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Abstract 20 

Understanding the cellular determinants of CAR-T cell-mediated cytotoxicity at the single-cell 21 

level remains a critical challenge in developing effective cellular immunotherapies. Conventional 22 

bulk co-culture assays provide only population-level measurements of cytotoxic activity and 23 

cannot resolve the functional heterogeneity of individual effector-target interactions. Here, we 24 

demonstrate the Cellanome platform, which enables the formation of CellCage™ Enclosures 25 

(CCEs) through spatially controlled photopolymerization, as a tool for high-resolution, high-26 

throughput characterization of CAR-T cell-mediated cytotoxicity. By isolating defined effector-27 

target combinations within individual CCEs and coupling encapsulation with longitudinal time-28 

lapse imaging and automated image analysis, we resolve cytotoxic activity across thousands of 29 

individually tracked CCEs. Using anti-CD19 CAR-T effectors and NALM6-GFP targets, we show 30 

that individual CD8+ CAR-T effectors exhibit substantial functional heterogeneity, with serial 31 

killing capacity, effector-target contact dynamics, and intrinsic motility each independently 32 

correlating with cytotoxic potency. Cytotoxic efficacy scaled positively with effector number, and 33 

CD4+ T helper cells augmented CD8+-mediated killing in a dose-dependent manner, providing 34 

direct evidence for cooperative T cell behavior during tumor cell clearance. Extending the platform 35 

to a solid tumor model using AIC100 anti-ICAM-1 CAR-T cells and HeLa-GFP targets, we show 36 

that individual AIC100 effectors are insufficient to mediate effective killing, while multi-effector 37 

CCEs exhibit robust cytotoxicity scaling with effector abundance and CD4+:CD8+ composition. 38 

These data establish the Cellanome platform as a broadly applicable system for dissecting the 39 

determinants of CAR-T cell cytotoxicity at single-cell resolution, with direct translational 40 

relevance to the optimization of cellular immunotherapy. 41 

 42 
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Introduction 43 

Chimeric antigen receptor T-cells (CAR-T cells) are autologous or allogeneic T 44 

lymphocytes engineered to express a synthetic receptor that redirects T-cell cytotoxicity toward 45 

tumor-associated antigens in an MHC-independent manner, bypassing immune evasion 46 

mechanisms exploited by many tumors1. Unlike conventional therapeutics, CAR-T cells function 47 

as "living drugs" capable of in vivo clonal expansion and long-lived immunological memory, 48 

conferring the potential for durable disease control1. The clinical impact has been profound: the 49 

first pediatric B-cell acute lymphoblastic leukemia (B-ALL) patient dosed with CD19-directed 50 

CAR-T cells in 2012 remains in remission today, seven products have since received FDA 51 

approval across multiple hematological malignancies, and hundreds of trials are underway 52 

exploring novel CAR designs and targets2–4. 53 

Despite these achievements, a substantial proportion of patients fail to derive lasting 54 

benefit from CAR-T therapy. This underscores a critical unresolved challenge, the pronounced 55 

heterogeneity in CAR-T activity and clinical response. Inter-patient variability in T-cell subset 56 

composition and prior therapy-induced exhaustion introduces significant batch-to-batch 57 

manufacturing variability. Clinical failures due to inadequate expansion, exhaustion, or antigen 58 

escape remain common5. While bulk cytokine secretion has historically served as a cornerstone 59 

potency metric, in vivo efficacy is far more complex, depending on the CD4+:CD8+ ratio, T-cell 60 

subset composition, metabolic state, senescence marker expression, and TCR repertoire 61 

diversity6–8, and reliably translating in vitro measurements to clinical predictions remains an 62 

open challenge9,10. 63 

Single-cell technologies including flow cytometry and scRNA-seq have been extensively 64 

deployed to identify pre-infusion biomarkers predictive of in vivo efficacy11–14, but are limited to 65 
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phenotypic profiling and cannot directly monitor individual cell killing. Microfluidic platforms, 66 

including droplet emulsions15–19, microwells20,21, and cell-trapping devices22,23, have enabled the 67 

direct monitoring of individual effector-target interactions in controlled microenvironments and 68 

revealed that cytotoxic activity is strongly heterogeneous, with a small "serial killer" 69 

subpopulation responsible for the majority of target elimination15,16,21. However, across all of 70 

these approaches, the inability to simultaneously control encapsulation, deliver reagents 71 

dynamically, track compartments longitudinally, and link killing outcomes to precise cellular 72 

contexts in a high-throughput manner has fundamentally limited the resolution at which 73 

cytotoxic heterogeneity can be interrogated. 74 

Here, we address these limitations using a platform that employs light-guided hydrogel 75 

polymerization to create compartments on-demand called CellCage™ Enclosures (CCEs) around 76 

cellular targets24,25. Permeable walls support multi-day culture and time-lapse imaging, while 77 

flexible compartmentalization logic enables parallel testing of multiple effector-to-target ratios 78 

across tens of thousands of compartments per experiment. We demonstrate how the resulting 79 

data resolve both population-level killing statistics and individual killing event dynamics, reveal 80 

cooperative killing behavior within defined effector cell groups, and apply these capabilities to 81 

both cell line models and a clinical-grade CAR-T product, establishing a scalable framework 82 

with direct applications to potency assay development, manufacturing optimization, and patient 83 

response prediction. 84 

 85 

Results 86 
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Adaptive compartmentalization of cells enables the isolation of different cell populations within 87 

CCEs 88 

CCEs are formed using a digital micromirror device that projects violet light in defined 89 

patterns around cells of interest, inducing localized photopolymerization of the surrounding 90 

hydrogel matrix to create hollow cylinders that enclose individual cells or cell groups. 91 

Unpolymerized gel is subsequently washed away, and enclosed cells can be cultured and imaged 92 

over extended periods ranging from multiple days to weeks, enabling dynamic monitoring of 93 

cellular behavior and interactions. 94 

CCE formation supports multiple strategies that enable precise isolation of specific cell 95 

populations or defined combinations thereof. When two distinct populations are present, 96 

distinguished by differences in fluorescence or size, CCE formation can be programmed to 97 

selectively include or exclude either population, or CCEs can be formed at predetermined fixed 98 

positions for stochastic co-encapsulation of both. For targeted methods, an algorithm identifies 99 

suitable individual cells and overlays a virtual mask indicating the locations for CCE wall 100 

placement (e.g., see solid red ring in Figures 1B and 1D). Each CCE is designed to form around a 101 

single cell of interest. If another cell meeting the same criterion lies too close to allow that cell to 102 

be isolated on its own, without also enclosing the neighboring cell, CCE formation does not 103 

proceed. The user determines the CCE size (e.g., diameter of cylinder and width of the wall) and 104 

the acceptable inner and outer distances from the CCE wall that can be occupied by other cells 105 

(Figure S1). 106 

Two targeted strategies provide bidirectional control over cell encapsulation. In the first, 107 

unfluorescent cells, TALL-104 cells were used in this example, are individually identified and 108 

selected for CCE formation, with fluorescent cells, CFSE-labeled K562 cells used here, either co-109 
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enclosed stochastically or actively excluded (Figures 1A and 1B). In the second, the targeting logic 110 

is inverted: fluorescent CFSE-labeled K562 cells are identified for CCE formation, with 111 

unfluorescent TALL-104 cells in the vicinity co-enclosed or excluded based on user-defined 112 

parameters (Figures 1C and 1D). Together, these strategies enable selective encapsulation of either 113 

population, or defined combinations of both, within a mixed sample.  114 

CCEs can also be generated at predetermined positions across a flow cell lane without cell 115 

type identification or selection (Figures 1E-F). In this configuration, encapsulation is stochastic, 116 

with each compartment capturing cells based solely on location at the time of CCE formation, 117 

yielding a Poisson distribution of both cell populations. Because thousands of CCEs are formed 118 

without the overhead of active cell targeting, a single experiment can survey hundreds of distinct 119 

effector-to-target (E:T) ratios in parallel. 120 

Collectively, these CCE formation strategies constitute a versatile and complementary 121 

framework for controlled cell encapsulation. The choice of method can be tailored to the 122 

experimental objective, from the precise isolation of a defined cell population to the unbiased 123 

sampling of heterogeneous cell combinations, enabling systematic interrogation of how cell-cell 124 

interactions govern biological outcomes. 125 

 126 

Conducting and analyzing cytotoxicity assays on the Cellanome platform 127 

Typically, loading 1.68x105 cells with 90 μm diameter CCEs generates 8,000–12,000 128 

CCEs per lane and 64,000–96,000 per flowcell (Figure 2A-B). CCE size is user tunable, with 129 

smaller diameter CCEs producing higher throughput and larger diameter CCEs producing lower 130 

throughput. To demonstrate the platform, cytotoxicity assays were performed using CD8+ anti-131 
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CD19 CAR-T effectors and NALM6-GFP targets. Effectors were labeled with anti-CD8-RY586 132 

antibodies and combined with excess NALM6-GFP targets, with GFP-negative effectors selected 133 

for CCE formation and targets passively co-enclosed (Figure S2A). Media supplemented with 134 

APC-Annexin V was applied and time-lapse imaging was performed at 6-hour intervals for 24 135 

hours. In a representative CCE, a CAR-T effector was observed sequentially engaging multiple 136 

GFP-positive targets, which progressively acquired Annexin V fluorescence, demonstrating 137 

effector-mediated cytotoxicity at single-CCE resolution (Figures 2B and S2B). 138 

An automated imaging pipeline processes all images acquired during an experiment using 139 

an instance segmentation model to identify and uniquely label all CCEs and enclosed cells, 140 

recording positional coordinates for longitudinal CCE tracking across timepoints (Figure 2C). Cell 141 

identity is determined at each timepoint based on size (object area measured in pixels), 142 

morphology, and fluorescence. Here, effectors were resolved from targets based on GFP 143 

fluorescence (Figure 2D). Each data point is linked to the image of the cell from which it was 144 

quantified, allowing users to more accurately define gates and identify cell populations of interest 145 

(Figure S2C). GFP-negative cells were predominantly CD8-positive, based on anti-CD8-RY586 146 

antibody labeling, confirming that these cells were the CAR-T effector population (Figure S2D). 147 

Gating on the GFP-positive target cells allowed for another gating process to be performed on this 148 

population to assess APC-Annexin V staining, thereby enabling the quantification of the 149 

proportion of dead target cells (Figure 2E). The same analysis method can be performed for each 150 

time-lapse step throughout the experiment to quantify target cell death longitudinally (Figure 151 

S2G).  152 

 153 
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Correlating activity to cell populations within individual CCEs 154 

Population-level analyses that aggregate data across all CCEs within a lane confirm that 155 

elevated cell death is effector-dependent, but this aggregation obscures critical biological 156 

information. Cytotoxic activity is not uniform across CCEs; rather, it depends on the specific 157 

effector-target combination present in each compartment, a dimension that aggregate readouts 158 

cannot resolve. CCE-level analysis addresses this by linking cellular identities and activities to 159 

each cell's encapsulating compartment. Because the imaging pipeline assigns unique identifiers to 160 

both cells and CCEs, cell identity derived from population-level gating, with each cell classified 161 

as a GFP-positive/CD8-negative target or GFP-negative/CD8-positive effector, is mapped back to 162 

individual CCEs, resolving the E:T ratio for every compartment (Figures 2F and 2G). Unlike 163 

object-level analyses (Figure 2A-E), which treat each segmented cell as an independent 164 

observation in the style of conventional single-cell analysis (informative for cell-intrinsic 165 

properties but blind to interaction context), CCE-level analyses constrain cell behaviors to the 166 

individual CCEs in which they occurred, preserving the effector-target pairings, stoichiometry, 167 

and neighborhood composition that shape cytotoxic outcome. This directly links each killing event 168 

to the precise cellular context in which it occurred, transforming cytotoxicity from a population 169 

statistic into a single-event measurement and revealing compositional determinants of killing 170 

activity that aggregate approaches cannot resolve. 171 

CCE-level analyses confer additional practical advantages. CCEs lacking targets or 172 

containing non-viable effectors are automatically excluded, reducing background signal (Figure 173 

S2E). CCE-level analyses also resolve a key confound of GFP-based cytotoxicity quantification: 174 

as dying target cells progressively lose GFP fluorescence, they become indistinguishable from 175 

GFP-negative effectors. This loss of GFP fluorescence precludes accurate target cell identification, 176 
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thereby compromising population-level cytotoxic quantification, based on Annexin V, and causing 177 

underestimation of cumulative cytotoxic activity (Figures S2F-G). Because target cell number per 178 

CCE is recorded at baseline and at each time point, target cell death is quantified simply as the 179 

reduction in GFP-positive cells per CCE over time, irrespective of whether dying cells retain GFP 180 

fluorescence. 181 

 182 

High-resolution profiling of single cell anti-CD19 CAR-T cytotoxic activity 183 

CD19 is the most commonly targeted antigen in CAR-T therapy, with four of seven  FDA-184 

approved products utilizing an scFv derived from the FMC63 monoclonal antibody26–29, which 185 

serves as a benchmark in many preclinical investigations30–32. To demonstrate the cytotoxicity 186 

assay using this well-established model, CD8+ anti-CD19 CAR-T effectors were labeled with anti-187 

CD8-RY586 antibodies and combined with excess NALM6-GFP targets, with individual effectors 188 

identified by RY586 fluorescence for CCE formation and targets passively co-enclosed; the 189 

majority of CCEs enclosed a single effector with 0–5 targets (Figures 3A, S3A-B). A negative 190 

control lane contained NALM6-GFP targets alone. CCE formation focused on a subset of anti-191 

CD19-RY586 labeled NALM6-GFP cells to maintain CCE formation consistency across lanes, 192 

establishing baseline cell death independent of CAR-T activity (Figure S3B). 193 

 After CCE formation, cells were imaged every 6 hours for 24 hours in media supplemented 194 

with APC-Annexin V. GFP-negative effectors were observed engaging GFP-positive targets, 195 

which progressively acquired Annexin V fluorescence, while targets in the negative control 196 

remained Annexin V-negative throughout (Figure 3B). Longitudinal tracking confirmed 197 

progressive, effector-dependent killing detectable from the earliest timepoints, with a substantial 198 
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proportion of CCEs reaching peak killing by 18–24 hours and heterogeneous killing kinetics across 199 

the CCE population (Figures 3C and S3C). We fit a linear mixed-effects (LME) model to the data 200 

using restricted maximum likelihood (REML), with the rate of target cell death as the response 201 

variable, time as a continuous fixed effect, and the lane as a categorical fixed effect. In the presence 202 

of CD8+ cells, target cells died faster than in the NALM6-GFP only control lane, with a p-value < 203 

0.001 using the Type III ANOVA test.  204 

CCE-level analysis of GFP-positive target cell number over time demonstrated substantial 205 

serial killing capacity: the majority of effector-containing CCEs exhibited at least one target cell 206 

death event, with 29.2%, 38.3%, 12.5%, and 5.3% displaying loss of 1, 2, 3, or ≥4 targets, 207 

respectively, compared to 15.8%, 3.5%, and 1.1% in the negative control (chi-squared p < 0.001). 208 

In the control lane, target cell death was observed in 20.4% of CCEs, 42.7% of CCEs showed no 209 

target cell death, and in 37.0% of CCEs target cell proliferation was observed reflecting their active 210 

expansion in the absence of cytotoxic pressure. By contrast, at least 1 target cell died in 85.3% of 211 

CCEs with CAR-T effectors, representing a 4-fold increase in target cell death compared to the 212 

control (Figure 3D). Together, these data demonstrate that a subset of CD8+ CAR-T effectors is 213 

capable of serial killing.  The Cellanome platform resolved and quantified multiple target killing 214 

events at single-CCE resolution, making this platform well suited to characterize the functional 215 

heterogeneity of cell therapy products. Effector-target proximity, the distance between an 216 

unfluorescent effector and fluorescent target, in µm, was measured at each time point for each 217 

CCE. To determine the relationship between effector-target proximity and target cell death, 218 

Annexin V staining (y-axis) was plotted against proximity to an effector (x-axis). As expected, 219 

live targets in contact with an effector at the initial time point (lower-left quadrant), were more 220 

likely to undergo cell death at later time points (upper left quadrant). Target cell death peaked at 6 221 
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hours when 20.2% of effector-proximal targets acquired Annexin V fluorescence. Interestingly, 222 

after the 6 hour time point, effector-target distances progressively increased, consistent with 223 

effectors disengaging from killed targets and migrating away (Figure 3E and S3D). Conversely, 224 

59.8% of target cells were spatially distant from effectors at the initial time point (lower right 225 

quadrant) and these targets remained Annexin V-negative throughout the experiment. Using the 226 

same analysis method for the control lane, we measured the distance of target cells to a randomly 227 

nominated single cell in the same CCE. In the absence of CAR-T effectors, target cells 228 

predominantly well separated from each other and showed low Annexin V uptake at all timepoints. 229 

The distribution of cells into quadrants based on distance and Annexin V signal was significantly 230 

different between the two conditions using a chi-squared test at each timepoint. 231 

Given that cytotoxicity is driven in part by physical effector-target proximity, we 232 

hypothesized that highly motile effectors would more effectively engage with and kill targets. The 233 

imaging pipeline records the position of each object segmented within each CCE. Given that each 234 

CCE contained a single unfluorescent effector, it was possible to track the position of individual 235 

effectors across time points and from that, calculate the path length travelled in µm over the course 236 

of the experiment. Effectors, stratified into low, medium, and high motility groups based on total 237 

path length over the 24 hour experiment showed markedly distinct cytotoxic profiles (Figure 3F 238 

and S3E). High motility effectors were associated with both greater killing activity overall, and 239 

with serial killing (the sequential engagement of multiple targets within a single CCE). CCEs in 240 

the high-motility group were more likely to show loss of 2 targets (21.1% vs. 4.5% in the low 241 

motility group) or ≥3 targets (5.3% vs. 0.9%), and were less likely to show no target cell death at 242 

all (33.8% vs. 54.1%; chi-squared p = 0.000011; Figure 3G). Together, these results reveal 243 

substantial functional heterogeneity within CAR-T cell populations, with serial killing capacity, 244 
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effector-target contact dynamics, and intrinsic motility each correlating with cytotoxic potency, a 245 

level of resolution fundamentally inaccessible to conventional population-level assays. 246 

 247 

Cooperation between multiple CD8+ Cytotoxic T lymphocytes leads to highly efficient cytotoxicity 248 

While individual anti-CD19 CAR-T effectors exhibited cytotoxic activity, studies suggest 249 

that killing is most effective through the cumulative cytolytic activities of multiple Cytotoxic T 250 

lymphocytes (CTLs)33,34, coordinated in part through CTL swarming behavior35. To test this, fixed 251 

pattern CCE formation was used to co-enclose multiple CD8+ CAR-T effectors with NALM6-GFP 252 

targets across a broad range of E:T ratios, with CCEs containing 0–3 effectors and 0–5 targets 253 

most abundantly represented and individual E:T combination counts reaching up to 843 CCEs 254 

(Figures 4A-C). The co-culture lane included over 1,700 effector-free CCEs serving as an internal 255 

negative control, while the NALM6-GFP-only lane predominantly enclosed 3–4 targets per CCE 256 

(Figure S4B). This compositional diversity enables systematic, high-throughput analysis of how 257 

E:T ratio influences cytotoxic outcomes across thousands of individually tracked enclosures. 258 

After CCE formation, media supplemented with APC-Annexin V was applied and images 259 

were acquired at 6-hour intervals for 24 hours, with anti-CD8-RY586 fluorescence imaged at the 260 

first timepoint only to record effector numbers per CCE, and GFP and APC-Annexin V 261 

fluorescence imaged throughout (Figures 4B and S4A). In multi-effector CCEs, target cells 262 

progressively acquired Annexin V fluorescence with concurrent loss of GFP signal, with 74.5% 263 

of targets categorized as dead by the final timepoint. In contrast, target cells in the negative control 264 

retained GFP fluorescence throughout and expanded over time, consistent with active proliferation 265 

in the absence of cytotoxic pressure (Figures 4B and 4D). Longitudinal tracking confirmed that a 266 
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large proportion of effector-containing CCEs reached peak killing within the first 6 hours. Fitting 267 

a linear mixed-effects model again showed that target cells lost viability faster in the presence of 268 

effectors than in the control lane (p-value <0.001; Figure 4D). Killing magnitude, defined as the 269 

percent of target cell death, scaled positively with effector number per CCE and was highest in the 270 

0–6 hour window (Figures S4C–D), demonstrating that multi-CTL cytotoxicity is both rapid and 271 

dose-dependent, with the strongest effect occurring immediately after effector-target contact. 272 

 273 

Testing cooperativity between co-enclosed CD4+ T-helper and CD8+ Cytotoxic T lymphocytes 274 

While the role of CD4+ T helper cells in priming CD8+ CTL responses is well established, 275 

their contribution during the effector phase remains incompletely understood36,37. To interrogate 276 

CD4+-CD8+ cooperativity directly, CD8+ anti-CD19 CAR-T effectors were co-enclosed with 277 

untransduced donor-matched CD4+ T cells and NALM6-GFP targets. As CD4+ T cells do not 278 

express the anti-CD19 CAR and cannot directly recognize targets, any enhancement in killing 279 

reflects indirect cooperative effects. CD8+ and CD4+ cells were labeled with anti-CD8-RY586 and 280 

anti-CD4-Alexa Fluor 405 antibodies, with CD8+ effectors selected for CCE formation and CD4+ 281 

and NALM6-GFP cells passively co-enclosed (Figure 4E). Media supplemented with APC-282 

Annexin V was applied and time-lapse images were acquired at 6 hour intervals for 24 hours. Anti-283 

CD8-RY586 and anti-CD4-Alexa Fluor 405 fluorescence were imaged in the first timepoint while 284 

GFP and APC-Annexin V fluorescence were imaged in every timepoint (Figure S4E). The 285 

majority of CCEs contained 1 CD8+ effector, 0-6 CD4+ T cells, and 0-5 NALM6-GFP targets 286 

(Figures 4G and S4F). Two control conditions were included in parallel, CD8+ effectors co-287 

enclosed with targets in the absence of CD4+ T cells, and targets enclosed without any T cells as a 288 

negative control (Figure S4F). 289 
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In the presence of CD8+ CAR-T effectors or CD8+ CAR-T effectors with CD4+ T-cells, 290 

target cells progressively acquired Annexin V fluorescence, while targets enclosed without 291 

effectors maintained high viability throughout the experiment (Figure 4F). Longitudinal CCE-292 

level tracking revealed that CD8+ CAR-T mediated cytotoxicity, which reached maximum levels 293 

by 18-24 hours, was further enhanced in the presence of CD4+ T helper cells, with a greater 294 

proportion of CCEs displaying earlier onset and more complete target cell elimination compared 295 

to the CD8+-only condition (Figure 4H). Target cell death scaled positively with CD4+ cell 296 

number per CCE (Figure S4G), demonstrating a dose-dependent cooperative effect. Collectively, 297 

these data demonstrate that CD4+ lymphocytes augment CD8+ CAR-T cytotoxicity at the single-298 

CCE level, a cooperative behavior that would be obscured in bulk co-culture assays. 299 

 300 

Establishing a stain-free cytotoxicity assay using a solid tumor cell model 301 

 To further demonstrate platform versatility, cytotoxicity assays were extended to a solid 302 

tumor model using AIC100 CAR-T cells which target ICAM-1 expressing malignant thyroid 303 

cancers. HeLa cells, which express endogenous ICAM-1, were engineered to express GFP to serve 304 

as targets for this killing model38,39. GFP-negative AIC100 effectors were labeled with anti-CD4-305 

RY586 and anti-CD8-Alexa Fluor 405 antibodies and combined with HeLa-GFP targets. 306 

Individual effectors were then selected for CCE formation and HeLa-GFP targets were passively 307 

co-enclosed (Figures 5A and S5A). The majority of CCEs contained 1 AIC100 effector and 0–4 308 

HeLa-GFP targets, with 2,572 and 839 CCEs containing a single CD4+ or CD8+ effector, 309 

respectively (Figures 5B, S5B). As a negative control, HeLa-GFP targets alone were enclosed 310 

without CAR-T effectors. Here, CCEs predominantly contained 0-6 HeLa-GFP targets (Figure 311 

S5C). After CCE formation, cells were incubated in media and imaged every 4 hours over 24 312 
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hours. As HeLa-GFP targets are intrinsically fluorescent and morphologically distinct from CAR-313 

T effectors, we hypothesized that target cell death could be quantified by loss of GFP fluorescence 314 

and changes in cell morphology, a stain-free readout supported by the automated imaging 315 

pipeline's quantification of fluorescence and morphology (as measured by eccentricity and size) 316 

during cell segmentation. HeLa-GFP targets were readily discernible from GFP-negative CAR-T 317 

effectors (Figure S5D), and were further resolved into GFP-high/large (live) and GFP-low/small 318 

(dead) subpopulations based on fluorescence intensity and cell size. At 0 hours, GFP-high targets, 319 

and GFP-low targets accounted for 89.86% and 9.83% of GFP-positive cells, respectively; by 24 320 

hours, the GFP-low population expanded modestly to 14.32% with a corresponding reduction in 321 

GFP-high cells to 85.16%, indicating minimal cytotoxic activity by single effectors (Figures 5C–322 

D). Longitudinal analysis of 6,009 CCEs revealed that target cell death in single-effector CCEs 323 

was indistinguishable from the negative control, with effector-target interactions rarely resulting 324 

in cytotoxicity (Figure 5E and 5F). Furthermore, no correlation was observed between target cell 325 

death and effector proximity (Figure S5E), indicating that individual AIC100 effectors are 326 

insufficient for effective HeLa-GFP killing. 327 

 Consistent with prior studies demonstrating that effective tumor cell killing requires the 328 

concerted activity of multiple CAR-T cells33,34, individual AIC100 effectors failed to kill HeLa-329 

GFP targets. Fixed pattern CCE formation was therefore used to co-enclose multiple AIC100 330 

effectors with HeLa-GFP targets across a broad range of compositions (Figure S6A). Effector and 331 

target numbers ranged from 0 to 16 per CCE and the most abundantly represented combinations 332 

occurring at 3-8 effectors and 0-5 targets (Figures 6A-B). A negative control lane contained HeLa-333 

GFP targets alone, with most CCEs encapsulating 1-12 targets (Figure S6B). Targets were resolved 334 

from effectors using GFP fluorescence and further stratified into GFP-high/large and GFP-335 
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low/small subpopulations (Figures 6C-D, and S6C). Co-encapsulation of multiple AIC100 336 

effectors significantly increased the proportion of targets transitioning from GFP-high/large to 337 

GFP-low/small over 24 hours. At 0 hours, GFP-high targets, and GFP-low targets accounted for 338 

76.70% and 20.97% of GFP-positive cells, respectively; by 24 hours, the GFP-low population 339 

expanded to 68.46% with a corresponding reduction in GFP-high cells to 28.52%, indicating 340 

significant cytotoxic activity when multiple effectors were co-enclosed with targets (Figures 6C–341 

D). A high proportion of effector-target interactions resulted in target cell death (Figures 6C and 342 

6E). Longitudinal CCE-level tracking revealed progressive and widespread killing detectable from 343 

6 hours, with heterogeneous killing kinetics across the CCE population consistent with stochastic 344 

effector-target encounter dynamics. CCEs in the HeLa-GFP-only control maintained high target 345 

viability throughout, confirming effector-dependent cytotoxicity. Fitting a linear mixed-effects 346 

model to these temporal trends again showed a significantly higher rate of target viability loss in 347 

the presence of AIC100 CAR-T effectors (p-value <0.001) (Figure 6F). Further analysis of 348 

individual CCE compositions revealed that CCEs with high E:T ratios exhibited significantly 349 

greater target cell death compared to those with low E:T ratios, consistent with the dose-dependent 350 

nature of effector-mediated killing (Figure S6D). Performing a Wilcoxon test on paired groups of 351 

CCEs with the same number of HeLa-GFP targets between lanes, the presence of AIC100 CAR-352 

T effectors and targets was associated with a significantly greater loss of viability than CCEs with 353 

only targets, and this effect was stronger at higher E:T ratios (Figure S6D). 354 

As AIC100 effectors were generated from a heterogeneous CD4+/CD8+ population, anti-355 

CD4 and anti-CD8 fluorescence was imaged at the initial timepoint to enumerate effector subset 356 

composition per CCE. Fixed pattern formation yielded a broad range of CD4+:CD8+ ratios 357 

(Figure S6E), with target cell killing scaling positively with CD8+ effector number and CCEs 358 
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containing both CD8+ and CD4+ cells exhibiting greater killing than those with CD8+ effectors 359 

alone (Figure 6G). These observations corroborate prior studies demonstrating a helper role for 360 

CD4+ T lymphocytes in CTL-mediated cytotoxicity36,40 and extend these findings to a solid 361 

tumor CAR-T context at single-CCE resolution. 362 

 363 

Discussion 364 

Understanding the mechanisms that govern CAR-T cell-mediated cytotoxicity at the 365 

single-cell level remains a critical challenge in the development of next-generation cellular 366 

immunotherapies. Conventional bulk co-culture assays inherently obscure the functional 367 

heterogeneity of individual effector-target interactions, masking key determinants of cytotoxic 368 

efficacy such as effector motility, serial killing capacity, and cooperative T cell behavior. Here, 369 

we demonstrate that the Cellanome platform overcomes these limitations by enabling the 370 

isolation, longitudinal tracking, and high-throughput analysis of defined effector-target 371 

combinations within individual CCEs, revealing cellular behaviors that are fundamentally 372 

inaccessible to conventional methodologies. 373 

A central finding is the profound functional heterogeneity within CAR-T cell 374 

populations. While serial killing by CTLs has been previously reported, prior studies relied on 375 

manual tracking of a few dozen cells or indirect mathematical modeling33,41, and bulk conditions 376 

make it difficult to disentangle cell-intrinsic from cell-extrinsic determinants42. Here, 56% of 377 

individual effectors engaged in serial killing, a finding derived from direct observations of 378 

thousands of effector-target combinations, enabling robust statistical analyses of killing 379 

heterogeneity. Analyses at this scale also revealed effector motility and effector-target contact 380 
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dynamics as independent correlates of cytotoxic potency. Spatiotemporal analysis further 381 

showed that direct cell-cell contact strongly predicts target cell death: Annexin V acquisition 382 

among proximal targets peaked at approximately 6 hours, after which effectors disengaged and 383 

migrated on, while targets that remained distant from effectors throughout stayed Annexin V-384 

negative. Together, these dynamics provide mechanistic evidence linking physical effector-target 385 

interactions to cytotoxic outcomes at a resolution unattainable in bulk assays. 386 

When multiple CAR-T cells were co-enclosed with targets, cytotoxic efficacy scaled 387 

positively with effector number across both the anti-CD19 and AIC100 CAR-T models, with a 388 

substantial proportion of CCEs reaching maximal target cell death within the first 6–12 hours, 389 

consistent with recent literature demonstrating that optimal tumor cell killing requires the 390 

cumulative cytolytic activities of multiple CTLs33,34. The temporal heterogeneity in killing across 391 

the CCE population, with individual CCEs reaching maximal cytotoxicity at distinct timepoints, 392 

correlated with effector-target engagement dynamics and underscores the importance of 393 

resolving cytotoxic activity at the level of individual cellular interactions rather than averaging 394 

across bulk populations. 395 

The Cellanome platform further enabled systematic interrogation of cooperative 396 

interactions between CD4+ T helper cells and CD8+ CTLs during the effector phase of tumor cell 397 

killing, corroborating in vivo studies implicating CD4+ T cells as active participants in CTL-398 

mediated tumor clearance36,40. Importantly, the CD4+ T cells used here are untransduced and do 399 

not express the anti-CD19 CAR, ruling out a direct cytotoxic contribution and implicating a 400 

contact- or paracrine-dependent cooperative mechanism operating locally between co-enclosed 401 

cells. Furthermore, the magnitude of CD4+-mediated enhancement of CD8+ cytotoxicity scaled 402 

dose-dependently with CD4+ cell number per CCE, a quantitative relationship not previously 403 
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resolvable at single-cell resolution, providing a new framework for understanding how the local 404 

stoichiometry of CD4+ and CD8+ T cells influences cytotoxic outcomes, with direct implications 405 

for the rational design of CAR-T cell products with optimized CD4+:CD8+ ratios. 406 

Extending the platform to a solid tumor model using AIC100 anti-ICAM-1 CAR-T cells 407 

and HeLa-GFP targets further demonstrated the versatility and generalizability of the CCE-based 408 

cytotoxicity assay. Individual AIC100 effectors failed to kill HeLa-GFP targets effectively, 409 

whereas multi-effector CCEs exhibited robust and progressive killing consistent with the 410 

requirement for coordinated multi-CTL activity in solid tumor elimination33,35. Critically, by 411 

physically isolating thousands of CCEs containing precisely defined and variable effector 412 

numbers, our platform directly measures how killing efficacy scales with effector abundance at 413 

single-CCE resolution, a level of quantitative resolution not achievable in prior 3D organotypic 414 

or in vivo models. The stain-free nature of target cell death quantification in this model, based on 415 

loss of GFP fluorescence and changes in cell morphology, further highlights the adaptability of 416 

the platform to diverse experimental contexts. 417 

Collectively, these findings establish our platform as a powerful tool for high-resolution, 418 

high-throughput characterization of CAR-T cell-mediated cytotoxicity. The ability to 419 

longitudinally track thousands of individually isolated effector-target combinations, and to 420 

directly correlate cytotoxic potency with defined effector compositions at the single-cell level, 421 

has direct translational relevance to the rational optimization of CAR-T cell therapies. Future 422 

studies investigating additional determinants of CAR-T cell function, including tumor 423 

microenvironment factors, antigen density, and CAR construct design, will further expand our 424 

mechanistic understanding of adoptive cellular immunotherapy. 425 

 426 
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Methods 427 

Cell culture 428 

TALL-104 cells (ATCC) were cultured in RPMI-1640 medium supplemented with 20% 429 

FBS, 1% PenStrep, and 200 Units/ml recombinant human IL-2. K562 cells (ATCC) were cultured 430 

in IMDM medium supplemented with 10% FBS and 1% PenStrep. HeLa-GFP and NALM6-431 

Luc/GFP (Creative Biogene) were cultured in RPMI-1640 medium supplemented with 10% FBS 432 

and 1% PenStrep, with NALM6-Luc/GFP medium additionally supplemented with 0.5 μg/mL 433 

puromycin. All cells were maintained in a humidified incubator at 37 °C with 5% CO₂.. 434 

 435 

T-cell isolation, activation, and culture 436 

AIC100 CAR-T cells were activated with ImmunoCult™ Human CD3/CD28 T Cell 437 

Activator (STEMCELL Technologies) and cultured in TexMACS medium supplemented with 438 

10% Human AB Serum, 1% PenStrep, 12.5 ng/mL IL-7, and 12.5 ng/mL IL-15. CD4⁺ and CD8⁺ 439 

cells were isolated from bulk anti-CD19 CAR-T cells (BPS Bioscience) and donor matched 440 

untransduced T cells (BPS Bioscience) using the MojoSort™ Human CD4 T Cell Isolation Kit 441 

and the MojoSort™ Human CD8 T-Cell Isolation Kit (BioLegend), respectively. After isolation, 442 

cells were activated with ImmunoCult™ Human CD3/CD28 T-Cell Activator (STEMCELL 443 

Technologies) and cultured in T cell medium (BPS Bioscience) with recombinant human IL-2 444 

(200 Units/ml, Miltenyi Biotec). Cells were maintained in a humidified incubator at 37 °C with 445 

5% CO₂. 446 

 447 

Cell labeling  448 
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Cells were labeled with indicated fluorescent antibodies at a 1:20 dilution in their 449 

respective cell culture medium and incubated in the dark at room temperature for 30 minutes. Cells 450 

were then washed and resuspended in fresh medium. For CellTrace CFSE labeling, K562 cells 451 

were washed with 1x PBS, resuspended to a concentration of 1x106 cells/mL in a 1 µM CellTrace 452 

CFSE staining solution (diluted in 1x PBS), and incubated at 37°C for 20 minutes in the dark. 453 

After staining, cells were washed with culture medium, resuspended to a concentration of 1x106 454 

cells/mL in culture medium, and incubated at 37°C for 10 minutes in the dark.  455 

 456 

Cell loading for CCE formation 457 

For CCE formation targeting single unfluorescent effectors, 1.68×10⁵ GFP-negative 458 

effectors were combined with 1×10⁶ GFP-positive targets in 70 µL of culture medium. Cells were 459 

then loaded into the Cellanome instrument, mixed with hydrogel precursor, and introduced into 460 

the flow cell. CCEs were formed around GFP-negative effectors, with GFP-positive targets 461 

passively co-enclosed. In negative control lanes, 1.68×10⁵ GFP-negative targets were used as 462 

substitutes for effectors, and CCEs were formed around these GFP-negative targets. 463 

 For CCE formation targeting single fluorescent effectors, effectors were first labeled with 464 

anti-CD4-RY586 or anti-CD8-RY586 antibodies (as indicated). Briefly, 1×10⁶ cells were 465 

resuspended in 100 µL of culture medium supplemented with antibodies at a 1:20 dilution, 466 

incubated at room temperature for 15 minutes, and washed once with 1 mL of culture medium. 467 

Labeled effectors (1.68×10⁵ cells) were then combined with 1×10⁶ unlabeled targets in 70 uL and 468 

loaded into the Cellanome instrument for CCE formation as described. CCEs were formed around 469 

individual RY586-positive cells, with unlabeled cells passively co-enclosed. For the negative 470 

control, NALM6-GFP targets were labeled with anti-CD19-RY586 antibodies using the same 471 
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protocol, and 1.68×10⁵ labeled targets were combined with 1×10⁶ unlabeled targets for CCE 472 

formation. For fixed-pattern CCE formation, 1×10⁶ effectors were combined with 1×10⁶ targets in 473 

70 µL for CCE formation. The negative control consisted of 1×10⁶ targets alone, prepared in 70 474 

µL. 475 

 476 

Cytotoxicity Assays 477 

For cytotoxicity assays, harvested effector cells were washed and resuspended in the respective 478 

target cell medium. After CCE formation, cell culture medium with or without APC-Annexin V 479 

supplemented at a 1:200 dilution was applied to the lane to wash away any unpolymerized 480 

hydrogel precursor. Time-lapse imaging was performed at the indicated intervals and with the 481 

indicated fluorescence channels. 482 

 483 

Deep-learning based segmentation and feature extraction of cells 484 

Detection of cell positions and image-based feature extraction was achieved using two in-house 485 

deep learning models, trained on an in-house dataset consisting of ~3 million manually annotated 486 

object masks from ~15,000 images. Cells were identified for CCE formation, either in brightfield 487 

or fluorescent channels, using bounding boxes from the fast detector model YOLOv543, 488 

implemented with Ultralytics (www.ultralytics.com). For in-depth image analysis used to classify 489 

cell identities and states, we used masks from the instance segmentation model Mask R-CNN44, 490 

implemented with PyTorch (pytorch.org). Cells were segmented in brightfield, and other metrics 491 

such as shape and intensity computed from each of those masks. Fluorescent signal was computed 492 

per channel from the mean intensity of all pixels that comprise an object instance, with 493 

background subtraction performed by further subtracting the mean intensity of all non-foreground 494 
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pixels within that CCE. All cells were given unique identifiers, and were associated with CCEs 495 

which were also given unique identifiers, that are registered over time using fiducials. All 496 

processing steps were implemented in an image analysis pipeline written in Python and 497 

Nextflow45. 498 

 499 

User-in-the-loop UI for identification of cell populations 500 

A cloud-based user interface (UI) enables users to visualize the distribution across all cells of the 501 

features computed by the image analysis pipeline. Thereby, in a 1-dimensional or 2-dimensional 502 

plot, users can select subpopulations of cells or “gates” based on criteria of cell morphology and 503 

fluorescence intensity, and create hierarchically defined populations for further analysis, using 504 

functionality that displays the image of the cell behind each data point to refine and correct the 505 

boundaries of these populations. This interface allowed gates to be tailored to the distributions of 506 

each experiment, while supporting the creation of standardized gates used for further analysis 507 

across all datasets shown: Live Target cells, Dead Target cells, Live Effector cells, and Dead 508 

Effector cells. Per-CCE counts for each gate are used for filtering steps, to calculate E:T 509 

(Effector:Target) ratios for each CCE, and finally to compute cell viability outcomes for each CCE 510 

that are based on cell identity memberships.  511 

 512 

Longitudinal analysis of target viability loss in CCEs 513 

Per-CCE counts of gated objects at each timepoint are used to compute longitudinal trends of target 514 

viability loss. This is used instead of relying on counts of Dead Target-gated cells over time, which 515 

are subject to false positive errors when dead cells fragment and are segmented as multiple cells, 516 

or false negative errors when dead cells have completely lysed or eventually lose Annexin V 517 
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fluorescence and are no longer segmented or gated as dead target cells. By anchoring viability on 518 

known counts of Live Target cells at baseline, the timepoint at which cells are most intact and 519 

viable, we used changes in the count of Live Target cells at each subsequent timepoint in that CCE 520 

to monitor the loss of viable target cells. Cells could lose viability either by changing membership 521 

from the Live Target gate to Dead Target gate by update of Annexin V signal, or by no longer 522 

being segmented at all, if the cell completely lysed or its morphology became unrecognizable as a 523 

cell. In the case of GFP-expressing HeLa cells, a similar strategy was employed by anchoring the 524 

analysis on viability loss tracked as a transition from a GFP-high gate to a GFP-low gate as target 525 

cells lost viability. Target viability loss over time, computed in this manner assuming a 526 

monotonically decreasing trend, enabled a more accurate quantification of cytotoxicity that was 527 

more robust to segmentation and gating errors amid the complexities of closely interacting cells 528 

with deteriorating morphology.  529 

 530 

Quantification of cell-cell interactions and effector motility over time 531 

Target-effector proximity, and its correlation to other metrics such as Annexin V uptake, was 532 

computed using the known positions and identities of each cell in a CCE at any given timepoint. 533 

This analysis was filtered to CCEs with only one cell gated as an effector, and 2 or more target 534 

cells, at all timepoints. The plot for each timepoint was computed with a single data point for every 535 

target cell in these CCEs, showing the Euclidean distance between that target cell and the effector 536 

cell in the same CCE on the x axis, and the background-subtracted mean Annexin V signal on the 537 

y-axis of the same target cell at that timepoint. This shows the distribution of proximal versus 538 

distant target-effector interactions and their correlation with apoptotic processes, and dividing this 539 

data into quadrants allowed us to track overall population shifts over time. The same analysis was 540 
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performed for the control lane, nominating a single random cell as a pseudo-effector in each CCE 541 

in the absence of actual effector cells, to compute the Euclidean distance between each target cell 542 

and that nominated cell. This enabled a comparison of the distribution of target cells between the 543 

proximal/distant and low/high-Annexin V quadrants between the co-cultured and control 544 

conditions at each timepoint. Effector motility was also computed only for CCEs with only one 545 

cell gated as an effector, and 2 or more target cells, at all timepoints, in order to track the movement 546 

of effector cells that had access to multiple target cells. Positional coordinates for each cell are 547 

referenced against fiducials to generate a global set of coordinates that are consistent over time 548 

and corrected for stage movement errors. These global positional coordinates can be used to 549 

calculate the Euclidean distance travelled by the effector cell at each timepoint since its position 550 

in the previous timepoint, and summed across all timepoints to arrive at the total path length 551 

travelled by that effector. This leads to a distribution of path lengths across all effector cells, which 552 

was divided into tertiles to define high-motility (>72 µm), medium-motility (37-72 µm), or low-553 

motility (<37 µm) groups of effectors. This functional property of each effector could then be 554 

correlated with other metrics such as cytotoxicity. 555 

 556 

Figure Legends 557 

Figure 1. Leveraging CellCage™ technology to isolate various permutations of E:T ratios. (A) 558 

Schematic of targeted CCE formation based on identification of unfluorescent TALL-104 effector 559 

cells. CFSE-labeled K562 target cells, loaded in excess, were co-enclosed passively and in a 560 

stochastic distribution. (B) Representative CCE formed around an unfluorescent TALL-104 561 

effector. Imaging first identified an unfluorescent cell, a mask defining the position of the CCE 562 

around the unfluorescent cell was generated, and violet light was applied to the boundary of this 563 
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mask to polymerize the gel precursor forming a CCE. (C) Schematic of CCE formation based on 564 

identification of fluorescent CFSE-labeled K562 target cells. Unfluorescent TALL-104 effector 565 

cells, loaded in excess, were co-enclosed passively and in a stochastic distribution. (D) 566 

Representative CCE formed around a fluorescent target cell. Imaging first identified a fluorescent 567 

cell, a mask defining the position of the CCE around the fluorescent cell was generated, and violet 568 

light was applied to the boundary of this mask to polymerize the gel precursor forming a CCE. (E) 569 

Schematic of CCE formation based on predetermined positions, both effectors and targets were 570 

enclosed in a random manner. (F) Representative image of CCEs generated in a fixed pattern where 571 

cells were enclosed randomly.  572 

 573 

Figure 2. Cellanome Image analysis pipeline enables automated high-throughput quantification 574 

of cell identity in individual CCEs. (A) Each lane of an 8 lane flowcell encompasses 400 fields of 575 

view (FOV) at 10x magnification. (B) Each FOV can accommodate approximately 20-30 90 µm 576 

diameter CCEs, which translates to 8,000-12,000 CCEs per lane and 64,000-96,000 CCEs per 577 

flowcell. Cell identities were assessed based on fluorescence; NALM6-GFP cells (blue) and anti-578 

CD8-RY586 labeled CAR-T cells (green). Cell death was monitored via change in cell number 579 

over the course of time-lapse imaging and APC-Annexin V staining (red). (C) Automated image 580 

analysis pipeline identifies all CCEs (blue outline outside the CCE) and enclosed objects (yellow 581 

outline). Every CCE and cell identified were assigned a unique identification number. (D-E) 582 

Parameters quantified for enclosed objects, including object area (size), GFP fluorescence 583 

intensity, and Annexin V-APC intensity were displayed and analyzed using Cellanome’s Cloud-584 

based analysis platform. (D) Plotting cell size (object area) against GFP fluorescence discerns 585 

effectors from targets. (E) Gating on GFP-positive targets and interrogating for APC-Annexin V 586 
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fluorescence, identifies the proportion of dead target cells. (F-G) Linking cell identities to the CCE 587 

ID in which they are enclosed. (F) Example CCEs each encapsulating a different combination of 588 

anti-CD8-RY586 labeled effectors and GFP expressing targets. Unlike object-level analyses (A–589 

E), which treat each segmented cell as an independent observation and pool cells across CCEs, 590 

CCE-level analyses preserve the local microenvironment, analyzing each cell's behavior in the 591 

context of the specific effectors, targets, and stoichiometry with which it shared a CCE. (G) 592 

Determination of the E:T ratio within individual CCEs. Based on fluorescence, every enclosed cell 593 

was identified as either effector or target. Cell identities were then linked back to the CCEs in 594 

which they were enclosed, and E:T ratios were determined. This method of analyses enabled the 595 

correlation of cell behaviors to specific cell combinations.  596 

 597 

Figure 3. Single-cell resolution profiling of CD8+ CAR-T cell cytotoxic activity. (A) Fluorescence-598 

based CCE formation identifies CD8+ cells, based on anti-CD8-RY586 antibody labeling, for 599 

enclosure. Unlabeled NALM6-GFP targets were co-enclosed passively. (B) Representative time-600 

lapse brightfield and fluorescence overlay images depicting CAR-T cell-mediated cytotoxicity 601 

within individual CCEs across two conditions: a single CD8+ CAR-T effector co-enclosed with 602 

NALM6-GFP target cells (top row), and NALM6-GFP target cells enclosed in the absence of 603 

effectors (bottom row). Images were acquired at 6-hour intervals, with GFP fluorescence (blue) 604 

marking live target cells and APC-Annexin V fluorescence (red) indicating target cell death. (C) 605 

Longitudinal heatmaps depicting the proportion of live NALM6-GFP target cells lost since 606 

baseline within individual CCEs across two experimental conditions: CD8+ CAR-T effectors co-607 

enclosed with NALM6-GFP targets (left), and NALM6-GFP targets alone (right). Each row 608 

represents a single CCE tracked across four imaging timepoints (6, 12, 18, and 24 hours), with 609 
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color intensity reflecting the fraction of target cell loss from the baseline timepoint at 0 hours. (D) 610 

Stacked bar charts depicting the distribution of target cell death outcomes within individual CCEs 611 

enclosing a single CD8+ CAR-T effector and multiple NALM6-GFP target cells (left) compared 612 

to NALM6-GFP targets enclosed in the absence of effectors (right). The proportion of CCEs 613 

exhibiting each outcome category, ranging from target cell proliferation and no target cell death to 614 

the loss of 1, 2, 3, or 4 or more target cells, was quantified using the change in live target cell count 615 

from 0 to 24 hours as the metric. A chi-squared test was computed on the distribution of categories 616 

between the two lanes. (E) Scatter plots of individual target cell characteristics (filtered to CCEs 617 

with 1 effector cell at all timepoints to enable effector tracking), depicting the relationship between 618 

effector-target distance (x-axis, µm) and Annexin V signal of individual target cells (y-axis) across 619 

five imaging timepoints (0, 6, 12, 18, and 24 hours). Each plot is divided into four quadrants 620 

delineating proximal versus distal effector-target distances and Annexin V-positive versus 621 

Annexin V-negative target cells. The change in percentage of target cells in each quadrant is 622 

annotated, and arrows indicate the direction of the largest net population shift between quadrants 623 

at each timepoint. Spearman correlation coefficients (rho) and associated p-values are displayed 624 

for each timepoint, confirming a statistically significant negative correlation between effector-625 

target distance and Annexin V signal across all timepoints. (F) Histogram depicting the distribution 626 

of total path lengths travelled by individual CAR-T effectors across all CCEs over a 24-hour 627 

observation period. The x-axis represents total path length (µm) and the y-axis represents the 628 

number of CCEs. Dashed vertical lines denote tertile cutoffs used to stratify effectors into low 629 

(blue), medium (yellow), and high (green) motility subpopulations. Insets show example traces of 630 

individual effectors’ paths in CCEs, with target cell positions in grey for context. The low motility 631 

CCE stays in the same position over time, the medium motility CCE moves a short overall distance, 632 
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while the high motility CCE travels to a different region of the CCE, accruing a larger total path 633 

length. (G) Stacked bar charts depicting the distribution of cytotoxicity outcomes within individual 634 

CCEs stratified by effector motility category: low motility (left), medium motility (middle), and 635 

high motility (right). The proportion of CCEs exhibiting each outcome, ranging from target cell 636 

proliferation and no target cell death to the loss of 1, 2, or 3 or more target cells, is shown for each 637 

motility group. A chi-squared test was computed on the distribution of categories. 638 

 639 

Figure 4. Cooperative and dose-dependent CAR-T cell-mediated cytotoxicity resolved at single-640 

CCE resolution using fixed pattern encapsulation. (A) Fixed pattern CCE formation arranged in a 641 

grid incorporates a stochastic distribution of effectors and targets. Cell identities were not assessed 642 

during CCE formation as encapsulation was passive for both effectors and targets. (B) 643 

Representative time-lapse images depicting cytotoxic activity within individual CCEs across two 644 

conditions: multiple CD8+ CAR-T effectors co-enclosed with NALM6-GFP target cells (top row), 645 

and NALM6-GFP target cells enclosed in the absence of effectors (bottom row). Images were 646 

acquired at 6-hour intervals over 24 hours. GFP fluorescence (blue) marks live NALM6-GFP 647 

target cells, green fluorescence identifies CAR-T effectors, and APC-Annexin V fluorescence 648 

(red) indicates target cell death. (C) Heatmap depicting the distribution of CCE compositions at 649 

baseline (0 hours), with the number of CD8+ CAR-T effectors (x-axis) and NALM6-GFP target 650 

cells (y-axis) per CCE shown across a total of 10,092 CCEs. Each tile represents a unique effector-651 

target combination, with color intensity and annotated numerical values reflecting the number of 652 

CCEs containing that specific composition. (D) Longitudinal heatmaps displaying the proportion 653 

of live target cells lost since baseline across individual CCEs, with each row representing a single 654 

CCE and each column corresponding to a time point (6, 12, 18, and 24 hours). The color scale 655 
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reflects the fraction of live target cell loss from the baseline timepoint at 0 hours within each CCE, 656 

where blue indicates no target cell death and red indicates complete target cell death. Left; 657 

NALM6-GFP targets co-enclosed with CD8+ CAR-T effectors. Right; NALM6-GFP targets alone. 658 

(E) Representative CCE where individual anti-CD8-RY586 labeled CD8+ CAR-T effectors were 659 

identified for fluorescence-based CCE formation. Anti-CD4-Alexa Fluor 405 labeled CD4+ T 660 

lymphocytes and GFP-positive target cells were passively co-enclosed. (F) Representative time-661 

lapse images depicting CAR-T mediated cytotoxic activity within individual CCEs shown over 662 

the indicated imaging timepoints. Top row; CCE encapsulating CD8+ CAR-T, CD4+ untransduced 663 

T lymphocytes, and NALM6-GFP target. Middle row; CCE encapsulating CD8+ CAR-T and 664 

NALM6-GFP in the absence of CD4+ untransduced T lymphocytes. Bottom row; CCE 665 

encapsulating NALM6-GFP alone in the absence of CD8+ CAR-T effectors and CD4+ 666 

untransduced T lymphocytes. (G) Heatmap depicting the distribution of CCE compositions at 667 

baseline (0 hours), with the number of CD8+ CAR-T effectors (x-axis) and NALM6-GFP target 668 

cells (y-axis) per CCE shown across a total of 9,072 CCEs. Each tile represents a unique effector-669 

target combination, with color intensity and annotated numerical values reflecting the number of 670 

CCEs containing that specific composition. (H) Longitudinal heatmaps depicting the proportion 671 

of NALM6-GFP target cell viability loss over time within individual CCEs across three 672 

experimental conditions: CD8+ CAR-T effectors co-enclosed with CD4+ untransduced T cells and 673 

NALM6-GFP targets (left), CD8+ CAR-T effectors co-enclosed with NALM6-GFP targets 674 

(middle), and NALM6-GFP targets alone (right). Each row represents a single CCE tracked across 675 

four imaging timepoints (6, 12, 18, and 24 hours), with color intensity reflecting the fraction of 676 

live target cell loss since baseline at 0 hours (blue, minimal loss; red, maximal loss).  677 

 678 
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Figure 5. Stain-free profiling of cytotoxic activity of individual anti-ICAM AIC100 CAR-T effectors 679 

against solid tumor targets. (A) Subtractive CCE formation identifies GFP-negative AIC100 680 

CAR-T effectors for encapsulation. HeLa-GFP targets were co-enclosed passively. (B) Heatmap 681 

depicting the distribution of CCE compositions at baseline (0 hours) for the AIC100+HeLa 682 

condition, with the number of live HeLa-GFP target cells (y-axis) and live AIC100 CAR-T 683 

effectors (x-axis) per CCE shown across a total of 7,120 CCEs. Each tile represents a unique 684 

effector-target combination, with color intensity and annotated numerical values reflecting the 685 

number of CCEs containing that specific composition. (C) Dot plots depicting the distribution of 686 

enclosed cells within CCEs based on GFP fluorescence intensity (x-axis) and cell size (y-axis) at 687 

two timepoints: 0 hours (top) and 24 hours (bottom). Two target cell populations are resolved by 688 

gating: HeLa-GFP target cells (GFP-high/large), and dead HeLa-GFP target cells (GFP-689 

low/small). Each data point represents an individual cell. (D) Representative images of a single 690 

CCE (ID: 5100) at two timepoints, illustrating the transition of a HeLa-GFP target cell from the 691 

GFP-high/large to the GFP-low/small gate over the course of the experiment. Anti-CD4 (green) 692 

antibody fluorescence identified CD4+ CAR-T effectors at the initial timepoint only. At the initial 693 

timepoint (top), a GFP-high/large HeLa-GFP target cell (blue) is clearly identifiable within the 694 

CCE, exhibiting strong GFP fluorescence and a large cell area consistent with a viable target cell. 695 

By the final timepoint (bottom), the previously GFP-high target cell has undergone a marked 696 

reduction in GFP fluorescence intensity and cell size, transitioning to the GFP-low/small gate, 697 

indicating cell death has occurred. (E) Longitudinal heatmaps depicting the proportion of live 698 

HeLa-GFP target cells lost over time within individual CCEs across two experimental conditions: 699 

AIC100 CAR-T effectors co-enclosed with HeLa-GFP targets (left), and HeLa-GFP targets 700 

enclosed in the absence of effectors (right). Each row represents the loss of target cell viability 701 
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from the initial timepoint at 0 hours for single CCEs tracked across multiple imaging timepoints 702 

(4 through 24 hours), with color intensity reflecting the magnitude of target cell viability loss, 703 

ranging from no loss (blue) to complete target cell elimination (red). (F) Representative time-lapse 704 

images depicting the behavior of individual AIC100 CAR-T effectors co-enclosed with HeLa-GFP 705 

target cells, alongside a negative control with only HeLa-GFP targets, over seven successive 706 

imaging timepoints. Anti-CD8 (violet) and anti-CD4 (green) antibody fluorescence identified 707 

CD8+ and CD4+ CAR-T effectors, respectively, at the initial timepoint only. GFP fluorescence 708 

(blue) was imaged in all timepoints to identify HeLa-GFP targets. Despite physical interactions 709 

between the effector and targets being evident at early timepoints, target cells largely retain their 710 

GFP fluorescence and morphology across successive imaging timepoints, indicating that the 711 

individual effector failed to mediate effective cytotoxicity.  712 

 713 

Figure 6. Stain-free cytotoxicity assay using AIC100 CAR-T cells at various E:T ratios and 714 

correlating that activity with different T-cell type combinations. (A) Fixed pattern CCE formation 715 

arranged in a grid incorporates a stochastic distribution of effectors and targets. Cell identities were 716 

not assessed during CCE formation as encapsulation was passive for both effectors and targets. 717 

(B) Heatmap depicting the distribution of CCE compositions at baseline (0 hours) for CCEs 718 

formed with AIC100 effectors and HeLa-GFP targets, with the number of live AIC100 CAR-T 719 

effectors (x-axis) and live HeLa-GFP target cells (y-axis) per CCE shown across a total of 6,315 720 

CCEs. Each tile represents a unique effector-target combination, with color intensity and annotated 721 

numerical values reflecting the number of CCEs containing that specific composition. (C) Dot 722 

plots depicting the distribution of HeLa-GFP target cells within CCEs based on GFP fluorescence 723 

intensity (x-axis) and cell size (y-axis) at two timepoints: 0 hours (top) and 24 hours (bottom). 724 
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Two distinct target cell subpopulations are resolved by gating: a GFP-high/large population 725 

corresponding to live HeLa-GFP target cells, and a GFP-low/small population corresponding to 726 

dead or dying target cells that have undergone a reduction in both GFP fluorescence intensity and 727 

cell size consistent with the morphological changes associated with cell death. (D) Representative 728 

images of a single CCE (ID: 389) at two timepoints, 0 hours and 24 hours, illustrating the transition 729 

of HeLa-GFP target cells from the GFP-high/large to the GFP-low/small gate over the course of 730 

the experiment. Cell segmentation masks are overlaid on each image, with yellow outlines 731 

denoting individually segmented cells. (E) Representative time-lapse brightfield and fluorescence 732 

overlay images depicting the contrasting behavior of HeLa-GFP target cells across two conditions 733 

over successive imaging timepoints spanning 0 to 24 hours. GFP fluorescence (blue) identifies 734 

HeLa-GFP target cells throughout the experiment. Anti-CD4-RY586 and anti-CD8-Alexa Fluor 735 

405 fluorescence, imaged only during the initial timepoint, identifies CD4+ and CD8+ AIC100 736 

CAR-T effectors, respectively. The loss of GFP fluorescence and decrease in size of HeLa-GFP 737 

targets indicates cell death. (F) Longitudinal heatmaps depicting the proportion of live HeLa-GFP 738 

target cells lost since baseline within individual CCEs across two experimental conditions: AIC100 739 

CAR-T effectors co-enclosed with HeLa-GFP targets (left), and HeLa-GFP targets enclosed in the 740 

absence of effectors (right). Each row represents a single CCE tracked across 6 post-baseline time 741 

points (4 through 24 hours), with color intensity reflecting the magnitude of target cell viability 742 

loss from the initial timepoint at 0 hours, ranging from no loss (blue) to complete target cell death 743 

(red). (G) Heatmap depicting median HeLa-GFP target cell viability loss at 24 hours as a function 744 

of baseline effector composition within individual CCEs for the AIC100+HeLa condition. The x-745 

axis and y-axis represent the number of live CD8+ and CD4+ cells per CCE at baseline, 746 

respectively, with each tile corresponding to a distinct effector cell combination. Color intensity 747 
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reflects the magnitude of median target cell viability loss, with deeper red shading indicating 748 

greater cytotoxicity. Numerical values within each tile denote the median fractional viability loss 749 

from 0 hours to 24 hours. 750 

 751 

Supplementary Figures 752 

Supplementary Figure 1. (A) Representative fluorescence image illustrating the spatial parameters 753 

governing targeted CCE formation on the Cellanome platform. A cell selected for CCE formation 754 

is shown at the center, flanked by two concentric rings that define the user-specified spatial 755 

constraints for CCE wall placement. The inner ring delineates the minimum allowable distance 756 

between the target cell and the inner CCE wall, ensuring that the target cell is fully enclosed within 757 

the CCE without direct contact with the hydrogel matrix. The outer ring defines the maximum 758 

allowable distance for CCE wall placement, beyond which CCE formation will not occur. 759 

Together, these two parameters define an annular zone within which the CCE wall must be 760 

positioned for successful encapsulation. 761 

 762 

Supplementary Figure 2. (A) Images of a single CCE (ID: 2560) at the initial imaging timepoint, 763 

showing a co-enclosed CD8+ CAR-T effector and NALM6-GFP target cells. From left to right: 764 

brightfield image, GFP fluorescence (blue), anti-CD8-RY586 fluorescence (green),  APC-Annexin 765 

V fluorescence (red), and a merged brightfield-fluorescence overlay. The merged image confirms 766 

the presence of a single GFP-negative CD8+ CAR-T effector alongside multiple GFP-positive 767 

NALM6-GFP target cells within the CCE, with minimal APC-Annexin V signal, indicating that 768 

target cells are viable at baseline. (B) Images of the same CCE shown in (A) at the 6 hour imaging 769 
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timepoint. From left to right: brightfield image, individual fluorescence channels displaying GFP 770 

(blue) and APC-Annexin V (red) signals, and a merged brightfield-fluorescence overlay. In 771 

contrast to the initial timepoint, the target engaged with the effector acquired strong APC-Annexin 772 

V fluorescence, indicative of effector-mediated induction of apoptosis. (C) Representative 773 

illustration of the interactive dot plot analysis feature within the Cellanome cloud-based analysis 774 

platform, demonstrating the ability to link quantitative single-cell measurements to their 775 

corresponding microscopy images. The top panel shows a dot plot in which two distinct cell 776 

populations are resolved based on measured parameters: T-cells (left gate) and NALM6-GFP 777 

target cells (right gate), separated by differences in fluorescence intensity and cell size. The middle 778 

panel displays a zoomed-in view of the target cell gate. A single data point within this gate is 779 

selected. The bottom panel displays the corresponding image of the individual cell linked to the 780 

selected data point, identified as Object ID 94, within its encapsulating CCE. (D) Dot plot depicting 781 

anti-CD8-RY586 fluorescence (x-axis) and cell size (y-axis, object area in pixels) of cells within 782 

the “T-cells” gate shown in Figure S2C, confirming the cells within this gate are CD8+ CAR-T 783 

effectors. (E) Representative images of two CCEs excluded from downstream cytotoxicity 784 

analyses due to uninformative cell compositions. The first CCE (left) contains a single GFP-785 

negative CAR-T effector in the absence of any NALM6-GFP target cells, precluding assessment 786 

of cytotoxic activity. The second CCE (right) contains NALM6-GFP target cells (blue) alongside 787 

a non-viable Annexin V-positive effector (red). Exclusion of such CCEs from downstream analysis 788 

reduces background signal and ensures that cytotoxic activity is quantified only in CCEs 789 

containing both viable effectors and target cells. (F) Representative images of a single CCE across 790 

three successive imaging timepoints (top to bottom), illustrating the progressive loss of GFP 791 

fluorescence following CAR-T cell-mediated target cell death. Merged brightfield-fluorescence 792 
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overlay (left) with individual GFP (blue) and APC-Annexin V (red) fluorescence channel images 793 

(right) are shown for each timepoint. White arrow indicates a GFP-positive NALM6-GFP target 794 

cell engaged with the CAR-T effector, and asterisk indicates Annexin V staining for this target 795 

cell. In the first timepoint, the indicated target is GFP-positive and Annexin V-negative, and 796 

transitions to the second timepoint where the GFP and Annexin V are double positive. By the last 797 

timepoint, this target cell has lost all GFP fluorescence and is only Annexin V-positive. (G) Dot 798 

plots depicting the proportion of NALM6-GFP target cells that are also Annexin V positive across 799 

four successive imaging timepoints (Timepoints 0-18 hours). For each timepoint, APC-Annexin 800 

V fluorescence (x-axis) is plotted against cell size (y-axis, object area in pixels). The apparent 801 

decline in Annexin V-positive targets does not reflect a true reduction in target cell death, but 802 

rather an artifact arising from the progressive loss of GFP fluorescence in late-stage dead target 803 

cells. As dead target cells transition from GFP-positive/Annexin V-positive to GFP-804 

negative/Annexin V-positive over time, they exit the GFP-positive target cell gate entirely and are 805 

no longer counted as Annexin V-positive target cells in subsequent timepoints. 806 

 807 

Supplementary Figure 3. (A) Images of a CCE ID: 1609 at the initial imaging timepoint (top) and 808 

at 6 hours (bottom) showing individual fluorescence signals. Top panels from left to right; 809 

brightfield image, GFP fluorescence (blue), Anti-CD8 (green), APC-Annexin V fluorescence 810 

(red), and a merged brightfield-fluorescence overlay. Images confirm the identity of the GFP-811 

negative CD8+ CAR-T effector and GFP-positive target, with minimal APC-Annexin V signal, 812 

indicating viability of both cells at baseline. Bottom panels from left to right; brightfield image, 813 

GFP (blue) and APC-Annexin V (red) signals, and a merged brightfield-fluorescence overlay. In 814 

contrast to the initial timepoint, the target has acquired strong APC-Annexin V fluorescence at 815 
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Scan 2, indicative of effector-mediated induction of apoptosis. (B) Heatmaps depicting the 816 

distribution of CCE compositions at baseline (0 hours) for two experimental conditions: CD8+ 817 

CAR-T effectors co-enclosed with NALM6-GFP targets (left, total CCEs = 8,969) and NALM6-818 

GFP targets enclosed in the absence of effectors (right, total CCEs = 9,032). For each condition, 819 

the number of CD8+ CAR-T cells (x-axis) and NALM6-GFP target cells (y-axis) per CCE are 820 

shown, with each tile representing a unique cell combination. Color intensity and annotated 821 

numerical values reflect the number of CCEs containing that specific composition. Dashed lines 822 

delineate CCEs containing zero effectors or zero target cells. (C) Example time-lapse images 823 

depicting CAR-T cell-mediated cytotoxic activity within individual CCEs that enclosed various 824 

E:T ratios resulting in different proportion of target cell death. GFP fluorescence (blue) marks live 825 

NALM6-GFP target cells, green fluorescence identifies the CAR-T effector at the initial timepoint 826 

only, and APC-Annexin V fluorescence (red) indicates target cell death. CCE-level analysis 827 

enables the quantification of percentage of target cell death for each CCE. (D) Representative time-828 

lapse fluorescence overlay images from two CCEs illustrating the relationship between effector-829 

target proximity and cytotoxic outcome. GFP fluorescence (blue) marks live NALM6-GFP target 830 

cells, green fluorescence identifies the GFP-negative CAR-T effector, and APC-Annexin V 831 

fluorescence (red) indicates cell death. In CCE 2705 (left panels), a CAR-T effector is observed in 832 

direct contact with a target cell at the initial timepoint. In the subsequent imaging timepoint, the 833 

engaged target cell acquires strong Annexin V fluorescence, indicative of effector-mediated 834 

cytotoxicity, while neighboring target cells that were not in direct contact with the effector remain 835 

Annexin V-negative. In contrast, in CCE 8386 (right panels), the CAR-T effector is spatially 836 

distant from the target cell population at the initial timepoint. Consistent with the absence of direct 837 

effector-target contact, target cells in this CCE remain Annexin V-negative in the subsequent 838 
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imaging timepoint, indicating sustained viability. (E) Example images of high-motility and low-839 

motility effectors. Images of a CCE with a highly motile effector (CCE ID: 5926) from all 840 

timepoints, observed initially engaging a target cell in close proximity and then killing it (as 841 

evidenced by uptake of Annexin V and loss of GFP signal), and then moving to a second target 842 

cell at 18 hours and eventually killing it as well. The trace of this effector’s path to the CCE is 843 

indicated on the right, with colored markers indicating its position at each timepoint, and grey 844 

markers indicating the positions of the target cells at all timepoints. Images of a CCE with a low-845 

motility effector (CCE ID: 3988) from all timepoints, observed remaining in the same position 846 

throughout all timepoints (as visualized with its path trace on the right), despite the presence of 847 

multiple live target cells in the same CCE. This low-motility effector eventually takes up Annexin 848 

V and dies without any impact on the viability of its co-enclosed target cells, in contrast to the 849 

highly motile effector above. 850 

 851 

Supplementary Figure 4. (A) Images of a single CCE (ID: 9385) at the initial imaging timepoint. 852 

From left to right: brightfield image, anti-CD8-RY586 fluorescence (green), GFP fluorescence 853 

(blue), and a merged brightfield-fluorescence overlay. Multiple GFP-negative CD8+ CAR-T 854 

effectors, identified by anti-CD8-RY586 fluorescence, actively engaging GFP-positive NALM6-855 

GFP target cells within the CCE. (B) Heatmaps depicting the distribution of CCE compositions at 856 

baseline (0 hours) for the control condition: NALM6-GFP targets enclosed in the absence of 857 

effectors (total CCEs = 10,319). The number of GFP-negative NALM6 cells (x-axis) and NALM6-858 

GFP target cells (y-axis) per CCE are shown, with each tile representing a unique cell combination. 859 

Color intensity and annotated numerical values reflect the number of CCEs containing that specific 860 

composition. Dashed lines delineate CCEs containing zero effectors or zero target cells. (C) Violin 861 
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plots showing the distribution of target cell death (the percentage of target cells within a CCE that 862 

are Annexin V-positive) at 6 hours, in different subsets of CCEs within the co-enclosed lane. Each 863 

violin represents the group of CCEs with the specified number of effector cells in the CCE, with 864 

Benjamini-Hochberg corrected p-values from the Wilcoxon test displayed for each subset 865 

compared against the 0-effector CCEs within this lane. These depict an increasing trend of target 866 

cell death with increasing effector count. (D) Stacked bar charts depicting the distribution of target 867 

cell death outcomes within individual CCEs encapsulating a single CD8+ CAR-T effector and 868 

multiple NALM6-GFP target cells (left) compared to NALM6-GFP targets enclosed in the absence 869 

of effectors (right). The proportion of CCEs exhibiting each outcome category, ranging from target 870 

cell proliferation and no target cell death to the loss of 1, 2, or 3 or more target cells, was quantified 871 

using the change in live target cell count from 0 hours to each timepoint. A chi-squared test was 872 

computed on the distribution of categories between the two lanes. (E) Images of a single CCE (ID: 873 

2408) at the initial imaging timepoint. From left to right: brightfield image, anti-CD8-RY586 874 

fluorescence (green), anti-CD4-Alexa Fluor 405 fluorescence (violet), GFP fluorescence (blue), 875 

and a merged brightfield-fluorescence overlay. Fluorescence images confirm the co-encapsulation 876 

of a single CD8+ CAR-T effector, multiple CD4+ T helper cells, and GFP-positive NALM6-GFP 877 

target cells within the same CCE. (F) Heatmaps depicting the distribution of CCE compositions at 878 

baseline (0 hours) for three experimental conditions (Left) CD8+ CAR-T effectors co-enclosed 879 

with both CD4+ untransduced donor-matched T-cells and NALM6-GFP targets (total CCEs = 880 

9,057) showing the number of CD8+ CAR-T cells (x-axis) and CD4+ T-cells (y-axis) per CCE. 881 

(Middle heatmap) CD8+ CAR-T effectors co-enclosed with NALM6-GFP targets without CD4+ 882 

untransduced cells (total CCEs = 9,033) , the number of CD8+ CAR-T cells (x-axis) and NALM6-883 

GFP target cells (y-axis) per CCE are shown. (Right heatmap) NALM6-GFP targets enclosed in 884 
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the absence of effectors (total CCEs = 9,157), , the number of anti-CD19-RY586 stained NALM6-885 

GFP cells (x-axis) and unstained NALM6-GFP target cells (y-axis) per CCE are shown. For all 886 

heatmaps, each tile represents a unique cell combination. Color intensity and annotated numerical 887 

values reflect the number of CCEs containing that specific composition. Dashed lines delineate 888 

CCEs containing zero effectors or zero target cells. (G) Violin plots showing the distribution of 889 

target cell death (the percentage of target cells within a CCE that are Annexin V-positive) at 6 890 

hours, in different subsets of CCEs within the co-enclosed lane. Each violin represents the group 891 

of CCEs with the specified number of CD4+ untransduced donor-matched T-cells in the CCE, with 892 

Benjamini-Hochberg corrected p-values from the Wilcoxon test displayed for each subset 893 

compared against the 0-effector CCEs within this lane. 894 

 895 

Supplementary Figure 5. (A) Images of two individual CCEs at the initial imaging timepoint, 896 

illustrating the selective encapsulation of distinct AIC100 CAR-T effector subtypes. From left to 897 

right: brightfield image, anti-CD4-RY586 fluorescence (green), anti-CD8-Alexa Fluor 405 898 

fluorescence (violet), GFP fluorescence (blue) signals, and a merged brightfield-fluorescence 899 

overlay. In CCE 2135 (top row), a single CD4+ CAR-T effector, identified by anti-CD4-RY586 900 

fluorescence, is co-enclosed with a GFP-positive HeLa-GFP target cell, with no detectable CD8+ 901 

signal, confirming the presence of a single CD4+ effector in isolation. In CCE 6240 (bottom row), 902 

a single CD8+ CAR-T effector, identified by anti-CD8-Alexa Fluor 405 fluorescence, is co-903 

enclosed with a GFP-positive HeLa-GFP target cell, with no detectable CD4+ signal, confirming 904 

the presence of a single CD8+ effector in isolation. (B) Heatmap depicting the distribution of CCE 905 

compositions at baseline (0 hours) for the condition where AIC100 CAR-T effectors were co-906 

enclosed with HeLa-GFP targets (total CCEs = 3,519) showing the number of CD8+ AIC100 CAR-907 
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T effectors (x-axis) and CD4+ AIC100 CAR-T effectors (y-axis) per CCE. Each tile represents a 908 

unique cell combination; color intensity and annotated numerical values reflect the number of 909 

CCEs containing that specific composition. Dashed lines delineate CCEs containing zero effectors 910 

or zero target cells. (C) Heatmap depicting the distribution of CCE compositions at baseline (0 911 

hours) for the control condition: HeLa-GFP targets enclosed in the absence of effectors (total CCEs 912 

= 5,827) showing the number of GFP-negative HeLa cells (x-axis) and HeLa-GFP target cells (y-913 

axis) per CCE. Each tile represents a unique cell combination; color intensity and annotated 914 

numerical values reflect the number of CCEs containing that specific composition. Dashed lines 915 

delineate CCEs containing zero effectors or zero target cells. (D) Dot plots depicting the 916 

distribution of enclosed cells within CCEs based on GFP fluorescence intensity (x-axis) and cell 917 

size (y-axis) at the 0 hour (top) and 24 hour (bottom) timepoints. Two distinct cell populations are 918 

resolved by gating: GFP-negative AIC100 CAR-T effectors (left gate) and GFP-positive HeLa-919 

GFP target cells (right gate), separated based on differences in GFP fluorescence intensity and cell 920 

size. Each data point represents an individual cell. (E) Scatter plots depicting the relationship 921 

between effector-target distance (x-axis, µm) and GFP signal of individual HeLa-GFP target cells 922 

(y-axis) across seven imaging timepoints (0, 4, 8, 12, 16, 20, and 24 hours). Each plot is divided 923 

into four quadrants by dashed lines delineating proximal versus distal effector-target distances and 924 

GFP-high versus GFP-low target cells, with the latter corresponding to dead target cells that have 925 

undergone a reduction in GFP fluorescence. 926 

 927 

Supplementary Figure 6. (A) Images of a single CCE at the initial imaging timepoint. From left to 928 

right: brightfield image, anti-CD8-RY586 fluorescence (green), anti-CD4-Alexa Fluor 405 929 

fluorescence (violet), GFP fluorescence (blue) signals, and a merged brightfield-fluorescence 930 
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overlay. Fluorescence images confirm multiple GFP-negative AIC100 CAR-T effectors, 931 

predominantly CD8+ as identified by anti-CD8-RY586 fluorescence, co-enclosed with a small 932 

number of GFP-positive HeLa-GFP target cells and a single CD4+ T cell identified by anti-CD4-933 

Alexa Fluor 405 fluorescence. (B) Heatmap depicting the distribution of CCE compositions at 934 

baseline (0 hours) for the control condition: HeLa-GFP targets enclosed in the absence of effectors 935 

(total CCEs = 4,926) showing the number of GFP-negative HeLa cells (x-axis) and HeLa-GFP 936 

target cells (y-axis) per CCE. Each tile represents a unique cell combination; color intensity and 937 

annotated numerical values reflect the number of CCEs containing that specific composition. 938 

Dashed lines delineate CCEs containing zero effectors or zero target cells. (C) Dot plots depicting 939 

the distribution of enclosed cells within CCEs based on GFP fluorescence intensity (x-axis) and 940 

cell size (y-axis) at the 0 hour (top) and 24 hour (bottom) time points. Two distinct cell populations 941 

are resolved by gating: GFP-negative AIC100 CAR-T effectors (left gate) and GFP-positive HeLa-942 

GFP target cells (right gate), distinguished by differences in GFP fluorescence intensity and cell 943 

size. Each data point represents an individual cell. (D) Heatmap depicting median HeLa-GFP 944 

target cell viability loss at 24 hours as a function of effector:target ratios within individual CCEs 945 

for the AIC100+HeLa condition (left). The x-axis and y-axis represent the number of effector cells 946 

and target cells per CCE at baseline (0 hours), respectively, with each tile corresponding to a 947 

distinct effector:target combination. Color intensity reflects the magnitude of median target cell 948 

viability loss, with deeper red shading indicating greater cytotoxicity. Numerical values within 949 

each tile denote the median fractional viability loss from 0 hours to 24 hours. The corresponding 950 

median viability loss per target cell count is shown for the control lane, which has 0 effectors for 951 

all CCEs (right). (E) Heatmap depicting the distribution of CCE compositions at baseline (0 hours) 952 

for the co-enclosed condition: AIC100 CAR-T effectors co-enclosed with HeLa-GFP targets (total 953 
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CCEs = 6,157) showing the number of CD8+ AIC100 CAR-T effectors (x-axis) and CD4+ AIC100 954 

CAR-T effectors (y-axis) per CCE. Each tile represents a unique cell combination; color intensity 955 

and annotated numerical values reflect the number of CCEs containing that specific composition. 956 

Dashed lines delineate CCEs containing zero effectors or zero target cells. 957 

 958 
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 970 

 971 

 972 
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CONFIDENTIAL 1

Figure 1: Leveraging CellCage technology to isolate various permutations of E:T ratios. 
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Figure 2: Cellanome Image analysis pipeline enables automated high-throughput quantification of cell 
identity in individual CCEs
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CONFIDENTIAL 3

Figure 3: Single-cell resolution profiling of CD8+ CAR T cell cytotoxic activity. 
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CONFIDENTIAL 4

Figure 4. Cooperative and dose-dependent CAR T cell-mediated cytotoxicity resolved at single-CCE 
resolution using fixed pattern encapsulation
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CONFIDENTIAL 5

Figure 5. Stain-free profiling of cytotoxic activity of individual anti-ICAM-1 AIC100 CAR T effectors 
against solid tumor targets. 
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CONFIDENTIAL 6

Figure 6. Stain-free cytotoxicity assay using AIC100 CAR T-cells at various E:T ratios and correlating 
that activity with different T-cell type combinations. 
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CONFIDENTIAL 7

Supplementary Figure 1. 
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CONFIDENTIAL 8

Supplementary Figure 2
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CONFIDENTIAL 9

Supplementary Figure 3. 
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Supplementary Figure 4.
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CONFIDENTIAL 11

Supplementary Figure 5.
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CONFIDENTIAL 12

Supplementary Figure 6.
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