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Abstract
Leukemia patients undergo chemotherapy to combat the leukemic cells (LCs) in the bone marrow.
During therapy not only the LCs, but also the blood-producing hematopoietic stem and progenitor
cells (HSPCs) may be destroyed. Chemotherapeutics targeting only the LCs are urgently needed to
overcome this problem and minimize life-threatening side-effects. Predictive in vitro drug testing
systems allowing simultaneous comparison of various experimental settings would enhance the
efficiency of drug development. Here, we present a three-dimensional (3D) human leukemic bone
marrow model perfused using a magnetic, parallelized culture system to ensure media exchange.
Chemotherapeutic treatment of the acute myeloid leukemia cell line KG-1a in 3D magnetic
hydrogels seeded with mesenchymal stem/stromal cells (MSCs) revealed a greater resistance of
KG-1a compared to 2D culture. In 3D tricultures with HSPCs, MSCs and KG-1a, imitating
leukemic bone marrow, HSPC proliferation decreased while KG-1a cells remained unaffected post
treatment. Non-invasive metabolic profiling enabled continuous monitoring of the system. Our
results highlight the importance of using biomimetic 3D platforms with proper media exchange
and co-cultures for creating in vivo-like conditions to enable in vitro drug testing. This system is a
step towards drug testing in biomimetic, parallelized in vitro approaches, facilitating the discovery
of new anti-leukemic drugs.

1. Introduction

Patients with leukemia may have to undergo chemo-
therapy to destroy primarily the fast proliferating
malignant leukemic cells (LCs) which are abnor-
mal blood cells that arise from hematopoietic cells.
Hematopoietic stem and progenitor cells (HSPCs)
are responsible for life-long blood production in
the red part of the bone marrow. They are the

multipotent cells of the hematopoietic system, which
have the ability to self-renew and to give rise to
progeny that ensures oxygen supply, blood clot-
ting or immunological reactions [1–3]. Chemothera-
peutic drugs not only attack LCs but also destroy
healthy HSPCs resulting in various side effects. The
destruction of HSPCs can finally lead to failure of
hematopoiesis [4, 5]. The subsequent decrease in
white blood cells and bone marrow suppression,
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known as chemotherapy-induced myelosuppression,
can increase the risk of infections [5, 6].

The bone marrow, hosting these cells, is com-
posed of a network of various cell types includ-
ingmesenchymal stem/stromal cells (MSCs), vascular
structures and extracellular matrix (ECM). Together
with soluble factors secreted by cells, a niche is formed
that controls HSPC behavior including their main-
tenance and differentiation [7–9].

Mutations of HSPCs due to genetic defects caused
by internal and external stress factors can lead to
the formation of LCs. These cells are characterized
by their ability to re-enter the quiescent cell state or
increased proliferation as well as mechanisms leading
to defective apoptosis and blood production [10]. In
leukemia, LCs hijack the protective environment of
the bonemarrow by exploiting soluble ormembrane-
bound factors and transform it into a leukemic niche.
The formed alternative niche impairs the normal
function of HSPCs leading to a disturbed hema-
topoiesis. Furthermore, this leukemic environment
supports the quiescence of LCs and thereby enhances
the resistance of LCs to chemotherapeutics, which tar-
get actively dividing cells [11, 12].

Finding new therapeutic drugs that allow destroy-
ing LCs more effectively and reducing side effects,
can increase the success of therapies and patient sur-
vival. To reach this goal, there is an urgent need to
investigate the leukemic bone marrow in depth, its
role in supporting the chemotherapeutic resistance
of LCs and the effect of drugs on healthy hema-
topoietic cells. For this purpose, the development of
in vitro models of the leukemic bone marrow allow-
ing studies on the effects of chemotherapeutics on cell
behavior in normal and malignant hematopoiesis is a
promising strategy.

So far, the toxicity of drugs has mainly been
investigated with the help of animal models. How-
ever, reducing animal experiments is requested in
research these days and therefore in vitro three-
dimensional (3D) systems are becoming more pop-
ular as an alternative platform for toxicity tests [13].
In 3D culture, the physiological morphology of cells
and properties like sensitivity against drugs, the dif-
ferentiation potential and the gene expression correl-
ate more with the in vivo behavior than in conven-
tional 2D culture methods [14, 15]. Such 3D systems
can be used as tools for drug testing to assess their
effectivity as well as potential toxic side effects. There
are numerous systems described to culture hema-
topoietic cells in 3D, e.g. spheroids or macroporous
hydrogels [16–24], some of which have been used for
drug testing.

Despite the new insights revealed by such sys-
tems, technical shortcomings still limit the obtained
information. A big disadvantage is that the nutrient
exchange and removal of factors via diffusion are lim-
ited in static 3D culture systems. To overcome this
limitation, movement can additionally be induced in

these systems to gain a dynamic culture e.g. by rota-
tion [25], stirring the medium, usage of vessel spin-
ner flasks [26] or bioreactors, in which the 3D device
is perfused with medium via a pump [18, 27]. How-
ever, those systems also have disadvantages. Stirring
of the medium and rotation of the device in com-
bination with 3D culture approaches provide no dir-
ect control over the movement and thus perfusion
of applied 3D culture systems. Furthermore, systems
such as spheroids or 3D scaffolds can collide with
each other or the vessel wall, which can yield disturb-
ance or even partial destruction of the construct. Pre-
viously, we presented a magnetic 3D system where
3D scaffolds, containing magnetic nanoparticles, can
be brought under controlled movement in a mag-
netic field without stirring, rotation or the need of
a pump leading to an increased nutrient exchange
and thereby blood cell maturation [17]. However,
this system, on which our current study is based,
was limited by the lack of parallelization for sim-
ultaneous investigation of several (more than two)
treatment conditions [17].

Monitoring strategies for close observation of the
cell culturing process in order to ensure accurate cell
growth and proliferation is another important para-
meter in the development of in vitro drug testing plat-
forms. Depending on various factors like oxygen and
substrate supply, themetabolic profile of cells changes
in terms of glucose consumption as well as lactate and
amino acid production [28]. For example, differenti-
ating HSPCs consume significantly lower amounts of
glucose and produce less lactate compared to prolif-
erating HSPCs [28]. Rapidly dividing LCs have a high
demand of energy due to their fast proliferation res-
ulting in an altered glycolysis; even in the presence of
oxygen, glucose is metabolized to pyruvate and fur-
ther to lactate [29]. Adenosine production has also
been discussed in the context of leukemia. It can res-
ult in enhanced homing, chemoresistance and altered
drug responses of LCs, while polarizing the non-
malignant immune cells towards tolerance which can
finally lead to tumor growth [30, 31]. Given the dif-
ferentmetabolic characteristics of healthyHSPCs and
LCs, monitoring their metabolic profile is promising
for investigating the effects of chemotherapeutics on
cell behavior in in vitro drug testing systems.

To develop predictive in vitro drug testing devices,
the improvement of existing systems by combining
static and dynamic 3D culture systemswith paralleliz-
ation strategies as well as cell andmetabolic analyses is
needed. In the current study, we achieved this aim by
developing a parallelized 3D culture approach allow-
ing a controlled media exchange via a magnetic sys-
tem. For this purpose, magnetic 3D scaffolds seeded
with different types of cells (HSPCs, LCs and stromal
cells) in co-culture, were developed tomimic the bone
marrow in health and during leukemia.

The combination of endpoint analyses and
online-monitoring allowed insights into the reaction
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of LCs and healthy hematopoietic cells to chemo-
therapeutics. Thus, the developed system is prom-
ising as an in vitro test platform for assessing efficacy
and toxicity in drug development and also for per-
sonalized medicine.

2. Experimental section

2.1. Construction of the magnetic lift
The magnetic lift was constructed to bear a deep
12-well plate (Greiner Bio-One International GmbH,
Frickenhausen, Germany) held by a movable stage
(figure 1(A)). At the bottom of the magnet lift 12
discmagnets (Ø 25mm, height: 15mm;magnets4you
GmbH, Lohr am Main, Germany) were positioned
directly under the wells of the deep 12-well plate at its
lowest point. Above the moveable stage 12 threaded
rods with holders for another 12 disc magnets were
installed. The threaded rodswere fixed at a height very
close to the 12-well plate at its highest moving point.
Themotormovedwith a power supply and themove-
ment of the stage was controlled with a control unit.

2.2. Functionalization of magnetic nanoparticles
and production of magnetic 3D hydrogels
Magnetic nanoparticles (Chemagen, Baesweiler, Ger-
many) were methacrylated and macroporous 3D
magnetic hydrogels suitable to create artificial bone
marrow analogs were produced as described previ-
ously [17] and as shown schematically in figure 1(C).
Briefly, 60 mg methacrylated magnetic nanoparticles
and 333 mg poly(ethylene glycol) diacrylate with a
molecular weight of 6000 kDa (PEGDA 6000, kindly
synthesized by the SoftMatter Synthesis Lab, Institute
of Biological Interfaces, Karlsruhe Institute of Tech-
nology (KIT), Germany) were diluted in 1 ml sat-
urated NaCl solution. The peptide RGD was added
as 20 µM RGDSK-linker-acrylate (kindly provided
by Dr Hubert Kalbacher, University of Tübingen,
Germany) to complete the hydrogel precursor solu-
tion. As a porogen, 600 mg NaCl crystals (40–100 µm
diameter) were mixed with 150 mg of the hydrogel
precursor solution. The solution was cross-linked
by adding 45 µl 10% (w/v) ammonium persulfate
(APS; AppliChem, Darmstadt, Germany) and 8 µl
N,N,N′,N′-tetramethylethylenediamine (TEMED;
Merck, Darmstadt, Germany). After 3 d of swelling
and salt leaching in water, the gels were dehydrated
using ethanol series (50%, 60%, 70%, 80%, 90%,
100% (v/v)), frozen in ethanol for 3 d at −80 ◦C and
lyophilized for 24 h. Photographs of hydrogels after
production, swelling and freeze drying are shown in
figure 1(B).

2.3. Conductivity measurements
The exchange of soluble factors within the mac-
ropores of the 3D magnetic hydrogels with the
surrounding fluid via diffusion was examined by con-
ductivity measurements using NaCl as the diffusible
agent. The exchange of ions in hydrogels using the

magnetic lift (dynamic hydrogels) was compared to
hydrogels placed in a well plate without movement
(static hydrogels). Two hydrogels were soaked in 1 M
NaCl solution for 1 h.One hydrogel was transferred to
a deep 12-well plate containing 5 or 6 ml of ultrapure
water and placed in the magnetic lift. The other
hydrogel was placed in a non-moved deep 12-well
plate containing the same amount of ultrapure water.
The conductivity of the surrounding fluid was meas-
ured every three minutes with a conductometer LF
197S (WTW, Weilheim, Germany).

2.4. Isolation of HSPCs from umbilical cord blood
CD34+ HSPCs were isolated from umbilical cord
blood provided by the DKMS Cord Blood Bank
(Dresden, Germany) or from the Cord Blood Bank
of the German Red Cross (Mannheim, Germany)
with approval by the local ethics committee (Ethik-
Kommission bei der Landesärztekammer Baden-
Württemberg, B-F-2013-111) and informed consent
of the parents. Isolation of HSPCs was performed as
described previously [17].

2.5. Cell culture
HSPCs isolated from umbilical cord blood were
cultured at a density of 2.5 × 105 cells ml−1

for 24 h in Hematopoietic Progenitor Cell (HPC)
Expansion Medium XF (PromoCell, Heidelberg,
Germany) with 1% Cytokine Mix E (PromoCell)
prior to each experiment. KG-1a cells (Deutsche
Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany) were maintained
in Rosewell Park Memorial Institute (RPMI)-1640
medium (Sigma-Aldrich®,Hamburg, Germany)with
20% (v/v) fetal bovine serum (FBS; Sigma-Aldrich®).
RNA sequencing data of KG-1a cells is provided
to confirm the leukemic nature of this AML cell
line (supplementary figure 1 available online at
stacks.iop.org/BF/14/035011/mmedia). MSCs isol-
ated from human bone marrow were kindly provided
by Prof. Dr. Karen Bieback (Institute of Transfu-
sion Medicine and Immunology Mannheim, Fac-
ulty ofMedicine, Heidelberg University; German Red
Cross, Blood Donor Service Baden-Württemberg—
Hessen, Mannheim, Germany). MSCs were cultured
in Dulbecco’s Modified Eagle’s Medium (high gluc-
ose) (DMEM, Sigma-Aldrich®) with 5% (v/v) plate-
let lysate (PL, PL Bioscience, Aachen Germany) and
2 U ml−1 heparin (PL Bioscience). Only MSCs
between passage two and six were used for experi-
ments. KG-1a cells in co-culture withMSCs were cul-
tured in DMEMwith 5% (v/v) PL, 2 Uml−1 heparin,
100 Uml−1 penicillin and 100 µgml−1 streptomycin.
HSPCs in co-culture withMSCs as well as in triple co-
culture with MSCs and KG-1a cells were cultured in
HPC medium with 5% (v/v) PL, 2 U ml−1 heparin,
1% (v/v) Cytokine Mix E, 100 U ml−1 penicillin and
100 µg ml−1 streptomycin. Culture conditions for all
cells were 37 ◦C and 5% CO2 in humid atmosphere.
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2.6. In vitro proliferation staining for flow
cytometry
To follow the proliferation in a double co-culture,
HSPCs or KG-1a cells were stained with the Cell-
Trace™ Violet (CTV) Cell Proliferation Kit (Thermo
Fisher Scientific, Braunschweig, Germany) accord-
ing to manufacturer’s instructions using 5 µM
CTV before seeding into 3D magnetic hydrogels for
dynamic and 2D cell culture plates for static cul-
tures. For the triple co-culture, HSPCs were stained
with CTV andKG-1a cells using the CellTrace™CFSE
Cell Proliferation Kit (Themo Fisher Scientific). KG-
1a cells were stained with 4 µM of CFSE equival-
ent to CTV staining. After culture, the stained cells
were analyzed by flow cytometry (BD FACSverse, BD
Biosciences, Heidelberg, Germany or MACSQuant®
Analyzer 10 Flow Cytometer, Miltenyi Biotec, Ber-
gisch Gladbach, Germany). Further description and
exemplary histograms can be found in supplement-
ary figure 2.

2.7. Preparation of chemotherapeutic drugs
The chemotherapeutics imatinib (IMA, Sigma-
Aldrich®), 5-fluorouracil (5-FU, Merck) and cyc-
lophosphamide (CPA, Thermo Fisher Scientific)
were chosen for experiments based on their different
mechanisms of action. Concentrations of 0.45 µM,
0.9 µMand 1.8 µMof IMA, 2.5 µM, 5 µMand 10 µM
of 5-FU and 5 mM, 10 mM and 20 mM of CPA were
used. Concentrations were chosen to match the pre-
viously investigated IC50 values of the compounds,
along with their halved and doubled concentrations
[18, 32, 33]. IMA and 5-FU were dissolved in DMSO
and aliquots of 15µl were stored at−20 ◦C. The stock
solutions were prepared in a way that the desired con-
centrations could be used with a final concentration
of maximum 0.1% (v/v) DMSO in the media. CPA
was dissolved in HPC expansion medium and PBS in
a ratio of 19:1. It was stored at 4 ◦C.

2.8. Response of KG-1a cells to different
chemotherapeutics in static culture
The effectivity of chemotherapeutic treatment of
LCs in different concentrations was tested using
leukemic KG-1a cells. For this purpose, a 12-well
plate (Greiner Bio-One International GmbH) was
prepared with 2 ml cultivation medium per well.
2 × 104 cells were resuspended in 50 µl cultiva-
tion medium and seeded into each well. After that,
the chemotherapeutics and their respective controls
were added at the desired concentrations. As con-
trol, the solvents of the chemotherapeutics were
used in the same amounts as in the samples. After
one, four and six days, the cells were analyzed with
live/dead staining by flow cytometry and the super-
natant was collected and stored at −80 ◦C for
metabolic analysis.

2.9. Cell seeding in 3Dmagnetic hydrogels for
static and dynamic 3D cultures and in cell culture
plates for static 2D cultures
The 3D magnetic hydrogels, used in a dynamic 3D
culture in themagnetic lift, were seeded with a double
co-culture (HSPCs and MSCs or KG-1a cells and
MSCs) or a triple co-culture (HSPCs, KG-1a cells and
MSCs). For comparison, a static 3D culture contain-
ing the triple co-culture inmagnetic hydrogels and 2D
static cultures in standard tissue culture plates were
used. When further referred to 2D culture, this static
culture without movement and magnetic hydrogels
is meant.

Before use, the lyophilized 3Dmagnetic hydrogels
were sterilized underUV light for 20min on each side.
Into each hydrogel, a cell suspension of 100 µl con-
taining 1.25× 105 HSPCs (CTV stained) and/or KG-
1a (CFSE stained) cells along with 5× 105 MSCs was
seeded [18]. After 10 min of incubation at room tem-
perature, the soaked hydrogels were transferred into
a deep 12-well plate and the wells were slowly filled
with 6 ml of cultivation medium. For the static 2D
culture, an optimal ratio of 1:4 HSPCs to MSCs was
determined before using 0.5× 104 HSPCs ml−1 [16].
Here, a normal 12-well culture plate with a capacity of
2 ml volume was used. Hence, 1× 104 HSPCs and/or
KG-1a cells and 4 × 104 MSCs were seeded in 2 ml
culture media.

The cells were treated with 0.9 µM IMA, 5 µM
5-FU or 10 mM CPA. The solvents of the chemo-
therapeutics were used as controls. For dynamic cul-
tures, the deep 12-well plates with the cell-ladenmag-
netic hydrogels in the wells were positioned on the
stage of the magnetic lift, which was placed in a CO2

incubator, as performed previously by Rödling et al
[17]. The static 2D and 3D cultures were carefully
placed next to it. After one, two, five and six days,
500 µl of supernatant were taken from 3D cultures.
Additionally, after six days 500 µl of supernatant was
taken from the 2D cultures as well. The supernatant
was centrifuged for 5 min at 300 × g to remove cell
residues and stored at −80 ◦C until metabolic ana-
lyses. The cells were retrieved from the hydrogels as
described previously by Rödling et al [34].

2.10. Immunostaining for flow cytometry
Depending on the availability, 2–10 × 104 HSPCs
were washed with PBS + 0.1% (v/v) FBS and resus-
pended in 50 µl of PBS + 0.1% (v/v) FBS. The
cells were stained with mouse anti-human CD34-
PE (Thermo Fisher Scientific) and mouse IgG1-PE
conjugate (Thermo Fisher Scientific) as isotype con-
trol as well as mouse anti-human CD45RA-APC
(Miltenyi Biotec) and mouse IgG1-APC (isotype
control; Miltenyi Biotec) following the manufac-
turers’ instructions. Analysis was carried out using
flow cytometry (BD FACSverse, BD Biosciences
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or MACSQuant® Analyzer 10 Flow Cytometer,
Miltenyi Biotec).

2.11. Live-dead staining for flow cytometry
After experiments, in which a double co-culture of
HSPCs or KG-1a cells together with MSCs was per-
formed, the isolated cells were additionally stained
with SytoxAADvanced™ (Thermo Fisher Scientific)
and AnnexinV-FITC (BioLegend, San Diego, CA,
USA) according to the instructions in order to
determine dead and apoptotic cells. After staining, the
cells were resuspended in 150 µl of Annexin buffer.

After performing triple co-culture experiments
with HSPCs, KG-1a cells and MSCs, the isolated cells
were only stained with SytoxAADvanced™ after the
immunostaining. This was performed as described
previously [17].

2.12. Glucose and lactate analysis
On three different days 500 µl of supernatant were
taken with a syringe from the 3D cell cultures. In
this way, the total volume of initially 6 ml was
reduced during the growth period. The concentra-
tions of glucose and lactate were measured using
a Vi-cell Metaflex (Beckman Coulter, Krefeld, Ger-
many) according to the manufacturer’s instructions.

2.13. Adenosine and amino acid analysis
The cell culture supernatants were filled into concen-
trators with a molecular cut-off of 10 kDa (Pierce™
Protein Concentrators; Thermo Fisher Scientific) and
centrifuged at 10 ◦C for 20 min at 15 000 × g. An
equal volume of all three experiments was taken and
interblended. The flow-through was used for ana-
lysis of the adenosine and amino acid concentra-
tions via liquid chromatography–tandem mass spec-
trometry (LC-MS/MS). For the mass spectrometry
measurements an API 4000™ quadrupole mass spec-
trometer with an electrospray ionization source was
used (Applied Biosystems/MDS Sciex, Framingham,
Massachusetts, USA).

In order to determine the adenosine concen-
tration, the samples were diluted at a ratio of
1:10 in ultrapure water and separated by high-
performance liquid chromatography (HPLC) (Agi-
lent 1100, Waldbronn, Germany) using a column
with 125 mm × 4 mm (LiChrospher® 100 RP C-
18, 5 µm, Merck) and a gradient elution with 0.1%
acetic acid (Sigma-Aldrich®) and acetonitrile (Sigma-
Aldrich®).

For the determination of amino acid concentra-
tions, the samples were diluted in a ratio of 1:100 or
1:1000 in ultrapure water. The samples were derivat-
ized with butanol prior to determination of the con-
centrations. The separation was done by HPLC (Agi-
lent 1100) using a column with 100 mm × 2.1 mm
(Kinetex® 2.6 µm XB-C18 100 Å, Phenomenex,
Aschaffenburg, Germany) and a gradient elutionwith

ultrapure water with 0.1% (v/v) trifluoroacetic acid
(TFA) and acetonitrile with 0.1% (v/v) TFA.

2.14. SEM imaging
After 6 d of culture, 3D cultures were fixed with 2.5%
glutaraldehyde (Sigma-Aldrich®) for 10 min, fol-
lowed by dehydration and freeze-drying as described
above in section 2.2. Then, the samples were coated
with a 5 nm 80% gold + 20% platinum layer
(MED020Coating System BalTec, Balzers, Liechten-
stein) and imaged with an scanning electron micro-
scopy (SEM) (XL 30 FEG ESEM, Philips, Amsterdam,
Netherlands) using an acceleration of 12 kV.

2.15. Data analysis and statistics
Determination of amino acids and adenosine was
done once with a pool of three independent exper-
iments (n = 1). All other experiments were per-
formed in triple determination (n= 3). For the eval-
uation of these experiments, the mean value of the
obtained data was calculated as well as the stand-
ard error. Statistical significances of the obtained
data were estimated using a paired Student’s t-
test (data of sections 3.1, 3.2 and 3.5) with Excel
(Microsoft, Dublin, Ireland) and marked with an
asterisk ∗ for a p-value ⩽ 0.05 or with ‘ns’ for a
p-value > 0.05 (not significant). The data presen-
ted in sections 3.3 and 3.4 were separately ana-
lyzed for each chemotherapeutic with a two-factorial
ANOVA using the Real Statistics Resource Pack soft-
ware for Excel (Release 7.6, Copyright (2013–2021),
Charles Zaiontz, www.real-statistics.com). Signific-
ant differences between the treated samples and their
corresponding controls were calculated by a Tukey
post hoc test following the ANOVA and marked
with an asterisk ∗ for a p-value⩽ 0.05 or with ‘ns’
for a p-value > 0.05 (not significant). Addition-
ally, we analyzed separately for each chemothera-
peutic in a two-factorial ANOVA whether the effects
of the drugs differed significantly between 2D and
3D. A significant interaction term then means that
the difference between the chemotherapeutic and
its corresponding control was significantly altered
between 2D and 3D culture and was marked with
a hash #.

To compare cell viability, proliferation and meta-
bolite analyses (see table 1), the respective results were
characterized with pluses to indicate an increase in
comparison to the control and minuses to mark a
decrease. A triple plus or minus (+++ or −−−)
indicates a difference that is statistically significant
and large, where large means >50% of the control
value. When the change was >50% but not statistic-
ally different from the respective control or <50% and
statistically significant, the result was characterized as
double plus or minus (++ or −−). Non-significant
differences with changes >30% of the control value
are indicated with a single plus or minus. No change
is indicated by a ‘= ’.
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3. Results

3.1. Development of a perfused biomimetic 3D
drug testing system using a magnetic bioreactor
A parallelized, perfused culture system using a 3D
in vitro bone marrow analog was established for sim-
ultaneous drug testing experiments. For this purpose,
a contactless controlled movement of cell-ladenmag-
netic 3D scaffolds in their growth media in multi-
well plates was applied to ensure perfusion. A mag-
netic lift was constructed to enable the contactless
movement of magnetic hydrogels by applied external
magnetic fields. This magnetic lift carried a deep
12-well plate held by a movable stage (figure 1(A)).
The top and the bottom of the movable stage were
equipped with 12 disc magnets each, creating a mag-
netic field. This induced a continuous up and down
movement of the magnetic hydrogels within the wells
of the plate, when the stage with the plate was moved
towards the upper or lower magnet panel (supple-
mentary figure 3). The production of the magnetic
hydrogel scaffolds, cell seeding and experimental
setup as well as photographs of the magnetic scaf-
folds after production and lyophilization are shown
in figures 1(B) and (C).

To characterize the effect of scaffold movement
on the exchange of soluble factors of magnetic hydro-
gels with the surrounding liquid, the hydrogels were
soakedwith saturatedNaCl solution and placed in the
wells of a deep well plate filled with 5 or 6 ml water.
The increasing conductivity resulting from the diffu-
sion of NaCl from the hydrogels into the surrounding
water was measured (supplementary figure 4). Move-
ment of the hydrogels was induced via the magnetic
lift in the dynamic setting, whichwas compared to the
static setting using non-movedmagnetic hydrogels in
culture plates. In the dynamic setting, an accelerated
exchange of Na+ and Cl− was observed.

3.2. Cell viability of KG-1a cells depends on
chemotherapeutics and their concentrations
In order to develop a 3Dmodel of the leukemic niche
for drug testing, LC lines that are responsive to certain
chemotherapeutics and resistant against others were
required as cellular models. Therefore, the respons-
iveness of the acutemyeloid leukemia (AML) cell lines
KG-1a, OCI-AML3 and MOLM-13 to the chemo-
therapeutics imatinib (IMA), 5-fluorouracil (5-FU)
and cyclophosphamide (CPA) in three different con-
centrations was tested in standard 2D cultures in ini-
tial experiments. These particular drugs were chosen
because all three of them have different mechanisms
of action. IMA is a known tyrosine kinase inhib-
itor [33, 35, 36], whereas 5-FU is recognized by
DNA polymerases and gets incorporated into DNA
[18, 37]. CPA alkylates DNA during cell proliferation
and forms intra- and interstrand DNA cross-links in
addition to DNA-protein cross-links resulting in the
inhibition of DNA replication and apoptosis [38].

After one, four and six days, the cells were analyzed
with live/dead staining by flow cytometry. CPA treat-
ment of OCI-AML3 and MOLM-13 cells resulted in
a reduction of viable cells, which was stronger with
higher concentrations and increasing days of culture.
The same effect was observed during 5-FU treatment
of MOLM-13 cells (supplementary figure 5). KG-1a
cells treated with IMA and 5-FU showed viabilit-
ies consistently comparable to the survival rates in
the controls (figure 1(D)). CPA treatment led to a
decrease of viable cells normalized to the control and
this effect substantiated with increasing CPA concen-
trations and time.

All in all, the AML cell line KG-1a showed the
highest resistance against chemotherapeutics, fol-
lowed by the cell line OCI-AML3. Those cell lines
were sensitive against all concentrations of CPA treat-
ment whereas only MOLM-13 cells additionally were
strongly affected by treatment with 5-FU. For the
development of a 3Dmodel of the leukemic niche, the
cell line KG-1a was chosen as it fulfilled the criteria to
be responsive to some chemotherapeutics (CPA) and
resistant against others (IMA, 5FU) in 2D culture.

3.3. Cell survival, proliferation and differentiation
of healthy and leukemic hematopoietic cells in
double co-culture withMSCs depend on culture
perfusion and chemotherapeutics
In order to analyze the effects of chemotherapeutic
treatment on healthy HSPCs and LCs in a biomi-
metic environment, dynamic 3D double co-cultures
containing HSPCs or LCs together with MSCs were
carried out in the 3D perfused culture system. For
this purpose, HSPCs or KG-1a cells were seeded
with MSCs in magnetic hydrogels creating artificial
healthy and leukemic niches respectively. The chemo-
therapeutics IMA (0.9 µM), 5-FU (5 µM) and CPA
(10 mM) were applied to investigate the influence
of the culture mode (static 2D/dynamic 3D) on the
effectivity and toxicity of these drugs. Due to lim-
ited cell numbers from one donor and high donor-
to-donor variability, we focused on the effects of the
3D dynamic system versus 2D static cultures.

The survival and proliferation of healthy HSPCs
(figure 2(A)) and leukemic KG-1a cells (figure 2(B))
were analyzed after chemotherapeutic treatment. For
this purpose, the cells were isolated from the mag-
netic hydrogels on day six and analyzed via flow
cytometry for live/dead staining to assess survival
(figures 2(A) and (B), left) and for CTV intens-
ity (figures 2(A) and (B), right) to mirror the pro-
liferation behavior of the cells. Under IMA treat-
ment, no cytotoxic effects on HSPCs were observed,
both in static 2D and in dynamic 3D conditions, in
comparison to the untreated controls. Additionally,
the proliferation behavior remained unaffected. 5-FU
treatment yielded no significant differences in the
percentage of viable cells but significantly affected the
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Figure 1. Development of a biomimetic 3D perfused culture system. (A) Setup of the magnetic lift inducing the movement into
the system. (B) Magnetic hydrogel after production (top), after three days swelling (middle), after lyophilization (bottom); scale
bar: 5 mm. (C) Scheme of gel preparation and experimental setup. (D) Viability of KG-1a cells in 2D culture after
chemotherapeutic treatment in three different concentrations. Viable cells after IMA, 5-FU and CPA treatment were normalized
to their controls [%]. The percentages of viable cells are depicted for day one, day four and day six. n= 3. Significant differences
compared to the respective controls are given with an asterisk ∗ for p⩽ 0.05, while ‘ns’ indicates no significant changes (p > 0.05).

proliferation of HSPCs in both culture conditions.
CPA treatment led to a decrease of HSPC survival
in both static 2D and dynamic 3D culture com-
pared to the control. Additionally, this effect was sig-
nificantly stronger in 3D compared to 2D. Under
the same conditions, the proliferation of HSPCs was
lower in the static 2D and dynamic 3D cultures
than in the corresponding controls as shown by the
higher mean fluorescence intensities of the detected
CTV signals.

Treatment of leukemic KG-1a cells with CPA
revealed similar results as for HSPCs (figure 2(B));
a significantly lower percentage of viable cells com-
pared to the control was detected under static 2D
and dynamic 3D conditions. In comparison to 2D,
a higher percentage of viable cells could be detected

in 3D, indicating a significantly higher chemothera-
peutic resistance of KG-1a cells in 3D. Similarly, 5-FU
treatment led to a significantly reduced cell viability
and proliferation in static 2D culture. Irrespective of
whether KG-1a cells were cultured under static 2D or
dynamic 3D conditions, IMA treatment was not toxic
to the cells. In the 3D system, none of the chemothera-
peutics had significant effects on the proliferation of
KG-1a cells.

To investigate the impact of chemotherapeutic
treatment on the cell proliferation, the distribution
of viable cells progressing in proliferation was ana-
lyzed. For this purpose, the fraction of viable cells was
plotted against proliferation progress gates (descrip-
tion in supplementary figure 2), which was determ-
ined by CTV distribution (figure 2(C)). Higher
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Figure 2. Viability and proliferation of HSPCs and KG-1a cells in static 2D and dynamic 3D co-culture after exposure to 0.9 µM
IMA, 5 µM 5-FU and 10 mM CPA. Survival and proliferation of HSPCs (A) and KG-1a cells (B) in double co-culture with MSCs
(static 2D or dynamic 3D) after chemotherapeutic treatment. The viable cells were normalized to their controls (%). The viable
cells (%) and the CTV signals after six days of culture are depicted. n= 3. Significant differences compared to the control are
given with an asterisk ∗ for p⩽ 0.05. Significant difference in the effects of a chemotherapeutic in 2D and 3D are marked with a
hash #. ‘ns’ marks non-significant differences (p > 0.05). (C) The cell fractions of the viable HSPC and KG-1a cell populations
(%) in the different proliferation progress gates after chemotherapeutic treatment compared to the controls are depicted. n= 3.

gate numbers indicate higher proliferation rates of
cells detected within these gates. No changes were
observed for HSPCs in either culture condition when
they were treated with IMA, while 5-FU and CPA
treatment resulted in less-proliferated cells in static
2D as well as in dynamic 3D culture compared to
the controls.

In contrast to the HSPCs, two separate peaks
representing distinct populations were visible in the
CTV analyses of KG-1a cells under certain condi-
tions. While the controls for the dynamic 3D cul-
tures always yielded two peaks, the controls for the

static 2D cultures showed a single less-proliferating
population. In the static 2D culture under IMA treat-
ment, the largest fraction of viable cells was found in
a lower proliferation progress gate compared to the
control. However, no changes were observed in the
dynamic 3D condition. Treatment with 5-FU resulted
in a single peak representing less-proliferated cells for
both culture conditions. Interestingly, CPA treatment
led to two distinct populations in the 2D culture, one
with very less and the other with highly proliferated
cells. Similar effects could be seen in the 3D condi-
tion where some cells had proliferated less whilemore
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Figure 3. Cell surface marker expression analysis of CD34 and CD45RA on HSPCs (A) and KG-1a cells (B) in static 2D and
dynamic 3D double co-culture with MSCs. The percentage of the expression of CD34 and CD45RA on HSPCs and KG-1a cells
was analyzed after exposure to 0.9 µM IMA, 5 µM 5-FU and 10 mM CPA on day six. n= 3. Significant differences compared to
the corresponding control are given with an asterisk ∗ for p⩽ 0.05 and a hash # indicates a significantly altered effect of a
chemotherapeutic in 2D and 3D. Differences with p > 0.05 are considered as not significant and are marked with ‘ns’.

cells were found in the higher proliferated population
compared to the control.

SEM was performed to visualize the different cell
types in the 3D environment and to discover poten-
tial effects of the chemotherapeutic treatments on cell
morphology (supplementary figure 6). After six days
of dynamic 3D double co-culture of HSPCs together
with MSCs, IMA and 5-FU treatment changed the
appearance of normally round cells with smooth
surfaces (as visible in the controls) to a more longish
form with rough surfaces and borders. After IMA
treatment, the 3D environment created by the mag-
netic hydrogel and MSCs resulted in a less defined
structure where cells and their environment were
less distinguishable. In line with the findings of the
live/dead staining after CPA treatment, more cell
debris was visible in the surrounding of theMSCs and
the hydrogel compared to the control, in which many
healthy round cells could be observed.

In summary, CPA treatment showed the highest
impact on cell behavior in 2D and 3D with lower
cell survival and altered proliferation for both, HSPCs
and KG-1a cells. Furthermore, chemotherapeutic
treatment with 5-FU and CPA led to attenuated
HSPC proliferation while for KG-1a cells effects were
stronger in 2D than in 3D.

To investigate the impact of chemotherapeutic
treatment on the differentiation of HSPCs and KG-
1a cells, the expression of the surface markers CD34
and CD45RA was analyzed. After six days of double
co-culture, HSPCs (figure 3(A)) and KG-1a cells
(figure 3(B)) were isolated from the magnetic hydro-
gels and stained. Only 5-FU treatment of HSPCs in
a dynamic 3D culture resulted in a lower percent-
age of differentiated CD34−/CD45RA− cells com-
pared to the untreated control, although this change
was not statistically significant. This was confirmed
by the measurement of the percentage of less mature
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CD34+/CD45RA− cells. A higher percentage of these
cells in comparison to the control was found after
treatment with 5-FU in dynamic 3D culture.

In contrast to 2D, 5-FU and CPA treatment sig-
nificantly reduced the number of CD34+/CD45RA+

HSPCs in 3D. Treatment of KG-1a cells with IMA
and 5-FU had no influence on their differenti-
ation state in comparison to the controls. However,
for CPA-treated KG-1a cells, a loss of CD34 and
CD45RA expression could be observed. Significantly
less KG-1a cells were CD34+/CD45RA+ after cul-
ture with CPA in both culture conditions compared
to the controls. These findings were confirmed by
the CD34−/CD45RA− measurement. CPA treatment
resulted in a higher percentage of CD34−/CD45RA−

KG-1a cells in static 2D and dynamic 3D cultures than
in the controls. Taken together, the differentiation of
HSPCs was impaired by 5-FU treatment after cul-
ture in 3D dynamic conditions resulting in a higher
percentage of less mature cells. CPA treatment pro-
moted a change of differentiation marker expression
in KG-1a cells cultured under static 2D and dynamic
3D conditions.

3.4. 5-FU treatment of a triple co-culture affects
proliferation but not survival or differentiation of
healthy and leukemic hematopoietic cells
During leukemia, LCs coexist with HSPCs and
stromal cells in the bone marrow. To mimic this
condition, a triple co-culture was established. HSPCs
isolated fromhealthy donors, the AML cell line KG-1a
and MSCs were co-cultured in the magnetic hydro-
gels. SEM revealed that HSPCs occurred as dense
but clearly separated round cells within the magnetic
hydrogels in both monoculture and double culture
with MSCs. In contrast, KG-1a cells formed clusters
consisting of a few round cells closely attached to
each other (supplementary figure 7 upper panel).
MSCs tightly attached to the hydrogel structure were
spreading largely, thereby contributing to the mat-
rix within the created artificial niche. These spread-
ing MSCs were also found in the triple co-culture.
HSPCs and KG-1a cells could not be distinguished
although single roundish cells as well as clusters could
be observed (supplementary figure 7 lower panel).

To challenge the triculture leukemic model with
chemotherapeutics, 5-FU was chosen as a model
drug, because of the observed toxicity on healthy cells
and resistance of LCs in dynamic 3D culture. There-
fore, 5-FU was well-suited to assess potential toxicity
and effectivity by evaluating the sensitivity or resist-
ance of healthy and diseased cells to this drug. Triple
co-culture under dynamic 3D conditions was treated
with 5-FU (5µM)and compared to a static 3D culture
with unmoved magnetic hydrogels and a traditional
static 2D culture. In order to differentiate between
HSPCs and KG-1a cells, the cells were stained before
seedingwith different proliferation tracing dyes (CTV
for HSPCs and CFSE for KG-1a cells). In comparison

to the controls, the percentage of viable cells after
treatment with 5-FU was only reduced for KG-1a
cells in the 2D culture. For all other culture con-
ditions no significant differences could be detected
(supplementary figure 8).

Regardless of the survival of HSPCs, 5-FU
treatment significantly affected their proliferation
(figure 4(A)). Higher CTV signals, indicating slower
proliferation of HSPCs were recorded for all treated
culture conditions in comparison to the controls. A
similar trend was observed for KG-1a cells. Looking
at the distribution of viable HSPC and KG-1a cells
versus progressing proliferation (figure 4(B)), it can
be observed that 5-FU treatment led to an increase
in less-proliferated cells under all culture conditions
compared to the respective controls. When assessing
the differentiation of healthy and leukemic hema-
topoietic cells in triculture via the expression analyses
of CD34 and CD45RA, no differences in percentages
of early (CD34+/CD45RA−) or more differentiated
(CD34+/CD45RA+ and CD34−/CD45RA−) hema-
topoietic cells could be detected in response to 5-FU
treatment (figure 4(C)).

All in all, 5-FU treatment of the developed leuk-
emic bone marrow triculture model revealed inhib-
iting effects on the proliferation of HSPCs in 2D and
3D, which was in tendency also observed for leukemic
KG-1a cells. Survival and differentiation of both cell
types were largely unaffected.

3.5. Metabolic analysis of cell culture supernatant
emerges as a good non-invasive method to monitor
the cell activity in double and triple co-culture
To analyze the cultures over time, the previous end-
point analyses are not suited as they require destruc-
tion of the scaffold and final cessation of the exper-
iment. Therefore, the potential of analyzing the
medium supernatant for monitoring the culture was
assessed.

Measuring amino acid concentrations in the
supernatants of double and triple co-cultures did
not show any clear effects of chemotherapeutic treat-
ments of static or dynamic culturing conditions (sup-
plementary figure 9, supplementary tables 1–7). Of
note, in these analyses we averaged over three inde-
pendent experiments by pooling the supernatants of
these independent experiments. While in this way an
averaging is possible, the dispersion of the individual
samples cannot be assessed.

Analysis of glucose, lactate and adenosine allowed
monitoring the culture state without scaffold destruc-
tion. Metabolically active cells consume glucose and
produce lactate and adenosine. Hence, supernatant
was taken from the chemotherapeutically treated 3D
double and triple co-cultures on three different days
and lactate, glucose, and adenosine concentrations
were determined.

For the dynamic 3D double co-culture of HSPCs
with MSCs, higher glucose concentrations indicating
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Figure 4. Characterization of HSPCs and KG-1a cells cultured in a triple co-culture with MSCs after 5-FU treatment in static 2D,
static 3D or dynamic 3D culture on day 6. (A) Proliferation of HSPCs (left) and KG-1a cells (right). The CTV and CFSE signals of
treated cells compared to the controls are depicted. n= 3. Significant differences compared to the corresponding control are given
with an asterisk ∗ for p⩽ 0.05. Non-significant differences (p > 0.05) are marked with ‘ns’. (B) The cell fractions of viable HSPCs
(left) and KG-1a cells (right) in the different proliferation progress gates after 5-FU treatment compared to the controls are shown
(%). n= 3. (C) The percentage of CD34−CD45RA−, CD34+CD45RA+ and CD34+CD45RA− HSPCs (left) and KG-1a cells
(right) are depicted. n= 3. Significant differences compared to the respective controls are given with an asterisk ∗ for p⩽ 0.05.
Differences with p > 0.05 are considered as not significant and are marked with ‘ns’.
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lower metabolic activity of the cells were observed
compared to the corresponding controls without
treatment. Statistically significant differences were
obtained for all chemotherapeutics compared to the
control. In line with the above findings, lower lact-
ate concentrations were observed after IMA, 5-FU
and CPA treatment (figure 5(A)). Additionally, lower
adenosine concentrations could be seen when treated
with 5-FU and CPA (supplementary figure 10(A)).

In the dynamic 3D double co-cultures of KG-
1a cells with MSCs, a decreased metabolic activity
was reflected by higher glucose and lower lactate
and adenosine concentrations for the CPA treatment.
However, in contrast to the HSPCs, the KG-1a cells
showed a slightly higher metabolic activity when
treated with IMA, as was evident from lower glucose
as well as higher lactate concentrations (figure 5(A),
supplementary figure 10(A)).

The triple co-cultures in both the static and
dynamic settings did not show significantly altered
glucose and lactate concentrations although a tend-
ency of increased glucose and decreased lactate levels
was visible, which could indicate a lower metabolic
activity (figure 5(B)). In case of adenosine concentra-
tion, no difference was observed between the treated
and the untreated samples in the 3D static system.
However, in the dynamic setting a strong increase
of adenosine level was measurable in the control,
but this effect could not be seen when the cells were
treated with 5-FU (supplementary figure 10(B)). In
triple co-cultures, the analyses of the supernatant
draw a direct relation to the overall metabolite con-
centrations, thus making it difficult to discriminate
the influence of 5-FU treatment on the individual
hematopoietic cell types. To identify the discrete
effects of 5-FU on HSPCs and KG-1a cells, endpoint
analyses as performed previously (figure 4, supple-
mentary figure 8) are necessary. Referencing back to
these data, the same trend in viability and prolifera-
tion was observed for HSPCs and KG-1a cells.

In summary, particular changes in glucose and
lactate concentrations over the entire culture period
appeared to reflect the results of cell viability and pro-
liferation obtained in the endpoint analyses of the 3D
double and triple co-culture experiments (table 1).

4. Discussion

During progression of AML, the bone marrow niche,
in which HSPCs reside, is hijacked by LCs leading
to an alteration of the niche making it advantage-
ous for quiescence and self-renewal of LCs [12, 39].
Chemotherapeutic treatment of leukemia affects not
only the fast proliferating LCs but also healthy
cells like HSPCs, leading to a failure of hema-
topoiesis and various adverse side effects [4–6].
Investigating the leukemic bone marrow and its con-
tribution to chemotherapeutic resistance of LCs is an

important step in order to find new therapies tar-
geting LCs more effectively without affecting HSPCs
[16, 18–21]. Therefore, we developed a parallelized
drug testing system, using a 3D bone-marrow ana-
log that can be moved in the medium by a mag-
netic field in a contact-free manner, which leads
to perfusion of the analog. It mimics healthy and
leukemic conditions that allow drug testing in dis-
posables. To the best of our knowledge, this sys-
tem is the first of its kind and is suitable for drug
testing, focusing on chemotherapeutic effectivity
and hematotoxicity.

The applicability of the used magnetic macro-
porous hydrogels for establishing perfused and non-
perfused HSPC-MSC 3D co-cultures was shown
before [17]. Based on this system, we developed it fur-
ther to allow for parallelization and triple co-culture,
mimicking not only healthy but also leukemic bone
marrow. As before, the enhanced perfusion of the
hydrogels was shown by using NaCl, which proved
to be indicative for the exchange of soluble factors
within macroporous bone marrow analogs, as sim-
ilar cell behavior could be observed upon perfusion
with a conventional perfusion system and using a
magnetic reactor [17, 18]. However, Na+ and Cl−

have amuch smallermolecularweight than cytokines,
chemokines as well as the applied chemotherapeutics.
Therefore, the precise diffusion behavior of those ions
and the larger biomolecules and drugs will differ from
each other.

For the development of the leukemic bone mar-
row analog, different AML cell lines (KG-1a, MOLM-
13 and OCI-AML3) were tested for their responsive-
ness to various chemotherapeutics (IMA, 5-FU and
CPA). KG-1a cells (M0 subtype) are human undif-
ferentiated promyeloblastic cells that closely resemble
AML stem cells and express ATP-binding cassette
transporters which expel chemotherapeutics from the
cytosol thus making them chemoresistant to a multi-
tude of drugs. Therefore, KG-1a cells are widely used
as model cell line to study AML stem cells [40]. KG-
1a cells are resistant to differentiation [41–44] and
accordingly the expression of myeloid transcription
factors PU.1 and C/EBPα is low [43]. OCI-AML-3
cells (M4 subtype, acute myelomonocytic leukemia)
carry mutations in NPM-1 and DNMT3a genes [45].
These mutations are correlated with chemoresistance
in AML [46–48]. Furthermore, DNMT3A is a DNA
methyltransferase that is important during myeloid
differentiation. Its mutation leads to a deregulation
in DNA methylation, which has a variety of effects
in leukemogenesis including e.g. CDK1 overexpres-
sion or deregulation of AML-promoting genes, such
as Meis1, Mn1, Hoxa7 or Mycn [49, 50]. In MOLM-
13 (M5a subtype, acutemonocytic leukemia) cells the
tyrosine kinase FLT3 is mutated [51]. FLT3 muta-
tions are correlated with alterations in the myel-
oid transcription factor PU.1 (e.g. [52, 53]). Thus,
MOLM-13 represents a cell line carrying mutations
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Figure 5.Metabolic analyses of the supernatant of the double co-culture and the triple co-culture after chemotherapeutic
treatment with 0.9 µM IMA, 5 µM 5-FU and 10 mM CPA. (A) Depicted are the glucose (n= 3) and lactate (n= 3)
concentrations measured in the supernatant of a dynamic 3D double co-culture containing HSPCs (top) or KG-1a cells (bottom)
with MSCs at different time points after chemotherapeutic treatment. Significant differences compared to the control are given
with an asterisk ∗ for p⩽ 0.05. Differences with p > 0.05 are considered as not significant and are marked with ns. (B) The glucose
(n= 3) and lactate (n= 3) concentrations (mM) measured in the supernatant of the control and 5-FU treated 3D static and 3D
dynamic triple co-cultures at different time points are shown. Significant differences compared to the control are indicated with
an asterisk ∗ for p⩽ 0.05. Non-significant differences (p > 0.05) are indicated as ns.
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Table 1. Comparison of results of end point analyses for viable cell numbers and proliferation with results of monitoring glucose, lactate
and adenosine concentrations during 3D culture.

3D double co-culture

Cell type Treatment Viable cells Proliferation
Glucose
concentration

Lactate
concentration

Adenosine
concentration

HSPCs IMA = = ++ − =
5FU = −−− ++ −−− −
CPA −−− −−− ++ −−− −−

KG-1a IMA = = −− ++ =
5FU = − = = =
CPA −−− = ++ −−− −−

3D triple co-culture

Culture type Treatment Viable cells Proliferation
Glucose
concentration

Lactate
concentration

Adenosine
concentration

Static 5FU HSPCs = HSPCs −−− = − =
KG-1a = KG-1a −−

Dynamic 5FU HSPCs = HSPCs −−− = − −−
KG-1a = KG-1a −−

+++/−−− indicates a significant large increase/decrease,++/−− a moderate increase/decrease,+/− a small increase/decrease and

= no change in comparison to the respective control.

in signal transduction pathways which are important
in hematopoietic differentiation and maintenance.
The different effects on proliferation and survival of
the AML cell lines to the chemotherapeutics indic-
ate that differentmechanismswere responsible for the
chemotherapeutic resistance. KG-1a cells were chosen
for further studies, as their strong chemothera-
peutic resistance makes them a good model for LC
drug testing [40].

Bone marrow toxicity, i.e. hemato- or myelo-
toxicity, are often the dose-limiting side effects of
chemotherapy [54]. However, so far surprisingly little
attention has been paid to the development of sys-
tems to reliably predict such toxicities in vitro. In the
present study, the effect of chemotherapeutic treat-
ment on the healthy bone marrow niche was ana-
lyzed using HSPCs in co-culture with MSCs in a bio-
mimetic 3D scaffold. Due to limited cell numbers
from one donor and high donor-to-donor variabil-
ity, we focused on static 2D and dynamic 3D cul-
tures. Dimensionality and perfusion are known to
influence the side effects of chemotherapeutics on
healthy HSPCs, as also shown in previous studies
assessing bonemarrow toxicities by chemotherapeut-
ics in 3D systems [18, 55]. Our results show that the
used chemotherapeutics affect healthy cells not only
through direct destruction by initiating apoptosis
but also by modifying their differentiation poten-
tial and thereby changing hematopoiesis. Moreover,
decreased viability and proliferation of HSPCs in
response to chemotherapeutics were observed in 3D
cultures compared to 2D. This can be an import-
ant factor in developing severe secondary diseases.
These differences underscore the importance of cre-
ating in vivo-like conditions to achieve meaningful

results from in vitro drug tests for hematotoxicity
[13, 16, 56].

To assess the effectivity of chemotherapeutics in
impairing LCs along with the toxic side effects on
healthy cells, dynamic 3D co-cultures of KG-1a cells
and MSCs were established. Here, the effectivity of
the chemotherapeutics CPA and 5-FU on the sur-
vival of KG-1a cells was greater in standard 2D cul-
tures than in the biomimetic perfused 3D system,
indicating that such effects could be overestimated
in 2D cultures. This is in line with previous stud-
ies showing that the resistance of LCs is increased
in biomimetic 3D systems [19, 56–59]. Similar to
HSPCs, LCs may reside in a quiescent state result-
ing in resistance against chemotherapeutics [12, 60].
Given that KG-1a cells serve as model for the invest-
igation of chemotherapeutic resistance of LCs [40], it
seems possible that a certain population of the cells
proliferated less than others and therefore remains in
earlier generations leading to chemotherapeutic res-
istance. Previous studies showed that the so-called
cell adhesion-mediated drug resistance induces LCs
to become quiescent and thus resistant to the action
of chemotherapeutics that act on proliferating cells.
A similar mechanismmight as well be responsible for
the observed enhanced drug resistance of LCs, when
they adhere to a stromal 3D microenvironment [61].
In the present study, a reduction in KG-1a cell pro-
liferation was observed for IMA treatment in 2D cul-
ture but not in 3D as shown by proliferation progres-
sion analyses. The cytostatic effect of IMA on KG-1a
cells in 2D was observed previously [62]. Consider-
ing the increased chemotherapeutic resistance in the
3D culture described before, the effect of IMA in the
2D culture is explainable. The cells are less resistant
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in 2D due to the missing supportive effects from a
3D environment leading to a reduced proliferation
observed after IMA treatment. All in all, for some
drugs a stronger cellular response of healthyHSPCs—
reflecting toxic side effects of the chemotherapeut-
ics on healthy cells—and enhanced resistance of dis-
eased LCs could be observed in 3D. Therefore, drug
testing in 2D alone, could lead to underestimation of
the toxicity on healthy cells while overestimating drug
response of the diseased cells.

The combinatory analysis of CD34 and CD45RA
allows discrimination of early and more progressed
HSPCs [2]. CD34 expression was additionally correl-
ated to the survival and proliferation of LCs [63]. This
finding is in line with the present study showing that
the CPA treatment yields a significant reduction of
CD34+/CD45RA+ cells as well as a reduced survival
and proliferation after static 2D culture and dynamic
3D culture. The observed effect of CPA on the per-
centage of CD34+/CD45RA+ cells was lower in the
dynamic 3D system than in the static culture. Thus,
the enhanced resistance of KG-1a cells against chemo-
therapeutics in the stromal 3D environment that we
observed via proliferation experiments, could be veri-
fied using cell surface markers that correlate with the
proliferation of LCs. All in all, similar to earlier stud-
ies reporting enhanced drug resistance of LCs inter-
acting with a stromal 3D environment [21, 57, 64],
we also observed enhanced resistance against chemo-
therapeutics when KG-1a cells were cultured in the
magnetic 3D hydrogels supported by stromal cells
indicated by altered proliferation and cell surface
marker expression.

During leukemia, LCs coexist in bone marrow
not only with the stromal microenvironment but
also with the healthy hematopoietic system includ-
ing HSPCs. Thus, a triple 3D co-culture consisting
of LCs (KG-1a), HSPCs and MSCs was set up as a
leukemic model to mimic this state more closely. This
allows simultaneous analyses of both the healthy and
diseased hematopoietic cells in response to chemo-
therapeutic drugs. The results obtained in double and
triple co-cultures differed from each other. In both
cases, treatment with 5-FU decreased the prolifera-
tion of HSPCs and tended to decrease that of KG-1a
cells. However, differentiation and viability of HSPCs
were only significantly reduced in the double co-
culture but not in the triple co-culture. This demon-
strates that analyzing the effect of a drug in an envir-
onment similar to in vivo may be very useful with
regard to detection of chemotherapeutic resistance.
5-FU treatment of KG-1a cells led to a changed pro-
liferation profile with a higher percentage of less-
proliferated cells compared to the controls under all
culture conditions. This reflects the situation in vivo,
where LCs may reside in a quiescent state and thus
become resistant to chemotherapy [39, 65]. Early
HSPCs usually also reside in a quiescent state in vivo.
However, upon treatment with myeloablative agents,

early HSPCs may be mobilized, leave the protective
niche and enter the cell cycle [66]. This might explain
why in our experiments no protective effect of the
environment on HSPCs could be observed under 5-
FU treatment, indicated by similar proliferation pro-
files in the double and triple co-cultures. While in
the present study rather the endosteal/stromal com-
partment of the HSC niche was mimicked, inclu-
sion of the vascular compartment in such systems, as
elegantly shown in previous studies [19, 24], could
enhance the biomimicry and relevance of the system
even further.

In many 3D culture systems, monitoring cell
behavior is usually done by endpoint analysis that
requires destruction of the system and thus, reflects
only one time point of the experiment and termin-
ates it. Therefore, analysis of metabolites in the super-
natant of 3D cultures is a promising approach to
monitor the status of the cells in culture over time.
It was shown that analyzing the concentrations of
amino acids and metabolites like glucose, lactate
and adenosine provides information about cell beha-
vior [28, 67, 68]. Here, it was shown that chemo-
therapeutic treatment affected the metabolic activ-
ity of HSPCs and KG-1a cells in co-culture with
MSCs, indicated by an altered consumption of gluc-
ose and production of lactate and adenosine com-
pared to the controls. Thus, the analysis of glucose,
lactate and adenosine from the culture supernatant
was suitable to assess the cell response to the treat-
ment with chemotherapeutics, as the overall shifts
in the metabolite levels reflected the observed effects
on the cells determined in the endpoint analyses of
the experiments.

All in all, the dynamic 3D model for the healthy
and leukemic niche can be monitored via determ-
ination of metabolite concentrations. Analysis of
the supernatant of cell culture represents a non-
invasive and sensitive way of assessing chemothera-
peutic effects and drawing conclusions about possible
resistances.

5. Conclusion

In this work, a novel drug-testing device allowing
parallelized analysis in perfused biomimetic 3D leuk-
emic niche analogs is presented. The importance to
find a suitable therapy for individual patients in order
to avoid possible complications is indisputable. For
this purpose, the impacts of possible therapies on
the patient cells need to be investigated. The presen-
ted approach allows not only to find drugs affect-
ing the LCs but also to spare the healthy cells by
assessing effectivity and hematotoxicity at the same
time. In addition, metabolic analysis was shown as
a non-invasive method to monitor the culture con-
ditions closely and investigate the impact of chemo-
therapeutic treatment on the survival and prolifer-
ation of cells. The presented approach is promising
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as a test system for the development of new drugs
as well as the establishment of disease models in
personalized medicine.
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