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Abstract

Targeting cancer microenvironment is currently one of the major directions in drug development and
preclinical studies in leukemia. Despite the variety of available chronic myelogenous leukemia 3D
culture models, the reproducible generation of miniaturized leukemia microenvironments, suitable
for high-throughput drug testing, has remained a challenge. Here, we use microfluidics to generate
over ten thousand highly monodisperse leukemic-bone marrow hydrogel microbeads per minute. We
employ gelatin methacrylate (GelMA) as a model extracellular matrix (ECM) and tune the
concentration of the biopolymer, as well as other possible components of the ECM (fibrin, hyaluronic
acid), cell concentration and the ratio of leukemic cells to bone marrow cells within the microbeads.
This allows to achieve optimal cell viability and the propensity of the encapsulated cells to
microtissue formation, while also warranting long-term stability of the microbeads in culture. We
administer model kinase inhibitor, imatinib, at various concentrations to the microbeads and, via
comparing mono- and co-culture conditions (cancer alone vs cancer-stroma), we find that the
stroma-leukemia crosstalk systematically protects the encapsulated cells against the drug-induced
cytotoxicity, confirming therefore that our system mimics the physiological stroma-dependent
protection. We finally discuss applicability of our model to (i) studying the role of direct- or close-
contact interactions between leukemia and bone marrow cells embedded in 3D ECM on the stroma-
mediated protection, and (ii) high-throughput screening of anti-cancer therapeutics in personalized
therapies.


mailto:k.piwocka@nencki.edu.pl
mailto:jguzowski@ichf.edu.pl
https://doi.org/10.1101/2024.01.10.575000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.575000; this version posted January 12, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Introduction

The development of cancer microenvironment (CME) models has become one of the critical
objectives in preclinical studies. CMEs have been previously addressed mostly in the context of solid
tumors, however, more recently, it has become evident that the proper modeling of the
microenvironment in cancers not forming solid tumors, such as myeloid leukemias, including chronic
myeloid leukemia (CML), remains equally important (Federica Barbaglio et al., 2020; Hermansen et
al., 2023; Scielzo and Ghia, 2020).

Unfortunately, the physiologically relevant and reproducible leukemia CME models are lacking. While
the standard suspension leukemic cell cultures are not fully suitable to address the interactions of
the leukemic cells with the bone marrow microenvironment (BMM), the available in vivo or ex vivo
models — even though physiologically relevant — have significant limitations including, among others,
high costs, low throughputs (as animal experiments are time-consuming), and low reproducibility. At
the same time, the worldwide trends in biomedical research as well as the new FDA and EU
regulations are inevitably directed toward the reduction of animal testing and the development of
more reliable preclinical research methods (Moutinho, 2023). In particular, the new techniques of 3D
cell culture capable of recapitulating the biological complexity of the leukemic CME via combining
multiple CME-associated cell types together with the cancer-specific extracellular matrix (ECM) in a
predefined (biomimetic) spatial arrangement are urgently needed.

In general, the development of leukemic 3D microenvironment models remains challenging due to
the intrinsic complexity of the leukemic CME which includes a variety of bone marrow cells and
signaling pathways (Simioni et al., 2021). For example, it has been previously shown that the myeloid
malignant cells can induce extensive niche remodeling when growing in the bone marrow and
disrupt the normal perivascular niche by reducing CXCL12 production (Colmone et al., 2008).
Furthermore, cancer cells produce large amounts of stem-cell factor (SCF), attract normal
hematopoietic stem cells and modify their proper functioning (Duan et al., 2014). Additionally, as we
have shown in our previous work, leukemic cells with an active-adaptative stress response, secrete
enzymes that modulate the extracellular matrix and remodel invasiveness potential of the cells
(Podszywalow-Bartnicka et al., 2016). On the other hand, stromal cells, by either direct- or indirect
crosstalk with leukemic cells, significantly change their biology by activating a protective response. As
a result — via enhancing the metabolic plasticity, pro-survival signaling and proliferation of leukemic
cells — the bone marrow cells may favor the persistence and progression of leukemia, including the
self-renewal capacities of the malignant progenitor cells (Vianello et al., 2010). Overall, the bone
marrow microenvironment is known to contribute to myeloid malignancies and protect CML cells
from drug-induced cytotoxicity through various routes of intercellular communication (Chen et al.,
2021; Dolinska et al., 2023; Joshi et al., 2021; Kolba et al., 2019; Korn and Méndez-Ferrer, 2017; Le et
al., 2020; Pal et al., 2022; Patterson and Copland, 2023). For example, immunosuppression and T-cell
exhaustion (Swatler et al., 2022b, 2022a) are promoted in the presence of leukemic extracellular
vesicles (EVs).

Importantly, stromal cells serve as the driver of cytoprotective signaling in leukemia, participating in
developing resistance to anti-cancer treatments. This includes resistance to tyrosine kinase inhibitors
(TKIs) (Deininger et al., 1997; Druker et al., 2001, 1996; Melo and Chuah, 2007; Kolba et al., 2019;
Kumar et al., 2017) as well as against PARP1 inhibitors (Le et al., 2020; Podszywalow-Bartnicka et al.,
2019; Tobin et al., 2013) considered the novel personalized therapy in leukemias. Various types of
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interactions between the bone marrow stromal and leukemic cells that influence therapeutic
effectivity in myeloid leukemias have been reported (Park et al., 2022; Saito et al., 2021; Kolba et al.,
2019; Le et al., 2020; Wolczyk et al., 2023), therefore they should be addressed when designing the
effective therapeutic strategy. Furthermore, it has been shown by others (Schepers et al., 2013) that
leukemic cells can actively remodel their environment, and such bone marrow niche dysregulation
negatively affects treatment outcomes (Agarwal et al., 2017; Zhang et al., 2016, 2013). Overall,
targeting the elements of the bone marrow environment is currently considered one of the
promising directions toward successful therapies for leukemia that alleviate the acquisition of a
chemoresistant phenotype. Therefore, the drug development process should also address the
microenvironment effects.

Most of the previous approaches toward modeling drug resistance in the leukemic CME have been
limited to 2D cultures or the suspension co-cultures of leukemic and bone marrow cells. Despite the
superior physiological relevance of the 3D culture, reliable 3D leukemia CME models that could
mimic the close interactions of cancer-stromal cells, the adhesion of cells to the extracellular matrix,
and the signaling of soluble factors that modulate their response to therapeutics (Al-Kaabneh et al.,
2022; Araujo-Ayala et al., 2023; Fontana et al., 2021; Habanjar et al., 2021; Scielzo and Ghia, 2020))
remain scarce. Here, we use droplet microfluidics to co-encapsulate human CML cancer cells (K562)
and stromal bone marrow cells (HS-5) inside gelatin methacrylate (GelMA) hydrogel microbeads and
we demonstrate their use as miniature, highly reproducible models of the leukemic bone marrow
microenvironment and leukemia-stroma crosstalk.

In particular, we use our leukemic microenvironment model to study the stroma-mediated
protection of the leukemic cells against a model drug (tyrosine kinase inhibitor - imatinib), which
remains a major challenge in the effective eradication of leukemic cells. In fact, despite excellent
efficacy and improved clinical response levels acquired by tyrosine kinase inhibitors in leukemic
patients in the chronic phase, the effects of drug resistance or relapse are observed in a significant
number of patients, even after the initial success (Bhamidipati et al., 2013; Jabbour et al., 2013). This
resistance is an emerging problem in clinical practice, and a challenge in CML research and drug
discovery (Jabbour et al., 2011)). The precise and reproducible leukemic microenvironment models
that we demonstrate in this work may be utilized directly in leukemia research or developed further
towards an integrated platform incorporating automated methods of microtissue manipulation, e.g.,
via their bioprinting (Germain et al., 2022; Wei et al., 2022). Such platforms could be used for high-
throughput studies on the mechanisms of drug resistance and other pre-clinical tests on leukemic
cells as well as for the development of personalized anti-cancer therapies.

Results

In our leukemic bone marrow microenvironment model, we use the BCR-ABL1-positive chronic
myeloid leukemia (CML) K562 cells as the leukemic cell line and HS-5 as the stromal cell line. The HS-
5 cell line can reproduce the effect of primary bone marrow MSCs in tumor biology and
immunomodulation and therefore it has been widely utilized as a model bone marrow stromal cell
type in leukemia studies (Adamo et al., 2020). Both cell lines are commonly used as model cells to
study leukemia bone marrow microenvironment as well as for drug screening. As a model drug we
use Imatinib (STI571), a first-generation tyrosine kinase inhibitor (TKI) approved for frontline therapy
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in CML patients by the US Food and Drug Administration (FDA) in 2002 (Bhamidipati et al., 2013). By
attaching closely to the ATP binding site of BCR-ABL, imatinib stabilizes the inactive conformation of
BCR-ABL1, thus inhibiting the BCR-ABL-specific tyrosine kinase activity (Hantschel et al., 2012).
Resistance to imatinib appears at later stages of the disease due to internal or external
(microenvironment-dependent) pro-survival signaling. In our experiments, we co-encapsulate the
mixture of K562 and HS-5 cells inside GelIMA-based hydrogel microbeads, culture the microbeads for
up to 72 h, and screen the viability of the encapsulated microtissues against different concentrations
of Imatinib in the bone marrow-mimicking conditions.

1. Optimization of hydrogel composition in terms of finest cell growth

GelMA is a methacrylated derivative of gelatin and, similar to collagen, contains the tripeptide Arg-
Gly-Asp sequence for cell adhesion and the matrix metalloprotease (MMP) degradation sequence,
the latter allowing for matrix remodeling (Wang et al., 2016). In addition, GelIMA undergoes fast and
efficient photo-crosslinking upon exposure to UV light in the presence of a photoinitiator which
makes it suitable for a variety of tissue-engineering applications (Nichol et al., 2010).

Mechanical properties of GelMA hydrogels can be easily tuned by varying GelMA concentration,
degree of methacrylation, the concentration of photoinitiator, and UV irradiance (Im and Lin, 2022;
Liu et al., 2012; Velasco-Rodriguez et al., 2021; Wang et al., 2014). It is well known that, in general,
the type of biopolymer forming the hydrogel matrix, as well as the stiffness of the crosslinked
hydrogel matrix can influence the viability, proliferation, and differentiation of the embedded cells
(Klotz et al., 2016; Zhao et al., 2016a). In particular, it is also known that hybrid hydrogels composed
of GelMA and methacrylated derivative of hyaluronic acid (HAMA) tend to be more stable in culture,
i.e., have slower degradation rates. However, the addition of HAMA also leads to matices of higher
stiffness which typically result in slower cell proliferation and delayed microtissue formation (Camci-
Unal et al.,, 2013). On the other hand, the use of much softer hydrogels such as fibrin has been shown
to promote cell migration and differentiation, however, the efficiency of GelIMA photo-crosslinking in
the presence of fibrin and its impact on CML cell viability remain unclear. Therefore, we tested the
impact of HAMA and fibrin addition to the GelMA matrices in terms of leukemic and bone-marrow
cell proliferation. To this end, we performed CCK-8 assay and confocal 3D live/dead imaging of K562
and HS-5 cells embedded inside GelMA, GelMA/HAMA, or GelMA/fibrin hydrogel slabs of thickness
around 1 mm (Figure 1). We tested the following hydrogel samples: 3.2% GelMA, 4.8% GelMA, 4.8%
GelMA with 0.4% HAMA, 4.8% GelMA with 0.08% Fibrin and 4.8% GelMA with 0.2% Fibrin.
Considering cell viability, we observed the most active cell proliferation in 4.8% GelMA, and 4.8%
GelMA + 0.4% HAMA, with no significant difference between these two variants (Figure 1A). The
addition of fibrin caused excessive cell sedimentation, visible as cells growing mostly at the bottom of
the dish, rather than within the hydrogel. The same effect, yet less pronounced, was observed in the
case of 3.2% GelMA (Figure 1B). Moreover, a large fraction of dead cells was observed in the samples
with added fibrin. This impaired viability might be related to the non-full crosslinking of the hydrogel
and the presence of free radicals formed upon 405 nm irradiance. Such behaviour excludes the
possibility of long-term culture inside microgels, therefore in the further microfluidic encapsulation
experiments we only used the variants without fibrin, that is 4.8% GelMA and 4.8% GelMA + 0.4%
HAMA.
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2. Encapsulation of chronic myeloid leukemia and human bone marrow stromal cells using
microfluidic devices

It is known that the small dimensions of the microbeads generated with microfluidics allow for
efficient diffusion of oxygen, exchange of metabolites, and delivery of nutrients to the encapsulated
cells (Sart et al., 2022), thus supporting proliferation and ultimately formation of dense tumor-
stroma microtissues (Rojek et al., 2022). The use of microgels as microtissue carriers additionally
facilitates manipulation and imaging of the individual microtissues while also providing a physical
barrier that protects the cells from external mechanical stresses.

In our experiments, we encapsulated K562 and HS-5 cells within hydrogel microdroplets using a
microfluidic device which generated droplets at a frequency of around 12 000/min. The device
consisted of an inlet for the hydrogel phase with suspended cells, another inlet for the oil phase, and
a single outlet for the generated emulsion. Both hydrogel and the oil phases were supplied at
constant rates of flow. The hydrogel phase was distributed into multiple independent droplet
generators which created droplets via the so-called step-emulsification (Sugiura et al., 2001), see
Figure 2A. The droplets were then carried away by the oil phase and collected outside the device.
The advantage of the step-emulsification device over other methods of droplet generation (flow-
focusing, T-junction, etc.) is that the size of the droplets is predominantly set by the channel
geometry and only weakly depends on the applied rates of flow. Step-emulsification is particularly
advantageous in the case of high-throughput generation of droplets in multiple parallel junctions
supplied from a single source (De Rutte et al., 2019). Due to the hydrodynamic crosstalk between the
different junctions, the actual rates of flow in the individual junctions naturally fluctuate over time.
However, in the case of step-emulsifiers such fluctuations have little effect on the size of the
generated droplets. Our device generated droplets of mean diameter D = 202 (+8) um with the
coefficient of variation CV = 3.8 % (Figure 2B) under the applied rates of flow equal Quy4 = 50 pl/min
for the cell-hydrogel mixture and Qg; = 150 pl/min for the oil phase (Novec 7500-surfactant mixture).
We therefore expect an average of 33.5 cells/droplet in the case of cell concentration 8 x 10%/ml.
From direct counting, we obtained typically between 9 and 30 cells per droplet with an average of
15.6 cells/droplet and CV = 37 %. This suggests some degree of cell clustering such that pairs or
groups of cells appear as a single object. In fact, in the case of the absence of any direct cell-cell
interactions (no clustering), the distribution of cells in droplets would follow the Poisson distribution
(dotted line in Figure 2C). However, we find a better fit with a slightly wider Gaussian distribution
(solid line in Figure 2C) which remains in line with the picture of the moderate pairing/clustering.

The microdroplets with encapsulated cells were collected and crosslinked using the custom-
fabricated 405 nm LED array for 10 sec under the irradiance of 280 mW/cm?. The cell-encapsulated
microbeads were washed and maintained in culture for 72 h and observed under the microscope.

We tested two different biomaterials, 4.8% GelMA and 4.8% GelMA + 0.4% HAMA using
cell/hydrogel mixtures to produce the microbeads. First, we compared the growth of both cell lines
K562 or HS-5, after 72 h of culture inside the microbeads at cell concentration 8 x 10°/ml (Figure 3A).
We observed better cell growth and faster spheroid formation in the case of 4.8% GelMA, especially
in the case of K562 cells. Therefore, we thereafter used 4.8% GelMA and optimized cell
concentration in the hydrogel. To this end, we additionally tested the cell concentrations 6 x 10°/ml
and 12 x 10°/ml (Figure 3A). We observed that the number of spheroids inside the beads gradually
increased with the cell concentration (Figure 3 B), from around the average of 2.5 or 1.5 spheroids
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per bead at 6 x 10° cells/ml to the maximum of around 9 or 6 spheroids per bead at 12 x 10°/ml and,
for K562 or HS-5 cells, respectively. However, in the case of 12 x 10° cells/ml, we observed occasional
cell outmigration and colonization of the substrate (bottom of the well plate, Figure 3D) which
indicated that higher cell concentrations may be not suitable for long-term culture, especially beyond
72 h. Therefore, in most further experiments (i.e., in the co-culture ratio assays, drug testing assays,
Figs. 5-7) we used the concentration 8 x 10°/ml. For comparison of monoculture vs co-culture growth
rate (Fig. 4) we used 12 x 10°/ml cells in total.

3. Leukemia-bone marrow interactions within hydrogel microbeads.

The inhibition of the bone marrow-derived cell growth by the leukemic accompaniment (leukemia
cells and/or conditioned medium) was previously demonstrated by Aoyagi et al., (Aoyagi et al., 1994)
using leukemia-derived cell lines with various lineage characteristics and stromal cells (KM-101) or
bone marrow culture derived from normal bone marrow. We also investigated the impact of
leukemia-stroma interaction in our system.

First, we compared cell growth in the case of the leukemic microenvironment beads, that is with co-
cultured (co-encapsulated) K562 and HS-5 cells (ratio 1:1), as well as in the case of the monoculture
beads (Figure 4A). The growth of cells in the co-culture measured after 48h was slightly slower than
in monocultures. We have previously observed similar effects in 2D co-cultures (Wolczyk et al.,
2023). After another day in culture, that is at 72h, we observed a significant drop in the number of
proliferating/growing cells (Figure 4B). Therefore, we have selected 48-hour co-culture as an optimal
condition for drug testing experiments, not biased by either decreased proliferation or the egression
of cells outside the beads.

Flow cytometric analysis of apoptosis and mitochondrial activity, measured selectively on
fluorescently tracked and separated cell types, confirmed that leukemic cells encapsulated in co-
culture with stromal cells showed good condition and vitality (Figure 4C, D). We even observed lower
basal apoptosis in co-cultured leukemic cells, which confirms the pro-survival role of the stromal
component.

To further verify our culture conditions, the cells were encapsulated in the beads with different ratios
of the stromal cells to the leukemia cells (HS-5:K562), namely 1:1, 1:2, and 2:1, see Figure 5A. To
visualize and track HS-5 and K562 cells in co-culture, K562 cells were labeled with CellTracker™ Red
CMTPX Dye (re-colored in image post-processing to magenta) and HS-5 with CellTracker™ Green
CMFDA Dye (re-colored to cyan), both suitable for long-term cell tracking. After cell labeling and
encapsulation, the microbeads were washed, resuspended in a culture medium, and cultured for up
to 72 h on 96-well plates (Figure 5A). Based on the fluorescence microscopy images we found that
the 1:1 ratio significantly shows the highest viability as quantified using CCK-8 assay (Figure 5B),
around 2x higher (p < 0.5) as compared to the 1:2 and 2:1 ratio.

4. Impact of the microenvironment on imatinib resistance in leukemic microenvironment
microbeads.

Stromal cells were previously reported to provide chemoprotection to CML cells via secreted factors
and direct cell-cell communication (Kolba et al., 2019; Kumar et al., 2017; Podszywalow-Bartnicka et
al., 2018; Weisberg et al., 2008; Wolczyk et al., 2023). Various factors secreted by stromal cells,
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including inflammatory cytokines like IL-6 and IL-8, or TGFB can protect CML cells from BCR-ABL1
kinase inhibition by kinase inhibitors such as imatinib (Civini et al., 2013; Le et al., 2020).

Previously, we have detected direct intercellular tunneling nanotubes between stromal and cancer
cells that mediated the transfer of cellular vesicles and promoted chemoresistance (Kolba et al.,
2019). Therefore, here, we also analyzed the possibility of the formation of a direct cellular
connection between co-cultured cells (HS-5 cells — cyan and K562 cells — magenta, see Figure 6A). In
some cases, we indeed found 3D spatial overlap between fluorescence signals coming from HS-5 and
K562 cells. We used Nikon NIS-elements software to measure Pearson's correlation coefficient C for
cells within a single bead (Figure 6A) inside several chosen ROIs covering pairs of closely neighboring
cells. We found the maximal values in the selected confocal z-slices to be C = 0.81, 0.45, 0.43, and
0.36 respectively in ROI 1, ROI 2, ROI 3, and ROI 4 (as indicated in Fig. 6A), and similar C-values in the
neighboring z-slices. The observed high values of C, which is close to or larger than 0.5, confirm
significant 3D overlap. These results suggest that the formation of direct interactions between cancer
and stromal cells in microbeads is possible. Therefore, in the future, the proposed model could be
used also in the analysis of direct cancer-stroma connections.

Finally, to verify the possibility of the development of drug resistance in our model, the K562
monoculture or the K562: HS-5 (1:1) co-culture (the former as a control) were encapsulated in 4.8%
GelMA beads and, after 4h of culture, treated with 0.5-2.0 uM imatinib for the next 72 h (Figure 6B,
C). Cytotoxicity assay for drug sensitivity comparison (CCK-8 assay; Figure 6B, C) was assessed at two
time points: 24h and 48h. The 72-hour time-point has been excluded from the cytotoxicity drug
testing as being highly biased due to the decreased cell growth (Fig. 4B, 5B) as well as possible cell
out-migration.

In the leukemic monoculture, imatinib led to a dose-dependent decrease in cell growth compared to
the untreated cells, as evidenced by the lower OD 450nm value in the CCK-8 test (Fig. 6B).
Additionally, LIVE/DEAD (green/red) fluorescence staining of cancer cells confirmed the imatinib-
induced cell death (Supplementary Figure S1). To study the effect of stromal component on
sensitivity to imatinib treatment, cells were co-cultured and treated with imatinib at the same doses
as in the case of monoculture. In the co-culture conditions, we observed significant protection of the
leukemic cells from drug cytotoxicity. In fact, the growth rate of K562 cells remained unchanged or
even accelerated according to CCK-8 absorbance measurements (Fig. 6C). Moreover, microscopy
observations confirmed the presence of heterotypic leukemia-stroma spheroids visualized by the
fluorescently tracked cells (HS-5-cyan; K562-magenta), indicating good co-culture conditions even
upon imatinib treatment (Supplementary Figure S2).

Altogether, these data confirm the significant stroma-mediated protection from imatinib and
demonstrate that the proposed in vitro 3D model can be utilized for drug screening under leukemic
microenvironment conditions.

Discussion

In summary, we propose a microfluidic method of reproducible high-throughput formulation of
leukemia-stroma-ECM microtissues that recapitulate some of the critical features of the chronic
myeloid leukemia microenvironment. We use droplet microfluidics to co-encapsulate the leukemic
and bone-marrow stromal cells inside GelMA hydrogel microbeads at a high rate (around 12
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000/min) and used the generated leukemic microtissues to test the impact of stroma on the
development of drug resistance.

Our study shows that GelMA provides the best conditions for co-culture and spheroid formation. In
particular, GelMA microgels have been previously employed as highly reproducible 3D culture
vehicles, and used, e.g., in skin, bone, and liver microtissue engineering (Tan et al., 2021; Wang et al.,
2019; Zhao et al., 2016b) as well as in drug screening using prostate- and breast cancer microtissues
which included investigation of the effect of 3D culture on drug resistance (Antunes et al., 2019; Yang
et al., 2020). Formation of microtissues inside GelMA microbeads has been demonstrated previously,
e.g., with the use of colon cancer cells and fibroblasts (Mohamed et al., 2019; Zhang et al., 2022), yet
only in the case of monocultures. Here, we develop a more advanced model of leukemic cancer
microenvironment, including also the stromal cells. We establish that 4.8% GelMA hydrogel provides
optimal conditions for both cancer and stromal cell proliferation, whereas the addition of other
biopolymers such as HAMA or fibrin to GelMA appears disadvantageous either due to slower
proliferation (GeIMA+HAMA) or poor crosslinking (GelMA+fibrin), in the latter case associated with
elevated cytotoxicity and/or cell outmigration. With precisely established conditions, we propose a
reproducible 3D leukemic CME model including all of its basic components, that is the leukemic cells,
the bone marrow cells, and the extracellular matrix. We observe the formation of co-culture
leukemic-stroma spheroids inside the microbeads within 48h post-encapsulation and find that the
generated cancer microtissues develop stroma-mediated protection from Imatinib, which confirms
the expected effect of the stromal barrier on drug sensitivity.

Non-high-throughput leukemic microenvironment models have been proposed previously. 3D tissue-
engineered bone marrow closely recapitulated pathophysiological conditions in multiple myeloma
and has been proposed as a feasible platform to predict clinical drug efficacy (Alhallak et al., 2021).
The patient-derived 3D models of the bone marrow microenvironment of multiple myeloma for
personalized medicine were recently rediscussed with all limitations and remaining challenges
(Lourenco et al., 2022). The potential of 3D in vitro models has been also underlined in the context of
understanding drug resistance in leukemia stem cells (Al-Kaabneh et al., 2022).

In fact, stroma-mediated protection seems to be one of the most important current clinical
challenges in leukemia therapy. Therefore, the implementation of adequate models mimicking the
bone marrow niche is critical for successful drug development and testing. Despite the superior
physiological relevance of the 3D culture, reliable 3D leukemia CME models remain scarce. Recently,
James et al. (James et al., 2023) reported a 3D cell culture model with the leukemic cells embedded
in an external peptide-based hydrogel mimicking the properties of the ECM. Authors used multi-well
plates to study the responses of various types of leukemic cell lines embedded in a peptide hydrogel
layer to several anti-cancer drugs supplied from the external media. The composition of the hydrogel
was optimized in terms of the efficiency of the formation of the leukemic cellular colonies; however,
no stromal cells were directly applied in the model. Also, the dispersion of cells in a bulk hydrogel,
despite the ease of application, had its limitation in terms of further manipulation of the individual
‘colony forming units’, i.e., the cancer microtissues. In general, the macro-encapsulation approaches
such as those proposed by James et al. or others (Belloni et al., 2022) have a drawback in that they
do not allow aspiration of the individual microtissues, nor their further transfer or plating. Also, the
precision confocal imaging remains limited due to the large thickness of the hydrogel samples
(typically ¥1 mm) and the diffraction of light by the surrounding co-embedded cells and/or the
hydrogel itself. Recently, an advanced bone marrow microenvironment model—yet, non-leukemic—
utilizing organ-on-chip technology has been proposed (Sharipol et al., 2022). However, the approach
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was strongly limited in terms of throughput (one tissue per chip) which provides an obstacle in drug
screening studies requiring very high throughput.

Here, we demonstrate an automated and highly reproducible micro-encapsulation approach relying
on the dispersion of hydrogel-cell mixture into thousands of monodisperse hydrogel microbeads.
Reproducible formation of the independent leukemic microenvironments encapsulated in separate
microbeads allows for efficient diffusion of nutrients and drugs from the media and precise modeling
of cellular responses including the development of drug resistance. To assess the performance of the
model in comparison with the previous macro-encapsulation approaches mentioned above, we have
performed an auxiliary experiment employing the conventional 3D matrigel leukemia-bone marrow
spheroid model (bulk 1:1 co-culture). We have found that such a bulk model is not capable of
reproducing the physiological stroma-mediated resistance to Imatinib (Supplementary Fig. S3).

We propose that our droplet-based 3D co-culture model of the leukemic microenvironment
described here could be further developed for more advanced biological systems. First, we note that
microbeads could be also grown under hypoxia. Therefore, our model could be used to develop an
efficient therapy against leukemic stem- and progenitor cells which settle in the bone marrow and
are highly resistant to apoptosis. Also, the model might be easily extended to incorporate other cell
types, e.g., to mimic different specialized lymphoid tissues and/or interactions with immune cells.
Those could include 3D models based on the co-culture of organoids and immune cells, thereby
presenting a novel approach for tumor immunology study, as recently demonstrated by Mu et al.
(Mu et al.,, 2023). The more complex 3D tri-culture model of leukemia, including mesenchymal
stem/stromal and HSPC cells mimicking the leukemic bone marrow, yet without ECM, has been
recently presented as a platform for drug testing and discovery of novel anti-leukemic therapy
(Zippel et al., 2022). Our microbead-based leukemia bone marrow microenvironment model,
incorporating the ECM and amenable to high-throughput processing, could therefore pave the way
for more complex, heterotypic cancer microenvironment models with prospective translational and
clinical potential.

In fact, till now, only the in vivo/ex vivo tests allowed for studies of leukemic bone marrow niche
under physiological conditions (Lourenco et al., 2022). In line with the recent FDA regulations which
approved drug development without animal studies (Adashi et al., 2023), the future drug
development strategies are supposed to limit the in vivo models. This new direction in preclinical
research strongly encourages the development of highly efficient 3D physiological models.

In summary, the microfluidic method of formulation of the leukemic microtissues that we propose in
this work warrants high throughput of production, low consumption of reagents, and excellent
reproducibility, and thus lays the ground for the development of future drug screening platforms for
rapid evaluation of anti-leukemia therapeutics. Our leukemic microtissues fill the gap between
preclinical studies and animal models and, upon further development—e.g., trapping of cancer
microtissues inside a microfluidic chip for long-term culture under controlled perfusion (Bouquerel et
al., 2023)—could provide for a highly efficient drug testing platform in leukemia.
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Materials and methods:

Cell culture

The human chronic myeloid leukemia K562 (#CCL-243) cells and human stromal cell line HS-5 (#CRL-
11882) were purchased from American Type Culture Collection. The cells were cultured in RPMI
1640, supplemented with 10 % fetal bovine serum and 1 % mixture of antibiotics penicillin-
streptomycin (all from Gibco, Waltham, MA, USA) at 5 % CO, and 37 °C in a humidified chamber.
K562 cells were grown in suspension culture and cells were seeded at a concentration of 300,000
viable cells/ml. The culture was either re-fed with fresh medium every three days or split again. HS-5
cells were grown to confluence and harvested by trypsinization, using a 0.25 mg/mL trypsin/EDTA
(ThermoFisher, Waltham, MA, USA) and resuspended in the fresh culture medium. Following Trypan
Blue staining, K562 and HS-5 cell lines were enumerated on the Countess Il FL Automated Cell
Counter (ThermoFisher, Waltham, MA, USA). The cell lines were tested for mycoplasma
contamination using a PCR-based approach.

GelMA, HAMA synthesis and hydrogel preparation

Gelatin methacryloyl (GelMA), a photo-crosslinkable hydrogel based on gelatin, was prepared using a
previously described protocol (Yue et al., 2015). Firstly, 10 g gelatin, type A, Bloom value = 300
(Sigma Aldrich, Saint Louis, MO, USA) was dissolved in 100 ml phosphate-buffered saline (PBS; buffer
pH = 7.4; Sigma-Aldrich, USA) at 50°C with continuous stirring. After having the gelatin completely
dissolved, methacrylic anhydride (MA; Sigma-Aldrich, USA ) was added to the mixture (0.8 mlper1g
of gelatin) and stirred for 5-6 h, 50°C. Next, the solution was diluted with warm PBS (40°C) and
dialyzed (with 12-kDa molecular weight cut-off membrane; Sigma Aldrich, USA) against distilled
water for 5-7 days at RT to remove excess methacrylic acid and other impurities. Finally, the solution
was freeze-dried and stored at -20°C. The freeze-dried GelMA was used to form 4% and 6% (w/v)
solution in 1X PBS by stirring for 1h at 50°C.

For the GeIMA-HAMA hydrogel, 1% solution of methacrylated hyaluronic acid (HAMA) (Polbionica sp.
Zoo., Poland) was prepared in 1x PBS. The mixture was stirred (1000 rpm) at 4°C until the
methacrylate dissolved. The HAMA solution was mixed in 1:1 ratio with 12% GelMA solution in PBS
to prepare 6% GelMA with 0.5% HAMA solution.

Additionally, 5 mg/mL of fibrinogen (Sigma-Aldrich, St. Louis, MO, USA) stock was prepared and
mixed in a 1:1 ratio with 12 % GelMA (v/v) to obtain a final solution of 0.25 % fibrin (v/v) in 6%
GelMA (v/v). Similarly, a 0.1 % concentration of fibrin in 6 % GelMA was obtained by mixing the stock
in a 1:4 ratio with 7.5 % GelMA. The fibrinogen was converted to fibrin with 0.625 units of thrombin
(Sigma-Aldrich, St. Louis, MO, USA) added in a volume fraction of 9:1 (fibrinogen to thrombin) prior
to hydrogel photocrosslinking.

Hydrogel samples (3 replicates of each condition) were obtained by exposing 100 ul of an aqueous
solution of GelMA, GelMA-HAMA or GelMA-fibrin prepolymers with added photoinitiator (0.4 % v/v)
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (Cellink, Gothenburg, Sweden) to visible
violet light (405 nm, 10 sec exposition) using a 96-well plate and a custom 405 nm LED array (5 x5 =
25 LEDs at 5 mm spacing, each with the output power P = 1W). The irradiance was 280 mW/cm? as
measured by PM 100D (Thorlabs, Inc., United States) optical power meter placed 1 cm above the
center of the LED array. The lamp was placed in the PMMA box with a sliding door fitted with a UV-
protectant screen.
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The cells (K562 and HS-5 in monoculture) were intermixed with hydrogel precursor prior to
crosslinking. For the intermixing, a cell suspension of cells with culture media was mixed in a 1:4 ratio
with the different hydrogel compositions. The resulting final hydrogel compositions were accordingly
as follows: 3.2% GelMA, 4.8% GelMA, 4.8% GelMA with 0.4% HAMA, 4.8% GelMA with 0.08% Fibrin
and 4.8% GelMA with 0.2% Fibrin.

Cell Counting Kit-8 (CCK-8) assay

The colorimetric Cell Counting Kit-8 (CCK-8; MedchemExpress, NJ, USA) assay assessed cell
proliferation at 24, 48, and 72 h of treatment. After cell encapsulation, microbeads were seeded onto
the 96-well plate in 4 replicates. Encapsulated cells were cultured for 24h and then the medium was
replaced with a fresh medium with 0.5-2 uM imatinib every day for 1-3 days. 10 uL of CCK-8 solution
was added to the 100 pL medium in each well and incubated at 37°C for 4 h. Viable cells were
identified relying on the ability of mitochondrial dehydrogenases to oxidize water-soluble tetrazolium
8 (WST-8) into a formazan product. The absorbance of the sample at 450 nm was measured with a
Synergy HTX Microplate Spectrophotometer (BioTek, Winooski, VT, USA), and plotted to obtain cell
growth curves. The well with medium without microbeads was used as the negative control.

Cell Tracker (red/green fluorescence) labeling

The cells were harvested, washed with Dulbecco’s phosphate-buffered saline (DPBS; ThermoFisher,
Waltham, MA, USA), and resuspended in serum-free medium with the cell tracking dyes. K562 cells
were labeled with CellTracker™ Red CMTPX Dye (Ex/Em 577/602 nm) with 1 pL from the 10 mM dye
stock added to 2 mL of serum-free media. Similarly, CellTracker™ Green CMFDA Dye (Ex/Em 492/
517 nm; Thermo Fisher, Waltham, MA, USA) was used to label the HS-5 cells. The cells were
incubated at 37°C with 5% CO, in a humidified chamber for 30 min with tracking dye. Next, the
staining solution was removed, and complete media was added. Cells were counted using Countess I
FL Automated Cell Counter (ThermoFisher, Waltham, MA, USA) and the 3-6 x 10’/ml cell stock was
prepared for further experiments. The dyes allowed visualization of both cell types with different
colors under fluorescence microscopy. CellTracker probes freely pass through cell membranes into
the cells where they get transformed into a cell-impermeant, fluorescent product —retained in living
cells through several generations.

LIVE/DEAD staining

A LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian cells (Thermo Fisher, USA) was used to stain
the live and dead cells. The Calcein-AM component (Ex/Em = 495/515 nm) stained viable cells green
by permeating the cell membrane and enzymatically degrading to a fluorescent green calcein
product, while the BOBO-3 lodide component (Ex/Em = 528/617 nm) permeated only damaged cell
membranes and stained them red when bound to nucleic DNA.

The media were aspirated by gentle suction and replaced with DPBS containing LIVE/DEAD dyes
(1:5), then incubated in a cell culture incubator for 15 min. The microscopy images were acquired
using the Nikon Eclipse TSR2 (Nikon, Tokyo, Japan) microscope (typically using 10x magnification
objective) and analyzed with Fiji (Imagel).

Cell Proliferation Dye eFluor450 labeling for flow cytometry analyses
For flow cytometry experiments, Cell Proliferation Dye eFluor™450 (Invitrogen) was used to label HS-
5 cells before setting up a co-culture with K562 cells. Cells were trypsinized and washed twice with
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PBS. The cell pellet was resuspended in 1 ml of 10uM Cell Proliferation Dye eFluor™450 solution
(prepared in PBS) and incubated for 10 min at 37°C in the dark. Labeling was stopped by adding cold
complete media and was followed by 5 min incubation on ice. Then, cells were washed twice with
complete media, counted, and prepared for cell encapsulation.

Apoptosis analysis by flow cytometry

Apoptosis was determined by flow cytometry using the Annexin V-FITC/7-AAD Apoptosis Detection
Kit (BD Biosciences) according to the manufacturer’s instructions. The percentage of Annexin-V-
positive cells was calculated as a percentage of apoptotic cells. K562 and HS-5 cells were separated
by gating based on Proliferation Dye eFluord50 fluorescence (HS-5 eFluor450-positive and K562
eFluor450-negative populations).

Mitochondrial mass analysis by flow cytometry

Mitochondrial mass was analyzed by flow cytometry using the MitoTracker™ Green FM Dye
(Invitrogen). 0.5 x 10° cells were transferred to the FACS tubes. Cells were washed twice with PBS,
then resuspended in 100uL of 200nM MitoTracker™ Green FM Dye solution (prepared in serum-free
media). Then, cells were incubated for 30 minutes at 37°C. After that, cells were washed twice with
PBS and analyzed with BD LSR Fortessa cytometer (BD Biosciences). K562 and HS-5 cells were
separated by gating based on Proliferation Dye eFluor450 fluorescence (HS-5 eFluor450-positive and
K562 eFluor450-negative populations).

Microfluidic chip fabrication

The microchip was designed using AutoCAD software and channels were micro-milled in
polymethylmethacrylate (PMMA; b/b ex 5mm — clear, extruded, Rokad Sp. Z o.0., Biatebtoto-Stara
Wies, Dtugosiodto, Poland). Polydimethylsiloxane (PDMS) (SYLGARD™ 184 Silicone Elastomer Kit,
Dow Corning Corporation, Michigan, United States) was used to fabricate the copy of microfluidic
chips. A 1:9 w/w ratio of the curing agent and PDMS pre-polymer was mixed, degassed under
vacuum, and poured onto the molds. PDMS was cured for 12 h at 80 °C. PDMS replicates from molds
were exposed to oxygen plasma (29.6 W High RF Power) for 2 minutes in a vacuum-pressurized
(<300 mTorr) plasma cleaner device (PDC-002-CE; Harrick Plasma, NY, USA) and silanized with
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOCTS; Sigma-Aldrich, Saint Louis, Missouri, United
States). The geometry of the microchannels used for droplet generation and optimization of the
applied flow rates will be described in detail elsewhere. Shortly, the chip consisted of an inlet for the
droplet phase supplying multiple droplet generators operating via so-called step-emulsification
(Sugiura et al., 2001), and an outlet for the generated emulsion.

Cell encapsulation and drug treatment

4-12 x 10° K652 or HS-5 (K625: HS-5 1:1 for co-culture experiments) cells (resuspended in 200 pl
culture medium) were mixed with 800 ul hydrogel (cell-mixture: hydrogel ratio 1:4) and dispersed
into droplets using the microfluidic device supplied with fluorinated oil as the external phase. For
that purpose, we used Novec™ 7500 (3M, USA) with added 2 % (w/w) fluorosurfactant (PFPE-PEG-
PFPE; Chemipan R&D Laboratories, Warsaw, Poland). The flows of the cell-hydrogel and the oil
phases were controlled by a double-channel syringe pump (33 DDS Pump, Harvard Apparatus,
Holliston, Massachusetts, USA) and supplied with 1 ml and 5 ml plastic BD syringes, respectively. The
generated water-in-oil (W/O) emulsion was collected in a 40 mm diameter Petri dish and placed
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directly at the custom-built 405 nm LED panel. The LED panel was provided by the Foundation for
Research and Science Development (FBiRN, Warsaw, Poland) and consisted of a 5 x 5 array of 405 nm
LEDs, each with the characteristic radiant flux @, = 1100 mW. We illuminated the emulsion for 10 sec
at the irradiance of 280 mW/cm? The crosslinked microbeads suspended in oil were subsequently
transferred into eppendorf tubes and the oil from the bottom was aspirated and discarded. Next, 500
ul of Novec 7500 containing 20 % 1H,1H,2H,2H-perfluorooctanol (PFO; ThermoFisher Scientific
GmBH, Germany) was added to the suspension and mixed by pipetting resulting in bead clustering.
This is a standard procedure (Mao et al., 2017) wherein PFO removes the surfactant from the surface
of the beads. Novec 7500 with PFO was subsequently aspirated and discarded and replaced with
pure Novec 7500. This washing step was repeated three times. Finally, Novec 7500 was removed,
replaced with 1 ml PBS, and centrifuged at 1100 rpm for 5 minutes. After centrifugation three
distinct layers (oil, microbeads, and PBS, counting from the bottom) could be distinguished. The oil
layer and the PBS layer were subsequently removed leaving only the clustered beads in the
eppendorf tube. This PBS washing process was repeated two times to remove the remaining oil.
After the final wash, PBS was replaced with fresh cell culture media (using the same volume for each
sample), transferred to 96-well cell culture plates, and cultured at 5 % CO, and 37°C in a humidified
incubator.

The encapsulated cells were cultured for 24h after which the medium was exchanged to a fresh
medium containing 0.5-2.0 uM imatinib (kindly provided by the Lukasiewicz Research Network —
Industrial Chemistry Institute, formerly Pharmaceutical Institute, Warsaw, Poland). The cells were
subsequently cultured for another 24-72 h and observed under the Nikon Eclipse TSR2 fluorescence
microscope or Nikon A1R confocal microscope (Nikon, Tokyo, Japan).

Cell releasing from microbeads

The microbeads were treated with 1mg/ml of collagenase (Thermo Fisher, Waltham, Massachusetts,
USA) for 7 min at 37°C in a humidified incubator until beads were dissolved. The process was
controlled under a Nikon fluorescence microscope using 10x magnification and the cell condition was
verified using LIVE/DEAD staining.

Statistical Analysis

All experiments were repeated at least three times. Data are reported as mean + SD. Data were
analyzed using one-way ANOVA, followed by Dunnet’s or Mann-Whitney tests (GraphPad, Prism 6.00
for Windows, Graf Pad Software, San Diego, CA, USA). The p-value of <0.05 was considered
statistically significant with *, p < 0.01 with **, p < 0.001 with ***, and p < 0.0001 with ****,
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Figures

Figure 1. Cell proliferation evaluated using (A) CCK-8 assay (absorbance at 450 nm) after 48 h of
culture for cells evenly mixed within the hydrogel; (B) 3D confocal microscopy profiles of cells
distributed in the hydrogel layer (~1.6 mm thickness) in a 96-well plate after 48h of culture showing
viable (green) and non-viable (red) cells. Arrows indicate well bottom.

Figure 2. Cell encapsulation in droplet microfluidic platform (A): (i) generation of microdroplets
encapsulating multiple cells using a step-emulsification device, (ii) photocrosslinking with a custom
405 nm LED array, (iii) washing out the oil, (iv) long-term culture of cell-laden microbeads; (B)
Droplet size distribution fitted with a Gaussian curve (solid line); (C) Distribution of the number of
cells encapsulated per droplet fitted with a Gaussian curve (solid line) and a Poisson curve (dotted
line).

Figure 3. (A) Brightfield images of 4.8% GelMA microbeads with encapsulated K562 or HS-5
monocultures at 72 h post encapsulation for various cell concentrations (6 x 10%/ml, 8 x 10%/ml, 12 x
106/ml). At the cell concentration 8 x 10/ml we additionally show the case with 4.8 % GelMA + 0.4 %
HAMA as the hydrogel. Scale bar is 200 um. The green frame indicates the optimal condition with
good cell growth and limited cell outmigration. (B) Counted number of spheroids per microbead for
4.8% GelMA microbeads at different cell concentrations for both K562 and HS-5 monocultures.

Figure 4. Monoculcure vs co-culture (1:1; K562:HS-5) of leukemia and stroma cells in 4.8% GelMA
microbeads. (A) K562 and/or HS-5 cells encapsulated and cultured for 72 h. (B) Proliferation
measured using CCK-8 assay. Cell growth in the co-culture conditions is significantly decreased
compared to HS-5 and K562 monocultures; *p < 0.05, **p < 0.01; Mann-Whitney test; results are
expressed as mean * SD. (C) Apoptosis and (D) mitochondrial activity of K562 cells, measured by flow
cytometry in cells cultured in microbeads in co-culture versus monoculture conditions at 72h post
encapsulation. In all cases cell concentration in microbeads was 12 x 10° cells/ml.

Figure 5. Co-culture of leukemia (magenta) and stroma (cyan) cells (artificially colored, original labels:
K562 - red CMTPX and HS-5 — green CMFDA) at various ratios inside microbeads. (A) K562 and/or HS-
5 (total cell conncentration = 8 x 10%/mln) were encapsulated and cultured for 72 h in 1:1, 1:2 or 2:1
ratio of HS-5 : K562. Scale bar = 200 um. (B) Proliferation was measured using CCK-8. Co-culture at
1:1 ratio warrants fastest growth, significantly faster than the 1:2 and 2:1 *p> 0.5, Mann-Whitney
test; results are expressed as mean * SD.

Figure 6. (A) The 3D co-culture (K562:HS-5) in 4.8% GelMA microbeads supports formation of direct
cellular interactions. Pictures were taken after 48h of culture using confocal microscope. The
fluorescent maximum intensity projection reveals close contacts between stroma (cyan) and tumor
(magenta) cells with visible overlaps (white). Regions of interest (ROls 1, 2, 3, 4) identify 4 different
pairs of cells with significant 3D overlap measured via Pearson’s coefficient (see main text). Cell
proliferation measured using CCK-8 assay for leukemia K562 cells (B) in monoculture and (C) co-
cultured with HS-5 during the continuous treatment with 0.5 uM, 1.0 uM, and 2.0 uM imatinib. In the
case of monoculture the increasing drug concentration leads to decreased viability at 48h post
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encapsulation (i.e., 44h post treatment). On the contrary, in the case of co-culture there is no
apparent effect of drug on the growth of cells measured at the same time-point.
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