Cultures were incubated for 7 days

Expansion (fold)

Complete serum-containing media Complete serum-free media

IMDM RPMI-1640 CellGro® SCGM CellGro® DC

Ist cytokines ~ 2nd cytokines  1st cytokines  2nd cytokines  Ist cytokines  2nd cytokines  1st cytokines  2nd cytokines

Experiment cocktail cocktail cocktail cocktail cocktail cocktail cocktail cocktail

1 3-16 4.35 3.00 4.36 2-90 470 2-40 3:30

2 3.55 4.80 370 4.50 3-90 5-50 3-10 3:39

3 4-19 5-11 377 5-21 421 494 3-60 3-90

Mean £s.d*  3.63 £ 052 475 + 0-38 3.49 *+ 043 4.69 + 0-46 3.67 = 0-68 5-05 = 0-41 3-03 = 0-60 3.53 = 0-32

#Unpaired -tests.
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been suggested that direct activation of PKC by PMA is sufficient
to trigger DC differentiation out of BM-CD34" and no other
lineages are generated [23].

To test if morphological and phenotypic changes induced by
PMA were affected by pretreatment of BM-CD34" cells with
cytokines cocktail that induced a large expansion under serum-
free conditions, the cells were expanded for 7 days in CellGro®
SCGM containing Flt-3L (300 ng/ml), IL-3 (100 ng/ml) and SCF
(100 ng/ml) and then differentiated in CellGro® DC containing
15 ng/ml PMA until day 14.

We found that the DC differentiation induced by PMA under
serum-free conditions was not affected morphologically by
pretreatment of BM-CD34% cells with the above cytokines
cocktail that induced CD34% cell expansion connected with
myeloid, but not with DC differentiation, as described previously
[23]. In addition, the cells were positive for HLA-DR, CD83 and
CD86 and negative for CD1a and CD14 (data not shown). Table 2
demonstrates that at day 14, 2-94 = 0-42-fold increase of the cell
number was obtained.

Because the used cytokines facilitate murine onco-retroviral
transduction [25], our method may be used preferentially for
introducing genes into DC by retroviral vectors.

Phorbol ester induces differentiation of CB-and PB-CD34™
haematopoietic progenitors to DC under serum-free conditions
The ability of PMA to differentiate CB-and PB-CD34 " progenitor
cells to DC using serum-free conditions has been examined.

By day 7, about 40—60% of CB- and PB-CD34" progenitor
cells cultured in serum-free medium (CellGro® DC) with 15 ng/
ml PMA became large and loosely adherent and a subset
developed long dendrites and hair-like cytoplasmic projections
(Fig. 1a), morphology reported to be characteristic of DC [20].
Morphological changes were present within 1 day of stimulation
and completed within 3 days. They were stable over at least
2 weeks in culture.

Expression of the co-stimulatory molecule CD86 (B7-2), and
the DC lineage marker CD83 typically characterize mature DC.
Phenotypic analysis at day 7 after PMA-induction of CB- and PB-
CD34™" progenitor cells (adherent and non-adherent) demon-
strated that all cells were positive for both CD83 and CD86 and
negative for CD1a (Fig. 1b). In addition these cells were CDla™
at day 3 of differentiation (data not shown).

These data are in accordance with the finding that PMA

Table 2. Viable cell counts of BM-CD34" cells after expansion and
differentiation for 1 week with PMA under serum-free conditions. The
data enclosed in brackets represent the fold increase in cell number

Cell number

After expansion After differentiation

Experiment (day 7) (day 14)

1 235 x 10° (4-70) 1-48 x 10° (2:96)
2 280 x 10° (5-60) 1-80 x 10° (3-60)
3 224 x 10° (4-48) 128 x 10° (2:56)
4 205 x 10° (4-10) 129 x 10° (2:57)
5 259 x 10° (5-18) 1-50 x 10° (3-00)
Mean = s.d. (4-81 = 0-59) (294 £ 0-42)

induces DC differentiation without causing cell proliferation and
the generation of cellular intermediates [23].

CD86™ yield of PMA-derived DC from CB- and PB-CD34™
progenitors compared with that of cytokines-derived DC under
serum-free conditions

We delineated the maturation of cultured human blood DC by
surface analysis of the co-stimulatory molecule B7-2 (CD86),
because it is the most important ligand to induce CD28-mediated
co-stimulation for CD8" T cell activation [21].

To study the efficacy of PMA to generate mature DC in
serum-free medium, we compared CD86™ yield of PMA-derived
DC with cytokine-derived DC using the same serum-free culture
conditions. CD86™ yield was calculated as the ratio of the output
number of CD86DC relative to the input number of CD34"
progenitor cells with the following conditions, in case of a shift, as
found in PMA-induced DC, all cells have been considered to be
positive. In contrast, CD86™ and CD86 cells in cytokine-induced
DC have been separable because not all cells shifted towards a
positive CD86-expression. In this case only positive cells have
been considered as induced DC.

It is well known that the cytokine requirements to differentiate
CB- and PB-CD34" progenitor cells into DC are different.
Therefore, we used CD34" progenitors from CB and PB in
parallel experiments.

CD86™ yield was 28-0% * 7-0 and 44-6% + 7-5 for CB- and
PB-derived dendritic cells upon stimulation with PMA for 1 week
in serum-free medium (CellGro®™ DC), respectively (Fig. 2). In
contrast, the yield was 15-3% = 5.6 and 28-1% * 7-5 for CB-
and PB-derived DC stimulated with different cytokines cocktails
specifically for CB and PB differentiation, respectively, and for
indicated periods of time in the same serum-free medium as
mentioned in Materials and methods.

These data suggest that under serum-free conditions CD86™
yield was increased by PMA compared to cytokine cocktails.

Effect of addition of the TNF-alpha or ionomycin to the serum-free
culture condition containing PMA on the output number of viable
cells and CD86™ expression of PB-derived dendritic cells
PB-CD34™" cells were also stimulated with PMA plus 10 ng/ml
TNF-alpha or plus 100 ng/ml ionomycin in complete serum-free
medium (CellGro® DC) for 7 days. While the up-regulation of
CD86™ cells was more pronounced with addition of TNF-alpha or
ionomycin (Fig. 3), the output numbers of viable cells after
differentiation were decreased by PMA plus TNF-alpha
(P > 0-05) or ionomycin (P < 0-05) compared with that in
PMA alone (Fig. 4). This observation is in accordance with the
finding that the percentage of apoptotic cells of stimulated KG1
myeloid cell line with PMA plus TNF-alpha or ionomycin was
increased compared with that stimulated with PMA alone [24].

PMA-generated DC from CD34™ progenitor cells are functional
APCs

The functional hallmark of DC is their ability to activate T cells
[11,26,27]. While T cell proliferation was induced by autologous
PMA-generated DC in the presence of SEB or TT, PMA-
generated DC cannot induce the proliferation of autologous T
cells in the absence of antigen (Fig. 5). This lack of proliferation,
in the absence of antigen, makes it unlikely that T cell
proliferation is due to phorbol ester carryover. In addition, SEB
and TT did not induce T cell activation in the absence of

© 2001 Blackwell Science Ltd, Clinical and Experimental Immunology, 125:237-244
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Fig. 1. Morphology and phenotype of PMA-derived DC from human CB- and PB-CD34 " progenitor cells. (a) Typical morphology of CB-
and PB-CD34" cells cultured in serum-free medium (CellGro® DC) upon stimulation with PMA alone for 7 days (arrows indicate elongated
dendrites). (b) Surface antigen phenotype characterization of day 7 PMA-treated CB- and PB-CD34™" cell cultures in serum-free medium.
Total cells in cultures (adherent and non-adherent) were analysed by flow cytometric analysis. Isotype-matched controls are indicated by
dotted lines. Results are representative of three different experiments.

PMA-derived DC. SEB-mediated T cell activation is not MHC-
restricted and does not require antigen processing but TT-
mediated T cell proliferation is MHC restricted and require both
antigen processing and presentation. In Fig. 5 only minimal
proliferation can be demonstrated for T cells with added
autologous monocytes in the presence of SEB or TT. In contrast,
after adding autologous CD34 " -derived DC, a marked prolifera-
tion could be induced.

DISCUSSION

DC are attractive cellular adjuvants for vaccination strategies due
to their professional antigen-presenting capacity [28,29]. Cur-
rently, most in vitro culture systems for the production of these
DC include serum. However, this is undesirable because serum

contains growth factors that vary between individuals and could
affect DC development [30]. Unless the patient’s own serum is
used, serum adjuvants such as FCS will lead to a skewing of the
immune response by foreign antigens. In addition, serum
preparations contain a series of cytokines not yet identified which
are possibly involved in DC differentiation. In order to study the
requirements to differentiate a CD34™" cell into DC, we provide
data that DC can differentiate out of CD34" cells from different
origins in the presence of PMA without addition of serum.
Human mature DC with typical morphology (large and loosely
adherent, and a subset developed long dendrites and hair-like
cytoplasmic projections) and surface antigen phenotype (CDla
CD83" and CD86") were obtained from CB- and PB-CD34%
progenitor cells after 1 week of culture in serum-free medium
upon stimulation with PMA alone. Morphological changes began

© 2001 Blackwell Science Ltd, Clinical and Experimental Immunology, 125:237-244
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Fig. 2. CD86" yield of CB- and PB-derived dendritic cells stimulated
with PMA for 1 week or with different cytokines cocktails specifically for
CB and PB in serum-free medium (CellGro® DC) and for indicated
periods of time as mentioned in Materials and methods. "Number of viable
CD86" DC at the end of experiment x 100/the input number of CD34"
progenitor cells (5 x 10%). *Significant, P < 0-05, Mann—Whitney test
(U-test). O, Cytokines specifically for CB; [0, PMAKB; @, cytokines
specifically for PB; ll, PMA/PB.

within 1 day of stimulation, were fully manifested within 3 days
and were stable over at least 2 weeks in culture. The same result
was obtained from ex vivo-expanded BM-CD34" cells. CD86™
yield under serum-free conditions was increased by PMA
compared to cytokine cocktails, 280% * 7-0 versus
153% = 56 for CB (P =0-071) and 44-6% = 7-5 wersus
28:1% = 7-5 for PB (P = 0-016), respectively (Fig. 2).

As described previously, there are two stages of DC
differentiation from CD34" haematopoietic progenitor cells
(HPC) using cytokines [31]. The first stage involves differentiation
of multipotential HPC to immature CD1a™DC, cells with high
capacity for antigen uptake but relatively poor ability to activate T
cells. This intermediate DC adhered to plastic surfaces, expressed
Birbeck granules and were negative for CD80, CD83 and CD86 co-
stimulatory molecules. This differentiation is induced in vitro
within 2 weeks by GM-CSF and TNF-alpha * other cytokines
[30]. The second stage involves maturation of immature CDla™DC
to mature DC, cells that have decreased antigen uptake capability
but are much more potent in activating T cells. This maturation
involved increased expression of CD80, CD83, CD86, CMRF-44,
HLA-A, -B, -C and -DR as well as down-regulation of CDla and
CD11b. Activated DC are characterized by the lack of adherence to

256 PMA 256
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Events

PMA+TNF-alpha 256
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plastic surfaces and the absence of Birbeck granules [30]. In vitro
maturation/activation can be induced by TNF-alpha = other
cytokines [20] or CD40 receptor cross-linking [32]. Spontaneous
maturation of intermediates into fully activated DC expressing
CD83 and co-stimulatory molecules occurred asynchronously over
the ensuing 2-3 weeks. In vivo this second stage is triggered by
live bacteria, components (LPS and DNA), viral infection and
inflammatory cytokines [1].

Because cytokine receptor stimulation activates complex
signalling cascades that initiate multiple responses, differentiation
to other lineages is almost simultaneously induced. Thus cytokine
application not only generates DC but also macrophages and
neutrophils [9,14,17].

In contrast to cytokines or CD40 ligand, PMA alone induces
DC differentiation only, without causing cell proliferation and the
generation of cellular intermediates [23]. In this regard, PMA-
induced DC differentiation out of CD34™" cells and more closely
resembles cytokine-driven DC differentiation out of monocytes, in
which there is also no proliferation, and 20-90% of input cells are
lost during culture [10,11].

Our observation that about 40-60% of cells are lost during
culture depending upon the source of CD34" progenitors is
supported by the observation that PMA had a negative effect on
CD34™ survival that did not differentiate to DC [23]. The ability
to differentiate into DC in response to PMA is limited to CD34™
cells, as PMA caused macrophage differentiation in
CD34 CD15" cells and cell death in CD14™ monocytes [23].
In addition, the CD34" myeloid cell line KG1 differentiates into
dendritic-like cells in response to PMA (with or without the
calcium ionophore ionomycin or TNF-alpha). Comparison of KG1
to the PMA-unresponsive subline KGla reveals differences in
expression of TNF receptors (1 and 2), PKC isoforms (alpha,
betal, beta2 and mu) and RelB, suggesting that these components/
pathways are important for DC differentiation [24].

All the receptor-mediated stimuli (GM-CSF, IL-4, TNF-alpha
and CDA40 cross-linking) that induce DC differentiation can also
activate PKC as part of their intracellular signalling pathways
[33-35]. Direct activation of PKC with PMA alone is sufficient to
induce differentiation of human BM-CD34 ™" cells into mature and
fully functional DC within 7 days only, suggesting a critical and
specific role of this pathway for the progenitor lineage committed
to DC [23]. This specificity may be facilitating further identifica-
tion of signalling pathways involved in DC differentiation.

The rarity of CD34" HPC makes sufficient isolation for
larger-scale studies laborious. This problem could be overcome by

PMA+TNF-lomonycin
203-27+9.760

0 B
100 10" 102 103

CD86

Fig. 3. CD86" expression of PB-derived dendritic cells after 1 week stimulation with serum-free medium (CellGro® DC) containing PMA
alone or plus TNF-alpha or ionomycin. Isotype-matched controls are indicated by dotted lines. Results are representative of three different
experiments. "Mean fluorescence. *Significance, P < 0-05, Kruskal-Wallis test.
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Fig. 4 Viable cell counts of PB-derived dendritic cells after 1 week
stimulation with serum-free medium (CellGro® DC) containing PMA
alone or plus TNF-alpha or ionomycin. *Significant, P < 0-05, Kruskal—
Wallis test.

ex vivo CD34" expansion. We examined the effects of different
cytokine combinations and culture conditions on BM-CD34™
expansion. We found that cells were maximally expanded
(5-05 £ 0-41-fold) after 1 week under serum-free conditions
(CellGro® SCGM) with FlIt-3L, 300 ng/ml; IL-3, 100 ng/ml and
SCF, 100 ng/ml. In the case that 50% of the cytokines-containing
medium was exchanged after 3 days and the density of cells did
not exceed 10° cells/ml, the increase of cells was 18-5-fold (data
not shown). The DC differentiation induced by PMA was not
affected by pretreatment of the BM-CD34™ cells with the above
cytokines cocktail that induced CD34™ cell expansion connected
with myeloid but not with DC differentiation. Because this
cytokines cocktail facilitates retroviral transduction [25], our
method may be used preferentially for introducing genes into DC
by onco-retroviral vectors.
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Fig. 5. Autologous T cell proliferation induced by PMA-generated DC,
from PB-CD34 " cells, pulsed with staphylococcal enterotoxin B (SEB) or
preservative-free tetanus toxoid (TT). Monocytes or day 7 gamma-
irradiated DC (2 x 10* cells) were added to purified autologous T cells
(1 x 10° cells) in the absence or presence of 3 wg/ml SEB or 10 wg/ml
TT. As negative controls, autologous T cells were plated in triplicate wells
of 96-well flat-bottom plates with media alone (no stimulus) or with media
containing SEB or TT. Data are presented as the mean counts per
minute * s.d. of triplicate cultures.

We have found that up-regulation of CD86 was most
pronounced with addition of the calcium ionophore ionomycin.
However, the output numbers of viable cells after differentiation
were decreased by PMA plus ionomycin (P < 0-05) or plus TNF-
alpha (P > 0-05) compared with that in PMA alone (Fig. 4). The
decrease of cell viability by PMA plus ionomycin or TNF-alpha
compared to PMA alone may be due to the apoptotic effect of
these two stimuli. TNF-alpha and ionomycin appear to be using
the same signalling pathway because the combination of PMA,
ionomycin and TNF-alpha was no different from PMA plus TNF-
alpha or ionomycin [24].

Functionally, PMA-generated DC were capable of stimulating
autologous T cell proliferation by processing and presenting
whole soluble antigen and superantigen. The absence of
autologous T cell proliferation when cultured with DC (no SEB
or TT) demonstrates that DC themselves or the drug by which
they have been treated do not stimulate responding T lympho-
cytes.

We conclude that PMA is a potent activator to differentiate
human CD34" into mature DC in serum-free medium. The
procedure described here may represent a method for generating
pure populations of DC from freshly isolated or ex vivo-expanded
CD34™ progenitor cells. This may facilitate an in vitro immune
response using primed or genetically modified DC against
infectious and tumour-associated antigens.
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