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Hematopoietic stem cells require a unique microenvironment in order to sustain blood cell formation'; the bone marrow (BM) is a complex
three-dimensional (3D) tissue wherein hematopoiesis is regulated by spatially organized cellular microenvironments termed niches24. The
organization of the BM niches is critical for the function or dysfunction of normal or malignant BM5. Therefore a better understanding of the in vivo
microenvironment using an ex vivo mimicry would help us elucidate the molecular, cellular and microenvironmental determinants of
leukemogenesis®.

Currently, hematopoietic cells are cultured in vitro in two-dimensional (2D) tissue culture flasks/well-plates’ requiring either co-culture with
allogenic or xenogenic stromal cells or addition of exogenous cytokines®. These conditions are artificial and differ from the in vivo
microenvironment in that they lack the 3D cellular niches and expose the cells to abnormally high cytokine concentrations which can result in
differentiation and loss of pluripotency®10.

Herein, we present a novel 3D bone marrow culture system that simulates the in vivo 3D growth environment and supports multilineage
hematopoiesis in the absence of exogenous growth factors. The highly porous scaffold used in this system made of polyurethane (PU), facilitates
high-density cell growth across a higher specific surface area than the conventional monolayer culture in 2D"'. Our work has indicated that this
model supported the growth of human cord blood (CB) mononuclear cells (MNC)'2 and primary leukemic cells in the absence of exogenous
cytokines. This novel 3D mimicry provides a viable platform for the development of a human experimental model to study hematopoiesis and to
explore novel treatments for leukemia.

Video Link

The video component of this article can be found at http://www.jove.com/video/3654/

Protocol

1. Scaffold Manufacture and Bio-functionalization of Scaffolds

1. To fabricate PU scaffolds (pore size 100-250 mm, porosity 90-95%) in the form of Petri dish disks, use the thermally induced phase
separation’3 process by preparing a polymer solution (5wt% in Dioxan) followed by freezing and subsequent solvent sublimation (Figure 1A).

2. Cut the scaffold disk into cubes of 0.5 x 0.5 x 0.5 mm prior to coating with ECM proteins (Figure 1B).

3. Pre-wet the scaffolds by immersing them in ethanol (70%) for 1 min and then transfer into phosphate buffered saline (PBS) for 20 min. Then
centrifuge for 10 min at 3630 x g and add the protein solution.

4. Centrifuge the scaffolds in the protein solution at 1420 x g for 20 min.

5. In order to unblock the surface pores, and allow the cells seeded to penetrate deeper into the scaffold, centrifuge the scaffolds one more time
at 910 x g for 10 min in PBS.

6. Sterilize the scaffolds using a combination of 8 min exposure at 230 v, 50 Hz, 0.14 A, UV lamp, with immersion for 2 h in Ethanol (70%). After
that, wash the scaffolds twice in PBS before adding Iscove's Modified Dulbecco Medium (IMDM) supplemented with 30% fetal bovine serum
(FBS) and 1% Penicillin and Streptomycin (P/S). Place the scaffolds in a humidified incubator for 3 days at 37 °C and 5% CO2 prior to use.
Sterile scaffolds are placed in a 24 well-tissue culture plates (one scaffold per well).

2. Mononuclear Cell Isolation and Scaffold Seeding

1. Extract human MNC from cord blood or leukemic bone marrow samples, using Ficoll-Paque density gradient centrifugation (35 min at 1500
rpm) (Figure 1C).

Resuspend MNC in IMDM containing 30% FBS and 1% P/S.

Seed 100ul of MNC suspension (2 x 108 cells/scaffold) onto the scaffolds using a micro-pipette.

Incubate the seeded scaffolds at 37 °C under 5% COz for 10 minutes for the cells to settle into the scaffolds.

Top up each well up with 1.5 ml of IMDM containing 30% FBS and 1% P/S and place well plates in the incubator at 37 °C and 5% COx2 for the
duration of the experiment.
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6. The seeded scaffolds undergo daily change of all media.
3. In situ Cell Proliferation and Morphology: MTS, SEM and Cytospins

1. MTS assay: Remove from culture one un-seeded and two seeded scaffolds and place in a clean new 24 well-plate. Add 1 ml of media and
200 pl of the MTS solution and incubate for 3 h at 37 °C and 5% COx.
1. Take 8 x 100 yl samples from the supernatant; place in a 96-well plate and measure absorbance at 490 nm using a microplate reader.

2. Scanning electron microscopy (SEM): At different time points of the culture, remove the scaffolds seeded with MNC from the media, and fix
with 2.5% PBS-buffered glutaraldehyde solution for 40 min at 4 °C, then wash twice with PBS.
1. Dehydrated the scaffolds in a graded series of ethanol (25, 50, 70, 80, 90, 95, and 100%), each for 10 min and dry in an aseptic
environment for 4 hours.
2. Section specimens and then sputter-coat them with gold in an argon atmosphere for 2 min prior to SEM evaluation, use an acceleration
voltage of 20 kV.

3. Cytospins: Collect 2.0 x 10* cells/slide by aspirating the cells from the scaffold at different time points in the culture.
1. Centrifuge the cells onto a glass slide for 3 min at 1500 rpm.
2. Stain the slides with Wright-Giemsa Stain Modified and observe by using an optical microscope. F-view Soft Imaging System can be
used to take pictures.
3. Wash slides prior to microscope observation.

4. Multiphoton analysis: Fix scaffolds at different time points with ethanol vapor (70%) overnight and then dry and store at -20 °C until further
analysis. Prior to visualization with the multiphoton microscope section the scaffold into 30 um-thick slides and wet with PBS.

1. Block the seeded scaffolds in PBS with 10% fetal bovine serum for 30 min at room temperature.

2. Incubate the scaffolds overnight at 4 °C in darkness with a 1:50 dilution of primary monoclonal antibody: mouse anti human CD71.

3. Wash samples three times in PBS and stain with the secondary antibody: anti-mouse Alexa Fluor 488 for 1 h at room temperature in
darkness.

4. Wash samples three times with PBS and observe with a confocal microscope using a water emission x60 objective lens.

5. Fluorophore Alexa Fluor 488 is excited at 488 nm by the pulsatile lasers. Volocity 5.3.2 software can be used for subsequent image
analysis.

4. Flow Cytometric Analysis of the Cellular Population

1. Before cellular analysis in the flow cytometer (FC), label the cells of interest with the corresponding immunofluorescence antibodies for
detection. A number of samples are prepared according to the selected antibodies for detection. For MNC detection the following combination
of antibodies are used: CD45-FITC/CD71-PE/CD235a-PE-Cy5.

2. Aspirate the cells from the scaffold at different time points and centrifuge. Dissolve a cell pellet of around 1x108 cells in 100 pl FC buffer (PBS
+ 0.1% sodium azide) and add 10 uL of each antibody fluorescence dye. Incubate the cells for 30 min at 4 °C, wash twice with PBS and
finally re-suspend in FC buffer.

3. Load the sample into the flow cytometer stained with the isotype control to set the "negativity" of the antibody expression and calibrate the
detection channels with the flow cytometer control.

4. Read the sample stained with the three different antibodies and finally represent the data in using the WinList software.

5. Representative Results

An example of hematopoietic cellular growth kinetics without the addition of exogenous growth factors is shown in Figure 2. Due to the
heterogeneous nature of hematopoiesis, two different cells: normal and abnormal hematopoietic cells are illustrated. In Figure 2A, cellular
proliferation of human CBMNC is evident after 28 days in culture. Figure 2B shows the growth kinetics in the mimicry using human primary
leukemic cells. Cellular proliferation is assessed using the MTS assay which measures cellular metabolic activity in relation to absorbance. In
both cases, the cells proliferated and established in the model. Differences in growth kinetics are observed; normal hematopoietic cells establish
the culture faster than the leukemic cells.

The morphology of the harvested cells even after 28 days of culture in the absence of exogenous growth factors was typical of normal
hematopoietic cells (Figure 3A) and leukemic cells (Figure 3B). Central sections of the scaffolds were analyzed by SEM after the scaffolds were
removed from the culture and showed the spreading of the seeded cells throughout the scaffold, establishing themselves in clusters and in
"niche-like" structures (Figure 3A' &B'). Figure C shows the pore size and distribution in an unseeded scaffold used as a control. Multiphoton
microscopy after 28 days was used to highlight the distribution of the cells within the 3D scaffold in situ and it showed the presence of erythroid
islands in central sections of the scaffold (Figure 4) by the expression of the marker CD71 which is positive in erythroblasts. This proves the
importance of mature and maturing cells during erythropoiesis. Finally, flow cytometry graphs of the cells prior seeding shows the difference in the
phenotype of hematopoietic cells, where Figure 5A represents normal hematopoietic cells: human CBMNCs and Figure 5B illustrates abnormal
hematopoietic cells: primary leukemic cells. Levels of CD235a * and CD45" corresponding to erythrocytes and leukocytes respectively are higher
in the normal sample than in the leukemic highlighting the hemoblastic nature of the leukemias.
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Figure 1. lllustration of the processes involved in PU scaffold manufacture and bio-functionalization. A) PU is dissolved in Dioxan (5wt%) and by
the thermally induced phase separation process and subsequent solvent sublimation the scaffold is produced, as described by Safinia et al '3. B)
The scaffold disk is then cut into cubes of 0.5 x 0.5 x 0.5 mm and then coated by centrifugation with extra cellular matrix (ECM) proteins. C) MNC
are extracted from human umbilical CB or from BM aspiration using density gradient centrifugation and seeded (2x108 cells/scaffold) in the PU

scaffolds with a micropipette.
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Figure 2. Cellular proliferation measured using the MTS assay: A) using human cord blood MNCs; B) using human primary leukemic cells. The
columns show the growth of cells over time when seeded in the PU scaffolds without the addition of exogenous cytokines.
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Figure 3: Cell morphology and distribution around the scaffolds using cytospins, scanning electron micrographs. (A-B) Representative
Wright-Giemsa stained cytospins of A) cord blood mononuclear cells collected from PU scaffolds after 28 days of culture, and B) bone aspirated
leukemic cells collected from PU scaffolds after 14 days of culture. Both experiments were carried out in cytokine free condition. (A'-B')
Representative central sections of the PU scaffold SEM micrographs of A') seeded cord blood MNCs and B') leukemic cells after being cultured
for 28 days, and C) control scaffold with no cells.

Figure 4. Multiphoton micrograph of a PU scaffold seeded with cord blood MNCs after 28 d in culture and stained with the erythroid marker
CD71.
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Figure 5. Flow cytometry 3D dot-plots stained for CD45, CD71 and CD235a surface expression markers. The isotype control obtained is also
presented for comparison of the relative fluorescence intensity. Panel A shows human cord blood mononuclear cells positive for the above
markers; Panel B shows human primary leukemic cells.

The ex vivo 3D culture system presented here enables us to establish a 3D biomimicry of hematopoiesis that recapitulates the original BM
architecture and cellular phenotype independent of exogenous cytokines. The 3D model provides the structure and the microenvironment that
enables normal and abnormal hematopoietic cells to proliferate in conditions similar to those encountered in vivo.

The selection of the polymeric scaffold material represented a critical step in the biomimicry design. Important advantages in biomaterials have
led to an increasing interest in polymers that mimic the in vivo environment by providing the required architecture, structural properties and
necessary biosignals. The polymers must meet minimum requirements essential for their application in biomedicine because they are always in
direct contact with living cells, which are sensitive to their immediate environment. In general, an ideal scaffold should be biocompatible, highly
porous, with enough mechanical strength to maintain a defined 3D structure, high surface area per volume ratio and reproducible fabrication. PU
comprises all those properties together although the high porosity and mechanical strength can be adapted and changed depending on the
quenching temperature during the TIPS process. As a result, this biomimicry can be adapted to other types of cells by increasing or decreasing
the porosity and pore size as needed.

The scaffold in this experiment is coated with the ECM protein collagen type |; this protein, together with other ECM proteins were tested
previously with our 3D model . This showed that collagen type | accelerated cell adhesion and was selected for that reason. The coating can be
modified by using different ECM proteins depending on the type of cells that are being studied. The advantage to incorporate the ECM proteins to
the synthetic scaffolds is that not only they provide the cell-binding sequence for cell adhesion, but also offer secondary interactions with other
ECM proteins and interactions with growth factors that stabilize the binding of the cells thus enhancing cell adhesion, which results in better cell
growth and maturation.

Numerous studies have been done on ex vivo hematopoiesis using both 2D and 3D systems; and all of them include the addition of abnormally
high concentrations of exogenous cytokines. These studies have helped to elucidate the molecular determinants of hematopoiesis, but the
cellular and microenvironmental elements integral to this process have been difficult to decipher based on the limitations of these same
techniques.

The method described here, a biomimicry of the BM made of a highly porous polymeric scaffold coupled with ECM coating is optimal for
sustaining and stabilizing the growth of normal and abnormal hematopoiesis without the need of any addition of cytokines. The mimicry supports
multi-lineal hematopoiesis rendering the system suitable for use as a platform for drug discovery and scientific study into mechanisms of normal
and abnormal hematopoiesis ex vivo.

We have nothing to disclose.
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