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T cell-mediated tumor death relies on complex mechanisms and cell-cell interactions, making the development 
of T cell-based therapies inherently challenging. Understanding T cell differentiation and function is critical for 
teasing apart the complexity of the tumor microenvironment, however, T cells are exceedingly heterogeneous in 
both phenotype and function and have variable responses to stimulation. A variety of techniques are currently 
used to assess T cell function, including fl ow cytometry, live-cell imaging, and chromium release to assess target 
cell killing; and intracellular cytokine staining, ELISA, and ELISPOT to measure cytokine expression. However, as 
these techniques are necessarily applied to separate cell populations, any relationships can only be inferred, 
and multiple functional events can never be directly observed on the same cell. Perhaps more importantly, 
these typically are endpoint assays where the underlying processes are diffi cult to decipher longitudinally, and 
the recovery of live cells of interest for expansion and genotypic analysis is nearly impossible. In this study, we 
demonstrate the combination of a high-throughput platform that enables TCR discovery on solid tumors with 
direct functional annotation through our Opto™  Cell Therapy Development 1.0 workfl ow in combination with our 
Adherent Cell Kit. Furthermore, we are now able to evaluate cell products on a single-cell basis to identify and 
understand the direct relationships between the cell’s cytokine profi le and its effector function subsets.

Conclusion

We observe >70x enrichment in IFN-γ positive events and greater than eight times the enrichment in cytotoxic 
events in a MART1+ cell line as compared to an antigen negative control. Furthermore, we see signifi cant enrichment 
(>100x) in IFNγ positive events and cytotoxic events, as expected. To sum up, we can recover live T cells, regardless 
of the functional phenotype, to perform TCR-seq. Our work demonstrates a high-throughput workfl ow that enables 
TCR discovery on solid tumors with direct functional annotation. Furthermore, we can evaluate cellular products 
and function on a single-cell basis to understand their direct relationships.
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The Opto Cell Therapy Development 1.0 Workfl ow empowers scientists to defi ne and test the function of individual 
T cells. Individual T cell-target cell interactions are precisely assembled in thousands of nanoliter-sized NanoPen™ 
(pen) chambers across an OptoSelect™ microfl uidic chip using light in a process called optoelectropositioning 
(OEP™). T cells can be selectively penned based on fl uorescent cell surface markers and co-cultured with target 
cells and cytokine capture beads. Time lapse brightfi eld and fl uorescence imaging is then used to assess T 
cell function (cytokine secretion) and killing activity. Importantly, individual T cells of interest are exported for 
downstream analysis such as sequencing.

Cytokine Release and Cytotoxicity Assay with Anti-MART-1 REP T Cells and Melanoma Cell Lines

The Opto™ Cell Therapy Development 1.0 Workflow

Representative NanoPens Demonstrating Cytotoxic and Non-Cytotoxic Events

Figure 1. Schematic of the Opto Cell Therapy Development Workflow.FIGURE 1: Schematic of the Opto Cell Therapy Development Workfl ow.

FIGURE 2: (A) preparation of an adherent surface and loading IFNγ capture beads into OptoSelect chips on the system. A (B) MART-
1 negative (A375) and positive melanoma cell line (MEL526) are then individually resuspended Beacon™  and loaded into selected 
nanopens. The next day T cells are resuspended in T cell media containing our proprietary Loading Reagent and (C) loaded into 
selected NanoPens. We assembled individual T cell-target cell interactions by selectively placing single T cells and CFSE+ MART-
1+ or MART-1- melanoma cells into NanoPen chambers containing IFNγ cytokine capture beads. All permutations of the three 
cell types alone or in combination were distributed along the 3500 NanoPen chambers of the OptoSelect chip. (D) We tracked 
T cell and target cell phenotype and killing by co-culturing cells and beads with constant perfusion of T cell media containing 5 
μM NucView 405 Caspase-3 Substrate (Biotium) and imaged the NanoPens every 30 minutes in all fl uorescent channels. After 
overnight incubation, we directly measured secreted IFNγ captured by (E) IFNγ capture beads by incubating chips with a PE-
conjugated antibody against IFNγ (Berkeley Lights) and imaging in all fl uorescent channels. (F) Data collected in real-time from 
the cytotoxicity and cytokine release steps of the workfl ow enables identifi cation of phenotypes of interest such as NanoPen 
chamber,s which contain both IFNγ secretion as well as cytotoxicity against the tumor cells. To assess TCR function, we then used 
our TCRseq Well Plate Kit to selectively export single T cells of interest into a well plate and prepare them for sequencing of the 
variable domain via Sanger sequencing as well as an Illumina MiSeq System with 50 X 250 paired end reads. This assay enables 
the direct linking of antigen-specifi c killing behavior, assessed via cytokine secretion and killing kinetics, to genotype in a single-
day experiment.

FIGURE 3: (A) By capturing IFNγ at single-cell resolution we can quantitate the distribution of IFNγ median fl uorescent intensity 
across all MART1+ containing pens. The same is done for MART1- pens. By thresholding, we can quantitate all pens with a positive 
IFNγ signal and compare across conditions demonstrating a 15-fold enrichment (30% vs 2%) in pens with T cells and MART1+ 
pens. (B) The cumulative percentage of pens with cell caspase-3 activity increased over time in pens loaded with MART1+ cells, 
doubling in caspase activity after 17.5 hours of incubation. This contrasts with less than 5% of pens displaying tumor cell death in 
the control MART1- tumor cells; control pens also exhibited slower killing kinetics. Representative timelapses of NanoPen chambers 
containing cytotoxic and non-cytotoxic events are shown in the Materials and Methods section, FIGURE 2.
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Figure 3. (A) By capturing IFNg at single-cell resolution we can quantitate the distribution of IFNg median fluorescent 
intensity across all MART1+ containing pens. The same is done for MART1- pens. By thresholding, we can quantitate all 
pens with a positive IFNg signal and compare across conditions demonstrating a 15-fold enrichment (30% vs 2%) in pens 
with T cells and MART1+ pens. (B) The cumulative percentage of pens with cell caspase-3 activity increased over time in 
pens loaded with MART1+ cells, doubling in caspase activity after 17.5 hours of incubation. This contrasts with less than 5% 
of pens displaying tumor cell death in the control MART1- tumor cells; control pens also exhibited slower killing kinetics. 
Representative timelapses of NanoPen chambers containing cytotoxic and non-cytotoxic events are shown in the Materials 
and Methods section, Figure 2.
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FIGURE 4: Due to our ability to measure the same cell-cell 
interaction multiple ways, in this case both via cytokine release 
as well as cytotoxicity, we can identify all permutations of 
these events. Here, we show that not only is there a signifi cant 
portion of the population that are IFNγ+ and able to elicit 
cytotoxic activity against antigen matched cancer cells (33%), 
but there are also signifi cant populations that are only IFNγ+ 
and do not kill in the 20-hour evaluation window (11%) or that 
are IFNγ- and do exert cytolytic activity (5%). The bulk product 
is heterogeneous as many other studies have alluded to.

FIGURE 5: Because our cells are alive upon completion of 
the above assays, we can export these cells for culture, off-
instrument functional analysis, or genomic analysis. In this 
case, we exported cells of interest and validated their recovery in 
96-well plates with an average success rate of 82.2% in export 
effi ciency. Following export into lysis buffer, cDNA amplifi cation 
and Sanger sequencing we were able to recover α and β TCR 
sequences from 88% of the exported, live cells.

Multidimensional Analysis of Single Cells Enables 
Identification of Complex Phenotypes

Live T Cell Export and TCR Recovery is 
Possible With the Lightning™ System

FIGURE 6: Single, live IFNγ-negative and IFNγ-positive T 
cells (indicated by yellow arrows) were exported into lysis 
buffer to recover α and β TCR sequences using MiSeq. This 
fi gure illustrates the diversity of TCRs recovered from the two 
functional subsets and demonstrates the importance of single 
cell functional analysis for identifying the true functional clones.

Single Cell TCR Sequencing Data Can Be linked to On-Chip Functional Assays
No. Alpha Beta
1. CAVNNARLMF CASSASVLSGTEAFF 0.0417
2. CVVNADGDMRF CASSSTGLGQPQHF 0.0833
3. CAGDRGQNFVF CASSLDRGLSTDTQYF 0.0833
4. CAVNTGNQFYF CASSLEFFGAYGYTF 0.0417
5. CSTGGGADGLTF CASSQGVLSSYNEQFF 0.0417
6. CAVNSRNQFYF CASSLGVLGQPQHF 0.0417
7. CAVGGTGKLIF CASSQELLAGGNEQYF 0.0417
8. CAMSGGGYQKVTF CASSLDLGVNEQFF 0.0417
9. CAVGAGKLIF CASSPGQGWPQHF 0.0417
10. CAGSAAGNKLTF 0.0417
1. CGTYTDKLIF CASSYTNGGNEQFF 0.1667
2. CAVNHLTQGGADGLTF CASSRTGIGQPQHF 0.0417
3. CAVPNQGGKLIF CASSFSILGQPQHF 0.0417
4. CVVSAGLTGGGNKLTF 0.0417
5. CAVGFQKLVF 0.0417
6. CAVNAGYSTLTF CASSQEPGGSFGSPLHF 0.0417
7. CAVGGGADGLTF CASSYSAMDTEAFF 0.0417
8. CAVKLIDMRF CASSEEVLGVEQFF 0.0417
9. CAVGSNDYKLSF CASSRGFNQPQHF 0.0417
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