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SUMMARY:
Comprehensive in vitro models that faithfully recapitulate the relevant human disease are lacking. The current study presents three-dimensional (3D) tumor spheroid creation and culture, a reliable in vitro tool to study the tumor-stromal interaction in human hepatocellular carcinoma.

ABSTRACT:
The aggressiveness and lack of well-tolerated and widely effective treatments for advanced hepatocellular carcinoma (HCC), the predominant form of liver cancer, rationalize its rank as the second most common cause of cancer-related death. Preclinical models need to be adapted to recapitulate the human conditions to select the best therapeutic candidates for clinical development and aid the delivery of personalized medicine. Three-dimensional (3D) cellular spheroid models show promise as an emerging in vitro alternative to two-dimensional (2D) monolayer cultures. 3D tumor spheroids exploit the ability of individual cells to aggregate when maintained in hanging droplets, more representative of an in vivo environment than standard monolayers. Furthermore, 3D spheroids can be produced by combining homotypic or heterotypic cells, more reflective of the cellular heterogeneity in vivo, potentially enabling the study of environmental interactions that can influence progression and treatment responses. The current research optimized the cell density to form 3D homotypic and heterotypic tumor spheroids by immobilizing cell suspension on the lids of standard 10 cm3 Petri dishes. Longitudinal analysis was performed to generate growth curves for homotypic versus heterotypic tumor/fibroblasts spheroids. Finally, the proliferative impact of fibroblasts (COS7 cells) and liver myofibroblasts (LX2) on homotypic tumor (Hep3B) spheroids was investigated. A seeding density of 3,000 cells (in 20 μL media) successfully yielded Huh7/COS7 heterotypic spheroids, which displayed a steady increase in size up to culture day 8, followed by growth retardation. This finding was corroborated using Hep3B homotypic spheroids cultured in LX2 (human hepatic stellate cell line) conditioned medium (CM). LX2 CM triggered the proliferation of Hep3B spheroids compared to control tumor spheroids. In conclusion, this protocol has shown that 3D tumor spheroids can be used as a simple, economical, and prescreen in vitro tool to study tumor-stromal interactions more comprehensively.

INTRODUCTION:
The global incidence and mortality from liver cancer have continued to increase, despite advances in treatments for liver disease and most other types of cancer. In 2018, liver cancer surpassed colorectal and stomach cancer to become the 2nd most common cause of cancer-related death globally1. In 2020, there were more than 9,00,000 new diagnoses, accounting for 4.7% of total cancer cases worldwide1. This is particularly disappointing, given that the significant risk factors for the development of HCC, the most common form of liver cancer, are well characterised2. Cirrhosis is the most common risk factor for the development of HCC, with 80% of cases developing on the background of established cirrhosis2. Chronic liver diseases, which progress to cirrhosis, and consequently HCC, include Hepatitis B virus (HBV), Hepatitis C virus (HCV), alcohol-related liver disease (ARLD), non-alcoholic fatty liver diseases (NAFLD) – the latter attributed to obesity and type 2 diabetes mellitus (T2DM)2,3. The current management protocols for HCC are stage-dependent and limited for those with advanced cancer, who most often have a poor outcome4. There have been significant advances using kinase inhibitors and, more recently, immune-oncology treatments, although realistically, benefit a minority of patients with advanced liver cancers5. Moreover, there is concern that HCCs arising in patients with NAFLD – the most rapidly growing underlying cause, accounting for more than 50% of newly diagnosed HCC cases in western nations, may be more resistant to Programmed death 1 (PD1) checkpoint inhibitor therapy6.

There has been a massive investment in clinical trials for patients with HCC, including significant improvements in clinical trials and their endpoints7. After a decade of failures, these investments have started to change the opportunities for patients. However, the reality is that the overall proportion of responders remains relatively poor, with patients included in trials often poorly represent those cared for in the clinics. The danger is that the advances are costly and benefit the few rather than the many. As more candidate therapies emerge for single-use or combination, it is essential to have preclinical models more predictive of in vivo responses. These are likely to be models that incorporate additional factors contributing to the variability seen in patient responses that better reflect human HCC heterogeneity and pathological complexity8. Systems that recreate the in vivo pathophysiological conditions of HCC are needed to help understand the biology of tumor evolution, growth, and progression. The existing experimental models of chronic liver diseases and HCC usually fall under three main categories: in vivo animal-based models (reviewed in9), in vitro cultures10, and ex vivo11,12 models. Animal-based approaches are extensively used to study chronic liver diseases, including HCC; however, the genetic variability, high running costs, and the different immune system between species are among the main limitations for applying such models9. While some ex vivo models provide an excellent tool for focusing on human tissues compared to other in vitro cell line models, tissue availability and the limited experimental time course obstruct their utilization on a large scale.

On the other hand, the in vitro cell line models remain a good option for scientists working with limited resources, with a lesser need to have a constant supply of fresh human tissues10. These models also provide a tool that can be used as a first screen to help with target validation of drug selection before proceeding to more complex in vivo models. The recent modification of the traditional 2D monolayer cultures into 3D cultures has improved the efficacy of these in vitro models13,14.

3D in vitro models can recapitulate critical features seen in human normal and pathological conditions. Under physiological conditions, signal transduction is initiated through cellular crosstalk and interaction with other connective tissue molecules, namely, the extracellular matrix (ECM) proteins, forming a 3D interaction network15,16. The tumor evolves in a 3D spherical form during malignant transformation, for which oxygen and nutrients are readily abundant in non-tumor/tumor interphase. At the same time, hypoxic conditions predominate at the tumor core. This heterogeneity in nutrient availability results in the activation of spatially distinct signaling and metabolic pathways that regulate tumorigenesis. These conditions are poorly recapitulated in the conventional 2D monolayer cultures14, in which cells grow on stiff culture plastic in a physiologically irrelevant fashion. Cancer cells also communicate with other non-parenchymal cells, the primary source of ECM, growth, and invasion signaling within the tumor microenvironment. Unlike 2D cultures, 3D in vitro models can provide a more suitable platform to study this tumor-stromal interaction17.

3D models are widely used in the HCC field, and they vary in the way the micro-tissue is formed18–23. Most of these models used either the ultra-low binding plates18–22 or trans-wells23 in the process of spheroid formation. The protocol described introduces the hanging droplet technique as an alternative, plastic-free, and cost-effective in vitro 3D tumor spheroid model. This may facilitate assessing the paracrine and autocrine roles of fibroblasts on the proliferation of the tumor cells in a 3D format.

PROTOCOL:

1. [bookmark: _Hlk78220852]Cell preparation

1.1. Perform all the experiments under sterile conditions in Class II laminar flow microbiological safety cabinet (see Table of Materials).

1.1.1. Turn on the hood and allow for the stabilization of the airflow.

1.1.2. Thoroughly spray the interior hood surface with 70% ethanol to eliminate any possible contamination from previous users.

1.1.3. Prepare 5% of a disinfectant solution in a 500 mL glass beaker. Discard any cell supernatant or cell debris inside the solution.

1.1.4. Thoroughly clean all the micropipettes and tip boxes with 70% ethanol.

1.2. Prepare fresh cell culture media by supplementing Dulbecco’s modified Eagle’s medium (DMEM) high glucose media with 10% heat deactivated fetal bovine serum (FBS), 1% penicillin/streptomycin (100 unit/mL of penicillin and 100 μg/mL of streptomycin), and 2 mM L-glutamine. For the LX2 hepatic stellate cell line, reduce the concentration of the FBS supplement to 2%.

1.3. Warm culture media on beads before initiating the experiment.

1.4. Take Huh7 and Hep3B HCC tumor cell lines and COS7 and LX2 fibroblast cell lines from their storage rack in liquid nitrogen. Rapidly defrost cryopreserved cells.

1.5. Dilute thawed cells with 2 mL of fresh culture media. Centrifuge cells at 200 x g for 4 min at room temperature. Discard the supernatant and resuspend the cell pellet in 1 mL of fresh warm culture media.

1.6. Seed cells in T75 cell culture flask. Incubate the cells in a cell culture incubator in 5% CO2 at 37 °C in 95% humidified conditions until cells reach 60%–70% confluency.

2. Cell collection

2.1. Aspirate culture media and wash cells three times with phosphate buffer saline (PBS).

2.2. Add 2 mL of pre-warmed 1x Trypsin to detach adherent cells from the bottom of the T75 flasks. Incubate at 37 °C in an incubator for 4 min.

2.3. Inactivate trypsin by adding 4 mL of complete culture media. Collect the cell suspension and centrifuge cells at 200 x g for 4 min at room temperature. Discard the supernatant and resuspend the cells in 4 mL fresh culture media.

3. Cell counting

3.1. Gently vortex the cell suspension to ensure homogenous distribution of cells in the centrifuge tube.

3.2. Using a 10 μL pipette, mix 10 μL of cell suspension with 10 μL of Trypan blue. Gently pipette the mixture up and down four times to ensure complete staining of the outer cell surface with the dye.

3.3. Count the number of cells using a hemocytometer.

3.3.1. First, place a coverslip over the hemocytometer counting area before loading the stained cell mix.

3.3.2. Place the pipette tip containing the cell mix into the V groove of the hemocytometer. Gently expel the tip content into the counting slide.

3.3.3. Leave the slurry to settle for a couple of minutes before fixing it on the microscope stage for cell counting.

NOTE: To avoid double-counting, only count the cells on the two sides of the large square.

3.3.4. Count in cells overlapping the top or the right ruling and avoid those overlapping the bottom or the left ruling.

3.4. Calculate the total number of cells.



4. Collection of fibroblast conditioned media (CM)

4.1. Aspirate culture media and wash the LX2 cells three times with PBS.

4.2. Add 2 mL of pre-warmed 1x Trypsin to detach adherent cells from the bottom of the T75 flasks. Incubate the flask at 37 °C in an incubator for 4 min.

4.3. Inactivate trypsin by adding 4 mL of complete culture media. Collect the cell suspension and centrifuge cells at 200 x g for 4 min at room temperature. Count the cells as per step 3.

4.4. Seed 1 x 106 LX2 cells in 10 cm3 dishes for 48 h at 37 °C.

4.5. Collect the fibroblast CM after 48 h. Centrifuge at 200 x g for 4 min at room temperature to pellet any floating cells. Sterile filter the CM using a 0.22 μm filter fixed on the bottom of 20 mL syringes.

4.6. Collect the supernatant CM. Aliquot the CM into 2 mL tubes and store at -80 °C for further applications.

NOTE: The solution can be stored for 6 months at -80 °C.

5. Validating cell densities for perfect spheroids

5.1. Aspirate culture media and wash the HCC cell lines three times with PBS.

5.2. Add 2 mL of pre-warmed 1x Trypsin to detach adherent cells from the bottom of the T75 flasks. Incubate at 37 °C in an incubator for 4 min.

5.3. Inactivate trypsin by adding 4 mL of complete culture media. Collect the cell suspension and centrifuge cells at 200 x g for 4 min at room temperature.

5.4. Count the cells as per step 3.

5.5. Pipette different densities from the tumor cell lines (12000, 6000, 3000, 1500, 1000, 750, 500, 250, and 125 cells) in 20 µL of media on the interior surface of a 10 cm3 lid of a Petri dish.

5.6. Add 10 mL of sterile PBS to the bottom of the dish to provide humid conditions for the process of spheroid formation.

5.7. Invert the lid of the 10 cm3 dish to allow the media, including the cell suspension, to hang over a humid environment. Leave the hanging droplets for 3 days.

5.8. Take images of the spheroids at 50x magnification using an inverted microscope 3 days after hanging the original droplets.

6. Heterotypic tumor/stromal spheroids

6.1. Suspend 1500 Huh7 HCC cells with 1500 COS7 mammalian fibroblast cells (1:1 ratio) in hanging droplets to form spheres. Add 10 mL of sterile PBS to the bottom of the dish to provide humid conditions for the spheroids.

6.2. Invert the lid of the 10 cm3 dish to allow the media, including the cell suspension, to hang over a humid environment. Leave the hanging droplets for 3 days.

6.3. Take images of the spheroids using an inverted microscope from day 3 until day 10 of culture.

6.3.1. Put the 10 cm3 dish on the microscope stage. Adjust the magnification of the microscope at 50x for all spheroids.

6.3.2. Open the microscope software on the attached computer and adjust its focus to have a clear image of every spheroid. Use the Capture Tool on the microscope software to save the acquired pictures.

7. Homotypic Hep3B spheroids in LX2 CM

7.1. Suspend 3000 Hep3B HCC cells in the hanging droplets to form spheres. Add 10 mL of sterile PBS to the bottom of the dish to provide humid conditions for the spheroids.

7.2. Invert the lid of the 10 cm3 dish to allow the media, including the cell suspension, to hang over a humid environment. Leave the hanging droplets for 3 days.

7.3. Transfer Hep3B spheroids into 20 μL of fresh CM from LX2 cells in hanging droplets.

NOTE: Use sterile autoclaved unfiltered 200 μL pipette tips in the process of spheroid transfer to avoid any disruption or injury to the formed spheroids. This is also to eliminate any residual cells that remain unattached to the main single spheroid.

7.3.1. Use an autoclaved 20 μL pipette for the transfer process. Adjust the pipette volume to 2 μL. Attach the pipette tip to the pipette.

7.3.2. Invert the lid of the 10 cm3 dish on which the spheroids were formed. Fix the lid on the stage of a light microscope. Adjust the fine focus of the microscope to make each spheroid visible.

7.3.3. Carefully empty the air from the micropipette by pressing the plunger button. Insert the pipette tip in the droplet, including the spheroid, to be transferred. Get very close to the spheroid without touching it with the tip.

7.3.4. Gently release the pressure on the plunger button to allow the suction of the spheroid into the micropipette tip in 2 μL media.

7.3.5. Transfer the spheroid into a new droplet hanged on a new 10 cm3 dish, having new media/conditioned media/treatment.

NOTE: Ensure that all the spheroids are successfully transferred to the new 10 cm3 dish using the light microscope.

7.4. Take images of the spheroids at 50x magnification using an inverted microscope from the day of transfer (day 3) until day 7 of culture in LX2 CM.

8. Calculation of spheroid volume

8.1. Assign a unique numeric identifier for each spheroid so that images from matched spheroids can be captured daily.

8.2. Analyze images of the growing spheroids using an image analysis software package.

8.2.1. Open each spheroid image within the software package. Using the Freehand selection tool and outline each spheroid. From the Analysis dropdown button, select Set Measurement, and then Area. Press OK.

8.2.2. Manually draw a circle around each spheroid. Once the sphere is circled, press Ctrl + M to allow the program to calculate the spheroid area in Pixels. Convert the area of the spheroid into a volume.



8.2.3. Calculate the change in spheroid volume relative to its volume on the first day of image capture.

NOTE: This is to normalize the spheroid volume to the starting volume and improve accuracy given the natural variation in the starting size.

REPRESENTATIVE RESULTS:
Cells cultured in a multi-layered 3D format more accurately reflect the complexity of the tumor microenvironment than conventional 2D cultures24,25. Previously, many studies have supplemented the spheroids culture media with different mitogens and growth factors26 to initiate spheroid formation. In this study, however, the addition of fibroblasts, or their CM, provides essential mitogens and growth factors to accelerate spheroid growth.

Figure 1 depicts data from a pilot study in which Huh7 human HCC cells were seeded in a descending seeding density starting from 12,000 down to 125 cells in 20 μL fresh media for 3 days. A seeding density of 12,000 cells yielded spheroids with an asymmetric shape, which was not corrected even after halving the cell seeding density. However, spheroids created from 3000 cells looked more rounded (Figure 1, upper row). Further reduction of cell concentration neither succeeded in forming single spheres (125, 250, 500 cell-density spheres) nor had a regular spherical-like appearance (1000 and 1500 cell-density spheroids). It is worth mentioning that many small spheres were formed at a density of 500 tumor cells; however, only one small spheroid was captured at 50x magnification (Figure 1, upper row). The same optimized protocol was applied to the COS7 primate kidney fibroblast cell line (Figure 1, middle row). Suspending 125, 250, and 500 COS7 fibroblasts in 20 μL hanging droplets resulted in one rounded spheroid with multiple smaller spheroids, while higher cell densities (1000, 1500, and 3000) formed single semi-rounded spheroids. Similar to the Huh7 tumor spheroids, higher cell suspensions (6,000 and 12,000 cells/sphere) resulted in the formation of irregular cell aggregates, and hence higher cell concentrations were discarded (Figure 1, middle row). Low Huh7/COS7 heterotypic cell suspensions (125, 250, and 500 cells/sphere) generated a single spheroid with multiple floating or semi-attached spheroids (Figure 1, bottom row). 1000- and 1500-cell heterotypic spheroids were semi-rounded, while a seeding density of 3000 cells (1500 per cell type) gave a perfect, rounded 3D spheroid. As noted earlier, higher cell densities resulted in the formation of aggregates rather than well-defined spheroids (Figure 1, bottom row). In conclusion, 3000 cell-density spheroids were rounded, similar to human HCC tumors, and were adapted for further experiments. Culturing the cell suspensions as hanging droplets for 3 days was sufficient to promote spheroid formation.

After optimizing the best cell concentration and time point for spheroid formation in the current context, the proliferative impact from co-culturing tumor and fibroblast cell lines was assessed longitudinally. Figures 2 and Figure 3 show Huh7/COS7 heterotypic spheroids (3000 total cell numbers per spheroid) monitored from day 3 until day 10. Homotypic Huh7 and COS7 spheroids (1500 cells each) served as controls. Starting from day 4, heterotypic spheroids grew in an ideal round-like shape compared to homotypic spheroids (Figure 2). The initial volume of the heterotypic spheroid was larger than that of each homotypic spheroid. The growth of spheroids was calculated as the change in their volume relative to initial volume at the day of spheroid formation to avoid normal variation in spheroid volume (day 3, Figure 3). Heterotypic spheroids initially showed a rapid growth phase starting from day 4 up to day 7 followed by a slower phase of growth at day 8 (Figures 2, upper row, and Figure 3). The spheroid volume decreased on days 9 and 10, possibly reflecting the depletion of nutrients or a hypoxic core and cell death.

In contrast, homotypic Huh7 and COS7 spheroids grew at a much slower rate (Figure 2, middle and bottom rows; Figure 3). Homotypic spheroids exhibited a relatively static growth curve until the fifth day of culture (two days after spheroid formation). Starting from day 6, the homotypic spheroids began to show a gradual increase in their growth curve, albeit at a significantly lower rate than that of the heterotypic spheroids (Figure 3). In conclusion, tumor/fibroblast heterotypic spheroids grow at a higher rate than homotypic spheroids suggesting that the direct contact of tumor and fibroblasts increases the size of the tumor spheroids.

Finally, to validate the above findings and to study the paracrine impact of mesenchymal cells on the proliferation of HCC spheroids in a liver-related context, 3-day-old homotypic Hep3B HCC spheroids were grown in regular fresh media or CM from LX2 hepatic stellate cells (Figure 4 and Figure 5) for an additional 4 days. At first glance, 3000 Hep3B cells formed perfectly rounded spheroids after 3 days (Figure 4). Hep3B spheroids showed continual proliferation in fresh media from day 3 till day 7 (Figure 4, upper row). The growth rate was enhanced when Hep3B spheroids were maintained in LX2 CM (Figure 4, lower row). This media-dependent conversion in Hep3B spheroid growth exhibited statistical significance from day 4 up to the end of the experiment (Figure 5), suggesting a fibroblast-driven proliferation of tumor spheroids.

In conclusion, this study has successfully modified the existing 3D spheroid cultures to exploit the crosstalk between HCC tumor cells and different fibroblast cell lines and investigate the proliferative significance of this direct and indirect cellular interaction (Figure 6). Further characterization of the formed spheroids is needed to improve how tumor cells interact with the surrounding microenvironment.

FIGURE LEGENDS:

Figure 1: Optimization of the optimal cell density for spheroid formation. Columns represent different cell seeding densities, and rows represent spheroids formed from Huh7 cells (top row), COS7 cells (middle row), and Huh7/COS7 heterotypic cells (bottom row). Images represent spheroids formed after suspending 125, 250, 500, 1000, 1500, 3000, 6000, and 12000 cells (from left to right) in 20 μL media for 3 days. The pilot study included two spheroids per condition, and the images were taken at 50x magnification, scale bar = 200 μm.

Figure 2: Heterotypic versus homotypic spheroid growth. Columns represent the day at which spheroid images were taken, and rows show representative images for spheroids formed from Huh7 cells (top row), COS7 cells (middle row), and Huh7/COS7 cells (bottom row). The images represent the spheroids formed after suspending 3000 cells from each condition (homotypic Huh7, COS7, or the Huh7/COS7 heterotypic spheroids) of different time points from left to right. The experiment included 10 spheroids per condition, and the images were taken at 50x magnification, scale bar = 200 μm.

Figure 3: Longitudinal analysis of heterotypic versus homotypic spheroid growth. The graph shows the growth curve of heterotypic Huh7/COS7 spheroids versus homotypic Huh7 and COS7 spheroids. Data are presented as mean ± s.e.m; n = 10 independent spheroids. ** p < 0.01; ****p < 0.001.

Figure 4: Growth of Homotypic Hep3B spheroids in myofibroblast CM. Columns represent the day at which spheroid images were captured, and rows show representative images of Hep3B spheroids cultured in fresh DMEM culture media (top row) or LX2 CM (bottom row). The experiment included seven spheroids per condition (fresh media or LX2 CM), and images were taken at 50x magnification, scale bar = 200 μm.

Figure 5: Longitudinal analysis of the homotypic Hep3B spheroid growth. The graph shows the growth curve of Hep3B spheroids in fresh DMEM culture media or LX2 CM. Data are presented as mean ± s.e.m; n = 7 independent spheroids. ****p < 0.001.

Figure 6: Schematic representation of the spheroid formation process. The cell suspension is pipetted on the inner lid of 10 cm3 Petri-dish. The lid is inverted and kept for 3 days to allow for homotypic or heterotypic spheroid formation. Spheroid images are taken at 50x magnification. The figure is created using a web-based science illustration tool (see Table of Materials).

DISCUSSION:
The context in which the experimental cell lines grow influences their gene expression profile, pathway analysis, and functional criteria. For instance, in breast cancer cells, the coordination between different oncogenic pathways is retained only if cancer cells are grown in 3D conformation27. Deregulated genes in 3D melanoma and breast cancer spheroids, but not in the monolayer cells, are more relevant to the in vivo human tumor28,29. For example, β1 integrin levels in mammary epithelial cells and tumor counterparts were lower than levels grown in a 2D format29. Furthermore, fibroblasts in 3D structures tend to migrate distinctly in terms of morphology and speed compared to those cultured on plastic30. In addition, the mechanical stiffness of the growth substrate activates specific pathways that encourage the malignant transformation of normal epithelial cells via deregulation of the extracellular signal-regulated kinase (ERK)/Rho in epithelial cells31. These factors favor the transition from conventional 2D culture to 3D spheroid models, as 3D cultures are more in keeping with human disease.

The current study used conventional laboratory tools and supplies to produce a 3D tumor spheroid model. The formed spheroids responded to the proliferation signals coming from fibroblasts, as shown by their significantly increased growth. This model belongs to the multicellular tumor spheroids category. There are three other categories of 3D tumor spheroids, including tumorospheres32, tissue-derived tumor spheres33,34, and organotypic multicellular spheroids35. In multicellular tumor spheroids, tumor cells are suspended in low-adhesion conditions to allow them to aggregate together to form spheres without touching the bottom of the culture vessel36. Several approaches have been employed to deliver this anchorage-independent technique, ranging from rotating systems, liquid overlay techniques, and uncoated ultra-low attachment U-shaped plates37. In HCC, most of the in vitro spheroid cultures use the ultra-low attachment 24- or 96-well plates to form rounded spheroids18–22. This technique is, however, not cost-effective and doesn’t exclude any accidental cell-plastic contact. Other systems use trans-wells23 or liver slices12 to produce liver micro-tissues. Using human tissues in translational work is the gold standard but not always available or accessible by many research groups. The current approach benefited from the hanging droplets theory. Cell suspension is added so that the tumor spheroids are formed in an accessible liquid-air interface to form single rounded spheres38. Advantages of using this technique are the lack of any cell-plastic contact and the ease of studying the autocrine and paracrine crosstalk between tumor and fibroblast cells. This model was further validated in another study deciphering the importance of the non-parenchymal TREM2 in protecting the liver from HCC development39. This work showed that the volume of both Hep3B and PLC/PRF5 spheroids was higher in control LX2 CM versus TREM2-overexpressing LX2 CM in a Wnt-dependent manner39.

In the current study, fibroblasts were mixed with tumor cells before spheroid formation to investigate the proliferative impact of this co-culture. Others have added fibroblasts, endothelial cells, and immune cells with tumor cell suspension after forming a tumor spheroid to study stromal cell migration into the tumor40,41. The current heterotypic spheroid model showed a similar growth pattern to the previously reported models and the original in vivo tumor; spheroids show exponential growth followed by a delayed growth phase, most probably due to the depletion of nutrients and enlargement of the necrotic core42. Instead of adding growth factors and mitogens to help spheroid formation, this study used a more physiological approach by having these growth factors from direct contact with fibroblasts or their secretome in the fibroblast CM. It is essential to mention that LX2 cells can be further activated by treating with TGFβ1 or PDGF43. LX2 cells have been treated with 10 ng/mL TGFβ1 for 48 h before removing the media for different experimental settings. LX2 cells were washed three times with PBS (to exclude any direct TGFβ1 effect), and then fresh media was added for another 24 h before collecting the CM. The CM collected from TGFβ1-stimulated LX2 induced the Hep3B spheroids’ growth at a higher rate than the CM from control LX2 (data not shown). This flexible system can lend itself to co-cultures of different cancer cells plus/minus fibroblasts, as well as patient-derived lines. It can also offer a medium-throughput screening assay for drugs that could be quickly adopted and inserted into a translational drug discovery pipeline to inform dosing for in vivo studies.

A limitation of the current study is the use of the immortalized cell lines in spheroid formation rather than freshly isolated HCC tumor cells and cancer-associated fibroblasts. Another limitation is comparing the homotypic Hep3B spheroid’s growth between CM from LX2 and in fresh media rather than CM from other non-fibroblast cell lines. The latter limitation could be addressed by the genetic modification of a gene of interest in the fibroblasts followed by applying the CM from wild type versus genetically engineered fibroblast to homotypic spheroids.
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