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Abstract

Following the discovery of methods to generate large numbers of specific dendritic cells (DCs) ex

vivo, the possibility of exploiting these cells in immunotherapeutic strategies will become a reality. It
seems to be rationally to analyse the influence of the precursor source for further features and appli-
cations.

For the needs of the given project DCs were derived from precursors derived from adult peripheral
blood (APB) and umbilical cord blood (UCB). During some expansions of UCB CD34* cells were sep-
arated giving non-adherent DCs (NA-DCs) or adherent DCs (A-DCs), whereas DCs derived from UCB
precursors without separation gave rise to All-DCs. DC subpopulations were stimulated by lipopoly-
saccharides (LPS) or interferon-y (IFN-y), and afterwards the morphology, phenotype, and stimulatory
properties were analysed.

Our findings demonstrated that DCs generated from APB and UCB precursors were not equivalent
and exhibited opposite features when expanded in comparable conditions. Additionally, all three sub-
populations of UCB-derived DCs presented functional dissimilarities. Based on our results we conclud-
ed that the precursor source and the composition of media must be considered as crucial to the success

of potential therapeutic application.
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Introduction

Among the mature blood cells, dendritic cells (DCs)
are the most potent immune cells for antigen presentation
and orchestration of the immune system. Traditionally these
cells have been difficult to isolate due to their low concen-
tration in peripheral blood (approximately 0.01%) and the
lack of a well-defined DC-specific marker. Following the
discovery of methods to generate large numbers of DCs
ex vivo, the possibility of exploiting these cells in a num-
ber of immunotherapeutic strategies has become a reality
[1-3]. Mature DCs can be generated in vitro from the early
haematopoietic CD34* progenitors of cord blood (UCB),
peripheral blood (APB), or bone marrow (BM) or their late
monocytic precursors using a variety of cytokine combina-
tions [1, 4-10]. Additionally, haematopoietic differentiation
from induced pluripotent stem cells has been investigated
recently [6]. Because, DC functions are effected by patients’
(donor) health, cytokine selection for culture, and isolation
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procedures, DC precursors from all sources have been used
in clinical trials depending on the goal [11].

When autologous cells cannot be taken into consideration
as the source for DC generation because of some genetic de-
fects, UCB haematopoietic stem cells (HSCs) give a great
opportunity to expand DCs with specific features for patients
with malignant and non-malignant diseases [9, 12]. One of the
advantages of the UCB is its relative accessibility as a source
of HSCs, which can be cryopreserved for many years and
ready to use [13]. Additionally, UCB HSCs display higher
proliferative capacity and repopulating potential than BM
HSCs. Moreover, they evoke weaker graft versus host (GvH)
reaction with the same human leukocyte antigen (HLA)
matching in comparison to their BM counterparts [14, 15].

Comparison of CD34* cell-derived DCs and mono-
cyte-derived DCs from the same patient demonstrated sim-
ilar morphology and performance in mixed lymphocyte
reaction, while differences in some surface markers such as
CD86 and HLA-DR were observed [3]. A difference in the
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capacity to activate CD8* T cells was also reported in these
two populations [16]. Scientists established optimised cul-
ture systems, which provided important advances for gen-
erating different subpopulations of DCs: antigen-presenting
DCs (APC), suppressive DCs, or cytotoxic DCs [9, 17-19].

Although numerous studies have been published, we
discovered some innovative differences between DC ex-
panded from precursors isolated from UCB and APB. The
most interesting were observations on UCB precursors,
which during culture divided into two distinct subpopula-
tions giving DCs with contrasting features. We investigated
the phenotype and, when possible, stimulatory properties of
DCs expanded from the mentioned precursors. In our study,
monocyte-derived DCs were treated as a standard model for
exploring DC properties.

Material and methods

Dendritic cell culture from peripheral blood
monocytes

As peripheral blood samples we used leukocyte-platelet
coats (n = 36) obtained from volunteers recruited during the
routine medical consultation in the Regional Blood Bank
in Gdansk, and only the healthy ones were included in this
study. All subjects were informed about the study, and
signed, written consent was approved by the Ethical Com-
mittee of the Medical University of Gdansk. APB mono-
nuclear cells were separated by Histopaque®-1077 (Sigma)
gradient centrifugation at 1200 g for 30 min at room tem-
perature. After isolation and erythrocyte lyses, the cells were
washed and prepared for further isolation steps. To separate
monocytes, PBMCs were cultured for 24 h on an adhesive
Petri dish in RPMI1640 supplemented with FBS (10%,
PAA), L-glutamine (2 mM, Sigma), penicillin (100 U/ml,
Sigma), and streptomycin (100 pg/ml, Sigma), at 37°C, 5%
CO,, and 95% humidity. After incubation time, medium
containing non-adherent cells was gently removed and the
plate with adherent cells was put on ice for 30 minutes. Af-
terwards, the monocyte layer was harvested using a scraper.

Atotal of 1 x 10° monocytes/l1 ml were placed on 24-well
plates in medium supplemented with GM-CSF (50 ng/ml,
R&D) and IL-4 (100 ng/ml, R&D) for seven days. On day 3,
half of the medium was replaced with fresh medium with
cytokines. On day 6, cells were subjected to maturation with
lipopolysaccharide (LPS) (10 pg/ml or 100 pg/ml, Sigma) or
interferon-y (IFN-y) (5 ng/ml or 10 ng/ml, R&D) for 24 hours.
Cell differentiation and maturation was monitored and docu-
mented by a light microscope equipped with a digital camera.

Dendritic cell culture from CD34* cells from
human umbilical cord blood

UCB samples were collected to CPD-containing bags
from 20 volunteers at the moment of delivery in the Depart-
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ment of Obstetrics of the Medical University of Gdansk,
Poland. The neonates with major anomalies and with ma-
jor delivery complications (including caesarean section)
were excluded from the study. The procedure was con-
ducted with parental permission in an aseptic manner by
experienced hospital staff. The research was approved
by the Ethics Committee of the Medical University of
Gdansk. All UCB blood units were subject to procedure
not later than 12 h after collection.

The EasySep® Human Cord Blood CD34 Positive
Selection Kit (Stem Cell Technologies) is a two-step cell
isolation kit. CD34* cells were first pre-enriched from
fresh whole cord blood using the RosetteSep® Human
Cord Blood CD34 Pre-Enrichment Cocktail by negative
selection designed to deplete granulocytes and RBCs.
Following pre-enrichment, cells were positively select-
ed using EasySep® Human CD34 Positive Selection Kit.
RosetteSep® Human Cord Blood CD34 Pre-Enrichment
Cocktail was added, and after 10 minutes of incubation
the samples were diluted and layered on Histopaque®-1077
(Sigma Aldrich). After centrifugation (1200 g, 30 min, RT)
cells were subjected to magnetic positive selection. 2 x 108
mononuclear cells/ml were incubated with EasySep® Pos-
itive Selection Cocktail for 15 minutes and with EasySep®
Magnetic Nanoparticles for next 10 minutes. Afterwards,
the suspension with stained cells was placed in magnet and
the steps: 10-minute incubation — pouring off supernatant —
suspension were repeated five times. After final centrifuga-
tion the positively selected CD34* cells were ready for use.

0.8 x 10° cells/ml were placed on 24-well plates in
RPMI1640 supplemented with FBS (10%, Sigma Al-
drich), L-glutamine (2 mM, Sigma Aldrich), penicillin
(100 U/ml, Sigma Aldrich), and streptomycin (100 pg/ml,
Sigma Aldrich), GM-CSF (50 ng/ml, R&D), IL-4 (50 ng/
ml, R&D), and SCF (50 ng/ml, R&D) at 37°C, 5% CO,,
95% humidity for 17 days. On days 4, 8, and 12 half of
the medium was replaced with fresh medium with cyto-
kines. On the 16" day cells were subjected to maturation
with LPS (100 pg/ml, Sigma Aldrich) or IFN-y (10 ng/ml,
R&D) for 24 hours. During 10 cultures, on the 8™ day the
non-adherent cells were removed and placed into a new
well. These non-adherent precursors and remaining adher-
ent cells were treated the same until the end of the culture,
giving rise to, respectively, non-adherent DCs (NA-DCs)
or adherent DCs (A-DCs). DCs derived from UCB CD34*
precursors without separating into subpopulations gave
rise to All-DCs. Cell differentiation and maturation was
monitored and documented by a light microscope equipped
with a digital camera.

Cytometric analysis of UCB HSCs

CD34*CD45'"" haematopoietic stem cells were
stained with the following cocktail of monoclonal anti-
bodies purchased from BD Biosciences: anti-CD34-PE,
anti-CD45-PerCP, and matched isotype controls. After
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30 min incubation in the dark, on-ice samples were fixed
and prepared for further analysis. Flow cytometric analysis
was performed using an LSRII flow cytometer (BD).

Cytometric analysis of dendritic cells

Differentiating cells during each passage and after
stimulation were stained with the following cocktail of
monoclonal antibodies purchased from BD Biosciences:
anti-CD3-PE, anti-CD14-PerCP, anti-CD66b-PE, anti-
CD16-PerCP-Cy5.5, anti-CD11c-APC, anti-CD80-PE,
anti-HLA-DR-PerCP, and matched isotype controls. Af-
ter 30 min of incubation in the dark, on-ice samples were
fixed and prepared for further analysis. Flow cytometric
analysis was performed using an LSRII flow cytometer
(BD). For death cell evaluation a 7AAD Via Probe (BD)
was used. After adding 10 pm of Via Probe samples were
incubated for 30 minutes, washed, and resuspended in PBS
prior to cytometric analysis.

Mixed lymphocyte cultures (MLC)

The stimulatory abilities of DCs derived from differ-
ent precursors were measured during mixed leukocyte
culture. Effectors were non-adherent mononuclear cells of
peripheral blood or umbilical cord blood. Autologous y-ir-
radiated DCs modulated the response of effectors to CD3/
CD28 Dynabeads (Dynal) in a U-bottom 96-well plate and
cultured for five days. Proliferation was measured after
3H-thymidine (0.5 uCi/well) incorporation during incuba-
tion for the last 16 h. Cells were harvested using a cell
harvester and counted on a liquid scintillation counter (Cell
Harvester, Scatron). Effectors were plated in a concentra-
tion of 5 x 104 cells per well in co-cultures with expanded
DC:s in different proportions (Effectors : DC—-2:1,1:1,
1:2,1:4,1:8) and the following ratio mixtures: 1 : 0 and
0 : 1 as internal controls. The controls S and 2S contained
effectors stimulated with either a single or double dose of
anti-CD3/CD28 beads.

Statistics

Data were computed using the software Statistica 8.0
(Statsoft, Poland). The analysis of data obtained from the
patients was based on non-parametric tests and results
were analysed using: U Mann-Whitney test, Spearman
rank correlation coefficients and ANOVA Kruskal-Wallis
test. Values of p < 0.05 were considered as statistically
significant.

Results

Six-day cultures of APB monocytes yielded cells dis-
playing fibroblast-like morphology with fine cytoplasmic
processes. After 24-h stimulation with LPS cells became
much longer, and the higher the concentration of LPS, the
longer the processes that DCs exhibited (Fig. 1). After
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24-h culture with IFN-y, the vast majority of cells showed
irregular cell forms and adhered to the dish, whereas the
increased concentration of IFN-y did not influenced further
cell morphology.

The culture of All-DCs from UCB CD34* precursors
provided cells with similar morphology to DCs derived
from APB monocytes (Fig. 1). Surprising observations
were made on these cells after they were divided into frac-
tions — adhering (A) and non-adhering (NA). DCs derived
from UCB precursors were likely to lose their adhesive
properties during culture, and according to this phenom-
enon they were separated into adhering (giving rise to
A-DCs) and non-adhering (giving rise to NA-DCs) pre-
cursors. A-DCs, NA-DCs, and All-DCs were expanded
in vitro in the same conditions. The morphology of cells
derived from these distinct types of precursors exhibited
different morphology (Fig. 2). The A precursors present-
ed strong adhesion to the dish for the whole culture time.
After stimulation A-DCs acquired distinct forms, but still
were adhering cells. LPS stimulated lengthening of cells
with long cytoplasmic projections while IFN-y stimulated
irregular widened forms (Fig. 2). NA precursors conserved
floating spherical cell forms until the end of our analysis.
Stimulation of immature NA-DCs increased the number
and length of their cytoplasmic projections, and both LPS
and IFN-y induced very similar changes.

Culture (of all experimental options) yielded valuable
DCs, differentiation and maturation of which were con-
firmed by the presence of DC-specific markers: CD11c,
CD80, and HLA-DR (Fig. 3, Fig. 4) and the absence of
monocyte/macrophage and granulocytes — associated
membranous proteins, respectively — CD14 and CD66b
(data not shown). Increased concentrations of IL-4 and
GM-CSF up to 100 ng/ml did not significantly change the
morphology or specific marker expression on DCs (data
not shown). The number of viable stimulated cells re-
mained the same quantity as the control group as assessed
with the usage of a 7JAAD probe.

Because of the high diversity of the DC precursor pop-
ulation used for each expansion, the analysis of phenotypic
changes of DCs after stimulation was based on the ratio
between the proportion of DCs after stimulation in com-
parison to unstimulated control cells.

After IFN-y (10 ng/ml) stimulation CD80 expression
was greatly enhanced in APB monocyte-derived DCs and
All-UCB precursor-derived DCs, whereas it was signifi-
cantly decreased in NA-DCs and A-DCs, and this decline
was greater for NA-DCs (Fig. 3, Fig. 4).

The influence of LPS on the analysed DC subpopu-
lations was also tested. The results show that LPS in-
creased the proportion of CD80* DC derived from APB
monocytes, All-UCB precursors and UCB NA precursors.
Furthermore, LPS significantly decreased the level of
CD80* A-DCs in comparison to unstimulated control DCs
(Fig. 3, Fig. 4).
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Fig. 1. The morphology of dendritic cells expanded from APB monocytes and stimulated with LPS (10 pg/ml or 100 pg/ml)
or interferon-y (IFN-y) (5 ng/ml or 10 ng/ml) in comparison to unstimulated control cells (C)

IFN-y.10 ng/ml

+LPS 100 pg/ml

Fig. 2. The morphology of dendritic cells (DCs) expanded from UCB CD34* precursors and stimulated with LPS
(100 pg/ml) or IFN-y (10 ng/ml) in comparison to unstimulated control cells (C). UCB precursors were separated into
adhering (giving rise to A-DCs) and non-adhering (giving rise to NA-DCs) fractions and cultured in the same conditions

as All-CB precursors (giving rise to All-DCs)

The results obtained in MLC reactions showed that
DCs generated from APB monocytes have the capacity to
induce effector cell proliferation whereas All-DCs were
unable to induce stimulatory response but were inhibito-
ry due to decreasing the effector proliferation rate. ABP

monocyte-derived DCs enhanced effector proliferation after
LPS (10 pg/ml; 100 pg/ml) and IFN-y (10 ng/ml) stimula-
tion in comparison to unstimulated control cells. The higher
the concentration of LPS was used, the higher the number
of CD80* DCs found; additionally, the higher the concen-
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Fig. 3. The comparison of effect of LPS (10 pg/ml or 100 pg/ml) and IFN-y (5 ng/ml or 10 ng/ml) stimulation on DCs
derived from APB monocytes, UCB CD34* (All), adherent (A), and non-adherent (NA) precursors. The fold increase
(based on the proportion of DCs measured with flow cytometry) of CD11c+HLA-DR+CD80* DCs determined by com-
paring data with unstimulated control cells. The control value was fixed at the level of 1 (" — statistical significance,
ANOVA Kruskal-Wallis test, p < 0.05)
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Fig. 4. Representative flow cytometric dot plots illustrating the proportion of CD11c+HLA-DR+CD80* DCs derived from
APB monocytes and UCB All-DC precursors
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Fig. 5. DCs derived from different types of precursors were shown to exert opposite effects on effector cells in MLC
after the challenge with anti-CD3/CD28 beads. Responders were effector cells rich in T-lymphocytes isolated either from
peripheral blood or from cord blood. DCs before culture were stimulated for 24 h with either LPS (100 pg/ml) (1) or
IFN-y (10 ng/ml) (O). DCs were mixed with effectors in the following ratios—1: 0and O : 1 (controls), 2: 1, 1:1,1:2,
1:4,and 1 : 8. The controls S and 2S contained effectors stimulated with either single or double doses of anti-CD3/
CD28 beads. The results are presented as medians and minimum—-maximum (" — statistical significance, ANOVA Krus-

kal-Wallis test, p < 0.05)

tration of LPS, the stronger the observed proliferation of
effectors in MLC (Fig. 5). UCB All-DCs after LPS stimula-
tion exhibited stronger capacity to stimulate effectors during
MLC than the control and IFN-y-stimulated cells.

Discussion

In the last decade, DC-based immunotherapy has been
expected to become a new therapeutic tool for cancers and
infectious diseases [3, 4, 9, 18]. The critical issues under-
lying DC-immunotherapy is the limited number of DCs
available from each patient and, additionally, the fact that
those DCs can represent variable activities: antigen-pre-
senting, cytotoxic, or suppressive [9, 17-19].

The increasing number of novel findings concerning
regulation of DC maturation has provoked many new
questions and doubts, thus many other analyses must be
conducted to obtain reliable answers. The effects of ex-
pansion depend on so many factors including the selection
of precursor source, maturation, and stimulatory factors;
therefore, the more facts concerning DC expansion and
features are known the better. This issue is crucial because
of its potential clinical application.

Our findings revealed the significance of precursor
type for the final expansion effect. For our study we ob-
tained DCs from their APB monocytic precursors to cre-
ate the standard comparative model for evaluation of UCB
precursor-derived DCs. We have established and optimised
the expansion methods based on the cytokine cocktail con-
taining GM-CSF and IL-4. UCB precursors were addition-
ally supported by SCF. After stimulation with either LPS

or IFN-y, the morphology, phenotype, and stimulatory
properties of DC subpopulations were analysed.

Our observations demonstrated that DCs generated
from APB and UCB precursors were not equivalent and
exhibited opposite features when culture in comparable
conditions, which seems to be concomitant with previous-
ly published results [8, 20-23]. Moreover, we selected two
subpopulations of UCB precursors with different adhering
properties (adherent [A] and non-adherent [NA] cells).
Surprisingly, their analysis provided evidence that they
may represent distinct populations. DCs obtained from
A and NA precursor types exhibited contrasting features,
which, additionally, were shown to differ from All-DCs.
These observations are likely to be innovative and worth
further exploration. Because of the limited number of UCB
A and NA precursors the whole panel of tests could not be
conducted, but only the comparison of their morphology
and phenotype.

NA-DCs were sensitive to suppressive signals (de-
creased level of CD80O*HLA-DR* cells) but, at the same
time, were able to opposite reactions in stimulatory envi-
ronment (increased level CDS8O*HLA-DR* DCs). However,
A-DCs answered both inhibitory (IFN-y) and stimulatory
(LPS) factors in the same way due to a decreasing pro-
portion of CD80*HLADR™* DCs. All of these observations
seem to confirm functional dissimilarities of all three
subpopulations of UCB-derived DCs. Many questions ap-
peared concerning the factors that influenced these cells
when culturing together or separated. It can be direct-con-
tact-dependant or the properties of one population could
dominate over the other, or even the external signals may
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represent the most critical factor. Many further investiga-
tions are necessary to explore this issue to describe exhaus-
tively the relations between cells during in vitro culture. To
the best of our knowledge, this is the first comparison of
variable precursors originating from UCB.

Our findings suggest that adherent and non-adherent
precursors can give different DC subpopulations carrying
out opposite functions, which, by extension, would influ-
ence the success rate of potential therapy. The practical
implication of our discovery is not known, but we hope
we will have a chance to explore that issue in the future.

The idea to compare these distinct populations ap-
peared after we found that another groups selected pre-
cursors according to their adhering properties [24] and
phenotype. Rejecting one of these populations suggested
the diversity of cells [25, 26]. Arrighi et al. [25] cultured
cells CD34CD14" and CD34°CD14* and Caux C et al.
[26] described distinct features of DCs generated from
CD14*CDla vs. CD14CD1a*. However, there is a lack
of publications concerning DCs obtained from morpholog-
ically different UCB precursors.

In our study DCs generated from precursors of differ-
ent origin had distinct potency in MLC reaction, which
may account for the potential development of anti-cancer
vaccines. UCB DCs inhibited proliferation of effectors
during MLC test. LPS-stimulated cells achieved stronger
stimulatory properties in comparison to unstimulated con-
trol and IFN-y stimulated cells. DCs derived from APB
monocytes significantly increased their stimulatory prop-
erties after incubation with either LPS or IFN-y.

When we analysed the results of other groups, we
found that some of their observations were concomitant
with ours, and some were totally different. In some studies,
CD40L enhanced monocyte-derived DC reactivity in MLC
tests [20]. The analysis of DCs derived from UCB or APB
plastic adherent cells showed that stimulatory properties
depend on many factors, like cytokine cocktail used for
expansion [8, 21]. Bracho et al. [8], despite similar ex-
pression of co-stimulatory and DC markers, demonstrated
a significantly reduced alloreactivity of DC derived from
plastic-adherent MNC from UCB compared with APB. At
the same time, Zheng et al. [21] showed equivalent allore-
activity of UCB and APB — MNC-derived DCs. Addition-
ally, other groups showed that CD34*— and monocyte-de-
rived DCs are not functionally equivalent with regard to
activation of antigen-specific CTLs [16, 22, 23]. Summing
up these reports it seems that the precursors’ origin from
a suppressive niche, such as UCB, does not have to limit
the developmental options. The final effect depends in-
stead on the supplementation of culture medium.

In vivo the various anatomical locations provide a dif-
ferent microenvironment, which affects the DC genera-
tion. Thus, DC heterogeneity with respect to phenotype,
morphology, and functions is determined by the different
cellular origin and by the conditions in the particular tis-
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sue/organ niche supporting the development and terminal
differentiation of these cells. Our findings highlight the
significance of precursor origin for features and functions
of their progeny; however, as we mentioned before, it is
not the only issue important during expansion. UCB seems
to be a niche that gives rise to immunosuppressive cells
even in a stimulatory environment. This knowledge would
help to determine the optimal source for generation of DCs
performing specific features, which would influence the
immune system in a desired manner, safe for the patient,
and would enable cellular transplants with much greater
probability of success.

Much attention should be paid to optimising the meth-
odology for the culturing of different subtypes of DCs,
including the choice of precursor source and usage of spe-
cific modulators of their generation and maturation. Our
study sheds new light on the cultured and manipulated in
vitro DC transplantation issue. The aspects mentioned in
our paper require further investigation, and at the same
time we have shown that the expansion and differentiation
of immunological cells is still a mysterious field.
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