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Abstract

In this work we describe a novel approach that combines ex vivo drug sensitivity assays and digital image analysis to estimate chemosensitivity
and heterogeneity of patient-derived multiple myeloma (MM) cells. This approach consists in seeding primary MM cells freshly extracted from
bone marrow aspirates into microfluidic chambers implemented in multi-well plates, each consisting of a reconstruction of the bone marrow
microenvironment, including extracellular matrix (collagen or basement membrane matrix) and stroma (patient-derived mesenchymal stem cells)
or human-derived endothelial cells (HUVECs). The chambers are drugged with different agents and concentrations, and are imaged sequentially
for 96 hr through bright field microscopy, in a motorized microscope equipped with a digital camera. Digital image analysis software detects live
and dead cells from presence or absence of membrane motion, and generates curves of change in viability as a function of drug concentration
and exposure time. We use a computational model to determine the parameters of chemosensitivity of the tumor population to each drug, as
well as the number of sub-populations present as a measure of tumor heterogeneity. These patient-tailored models can then be used to simulate
therapeutic regimens and estimate clinical response.

Video Link

The video component of this article can be found at https://www.jove.com/video/53070/

Introduction

The goal of this method is to characterize the drug sensitivity of multiple myeloma (MM) primary cells to a panel of agents ex vivo, as close as
possible to physiological conditions, and with sufficient precision that these results can be used to identify chemoresistant sub-populations within
the tumor burden and, ultimately, to parameterize computational models designed to estimate clinical response.

Computational models are powerful tools to analyze complex systems, such as cancer-host-therapy interactions. However, models are only as
good as the data used to parameterize them. Unfortunately, most data available in literature cannot be used in its current form to parameterize
such models, as they often are obtained in mutually exclusive experimental conditions. Thus, new experiments are often required with the goal
of obtaining the set of experimental parameters needed. Most viability assays, however, are destructive and thus limited to a small number of
time points, often only one. This greatly handicaps the usage of chemosensitivity assays to parameterize computational models, since such
experiments fail to provide information on the temporal dynamics of the system. This is especially true with primary cancer cells, which are often
limited to a few millions per sample, and have a short lifespan after biopsy, thus limiting the number of experimental conditions available. In
addition, most viability assays require the separation of the cancer from the non-cancer (stroma) cells at the time of quantification, which adds
extra work to the protocol, further perturbs the cells, and limits the number of experiments that can be performed.

40 years ago, Salmon and collaborators1 proposed their famous in vitro colony formation assay for assessment of chemosensitivity of tumor
cells. Unfortunately this assay found mixed success due to the small number of multiple myeloma (MM) patient samples that were capable
of forming colonies under control conditions: It was estimated that only a small subgroup of 0.001% to 0.1% of MM cells were capable of
replication, being termed as multiple myeloma stem cells2. This significantly limited the success rate of the assay and the number of drugs that
could be tested at one time, even in more recent models3. This issue is much more important now when MM agents (standard or experimental)
are more numerous than four decades ago.

A major limitation of these early assays is their dichotomized output: either a patient is “sensitive” or “resistant” to a particular drug. No
information is provided regarding the degree of sensitivity and heterogeneity of the tumor population. Thus, patients with small sub-populations of
fast-growing resistant cells would be classified as “sensitive” to therapy, but would relapse shortly, and thus not benefit from treatment. Given the
importance of duration of response in overall survival (OS) of cancer patients4,5, it is clear how these assays were not able to properly estimate
OS consistently.

In order to circumvent these limitations, and to be able to generate patient-specific computational models that would estimate personalized
clinical response to a panel of drugs, we have developed a method for non-destructively testing drug sensitivity of multiple myeloma (MM) cell
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lines and primary MM cells in an ex vivo reconstruction of the bone marrow microenvironment, including extracellular matrix and stroma6. This
assay, however, had the limitation of relying on a particular commercial microfluidic slide, whose dimensions and cost restricted the number of
experiments or drugs that could be performed at once in a given piece of equipment.

The here described system extends this original assay into a high-throughput organotypic dose-response platform, for in vitro screening of drugs,
based on a digital image analysis algorithm to non-destructively quantify cell viability. Each well in 384 or 1,536-well plates is a 3D reconstruction
of the bone marrow microenvironment, including primary MM cells, extracellular matrix, and patient-derived stroma and growth factors. Live
microscopy and digital image analysis are used to detect cell death events in different drug concentrations, which are used to generate dose-
response surfaces. From the in vitro data, a mathematical model identifies the size and chemosensitivity of sub-populations within the patient’s
tumor burden, and can be used to simulate how the tumor would respond to the drug(s) in physiological conditions in a clinical regimen6 (Figure
1).

The main innovations of this platform are: (a) small number of cancer cells required (1,000-10,000 per drug concentration); (b) assessment
of drug efficacy in physiological conditions (extracellular matrix, stroma, patient-derived growth factors); (c) No toxicity from viability markers7

since only bright field imaging is used, thus no need to transfect cells with fluorescence8 or bioluminescence9; (d) continuous imaging provides
drug effect as a function of concentration and exposure time (pharmacodynamics); and (e) the integration between in vitro and computational
evolutionary models, to estimate clinical outcome6 (Silva et al., in preparation).

The key factor that allows the digital image analysis algorithm to discern cancer from stromal cells is their different affinity to the bottom of the
well: MM cells do not adhere, and remain in suspension in the matrix, while stromal cells adhere to the bottom of the well and then stretch.

This separation occurs even though MM and stroma are seeded at the same time, and occurs during the O/N process of incubation. The
spinning down in the centrifuge following seeding of the plate further accelerates this process. As a consequence, MM cells appear in the image
as round bright disks surrounded by a dark ring, while the stroma maintains a low profile and a darker shade (Figure 2). Thus, the assay in its
current form is best suited for non-adherent cancer cells, although adjustments in the algorithm could be done to separate cancer and stroma
based on other morphologic features, such as size and shape. In this protocol we describe two types of extracellular matrix (collagen and
basement membrane matrix) as well as two types of co-cultures, with (bone marrow derived mesenchymal stem cells) BMSC and HUVECS,
representing the interstitial and perivascular niches of the bone marrow, respectively.

Using a 384-well plate, 5 concentrations per drug and two replicates, we were able to test up to 31 different drugs with the sample of a single
patient. In 1,536-well plates this number is 127. Figure 3 depicts the layout currently used for manual cell seeding, while Supplemental Figure
1 represents the optimum distribution using a robotic pipettor. In the design from Figure 3, each 384-well plate can carry 3 patient samples with
7 different drugs, or one patient sample tested with 21 drugs. Each drug is represented by 5 concentrations, and each condition is seeded in
duplicates. 4 control wells (no drug added) are seeded for each set of 7 drugs (e.g., wells 36-39, 126-129 and 200-203). To ensure the potency
of the drugs used, a human myeloma cell line (e.g., H929 or MM1.S) is also seeded, and drugged in duplicates at the highest concentration
of each of the drugs used (wells 76-89). The positive cell line control ensures that the drugs used have adequate potency, since their dose
response curves are comparable across experiments. Two wells are seeded with a myeloma cell line as control for the environmental conditions,
in other words, to detect possible problems in the bench top incubator during imaging (wells 75 and 90). The enumeration of the wells follows a
zigzag pattern in order to reduce the distance covered by the motorized stage of the microscope, which reduces acquisition time and reduces
wear of the equipment.

Protocol

The use of human cells derived from biopsies as described below was approved by Moffitt’s Institutional Review Board and conducted under the
clinical trial MCC# 14745 conducted at the H. Lee Moffitt Cancer Center and Research Institute.

1. Sorting of MM Cells from Bone Marrow Aspirates

1. Collect bone marrow aspirates (20 ml) from patients in sodium heparin syringe.
2. Isolate mononuclear cells by centrifuging diluted marrow (1:1 with sterile PBS) over a sterile aqueous medium centrifugation gradient at 400 x

g for 30 min at ambient temperature.
3. Collect the interface, which contains the mononuclear cells. Wash cells with cold PBS and count using a hemocytometer or automated cell

counter, using trypan blue for determination of viability.
4. Prepare a thin-layer cell preparation slide10 and stain with Wright-Giemsa stain to assess plasma cell percentage11.
5. Calculate the amount of CD138 beads to be used based the number of cells and plasma cell percentage. If starting sample is less than 20%

plasma cells, then re-suspend cells using 90 µl of separation buffer and 10 µl of CD138 beads per 5 x 106 cells. If starting sample is more
than 20% plasma cells, resuspended using 80 µl of separation buffer and 20 µl of CD138 beads per 1 x 107 cells.

6. Incubate cells with beads at 4 °C for 15 min.
7. Pass cells through a 35 µm strainer added to pre-wetted separation (LS) columns placed in the magnetic field separator (see list of

materials).
8. Remove column from magnet. Collect CD138-selected cells by washing the column 3 times with 1 ml of separation buffer.
9. Assess CD138 enrichment with another stained thin-layer cell preparation slide10.
10. Filter plasma obtained from bone marrow biopsy from each patient with a 0.22 µm syringe filter. Use fresh plasma from the same patient as

the CD138+ cells.
11. Prepare media for experiment by supplementing RPMI-1640 with 10% heat Inactivated fetal bovine serum, 10% patient plasma and 1%

penicillin–streptomycin.
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12. Collect the flow-through of the selection (CD138-) and follow the classical adhesion method12 to select for bone marrow mesenchymal cells
(BMSCs). Since this process requires weeks before BMSCs are ready to be used, it is necessary to have BMSCs ready from previous
patients or healthy donors.

2. Seeding Cells in Plates (Using a Manual Multi-channel Pipettor)

1. Use a multi-well plate (384 or 1,536) with black walls and a transparent flat bottom, preferentially one optimized for optical applications and
cell culture.

2. Co-culture BMSCs with MM cells in either collagen type I or basement membrane matrix, however, HUVECs require basement membrane
matrix.

3. Keep the final densities of each cell type in the following range: 3 x 105 cells/ml for MM cell lines, 2 x 105 cells/ml for HUVECs or BMSCs, and
2 x 106 cells/ml for patient-derived MM cells.
 

Note: These densities are the result of experimental optimization to allow for the highest possible image quality and longest possible imaging
time while maintaining biological relevance in the assays. MM cell lines are seeded at lower densities than primary MM cells due to their
faster replication rate and larger size.

4. Co-culture of primary MM cells with BMSCs:
1. Prepare 100 µl aliquots of pre-mixed media consisting of 20 µl of 10x MEM, 20 µl of deionized H2O, 10 µl of 7.5% sodium bicarbonate

solution, and 50 µl of 1x RPMI 1,640 and store at 4 °C.
2. At the time of seeding the plates with MM cells, mix aliquots of pre-mixed media with 150 µl of 3.1 mg/ml Bovine collagen type I to a

final volume of 250 µl.
3. Re-suspend 50 µl of cells in RPMI 1,640 at six times the final desired density.
4. Mix to cell suspension with collagen mix to create a final volume of 300 µl using a P200 pipette.
5. Using a manual or repeater pipette, deposit a 8 µl drop of final cell/matrix mix in the center of each well in 384-well plates, or 2 µl in

each well of 1,536 well plates (See step 2.6 for an example of spatial arrangement of wells).
6. Centrifuge plate for 2 min at 500 x g to concentrate all cells to the same focal plane during imaging.
7. Leave plate in an incubator (5% CO2, 37 °C) for 1 hr, for gel polymerization.
8. Add 80 µl of supplemented growth media (RPMI-1640, 10% FBS HI, 10% patient-derived plasma, 1% P/S) to each well in 384-well

plates, or 8 µl in 1,536-well plates.
9. Leave plate O/N in incubator (5% CO2, 37 °C) for adhesion of stroma to the bottom of the plate.

5. Co-culture of primary MM cells with HUVECs:
1. Transfer basement membrane matrix from -80 °C to a bucket with ice to thaw.
2. Count and re-suspend primary cells and HUVECs in RPMI-1640 media at 4 times the final density, each in a separate tube.
3. Mix patient cells and HUVECs volumes at a 1:1 proportion.
4. Once basement membrane matrix is thawed, but still not polymerized, mix 1:1 with cell mixture from previous step.
5. Seed droplets with adequate volume of cell-matrix mix in the center of each well (8 µl for 384-well plates and 2 µl for 1,536-well plates,

see step 2.6 for an example of spatial arrangement of wells).
6. Centrifuge plate at 500 x g for 10 min.
7. Place plate in incubator (5% CO2, 37 oC) for 1 hr for matrix polymerization.
8. Add growth media (RPMI-1640 supplemented with 10% FBS, 10% patient plasma and 1% P/S) to each well (80 µl for 384-well plates,

8 µl for 1,536-well plates).
9. Leave plate O/N in incubator (5% CO2, 37 °C) for adhesion of HUVECs to the bottom of the plate.

6. Seed a 384-well plate. Figure 3 depicts a typical spatial distribution of seeding.
1. Starting on well B2, seed as many columns as drugs to be tested. In the example of Figure 3, use seven drugs.
2. Repeat seeding as many times as concentrations to be used. In the example in Figure 3, use five concentrations.
3. Seed four more wells for control conditions.
4. Repeat steps 2.6.1 and 2.6.2 for the second replicate.
5. Repeat steps 2.6.1 to 2.6.4 for every patient sample to be tested in the plate.
6. Seed a MM cell line in two lines of wells, each with as many wells as drugs to be tested (in duplicate). Each of these wells will be

treated with the highest concentration of each drug to ensure that the stock used had adequate potency (see Figure 3 for example).
7. Seed two wells with a MM cell line to serve as control of the experimental conditions, such as proper functioning of the bench top

incubator, growth media, etc.

3. Seeding Cells in Plates (Using a Robotic Pipettor)

Note: This series of steps seeds a 384-well plate using a robotic pipettor. The design of the plate is depicted in Supplemental Figure 1, where
primary MM cells are tested against a panel of 31 different drugs at five different concentrations in two replicates, plus negative control. A cell line
is also seeded as positive control for assessment of drug efficacy and tested against all 31 drugs at the highest concentration, in two replicates.
The files provided are for a particular brand and model (see Materials table) but the algorithm can be adapted to any robotic pipettors.

1. Co-culture of primary MM cells with BMSCs:
1. Prepare a 15 ml tube consisting of 240 µl of 10x MEM, 240 µl of deionized H2O, 120 µl of 7.5% sodium bicarbonate solution, 600 µl of

1x RPMI 1,640 and 1.8 ml of 3.1 mg/ml Bovine collagen type I. Label tube as “pre-mix for CD138+”. Place on ice until use.
2. Prepare a 1.5 ml tube consisting of 50 µl of 10x MEM, 50 µl of deionized H2O, 25 µl of 7.5% sodium bicarbonate solution, 125 µl of 1x

RPMI 1,640 and 375 µl of 3.1 mg/ml Bovine collagen type I. Label tube as “pre-mix for Cell Line”. Place on ice until use.
3. Re-suspend 300 µl of CD138+ cells in RPMI 1,640 at six times the final desired density. Re-suspend 300 µl of BMSC cells in RPMI

1640 at six times the final desired density. Mix both volumes together in a 1.5 ml tube and label “CD138+”. Place in incubator until use.
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4. Re-suspend 60 µl of cell line in RPMI 1640 at six times the final desired density. Re-suspend 60 µl of BMSC cells in RPMI 1640 at six
times the final desired density. Mix both volumes together in a 1.5 ml tube and label “Cell Line”. Place in incubator until use.

5. Using the software provided with the robotic pipettor, load the first script file, “cell_seedingPt47.PGM”. Place a 200 µl pipette tip box, a
microtiter plate, and a sterile 384 well plate in the stations A, B and E, respectively, of the robot.

6. Mix the contents of tubes “pre-mix for CD138+” and “CD138+”. Transfer 1.5 ml of its contents to the well #1 of the microtiter plate.
Place the tube with remaining volume on ice. Start the program. The robot will seed the first 176 wells (11 left-most columns) of the
384-well plate and then pause. Transfer the remaining of the tube on ice to well #2 of microtiter plate. Resume the program. The robot
will seed the remaining 144 wells of the 384-well plate and pause.

7. Mix the contents of tubes “pre-mix for Cell Line” and “Cell Line” and transfer contents to well #3 of microtiter plate. Resume program.
The robot will seed the remaining 64 wells of the 384-well plate.

8. Place 384-well plate in centrifuge for 10 min at 500 x g and 4 °C. Transfer plate to incubator (5% CO2, 37 °C) for 1 hr for collagen
polymerization.

9. Load the second script file, “media_layer.PGM”. Place 120 µl pipette tip box, a reagent reservoir with 31 ml of RPMI-1640
supplemented with 10% FBS, 10% patient plasma and 1% P/S, and the 384-well plate with cells into stations A, B and E, respectively.
Run the program. The robot will transfer 81 µl of media to each well. Once finished, transfer 384-well plate to incubator and allow
stroma to adhere to substrate O/N.

4. Drug Preparation and Drugging of Plates (Using a Manual Multi-channel Pipettor)

1. Prepare a template similar to Figure 3 in order to facilitate the process of adding drug to wells and reduce chance of confusion.
2. Prepare, in a 96-well plate, a serial dilution of each of the drugs to be tested in the plate, for instance, for five concentrations using a 3-fold

dilution:
1. Add 120 µl of drug at 10x the desired concentration in the highest concentration well. For example, use 500 µM melphalan if the

highest concentration the cells will be exposed in the plate will be 50 µM.
2. Add 80 µl of growth media (RPMI supplemented with 10%FBS, 10% patient-derived plasma and 1% penicillin/streptomycin (P/S)) to

the four subsequent wells.
3. Transfer 40 µl from the first well to the second and mix, to a total volume of 120 µl at 1/3 of the first well’s drug concentration, or 167

µM.
4. Repeat step 4.2.3 to the remaining wells (e.g., transfer 40 µl from second to third, mix, then transfer 40 µl from third to fourth, etc.).

3. Transfer 8 µl from each drug containing well to the corresponding well in the cell plate. Each drug containing well should have enough
volume for 10 wells in the cell plate. In the example of Figure 3, each drug concentration is added to 6 different wells, except for the highest
concentration, which is added to 8 wells.

4. Add 8 µl of growth media (RPMI supplemented with 10%FBS, 10% patient-derived plasma and 1% P/S) to the control wells.
5. Place cells in microscope as soon as ready and turn on the bench top incubation.

5. Drug Preparation and Drugging of Plates (Using a Robotic Pipettor)

1. Download script files for robotic pipettor from http://www.i-genics.com/Jove2014Silva/Precision XS files.zip
2. Load the script “media_layer_DRUGPLATE.PGM” in the robotic pipettor user interface. Place a 120 µl pipette tip box, reservoir with 21 ml of

RPMI-1,640 supplemented with 10% FBS, 10% patient plasma and 1% P/S and an empty 384-well plate in stations A, B and E, respectively.
Run the program, the robotic pipettor will add 30 µl of media to all wells in the 384-well plate.

3. Following the template from Supplemental Figure 2 add 200 µl of drug at 20x maximum concentration to each well of a microtiter plate. This
setup accommodates up to 31 drugs. To the control well (CTRL), add RPMI-1640 supplemented with 10% FBS, 10% patient plasma and 1%
P/S.

4. Place a 120 µl pipette tip box, microtiter plate with drugs at 20X concentration, and 384-well with media (from step 5.1) in stations A, B and
C, respectively. Load the program “drug_plate.PGM”. The robotic pipettor will create a serial dilution of 1:3, following the spatial distribution in
Supplemental Figure 1.

5. Place a 120 µl pipette tip box, the 384-well plate with drug dilution (from step 5.3) and the 384-well plate with cells (from step 3.1.9) into
stations A, B and C, respectively. Load and run program “drug_add.PGM”. The robotic pipettor will transfer 8 µl of drug from each well in the
drug plate to its counterpart in the cell plate. Once finished, transfer cell plate to the incubator of the digital microscope as soon as possible.

6. Imaging of Cells in Plate

Note: The procedure below applies to the Evos Auto FL microscope, but can be readily adapted to other motorized stage microscopes with
bench top incubation or incubator-embedded microscopes.

1. Clean the interior of the bench top incubator with an ethanol-wet wipe and carefully remove the lid of the plate while placing the lid of the
incubator.

2. Follow the software steps to add the beacons. This is the term used to refer to landmarks for regions of interest, to be imaged successively
during the experiment (see software user guide for details).

3. Use a 5X or 10X magnification objective. Make sure that the focus is similar to Figure 2: MM cells appear as bright disks surrounded by a
dark ring and BMSCs or HUVECs are barely visible. Some primary MM cells are very small and thus a fine-tuning might be required to find
the optimum focus.

4. Adjust the acquisition interval between 10-30 min and for duration of at least 96 hr. While longer intervals between acquisitions are
acceptable, intervals of 45 min or more may significantly reduce the precision of measurement of viability.
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5. Configure the software so that the images of each well are stored in separate files named Beacon-1, Beacon-2, etc. If the robotic pipettor was
used, set the beacons in the order depicted in Supplemental Figure 3.

6. Make sure that there is enough water in the incubator humidifier and gas, so that cells will be in optimum conditions.
7. Upon completion of the experiment, copy the folders containing the images to the computer that will run the analysis.

7. Quantification of Drug Sensitivity

Note: The following instructions guide the use of the image analysis using a computer cluster, since the analysis of a multi-well plate in a
personal computer is extremely time consuming.

1. Download ImageJ software from NIH’s website: http://imagej.nih.gov/ij/
2. Download script and plugins at http://www.i-genics.com/Jove2014Silva/
3. Follow instructions in http://www.i-genics.com/Jove2014Silva/UserGuide.pdf to run digital image analysis software. The result should be a

spreadsheet named Results.csv containing the viability measurements at regular intervals for each well in the plate for the duration of the
experiment (i.e., 96 hr).

4. If using a manual multi-channel pipettor, perform the following steps.
1. Download the file http://www.i-genics.com/Jove2014Silva/ExperimentalDesign.txt and modify it to match the layout of the plate defined

in step 3.1 (e.g., Figure 3).
2. Download the software http://www.i-genics.com/Jove2014Silva/Evos384.jar and run it using the files created in steps 5.3 and 5.4 as

the input parameter. The result will be a folder name Report containing multiple spreadsheets, each grouping the results for a particular
drug.

3. Copy and paste contents in spreadsheet template http://www.i-genics.com/Jove2014Silva/GraphPadAnalysisPT.pzfx
 

Note: The result should be graphs such as the one depicted in Figure 4, representing the chemosensitivity of the sample to different
drugs as a function of drug concentration and exposure time.

5. If using a robotic pipettor, perform the following steps.
1. Download template files from Download script files for robotic pipettor from http://www.i-genics.com/Jove2014Silva/Robotic Template

Files.zip and extract files in a directory.
2. Modify the file DrugList.csv according to the list of drugs and highest drug concentration in the plate with cells. Follow the layout of

Supplemental Figure 2.
3. Run the program BuildExperimentalDesign.java passing as parameter the folder containing the files extracted in step 7.5.1 and the files

Results.csv from step 7.3. The outcome should be two folders name MM1_S and PtSample. The first contains a description of the wells
(drugs and concentrations) for the cell line positive control. The second contains the same information, but regarding the part of the
plate seeded with patient cells.

4. Copy the file Results.csv into each of the directories created in the step 7.5.3. Download the software http://www.i-genics.com/
Jove2014Silva/Evos384.jar and run it using the files created in steps 7.5.3 for both folders. The result will be a folder name Report in
each of the folders created in 7.5.3. The Report folder contains multiple spreadsheets, each grouping the results for a particular drug.

5. Run the program BuildGraphPadFile.java and pass as parameter the folder containing the files extracted in step 7.5.1 and the files
Results.csv from step 7.3. The result will be a graphpad file containing the dose response curves for each of the 31 drugs, and
normalized by the control. Each chart will contain 5 drug concentrations for the primary MM cells and one concentration for the positive
cell line control.

Representative Results

The flow of the experiment is briefly described in Figure 1. If all steps are completed successfully, the images obtained by the microscope
should be equivalent to Figure 2: live MM cells should be clearly seen as bright disks and BMSCs or HUVECs should be barely visible and well
distributed in the background. As seen in Figure 2A, MM cells range in size from one patient to the other, but in general they are smaller than
cell lines. Since they practically do not replicate ex vivo during the interval of the experiment (96 hr) they can be seeded at higher concentrations
(1-3 million cells/ml). Stroma should be barely detectable, as BMSC adhere to the bottom of the well and stretch, presenting a low profile. The
human myeloma cell line H929 is significantly larger than patient-derived MM cells (Figure 2B), and replicates within 24 hr. To prevent crowding
of the image, MM cell lines are seeded a lower densities, 0.3 million/ml. Figures 2C and 2D represent patient-derived MM cells and human
myeloma cell lines H929, respectively, co-cultured with HUVECS. HUVECS first adhere to the bottom of the well and then begin to contact each
other and form networks, which later become thicker and with lumens.

Figure 4 exemplifies what is to be expected from the processed videos generated by the image analysis algorithm, showing detected live MM
cells pseudo-colored in green (Figure 4A) with no or very little green signal in BMSCs and HUVECs at the end of the experiment in the highest
drug concentration, when all MM cells are dead (Figure 4B). The software should aggregate the results from different wells and build a chart
depicting gradual loss of viability with time of exposure at different drug concentrations (Figure 4C). The curve of dose response of the control
cell line (e.g., H929 or MM1.S) should be the same as for previous experiments; significant deviations might indicate problems with the stock
solution of drug used in the experiment.

It is important to carefully observe all the wells seeded before starting the imaging process, as artifacts may mislead the image analysis software
and lead to false results. For instance, Figure 5A shows the result of an excessive density of BMSCs in the well or too much time elapsed
between trypsinization and seeding, leading to these cells forming clumps. Figure 5B shows “colonies” of MM cells. If cell lines are seeded
at high densities, they will form colonies as they replicate and this reduces the accuracy of the digital image analysis algorithm as it becomes
increasingly difficult to discern one cell from the other. Figure 5C is an example of the opposite, where too few MM cells were seeded. This often
occurs when the number of MM cells obtained from the bone marrow aspirate is below 500,000, and the “dead volume” left in the tube before
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re-suspension becomes comparable to the volume of media required to re-suspend MM cells in high densities. To solve this problem, determine
the dead volume for the tube being used and include it in the dilution calculations. Figure 5D is an example of skewed focal plane. Note how MM
cells on top left are bright and the ones in the bottom right are dark. This is caused by am unevenly placed plate or incorrectly placed objective.
This will cause MM cells in different sections of the image to be counted differently. Scale bars (bottom right of each image) represent 500 µm.

 

Figure 1. Protocol overall description. (A) During a bone marrow biopsy one extra tube of aspirate is obtained for the protocol. (B) Multiple
myeloma (MM) cells are magnetically separated from other cells in the aspirate. (C) Three tubes, containing MM cells (MM), non-MM cells, and
plasma, respectively, are obtained from the separation process. (D) Bone marrow derived mesenchymal stem cells (BMSCs) from previous
aspirates are co-cultured with freshly obtained MM cells, and re-suspended in extracellular matrix (collagen or basement membrane matrix).
(E) The plate is spun down to ensure that as many MM as possible are in the same focal plane and the BMSC are ready to adhere to the
bottom of the well. The plate is placed in incubator until matrix polymerizes. (F) Each well is filled with a mix of culture media and patient-derived
plasma. The plate is placed in an incubator O/N. (G) Drugs are added to each well and the plate is placed in a microscope equipped with a
digital camera, motorized stage and bench top incubator, and imaged at regular intervals for a period of 96 hr. (H) The image files for each well
are analyzed using an algorithm that segments live MM cells based on membrane motion (live cells are pseudo colored in green) and creates
a spreadsheet with changes in cellularity for each well for each time point. Scale bar (bottom right) represents 500 µm. (I) A software program
groups the wells by drugs and concentrations and creates a spreadsheet with curves of dose response normalized so that initial measures are
100%. Please click here to view a larger version of this figure.
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Figure 2. Pre-drug expected appearance of wells. (A) MM cells co-cultured with stroma. (B) The human myeloma cell line H929 co-cultured
with stroma. (C) Patient-derived MM cells in co-culture with HUVECS. (D) Human myeloma cell line H929 in co-culture with HUVECS. Scale bars
(bottom right of each Figure) represent 500 µm. Please click here to view a larger version of this figure.

 

Figure 3. Recommended spatial distribution of wells in a 384-well plate. Each 384-well plate can carry 3 patient samples with 7 different
drugs, or one patient sample tested with 21 drugs. Wells in light green, light blue and tan, contain MM cells from three different patients. Rx1,
Rx2, etc., represent different drugs, each at five different concentrations and in duplicate. Four wells are used as controls for each patient (36-39
for patient 1, 126-129 for patient 2 and 200-203 for patient 3). Wells in orange contain cell lines at highest drug concentration of each drug, in
duplicate. Wells in yellow are cell line controls (no drug). Please click here to view a larger version of this figure.
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Figure 4. Example of digital image analysis and dose response charts. (A) MM cells in co-culture with BMSCs, embedded in collagen I,
exposed to a concentration of 50 nM carfilzomib. Image analysis algorithm detects live cells and pseudo-colors them in green. (B) Images are
acquired at regular intervals for the duration of the experiment. In this concentration of drug, almost all cells are dead at the end of 96 hr. (C) The
chart shows changes in number of viable cells for five different concentrations of carfilzomib along an interval of 96 hr, normalized for time = 0
hr as 100%. The human myeloma cell line MM1.S was used as control for drug efficacy. Scale bars (bottom right of A and B) represent 500 µm.
Please click here to view a larger version of this figure.
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Figure 5. Common errors while seeding or imaging plate. (A) Stroma cells “tangled”. (B) “Colonies” of MM cells. (C) Too few MM cells. (D)
Skewed focal plane. Scale bars (bottom right of each image) represent 500 µm. Please click here to view a larger version of this figure.

 

Supplemental Figure 1. Optimum spatial distribution of wells in 384-well plate using a robotic pipettor. In this configuration 31 different
drugs can be tested at 5 different concentrations and 2 replicates (green). In addition, positive controls with a cell line can be used to ensure drug
potency (pink). Please click here to view a larger version of this figure.

 

Supplemental Figure 2. Spatial distribution of drug “master plate”. The robotic pipettor will use this plate where each well contains one of
the 31 drugs at 20x concentration, to create the drug dilution plate. Please click here to view a larger version of this figure.
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Supplemental Figure 3. Numbering of wells to be used when preparing a plate with a robotic pipettor. The software described in the
protocol requires this numbering of the wells in order to adequately map the wells to the drugs and concentrations. Please click here to view a
larger version of this figure.
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Supplemental Figure 4. Comparison between microfluidic slide (Khin et al., 2014) and current protocol. Dose response of H929 multiple
myeloma cell line measured for 24 hr in the previous system (top left bortezomib, middle left melphalan) and in current system (top right
bortezomib and middle right melphalan). For comparison purposes, LD50 at 24 hr for both platforms was 3.9 nM and 4.1 nM for bortezomib, and
6.4 µM and 14.65 µM for melphalan. Please click here to view a larger version of this figure.

Discussion

In summary, this is a powerful and high throughput method to quantify chemosensitivity of primary MM cells and ex vivo pharmacodynamics of
drugs in a reconstruction of the bone marrow. The critical steps within this protocol are the proper seeding of the wells and adequate focusing
(see Figure 2 for expected results): ensure that MM and stromal cells are uniformly distributed, that stromal cells are adherent to the bottom of
the well, that all MM cells are in the same focal plane, and that MM cells have the aspect of a bright disc surrounded by a dark ring.

In case of improper seeding (see Figure 5), do not continue with the experiment, but rather seed a second plate. If the problem detected was low
or high MM or stroma cell density, check the cell concentration in the tube before seeding and resuspend at regular intervals during the seeding
process to ensure homogeneous distribution of cells in media. The use of a multi-channel pipette with repeater function or robotic dispenser
can significantly reduce this problem. The proportion of cell/matrix to media (1:10) used in this assay sought to maximize the number of wells
that could be seeded and thus conditions studied. However, to study soluble factors produced or consumed by cancer cells or stroma, it is
recommended that a proportion of cell/matrix to media be 1:1.
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As currently implemented, this system quantifies only the non-adherent cells. In order to quantify changes in cellularity of stroma the software
would need to be modified and adjusted to the morphological characteristics of the stroma. This would be a useful feature to study the effect
of cancer cells or drugs in the stroma compartment. The here-described system is also unable to quantify cellularity of adherent cancer cells,
especially if they are combined with adherent stroma. The solution would be modifications in the digital image analysis algorithm to separate the
cancer from stroma based on morphological features, or to pre-incubate either population with a fluorescent dye that could be used to identify
cells from either population.

The significance of this protocol compared to previous approaches is the ability of assess drug response of primary cancer cells in an ex
vivo reconstruction of the bone marrow microenvironment in a non-destructive manner, so that sequential measurements can be made, thus
providing much more detailed information of the pharmacodynamics, rather than at fixed time points. One of the limitations of our prior assay6

was the linear gradient generated by drug diffusion, which only allowed assessment of drug sensitivity within a linear window of concentrations.
The current assay allows assessment of viability across any range of drug concentrations, since each well is a separate entity. Both assays,
however, generate equivalent results (Supplemental Figure 4).

Among the multiple future applications of this approach, our group is focused in using mathematical models to extrapolate the
pharmacodynamics information provided by these assays into clinical response. To achieve this goal we propose to fit the data points obtained
(Figure 4C) for each drug to a system of differential equations, describing the dynamics of drug-induced cell death. Then, by applying to these
mathematical models the known pharmacokinetic properties of each drug in a clinical regimen, it would be possible to estimate the actual
response of the patient6. By automating seeding and drugging using a robotic system, it would be possible to test not only standard of care
drugs, but also over one hundred experimental drugs per sample (in a 1,536 well plate). This would open the possibility for in silico clinical trials,
where hundreds of experimental drugs could be tested in cohorts of patients samples, thus creating survival curves for virtual clinical trials13.
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