
 Version: 6th December 
2017   

Article Body Template 
 

PLEASE DO NOT INCLUDE ANY IDENTIFYING INFORMATION IN THE MAIN BODY OF THE MANUSCRIPT 
 
• Abstract: Aims; Materials & Methods; Results; Conclusions 

o Understanding immune response to infections and vaccines lags understanding humoral responses. 
While neutralizing antibody responses wane over time, T cells are instrumental for long-term immunity. 
We apply machine learning and time-lapse imaging microscopy in nanowell grids (TIMING) to study 
thousands of videos of T cells with specificity for SARS-CoV-2 eliminating targets bearing spike protein 
as a surrogate for viral infection. Our data on effector functions including cytokine secretion and 
cytotoxicity provide the first direct evidence that cytotoxic T lymphocytes from a convalescent patient 
targeting an epitope conserved across all known variants of concern (VoC) are serial killers capable of 
eliminating multiple infected target cells. These data have implications for vaccine development, and 
for the recovery and monitoring of infected individuals. 

• Multidisciplinary / Lay abstract: optional – this should be below 100 words and suitable for a public audience. 
Please do not use scientific jargon. 

o We present an imaging platform that uses artificial intelligence (AI) to track thousands of individual 
cell-cell interactions within nanowell arrays. We apply this platform to quantify how the T cell 
component of adaptive immunity responds to infections. Our results show that T cells specific for a 
conserved epitope within the SARS-CoV-2 spike protein are serial killers that can rapidly eliminate 
virally infected targets. The ability to map the functional capacity of T cells and their ability to kill 
infected cells provides fundamental insights into the immunology of vaccines and recovery from 
infections. 

• Tweetable abstract: 
o AI-powered TIMING assays show SARS-CoV-2 T cells are serial killers 

• Graphical abstract:  
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• Video abstract: N/A 

 
• Keywords: SARS-CoV-2, Covid-19, Time-lapse imaging, Cytotoxicity, Cytokines, Single-cell, T cells, Lymphocytes 

 
• Method summary:  

 
o We loaded target cells expressing spike (S) protein, SARS-CoV-2-specific HLA A2-restricted cytotoxic T 

cells, and beads functionalized with antibodies against interferon gamma (IFNγ) onto nanowell arrays. 
We acquired images of the nanoarray for eight hours at five minutes intervals using an epifluorescent 
microscope. We processed images using machine learning algorithms for tracking and segmentation 
of cells. 

 
• Main body of text:  

Introduction 

Commercial vaccines seek sterilizing immunity by generating neutralizing antibodies that can protect 
against viruses like SARS-CoV-2 [1]. The immunity, however, wanes over time and erodes protection and 
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exposes individuals to risk of disease and communities to outbreaks of infection [2]. The cellular 
component of adaptive immunity mediated by cytotoxic T lymphocytes (CTLs) plays a fundamental role in 
the recognition and removal of virally infected respiratory cells [3]. Understanding the functional potency 
of CTLs against SARS-CoV-2 is important in predicting ongoing cellular immunity [4]. Improving our 
understanding T-cell responses to COVID-19 will help develop next-generation vaccines with an ability to 
offer protection against emerging variants [5]. Furthermore, analysis of T-cell immunity will help 
characterize patients with asymptomatic through severe disease.  

In response to infection and vaccination, the humoral immune response is typically well characterized, 
primarily because of the ease of studying antibody molecules in vitro [1]. Studying T-cell mediated cellular 
immune responses is much more challenging since the response is mediated by the cells and not the 
soluble TCR [6]. T cells are capable of a complex array of functions including migration to infected tissue, 
activation, killing of infected cells, secretion of cytokines/chemokines and proliferation [6]. Mapping all of 
these functions onto the same cell requires the ability to study the spatiotemporal changes in cellular 
behavior across thousands of cells.  

Assay principle 

This manuscript describes the use of time-lapse imaging microscopy in nanowell grids (TIMING), an 
integrated microscopy and artificial intelligence (AI) platform that can image and profile the dynamics of 
thousands of cells and cell-cell interactions simultaneously [7]. The properties measured by the TIMING 
platform can distinguish the behavior of T cells before, during and after synapse formation, including 
motility, morphology, cytokine secretion, time to form synapse, duration of synapse, and time from 
synapse formation until death occurs in the target cell. Further, the TIMING platform can use these 
parameters to identify unique groups of cells and distinguish various cell behavior upon cell activation. 
Artificial intelligence algorithms enable high-throughput measurements of properties from single cells and 
cell-cell interactions which cannot be assessed with image acquisition over a bulk population of T cells and 
target cells (Figure 1A). TIMING was used to characterize the anti-viral activity of T cells obtained from a 
convalescent donor. Immortalized cells pulsed with peptides from spike (S) protein were used as targets 
to mimic infection by SARS-CoV-2. TIMING was adjusted to image sets of single T cells at short intervals of 
five minutes to quantify the behavior and movement of cells along with their cell-cell interactions in the 
presence of stimulator cells.  

The TIMING platform was able to visualize, monitor and analyze the dynamic properties of SARS-CoV-2 
specific T cells in stimulator cells pulsed with peptides derived from SARS-CoV-2 S-protein. This revealed 
heterogeneity of T cells in their ability to mediate a suite of effector functions and in particular cytotoxicity 
and cytokine production. These data inform on the immune response of a patient with COVID-19 
highlighting the complexity of T-cell responses. 
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Figure 1: (A) Parameters measured by the TIMING platform. (B) The workflow of a TIMING assay. This 
platform is available on a fee-for-service basis through CellChorus (https://cellchorus.com/). 

Material and Methods 

SARS-CoV-2-specific HLA A2-restricted cytotoxic T cells (Cellero, Cat #1142) were cultured in RPMI 1640 
supplemented with 10% FBS, 1% sodium pyruvate, 1% L-glutamine, 1% Pen/Strep, 1% HEPES, and 50 
IU/mL IL-2. A375 cells (ATCC, Cat #CRL-1619) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% FBS, 1% sodium pyruvate, 1% L-glutamine, 1% Pen/Strep, and 1% HEPES. A375 
cells were confirmed for absence of mycoplasma contamination using real-time PCR. We used TIMING to 
evaluate T cell-mediated cytotoxicity at a single-cell scale as previously described (Figure 1B) [8].  

We prepared the PLL-g-PEG (SuSoS, Dübendorf, Switzerland) solution by dissolving 1mg of it in 10 mM 
HEPES buffer. We used PKH26 and PKH67 dye (Sigma-Aldrich, Saint Louis, MO, USA, Cat #PKH26GL and 
#PKH67GL) for A375 and T cells staining, accordingly. To prepare the capture beads for IFNγ detection, we 
coated the goat anti-mouse IgG Dynabeads (Thermofisher, Waltham, Mass, USA, Cat #11033) with 40 
μg/mL anti-human IFNγ mAb 1-D1K (MABTECH, Stockholm, Sweden, Cat #3420-3-250) for 30 minutes 
followed by two washes. We used AF647-Annexin V (ThermoFisher, Waltham, Mass, USA, Cat #A23204) 
as a death marker and anti-CD28 antibody (ThermoFisher, Waltham, Mass, USA, Cat #16-0289-81, Clone 
CD28.2) to stimulate the secretion of IFNγ. We acquired all images using a Carl Zeiss Axio Observer (Jena, 
Germany) fitted with a Hamamatsu Orca-Flash sCMOS camera and a 20 × 0.8 NA objective. We collected 

https://cellchorus.com/
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and processed images using an in-house algorithm for tracking and segmentation of cells [7]. The steps to 
undertake TIMING are described below. 

1. Oxidize the nanowell array (144 blocks, each with 36 individual nanowells) with air plasma and 
incubate with PLL-g-PEG solution for 20 minutes at 37°C.  

2. Load the stained A375 target cells at density of 1 million/mL on the nanowell array and pre-
incubated them with 5 μg/mL KLPDDFTGCV peptide (JPT, Germany) for 60 minutes. 

3. Load the stained T cells and coated Dynabeads™ at 10 μg/mL on the nanowell array.  
4. Cover the nanoarray with media containing AF647-Annexin V and 5 μg/mL anti-CD28 antibody.  
5. Acquire images of the nanoarray for 8 hours at 5 minutes intervals using an epifluorescent 

microscope. 
6. Incubate the array with 10 μg/mL biotinylated anti-human IFNγ 7-B6-1 (MABTECH AB, Stockholm, 

Sweden, Cat #3420-6-250) and then 12 μg/mL AF647-Streptavidin (Jackson ImmunoResearch, 
West Grove, Penn., USA, Cat #016-600-084) for 30 minutes.  

7. Acquire images of the array for IFNγ detection using an epifluorescent microscope (Figure 1B). 

Results 

Individual CTLs exhibit heterogeneity in killing efficacy 

We deposited individual cells from a clonal human CD8+ cytotoxic T lymphocytes (CTL) population specific 
for the SARS-CoV-2 spike epitope 424KLPDDFTGCV433 (hereafter, DD9), restricted by HLA-A*02, into the 
wells of a nanowell array. We performed an alignment of the S protein across the major circulating SARS-
CoV-2 variants that showed the DD9 epitope is conserved across all major variants including the Omicron 
variant (Supplementary Figure S1). As targets, we used the HLA-A*02 cell line, A375 cells, pulsed with the 
DD9 peptide. This process of sequential loading of cells yielded 308 nanowells containing a single effector 
(E) and one or two targets (T). Within the same nanowell array, 687 nanowells had only a single target cell 
and 659 nanowells had only a single effector cell. These served as control experiments for monitoring 
spontaneous target and effector apoptosis (Supplementary Figure S2A). We subsequently loaded the 
nanowells array with beads functionalized with antibodies against interferon gamma (IFNγ). The beads 
were used to track IFNγ secretion at the single-cell level and map IFNγ secretion onto the multiple dynamic 
parameters measured using microscopy.  

Tracking the interaction between effector and target cells revealed marked heterogeneity between 
individual CTLs. We observed that within all nanowells bearing 1E:1T (Ntotal = 270), 36% of the CTLs formed 
a stable synapse (conjugation of >= 10 min) (Figure 1A). Even among CTLs that contributed to such a 
synapse, only 27% of these cells induced apoptosis within the target cells (Figure 2A, Supplementary 
Figure S2B). These results demonstrate that there is intra-clonal functional heterogeneity within CTLs and 
that a minority of effectors contribute to the majority of killing observed. These results cannot be obtained 
when evaluating effector function across populations (Supplementary Figure S3). 



 Version: 6th December 
2017   

Article Body Template 
 
The superior killing ability observed by a sub-population of CTLs can be attributed to a subpopulation of 
serial killer T cells. TIMING allows the direct identification and quantification of serial killing by individual 
T cells. This was achieved by analyzing nanowells bearing 1E:2T (Figure 2B, Supplementary Video S1). In 
these nanowells, 32% of T cells lysed one target whereas 8% of CTLs participated in serial killing 
(eliminated both targets) (Figure 2C). Collectively, these data demonstrate that most of the killing capacity 
of the virus-specific T cells is from a small fraction of killer and serial killer effector cells.  

 

Figure 2: Heterogeneous population of cytotoxic T cells. (A) The micrographs of a killer and a non-killer T 
cell after contacting target cells (1E:1T). (B) The micrographs of a killer and a serial killer T cell (1E:2T). (C) 
Percentage of killer T cells in two E:T ratios (1E:1T, 1E:2T). The '2 killed’ subpopulation indicates serial 
killer T cells. 

Kinetics of T-cell mediated killing  

The formation and duration of a synapse between T cells and targets are critical parameters that describe 
the efficiency with which killing occurs. The kinetics of T cell and target interactions were segmented into 
three defined stages: tSeek, the amount of time it takes T cells to locate targets and establish a stable 
synapse (contact lasting at least 10 min); tContact, the duration of stable synapse; and tDeath, the time 
from establishing a stable synapse until induction of apoptosis in a target cell (Figure 3A). tSeek was 
shorter in killer T cells in comparison to non-killer T cells that formed a synapse but did not induce 
apoptosis in any target cells (Figure 3B and 3E, Supplementary Video S2). After the establishment of the 
synapse, killer T cells delivered the lytic hit and detached prior to the induction of apoptosis in a target 
cells (Figure 3C). In contrast to killer T cells, non-killer T cells failed to efficiently terminate the synapse 
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and remained conjugated to the target cells significantly longer (Figure 3D). Collectively, these results 
suggest that killer T cells are time efficient at the establishment of synapse, termination of synapse, and 
subsequent detachment. It has been previously demonstrated that this cycle of efficient conjugation and 
detachment is associated with sustained killing in lymphocytes [9]. 

 

Figure 3: Kinetics of CTL killing. (A) Schematic of the dynamic parameters measured by the TIMING 
platform. (B) Time to first contact with target (tSeek) between killer and synaptic cells with mean ± SEM 
and Mann Whitney t test. (C) Comparison of contact duration (tContact) and time to induce target death 
(tDeath) for single cells with Mann Whitney t test and **** p < 0.00001. (D) Duration of stable synapse 
(tContact) between killer and synaptic cells with mean ± SEM. (E) A micrograph of a killer T cell detaching 
from a target cell before the induction of apoptosis. 

Quantifying the motility of single cells 

A key property of T cells is their ability to migrate in search of target cells. We tracked the motility of 
individual T cells in nanowells populated with 1E:0T (Ntotal = 659) and observed that there was a gradient 
in effector cell motility ranging from 0.1 to 3.0 µm/min. We also evaluated the dynamic shape of T cells 
and observed that migrating cells had a lower aspect ratio of polarization in comparison to non-migrating 
T cells, which were predominantly circular (Figure 4A). We observed significant differences in the 
frequency of synapse forming T cells based on their motility (Figure 4B, Supplementary Video S3). These 
observations highlight the fact that migration and seeking of the target cells is a pre-requisite for T cell 
effector functionality such as cytotoxicity. 
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We tracked the motility of individual T cells in nanowells in two states: with and without conjugation to a 
target cell. The motility of T cells without conjugation to a target cell (1E:1T) increased compared to T cells 
located in wells without a target cell (1E:0T). This suggests that the T cell motility is activated by co-
incubation with target cells. Upon conjugation to a target cell, however, there was a noticeable drop in 
the motility of individual T cells, consistent with the known immunobiology of T cells in arresting motility 
to optimize effector function (Figure 4C and 4D) [10].  

 

 

Figure 4: The motility and polarization of T cells. (A) The negative correlation of aspect ratio and motility 
of T cells before contacting a target cell (1E:1T). (B) The micrographs of a non-motile and a motile T cell 
before contacting a target cell (1E:1T). (C) The motility of T cells in absence (1E:0T) and presence of a 
target cell (1E:1T). In cases of 1E:1T, the motility before and during contact is presented. Each data point 
represents a single cell with mean ± SEM. Mann Whitney t test with * p < 0.01, ** p < 0.001. (D) The 
micrograph of a T cell before and during contacting a target cell.  

Mapping the secretion of killing activity and cytokine production at the resolution of individual T cells 

In addition to killing, CTLs are capable of secreting antiviral cytokines such as IFNγ. We have previously 
shown that killing and cytokine secretion can be decoupled within virus-specific T cells [11]. To investigate 
the relationship between killing and cytokine secretion at single-cell resolution, we tracked individual T 
cells that formed a synapse (1E:1T) and mapped the polyfunctionality of killing activity and cytokine 
production. Polyfunctional cells comprised only 11% of the population whereas the dominant population 
of T cells were non-functional (KillingnegIFNγneg) (Figure 5A, Supplementary Video S4). Next, we compared 
the rate of secretion of IFNγ between killer and non-killer T cells (based on intensity of 
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immunofluorescence on the bead12) and observed that killer CTLs secreted significantly higher amounts 
of IFNγ compared to non-killer T cells (Figure 5B). Collectively, these results illustrate that an elite 
subpopulation of T cells is capable of both killing and IFNγ secretion. 

 

Figure 5: Quantification of IFNγ secretion from T cells. (A) The micrographs of two killer T cells and two 
non-killer T cells with high and low secretion of IFNγ (all 1E:1T). The intensity of detection antibody on the 
bead (specific for IFNγ) at end point images represents the secretion of IFNγ. The contour map shows the 
intensity of IFNγ on the beads. (B) The quantified secretion of IFNγ from each cell (killer and non-killer). 
Each data point represents a single cell with mean ± SEM, Mann Whitney t test with ** p < 0.001. 

Serial killer CTLs have reduced activation-induced cell death occurrences  

Activation-induced cell death (AICD) is a negative regulator of T cells and can titrate the potency and 
efficacy of effector cells [13]. Since TIMING serially tracks apoptosis occurring in both T cells and targets, 
we quantified the frequency of AICD in T cells as a function of their killing capacity (Figure 6A, 
Supplementary Video S5). Within all nanowells with evidence of T cell synapse formation (1E:1T), we 
observed an elevated frequency of killer CTLs undergoing AICD compared to non-killer CTLs. This 
observation was reversed when comparing serial killer CTLs (1E:2T) to non-killer CTLs (1E:2T) (Figure 6B). 
These observations revealed that serial killer CTLs are more resistant to AICD than non-killer CTLs. 
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Figure 6: Quantifying AICD in T cells. (A) Micrographs of a killer T cell (1E:1T) succumbing to AICD and a 
serial killer T cell (1E:2T) surviving AICD. (B) Percentage of killers and serial killer T cells that either survived 
or were eliminated through AICD. 

Conclusion 

Current commercial vaccines for SARS-CoV-2 significantly reduce mortality and morbidity, but the rise of 
new mutations may challenge these successes [14]. Understanding a complete immune response by 
evaluating cellular immunity as well as humoral response is critical to appreciate the potential for vaccines 
to control new viral variants and to help understand those who have recovered from viral-induced disease. 
Variants of SARS-CoV-2 began to emerge towards the end of 2021 and raised the possibility that these 
viruses may evolve to elude immune defenses after infection or vaccination [14]. Studies have since 
investigated whether immunity is protective by examining responses in people who had contracted and 
recovered from SARS-CoV-2 prior to the widespread emergence of variants. These data reveal that CD8+ 
T cells remain active against the virus [4,15]. 

The TIMING platform provides a new approach to understanding the complexity of the cellular immune 
response. This microscopy technique offers multiple advantages to dissecting T-cell responses to SARS-
CoV-2. First, it synchronously monitors thousands of individual T cells as they move in their environment. 
Second, it analyzes T cells that recognize target cells bearing virally derived peptides. Third, it reveals T 
cells that are capable of polyfunctionality based on killing, serial killing and secretion of IFNγ. These three 
groups of data are integrated to reveal the dynamic interplay between T cells and target cells. Our study 
has focused on single epitope derived from the spike protein and it remains to be seen whether T cells 
targeting other SARS-CoV-2 proteins like the nucleocapsid protein can function as serial killers. The 
TIMING platform we have reported is uniquely positioned to be able to answer these questions related to 
T-cell polyfunctionality. To the best of our knowledge, this is the first report directly demonstrating that a 
subpopulation of CTLs specific for a conserved SARS-CoV-2 epitope are serial killers. The ability of CTLs to 
efficiently kill targets presenting conserved epitopes illustrates the power of T-cell mediated immunity 
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and emphasizes the need to study cellular immune responses in the context of infection and vaccines. 
From a clinical perspective, the direct role of CD8+ T cells in eliminating virally infected targets is significant 
in at least two ways. First, CD8+ T cells primed from previous coronavirus infections are predicted to be 
cross-reactive and it has been hypothesized that these cross-reactive T cells can explain the relatively mild 
symptoms experienced by most people infected with SARS-CoV-2 [16]. Whether these pre-existing CD8+ 
T cells can kill target cells expressing SARS-CoV-2 antigens needs to be directly tested.  Second, T-cell 
centric vaccines are being developed as next generation vaccines for SARS-CoV-2 and T-cell mediated 
killing is one of the primary mechanisms that needs to be elicited for vaccine-induced protection [17]. 

More broadly, TIMING is an integrated platform that leverages advances in microfabrication, microscopy 
and AI to enable the profiling of thousands of timelapse microscopy experiments in parallel. As we have 
shown previously, the ability to integrate the dynamic profile with downstream clonal expansion or linked 
transcriptional profiling makes TIMING the only platform capable of generating dynamic multi-omic 
datasets [18,19]. 

 
• Future Perspective: (a speculative viewpoint on how the field will evolve in 5–10 years’ time) 

The management of SAR-CoV-2 and other future viruses requires gaining a comprehensive understanding 
of adaptive immune response. The scientific and policymaking community has traditionally relied heavily 
on evaluating antibodies to understand immunity and vaccine response. As antibody-related immunity 
due to prior infection and vaccination declines over time, it is crucial to study T-cells to improve 
policymaking and the development of novel vaccines and therapeutics. Just as single-cell sequencing has 
revolutionized our understanding of genomics and transcriptomics, dynamic single-cell analysis will 
revolutionize our understanding of immune cells in the context of vaccines and immunotherapies. 

• Summary Points:  
● T-cell response can retain the ability to recognize and kill cells infected by SARS-CoV-2. 
● Cytotoxic T lymphocytes exhibit heterogeneity in killing efficacy against infected cells. 
● The limitation of current techniques in profiling the dynamics of cell-cell interaction escalates the 
importance of a single cell assay. 
● TIMING evaluates the dynamics of cells by measuring cytotoxicity, secretion of cytokines, and exhaustion. 
● TIMING identifies subset of cells with unique functional characteristics. 
 

• Figure legends 
Figure 1: (A) Parameters measured by the TIMING platform. (B) The workflow of a TIMING assay. This platform 
is available on a fee-for-service basis through CellChorus (https://cellchorus.com/). 
Figure 2: Heterogeneous population of cytotoxic T cells. (A) The micrographs of a killer and a non-killer T cell 
after contacting target cells (1E:1T). (B) The micrographs of a killer and a serial killer T cell (1E:2T). (C) 
Percentage of killer T cells in two E:T ratios (1E:1T, 1E:2T). The '2 killed’ subpopulation indicates serial killer T 
cells. 

https://cellchorus.com/
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Figure 3: Kinetics of CTL killing. (A) Schematic of the dynamic parameters measured by the TIMING platform. 
(B) Time to first contact with target (tSeek) between killer and synaptic cells with mean ± SEM and Mann 
Whitney t test. (C) Comparison of contact duration (tContact) and time to induce target death (tDeath) for 
single cells with Mann Whitney t test and **** p < 0.00001. (D) Duration of stable synapse (tContact) between 
killer and synaptic cells with mean ± SEM. (E) A micrograph of a killer T cell detaching from a target cell before 
the induction of apoptosis. 
Figure 4: The motility and polarization of T cells. (A) The negative correlation of aspect ratio and motility of T 
cells before contacting a target cell (1E:1T). (B) The micrographs of a non-motile and a motile T cell before 
contacting a target cell (1E:1T). (C) The motility of T cells in absence (1E:0T) and presence of a target cell 
(1E:1T). In cases of 1E:1T, the motility before and during contact is presented. Each data point represents a 
single cell with mean ± SEM. Mann Whitney t test with * p < 0.01, ** p < 0.001. (D) The micrograph of a T cell 
before and during contacting a target cell. 
Figure 5: Quantification of IFNγ secretion from T cells. (A) The micrographs of two killer T cells and two non-
killer T cells with high and low secretion of IFNγ (all 1E:1T). The intensity of detection antibody on the bead 
(specific for IFNγ) at end point images represents the secretion of IFNγ. The contour map shows the intensity 
of IFNγ on the beads. (B) The quantified secretion of IFNγ from each cell (killer and non-killer). Each data point 
represents a single cell with mean ± SEM, Mann Whitney t test with ** p < 0.001. 
Figure 6: Quantifying AICD in T cells. (A) Micrographs of a killer T cell (1E:1T) succumbing to AICD and a serial 
killer T cell (1E:2T) surviving AICD. (B) Percentage of killers and serial killer T cells that either survived or were 
eliminated through AICD. 
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SUPPLEMENTARY FIGURES AND VIDEOS 

 

Supplementary Figures 

 

Supplementary Figure 1: (A) Multiple sequence alignment of the conserved epitope (DD9) on the spike 
protein of SARS-CoV-2 variants; YP_009724390 (Wuhan), B.1.617.2 (Delta), B.1.1.7 (Alpha), B.1.351 (Beta), 
P.1 (Gamma), and B.1.1.529 (Omicron). All sequences were downloaded from NCBI and aligned by Clustal 
Omega. (B) 3D structure of SARS-CoV-2 spike protein (PDB ID 6VYB) highlighted with DD9 peptide in red 
(Constructed in Jmol: an open-source Java viewer for chemical structures in 3D. http://www.jmol.org/). 

 

 

Supplementary Figure 2: (A) The distribution of T cells (effector) and target cells (target) in the nanowell 
array. (B) The Kaplan Meier survival curve of target cells in absence (0E:1T) and presence of one T cell 
(1E:1T). 

 

http://www.jmol.org/


 

Supplementary Figure 3: The percentage of target cell apoptosis in different E:T ratios in a bulk assay for 
48 hours (Cytation). All target cells were pre-incubated with peptide for 60 minutes before co-culturing. 

 

Supplementary Videos 

Supplementary Video S1: Representative TIMING Videos (each containing one T cell and one or more 
target cells) displaying killer, non-killer, and serial killer T cells. 

Supplementary Video S2: Representative TIMING Videos displaying a killer T cell detaching from a target 
cell before induction of apoptosis. 

Supplementary Video S3: Representative TIMING Videos displaying differences in motility and 
polarization of T cells. 

Supplementary Video S4: Representative TIMING Videos displaying single nanowells containing killer or 
non-killer T cells with differences in IFNγ secretion. 

Supplementary Video S5: Representative TIMING Videos displaying a killer T cell (1E:1T) succumbing to 
Activation-Induced Cell Death (AICD) and a serial killer T cell (1E:2T) resistant to AICD. 
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