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Abstract In previous studies human mesenchymal stromal
cells (MSCs) maintained the “stemness” of human hemato-
poietic progenitor cells (HPCs) through direct cell-cell con-
tact in two-dimensional co-culture systems. We establish a
three-dimensional (3D) co-culture system based on a
custom-made chip, the 3°-KITChip, as an in vitro model sys-
tem of the human hematopoietic stem cell niche. This array of
up to 625 microcavities, with 300 pum size in each orientation,
was inserted into a microfluidic bioreactor. The microcavities
of the 3°-KITChip were inoculated with human bone marrow
MSCs together with umbilical cord blood HPCs. MSCs used
the microcavities as a scaffold to build a complex 3D mesh.
HPCs were distributed three-dimensionally inside this MSC
network and formed B-catenin- and N-cadherin-based inter-
cellular junctions to the surrounding MSCs. Using RT>-PCR
and western blots, we demonstrate that a proportion of
HPCs maintained the expression of CD34 throughout a
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culture period of 14 days. In colony-forming unit assays, the
hematopoietic stem cell plasticity remained similar after
14 days of bioreactor co-culture, whereas monolayer co-
cultures showed increasing signs of HPC differentiation and
loss of stemness. These data support the notion that the 3D
microenvironment created within the microcavity array pre-
serves vital stem cell functions of HPCs more efficiently than
conventional co-culture systems.

Keywords Hematopoietic progenitor cells - Mesenchymal
stromal cells - Stem cell niche - Microcavity array - Bioreactor

Introduction

Many attempts have been made to develop in vitro systems
that could promote maintenance and proliferation of hemato-
poietic stem cells. In 1976, Dexter et al. carried out experi-
ments with a liquid culture system of femoral bone marrow
cells from mice, which indicated the importance of co-culture
conditions for the preservation of hematopoietic competence
(Dexter et al. 1976; Dexter and Laijtha 1975). Since then,
several approaches have been made to establish xenogeneic
stromal cell lines for studying the regulation of hematopoietic
stem cell proliferation and differentiation (Hunt et al. 1987;
Kodama et al. 1986; Tsai et al. 1986; Whitlock et al. 1987). In
humans, mesenchymal stromal cells (MSCs) represent one of
the major cellular determinants of the bone marrow niche. It
has been demonstrated that cellular interaction with the niche
cells plays a significant role in the mobilization, homing and
maintenance of stemness of hematopoietic progenitor cells
(HPCs) (Ehninger and Trumpp 2011; Hanke et al. 2014;
Jing et al. 2010; Lapidot and Kollet 2002; Levesque et al.
2010; Mendez-Ferrer et al. 2010; Schajnovitz et al. 2011;
Wuchter et al. 2014). Direct cell-cell contacts that allow the
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formation of cadherin-/catenin-based junctional complexes
appear to be among the major determinants of the mainte-
nance of stem cell properties (Wein et al. 2010). In previous
studies, human MSCs have been used as a feeder layer in
various two-dimensional (2D) co-culture systems with human
HPCs to examine the regulation of these stem cell functions
(Christophis et al. 2011; Ludwig et al. 2014; Wagneret al.
2007b). However, 2D systems may not adequately reflect
the in vivo situation, which motivated us to develop a 3D
co-culture system using exclusively human primary cells as
a more realistic in vitro model of the hematopoietic stem cell
niche. These more organotypic in vitro models could improve
our ability to address fundamental questions about the regula-
tion of the native niche and allow the exploration of methods
to manipulate the niche function for therapeutic purposes.
The 3°-KITChip system (Fig. 1a, a’) was developed by the
Karlsruhe Institute of Technology (KIT) (Giselbrecht et al.
2006a; Gottwald et al. 2008). This system represents a unique
microchip with defined microwell cavities for high-density
three-dimensional (3D) cell culture applications. The system
has previously been shown to support stem cell differentiation
of retina stem cells (Rieke et al. 2008), primary human alve-
olar bone osteoblast differentiation (Altmann et al. 2014) and

Fig. 1 KITChip and bioreactor
setup. a f-3°-KITChip. a’ r-3°-
KITChip. b Closed loop setup
with bioreactor, medium reservoir
and cassette pump. ¢ Closed and
opened bioreactors showing the
perfusion flow scheme (¢”) and
the superfusion flow scheme (c¢”)

@ Springer

enhancement of organotypic behavior of liver cells (Gottwald
et al. 2007a). Here, we present the development of a
microfluidic 3D model system of the human hematopoietic
stem cell niche and report its effects on HPC stem cell
maintenance.

Materials and methods
Chip design and manufacturing

The 3°-KITChips used for the experiments are the so-called f-
3P_KITChip and r-3P-KITChip (Fig. 1a, a’), two of the cur-
rently available variants of the 3°-KITChip family (Gottwald
etal. 2007a, b). Briefly, the manufacturing technique for the f-
chip type combines a microinjection molding/micro-hot
embossing and a solvent welding step to attach a
microperforated membrane to the back of the chip. The chip
produced by this process is characterized by increased flexi-
bility with regard to adjusting the material properties and the
porosity of the bottom of the chip for customized cell culture
applications. Prior to bonding, the residual layer of the molded
chip was not just thinned down but was completely ablated,
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resulting in a chip with the back side open. The bonding pro-
cess is a solvent welding process intended to yield joints with-
out any additional or foreign substances (e.g., adhesives),
which is advantageous for achieving a biocompatible product.
Therefore, a computer-controlled semi-automated solvent
welding apparatus was developed. This apparatus allows the
joining of microperforated membranes and molded
microstructured components in a batch process with cycle
times of less than 10 s. Four sets of microperforated mem-
branes and molded components were simultaneously exposed
to a gaseous solvent in a small, gas-tight chamber, before
being pressed together. Subsequent evacuation of the chamber
leads to a solvent-free permanent joint between the
microperforated membrane and the microcavity array. The r-
chip is made by a microthermoforming technique, the so-
called SMART process, developed by us (Giselbrecht et al.
2004, 2006b, 2008; Truckenmuller et al. 2008, 2011). Briefly,
thin polymer films with a thickness of only 50 pm are heated
and pressed into a mold by applying appropriate pressure.
Prior to microthermoforming, surface modifications onto the
planar polymer film can be introduced leading to a translation
of the surface modification from the planar state into the third
dimension after thermoforming. In a post-process step, pores
can be introduced into the polymer film leading to highly
porous microcavities.

Bioreactor setup

The bioreactor for the housing of the 3°-KITChip can support
perfusion as well as superfusion flow schemes (Fig. lc, ¢’,
¢”). The closed loop setup (Fig. 1b) consisted in the 3°-
KITChip that was inserted into a bioreactor housing, a medi-
um reservoir, a cassette pump and a gas mixing station (not
shown). Several attempts have been made before to culture
stem cells in scaffolds and microbioreactors with different
ways of medium supply (Dang et al. 2014; de Peppo et al.
2014; Liu et al. 2013; O'Neill et al. 2013; Spiller et al. 2015).
By applying the superfusion flow regime in our bioreactor sys-
tem, with the fluid flowing in parallel to the surface of the tissue,
the supply of nutrients and gases in the depth of microcavities is
achieved by diffusion over both the top and bottom surfaces of
the chip. In contrast, in the perfusion mode, the medium is
flowing perpendicular to the surface of the tissue, i.e., through
the porous bottom of the chip and the tissue of each microcavity.
Pilot experiments indicated superfusion as a favorable setup for
the co-culture of HPC/MSC (data not shown). Therefore, all
experimental data presented in this study were generated by
applying the superfusion flow regime at 400 pl/min.

Isolation of human hematopoietic progenitor cells

Hematopoietic progenitor cells (HPCs) were isolated from
umbilical cord blood after obtaining informed consent

according to the guidelines approved by the Ethics
Committee of the Medical Faculty of Heidelberg University.
HPCs were isolated as described (Wein et al. 2010). Briefly,
mononuclear cells (MNC) were isolated by density gradient
centrifugation with the Ficoll-hypaque technique (Biochrom,
Berlin, Germany). CD34" cells were purified by positive se-
lection with a monoclonal anti-CD34 antibody using magnetic
microbeads on an affinity column with the AutoMACS sys-
tem (all Miltenyi Biotec, Bergisch-Gladbach, Germany).
Reanalysis of the isolated cells by flow cytometry revealed a
purity of >95 % CD34" cells.

Isolation of human mesenchymal stromal cells

Human mesenchymal stromal cells (MSCs) were isolated
from human bone marrow (BM) from healthy voluntary do-
nors after obtaining informed written consent according to the
guidelines approved by the Ethics Committee of the Medical
Faculty of Heidelberg University. MSCs were isolated and
expanded using standardized culture conditions (Wagner et
al. 2005b). Briefly, bone marrow aspirates (10-30 ml) were
collected in a syringe containing 10,000 IU heparin to prevent
coagulation. The MNC fraction was isolated by density gra-
dient centrifugation on Ficoll-Hypaque (d=1.077 g/cm®;
Biochrom) and seeded in tissue culture flasks at a density of
1x10° cells/cm? (Nunc®-ﬂasks with 75 cm? area; Nalge Nunc,
Naperville, IL, USA) for 2 days.

The MSCs were expanded in the commercially available
Poietics Human Mesenchymal Stem Cell Basal Medium (PT-
3001; LONZA, Walkersville, MD, USA) following the man-
ufacturer’s instructions. For this step, 5,000 cells/cm” were
plated in tissue flasks without any pre-coating. The culture
medium was changed twice per week. After reaching
80 % confluence, the MSCs were trypsinized, counted
with a Neubauer counting chamber (Brand, Wertheim,
Germany) and re-seeded at 10* cells/cm?® for further
expansion. If not indicated otherwise, sub-confluent
MSC feeder layers (70-80 %) of cells from passage 3
to 6 were used in this study. The capacity of the MSCs
to differentiate into the osteogenic, adipogenic and
chondrogenic lineages was confirmed. The intercellular
connections and junctional complexes of these MSCs
have been reported in detail (Wuchter et al. 2007).

For HPC/MSC co-culture experiments long-term bone
marrow culture medium (LTBMC) was used, consisting of
75 % Iscove’s modified Dulbecco’s medium (IMDM;
Invitrogen, Karlsruhe, Germany), 12.5 % FCS and 12.5 %
horse serum (both Stemcell Technologies, Vancouver,
Canada), supplemented with 2 mM L-glutamine, 100 U/ml
penicillin/streptomycin (Invitrogen) and 0.05 % hydrocorti-
sone 100 (Sigma-Aldrich, Munich, Germany). No cytokines
were added to the culture medium.

@ Springer
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Inoculation of the 3°-KITChip

Cells were mixed in suspension in a ratio of 3:2 (3 x 10°
MSCs and 2 x 10° HPCs) and inoculated into the KITChip
by manually applying a drop of 150 pl single cell suspension
on top of the microcavities. As 300,000 MSCs and 200,000
HPCs were inoculated per KITChip (with 625 microcavities),
on average 480 MSCs and 320 HPCs were inoculated per
microcavity, respectively. The chip was placed in an incubator
for 2 h and subsequently mounted into the microbioreactor,
allowing active nutrient and gas supply.

Real-time RT-PCR

The RNA concentration was determined using a Lab-on-a-
Chip RNA6000 Nano Series II kit (Agilent Technologies,
Waldbronn, Germany) that was run on an Agilent 2100
Bioanalyzer instrument (Agilent Technologies). The samples
were diluted to a concentration of 0.4 pg/ul RNA and 2.5 pg
of total RNA from each sample was used for the reverse tran-
scription. The reaction was performed using the Transcriptor
High Fidelity cDNA synthesis kit (05081963001; Roche
Diagnostics Deutschland, Mannheim, Germany) according
to the manufacturer’s instructions. Briefly, each 50-pl sample
contained 10 pul 5 xRT reaction buffer, 0.2 mM of each
deoxynucleotide triphosphate, 20 U recombinant RNase in-
hibitor, 5 mM dithiothreitol, 2.4 U High-Fidelity reverse tran-
scriptase and 2.5 uM anchored oligo d(T),¢. The mixes were

incubated for 30 min at 45 °C, followed by 5 min at 85 °C and
then quickly chilled on ice. Real-time PCR was performed
using the universal probe library (UPL) technique (Roche
Applied Science, Mannheim, Germany). The UPL technique
uses 8—9mer probes that are labeled with FAM at the 5’-end
and with a dark quencher at the 3’-end (Roche Applied
Science). The reactions were performed on a Rotor-Gene
3000 instrument (Qiagen, Hilden, Germany) in 25 ul contain-
ing 0.25 pul of a 10 uM solution of the specific probe (Roche
Applied Science), 1.6 ul of a 10 mM dNTP solution
(Amersham Biosciences, Piscataway, NJ, USA), 4 ul of a
12 uM UPL-primer solution, 12.5 pul of a 2x QuantiFast
Probe PCR kit buffer (Qiagen) and 1 pl cDNA. The reactions
were amplified for 40 cycles under the following conditions:
95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s. We analyzed
the expression of the genes listed in Table 1 in a semi-
quantitative fashion using GAPDH as an internal standard.

Colony-forming cell assay

For the colony-forming cell assay, 300 pl of a cell solution
containing 2 x 10* cells (HPCs or HPCs+MSCs) was mixed
with 3 ml methylcellulose (R&D Systems Wiesbaden,
Germany) and vortexed. For each batch of HPCs, 2.5 ml of
cells were pipetted into a 35-mm Petri dish in duplicate. Thus,
the total number of inoculated cells was always the same,
whereas the number of freshly isolated HPCs as control was
intentionally higher than the HPC number in the co-culture

Table 1 Primers for RT?-PCR

Primer Forward Reverse UPL-probe
GAPDH 5’-ctgacttcaacagcgacacc-3° 5’-tgctgtagccaaattegttgt-3° #25
CD7 5’-ggcggtgatctectteet-3’ 5’-aattcttatcccgecacga-3’ #23
CD14 5’-gttcggaagacttatcgaccat-3’ 5’-acaaggttctggegtggt-3’ #74
CD15 5’-gcgtgttggactacgagga-3’ 5’-cgactcgaagttcatccaaac-3’ #19
CD33 5’-agtgaagacccacaggagga-3’ 5’-ggccatgtaacttggacttctt-3’ #71
CD34 5’-tggagcaaaataagacctccag-3’ 5’-aaggagcagggagcatacc-3’ #52
CD38 5’-cagaccgtaccttgcaacaa-3’ 5’-aggtcatcagcaaggtagcee-3’ #65
CD44 5’-tcttcaacccaatctcacacc-3’ 5’-gctgaagcgttatactatgactgg-3’ #4
CD90 5’-aggacgagggcacctacac-3’ 5’-gcectcacacttgaccagtt-3’ #22
CD105 5’-ccactgcacttggectaca-3’ 5’-gcccactcaaggatctgg-3’ #60
CD166 5’-ggaggaatatggaatccaagg-3’ 5’-ctgaatttacagtataccatccaagg-3’ #29
c-kit 5’-cggctetgtetgceattgtt-3° 5’-aacaggcacagctttgaagg-3’ #79
Nestin 5’-cgttggaacagaggttgga-3’ 5’-tgtaggccctgtttctectg-3’ #51
p21 5’-cgaagtcagttcettgtggag-3’ 5’-catgggttctgacggacat-3’ #82
SDF-1 5’-ccaaactgtgcccttcagat-3° 5’-tggctgttgtgcttacttgttt-3° #80
Angpt-1 5’-gctaccatgetggagatagga-3’ 5’-tctcaagtcgagaagtttgatttagt-3’ #75
IL-7 5’-tatgggcggtgagagett-3’ 5’-aggggaggaagtccaaagata-3’ #15
VCAM 5’-tggaaaaaggaatccaggtg-3’ 5’-aactgaacacttgactgtgatcg-3’ #75
SPP-1 5’-gagggcttggttgtcage-3’ 5’-caattctcatggtagtgagttttcc-3’ #18
CXCR4 5’-cctgectggtattgtcatee-3° 5’-aggatgactgtggtcttgagg-3’ #49

@ Springer
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assays to avoid any overestimation of the co-culture effect.
The samples were analyzed for the formation of colonies or
for RT-PCR experiments on days 0, 7, 14 and 21, with or
without bioreactor culture, respectively.

Cells were re-seeded on 24-well plates in serial dilutions
from 1:100 to 1:10° in 200 ml LTBMC medium. In each well,
500 ml methylcellulose (HSC-CFU lite with Epo, Miltenyi
Biotec) was added. The final analyses were performed on days
14 and 21, depending on the end-point assay.

‘Western blot

The cells were washed with PBS and the supernatant was
aspirated. Cells were lysed by the addition of 50 ul cell dis-
ruption buffer (Paris Kit; Life Technologies, Darmstadt,
Germany) and the lysates were stored at —80 °C until use. A
maximum of 25 pl sample and 25 pl Laemmli buffer was

heated to 95 °C for 5 min, cooled on ice and centrifuged at
14,000g for 5 min. Next, 2040 pg total protein per sample
was loaded onto a SDS-PAGE gel (10 % pre-cast gel, NuSep;
PEQLAB, Erlangen, Germany) and run at 50 mA and 120 V.
Electrotransfer to PVDF membranes (Millipore, Schwabach,
Germany) was accomplished using 300 mA and 70 V over-
night at 4 °C in transfer buffer (25 mM Tris, 192 mM glycine,
10 % MeOH). PVDF membranes were activated by wetting
with methanol and were washed with H,O before transfer.
After transfer, the membranes were incubated with blocking
buffer (TBS+0.2 % Tween-20 (TBST)+10 % w/v non-fat
dry milk) for 60 min at room temperature. The membranes
were incubated for 2 h at room temperature with primary
antibodies against CD34 (1:500,00 dilution, 2749-1;
Epitomics, Burlingame, CA, USA), CD38 (Ab2577;
Abcam, Cambridge, UK) and CD133, respectively (1:100;
Miltenyi Biotec, Bergisch-Gladbach, Germany). After

AAC, of HSC/MSC co-culture under superfusion conditions (400 pl/min)

; . CXCR-4 ; — ; ;
1 1 - 1 ] 1 1
i oot i i i i
. BRM | i | . ML 1
! ' VCAM : b ’ — * ! !
I I 1 I 1 I
! e ! ! ! !
: Angpt1 | = :
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a  SDF-1 a ] ] p—— a
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; : CDS0 : : B : :
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Fig. 2 AAC, analysis of an HPC/MSC co-culture under superfusion con-
ditions (400 ul/min) in a 3°-KITChip-containing bioreactor. Bars
pointing to the left indicate relative higher expression in the bioreactor

(BR), whereas bars pointing to the right indicate relative higher expres-
sion in the monolayer (ML) setup after 1, 5 and 14 days of HPC/MSC co-
culture. *Statistically significant as compared with controls
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washing (5 x TBST) for 10 min, the blots were incubated with
the secondary antibody (goat-anti-mouse-peroxidase, A9917;
Sigma-Aldrich, St. Louis, MO, USA) at a 1:80,000 dilution in
TBST+10 % non-fat dry milk for 1 h. The membranes were
incubated with a mixture of solutions A and B from an en-
hanced chemiluminescence western blotting detection kit
(RPN2132; GE Healthcare, Freiburg, Germany). Finally, the
blots were exposed to X-ray films for 30 s to 2 min and then
developed (Cawomat 2000 IR; Cawo Photochemische Fabrik,
Schrobenhausen, Germany).

Wide-field and confocal laser scanning microscopy

KITChips were seeded with a mixture of MSCs and HPCs
(typically 300,000 MSCs and 200,000 HPCs per KITChip)
after the chips had been coated with collagen I (from rat tail,
C-7661; Sigma) overnight. At 1-21 days after seeding, the
cells on the KITChip were carefully washed with PBS and
subsequently fixed with 4 % PFA for 15 min at room temper-
ature or methanol:acetone (70:30) for 20 min at —20 °C, re-
spectively. To stain for intracellular proteins, a perme-
abilization step with 0.2 % Triton X-100 was performed.
Before IF staining, the microcavity array area of the f-chip
type was cut out from the whole KITChip with a surgical
scalpel for ease of further processing. The following primary
antibodies were used for immunofluorescence staining: CD29
(ms; ThermoFisher Scientific), CD34 (rb; Abcam), CD44
(ms; Abcam), vimentin (gp; Progen), [3-catenin (rb; Sigma),
N-cadherin (ms; Sigma), Nestin (rb; MerckMillipore), SDF-1
(rb; AbD Serotec) and CXCR4 (ms; Abcam). The KITChip
was incubated with 100-200 pl of the primary antibody solu-
tion for 1 h and then washed in PBS three times for 5 min
each. Fluorescently labeled secondary antibody staining was
performed by incubation in a 100-200 pl volume for 1 h.
After three additional washing steps, nuclear staining was per-
formed with 500 pl Hoechst (Hoechst 33342, 1 uM) for
5 min, followed by a final three washes in PBS for 5 min each.
The samples were stored in PBS at 4 °C until microscopic
image acquisition.

Additionally, confocal images were acquired at the Nikon
Imaging Center at Heidelberg University with a Nikon C2
Plus confocal laser scanning microscope using a x20 Plan
Apo or a x60 Plan Apo water immersion objective. For 3D
image reconstruction of cells, z-stacks with 40-60 slices were
acquired. Further processing and analysis of the images and
composition of the image figures were performed with ImageJ
and Photoshop, respectively.

Statistics
All experiments were performed at least three times unless

otherwise indicated. The Mann—Whitney U test was per-
formed at the significance level 2alpha=0.05.

@ Springer

Results and discussion
Real-time RT-PCR

We analyzed the expression patterns of selected hematopoietic
and mesenchymal stromal cell markers, as well as other
markers that may indicate differentiation of the HPCs into
the lymphoid and myeloid lineages, after 1, 5 and 14 days in
culture. As shown in Fig. 2, a higher expression of CD34 as an
hematopoietic progenitor cell marker was found in 3D biore-
actor culture, as compared to 2D monolayer co-culture. It is
known that human CD34+ cells are a heterogeneous cell pop-
ulation but in the clinical setting CD34+ stem cell content in
mobilized peripheral blood product remains the most impor-
tant parameter of graft quality, as it is the only recognized
predictor of stable hematopoietic engraftment after stem cell
transplantation (Mohty et al. 2014; Siena et al. 2000).
However, at the same time a quantitatively higher expression
of CD38 was measured in the bioreactor culture, which in

a b

BR ML BR ML

CD34
CD34

GAPDH
Histone
2B

b

Actin

GAPDH

(43

-

a b

CD133
CD133

Q
CD38
CD38

m m
o~ o~

Histone
Histone

Fig. 3 Western blot analysis of the expression of CD34, CD38, CD133
and GAPDH, actin, or histone 2B. Monolayer and bioreactor samples
were lysed after 5 days (a, a’, a”) and 14 days (b, b’, b”), respectively
and subjected to western blot analysis
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contrast indicates differentiation of very primitive (CD34"/
CD38") hematopoietic stem cells. We hypothesize that the
HPC population is divided into at least two subpopulations,
one of which expresses CD34 in bioreactor culture, indicating
stem cell maintenance, whereas the other subpopulation shows
increased CD38 expression, indicating the loss of stem cell
characteristics. This is consistent with reports that increased
expression of CD7, CD14, CD15 and CD38 may indicate my-
eloid or lymphoid differentiation, although CD7 and CD34 co-
expression has been reported (Chabannon et al. 1992; Hamblin
2003). However, the expression of predominantly stromal
markers, such as CD90, CD105 (not exclusively present on
MSC but both included in the MSC marker-panel proposed
by the ISCT; Dominici et al. 2006) and Nestin, as well as other
stem cell markers such as c-kit, showed a tendency to increase
during the culture period. The trend of increasing CXCR4 ex-
pression is consistent with the CD34 expression on HPCs, al-
though CXCRA4 is also expressed in differentiated cells such as
B-lymphocytes (Moepps et al. 1997). The expression of SDF-
1, the ligand of CXCR4, was significantly decreased at days 5
and 14, which may consequently trigger the upregulation of
CXCR4 over the culture period. Notably, the cyclin-
dependent kinase inhibitor 1 (p21) has been described as a
regulator of stem cell pool size (Cheng et al. 2000) and was
expressed at slightly higher levels in the 3D environment,
which might indicate decreased proliferation in the bioreactor
environment. A further characterization via FACS analysis to
support this hypothesis is currently not feasible since the

Fig. 4 Spatial distribution of
MSCs and HPCs within the 3°-
KITchip. a Phase contrast (a) and
CLSM images (a’) of the 3D-
network of MSC and HPC after
21 days in co-culture. F-actin
(vellow), cell nuclei (blue, DAPI
staining). Scale bars: 200 um. b
Live cell imaging with phase
contrast (b) and fluorescence
staining (b’) of HPCs marked
with CellTracker (green) in the
KITChip to demonstrate their
spatial distribution within the cell
network. Scale bars 50 pm

complex tissue generated over the cultivation period of 21 days
can not be removed from the microcavities without severely
damaging the cells. We therefore analyzed the protein expres-
sion of the cultured cells by western blot.

‘Western blot

The gene expression analysis suggested that CD34 and CD38
were both upregulated in perfused 3D co-culture. We therefore
performed western blots to elucidate the protein expression
levels. As shown in Fig. 3, semi-quantitative measurement
of CD34 expression after 5 days (Fig. 3a, a’, a”) and 14 days
(Fig. 3b,b’, b”) was higher in the 3D bioreactor culture than in
the monolayer, confirming the PCR-results and supporting the
notion that the heterogeneous HPC population presumably is
divided into at least two fractions, one of which maintains
CD34 expression, whereas the other begins to lose its stem
cell characteristics and undergoes rapid cell cycling and pro-
liferation. This result is consistent with previous findings dem-
onstrating that conventional 2D co-culture with MSCs stimu-
lates cell division kinetics of CD34" HPC, whereas the
colony-forming potential of primitive HPCs is still preserved
(Ludwig et al. 2014).

Depending on the source of the stem cells, CD34 may not
be expressed on all progenitor cells. An alternative stem cell
marker is prominin-1 (CD133), which is expressed on a sub-
population of CD34" cells as well as on CD34~ progenitor
cells derived from various sources including fetal liver and
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bone marrow, adult bone marrow, cord blood and mobilized
peripheral blood (Handgretinger and Kuci 2013). Therefore,
we also compared the expression of CD133 in the two types of
cell culture. The results shown in Fig. 3a”, b” demonstrate that
there was a higher level of CD133 expression in the bioreactor
culture after 5 days that persisted throughout the culture
period of 14 days, although slowly decreasing over time. It

Fig. 5 Immunofluorescence staining of HPCs and MSCs after 1-3 days
of co-culture in the 3°-KITChip. 3D images were acquired by optical
sectioning with a confocal laser scanning microscope. Orthogonal pro-
jections in all three dimensions (X,y,z) are shown to demonstrate the 3D
structure and localization of the MSCs and HPCs in the 3°-KITChip. a,

@ Springer

has been proposed that CD133-containing membrane micro-
domains may act as stem cell-specific signal transduction plat-
forms and that their reduction will lead to cellular differentia-
tion (Bauer et al. 2011; Marzesco et al. 2005). Thus, the high
expression of CD133 is in line with the results obtained in the
colony-forming cell assays that indicates a trend towards stem
cell maintenance after 14 days in bioreactor culture.

a’, a” (-catenin (green), cell nuclei (blue, DAPI staining). Scale bar
20 um. b, b’, b” N-cadherin (green), CD34 (red), cell nuclei (blue, DAPI
staining). Scale bar 50 um. ¢, ¢’, ¢” Nestin (green), CD44 (red), cell
nuclei (blue, DAPI staining). Scale bar 50 um. d, d’, d” SDF-1 (green),
CXCRA4 (red), cell nuclei (blue, DAPI staining). Scale bar 50 um.
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Microscopy

MSCs formed a complex 3D mesh in the microcavities of the
3P_KITChip. MSCs within the 3°-KITChip could be stably
maintained as a monoculture for up to 6 weeks. When HPCs
were co-cultured with MSCs, they were evenly distributed
inside the MSC mesh in all three dimensions and the HPC
population was shown to be interspersed between the MSCs
(Figs. 4, 5). To demonstrate the complexity of the MSC/HPC
co-culture in single microcavities of the 3°-KITChip, we ob-
tained images by optical sectioning with a wide-field micro-
scope as well as with a confocal laser scanning microscope.
We stained for a number of cytoskeletal and surface markers
(CD34, CD133, CD29, vimentin), intercellular markers for
direct cell-cell contacts (oc-/[3-catenin, N-cadherin) and HPC/
MSC functional interaction proteins (CXCR4/SDF-1, CD44),
which have been examined extensively by us and others in
conventional 2D culture systems (Wagner et al. 2005a, c;
Walenda et al. 2010; Wuchter et al. 2007, 2014). In the 3D
culture system of the 3°-KITChip, we found similar patterns
of staining as in the monolayer MSC culture or HPC/MSC co-
culture. Adherens junctions consisting in N-cadherin and o~/
[3-catenin were clearly visible at the contact zone between
neighboring MSCs but also at the points of contact between
HPCs and MSCs (Fig. 5a, a’, a”, b, b’, b”). As expected,
CXCR4 was expressed both on MSCs and HPCs, whereas
SDF-1 was only present on MSCs (Fig. 5d, d’, d”).

Nestin, a recently described marker for MSC populations
that contribute to the hematopoietic stem cell niche (Mendez-
Ferrer et al. 2010), was also examined. Comparable to

Fig. 6 Comparison of colonies
formed in the colony-forming cell
assay. HPCs were analyzed after

observations from monolayer co-culture systems, in the 3D
context of the 3P-KITChip, we detected Nestin-positive
MSCs but their percentages varied (typically 5-20 %, in some
cases up to 50 %), mainly depending on the donor of the
MSCs (Fig. 5¢, ¢’, ¢”).

Colony forming cell assay

We analyzed the plasticity of cord blood CD34" cells by
performing colony-forming cell assays (CFAs). Freshly isolat-
ed HPCs were compared with those recovered from the 2D or
3D cultures (Fig. 6). As a result, freshly isolated cells mainly
formed erythrocytic burst-forming units (BFU-E, 57 %),
colony-forming units of granulocytes (CFU-G, 30 %) and,
to a lesser extent, macrophage colony-forming units (CFU-
M, 6 %), macrophage and granulocyte—macrophage units
(CFU-GM, 6 %), granulocyte colony-forming units with be-
ginning burst-forming units of erythrocytes (CFU-G beg.
BFU-E, 1 %) and colony-forming units of granulocyte—eryth-
rocyte—monocyte—megakaryocyte (CFU-GEMM, 1.7 %).
After 14 days in 2D monolayer co-culture with MSCs, this
distribution changed considerably: CFU-G colonies were
present at 29 %, CFU-GM at 21 %, BFU-E at 33 %, CFU-E
at 2 % and CFU-M at 15 %. In comparison, after 14 days of
co-culture with MSC in the 3°-KITChip, the colony distribu-
tion tended to more resemble the initial analysis but these data
are semiquantitative and must not be overrated. The CFU-G
colonies were present at 29 %, CFU-GM at 17 %, CFU-G
beginning BFU-E at 8 %, BFU-E at 46 % and CFU-M at
6 %. Both co-culture cell products failed to form any CFU-

Distribution and number of colonies of freshly isolated HPC
and HPC after 14 days of ML or BR co-culture

14 days of 2D monolayer (ML) or 100,0
3D bioreactor (BR) co-culture. 90.0
Freshly isolated HPCs were used ’
as a control (n=5 for fresh HPC, 80.0
n=2 for ML or BR co-culture) !
70,0
60,0
50,0
40,0
30,0
20,0
10,0
0,0

CFU-GEMM  CFU-G CFU-GM CFU-G beg.  BFU-E CFU-E CFU-M
BFU-E
OFresh HPC OML EBR
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GEMMs. However, the percentage of CFU-GEMMs of fresh-
ly isolated HPCs was already low, with only 1.7 %. Most
probably, only a very small subpopulation of CD34+ cells
truly possesses full hematopoietic plasticity potential. As the
method of CFA has a relatively limited accuracy, subtle
changes of a very small subpopulation might not be adequate-
ly reflected. Although the current data of the colony-forming
unit capacity are scarce, the CFU-data in conjunction with
RT?-PCR and western blot data indicate at least to some extent
the maintenance of stem cell properties in the bioreactor
culture.

Concluding remarks

It is known that the stemness of human HPCs can be main-
tained to a higher degree in co-culture with MSCs, as in sus-
pension culture (Jing et al. 2009; Ludwig et al. 2014; Sharma
etal. 2012; Wagner et al. 2005a, 2007a; Walenda et al. 2010).
Aiming to simulate the in vivo context more closely, we
established an advanced 3D model system of the stem cell
niche using human primary HPCs and human bone marrow-
derived MSCs in co-culture in a perfused microcavity array.
All experiments with the 3°-KITChip were compared with the
present gold standard as a reference: a 2D co-culture setup,
consisting in a monolayer of MSCs with HPCs growing on
top. We demonstrate that, in the chip-based 3D culture, MSCs
grew in several layers and formed a cellular network into
which HPCs could fully integrate. As a result, a higher expres-
sion of specific stem cell markers was noticed after 14 and
21 days as compared to standard co-culture conditions.

Taken together, we propose that this stem cell niche model
provided a more physiological environment for CD34" HPCs,
leading to the preservation of stem cell properties. Limitations
derive from the fact that there exist no generally accepted
potency assays that could be applied in this setup. Once
methods for the recovery of the MSCs and HPCs from the
microcavities have been developed, FACS analysis of the cells
will be possible, thus giving a more pronounced insight into
the hypothesis that two CD34" subpopulations have devel-
oped into the bioreactor culture. Also, further studies are need-
ed to confirm the stem cell plasticity in serial transplantation
experiments, the most plausible proof of stem cell properties.

The versatility of this system could serve various applica-
tions in basic research as well as high-throughput drug screen-
ing and toxicity testing. Examples for applications in basic
research include the identification of soluble factors and cel-
lular determinants responsible for maintaining stemness. In
the context of medical research, the first test series are pres-
ently being conducted using this system as a platform for the
preclinical testing of a variety of substances, including novel
reagents for stem cell mobilization and specific growth
factors.
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