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The unique properties of the bone marrow (BM) allow for migration and proliferation of multiple myeloma (MM) cells while also providing the perfect environment for development of quiescent, drug-resistant MM cell clones. BM adipocytes (BMAds) have recently been identified as important contributors to systemic adipokine levels, bone strength, hematopoiesis, and progression of metastatic and primary BM cancers, such as MM. Recent studies in myeloma suggest that BMAds can be reprogrammed by tumor cells to contribute to myeloma-induced bone disease, and, reciprocally, BMAds support MM cells in vitro. Importantly, most data investigating BMAds have been generated using adipocytes generated by differentiating BM-derived mesenchymal stromal cells (BMSCs) into adipocytes in vitro using adipogenic media, due to the extreme technical challenges associated with isolating and culturing primary adipocytes. However, if studies could be performed with primary adipocytes, then they likely will recapitulate in vivo biology better than BMSC-derived adipocytes, as the differentiation process is artificial and differs from in vivo differentiation, and progenitor cell(s) of the primary BMAd (pBMAds) may not be the same as the BMSCs precursors used for adipogenic differentiation in vitro. Therefore, we developed and refined three methods for culturing pBMAds: two-dimensional (2D) coverslips, 2D transwells, and three-dimensional (3D) silk scaffolds, all of which can be cultured alone or with MM cells to investigate bidirectional tumor-host signaling. To develop an in vitro model with a tissue-like structure to mimic the BM microenvironment, we developed the first 3D, tissue engineered model utilizing pBMAds derived from human BM. We found that pBMAds, which are extremely fragile, can be isolated and stably cultured in 2D for 10 days and in 3D for up to 4 week in vitro. To investigate the relationship between pBMAds and myeloma, MM cells can be added to investigate physical relationships through confocal imaging and soluble signaling molecules via mass spectrometry. In summary, we developed three in vitro cell culture systems to study pBMAds and myeloma cells, which could be adapted to investigate many diseases and biological processes involving the BM, including other bone-homing tumor types.
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Introduction

Multiple myeloma (MM) is a malignant B cell neoplasm characterized by uncontrolled growth of mutated plasma cells within the bone marrow (BM) (1, 2). Overt (symptomatic) myeloma results in BM infiltration and a disconnect in the normal equilibrium between osteoblastic (bone building) and osteoclastic (bone breakdown and resorption) activities with a skew toward net bone loss. The unique properties of the BM allow for migration and proliferation of MM cells while also providing a supportive environment for evolution of quiescent, drug-resistant cells (3). Recently, therapies that target the marrow microenvironment rather than the tumor cells directly have proven to be effective in inhibiting tumor growth and osteolysis (4–6). In addition to osteoblasts and osteoclasts, other cells in the BM niche affect MM progression, including osteocytes (7), BM-derived mesenchymal stromal cells (BMSCs) (8), and BM adipocytes (BMAds), as we and others have shown (9–11).

BMAds are important contributors to systemic adipokine levels (12), as well as regulators of bone (13) via RANKL expression (14) and hematopoiesis via stem cell factor (SCF) production (15), and have recently been implicated in bone metastatic cancers such as acute myeloid leukemia (16) and breast cancer (17). Interestingly, BM adipose tissue (BMAT) expands with aging and obesity (18, 19), which are the two key risk factors for MM (20–22), suggesting that BMAds interact with and influence myeloma cells in the marrow. Indeed, adipocyte-derived factors such as monocyte chemoattractant protein 1 (MCP-1) and stromal cell-derived factor 1 (SDF1) are known chemotactic factors for myeloma cells (9, 23), whereas other factors promote myeloma proliferation (e.g., leptin) (10) and resistance to chemotherapies (e.g., leptin and adipsin) (11). Although these effects of physiologically normal adipocytes on myeloma cells have begun to be characterized, how cancer-associated adipocytes differ from healthy adipocytes (17, 24, 25) and whether these changes can be tied to disease progression is poorly understood.

Here, we built on our prior work examining the effects of myeloma cells on BMAds derived from BMSCs (26–28) to develop techniques to isolate, culture, and characterize primary BMAds (pBMAds). Our work was motivated by the knowledge that cells differentiated in vitro are not identical to the terminally differentiated cell type isolated directly from the body. This can be due to the potential effects of differentiation media, artificial/two-dimensional (2D)/monoculture conditions devoid of the correct microenvironmental signals or the incorrect progenitor cell being used based on assumptions or technical difficulties in obtaining or determining the true in vivo progenitor cell (29, 30). Although the analysis of pBMAds isolated and processed immediately from BM has been described (31, 32), protocols for the collection of pBMAds are still relatively novel, and, as such, very few studies utilizing cell culture and experimentation with pBMAds in vitro have been described previously. Indeed, prior publications outline experiments utilizing pBMAds in vitro in which pBMAds were grown in culture medium–filled flasks for “ceiling” or “floating” cultures (33–35), in transwells (34), or on coverslips (36), but only one study performed pBMAd co-culture with tumor cells (37), and none performed this in a three-dimensional (3D) system.

Thus, we further developed and utilized three methods of in vitro culture of pBMAds [using 2D ceiling coverslips, 2D ceiling transwells, and 3D silk scaffolds (27, 38)], which can be used for mono- or co-cultures with MM or other tumor cells to investigate bidirectional tumor-host signaling. Many findings demonstrating that, using 3D cultures and matching material substrate, more closely resembling the mechanical and physical properties seen in vivo, improves accuracy in modeling tumors in vitro (39–41). Thus, we developed an in vitro model with a 3D, tissue-like structure to mimic the BM microenvironment, which represents the first 3D model utilizing human pBMAds. Using the methods that we developed, we found that the fragile pBMAds can be isolated and stably cultured in 2D for 2 weeks and in 3D for up to 4 weeks in vitro. To investigate the relationship between pBMAds and myeloma disease progression, MM cells were added to the cultures and analyzed for cell phenotype and localization, using confocal imaging, and the effects on soluble signaling molecules via mass spectrometry. In summary, we developed three in vitro cell culture systems to study pBMAds and myeloma cells, which could be adapted to investigate many diseases and biological processes involving BMAds.



Materials and equipment


Materials and reagents

Note: All materials and reagents are stored at room temperature unless otherwise noted.

	Lithium heparin VACUETTE tubes, 9 ml (Greiner Bio-One, Cat. no. 455084)

	MM.1S or RPMI-8226 human myeloma cells

	Dulbecco’s modified Eagle medium/F12 (DMEM/F12; Corning, Cat. no. 10-090-CM), stored at 4°C

	Premium-grade fetal bovine serum (FBS; Seradigm, Cat. no. 1500-500), stored at −20°C

	Penicillin/streptomycin (pen/strep; VWR, Cat. no. 97063-708), stored at −20°C

	Antibiotic-antimycotic (anti-anti; VWR, Cat. no. 45000-616), stored at −20°C

	RPMI-1640 (VWR, cat. no. 45000-396), stored at 4°C

	Trypan blue (GE Healthcare, cat. no. SV30084.01)

	Six-well plates for tissue culture (VWR, Cat. no. 734-2323)

	Phosphate-buffered saline (PBS; 1×) (VWR, Cat. no. 97062-340)

	Blood collection tubes with ethylenediaminetetraacetic acid (EDTA) (BD Biosciences, Vacutainer EDTAK2, Cat. no. BD367525)

	Distilled water (dH2O)

	Ninety-six–well plates with round bottom (Sigma-Aldrich, Cat. no. M9436-100EA)

	T75 flasks (VWR, Cat. no. 10062-860)

	Falcon tubes (15 ml) (VWR, Cat. no. 525-0604)

	Falcon tubes (50 ml) (VWR, Cat. no. 525-0610)

	Microtubes (1.5 ml) (Enzifarma, Cat. no. P10202)

	Cryo vials (VWR, Cat. no. 89094-810)

	Transwell membranes (0.4 µm) (Corning, Cat. no. 353090)

	Rectangular cover glass, 50 × 24 mm, #2 (VWR, Cat. no. 48382-136)

	QIAzol (Qiagen, Cat. no. 79306)

	Silk scaffolds [provided by Reagan lab, or made as described (27)], autoclaved and stored in sterile H2O at 4°C.

	Optional: Scrapers, 11-mm blade (USA Scientific, Cat. no. CC7600-0220)

	Optional: White bioluminescent imaging (BLI) plates (CELLSTAR, Cat. no. 655083)

	Optional: CellTiter-Glo (Promega, Cat. no. G9241), stored at −20°C.

	Optional: RealTime-Glo (Promega, Cat. no. JA1011), stored at −20°C.

	Optional: Luciferin [IVISbrite D-Luciferin Potassium Salt Bioluminescent Substrate (1 g) (XenoLight); PerkinElmer, Cat. no. 122799]; see below for recipes; powder and reconstituted solution both stored at −20°C.

	Optional: Qiagen miRNeasy Kit (Qiagen, Cat. no. 217084)

	Optional: RNase-Free DNase Set (Qiagen, Cat. no. 79254)

	Optional: Neutral Buffered Formalin (VWR, Cat. no. 89370-094)

	Optional: Triton X-100 (Sigma-Aldrich, CAS no. 9036-19-5)

	Optional: DAPI (Life Technologies, Cat. no. D1306), stored at −20°C

	Optional: Phalloidin (Life Technologies, Cat. no. A12379, stored at −20°C

	Optional: Methanol (BDH Chemicals, Cat. no. BDH1135-1LP)

	Optional: Oil Red O (VWR, Cat. no. 97062-192)

	Optional: Isopropanol (BDH Chemicals, Cat. no. BDH1133-4LP, CAS no. 67-63-0)

	Optional: 0.2-µm filter

	Optional: Glass bottom dishes (1.5-mm uncoated, gamma-irradiated; MatTek, Cat. no. P50G-2-14-F-GRID, or similar)

	Optional: Reagents for mass spectrometry:



	Ethanol (stored at −20°C)

	Tris

	Urea

	Bicinchoninic acid (BCA) assay (Thermo Scientific Pierce, Waltham, MA)

	TCEP [tris(2-carboxyethyl)phosphine hydrochloride (Strem Chemicals, Newburyport, MA]

	Iodoacetamide (Proteomics grade, Thermo Scientific Pierce)

	2-Mercaptoethanol (Thermo Scientific Pierce)

	Calcium chloride, dihydrate (OmniPur, Sigma-Aldrich, St. Louis, MO)

	Sequencing-grade modified trypsin (Promega, Madison, WI)

	Acetonitrile (LC-MS-grade, Honeywell Burdick & Jackson, Muskegon, MI)

	Formic acid (Optima grade, Fisher Scientific, Waltham, MA)

	Top Tip Micro-spin columns packed with C18 media (Glygen Corporation, Columbia, MD)

	Reverse-phase nano HPLC columns (Acclaim PepMap 100 C18, 75 µm × 150 mm, 3-µm particle, 120-Å pore)

	Water (LC-MS-grade, Honeywell Burdick & Jackson, Muskegon, MI)





Equipment

	Micropipettes

	Thin forceps

	Multichannel pipettes

	Centrifuge

	Biosafety cabinet with vertical flow

	37°C, 5% CO2 humidified cell culture incubator

	Water bath able to reach 37°C

	Hemocytometer

	GLOMAX microplate reader (Promega, Cat. no. GM3000) (read on bioluminescence setting with standard integration time)

	EVOS M5000 Digital Inverted Fluorescence and Transmitted Light Imaging System (or other fluorescent microscope with red, green, and blue channels) or Confocal Microscope (Leica SP5X laser scanning confocal microscope (Leica Microsystems, Buffalo Grove, IL)

	Aluminum heat/cooling block capable of holding temperatures from −20°C to 55°C

	Refrigerated (4°C) tabletop centrifuge

	Centrifugal vacuum concentrator

	TripleTOF 6600+ quadrupole time-of-flight (QTOF) mass spectrometer (Sciex, Framingham, MA) with silica capillary emitter (SilicaTip, 20 µm ID, 10 µm tip ID, New Objective, Littleton, MA)

	Eksigent NanoLC 425 nano-UPLC Liquid Chromatography System





Software

	GraphPad Prism v.7

	Leica Application Suite Advanced Fluorescence (LAS AF) Lite software or Leica LAS acquisition software

	Sciex MarkerView software (version 1.3.1, Sciex LLC, Framingham, MA)

	Sciex Protein Pilot software (version 5.0.2, Sciex LLC, Framingham, MA)

	Sciex PeakView software (version 2.2, Sciex LLC, Framingham, MA)

	STRING: Functional protein association networks; found at https://string-db.org/

	Sciex Analyst software (version 1.7, Sciex LLC, Framingham, MA)





Recipes

	1. Supplemented DMEM/F12

	  a. Add 10% FBS and 1% of anti-anti to total DMEM/F12

	2. Supplemented RPMI-1640

	  a. Add 10% FBS and 1% of pen/strep to total RPMI

	3. Luciferin: Stock solution at 7.5 mg/ml

	  a. Combine 1 g of D-luciferin powder with 133.3 ml of sterile Dulbecco’s PBS without Mg2+ or Ca2+

	  b. Sterilize using a 0.22-µm filter (Corning Life Sciences)

	  c. Aliquot and freeze at −20°C

	4. 0.2% Triton X-100

	  a. Cut end of pipette tip of P200 to transfer viscous Triton X-100 to PBS as outlined below.

	  b. Add 100 µl of Triton X-100 in 50 ml of PBS and mix gently but thoroughly

	5. Oil Red-O 60% solution

	  a. Make stock of Oil Red-O solution by combining 0.700 g of powder in 200 ml of isopropanol

	  b. Dilute to 60% solution using 1× PBS and filter (0.2 µm) to remove clumps

	  c. Store at room temperature away from light

	6. Live-Dead Imaging on pBMAds on Silk Scaffolds

	  a. Either use this kit [Invitrogen™, LIVE/DEAD™ Cell Imaging Kit (488/570), Thermofisher, Cat. no. R37601], according to manufacturer’s instructions, OR:

	  b. Make your own stock solution using the following:

	    i. Calcein Stock Solution (4 mM) (to stain live cells)

	      1. Dissolve 50 µg of Calcein (contents of one vial, perform this in the vial) in 12.5 µl of dimethyl sulfoxide (DMSO); keep frozen and away from light.

	      2. Calcein used (Thermofisher Calcein AM, Cat. no. C3100MP); other calceins can be used if other excitation/emission colors are needed

	      3. Excitation/Emission Max for Calcein AM: 494/517 nm.

	      4. Note: Scaffolds have autofluorescence at many wavelengths, especially red, so making overlay maximum projection images can help distinguish dead cells from silk scaffolds.

	    ii. Ethidium Homodimer (EthD-1) (2 mM) Stock Solution (to stain dead cells)

	      1. Make a 1:4 DMSO/Water solution (vol:vol) (150 µl of DMSO + 600 µl of water).

	      2. Dissolve 1 mg of EthD-1 into 583 µl of 1:4 DMSO/water solution.

	      3. Ethidium Homodimer-1 used [Thermofisher Ethidium Homodimer-1 (EthD-1), Cat. no. E1169].

	      4. Excitation/Emission Max for EthD-1: 528/617 nm.

	    iii. Add 5 µl of 4 mM Calcein Stock + 20 µl of 2 mM EthD-1 into 10 ml of PBS.

	    iv. Store/aliquot extra stocks at −20°C and protect from light.

	  c. Scale down or up as needed: Use enough solution to cover scaffolds or samples.

	  d. Add and mix solution around samples, wait 30 min, keep in the dark in incubator.

	  e. Rinse gently with PBS and then image.

	7. Optional: Solutions for mass spectrometry

	  a. Tris buffer of 25 mM (pH 0–8.5) containing 8.0 M urea.

	  b. Tris buffer of 25 mM (pH 8.0–8.5) containing 1.9 M calcium chloride.

	  c. TCEP (tris[2-carboxyethyl] phosphine hydrochloride) of 300 mM prepare in 1.0 M Tris base.

	  d. Acetonitrile solution (4%) containing 5% formic acid.

	  e. Mobile phase A = 2% acetonitrile solution containing 0.1% formic acid.

	  f. Mobile phase B = 99.9% acetonitrile containing 0.1% formic acid.






Methods


Establishment of myeloma-adipocyte co-cultures


Primary bone marrow samples

	Cancellous bone samples derived from the acetabulum are collected from donors (men and women) after total hip arthroplasty surgeries. Bone samples (≥2 ml in size) containing both bone fragments and BM should be collected into 9-ml lithium heparin tubes.

	Samples can be provided as deidentified samples through a Biobank or other system after IRB approval and informed consent.

	BMAds can then be isolated from bone and other marrow cells as described below. Note: Donor variation in size, phenotype, and lipid content within samples was observed.





Isolation of primary bone marrow adipocytes

	1. Warm supplemented DMEM/F12 to 37°C. This medium is used for the entire pBMAd isolation protocol.

	2. Remove entire BM/bone sample from initial tube and place into a 50-ml conical tube.

	3. Add 10–15 ml of fresh supplemented DMEM/F12 and crush the sample with a 25-ml serological pipette to release cells. Caution: periodically clear the pipette so pieces of the sample do not clog inside the pipette.

	4. Add another 10–15 ml of supplemented DMEM/F12 media and continue to break up the sample until the pieces of marrow are small and mostly white.

	5. Incubate the sample at 37°C for 10–15 min to allow adipocytes to float to the surface. You should see a white/yellow lipid layer beginning to form.

	6. Centrifuge the entire sample for 5 min at 1,000 rpm (180g, relative centrifugal force (RCF)) (we utilized a Beckman Allegra 6R Refrigerated Centrifuge with a GH-3.8 swing bucket rotor). At the end of this spin, the adipocyte/lipid layer should be clearly separated from the rest of the sample at the top meniscus. Note: A sample of pBMAds can be saved for RNA by pipetting 40 µl of the floating cells directly into a cryo vial and flash-freezing in liquid nitrogen.

	7. To seed pBMAd experiments/collect pBMAds (as outlined below), collect cells from the adipocyte/lipid layer at the meniscus by slowly moving the pipette along the lipid layer as the appropriate volume of cells/liquid is drawn up inside. Note: A P1000 was used when possible to avoid damage to fragile adipocytes.

	  a. For co-culture experiments using six-well plates and 0.4-µm transwell inserts, dispense 2 ml of media into each well and gently add 300 µl of pBMAds per well. This volume represents approximately 500,000–1,300,000 pBMAds per well.

	  b. For co-culture experiments using 24-well plates and 0.4-µm transwell inserts, dispense 0.5 ml of media into each well, add 75 µl of pBMAds per well. This volume represents approximately 160,000–330,000 pBMAds per well. Note: Slight trimming of the end of the tip of a P200 pipette will allow for gentle collection and dispensing of adipocyte liquid cultures at this volume.

	  c. For co-culture phenotyping experiments using coverslips, dispense 2 ml of media into each well of a six-well plate and gently add 300 µl of pBMAds per well.

	    i. Gently place coverslip on top using forceps.

	  d. For co-culture experiments using 3D silk scaffolds, 100 µl of pBMAds can be used (see methods below). This volume represents approximately 220,000–450,000 pBMAds per scaffold. Saturating the scaffolds with pBMAds leads to the best results.

	8. Proceed with steps outlined below for co-culture assembly.

	9. Return plates to incubator; incubate samples for 7 days prior to co-culture to allow them to adhere to coverslips or scaffolds.





Culture of myeloma cell lines

	Warm supplemented RPMI-1640 to 37°C.

	Quickly thaw MM.1S and/or RPMI-8226 cryo vial (1 ml, cells suspended in typical freezing media) by placing in a water or bead bath at 37°C.

	With a P1000 pipette, add the cell suspension to a 15-ml tube containing 9 ml of supplemented RPMI-1640 media.

	Centrifuge at 1,000 rpm (180g, RCF) for 5 min to pellet cells. Remove and discard media containing DMSO.

	Resuspend cells in 5–10 ml of fresh supplemented RPMI-1640 media.

	Count the cells in a hemocytometer with trypan blue to exclude dead cells and resuspend the desired concentration in supplemented RPMI-1640 media. Refer to “Day 7” of co-culture assembly protocols outlined below.

	Myeloma cells are passaged in T75 flasks with 5 million cells seeded into 15 ml of media, fed an additional 15 ml of media every other day until flasks are full (or 80% confluency is reached). Note: MM.1S and RPMI-8226 cell lines are semi-adherent and require gentle scraping to release cells prior to passaging.

	Extra myeloma cells can be stored in 1 ml of supplemented RPMI-1640 containing 10% DMSO (5 million cells per cryo vial) in liquid nitrogen.





2D co-culture assembly

There are two methods for 2D co-culture described in this protocol: transwell co-cultures or coverslip co-cultures (Figures 1A, B). pBMAds grown on ceiling cultures on coverslips were used for imaging (Figure 1C), and transwells were used to assess effects on cell number, gene expression (qPCR), and protein content in conditioned media (CM) (using mass spec proteomics), as described below in the results section. Transwell membranes allow for soluble factor cross-talk between cells, whereas coverslip and 3D scaffolds are methods for direct co-culture that allow for cell-cell contact, and thus, the different co-culture methods also are useful for studying different aspects of the communication between tumor cells and pBMAds. This is useful to consider when designing experiments for the specific hypothesis being tested.

	1. Day 0:

	  a. Prepare DMEM/F12 supplemented media in advance, warm to 37°C prior to isolation of pBMAds.

	  b. Gather six-well and/or 24-well plates, 0.4-µm transwell membranes, and coverslips prior to patient sample collection.

	    i. Note: This transwell well size allows for soluble factor communication but not migration between the top and bottom chambers

	  c. Isolate and collect pBMAds as outlined above and seed underneath transwells and/or coverslips.

	    i. For transwell experiments:

	      1. Add media to each empty well: six-well = 2 ml per well; 24-well = 0.5 ml per well

	      2. From the adipocyte/lipid layer, pipette liquid pBMAd culture and dispense gently into each well:

	        a. Six-well plates: 300 µl of pBMAd culture

	        b. Twenty-four–well plates: 75 µl of pBMAd culture to each well

	      3. Place transwell on top. Add media to the top of transwells:

	        a. Six-well plates: 2 ml per well

	        b. Twenty-four–well plates:1 ml per well

	    ii. For coverslip experiments:

	      1. Add 2 ml of media per well of a six-well plate

	      2. Add 300 µl of pBMAd culture per well

	      3. Gently place coverslip on top using forceps

	  d. Return plate to incubator.

	2. Days 1–6:

	  a. Allow pBMAds to adhere to transwells and/or coverslips.

	  b. DO NOT DISTURB culture.

	3. Day 7:

	  a. For transwell co-culture:

	    i. Transfer transwell membranes to new wells containing fresh supplemented RPMI media (2 ml per well for six-well plates, 0.5 ml per well for 25-well plates)

	    ii. Seed myeloma cells directly into the top of transwell membrane:

	      1. Twenty-four–well plates: 50,000 cells per well in 1 ml of media

	      2. Six-well plates: 500,000 cells per well in 2 ml of media

	  b. For coverslip co-culture:

	    i. Seed myeloma cells directly into new wells of a six-well plate (500,000 cells per well in 2 ml of supplemented RPMI 1640)

	    ii. Gently place (i.e., float) coverslip containing adherent pBMAds on top of meniscus of media containing MM cells (or media alone), ensuring that the pBMAds are facing down

	  c. Place new plates in incubator for co-culture period

	4. Days 7–9: Seventy-two–hour co-culture period

	5. Day 9: Harvest media and/or cells as described under “Techniques to Characterize the Co-cultures”






Figure 1 | Development and characterization of 2D methods of pBMAd culture. (A, B) Schematics of 2D cell culture options. Green, tumor cells (floating and semi-adherent). Yellow, primary bone marrow adipocytes adherent to bottom of transwell (A) or to bottom of coverslip (B). (A) Schematic of transwell culture system. (B) Schematic of coverslip culture system. (C) pBMAd donor R21-1039 imaged on cover slips after 10 days in culture. Staining with Oil Red O (red) and phalloidin (green), shown as overlay, indicates that many, but not all, lipid droplets are, in fact, adipocytes surrounded by a cytoskeleton indicated by phalloidin. Scale bars, 100 µM.





3D co-culture assembly

Here, we describe an original method for 3D co-culture of pBMAds and MM cells, which builds on our prior publication (27) and follows a set of steps outlined in Figure 2. All subsequent steps for 3D co-culture experiments used supplemented DMEM/F12 media including the addition of tumor cells that are normally cultured in supplemented RPMI-1640. We utilized the 3D co-culture system for imaging (Figures 3, 4A) and characterization of CM by mass spectrometry analysis, as described below in the results section; however, future directions can include isolation of cells from direct co-culture via magnetically activated sorting, quantification of tumor cells by bioluminescent imaging, or quantification of gene expression in the microenvironment following RNA isolation from the entire scaffold.

	1. Day 0:

	  a. Silk scaffolds should be prepared and sterilized as described previously (27). Alternatively, silk scaffolds can be provided by the Reagan lab as a collaboration, or as a donation, as funds and personnel allow (contact Dr. Michaela Reagan).

	    i. Punch out scaffolds using 5-mm circular biopsy punch and cut to a height of ~3 mm. Larger scaffolds can be made and utilized but should be seeded with more cells to account for the volume change.

	    ii. Autoclave scaffolds either dry (wrapped in aluminum foil and placed in an autoclave pouch) or wet (in water in a glass jar with a loose lid to prevent breaking).

	b. Prepare DMEM/F12 supplemented media, warm to 37°C prior to isolation of pBMAds

	c. Prepare scaffolds prior to patient sample collection.

	    i. Place a sterile scaffold into each well of a 96-well glass bottom dish.

	    ii. Soak scaffolds at least overnight in culture media so that they are hydrophilic and coated with FBS-derived proteins by the time of cell seeding.

	    iii. With a pipette, remove all but ~50 µl of media from scaffold so that the scaffold is moist but still capable of holding another 100-µl volume.

	  d. Collect pBMAds as outlined above and seed directly on top of silk scaffold.

	    i. Seed 100 µl of pBMAd culture slowly to the top and sides of each scaffold.

	      1. It is an option to re-seed pBMAds that drop to the bottom of the dish back onto the scaffold to maximize the number of pBMAds seeded

	    ii. Let cells incubate at 37°C for 1–2 h

	    iii. Add 200 µl of media to the side of well; this volume should just cover the scaffold.

	  e. Return plate to incubator.

	2. Days 1–6:

	  a. Allow pBMAds to adhere to silk scaffold.

	  b. DO NOT DISTURB culture.

	3. Day 7:

	  a. Gently remove media surrounding scaffold.

	  b. Seed myeloma cells directly onto scaffold: ~100,000 cells in 50–100 µl of fresh DMEM/F12 supplemented media.

	  c. Let cells sit for 1–2 h prior to adding enough media to cover the scaffold (~150 µl, but not so much that spilling when transporting back to the incubator is a risk). Slowly add the media inside the well beside the scaffold to minimize disturbing the co-culture.

	4. Days 7–9: Seventy-two–hour co-culture period.

	5. Day 9: Harvest media and/or cells as described under “Techniques to Characterize the Co-cultures.”






Figure 2 | Development and characterization of 3D pBMAd culture. (A) Workflow for sample processing and seeding onto scaffolds. (B) Schematic of 3D scaffold system.






Figure 3 | Long-term 3D culture of primary bone marrow adipocytes. (A) Image of pBMAds cultured for 3 weeks on silk scaffolds. (B) Images of pBMAds cultured for 4 weeks on silk scaffolds. All of the scale bars are 100 µm. Images are red, green, and blue overlays on confocal microscopy using maximum projection images. Blue channel is DAPI and silk scaffolds; green channel is phalloidin/F-Actin; red channel is Oil Red O staining of lipids.






Figure 4 | Silk scaffolds support culture of live pBMAds. Confocal maximum projection imaging of 3D scaffolds with pBMAds (A) after 3 weeks of culture stained with live-dead (Calcein AM, green; EthD-1; dead) stain. Lipids also appear red and scaffold autofluorescence can appear purple or pink colored. Scale bar, 100 µm. Two representative images shown. (B) Live pBMAds cultured on scaffolds can be quantified with RealTime-Glo (RTG). RTG reagent was seeded with adipocytes on day 0 and relative luciferase activity (RLU) measured for up to 7 days using a plate reader. RTG activity from pBMAds from three donors are quantified here, with background luciferase activity measured in empty scaffolds (n = 3); error bars in donors R22-0211 and R22-0353 represent S.E.M. of RLU from multiple scaffolds (i.e., technical replicates).





Techniques to characterize pBMAd-MM co-cultures

These co-culture systems allow for the determination of several parameters for both cell types. First, we used RealTime-Glo (Figure 4B) and CellTiter-Glo (Figure 5A) to establish viability of the pBMAds grown in culture, and exogenous luciferin to determine any potential changes in luciferase-expressing MM cell numbers in response to co-culture, as described in the results section below. To examine potential differences in gene expression, we utilized the 2D transwell co-culture system to ensure separation of the two cell types prior to RNA isolation. Next, we used imaging techniques [fluorescence (Figure 5B) and confocal microscopy (Figure 6)] to identify both cell types and determine whether these cell types were physically interacting in the 3D BM-like co-culture. To assess the soluble signals secreted by pBMAds and MM cells alone and how these signals change in co-culture systems, we utilized mass spectrometry for an unbiased, whole proteomics approach, as described in the results section below. For the experiments executed in this manuscript, media from 2D transwell co-cultures (top and bottom portions) or 3D scaffold co-cultures (Figures 7–9) were collected at day 9 (at the end of the 72-h co-culture period) for the analysis of secreted proteins (proteomics). Each cell type was also collected from either side of the transwell for RNA analysis; 2 six-well plate wells were pooled together per cell type. These methods should be adapted as needed and could be employed at any time point during co-culture. Below, days represent various points from the “co-culture assembly” protocols above.




Figure 5 | pBMAds can be co-cultured with myeloma cells in 2D transwells or coverslip cultures.(A–C) pBMAds were cultured on the bottom side of 24-well plate transwells for 7 days, and then, MM cells (MM.1S) were added to the tops of the transwells and cultured for 72 h. To investigate cell number in the transwell co-culture system, transwell inserts were gently lifted, medium was slowly removed from the bottom section, and the bottoms were scraped with a cell scraper to release pBMAds into the bottom of the wells. Then, a sample of the pBMAds were removed and transferred to a white plate for CellTiter-Glo analysis using a plate reader (A). To assess tumor cell numbers, tumor cells in the top of the transwells were scraped gently with a pipette, and a sample was transferred to white 96-well BLI plates. Then, luciferin was spiked in and the plate was read on a plate reader; significance was investigated by t-test (B). Error bars represent S.E.M. from three independent experiments. (C) 2D imaging of coverslips. pBMAds were seeded as ceiling cultures for 7 days, and then, tumor cells were added for 72 h. Coverslips were removed, fixed, and stained with phalloidin for F-actin (green) and Oil Red O for lipids (red) and imaged using confocal microscopy and maximum projected overlay imaging. pBMAd donor R21-1039 is on top, and R21-1114 is on bottom; left images are alone and right images are with tumor cells, as labeled. Scale bars, 200 µm.






Figure 6 | pBMAds can be co-cultured with myeloma cells in 3D silk scaffolds. pBMAds were cultured on scaffolds for 7 days, and then, medium was removed prior to the addition of either fresh media (top) or media and MM.1S cells (middle). MM.1S cells were added directly to fresh scaffolds (alone, bottom) or to pBMAd-laden scaffolds and cultured for 72 h. Imaging of scaffolds with overlay of confocal channels for GFP tumor cells (green) and lipid stain using Oil Red O (red). Scaffold autofluorescence appears light green or purple. Examples of tumor cells are indicated with arrows and circled. Scale bars, 200 µm.






Figure 7 | Mass spectrometry proteomic analysis of CM samples from three BMAd donors and myeloma cells grown on silk scaffolds alone and in co-culture. Differentially expressed proteins from each experiment for pBMAd donor 1 (A), donor 2 (B), and donor 3 are demonstrated by heatmap (Morpheus, software.broadinstitute.org/Morpheus) of log-normalized expression values; one minus Kendall correlation was used to cluster samples and proteins.





Determination of cell number in 2D co-culture

	1. Culture pBMAds and MM cells in 24-well transwell co-culture system for 72 h as described above.

	2. On day 9 of the study (72 h of co-culture), separate myeloma cells from pBMAds to quantify cell number.

	3. For myeloma cells, gently scrape cells from the top portion of the transwell with a pipette and transfer 200 µl of cell culture per well into a white BLI plate.

	  a. To quantify MM.1S cells or other cells with constitutively expressed luciferase, add 10 µl of luciferin to culture in BLI plate, wait 5 min, and read on a plate reader.

	  b. To quantify RPMI-8226 cells or other cells that do not express luciferase, add 100 µl of CellTiter-Glo to culture in BLI plate, wait 5 min, and read on a plate reader.

	4. To collect pBMAds:

	  a. Gently scrape the underside of the transwell membrane with a flat cell scraper and deposit adipocytes into media underneath transwell by dipping the membrane gently inside following scraping.

	  b. Gently mix the culture by pipetting, and select pBMAd liquid culture from the same place in each well.

	  c. Deposit 200 µl of pBMAds into a white BLI plate.

	  d. Add 100 µl of CellTiter-Glo to pBMAds, wait 5 min, and read on a plate reader.





Determination of cell viability over time and collection of conditioned media in 3D scaffolds using CellTiter-Glo

For investigation of cell viability over time in our 3D scaffolds, we used two products from Promega: RealTime-Glo and CellTiter-Glo. The RealTime-Glo reagent can be added per the manufacturers’ instructions (https://www.promega.com/products/cell-health-assays/cell-viability-and-cytotoxicity-assays/realtime_glo-mt-cell-viability-assay/?catNum=G9711) at day 0 and read consecutively and reliably for up to 72 h. No additional reagents or media are required after seeding. With RealTime-Glo samples, the plate was returned to the cell culture incubator between readings instead of discarded, which allowed us to track adipocytes on individual scaffolds over time. The steps below outline a general procedure for assessment of cell viability using CellTiter-Glo, which was one method used in this manuscript and requires at least one scaffold per time point of interest as this assay is a destructive endpoint.

	1. Day 0: Establish viable cells seeded at the start of each experiment. Note: Different scaffolds should be used at different times because CellTiter-Glo is a destructive endpoint.

	  a. After seeding pBMAds, transfer one to two scaffolds to a white BLI plate.

	  b. Add 100 µl of CellTiter-Glo directly onto scaffold and incubate 5 min at room temperature.

	  c. Read BLI on a plate reader. Discard sample.

	2. Day 4: Establish differences in viability from seeding to midpoint.

	  a. Gently remove media surrounding one to two scaffolds and transfer scaffolds to a white BLI plate.

	  b. Add 100 µl of CellTiter-Glo directly onto scaffold and incubate 5 min at room temperature.

	  c. Read BLI on a plate reader. Discard sample.

	3. Days 7–8: Ensure that live cells are present prior to MM co-culture.

	  a. Gently remove media surrounding one to two scaffolds.

	  b. Transfer scaffolds to a white BLI plate.

	  c. Add 100 µl of CellTiter-Glo directly onto scaffold. Wait 5 min.

	  d. Read BLI on a plate reader. Discard sample.

	4. Day 9: Establish differences in viability with MM co-culture.

	  a. Gently remove media surrounding scaffolds (save for proteomics or ELISA).

	  b. Add 100 µl of CellTiter-Glo directly onto scaffolds. Wait 5 min.

	  c. Read BLI on a plate reader.

	  d. Do not forget to read scaffolds containing both pBMAds and MM cells alone for comparison.





Collection of conditioned media and isolation of RNA from co-cultures

	To collect MM cells, gently scrape myeloma cells from the top portion of the transwell and collect into a pellet by centrifugation [1,000 rpm (180g, RCF) for 5 min].

	Remove CM from the cell pellet and save in a new tube.

	Resuspend myeloma cell pellet in 700 µl of QIAzol.

	To collect pBMAds, slowly collect the CM from the six-well plate and combine with media saved above. Store CM samples at 20°C.

	Gently scrape the underside of the transwell membrane and deposit adipocytes inside of well. Combine adipocytes from 2 six-well membranes into 700 µl of QIAzol.

	Freeze all samples in QIAzol at −80°C.

	RNA can be isolated utilizing Qiagen RNA extraction kits (miRNeasy with on-column DNase I treatment was used here) per the manufacturers’ instructions.





Imaging of pBMAds and MM cells using fluorescence and confocal microscopy

	1. Fix cells in 4% neutral buffered formalin (NBF) at room temperature for 30–60 min.

	  a. For coverslips, float labeled coverslips in fixative solution with forceps.

	  b. For scaffolds, either remove scaffolds from the wells and place them into new wells or slowly pipette media out of the wells, and then apply ~200 µl of fixative per wells (i.e., just enough to cover scaffold).

	2. Transfer to 1× PBS until ready to stain.

	3. Wash the samples with PBS containing 0.2% Triton X-100.

	  a. 0.5 ml per coverslip in six-well plate

	  b. 300 µl per scaffold in 96-well plate

	4. Stain for 1 h in staining solution away from light at room temperature with extremely gentle, slow shaking (~30 RPM).

	  a. For 1 ml of solution:

	    i. 200 µl of 60% Oil Red-O solution

	    ii. 20 µl of DAPI (20 µg/ml)

	    iii. 100 µl of phalloidin (300U/1.5 ml of methanol)

	    iv. 680 µl of 0.2% Triton X-100

	  b. For each coverslip, use 0.5 ml of staining solution.

	  c. For each scaffold, use 300 µl of staining solution.

	5. Remove staining solution and wash once with 1× PBS. Keep cells in 1× PBS for imaging.

	  a. Attach coverslips to glass slides and image on a fluorescent microscope such as on an EVOS inverted fluorescence microscope.

	  b.For coverslips and scaffolds, transfer these to glass bottom dishes (1.5 mm) for confocal imaging.

	6. Imaging parameters

	  a. Confocal imaging: 10× or 20× objective was used.

	    i. Samples excited with 405-nm (diode), 488-nm (argon), and 633-nm (HeNe) lasers, with emission detected with PMT1 (blue, ~410–460 nm), PMT2 (green, ~500–590 nm) and HyD 3 (red, ~646–700 nm).

	  b. Confocal hardware: Leica SP8 confocal microscope. LAS X software for data acquisition.





Proteomic investigation of soluble proteins secreted by pBMAds and MM cells

Proteomics can be performed on cells or CM from cultures. In our work (Figures 7–9), we analyzed the CM of cells by removing the media, centrifuging media (180g, RCF) to remove floating cells or debris, and transferring CM to a new tube for submission.




Figure 8 | Mass spectrometry proteomic analysis of CM samples from all three pBMAd donors alone on 3D silk scaffolds. An aggregate list of differentially expressed proteins from this experiment are interconnected via STRING database analysis and enriched for a number of different KEGG pathways including the complement and coagulation cascades and glycolysis/gluconeogenesis.





Sample preparation

	Protein precipitation from CM samples is initiated with the addition of a 10-fold volumetric excess of ice-cold ethanol. Alternatively, a five-fold volumetric excess of acetone can be used. Samples are then placed in an aluminum block at −20°C for 1 h; then, protein pelleted in a refrigerated tabletop centrifuge (4°C) for 20 min at 16,000g. The overlay is removed and discarded. Protein samples are allowed to dry under ambient conditions.

	Samples are brought to protein (1–2 μg/μl) in 25 mM Tris buffer (pH 8.0–8.5) containing 8.0 M urea. Protein content is measured relative to bovine serum albumin protein concentration standards using the BCA assay (Thermo Scientific Pierce, Waltham, MA). Approximately 100 µg of protein from each sample is used in further analysis.

	Each sample is brought to 10 mM TCEP (Strem Chemicals, Newburyport, MA) from a 300 mM stock solution prepared in 1.0 M Tris base. Reduction of cysteine residues is performed in an aluminum heating block at 55°C for 1 h. After cooling to room temperature, each sample is brought to 25 mM iodoacetamide (Thermo Scientific Pierce, Waltham, MA) and cysteines alkylation allowed to proceed for 30 min in the dark. Reaction is quenched with the addition of 1–2 µl of 2-mercaptoethanol (Thermo Scientific, Waltham, MA).

	Samples are diluted with 25 mM Tris buffer (pH 8.0–8.5) containing 1.0 mM calcium chloride (OmniPur, Sigma-Aldrich, St. Louis, MO) such that the urea concentration is brought below 1.0 M.

	Trypsin stock solutions are prepared at a concentration of 2 µg/µl using the enzyme storage solution received with the trypsin. Stocks are frozen in aliquots at −80°C until needed. Sequencing-grade modified trypsin (Promega, Madison, WI) is added to a final proportion of 2% by mass relative to sample total protein as measured with the BCA assay. Proteolysis is performed overnight at 37°C in the dark.

	Samples are evaporated to dryness using a centrifugal vacuum concentrator. Each is then brought up to protein (1–2 µg/µl) in 4% acetonitrile solution containing 5% formic acid (Optima grade, Fisher Scientific, Waltham, MA). Peptides are freed of salts and buffers using Top Tip Micro-spin columns packed with C18 media (Glygen Corporation, Columbia, MD) according to the manufacturer-suggested protocol.

	Samples are again evaporated to dryness using a centrifugal vacuum concentrator and peptides are then brought up to protein (1–2 µg/µl) in 4% acetonitrile solution containing 5% formic acid (Optima grade)





LC-MS/MS

	1. All sample separations performed in tandem with mass spectrometric analysis are performed on an Eksigent NanoLC 425 nano-UPLC System (Sciex, Framingham, MA) in direct-injection mode with a 3-µl sample loop.

	2. Fractionation is performed on a reverse-phase nano HPLC column held at 45°C with a flow rate of 350 nl/min.

	  a. Solvents are blended from LC-MS-grade water and acetonitrile.

	  b. Mobile phase A is 2% acetonitrile solution, whereas mobile phase B is 99.9% acetonitrile. Both contain 0.1% formic acid.

	3. Approximately 1 µg of peptides are applied to the column equilibrated at 3% B and loading continued for 12 min.

	4. The sample loop is then taken out of the flow path, and the column was washed for 30 s at starting conditions.

	5. A gradient to 35% B is executed at constant flow rate over 90 min followed by a 3-min gradient to 90% B.

	6. The column is washed for 5 min under these conditions before being returned to starting conditions over 2 min.

	7. Analysis is performed in positive mode on a TripleTOF 6600+ QTOF mass spectrometer (Sciex, Framingham, MA) running Analyst software TF 1.8.1.

	  a. The column eluate is directed to the mass spectrometer source through a silica capillary emitter (SilicaTip, 20 µm ID, 10 µm tip ID, New Objective, Littleton, MA) maintained at 2,400–2,600 V.

	  b. Nitrogen nebulizer gas is held at 4–6 psi, with the curtain gas at 21–25 psi. The source is kept at 150°C.

	8. Data acquisition performed by information-dependent analysis (IDA) is executed under the following conditions: A parent ion scan is acquired over a range of 400–1,500 mass units using a 200-ms accumulation time. This is followed by MS/MS scans of the 50 most-intense ions detected in the parent scan over ranges from 100 to 1,500 mass units. These ions must also meet criteria of a charge state of 2+ to 5+ and of having intensities greater than a threshold of 350 counts per second (cps) to be selected for MS/MS.

	  a. Accumulation times for the MS/MS scans are 20 ms.

	  b. Rolling collision energies are used according to the equation recommended by the manufacturer. Collision energy spread is not used.

	  c. After an ion is detected and fragmented, its mass is excluded from subsequent analysis for 15 s. Data from four to six samples run by IDA are combined and proteins identified to form a single proteome library used for SWATH results analysis (details below)

	9. SWATH analysis is performed according to previously published optimized conditions tailored to the 6600+ instrument, as described (42).

	  a. Briefly, SWATH MS/MS windows of variable widths are generated using a variable window calculator tool available online through Sciex (https://sciex.com/products/software).

	  b. Rolling collision energies are used, as well as fragmentation conditions optimized for ions of a 2+ charge state.

	  c. SWATH detection parameters are set to a mass range of m/z = 100–1,500 with accumulation times of 25 ms in the high-sensitivity mode.

	  d. A parent-ion scan is acquired over a range of 400–1,500 mass units using a 250-ms accumulation time.

	  e. Each sample is run in triplicate to obtain proper statistical parameters.






Proteomics data analysis

	1. Protein identification is performed using Protein Pilot software running the Paragon algorithm.

	  a. Data are searched against a human proteome database containing over 20,000 manually annotated entries in FASTA format downloaded from the UniProt website (UP000005640). Searches were performed with cysteines modified (iodoacetamide) and with the biological modifications focus selected.

	  b. A target false discovery rate of 0.05, and a thorough ID search effort is selected for any analysis. A minimum of 95% confidence is used as a threshold for peptide identification as calculated by Protein Pilot.

	2. Relative quantification is performed using the SWATH processing microApp in PeakView software.

	  a. Peak groups are extracted with a 99% peptide confidence threshold and 1% peptide FDR limit.

	  b. SWATH chromatograms are extracted in 10-min windows with fragment ion mass tolerance set to 50 ppm.

	3. Resulting protein quantitative peak areas are further analyzed using MarkerView software to compare relative quantities of all detected proteins between samples. Statistical analyses including t-tests and principal component analyses are completed for both datasets using Sciex MarkerView software. Significantly different proteins are determined via t-test (p < 0.05).

	  a. Data are exported as Microsoft Excel files that can be analyzed.

	4. Human gene symbols for overexpressed proteins can be entered into the STRING database for connectivity and enrichment analyses.






Results


Phenotyping pBMAds alone and in culture with myeloma cells

Utilizing adipocytes isolated from 16 different human BM donors (Table 1), we made both 2D (Figure 1) and 3D (Figures 2–4) cultures. We created 2D transwell co-cultures (Figure 1A) and 2D coverslip cultures (Figures 1C, B). Using confocal microscopy, we demonstrated unilocular lipid droplets encased by cellular membranes (defined by phalloidin staining), which appeared similar to histological sections of BM biopsies, when pBMAds were cultured using ceiling/floating cultures on coverslips (Figure 1C). The adipocytes adhered and survived for up to 10 days on coverslips (Figure 1C) and contrasted the multilocular phenotype observed in BMSCs differentiated into adipocytes in vitro (Supplementary Figure 1). In our 3D culture systems (Figure 2), pBMAds also consisted of unilocular lipid droplets encased by cellular membranes (Figure 3; Supplementary Figure 2). In both cases, extracellular lipids were also observed in the cultures. Of note, each donor exhibited a slightly different adipocyte phenotype in 2D and 3D cultures, and even within donors, different regions of slides or scaffolds showed variable phenotypes, demonstrating biological heterogeneity of this depot.


Table 1 | Patient bone marrow donor information.



In 3D, a long-term term culture was achieved up to 3 (Figures 3A, 4A; Supplementary Figure 2) and 4 weeks (Figure 3B); live/dead confocal imaging showed the presence of live cells (green), as well as red clusters (which could be dead cells or autofluorescent extracellular lipids; Figure 4A). We also developed a second method to determine whether pBMAds were alive on scaffolds by using RealTime-Glo, a non-destructive reagent. At seeding, pBMAds from two donors (R22-0211 and R22-0353) were allowed to incubate on scaffolds for 1 h at 37°C, whereas pBMAds from another donor (R22-0313) were incubated for only 30 min at room temperature on the scaffolds, prior to adding media containing RealTime-Glo. At 24, 48, and 72 h after seeding, a stronger signal was seen from pBMAds that were allowed more time to attach to the scaffold before filling wells with media (Figure 4B). (Note: Seventy-two hours was the longest; RealTime-Glo was recommended for use by Promega, but it still gave signal, providing evidence of cell survival, until day 11.) These data demonstrate differences between donors and incubation times and represent a non-invasive assessment tool for pBMAds over time in 3D culture.

We next utilized our cell culture systems to investigate the relationship between pBMAds and myeloma cells. Using CellTiter-Glo for pBMAds (Figure 5A) and luciferin spike-in for luciferase-expressing MM.1S (Figure 5B), we quantified viability of cells alone or after co-culture (after removing transwells and scraping cells). We also analyzed phenotype differences in pBMAds in response to MM cells by imaging coverslips. Interestingly, not only adipocytes but also stromal cells could be observed in ceiling cultures of pBMAds, as seen in donor R21-1114 (pBMAds alone, bottom left image, Figure 5C). Similar images were seen with pBMAds with or without RPMI-8226 cells (Supplementary Figure 3). Overall, the variability in imaging of coverslips both between donors and in different fields of view within a single donor impeded our ability to quantify changes in adipocyte size or other phenotypic effects in pBMAds. With further development of the coverslip method, more quantitative data should be available using different imaging methods. We were also able to culture MM cells (white arrows indicate MM cells) with pBMAds in 3D scaffolds, as seen with donor R21-0982 (Figure 6) and donor R21-1039 (Supplementary Figure 4). Although quantification was difficult, we were able to see that pBMAds adhered to scaffolds after 7 days in culture alone, and MM cells adhered to scaffolds in pBMAd co-cultures 3 days after seeding MM.1S cells. MM.1S cells were also adherent to the scaffold alone when grown in monoculture. Viability was quantified in scaffolds for each cell type alone and in co-culture using CellTiter-Glo bioluminescence (Supplementary Figure 5).



Utilizing qRT-PCR and proteomic analysis to characterize pBMAds and MM cells in vitro

We next explored gene and protein-level characteristics of pBMAs. RNA was successfully isolated from pBMAds from the 72-h, transwell co-culture systems, although there were challenges yield and donor variability. We predicted a suppressive effect of MM co-culture on the expression of mature adipocyte marker fatty acid binding protein 4 (FABP4) (Supplementary Figure 6A) consistent with our prior studies in BMSC-derived BMAds (26), or changes in CXCL1 or TGFB, but this was not observed. Because BMSC-derived adipocytes have been shown to regulate dexamethasone resistance in myeloma (11, 26), we also investigated the expression of two genes involved in glucocorticoid receptor trafficking in MM cells previously found to be upregulated in MM cells by BMAds (TSC22D3 and FKBP5); no differences in response to pBMAd co-culture relative to MM cells alone were found (Supplementary Figure 6B), suggesting differences between pBMAds and BMSC-derived BMAds in their relationship with myeloma cells, which warrants further study.

Next, to investigate the relationship between pBMAds and MM cells, we collected CM from pBMAds alone, MM cells alone, and the co-culture, in our 2D transwell system and performed proteomic analysis via mass spectrometry on these three groups. We detected a total of 293 proteins across the three sample types, which were used to perform the PCA (Supplementary Figure 7A), which showed distinct groupings. A total of 16 differentially expressed proteins (DEPs; defined to be significant if p < 0.05 by t-test, |log2FC|>0.17) were detected (Supplementary Figure 7B). These included proteins elevated in MM.1S alone, compared with pBMAds alone (PGAM4, NIPBL, AFM, KMT2B, and EEF1A2), and those elevated in pBMAds compared with MM.1S alone (SPARC) (Supplementary Table 1). Co-culture CM contained elevated proteins (AFP and FMOD) and decreased proteins (FABP1 and TAF4B) compared with pBMAd alone CM (Supplementary Table 2). Five proteins were also significantly increased, and two decreased, in the co-culture condition compared with MM.1S cells alone (Supplementary Table 3). MM cell-induced changes in adipocyte protein secretion profiles may suggest novel vulnerabilities in the cancer microenvironment, which can be explored in future work.

Next, we analyzed CM from cells grown in 3D silk scaffolds. Having detected so few significant proteins in our 2D transwell system, we used additional replicates for each pBMAd donor (three pBMAd donors in total) and analyzed each donor separately. For each donor, CMs from three individual scaffolds were submitted (as technical replicates) for pBMAds alone, MM.1S alone, and co-culture conditions, and each donor was considered one biological replicate. Differences and similarities were observed between donor pBMAds (Supplementary Figure 8A). In our first experiment (donor 1 pBMAds, Supplementary Tables 4–6), 264 proteins were detected in the CMs and used to perform PCA (Supplementary Figure 8B). There were 35 DEPs between the groups (Figure 7A) in this experiment. In the second experiment using 3D scaffolds, we used two pBMAd donors (donor 2 and donor 3; Supplementary Figure 8C), and 108 proteins were detected in the CM samples in the groups. In donor 2 (Supplementary Tables 7–9), 39 DEPs were found with upregulation of PZP and IGLC3 in the co-culture compared with either cell type alone (Figure 7B). In donor 3 (Supplementary Tables 10–12), 48 DEPs were found (Figure 7C) including IGLC3 and AFP- two proteins that were found as significant in co-culture samples using other donors. Across all three donors, there were four proteins commonly differentially expressed: IGKC, VIM, FGA, and ITIH3.

Vimentin (VIM) was the only protein that was consistently elevated in all three pBMAd donors (versus MM.1S alone) in 3D cultures (Figure 7, arrows; Supplementary Tables 4, 7, 10), whereas the many other changed DEPs were identified but more donor-dependent. Among the three pBMAd donors, there were a total of 55 proteins significantly elevated in pBMAd cultures compared with media alone [for this analysis only, we used a more stringent fold change cut off (FC > 1.2) and p < 0.05 due to the number of proteins identified]. These proteins were enriched for members of the complement cascade and included proteins involved in glycolysis/gluconeogenesis (Figure 8), as well as other carbon metabolism or lipid droplet-related proteins. Having observed such differences between donors in the pBMAds alone (Supplementary Figure 8), we assessed and analyzed proteins changed in the 3D co-culture CM relative to the pBMAd donor media or relative to MM.1S control media (Figures 9). Here, we noted similarities to the pBMAds alone in terms of enriched molecules, with additional KEGG pathways highlighted in the co-culture from pBMAd donor 3 (Figure 9, bottom). Caution should be exercised when comparing between 2D and 3D pBMAd proteomic results, as differences could arise from different donors, media, nutrient diffusion, cell densities, cell contact, substrate stiffness, or extracellular matrix peptide signaling from silk proteins that could affect cellular adhesion or spreading. In summary, the combination of these pBMAd-MM co-culture systems (in both 2D and 3D) with proteomics assessment of CM can provide new insights into the secreted factors from pBMAds and reveal novel signaling mechanisms between these fragile cells and other cell types within the BM microenvironment.




Figure 9 | Mass spectrometry proteomic analysis of CM samples from the 3D co-culture of three pBMAd donors with myeloma cells. Differentially expressed proteins from this experiment are interconnected via STRING database analysis and enriched for a number of different KEGG pathways including glycolysis/gluconeogenesis, the complement and coagulation cascades, and PI3K-Akt signaling.






Discussion

In this protocol, we reveal a new method to maintain pBMAds in 3D culture and create co-cultures of pBMAds with myeloma cells to recapitulate the cancer/BM microenvironment. Our methods help address the current challenges of obtaining and culturing pBMAds, which are fragile and difficult to access and thus challenging to study in vitro or ex vivo. We integrate findings from our prior research, which generates BMAT models by differentiating MSCs from adipocytes on silk scaffolds (27) and isolating and culturing primary white adipocytes on silk scaffolds (38), to the optimal methods here in isolating pBMAds (43). This led to the new methods for culturing and imaging pBMAds and co-culturing these with other cell types. In our 3D silk scaffold pBMAd model, we were able to detect live pBMAds over time using RealTime-Glo reagent, as well as differences between donors and with different incubation times (Supplementary Figure 2). Future experiments should utilize this system to detect differences in pBMAds in response to tumor cell co-culture or tumor cell CM to further investigate potential effects of tumor cells on pBMAd energy production and/or cell number. These methods can be combined with luciferase- or green fluorescent protein (GFP)-expressing tumor cell lines for relative quantification of both cell types, similar to what we have described previously (27). Further optimization of different media compositions to support both cell types in culture could also be considered; here, we used both standard culture media for myeloma cells (transwell and coverslip cultures) and standard culture media for pBMAds (3D), so direct comparison between the various systems should be done with caution.

Limitations of this study include donor-to-donor variability in samples, challenges in availability/number donors (healthy, non-myeloma donors and myeloma patient donors) and difficulty in isolating RNA from pBMAds, as we experienced unusually low RNA yields using standard techniques. While we were able to isolate a small amount of total RNA from these samples and amplify higher abundance targets such as housekeeping genes [ACTB and RPLP0 (data not shown)] and highly expressed adipocyte markers (FABP4), we were only able to amplify other desirable targets in two of the four donor samples examined. Utilization of alternative methods to avoid saturating RNA binding columns with lipid, and avoidance of trizol-based extraction reagents (35, 44, 45) would likely improve yield in future studies. Further development of these methods is required to improve the utility of working with these cells in culture and to advance the field. However, the utilization of proteomics-based analyses allowed us to steer away from these limitations and further investigate the relationship between myeloma cells and BMAds. T-test comparisons for proteomics data were executed using either GraphPad Prism or MarkerView software, which is specifically designed for the handling of mass spectrometry data; however, future studies could implement more stringent statistical comparisons including false discovery rate correction.

Although we did not utilize these methods, ImageJ or other software platforms can be used to quantify adipocytes and measure lipid droplet size in both 2D and 3D cultures. To characterize the effects of pBMAd co-culture on MM cells in 3D culture, magnetically activated cell sorting can be implemented to gently collect CD138+ cells after rinsing tumor cells off the scaffolds, for downstream analyses including flow-based apoptosis, proliferation, and cell cycle assays. Alternatively, more targeted approaches, such as enzyme-linked immunosorbent assays (ELISAs), could be used to specifically examine the effects on soluble adipokines and signaling molecules present in CM.

Proteomic analysis of CM collected from single-cell types (pBMAds or MM cell lines) or cells in co-culture revealed a wealth of new information about secretory factors and potential signaling molecules produced by these cells. In 2D transwell co-cultures, we detected elevated levels of AFP and fibromodulin (FMOD). Elevated AFP levels have been associated with metabolic syndrome (46), and stromal cells differentiating into adipocytes (47, 48) suggesting that mature BMAds may also produce this protein and it may be upregulated upon exposure to myeloma cells. The extracellular matrix protein FMOD, which is also increased in transwell co-cultures relative to the pBMAds alone, regulates BMSC differentiation through regulation of the BMP2 pathway, modulating chromatin structure to provide access for the RUNX2/PPARG transcription factors to bind and regulate BMSC lineage commitment (49). Critically, FMOD is not expressed in myeloma cells (50), suggesting that this protein does indeed come from the pBMAd cultures. Together, these two data points suggest either that there is stromal contamination in the co-culture system (and that these stromata are responding to the myeloma cells) or that myeloma cells might stimulate de-differentiation of adipocytes in culture. Future studies should interrogate this.

In 3D culture, we were able to detect levels of the intermediate-sized filament VIM in the culture media from all 3 pBMAd donors. Interestingly, lipid droplets in adipocytes are often biochemically associated with VIM, with VIM attaching to perlipins inside the cell (51, 52) and may be involved in lipid trafficking (51). Studies have linked VIM to exosomes derived from adipocyte progenitors (53, 54), which could account for the presence of this protein in the CM from pBMAds. Indeed, recent studies suggest that adipocyte-derived exosomes may protect MM cells from chemotherapy-induced apoptosis (55), and although we did not directly look for exosomes in the media, we did find a number of cytoskeletal-associated proteins in the pBMAds alone and the co-culture media, which could be consistent with the presence of exosomes.

In donor 1, three proteins were significantly upregulated in the co-culture condition compared with either cell type alone including LDHB, YWHAZ, and EEF1A2. LDHB is upregulated in cancer associated adipocytes in the breast cancer microenvironment, suggesting that cancer cells, including myeloma cells, could modulate lactate metabolism in the microenvironment (56)—a process that might be critical in patient responses to carfilzomib (57). In the 3D co-culture using cells from donor 2, PZP and IGLC3 were significantly upregulated compared with both cell types alone. Although PZP may play a role in energy conversion in adipocytes (58), very little is known about its role in either cell type tested in our experiments. Interestingly, LAC3 (Iglc3) was upregulated in extracellular vesicles derived from the BM of myeloma-bearing mice, compared with control extracellular vesicles (59), and is involved in complement activation (59). In the CM from the donor 3 co-culture scaffolds, we observed significant differences in 14 proteins compared with both cell types alone, including IGLC3 and AFP—two proteins that were also significant in co-culture samples using other donors.

Our data from pBMAds add to the burgeoning datasets, suggesting that these cells, once thought of as static, space-filling cells, may be critical regulators of bone, angiogenesis, and immune function. Our preliminary investigation comparing transwell co-cultures and 3D silk scaffold cultures suggests that pBMAds likely secrete different factors based on their culture method; future directions should continue to optimize culture conditions of these fragile cells for use in vivo. In addition, future studies should include a side-by-side comparison of BMSC-derived BMAds with pBMAds to better understand any potential differences between the two in vitro. Utilization of larger primary samples (perhaps from amputations, cadavers, etc.) would also be beneficial in future studies to increase the signal strength in RNA and proteomic analyses.

We found that pBMAds can be grown in both ceiling cultures (using the undersides of coverslips and of transwells as the ceiling substrates for adhesion) and in 3D silk scaffolds. Both culture systems can be used to detect secreted molecules, investigate tumor cell-adipocyte interactions, and visualize phenotypic changes in cells. These models will help researchers to investigate tumor-adipocyte microenvironment and bidirectional signaling between the cells, which may lead to the development of new therapies or avenues for intervention in cancer progression. In summary, we provide methods to ease the use of pBMAds rather than BMSC-derived adipocytes that can lead to more translationally relevant findings to efficiently investigate how adipocytes support tumor cells and how tumor cells hijack BMAds for their own purposes.
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Transwell proteomics

Figure 5; Supplementary Figure 6
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Figure 5; Supplementary Figures 6, 7
Transwell proteomics

Figure 5; Supplementary Figure 7
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Figure 5; Supplementary Figures 6, 7
Transwell proteomics

Figures 3, 4A; Supplementary Figure 2
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Figure 1; Supplementary Figures 4-6;
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Supplementary Figure 3
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Figure 5
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Figure 4B
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Figure 4B
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