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ABSTRACT

x vivo studies of human disease, such as acute myeloid leukemia,

are generally limited to the analysis of two-dimensional cultures

which often misinterpret the effectiveness of chemotherapeutics
and other treatments. Here we show that matrix metalloproteinase-sen-
sitive hydrogels prepared from poly(ethylene glycol) and heparin func-
tionalized with adhesion ligands and pro-angiogenic factors can be
instrumental to produce robust three-dimensional culture models, allow-
ing for the analysis of acute myeloid leukemia development and
response to treatment. We evaluated the growth of four leukemia cell
lines, KGla, MOLM13, MV4-11 and OCI-AML3, as well as samples
from patients with acute myeloid leukemia. Furthermore, endothelial
cells and mesenchymal stromal cells were co-seeded to mimic the vascu-
lar niche for acute myeloid leukemia cells. Greater drug resistance to
daunorubicin and cytarabine was demonstrated in three-dimensional
cultures and in vascular co-cultures when compared with two-dimen-
sional suspension cultures, opening the way for drug combination stud-
ies. Application of the C-X-C chemokine receptor type 4 (CXCR4)
inhibitor, AMD3100, induced mobilization of the acute myeloid
leukemia cells from the vascular networks. These findings indicate that
the three-dimensional tri-culture model provides a specialized platform
for the investigation of cell-cell interactions, addressing a key challenge
of current testing models. This ex vivo system allows for personalized
analysis of the responses of patients’ cells, providing new insights into
the development of acute myeloid leukemia and therapies for this dis-
ease.

Introduction

At the interface of in vitro culture models and complex animal models are sophis-
ticated ex vivo models, which rely on our ability to replicate tissue microenviron-
ments in order to sustain the growth of donor cells. Cell-cell and cell-matrix inter-
actions, together with the signaling mechanisms between cells residing within spa-
tially distinct niches, are important for the analysis of disease development and pro-
gression, and responses to drugs. Acute myeloid leukemia (AML) is a disease asso-
ciated with 5-year survival rates of less than 40% in adults,"® although this figure
decreases to less than 10% for adults aged over 65 years old.>®* AML is characterized
by an uncontrolled expansion of immature blasts resulting in a reduced normal
blood cell production. Leukemic cell proliferation and resistance to chemotherapy
have remained difficult to investigate ex vivo** since conventional two-dimensional
(2D) cell cultures cannot provide long-term maintenance of primary leukemic cells

EUROPEAN
HEMATOLOGY
ASSOCIATION

Ferrata Storti
Foundation

Haematologica 2017
Volume 102(7):1215-1226

Correspondence:
Laura.bray@qut.edu.au

Received: October 8, 2016
Accepted: March 27, 2017
Pre-published: March 30, 2017.

doi:10.3324/haematol.2016.157883

Check the online version for the most updated
information on this article, online supplements,
and information on authorship & disclosures:

www.haematologica.org/content/102/7/1215

©2017 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions:
https;//creativecommons.org/licenses/by-nc/4.0/legalcode.
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

oo

BY NC

l haematologica | 2017; 102(7) 1215 -




- L.J. Bray et al.

- haematologica | 2017; 102(7)

without the support of additional growth factors or stro-
mal cells and lack the microenvironmental stimuli of the
bone marrow.

Different bioengineered three-dimensional (3D) culture
systems have, therefore, been developed to study AML
cells in vitro more realistically using, however, stiff and
porous materials as scaffolds and mono-cultures or co-cul-
tures of AML with mesenchymal stromal cells (MSC).*®
While these systems replicated important aspects of the
stromal microenvironment, they did not allow for the
exploration of leukemic-vascular cell-cell interactions
which are critical for leukemia biology and progression.’
The vascular niche, so-called due to its density of blood
vessels, is a location where endothelial cells and mural
cells, such as pericytes, generate a microenvironment that
influences the behavior of hematopoietic and leukemic
stem and progenitor cells.”” In particular, angiogenesis is
promoted by the bone marrow stroma and leukemic
blasts and further increases in conditions such as AML and
acute lymphoblastic leukemia."" Activation by angio-
genic growth factors and cytokines, such as vascular
endothelial growth factor, stromal cell-derived factor 1
and fibroblast growth factor 2, modify the vascular niche
to promote malignant growth.” While a relationship
between AML and vascular endothelium seems likely to
contribute to the progression of AML, the mechanisms
involved in these interactions are not yet understood.""

To recapitulate AML-vascular niche interactions i vitro,
we used a set of thoroughly defined and widely tunable
star-shaped poly(ethylene glycol) (starPEG)-heparin
hydrogels'" to grow cells from four leukemia lines, KG1a,
MOLM13, MV4-11 and OCI-AML3, as well as primary
cells from AML patients, with human vascular endothelial
cells as well as MSC. To support the specific requirements
of the chosen cell types, the gel matrices were functional-
ized with precisely adjusted amounts of covalently
attached adhesion receptor ligand peptide (RGD) motifs.
Matrix metalloproteinase-responsive peptide sequences
were incorporated as hydrogel crosslinkers to allow for
localized cellular remodeling, thus supporting proliferation
and migration of cells within the 3D gel cultures. A com-
bination of growth factors (vascular endothelial growth
factor, fibroblast growth factor 2, stromal cell-derived fac-
tor 1) known to associate tightly with the glycosaminogly-
can heparin was applied to customize the gel matrices
according to previously established protocols to afford
sustainable administration resulting in the formation and
maintenance of 3D endothelial cell capillary networks
within the gels.” To validate the culture model, we deter-
mined the impact of chemotherapeutics and signaling
inhibitors on the tri-culture system and assessed the rele-
vance of our findings. We applied a multi-disciplinary in
vitro approach that integrates biological and physical tech-
niques with human samples, ultimately extending our
understanding of the impact of treatments on cell-cell
interactions.

Methods

Culture of cell lines

KGla, MOLM13, MV4-11 and OCI-AML3 cell lines were
obtained from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ; Braunschweig, Germany) and used within 15
passages. KGla, MOLMI13 and MV4-11 cells were cultured in

medium consisting of Roswell Park Memorial Institute (RPMI, Life
Technologies, Darmstadt, Germany) medium supplemented with
GlutaMax (Life Technologies), 10% fetal bovine serum (FBS;
Hyclone Thermo Scientific, Schwerte, Germany) and 1% peni-
cillin/streptomycin solution (PS; Life Technologies). OCI-AML3
cells were cultured in Dulbecco modified Eagle medium (DMEM,
Life Technologies) supplemented with 10% FBS and 1% PS.

Culture of primary donor cells

The studies were approved by the institutional review boards of
all participating centers of the Study Alliance Leukemia in agree-
ment with the Declaration of Helsinki and registered with
National Clinical Trial numbers 00180115 (AML96 trial),
00180102 (AML2003 trial) and 00180167 (AML60+ trial). Written
informed consent had been obtained from each patient. Three
peripheral blood samples derived from patients with AML were
obtained with ethical permission from the Uniklinikum Dresden,
prepared as previously described,” frozen, and thawed directly for
experiments in hydrogels. Primary AML cells were cultured in
medium consisting of StemSpan SFEM (Stem Cell Technologies,
Grenoble, France) supplemented with 2% FBS for human myeloid
long-term culture (Stem Cell Technologies), 1% L-glutamine, 1%
PS solution (both from Life Technologies), 10 ng/mL FLT3L, 10
ng/mL stem cell factor, 10 ng/mL thrombopoietin, and 10 ug/mL
interleukin 3 (all from R&D Systems, Minneapolis, USA). OCI-
AML3 cells were cultured in DMEM supplemented with 10% FBS
and 1% PS. Human umbilical vein endothelial cells (HUVEC) were
isolated as previously described” and cultured in endothelial cell
growth medium (Promocell, Heidelberg, Germany). MSC were
derived from healthy volunteer donors after informed consent.
The use of surplus bone marrow cells for MSC generation was
approved by the ethics committee of the Technical University
Dresden (Ethics approval ID: EK127042009). Bone marrow-
derived MSC were isolated as previously described” and cultured
in DMEM supplemented with 10% FBS and 1% PS. HUVEC and
MSC were utilized for experiments between passages 1 - 6.

Statistics

All statistical analyses were performed using GraphPad Prism
version 6. Data were analyzed using either one-way or two-way
analysis of variance (ANOVA) (depending on the experiment)
with post-hoc Tukey multiple comparisons’ tests. Levels of statis-
tical significance are reported (*P<0.05, **P<0.01, ***P<0.001 or
“+p<0.0001).

Results

Acute myeloid leukemia-vascular interactions within
starPEG-heparin hydrogels

A tri-culture model of AML-vascular interactions was
established utilizing hydrogels of approximately 200-300
Pa stiffness (storage modulus) (Figure 1A), as this stiffness
was reported optimal for the development of a robust
endothelial network,” and preliminary data showed that
the endothelial cells would not form vascular networks in
y1.0 (1500 Pa) hydrogels (data not shown). Hydrogels were
stable after casting and easily transferred into medium
(Figure 1B). All AML cell lines, KG1a, MOLM13, MV4-11
and OCI-AMLS3, grew similarly within the 3D model. The
colonization and proliferation of AML cells was visualized
via light microscopy (Figure 1C) and confocal microscopy
(Figure 1D-H) after 1 week of tri-culture. AML cell lines
predominantly grew along the HUVEC-MSC vascular net-



work. The AML cell lines were determined to proliferate
in AML-HUVEC and AML-MSC co-cultures in a similar
way as in the AML-HUVEC-MSC tri-cultures (Figure 2).
AML cell proliferation resulted in a heterogeneous mixture
of spheroids and loose cell clumps in contact with the vas-
cular network (Figure 1EJF). Primary donor cells from
patients with leukemia (pAML) grew more slowly than
the AML cell lines, resulting in less dense areas of AML-
vascular interactions (Figure 1I-K). However, pAML cells
appeared as clumps within the vascular network branch-
ing (Figure 11), rarely formed spheroids, and showed pref-
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erence for single cell adherence and growth to the
HUVEC-MSC network (Figure 1],K). The HUVEC-MSC
population displayed expression of CD31, M-CAM,
aSMA, and CD90 (Online Supplementary Figure S1).

Acute myeloid leukemia cells form spheroids within
starPEG-heparin hydrogels

AML mono-culture models were generated by culturing
KGla, MOLMI13, MV4-11 and OCI-AMLS cells within
starPEG-heparin hydrogels of various stiffness or in
Matrigel™ over 2 weeks. To determine the optimal stiff-

Figure 1. A three-dimensional culture
model of acute myeloid leukemia-vas-
cular interactions. (A) A biohybrid
starPEG-heparin hydrogel was utilized
which allows for the culture of AML
mono-cultures and tri-cultures with
HUVEC and bone marrow-derived MSC.
B) Macroscopic image of final cast
hydrogel before culture. Scale bar = 5
mm. (C) Light microscope and (D,H)
confocal images of the OCI-AML3 cell
line (as a representative of all cell lines
utilized in this study) in tri-culture with
HUVEC and MSC after 7 days depicting
(D, G, H) CD31 and (E, F) CD45 expres-
sion. Images display leukemia cell
growth primarily along the vascular
endothelial cells. (l) Light microscope
and confocal images (J,K) of primary
donor cells from a patient with AML in
tri-culture with HUVEC and MSC after 7
days. Scale bar = 100 and 200 um as
indicated. Images display the prefer-
ence of leukemia cells to attach to and
grow along vascular structures or within
vascular branching.
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ness for the culture of AML cells within starPEG-heparin
hydrogels, three different cross-linking degrees were
investigated (y0.75, y1, and y1.5, where y is the molar ratio
of PEG to heparin). As previously described, the approxi-
mate stiffness of these cross-linking degrees equate to 500
Pa, 1500 Pa, and 3000 Pa (storage modulus), respectively.”
Hydrogels prepared at y0.75 often disintegrated during the
culture period. Proliferation was measured using
PrestoBlue reagent. Hydrogels prepared at y1 allowed the
greatest proliferation when compared with 2D cultures
and contained spheroids of the largest size amongst all
cross-linking degrees (Figure 3A-D). Matrigel™ cultures
consistently allowed the greatest proliferation compared
with both 2D cultures and starPEG-heparin cultures.
Human pAML cells derived from three different donors
were only cultured in y1 hydrogels. In all three donor sam-
ples, a heterogeneous population of cells was present, as
evidenced by the mixture of spheroids, loose cell clumps,
and single cells (Figure 3E). In some cases, elongated cells
were also present.

Acute myeloid leukemia cells display similar
functionality and phenotype between two- and
three-dimensional cultures

Migration assays and colony-forming assays were per-
formed to determine whether the different matrices
affected AML migratory abilities and clonogenicity,
respectively. Migration of AML cells cultured in starPEG-
heparin hydrogels was decreased compared to that in 2D
cultures (Online Supplementary Figure S2A; KGla: 67.51% +
32.66; MOLM13: 66.93% = 38.17; MV4-11: 29.82% =
15.95; OCI-AML3: 38.27 % =+ 23.97). This might be due to
residual hydrogel fragments blocking the pores. In the
colony-forming experiment, while the number of MV4-11
colonies derived from 3D cultures was decreased com-
pared with that from 2D cultures (55.45% + 17.65), KG1a,
MOLM13 and OCI-AMLS colony formation was not or
only marginally reduced in 3D cultures (Online
Supplementary Figure S2B,C; 87.08% =+ 2.103; 98.06% =+
0.02; 88.16% =+ 42.78). Flow cytometry analysis of 3D and
2D mono-cultures showed similar marker expression with
the following exceptions. MOLM13 3D mono-cultures
displayed higher mean fluorescence intensities (MFI) of

OCI-AML3 + MSC

CD33 and CD54, while MOLM13 2D cultures displayed
higher MFI of CD29 (Online Supplementary Figure S3A).
MV4-11 2D cultures showed higher MFI of HLA-DR and
CD29 compared with 3D cultures. OCI-AML3 2D cul-
tures demonstrated higher MFI of CD45 and CD54 than
3D cultures. Positive expression of target antigens in AML
3D and 2D cultures is detailed in Omnline Supplementary
Table S1. Immunostaining for integrin o4, CD44 and
CD54 was similar between all AML cells (Online
Supplementary Figure S3B). Higher MFI of CD45 and HLA-
DR was found in mono-cultures and higher MFI of CD49e
and CD29 was found in pAML tri-cultures compared to
mono-cultures. Immunostaining revealed similar expres-
sion of CD44 and CD34 in all three donors (Online
Supplementary Figure S3C).

Acute myeloid leukemia three-dimensional tri-cultures
demonstrate increased resistance to daunorubicin
and cytarabine

The AML y0.63 tri-cultures and y1 mono-cultures were
treated with seven different doses of daunorubicin and
cytosine B-D-arabinofuranoside (cytarabine, AraC) and
compared with 2D mono-cultures for 24 h. Compared
with the 3D mono-cultures and tri-cultures, AML cells cul-
tured in 2D were most sensitive to the drug doses applied
(Figure 4B). Significant differences were found between
KGla 2D and 3D tri-culture cell viability after treatment
with 0.20 uM daunorubicin (Figure 4B), and at all cytara-
bine concentrations tested except for 1,000 wM (Online
Supplementary Figure S4B). MOLM13 tri-cultures were sig-
nificantly more resistant than 2D cultures when treated
with 0.10, 0.20 or 1.00 uM of daunorubicin (Figure 4B),
and at most cytarabine concentrations (Online
Supplementary Figure S4B). The number of viable cells was
significantly higher in MV4-11 3D tri-cultures than 2D
mono-cultures when treated with 0.01, 0.10, 0.20, 1.00, or
5.00 wM daunorubicin (Figure 4B), and at all cytarabine
doses tested (Online Supplementary Figure S4B). Compared
with 2D mono-cultures, OCI-AML3 3D tri-cultures dis-
played higher numbers of viable cells at 0.10 and 0.20 uM
daunorubicin treatment (Figure 4B), and significantly
increased resistance at all cytarabine concentrations tested

OCI-AML3 + HUVEC

Figure 2. OCI-AML3 co-culture with
either human umbilical vein
endothelial cells or mesenchymal
stem cells. Confocal images of the
OCI-AML3 cell line (as a representa-
tive of all cell lines utilized in this
study) in co-culture with MSC (left) or
HUVEC (right) after 7 days of culture.
Images display CD45" leukemia cell
growth along both network types.
Scale bar = 100 um.
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Figure 3. Three-dimensional mono-cultures for the culture of acute myeloid leukemia spheroids. Growth of (A) KG1la, (B) MOLM13, (C) MV4-11 and (D) OCI-AML3
cell lines was investigated in 3D. AML cells were cultured in starPEG-heparin hydrogels (upper left image) or in Matrigel™ (lower left image). Comparison of cell growth
(upper right graph) and spheroid size (lower right graph) over 14 days was performed using three different cross-linking degrees of hydrogel (y0.75, y1, y1.5). (E)
Primary donor cells from two patients with AML were cultured in starPEG-heparin hydrogels as a mono-culture. Cell line experiments were performed at least twice
with three technical replicates (n=2). Data are displayed as mean + SD. pAML experiments were performed once in triplicate (n=1). The graph displays only the
means. Cultures displayed heterogeneous distribution of cells, with each donor’s cell growing both as spheroids and single cells. Three photographs per technical
replicate were utilized for Imagel spheroid measurements as a minimum. *Indicates statistical significance: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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were cultured as 3D mono-cultures (left confocal images) or 3D tri-cultures (right confocal images). Confocal cross-section (bottom confocal image) shows homoge-
neous distribution of AML mono-culture throughout hydrogel. Mono-cultures (right graph) and tri-cultures (left graph) were treated with two concentrations of
daunorubicin. Graphs show only the means. Cell line experiments were performed at least three times in triplicate (n=3-4). pAML experiments were performed once
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(Online Supplementary Figure S4B). AML spheroid size in
mono-cultures was inversely correlated with daunoru-
bicin concentration (Figure 4A,C). Generally, EC;, values
for tri-cultures were increased in all cell lines when com-
pared with 2D and 3D mono-cultures (Table 1). While
pAML cells from donors 1 and 2 only demonstrated
reduced viability at 5.00 wM daunorubicin, pAML cells
from donor 3 had increased susceptibility to daunorubicin
treatment with reduced viability at both 0.20 and 5.00 uM
(Figure 4D). Cells from donor 1 demonstrated resistance to
cytarabine therapy, while those from donor 2 showed a
trend towards decreased viability upon treatment (Online
Supplementary Figure S4D). The binding constants (Kb) for
daunorubicin and cytarabine to the hydrogels reflect the
hydrophilic character and number of positively charged
groups of the molecules (Table 2). Cytarabine has a higher
Kb than daunorubicin, indicating that cytarabine has a
slightly higher affinity to the hydrogels (stronger electro-
static interaction with heparin) than daunorubicin. The
lower the affinity of a drug to the hydrogels, the easier it
is for the drug to diffuse through the hydrogels (Online
Supplementary Figure S7).

The CXCR4 antagonist, AMD3100, induced mobilization
of acute myeloid leukemia cells from the vascular
network but failed to increase daunorubicin efficiency
in three-dimensional tri-cultures

The CXCR4/CXCR12 axis is thought to be the mecha-
nism through which leukemia cells are protected from
chemotherapeutics by the stromal microenvironment.””
Therefore, antagonists targeting this mechanism (e.g.
AMD3100) have been developed for use in combination
with chemotherapy such as cytarabine or daunoru-
bicin.®” Sorafenib, a multi-tyrosine kinase inhibitor, has
also been shown to have antileukemic efficacy when
added to standard chemotherapy.® The application of
AMD3100 significantly reduced AML-vascular contact in
KGla, MOLMI13 and MV4-11 cultures (Figure 5A,B).
When OCI-AMLS3 cultures were treated with 2.5 ug/mL
AMD3100, a contrasting effect occurred whereby AML-
vascular contact increased significantly upon treatment
(Figure 5B). Similar results were found for the pAML cul-
tures (Figure 5C). Donors 1 and 3 both displayed
decreased AML-vascular contact upon application of
AMD3100, while donor 2 showed increased contact
(Figure 5C,D). Numbers of viable cells remained
unchanged in all three donors after AMD3100 treatment
(Figure 5D). Using 3D analysis, no changes in vascular net-
work volume were visualized (Online Supplementary Figure
S8). However using 2D maximum projection analysis,
increased percentage vessel area was found in KGla and
OCI-AML and increased total vessel length was found in
OCI-AML3  after AMD3100 treatment (Online
Supplementary Figure S8). In the pAML cultures, 3D analy-
sis showed increased network volume in donors 1 and 2
and decreased network volume in donor 3 (Ounline
Supplementary Figure S9). Using 2D analysis it was seen
that donors 1 and 3, but not donor 2, had decreased vessel
area and length upon treatment with AMD3100 (Online
Supplementary Figure S9). CXCR4 expression was similar
between MOLM-13, MV4-11 and OCI-AMLS3 cell lines,
whereas some heterogeneity was seen between pAML
donors 1 and 2 (Online Supplementary Figure S10). When
AMD3100 or sorafenib was utilized as a pre-treatment for
daunorubicin, no significant increase in daunorubicin tox-
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icity was quantified for all cell lines tested (Omnline
Supplementary Figure S5A,B). The binding constants for
AMD3100 and sorafenib to the starPEG-heparin hydro-
gels are presented in Table 2. AMD3100 has a higher Kb
than sorafenib, thus indicating that AMD3100 has a high-
er affinity to the hydrogels whereas the more hydropho-
bic sorafenib has a low affinity to the hydrogels (Online
Supplementary Figure S7).

The combination of daunorubicin and cytarabine
treatment resulted in complete ablation of acute
myeloid leukemia three-dimensional tri-cultures

To mimic the clinical scenario as closely as possible, the
approximate values for standard induction therapy, with a
combination of cytarabine and daunorubicin, were calcu-
lated for traditional human and murine treatments and
applied to the 3D cultures based upon the dimensions of
the hydrogels (Figure 6A). Five days after treatment, the
percentage of live cells was approximately 10% and
below (Figure 6B). Tri-cultures were maintained in normal
medium for 14 days after treatment to examine any
relapse or regrowth of AML cells. However, at day 14 after
treatment, cell activity was completely obliterated, or in
any case under the detection limit for the cell viability
assay. Similar results were observed in the pAML cultures,
with all three donors showing few or no metabolically
active cells 5 days after treatment (Figure 6C).

Discussion
Vascular endothelial cells are a critical component of the

hematopoietic microenvironment that regulates blood cell

Table 1. EC,, half-maximal response values for daunorubicin in KG1a,
MOLM13, MV4-11 and OCI-AML3 models.

Model Daunorubicin
EC;, (uM)
KGla2D 0.105
KGla 3D 0.092
KGla Tri-culture 0.239
MOLMI3 2D 0.020
MOLMI3 3D 0.038
MOLMI3 Tri-culture 0.303
MV4-11 2D 0.006
MV4-11 3D 0.012
MV4-11 Tri-culture 0.178
OCI-AML3 2D 0.057
OCI-AML3 3D 0.132
OCI-AML3 Tri-culture 0.312

Table 2. Observed binding constants of drugs to starPEG-heparin
hydrogels.

Drug Observed hinding constant (K,

Daunorubicin 0.87 £ 0.07 M*
Cytosine -D-arabinofuranoside (cytarabine) 3+03M!

AMD3100 12.73 £ 0.17 M!
Sorafenib 0.79 + 0.08 M*
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production. The stromal microenvironment promotes
malignant progression through signaling factors, cell-
matrix and cell-cell interactions or alterations in the sur-
rounding matrix.* Although the role of the stromal
microenvironment in solid tumor development and pro-
gression is well established,* the role of the stromal
niche in AML progression is relatively unknown. Cell-cell
interactions between the vascular niche and malignant cell
types may play an important role in the pathophysiology
of AML. Higher microvascular density is known to occur
in the bone marrow microenvironment of patients with
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hematologic malignancies,' and may correlate with
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resistance to therapy.® Signaling cross-talk between
endothelial and AML cells has been demonstrated in in
vitro cultures.”™ Threfore, AML-vascular niche interac-
tions in AML progression define a pressing area of
research.’

The growth and capillary network formation of HUVEC
within the applied platform of biohybrid glycosaminogly-
can hydrogels has previously been demonstrated.”
Typically, hematopoietic stem cells are found in the vicin-
ity of vascular endothelium.” In fact, endothelial cells are

Figure 5. Treatment of three-dimen-
sional acute myeloid leukemia tri-
cultures with the CXCR4 inhibitor,
AMD3100. (A) Confocal images of
AML cell lines untreated (upper row)
or treated (lower row) with 2.5
pug/mL AMD3100. (B) Percentage of
AML cell-cell contact with HUVEC
and MSC compared with respective
untreated control samples (left) and
viability of AML tri-cultures after
treatment with AMD3100 (right). (C)
pAML from a patient with AML
untreated (left) or treated (right)
with 2.5 ug/mL AMD3100. Data dis-
played as mean + SD. (D)
Percentage of pAML contact with
HUVEC and MSC after AMD3100
treatment compared with the
untreated control sample (left) and
viability of AML tri-cultures after
treatment with AMD3100 (right).
Data are displayed as mean +SD
(variability within experiment, n=1;
left), and mean only (right). Cell line
experiments were performed at
least three times in triplicate (n=3-
4). pAML experiments were per-
formed once in triplicate (n=1).
Three photographs per technical
replicate were utilized for Imagel
AML-vascular contact measure-
ments as a minimum. *Indicates

IPAML Bonor 1

statistical significance between

treated samples and respective con-

o°"\ oo"lr oox‘—* trol: *P<0.05, **P<0.01,
& & & *%%P<0.001, ****P<0.0001.
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Figure 6. “Induction” treatment and “relapse” of acute myeloid
leukemia tri-cultures. (A) Light microscope images of AML cell
lines treated with human (hu) equivalent induction dose (left),
murine (ms) equivalent induction dose (center) or daunorubicin
(DNR) only (right). Doses were based upon standard clinical
treatments (hu) or standard murine model chemotherapy
regimes (ms) for AML. (B) Percentage of AML live cells after
induction treatment and 14 days after treatment (relapse; R)
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compared with the respective untreated control sample. (C)
Primary donor cells (pAML) from a patient with AML treated with
0 hu induction (left). Percentage of pAML cell viability compared
& O with that of the untreated control sample (right). Experiments
°°o° °°o° were performed once in triplicate (n=1).
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reported to increase the proliferation of AML cells when in
co-culture.” AML cells have a reduced cell cycle activity
once attached to endothelial cells and are protected from
standard chemotherapy. In this context, our results
demonstrate the preference for AML cells to adhere to and
proliferate on the endothelial network. While pAML cells
did not proliferate as fast as the cell lines, they remained
in close proximity to the endothelial network. Future stud-
ies may explore the role of specific integrins and adhesion
molecules in the attachment of AML cells to the vascular
endothelium and their localization during 3D mono- and
tri-cultures, and integrin inhibition may reveal specific cas-
cades promoting AML-vascular interactions.

In this study, four different AML cell lines were tested
to represent various subtypes of AML:” KGla, an MO
classified immature AML cell line, MOLM13, an Mb5a
classified AML cell line known as acute monocytic
leukemia, MV4-11, an M5 classified cell line derived from
biphenotypic B-myelomonocytic leukemia, and OCI-
AML3, an M4 classified AML known as acute
myelomonocytic leukemia. In this study, pAML cells
derived from three different patients were utilized for the
various experiments (Online Supplementary Table S2).
Donor 1 was a 77-year old male with M2 classified AML
(with myelodysplasia-related changes) whose cells were
harvested from the bone marrow at initial diagnosis. The
AML was negative for FLT3-ITD. Donor 2 was a 65-year
old male with M1 classified AML (without maturation)
whose cells were harvested from the peripheral blood at
initial diagnosis. His AML was also negative for FLT3-
ITD. Donor 3 was a 75-year old male with M1 classified
AML (with myelodysplasia-related changes): his cells
were harvested from peripheral blood during a progres-
sive/refractory stage of disease. Molecular genetics analy-
sis was not available for this donor due to a lack of molec-
ular testing. With regards to the growth of the four AML
cell lines tested, it was seen that the cell viability was
reduced in 3D cultures when compared with 2D cultures.
AML cells grown within Matrigel™ developed loose
clumps of cells, whereas in hydrogels the cells formed
tight spheroids. When pAML cells were cultured within
our customized biohybrid hydrogels, a heterogeneous
population developed, which is typical of an unsorted
peripheral blood sample. These results underline the soft-
er mechanical properties and inherent growth factor pres-
ence within Matrigel™ in comparison with our gly-
cosaminoglycan-based hydrogels. When cultured to spe-
cific time points, the established hydrogel mono-cultures
effectively allow the production of AML spheroids of dif-
ferent sizes for subsequent studies.

In our culture model, the AML tri-culture displayed
increased resistance at some daunorubicin concentrations
using MOLM-13 and MV4-11 cell lines when compared
with 2D and 3D mono-cultures, and to a lesser extent in
OCI-AMLS3 cell lines. However, this effect was not visual-
ized in KGla cultures. Moreover, when cytarabine was
applied, our 3D model did not show decreased cell viabil-
ity, although an increase in treatment concentration or
duration of treatment may expose different effects. These
findings are similar to those previously reported by other
research groups, who suggested that AML cells that are
adherent to endothelial cells become more resistant to
cytarabine.”* Moreover, cell adhesion-mediated drug
resistance to HUVEC and MSC, regulated by integrins,
can lead to a decrease in response to chemotherapy.”

- L.J. Bray et al.

Another important method for the clinical treatment of
AML is the use of CXCR4 antagonists to block the
CXCR4/CXCL12 axis and prevent AML cells from niche
protection, and thus, in theory, make combination thera-
pies more effective. In our hydrogel-based 3D tri-culture
model, a significant increase in AML mobilization was
observed when AMD3100 was applied to the cultures,
except in the case of OCI-AML3. It could be that
AMD3100 affects this subtype of AML in an opposing
manner, and this method of treatment would not, there-
fore, be recommended clinically, although, given the high
expression of CXCR4 on the surface of OCI-AMLS3 cells,
also associated with poor prognosis,”* it could be that a
more potent antagonist is required.” It is important to
note that differences in HUVEC/MSC network density
were sometimes visualized between leukemia cell types in
these experiments. It may, therefore, be possible that
AMD3100 is in fact altering the network structures, thus
making it more difficult for leukemia cells to come into
contact with the network, rather than inducing mobiliza-
tion of leukemia cells. More in-depth 3D quantification is
needed to analyze microenvironmental changes in the
future and further studies are required to determine the
mechanistic effects of AMD3100 on different AML sub-
types.

Other than the application of AMD3100, there are sev-
eral clinically relevant aspects of our study. Induction
treatment is given to AML patients as a ‘first-line’ therapy.
Usually, induction therapy results in ablation of the bulk
of malignant cells in order to remove the leukemia from
the patients’ hematopoietic system. To eradicate the resid-
ual leukemic cells, further consolidation therapy is
applied, ideally to extinguish even minimal residual dis-
ease and to achieve a cure. Our data here show the effec-
tiveness of equivalent induction therapy doses on our 3D
microenvironment model, and complete ablation of
leukemia cell lines without re-growth after 2 weeks.
Future experiments should explore the development of
long-term cultures (3-6 months) and the effects of induc-
tion therapy, relapse and consolidation therapy. As the
minimal residual disease status after chemotherapy is of
major prognostic significance,” the biology and dynamics
of residual leukemia cells after therapy could be an inter-
esting application of the novel tri-culture model.

Using specimens from AML patients as well as cell lines,
we provide experimental evidence supporting the clinical
relevance of our results. We have demonstrated not only
that AML interactions with vascular endothelial cells are
modulated by the CXCR4/CXCL12 axis within our engi-
neered microenvironments, but also that not all subtypes
of AML respond in the same way. We must also state the
limitations of the study here, in which pAML experiments
were performed with three patients’ samples in parallel
triplicates; the conclusions drawn from our studies should,
therefore, be considered exploratory. Although detailed
risk classifications, based mainly on genetic abnormalities,
have been shown to project the outcome of patient
cohorts accurately, the outcome of individual patients still
remains quite unpredictable. Additional information, for
example on responsiveness towards a treatment approach,
would therefore provide a new perspective to refine out-
come predictions. Standard treatments are recommended
for AML patients because of known improved outcomes,
however with the absence of a personalized testing sys-
tem, patients who do not respond to standard treatments
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are left without targeted disease management. Hence, our
findings provide a new perspective on the impact of drug
treatments, both standard and those in trials, on cell-cell
interactions in a 3D microenvironment.

In summary, our AML tri-culture model enables exten-
sive analysis of leukemia-vascular interactions. Relying on
a thoroughly tunable hydrogel matrix platform, AML cells
have been, for the first time, successfully co-cultured with
both HUVEC and MSC. Importantly, the approach offers

An ex vivo model of acute myeloid leukemia -

that the approach will become instrumental in future
extensive chemotherapeutic-signaling inhibitor combina-
tion treatment analyses as well as in the definition of indi-

vidualized treatment modalities for AML patients. Beyond

exciting, unprecedented options for the visualization of

AML-vascular interactions after the application of anti-
cancer compounds, which is particularly important for
investigating the impact of chemotherapeutics on post-
application cellular responses. The response of our model
to the administration of anti-CXCR4 demonstrated mobi-
lization of leukemia cells from the vascular niche, support-
ing the in vivo-like behavior of the organotypic scaffold.
Moreover, our 3D AML co-cultures showed a significantly
increased resistance to chemotherapeutics compared with
2D cultures, confirming the greater clinical relevance of
the hydrogel-based model we presented. We anticipate
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