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Abstract 
Three-dimensional (3D) cell culture systems with tumor spheroids are being adopted for            
research on the antitumor activity of drug treatments and cytotoxic T cells. Analysis of the               
cytotoxic effect on 3D tumor cultures within a 3D scaffold, such as collagen, is challenging.               
Image-based approaches often use confocal microscopy, which greatly limits the sample size of             
tumor spheroids that can be assayed. We explored a system where tumor spheroids growing in               
a collagen gel within a microfluidics chip can be treated with drugs or co-cultured with T cells.                 
We attempted to adapt the system to measure the death of cells in the tumor spheroids directly                 
in the microfluidics chip via automated widefield fluorescence microscopy. We were able to             
successfully measure drug-induced cytotoxicity in tumor spheroids, but had difficulties extending           
the system to measure T cell-mediated tumor killing. 
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Introduction 
One area of interest in immunotherapy research is to modify cytotoxic T cells to make them                
better and more efficient at killing cancer cells ​(Ho et al. 2003; June 2007; Aksoy et al. 2019)​.                  
Once T cells have been modified, their cytotoxic activity needs to be measured. T cell-mediated               
cytotoxicity assays have mainly been restricted to either two-dimensional (2D) ​in vitro studies or              
in vivo mouse models. 2D ​in vitro ​assays have the advantage of being high throughput and                
relatively cheap and fast compared to ​in vivo mouse studies, however the conditions are              
considered to be so artificial that the results do not always translate well to ​in vivo. Our goal was                   
to explore the potential of an ​in vitro ​3-dimensional (3D) cell culture system to study T                
cell-mediated cytotoxicity, and whether such a system could be a feasible intermediate between             
2D ​in vitro and ​in vivo assays. Our thought was that a 3D T cell-mediated cytotoxicity assay has                  
the potential to allow researchers to more rapidly and relevantly test the effect of T cell                
manipulation on T cell cytotoxicity before moving to the mouse model.  
 
We had a few prerequisites for our system: 1) T cells must be added to multicellular tumor                 
spheroids already suspended in a gel matrix so that the T cells would be required to migrate to                  
the spheroids, 2) minimal manipulation of the samples post-coculture (which led us to explore              
an image-based assay for cytotoxicity), 3) larger sample size than confocal imaging provides             
(more spheroids being imaged per sample via widefield microscopy). We came up against a              
variety of challenges when exploring this system, which we discuss in this manuscript.  
 
Why culture cells in 3D? Traditionally, ​in vitro experiments are conducted in 2D in a vessel, such                 
as a dish or flask, and with liquid culture media. Under these conditions, adherent cell types will                 
sink, adhere to the bottom of the vessel and grow as a monolayer, and suspension cells float in                  
the liquid culture media. 2D culture conditions are artificial for adherent cell types because of               
limited cell to cell contact, contact with an artificial surface (the vessel) on the underside of the                 
cells, and exposure to culture media on the upper surface of the cells. While suspension cells                
can form clusters suspended in liquid media in 2D culture conditions, there is no matrix for the                 
cells to adhere to in order to move with directionality. These inherent characteristics of 2D cell                
culture can alter gene expression, in turn altering cell phenotype and behaviour ​(Edmondson et              
al. 2014; Knowles and Phillips 2001)​. Many cells can be forced to grow into aggregates, often                
called multicellular spheroids, by depriving them of a surface to grow on. This can be               
accomplished by various methods including using ultra-low attachment vessels, seeding a cell            
suspension in upside down droplets of media (hanging-drops), and u-bottom multiwell plates.            
3D cell culture conditions usually include a gel matrix that the cells are suspended in and can                 
interact with (although aggregates of cells grown in liquid media are often also referred to as 3D                 
cell culture). Residing in a gel, cells can form cell-cell contacts across the entire cell surface, can                 
retain or form multicellular aggregates, and can secrete extracellular matrix (ECM) and other             
factors to create and modulate a microenvironment. Furthermore, the gel provides a scaffold for              
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cells to migrate through in 3D space. 3D cell culture conditions are thought to be somewhat                
closer to ​in vivo​ conditions than 2D culture ​(Edmondson et al. 2014)​.  
 
In the context of immunotherapy research, ​in vitro ​studies of exogenously-derived T            
cell-mediated cytotoxicity of cancer cells have mainly been conducted in 2D culture. 2D             
conditions are particularly artificial in this system because the cancer cells are on the bottom of                
the vessel and the T cells have immediate access by function of gravity to come into contact                 
with their targets instead of being required to migrate towards them. Additionally, the difference              
in cancer cell phenotype grown in a monolayer versus in a 3D can affect how well the T cells                   
can target the cancer cells. One study found that tumor cells cultured as multicellular spheroids               
(in liquid media, not a gel matrix) did not activate cytotoxic T cells as efficiently as the same cells                   
grown in a 2D monolayer due to defective antigen presentation  ​(Dangles-Marie et al. 2003)​.  
 
Recently, 3D cell culture systems have been explored in immunotherapy research, with studies             
using material from patient or mouse tumors to generate spheroids that retain tumor             
architecture ​(Jenkins et al. 2018; Deng et al. 2018; Pavesi et al. 2017; Courau et al. 2019)​.                 
Pavesi et al. developed a 3D cell culture system with a microfluidics chip to study the cytotoxic                 
effect of engineered T cells on cancer cells ​(Pavesi et al. 2017)​. In their system, single cancer                 
cells or multicellular spheroids were seeded in a collagen gel in the center channels of the                
microdevice and T cells were added to a side channel. The T cells had to migrate into the gel to                    
kill the cancer cells and cell death was monitored using confocal microscopy. They found that T                
cells only migrated into the gel when the cognate tumor cells were present, and that the T cells                  
were more efficient at killing cancer cells in 2D culture versus in 3D culture. Jenkins et al.                 
adopted the same 3D culture system to study the effect of anti-PD1 therapy with mouse or                
patient derived-organotypic spheroids ​(Jenkins et al. 2018)​. In this system, the immune cells in              
the spheroids are tumor infiltrating lymphocytes (TILs) that had already infiltrated the tumor ​in              
vivo ​in the mouse or patient. They used the microfluidics device to test the effect of anti-PD1                 
therapy on the antitumor activity of the TILs in the spheroids being cultured in a collagen gel. In                  
another study, Courau et al. co-cultured T and NK cells with multicellular tumor spheroids (in               
liquid media) to study the characteristics of the immune cells that successfully infiltrated             
spheroids ​(Courau et al. 2019)​. Immune cells that had infiltrated spheroids were compared to              
immune cells that had not infiltrated via flow cytometry analysis. The volume of spheroids was               
measured using brightfield microscope images and caspase 3/7 activation via live fluorescence            
widefield microscopy to determine cell death in the spheroids. We wondered if we could adapt               
the 3D coculture system described by Pavesi et al. and Jenkins et al. to study exogenous T                 
cells, that can be manipulated beforehand, and observe their cytotoxic effect on multicellular             
tumor spheroids being cultured in collagen gel, but to increase the sample size of spheroids               
measured via automated widefield fluorescence microscopy.  
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Results 

B16-F10 cells can be killed by pmel-1 T cells ​in vitro, ​but inconsistently 
We wanted to start with a model system that has T cells with a known target. We started with                   
the well-characterized murine melanoma model pmel-1, which is used for immunotherapy           
studies on adoptive cell therapy (ACT) treatment of malignant melanomas ​(Overwijk et al.             
2003)​. The CD8 T cells in the pmel-1 transgenic mouse express the T cell receptor (TCR)                
specific for the gp100 antigen that is presented by B16 melanoma cells. ​In vivo studies have                
demonstrated that ACT using pmel-1 T cells slows the growth of B16 melanoma tumors in mice                
(Overwijk et al. 2003; Abad et al. 2008)​. 
 
To begin, we wanted to measure pmel-1 T cell-mediated killing of B16-F10 cells ​in vitro in 2D                 
cell culture. After trying various approaches to measure T cell-mediated killing, we settled on a               
lactate dehydrogenase (LDH) release-based assay (CytoTox-ONE Homogeneous Membrane        
Integrity Assay, Promega) ​(Riss et al. 2019)​. Dying cells have damaged cell membranes             
causing cytosolic components, such as LDH, to leak into the culture media. The CytoTox-ONE              
assay uses LDH in the culture media to convert resazurin to fluorescent resofurin. The resulting               
fluorescent signal is proportional to the number of non-viable cells in a sample. An advantage to                
this plate-based assay is that the cancer cells do not need to be removed from the wells to                  
measure cytotoxicity, which is especially convenient with adherent cell types that would require             
trypsinization. However, the assay does produce noisy data and a set of control wells with T                
cells alone is required to subtract background, overall increasing the number of replicates that              
are necessary.  
 
To start, we used pmel-1 T cells that were day 4 and day 11 post-activation with the hgp100                  
peptide to co-culture with B16-F10 cells. We co-cultured the cells overnight at effector to target               
ratios of 4:1, 2:1, 1:1, and 1:2, and with or without pretreating the B16-F10 cells with interferon                 
gamma (IFNγ). B16-F10 cells are known to have low presentation/expression of MHC Class I              
(MHC I) and IFNγ has been shown to upregulate MHC I on these cells ​(van den Boorn et al.                   
2010)​, which can further sensitize them to targeting by T cells. We saw only very minimal                
B16-F10 cell death when co-cultured overnight with day 4 T cells regardless of IFNγ treatment               
(see Supplemental Figure 1a). We saw an increase in cytotoxicity with the day 11 T cells                
co-cultured with B16-F10 cells (Supplemental Figure 1b). In this experiment, 80 to 90% of the               
B16-F10 cells were killed with ratios of T cells to target cells of 4:1, 2:1, and 1:1, and there was                    
a decrease to 60% cytotoxicity at a 1:2 ratio. However, IFNγ pretreatment of the B16-F10 cells                
was not necessary for the day 11 T cells to target them. After washing the T cells out of the well                     
plates, it was clear that the B16-F10 cells had been killed (example brightfield images are in                
Supplemental Figure 1c). 
 
While we were exploring different methods to measure T cell-mediated cytotoxicity in 2D cell              
culture, we noticed phenotypic changes in the B16-F10 cells that were being maintained in              
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culture. Most strikingly, the B16-F10 cells visibly appeared to stop producing melanin after being              
in culture for several weeks (see Supplemental Figure 2 for light microscope images to compare               
early and late passage number cells). The longer the cells had been in culture, the less melanin                 
they appeared to produce, and the culture media would remain the pink from the phenol red                
(instead of turning brown as it does with cells that are producing melanin). Pmel is a structural                 
protein necessary for the formation of melanosomes ​(Theos et al. 2005)​. We thought that if               
there was less melanin production in the cells, perhaps there was less expression of the Pmel                
protein, and therefore less antigen for the B16-F10 cells to be targeted by the pmel-1 T cells.                 
We repeated the co-culture experiments using both early passage B16-F10 cells (that were still              
producing melanin) and late passage number B16-F10 cells. We used pmel-1 T cells that were               
4, 7, and 11 days post-activation with the hgp100 peptide. The results from this experiment               
suggested that the passage number of the B16-F10 cells affected the extent to which they were                
targeted by the pmel-1 T cells (Supplemental Figure 3). At a 4:1 ratio of effectors to targets, the                  
day 4 T cells were able to kill almost 100% of the early passage B16-F10 cells, but only when                   
the cancer cells had been pretreated with IFNγ (Supplemental Figure 3a). The day 7 T cells                
could kill either passage number of B16-F10 cells, but only with IFNγ pretreatment of the cancer                
cells (Supplemental Figure 3b). And, as we saw in our first experiment, the day 11 T cells were                  
able to kill either passage number regardless of IFNγ pretreatment (Supplemental Figure 3e ​and              
f). Flow cytometry profiles of the T cells at different days post-activation are in Supplemental               
Figure 4. 
 
The results suggested that IFNγ pretreatment of the melanin-producing (early passage number)            
B16-F10 cells, but not the late passage B16-F10 cells, sensitized them to targeting by the day 4                 
pmel T cells. We stained both passage number B16-F10 cells, with or without IFNγ treatment,               
with antibodies to detect surface MHC I expression via flow cytometry (Supplemental Figure ​5).              
IFNγ treatment induced surface MHC I expression in both the early and late passage number               
B16-F10 cells, however MHC I levels were higher in the early passage B16-F10 cells compared               
to the late passage cells. We also checked PD-L1 levels on the cells and found a similar pattern                  
of expression as MHC I between the passage numbers.  
 
To repeat the above experiments we ordered another batch of B16-F10 cells from the ATCC               
(Manassass, VA) to have more “early passage” cells to work with. The cells do not arrive with a                  
passage number, we were simply assigning the cells “passage 0” when we started culturing              
them. When we first thawed the new batch of cells they were not producing melanin, but after                 
2-3 passages melanin deposits appeared. By passage 5 they appeared similar to the early              
passage cells from the first batch we ordered (Supplemental Figure 6). 
 
However, when we repeated the experiments two more times, there was no clear indication that               
the differing phenotypes of the B16-F10 cells affected how they were targeted by the pmel-1               
cells that were 4, 7, or 11 days post-activation with the hgp100 peptide (see all results in                 
Supplemental Figures 7 and 8). 
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B16-F10 cells can be replaced with hgp100-pulsed MC38 cells 
Because of the variability with our results co-culturing the pmel-1 T cells and B16-F10 cells, we                
tried using a murine colon cancer cell line, MC38, and sensitized them to pmel-1 T cells by                 
pulsing with the hgp100 peptide. Pulsing the MC38 cells with the hgp100 peptide (the cognate               
antigen for the pmel TCR) allowed for the MC38 cells to be killed by the pmel T cells (Figure 1).                    
First, we used day 11 pmel T cells to co-culture with MC38s that had been pulsed for 1 hour                   
with varying concentrations of peptide (Figure 1A). We saw that there was close to 100% killing                
at a 4:1 ratio of T cells to cancer cells, and that the cytotoxicity decreased as the ratio of T cells                     
to cancer cells decreased. The different concentrations of peptide did not affect how much the               
MC38 cells were killed. There were only background levels of cytotoxicity without the peptide              
pulsation, even at the highest ratio of T cells to target cells. When we repeated the experiment                 
we wanted to see if day 4 (post-activation) pmel T cells would kill the pulsed MC38 cells and if                   
the MC38s could still be targeted if the T cells were added the day after the addition of peptide                   
(Figure 1B). Day 4 T cells were just as effective as the day 11 T cells at killing the pulsed                    
MC38s if they were added to the culture 1 hour after peptide pulsation. However, the effect of                 
peptide pulsing had worn off almost completely when the T cells were added 24 hours after the                 
peptide had been added. Addition of peptide alone was not toxic to the MC38 cells (Figure 1c).                 
Not only were the hgp100-pulsed MC38s killed at comparable levels to B16-F10 cells, if not               
more efficiently, but they were also more reliable to kill with pmel T cells in the 2D cytotoxicity                  
assay without the complications of passage number and IFNγ pretreatment.  
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Figure 1 ​: ​Pmel-1 T cells can kill MC38 cells that have been pulsed with the hgp100 peptide. ​a)                  
MC38 cells adhered to the bottom of 96 well plates were pulsed for one hour with hgp100 peptide at                   
the noted concentrations before co-culture with Pmel-1 T cells (at day 11 post-activation with hgp100               
peptide). ​b) MC38 cells were pulsed for one hour or overnight (O/N) with 1 µM hgp100 peptide before                  
co-culture with pmel-1 T cells (at day 4 post-activation with hgp100 peptide). 24 hours after the start of                  
co-culture. ​c) MC38 cells were pulsed with the hgp100 peptide at the indicated concentrations for 1                
hour and then allowed to grow overnight. ​a-c) ​LDH release was measured with a plate reader using the                  
CytoToxONE assay (Promega). 

 

MC38 cells form multicellular spheroids, can be grown, treated, and assayed for cell             
death in 3D culture within microfluidics chips 
Our aim was to transition to exploring a 3D setup for T cell-mediated cytotoxic studies once we                 
had verified T cell-mediated killing in the 2D assay. Therefore, while we were working on the 2D                 
cytotoxicity assay with the pmel-1/B16-F10 model, we were also attempting to grow tumor             
spheroids with various murine cancer cell lines. We used the simple, scaffold-free, “hanging             
drop” method to experiment with generating tumor spheroids from cancer cell lines (details in              
the Supplemental Materials and Methods) ​(Müller and Kulms 2018)​. Briefly, a single cell             
suspension was pipetted in 20 ul droplets on the lid to a 10 cm culture dish and inverted. The                   
droplets were incubated and monitored daily under the microscope for cell aggregation.  
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B16-F10 cells did not form spheroids easily, requiring about 1-2 weeks before the cell              
aggregates could withstand being passed through nylon mesh filters with pore sizes of 40 and               
100 um. Luckily, MC38 cells formed spheroids easily and reliably. After 24 hours, a single cell                
suspension of MC38 cells consistently formed spheroids that were spherically shaped, uniformly            
sized, and withstood size filtering (Figure 2a). Furthermore, for eventual image-based           
quantification of cell death in 3D culture using live/dead fluorescent staining, MC38 spheroids             
were more straightforward than B16-F10 spheroids. As the B16-F10 cells formed spheroids they             
appeared to produce melanin, an observation recently reported ​(Chung, Lim, and Lee 2019)​.             
When we stained B16-F10 spheroids in collagen gel with AO/PI live/dead stain, the melanin              
deposits in the cells masked the fluorescent signal from the stain, making quantification of the               
fluorescent signals difficult (Supplemental Figure 9). 
 

 

Figure 2 ​: ​a) MC38 cells form spheroids after 24 hours in culture. ​MC38 cells in a monolayer in 2D                   
cell culture (left), MC38 spheroids after 24 hours of culture in hanging droplets shown in a single                 
hanging droplet at 4X (middle) and at 10X (right). Scale bars are at 200 µm, 1000 µm, and 400 µm for                     
the left, middle, and right images respectively. Cultures were imaged on an EVOS microscope. ​b)               
MC38 spheroids grow in collagen within a 3D cell culture chip (AIM Biotech). ​A view of a whole                  
channel in the 3D culture chip with MC38 spheroids seeded in a collagen hydrogel for 1 hour after                  
being formed in hanging droplets overnight (left). A single spheroid is enlarged to the right. An MC38                 
spheroid that was cultured for 48 hours in the 3D cell culture chip (middle) and after 6 days (right).                   
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Samples were imaged on the Keyence BZ-X710 with a 2X objective (left) and 20X objective (insert,                
middle, and right).  

 
Based on the protocol described by Jenkins et al., we harvested the MC38 spheroids from the                
hanging droplets, size filtered them by sequentially passing them through 40 um and 100 um               
nylon mesh filters, then resuspended them in a collagen gel mixture, and pipetted the              
spheroid/gel mix into the central channel of microfluidics chips ​(Jenkins et al. 2018)​. The gel               
mixture was allowed to polymerize for 30 minutes at 37 ℃ before the culture media, treatments,                
or T cells were added to the side channels. Because for our eventual co-culture experiments               
with T cells we weren’t sure how long we would need to culture the T cells with the spheroids for                    
and how well the spheroids would stand up to extended 3D culture we tried culturing the MC38                 
spheroids in the collagen gel in the microfluidics chips for 6 days. The spheroids thrived and                
starting growing projections of cells out from the main body (Figure 2b).  
 
To eventually measure the extent of T cell-mediated killing of tumor spheroids in co-culture, we               
required a reliable method to quantify cell death in the spheroids. We decided to take an                
image-based approach because we wanted to manipulate the samples as little as possible after              
co-culture in the chips. The extraction of spheroids from the collagen gel for downstream              
analysis could result in increased cell death and loss of sample, and would add extra steps and                 
time to the co-culture protocol. Our goal was to image many spheroids at once across each of                 
the entire central channels in the microchip to increase sample size and reduce sampling bias.               
We chose not to use confocal microscopy to image the spheroids because of the low number of                 
spheroids that would be possible to image per sample and the potential for bias when selecting                
a spheroid to image. When we started our imaging experiments, we observed variable staining              
of spheroids dependent on where the spheroid was located in the central gel channel (with both                
Hoechst and the dead cell stain we were using). If only spheroids in the center of the gel                  
channel were imaged, the dead cell signal would be lower than if spheroids towards the side                
channels were imaged. With our setup we could image all the spheroids in a channel (about                
50-125 spheroids per channel), in 3 channels per chip. We accomplished this by imaging with               
the Keyence BZ-X710 system, which is a widefield fluorescence microscope with automation.            
To image one central gel/spheroid containing channel with a 20X objective and 20 µm step-size               
required a 3x11 grid and a stack of 6-9 images per field of view. To measure cell death in                   
spheroids, we used SYTOX red dead cell stain (Thermofisher), in combination with Hoechst (to              
stain all nuclei). The SYTOX dye can only permeate the cell surface of dead cells and, once                 
inside, the dye binds to DNA and fluoresces. 
 
To develop a quantification method using the dead signal in our images, we generated a test                
dataset by treating MC38 spheroids cultured in collagen in 3D cell culture chips with a titration of                 
staurosporine (an apoptosis-inducing antibiotic ​(Belmokhtar, Hillion, and Ségal-Bendirdjian        
2001)​). We compared the viability of MC38s in 2D culture treated with a titration of               
staurosporine to the percent live in 3D cell culture culture (Figure 3a and b). Representative               
images for three concentrations of staurosporine are shown in Figure 3b. The whole channel of               
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spheroids is shown on the left (a stitched image). The blue square indicates single spheroids               
that have been expanded and are shown on the right.  
 
Our primary approach for quantifying cytotoxicity within images of the 3D cultures required first              
identifying spheroid objects (illustrated by the green line drawn around spheroids in Figure 3b).              
These objects were identified within 2D brightfield images, first max-projected across the z             
dimension, using Ilastik ​(Berg et al. 2019) pixel classification models. Spheroid masks were             
derived from a voronoi-based segmentation ​(Jones, Carpenter, and Golland 2005) of the            
brightfield images using seed points calculated as local maxima in the distance transform image              
of a hysteresis threshold applied to pixel probabilities supplied by the model. Quantification of              
cytotoxicity for an individual spheroid was defined as the integration of SYTOX channel intensity              
over the 3D volume of the spheroid constrained only by the 2D boundaries determined from the                
max-z projection image. More details on this approach, as well as comparable approaches             
employed, are provided in Materials and Methods and Supplemental Figure 10. Our image             
analysis also included a spheroid count per channel and measurements of spheroid diameters             
(Figure 3c and 3d, respectively). The spheroid count was consistently higher in the untreated              
condition compared to any treatment (and this trend continued when we moved to co-culturing              
with T cells, shown in Supplemental Figure 12). 
 
Through generating this test dataset, we learned that the time the SYTOX stain is in the chips                 
affects how well the stain diffuses across the channel, which influences the SYTOX intensity.              
Therefore, we found that it was necessary to keep the staining time the same for each chip,                 
which required staining the samples one at a time to account for the time it took to image a chip                    
on the microscope. We analyzed the mean SYTOX intensities at horizontal positions across the              
channel for each of the concentrations and found them to be consistent horizontally across the               
channel for this experiment (Shown in ​Figure 3e). The results from this experiment gave us               
confidence that we could detect and measure changes in the extent of cell death from images of                 
spheroids cultured in 3D.  
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Figure 3: The concentration-dependent cytotoxic effect of staurosporine on MC38 spheroids in            
3D culture can be measured from microscope images. a) MC38 cells grown in 96 well flat bottom                 
plates (2D cell culture) were treated with increasing concentrations of staurosporine for 24 hours.              
Alamar Blue was added and the cells were cultured for another 24 hours. The absorbance of the wells                  
was measured on a plate reader and indicates the percent of viable cells in each condition. ​b) ​Collagen                  
gel containing MC38 spheroids was seeded into 3D cell culture chips (AIM Biotech) and treated with                
the indicated concentrations of staurosporine in complete culture media for 24 hours. The samples              
were stained with Hoechst and SYTOX red dead cell stain in the culture chips for 30 minutes before                  
imaging. The entirety of each channel within each chip was imaged with a 20x objective, 20 µm z-step,                  
and a 3x11 grid using automated microscopy on the Keyence BZ-X710. Three replicates (three              
channels) were imaged for each condition and analyzed for SYTOX signal intensity. The quantification              
shown in the graph demonstrates the increase in SYTOX intensity as the concentration of              
staurosporine increases. Representative images are shown below the graph for untreated, 0.5 µM, and              
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2.0 µM staurosporine-treated samples with fixed SYTOX channel contrast (0-16000). A stitched image             
of the whole channel is shown at the left. The blue squares indicate the area that has been expanded                   
to show a single spheroid on the right of each channel. From top to bottom: the layered image of the                    
spheroid (with brightfield, Hoechst, and SYTOX), the spheroid boundary (green line) demonstrating            
object recognition of a spheroid, the layered image with only Hoechst and SYTOX channels, the object                
recognition of single cells in a spheroid (shown with multicolored lines), and the SYTOX channel alone.                
c) Spheroid counts per condition. The dots indicate the three replicates in each condition. ​d) ​Mean                
spheroid size and standard deviation. Between 140 and 360 spheroids were measured for each              
condition. ​e) ​The mean SYTOX intensity at horizontal positions across the spheroid-containing channel.             
Error bars indicate standard deviation.  

T cells require the presence of cytokines to induce migration into collagen gel  
Our plan for co-culturing the MC38 spheroids with T cells in 3D culture was to have the                 
spheroids in the gel in the center channel of the chip and to add the T cells to the side channels.                     
Our assumption was that the activated T cells would migrate into the gel from the side channel                 
and come in contact with the tumor spheroids. However, we found that T cells added to the side                  
channel of a chip did not readily migrate into the collagen gel in the center of the chip. A recent                    
preprint reported that the addition of the chemokine CXCL12 (ligand for the receptor CXCR4)              
allowed human T cells to migrate in a collagen gel ​(Abu-Shah et al. 2019)​. CXCR4 is                
constitutively expressed on T cells ​(Contento et al. 2008)​, and another receptor, CXCR3, is only               
expressed upon activation. Both receptors allow T cells to traffic to sites of inflammation, where               
their inflammatory cytokine ligands are being secreted ​(Hu et al. 2011; Qin et al. 1998)​.               
Because ligands for CXCR3 and CXCR4 are known to attract T cells and induce their migration,                
we tried adding them to our system to draw the T cells into the gel. We tested CXCL9, 10, 11                    
(ligands for CXCR3) and CXCL12 and started with a concentration of 0.3 ug/ml based on the                
preprint mentioned above ​(Abu-Shah et al. 2019)​. We tried adding the cytokine either to the               
opposite side channel from the T cells or directly into the collagen gel mixture before loading it                 
into the central channel. We did the experiment once and observed the most migration with               
CXCL11 added directly to the collagen gel. We continued with a titration of CXCL11 in the gel                 
and found there was the most migration with the highest concentration of CXCL11 used, which               
was 2.7 ug/ml (shown in Figure 4 ​, ​brightfield on the left and fluorescently stained T cells on the                  
right). Because of limited access to mouse splenocytes, we used human healthy donor T cells               
(pan T cells isolated from PBMCs) and human cytokines for these experiments. We verified that               
murine CXCL11 worked to attract pmel-1 T cells into the collagen gel, although we saw less                
migration compared to the human T cells (overall the human T cells appeared to thrive more in                 
the 3D system). 
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Figure 4: T cells migrate into collagen gel containing the CXCR3 ligand CXCL11. ​Collagen gel               
with titrated amounts of CXCL11 was pipetted into 3D cell culture chips (AIM Biotech) and allowed to                 
polymerize. Activated healthy human donor T cells were stained with IncuCyte CytoLight Rapid Green              
Reagent (Essen Bioscience) and added to the left side channel in the chips and incubated overnight.                
The entire of the three central channels in each chip was imaged on the Keyence BZ-X710 with a 20X                   
objective, 20 µm z-step, and automated microscopy.  
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MC38 spheroids can present peptide in 3D cell culture  
Another component to co-culturing the MC38 tumor spheroids with pmel T cells was the              
transitory nature of the hgp100 peptide presentation. As shown in Figure 1, the MC38s were               
only effectively targeted by the pmel T cells when the T cells were added 1 hour after pulsing                  
the MC38s with the peptide, but not when the T cells were added one day after peptide addition.                  
As the spheroid formation for MC38 cells requires one day, it was not feasible to pulse the                 
MC38 cells before allowing them to form spheroids. At first, we thought to transiently express               
the pmel protein in MC38 cells via electroporation. We optimized the electroporation settings for              
MC38 cells using a GFP-encoding plasmid and found via western blotting (probing with an              
anti-gp100 antibody) that gp100 peaked at 24 hours post-electroporation and diminished           
significantly by 48 hours (Supplemental Figure 11). However, this approach became           
unnecessary when we became aware of an antibody specific for another peptide (SIINFEKL)             
only when it is bound to MHC1. If we added gp100 peptide to the already formed spheroids, we                  
had no way to test whether the MC38 spheroids in the gel could take up the hgp100 peptide and                   
present it. Therefore, we used the SIINFEKL to test the peptide addition and presentation in 3D                
culture. Using fluorescent microscopy, it was clear that the addition of peptide to 2D and 3D                
cultures resulted in presentation (red signal in Figure 5a and b)​. We tried both adding the                
peptide directly to the gel with the spheroids or adding the peptide to the culture media at the                  
side channel. We found that spheroids presented the peptide in both methods after 2 hours of                
incubation with peptide. However, 24 hours later only the spheroids with peptide in the culture               
media were still presenting (Figure 5b). 
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Figure 5: MC38 spheroids can present peptide when added to the gel or culture media. a) ​MC38                 
cells grown in 35mm culture dishes were pulsed with the SIINFEKL peptide (left panels) or unpulsed                
(right panels) before staining with an antibody against SIINFEKL bound to H2Kb (shown in red). Cell                
nuclei were stained with Hoechst. ​b) MC38 spheroids in collagen gel were seeded in 3D cell culture                 
chips. The SIINFEKL peptide was added to the gel with the spheroids before seeding the chips (top                 
row), only to the media in the side channels (middle row), or no peptide was added (bottom row).                  
Sample were stained with the anti-SIINFEKL-bound H2Kb antibody (red) and Hoechst (white) and             
imaged at 2 hours post-peptide addition (left panels) and at 24 hours post-peptide addition (right               
panels). Imaging was performed on the Keyence BZ-X710 with a 20X objective.  

 

Pmel-1 cells can target MC38 spheroids within the gel in the presence of hgp100 
peptide, however the results are unpredictable 
At this point, we thought we had enough components of our system working to try co-culturing T                 
cells with spheroids in 3D cell culture and measure T cell-mediated cytotoxicity (Figure 6). We               
used the same 3D cell culture chips (AIM Biotech). We seeded MC38 spheroids in collagen gel                
(containing CXCL11 and IL-2) into the central channels of the chips. Pmel-1 T cells at different                
concentrations were added to the left side channels once the gel/spheroid mix had polymerized              
in the central channels. Culture media without the hgp100 peptide or with the peptide (at 2 µM                 
to try and compensate for the media being diluted across the collagen gel) was added into the                 
right side channels. Co-culture proceeded for 24 hours before imaging. To verify that the T cells                
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were cytotoxic, in parallel to each 3D co-culture experiment we conducted co-culture in 2D with               
the indicated ratios of T cells to MC38 cells, with hgp100 peptide (magenta) and no peptide                
(green) (Figure 6a, experiments 1-4). In all four 2D culture experiments we saw consistent killing               
of peptide-pulsed MC38 cells by pmel-1 T cells and the percent cytotoxicity was dependent on               
the ratio of T cells to MC38 cells.  
 
The image analysis results from the 3D co-culture experiments are shown in Figure 6b.              
Experiment 1 was analyzed before the “Primary” method was optimized for object recognition of              
spheroids. We repeated the experiments three times using the SYTOX dye (Figure 6b             
Experiments 1-3) and one time with a different dead cell dye, DRAQ7 (Figure 6b). In each                
experiment, we treated one chip with 4 µM staurosporine as a positive control (we expected to                
see a high level of SYTOX (dead) signal in these samples) (Figure 6b, purple). As shown in the                  
graphs in Figure 6b, the dead cell signal intensity for the co-culture conditions that included               
hgp100 peptide (magenta) were usually higher than the conditions that had no peptide in the               
culture (green). However, only one experiment (Experiment 3) showed a trend of higher SYTOX              
signal with increasing T cell numbers in the peptide-treated samples. The mean SYTOX             
intensity for the staurosporine-treated positive control was similar or even lower than the             
co-culture conditions that included peptide.  
 
Example images from a co-culture experiment with peptide are shown in Figure 6c. The whole               
channel is shown as a stitched image in the center panel. The blue rectangles denote areas that                 
were expanded to the panels shown with the imaging channels separated as follows: (from top               
to bottom) brightfield (BF), Hoechst (nuclei in all cells), IncuCyte dye (T cells only), and SYTOX                
(any dead cells). Note the T cells (green) moving into the gel from the left side channel. We                  
included the IncuCyte dye in experiments 1 and 2 only to visualize the T cells, but eliminated the                  
dye in experiments 3 and 4. Spheroid size did not change between conditions. Spheroid counts               
were higher in untreated samples than any of the treated, similar to the results with the                
staurosporine titration in Figure 3. Spheroid size and counts for the 3D co-culture experiments              
are shown in Supplemental Figure 12 ​.  
 
In our images, we noticed that the SYTOX signal appeared to be more intense on the left side of                   
the central channel with the gel (the side where the T cells were entering the gel), as is shown in                    
Figure 6c. We thought this was logical if the T cells are coming into contact with these spheroids                  
first. We looked that the mean SYTOX intensity at horizontal positions across the central gel               
channel and saw that the signal was higher on the left side of the channel than the right in                   
experiment 1 and less so in experiment 2 (Figure 6d). Unfortunately, the orientation of the chips                
in experiment 3 changed from condition to condition so we were unable to analyze the               
horizontal bias from that experiment. The SYTOX stain is added to the side channels and               
incubated for 30 minutes before imaging. We found that sometimes the short staining time              
would result in irregular staining of the channel (the spheroids at the edges of the channel                
tended to be stained more brightly than spheroids in the center of the channel). Increasing the                
staining time to 1 hour helped, but inconsistent staining still occurred sometimes and became              
cumbersome as the number of samples increased. Pavesi et al. used another dead cell stain,               
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DRAQ7, to label dead cells in their 3D co-culture studies ​(Pavesi et al. 2017)​. DRAQ7 is a                 
stable molecule and nontoxic to live cells, and can therefore be included in the culture media at                 
the beginning of co-culture. We thought perhaps having the dead cell dye already mixed into the                
collagen with the spheroids before polymerization would result in more uniform staining. In             
Experiment 4 we added DRAQ7 to the collagen gel mixture before adding the spheroids and did                
not stain with SYTOX on the day of imaging. There appeared to be less of a horizontal bias to                   
the side where the T cells enter the gel in the peptide-treated conditions (Figure 6d), but it is                  
hard to say whether that was due to inefficient T cell-mediated killing in the 3D co-culture                
(Figure 6b). 
 

 

Figure 6: Measuring pmel-1 T cell-mediated cytotoxicity in 2D cell culture and 3D cell culture. a)                
2D co-culture: MC38 cells growing in a monolayer in 96 well plates were either pulsed for 1 hour with                   
1 µM hgp100 peptide (magenta) or no peptide was added (green). Pmel-1 T cells were added at the                  
indicated ratios to the MC38 cells and co-cultured for 24 hours. LDH release was measured with a plate                  
reader using the CytoToxONE assay (Promega). Percent cytotoxicity was calculated as described in             
materials and methods. The results from four independent experiments are shown (experiment 1 - 4).               
b) 3D co-culture: MC38 spheroids in collagen gel were cultured in 3D cell culture chips with the                 
hgp100 peptide (magenta) or without peptide (green) and the indicated numbers of pmel-1 T cells for                
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24 hours before staining and imaging. 4µM staurosporine (sta) was used as a positive control (purple)                
and untreated MC38 spheroids as a negative control (black). The entirety of each channel within each                
chip was imaged with a 20x objective, 20 µm z-step, and a 3x11 grid using automated microscopy on                  
the Keyence BZ-X710. Three replicates (three channels on one chip) were imaged for each condition               
and analyzed for SYTOX signal intensity. Data points indicate replicates within each experiment.             
Experiments 1-3 used SYTOX as a dead cell stain. Experiment 4 used DRAQ7 as a dead cell stain.                  
Mean SYTOX or DRAQ7 intensity was calculated with the “Spheroids” method, explained in the              
Materials and Methods and illustrated in ​Supplemental Figure 10 ​) ​c) ​An example co-culture image              
(with hgp100 peptide) shows how T cells entering the channel on the left result in a spatial SYTOX                  
intensity bias. A stitched image of the whole channel is shown in the center panel. The blue squares                  
indicate the areas that have been expanded to the left, where the imaging channels have been                
separated out: from top to bottom: brightfield (BF), Hoechst, IncuCyte green (T cells only), and SYTOX                
red (dead cells). The scatterplot on the right shows the spheroids identified in the image in the middle                  
panel scaled by inferred size and colored by mean SYTOX intensity (showing the decrease of signal                
from left to right). ​d) ​Mean SYTOX or DRAQ7 intensity for each condition horizontally across the central                 
spheroid-containing gel channel. The mean intensity for each horizontal position in each replicate in              
each T cell count within each condition (no peptide or with peptide) was averaged and shown with                 
standard deviation. From top to bottom: Experiment 1, Experiment 2, and Experiment 4. Conditions              
with the hgp100 peptide (red), no peptide (pink), no T cells (green).  

 

Discussion 
In this manuscript we describe our experiences using 3D cell culture to try and assay T                
cell-mediated cytotoxicity of cancer cell spheroids. We have found that quantifying T            
cell-mediated cytotoxicity in 3D culture is not simple. Our approach was to use widefield              
fluorescence microscopy to increase sample size by measuring many spheroids at once.            
Confocal microscopy has been typically used for imaging similar samples, which greatly limits             
the number of spheroids that can be assayed. The methods we describe were reliable for               
assaying drug-mediated cytotoxicity in spheroids, but did not translate consistently to measuring            
T cell-mediated cytotoxicity.  
 
There are strengths to this system, especially if the goal is to assess the effect of drugs on                  
tumor cells. Small volumes of sample are required (only 10 ul per channel, 30 ul per chip of                  
spheroid suspension or T cell suspension). The small amount of spheroid suspension that is              
required could be a particular advantage if studying patient-derived organoids, where tumor            
sample is limited. Adding treatments to the spheroids in the chips is easy and also doesn’t                
require large volumes. Staining the samples for fluorescent microscopy is relatively easy and             
short in that no fixation or further manipulation of the samples is required.  
 
Limitations and complications to this system are numerous (listed in Figure 7), especially in              
terms of T cell-mediated cytotoxicity using exogenous T cells. It is hard to be consistent with the                 
number of spheroids and T cells that are fed into the system. The concentration of T cells can                  
be determined before addition to the chip, but we don’t know how many T cells actually make it                  
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into the gel and come in contact with spheroids. Cell death may be overestimated because any                
dead T cells are also stained with the dead cell stain. In the 2D culture assays we were able to                    
partially control for signal coming from dead T cells by plating wells with T cells alone. Such a                  
strategy would not be possible in 3D culture. However, even in our 2D co-culture assays we                
may be overestimating cell death if T cells that are in co-culture die more than T cells not in                   
co-culture. If spheroids are the required material, it should be noted that not all cell lines form                 
spheroids equally (some may take longer than others, some may not form spheroids at all).               
While the treatment and staining protocol is simple, it is hard to estimate the working               
concentration for many of the reagents used (such as drug treatments, stains, or antibodies).              
Treatments or stains are pipetted into the side channel/s and diffuse across the central gel               
channel (becoming diluted). The 3D cell culture chips become expensive if many conditions and              
replicates are required. Imaging requires a sophisticated fluorescence microscope with          
automation. Automated quantification of cytotoxicity using fluorescence staining is possible, but           
not an easy task, and may require model retraining for different types of samples. Lastly, the                
experiments generate large amounts of data that need to be stored and processed.  
 
We had some assumptions about this system that did not appear to be true or that we were                  
unable to address. We had thought that perhaps each spheroid in a gel channel could be                
thought of as a different sample (meaning we could measure about 300 “tumors” at a time per                 
chip). But through the testing of different computational methods to measure cytotoxicity in the              
spheroids (in Supplemental Figure 13 and 14), it became apparent that there was no difference               
between measuring death in the single cells versus in spheroids. The lack of variability between               
spheroids indicated that maybe we can’t consider each spheroid as a separate tumor sample.              
However, this could be a result of using a cancer cell line to form the spheroids. Perhaps this                  
would change if patient or mouse-derived tumor material was used to form organoids that retain               
the heterogeneity of the tumor. Additionally, one of our goals with this system was so have an                 
intermediary assay between 2D cell culture and the mouse model. We had thought cytotoxicity              
measurements of spheroids in 3D culture could somehow be analogous to measuring the             
shrinkage of mouse tumors via calipers. But we did not get to a point in our studies where we                   
could make this comparison. We had hoped to be able to measure infiltration properties of T                
cells with this system, but it looks like it would be hard to differentiate T cells from tumor cells                   
because of the diffraction associated with widefield microscopy. Confocal may be better suited             
to T cell infiltration questions. 
 
Potential ways this system could be expanded would be to introduce other cells types or ECM                
components into the tumor microenvironment, as a bottom-up approach. A top-down approach,            
using mouse- or patient-derived organoids, could be to observe the effect of the tumor              
microenvironment from a mouse tumor on newly infiltrating T cells. Aside from T cell-tumor              
interactions, characteristics of T cell migration in 3D culture conditions can be assayed in the               
absence of tumor cells.  
 
Whether to choose a 2D or 3D cell culture cytotoxicity assay depends on what the research                
question is. Based our experiences described here, ​in vitro measurement of T cell-mediated             
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cytotoxicity in 2D cell culture produces more reliable and consistent results than in 3D culture,               
and is a simpler assay to conduct. However, if the research question includes aspects of T cell                 
behaviour such as migration, a 3D cell culture system may be worth trying.  
 
 

 

Figure 7: Overview of 3D cytotoxicity assay protocol and points at which potential difficulties 
can occur. 
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Materials and Methods 

Cell culture 
Cancer cell lines 
B16F-10 mouse melanoma cells were purchased from ATCC (​CRL-6475 ​, lots 70007207 and            
70017905). MC38 mouse colon adenocarcinoma cells were kindly provided by the Rubinstein            
Lab, Medical University of South Carolina. B16-F10 and MC38 cells were cultured in DMEM              
(HyClone, GE Healthcare, Chicago IL) with 10% fetal bovine serum (Atlas Biologicals, Fort             
Collins, CO), and 1% penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA) at 37℃            
and 5% CO​2​. Cultures were maintained sub-confluency, splitting twice per week with 0.05%             
trypsin (HyClone).  
 
Culture media protocol: ​Elinor Gottschalk, Bulent Arman Aksoy, Pinar Aksoy, Jeff Hammerbacher .                      
MC38 and B16-F10 culture media. protocols.io 
dx.doi.org/10.17504/protocols.io.2y2gfye  
 
Mouse primary T cells 
Mouse spleens from pmel-1 TCR-transgenic mice were kindly provided by the Paulos lab,             
Medical University of South Carolina. Isolated splenocytes were frozen at 20 millions cells/ml in              
Recovery™ Cell Culture Freezing Medium (Thermo Fisher Scientific). When cells were needed            
for experiments, splenocytes were thawed and cultured in T cell culture media            
(​dx.doi.org/10.17504/protocols.io.qu5dwy6 ​): RPMI with L-glutamine (Corning, Corning, NY),       
10% fetal bovine serum (Atlas Biologicals), 715 µM 2-mercaptoethanol (EMD Millipore,           
Burlington, MA), 25 mM HEPES (HyClone), 1% Penicillin-Streptomycin (Thermo Fisher), 1X           
sodium pyruvate (HyClone), and 1X non-essential amino acids (HyClone), and supplemented           
with 200 IU/ml of IL-2 (NCI preclinical repository). On the day that cells were thawed for                
experiments, hgp100 (GenScript, Piscataway, NJ) was added to the cultures to activate the T              
cells at a final concentration of 1 µM. Starting at day 3 post-activation, the cultures were counted                 
and expanded if necessary, supplementing with fresh T cell media and 200 IU/ml IL-2 (based on                
the total volume of the culture) to keep the cells growing at a concentration of 500,000-1 million                 
cells per ml. Cultures were started in 6 well plates or T75 flasks, depending on the starting                 
number of cells, and expanded to T150 flasks. 
 
Protocol details: ​Bulent Arman Aksoy, Pınar Aksoy, Megan Wyatt, Chrystal M. Paulos, Jeff                       
Hammerbacher (2018). Human primary T cell culture media. protocols.io 
dx.doi.org/10.17504/protocols.io.qu5dwy6 
 
Human primary T cells 
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Healthy donor blood was purchased from Plasma Consultants LLC (Monroe Township, NJ) from             
which T cells were isolated with the EasySep™ Direct Human T Cell Isolation Kit (StemCell,               
Vancouver, Canada). T cells were frozen at 20 million cells/ml in Recovery™ Cell Culture              
Freezing Medium (Thermo Fisher Scientific).  

2D T cell-mediated cytotoxicity assay 
The day before co-culture with T cells, MC38 or B16-F10 cells were plated at 25,000 cells per                 
well in clear-bottom tissue culture 96 well plates in complete DMEM and incubated overnight (at               
37℃ and 5% CO​2​). The next day, DMEM was aspirated and pmel-1 T cells that had been                 
cultured for 5 - 11 days were added in T cell media, at the described ratios, to the cancer cells.                    
In the case of MC38 cells, 1 µM of hgp100 peptide (GenScript) in complete DMEM was added                 
for 1 hour at 37℃ before co-culture with the pmel-1 T cells. The peptide was washed out with T                   
cell media before T cells were added to the cultures. The co-cultures were incubated overnight.               
The next day, the plates were assayed using the CytoTox-ONE Homogenous Membrane            
Integrity Assay (#G7890, Promega, Madison, WI) as per the kit protocol. Briefly, plates were              
removed from the incubator, lysis buffer was added to the MC38s in the positive control wells,                
and the plates were allowed to equilibrate to room temperature for 30 minutes. Assay buffer and                
substrate mix was added to wells and incubated at room temperature for 10 minutes, protected               
from light. Stop solution was added to wells in the same order and fluorescence was detected                
with the Spectramax i3x (Molecular Devices LLC, San Jose, CA) with excitation 560 nm and               
emission 590 nm. Percent cytotoxicity was calculated with the following formula:  
 
experimental ulture medium background) T  cell background culture medium background)( − c − ( −   

                                                                                                                                                    ​   100X  
max LDH  release culture medium background)( −   

 
where experimental is the co-culture well, culture medium background is culture media with no              
cells, T cell background is T cells only at the different concentrations corresponding to the               
co-culture ratios, and max LDH release is MC38 cells lysed with a detergent to release all of the                  
LDH in the cells into the culture media.  
 
Protocol details: ​Elinor Gottschalk, Bulent Arman Aksoy, Pinar Aksoy, Jeff Hammerbacher . In vitro                         
pmel-1 T cell-mediated cytotoxicity assay with CytoTox-ONE Homogeneous Membrane Integrity                   
Assay (Promega). protocols.io 
dx.doi.org/10.17504/protocols.io.6j4hcqw 

Plate-based viability assay 
25,000 MC38 cells were plated per well in a 96 well plate and allowed to adhere to the bottom of                    
the wells overnight. The next day, the culture media was exchanged for media containing the               
antibiotic Staurosporine (MP Biomedicals, LLC, Irvine CA). Staurosporine was diluted in           
complete DMEM and serially diluted in the wells in the 96 well plate using a multichannel                
pipette. MC38 cells were incubated overnight with the antibiotic before adding Alamar Blue             
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(Resazurin) (Sigma-Aldrich, St. Louis, MO) solution to the wells. After the addition of Alamar              
Blue solution, the plates were incubated for another 24 hours. The absorbance at 570 nm and                
505 nm were read on a plate reader. The 595 nm reading was subtracted from the 570 nm                  
reading for each well.  
 
Protocol details: ​Bulent Arman Aksoy, Pınar Aksoy, Jeff Hammerbacher (2018). Resazurin viability                     
assay for human primary T cells in 96-well format. protocols.io 
dx.doi.org/10.17504/protocols.io.quwdwxe 
 

3D culture cytotoxicity assay 
A suspension of MC38 cells at 2.5 x 10 ​6 cells per ml (in DMEM, 10% FBS, and 1% pen/strep)                   
was pipetted in 20 ul droplets on the surface of a 10 cm tissue culture dish lid using a                   
multichannel pipettor. The lid with the droplets was inverted over the bottom half of the dish,                
containing 5-10 ml of sterile water to humidify the chamber and incubated overnight 37℃ (5%               
CO​2​). The following day the droplets containing MC38 spheroids were harvested in DMEM and              
sequentially size filtered through 40 µm and then 100 µm mesh filters (as described by ​(Jenkins                
et al. 2018)​. The selected spheroids between 40 and 100 µm were centrifuged at 200 x g for 5                   
minutes. A 2.5 mg/ml collagen type I (rat tail, Corning Life Sciences, Corning, NY) gel mixture                
was prepared using AIM Biotech’s general protocol for gel preparation:          
https://www.aimbiotech.com/general-protocols.html ​. IL-2 ( at a final concentration of 200 IU per           
ml and murine CXCL11 (Peprotech, Rocky Hill, NJ) at a final concentration of 2.7 mg/ml were                
added to the collagen mixture; water volume was adjusted to compensate for these additions in               
order to maintain the correct collagen concentration). The MC38 spheroid pellet was            
resuspended in the collagen gel and pipetted into the central channel of 3D cell culture chips                
(AIM Biotech, Singapore). Sterile water was added to the chambers in the chip holders and the                
chips were incubated for 30 minutes at 37℃. While the chips incubated, pmel-1 T cells were                
counted (for these experiments the T cells were 5 - 7 days post activation with the hgp100                 
peptide). The T cells were centrifuged (350 x g for 5 minutes) and resuspended in T cell culture                  
media (described above) supplemented with IL-2 (200 IU/ml) to achieve the desired            
concentration of cells per ml. The cells were serially diluted for lower concentrations used in the                
experiments. Once the gel had polymerized in the microfluidics chips, T cell culture media              
supplemented with IL-2 (200 IU/ml) and with or without hgp100 (2 µM) was pipetted into the                
right side channel. T cell suspension was pipetted into the left side channel. In conditions where                
the spheroids were being killed by Staurosporine (MP Biomedicals), the drug was diluted in              
complete DMEM and pipetted into both side channels in the chips. The chips were returned to                
the incubator overnight. After overnight co-culture with T cells or with Staurosporine, the chips              
were stained for 30 minutes at room temperature in a staining solution containing PBS, 2X               
NucBlue™ Live ReadyProbes™ Reagent (to stain all nuclei) and SYTOX™ Red Dead Cell             
Stain (to stain only dead cells) (catalog numbers R37605 and S34859, Thermo Fisher             
Scientific). The chips were imaged on a Keyence BZ-X710 system (Keyence Corporation,            
Osaka, Japan) with a 20X objective, DAPI and Cy5 filters and brightfield, and a 20 µm step-size.                 
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Three 3 x 11 grids were used to capture the central channels in a chip. One chip was imaged at                    
a time to reduce the amount of time a chip was exposed to light on the microscope. 
 
Protocol details: ​Elinor Gottschalk, Bulent Arman Aksoy, Pinar Aksoy, Eric Czech, Jeff                     
Hammerbacher . Image-based 3D cell culture cytotoxicity assay. protocols.io 
https://protocols.io/view/image-based-3d-cell-culture-cytotoxicity-assay-72shqee  

3D culture image analysis 
Image quantification in this study was conducted using one of three methods and each was               
applied to the results from all experimental conditions. The first of these identifies individual              
spheroid objects and integrates all fluorescent signals within those objects. Where not stated             
explicitly, this method is used for all distribution summaries and statistical comparisons. The two              
other methods employed extend this process by attempting to further identify individual cells             
within spheroids. The first of these uses the U-Net-based nuclei segmentation model of             
CellProfiler ​(Caicedo et al. 2019) via Cytokit ​(Czech et al. 2018) while the second utilizes a                
custom cytometry function based on differences of gaussian filters. This second method affords             
greater flexibility in parameterization to aid in tuning thresholds (albeit subjectively) to better             
capture nuclei images with noisy, occluded boundaries. These processes are summarized in            
Supplemental Figure 10 ​. 
 
Multiple methods were applied across culture conditions to ensure that results were less             
sensitive to computational choices, as well as to provide evidence on the viability of cell               
quantification within spheroids given that cell images are known to lack penetrance into             
spheroid cores ​(Boutin et al. 2018)​, ​(Hari et al. 2019)​. Despite this limitation, we hypothesized               
that chemically or immunologically mediated cell death would be detectable along spheroid            
surfaces and that the extent to which it is detectable would correlate with the severity of the                 
mediation. ​Supplemental Figure 13 and ​Supplemental Figure 14 demonstrate the lack of            
sensitivity to choice in computational method for cytotoxicity calculations. The first of the three              
methods above, which does not quantify individual cells, was used for most toxicity             
measurements reported due to its simplicity and efficiency relative to the other methods. 
 
A component common to all of the methods was the estimation of spheroid object boundaries.               
Ilastik pixel classification was used to generate probability images before passing them through             
thresholding and peak local distance functions in order to provide seed points for spheroid              
centers. Spheroid objects were then separated from one another, when in contact, using the              
voronoi-based segmentation algorithm of ​(Jones, Carpenter, and Golland 2005)​. Pixel          
classification training was done based on a random sampling of approximately 5 images from              
each experimental condition (i.e. images at a particular concentration in a titration). This             
resulted in ~50 images to annotate for each of two separate models trained, one to recognize                
spheroids in experiments using chemical cytotoxicity (staurosporine) and another to recognize           
spheroids in T cell co-culture assays.  
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For individual cell segmentation, the method available via CellProfiler is presented in detail             
elsewhere ​(McQuin et al. 2018)​. The second method however, employing Difference of            
Gaussian (DoG) kernels, was more onerous in its application and required more manual tuning.              
Like applications of Laplacian of Gaussian (LoG) filters for cell detection (​(Stegmaier et al.              
2014)​, ​(Al-Kofahi et al. 2010)​, ​(Byun et al. 2006)​), our method uses DoG as an approximation to                 
the LoG operator in order to improve computational efficiency. This efficiency was important for              
optimizing the standard deviation range used in the DoG operator, particularly since the             
operator is applied at multiple scales and individual cells were chosen based on the locations of                
local maxima created by the "scale space" resulting from the application of the DoG operator at                
multiple scales. This method is commonly referred to as blob detection ​(Lindeberg 1993)​. Cells              
identified using this method were assumed to match the shape and size implied by the kernel                
used to identify them. 

T cell migration assay 
Collagen gel mixture was prepared as described above and pipetted directly into the central              
channel of 3D Cell Culture Chips (AIM Biotech). Reconstituted CXCL11 (Peprotech) was added             
to the gel mixture at the described concentrations. T cells were stained with 0.11 uM IncuCyte®                
CytoLight Rapid Green Reagent (Essen Bioscience, Ann Arbor, MI) for live cell cytoplasmic             
labeling for 20 minutes at 37℃. Once the collagen gel had polymerized, T cells were added at a                  
concentration of 10 million cells per ml to the left side channel in the 3D Cell Culture Chips and                   
T cell media supplemented with IL-2 (200 IU/ml) was added to the right side channel. The chips                 
were incubated overnight at 37℃ (5% CO​2​). Chips were imaged the following day on the               
Keyence BZ-X710 system with a 20X objective, GFP filter and brightfield, and a 20 µm               
step-size. Three 3 x 11 grids were used to capture the central channels in a chip. One chip was                   
imaged at a time to reduce the amount of time a chip was exposed to light on the microscope. 
 
Protocol details: ​Elinor Gottschalk, Bulent Arman Aksoy, Pinar Aksoy, Jeff Hammerbacher . Staining                       
cells with IncuCyte Cytolight Rapid Dyes for flow cytometry or fluorescent microscopy. protocols.io 
dx.doi.org/10.17504/protocols.io.73nhqme  

Detecting SIINFEKL presentation  
To test the detection of SIINFEKL presentation via fluorescence microscopy in 2D culture,             
MC38s that had been plated one day prior in 35 mm tissue culture imaging dishes (ibidi,                
Gräfelfing, Germany) were pulsed with the SIINFEKL peptide at 10 uM for 2 hours at 37℃. The                 
cultures were washed once with PBS and stained. The stain solution contained a 1:200 dilution               
of an antibody against H-2Kb bound to SIINFEKL conjugated to PE (#141603, Biolegend, San              
Diego, CA) to detect SIINFEKL peptide being presented at the cell surface, Hoechst to stain the                
cell nuclei, diluted in PBS with 20% FBS (Atlas Biologicals). The cells were stained for 30                
minutes at 37℃ before washing twice with PBS. The cultures were imaged in PBS.  

To test the duration of peptide presentation in MC38 spheroids in 3D culture, the              
SIINFEKL peptide at 10 uM was added either to the side channels of 3D cell culture chips (AIM                  
Biotech) with MC38 spheroids in collagen gel in the center, or added directly to the collagen                
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gel/MC38 spheroid mixture before polymerization in the chip. The spheroids were exposed to             
the peptide for 2 hours or 24 hours. After incubation with the peptide, excess media was                
removed from the troughs of the side channel ports and 20 ul of staining buffer described above                 
(anti-H-2Kb bound to SIINFEKL and Hoechst in PBS with 20% FBS) was pipetted into the side                
channels. The spheroids were stained for 30 minutes at 37℃ before washing twice with PBS.               
The cultures were imaged in PBS.  

The 2D and 3D cultures were imaged on the Keyence BZ-X710 system with a 20X               
objective and TRITC filter. 

Flow cytometry 
Flow cytometry was performed on the BD FACSVerse (BD Biosciences, San Jose, CA). On the               
day of analysis, pmel-1 T cells were counted and centrifuged at 350 x g for 5 minutes. The cells                   
were resuspended in PBS with 20% FBS containing the indicated antibodies (listed below) at              
the concentration recommended by the manufacturer (Biolegend). Cells were stained at room            
temperature for 20 to 30 minutes, protected from light, and rotating. After staining, the samples               
were centrifuged, stain buffer removed, and the pellet was resuspended in PBS. Flow cytometry              
results were analyzed with FlowJo software v10 (Ashland, OR). 

Antibodies 

Name Vendor Catalog # 

CD44 Biolegend 103040 

CD62L Biolegend 104412 

CD69 Biolegend 104532 

CD25 Biolegend 101918 
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Data availability 
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manuscript are available at ​https://github.com/hammerlab/spheroid ​. All raw spheroid image data          
sets are publicly available under ​gs://cytokit/datasets/spheroids. 
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