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Extended Data Fig. 6 | CD4+T-cell phenotypes defined using scRNA-seq.  
(a) Comparisons of the T-cell migration scores between all CD4+ T cells 
(n = 12,527) from 9 CR and PD/PR IPs. The black bar represents the median and the 
dotted lines denote quartiles. P values were computed using two-tailed Welch’s 
T-test. (b) UMAP for CD4+ T cells (n = 12,527). Nine clusters were identified using 
unsupervised clustering. (c) Heat map of two CD4+ T-cell clusters generated 

by unsupervised clustering. CD4-4 mostly cells from PR/PD while CD4-1 are 
enriched with CR cells. A color-coded track on top shows the cells from infusion 
products of CR (green) and PR/PD (red). The track below the heatmap, shows 
the sample origin for each cell. (d) Bubble plot showing key genes differentially 
expressed among CD4+ T clusters. P value was calculated using the Wilcoxon rank 
sum test with Bonferroni correction.



Nature Cancer

Article https://doi.org/10.1038/s43018-024-00768-3

Extended Data Fig. 7 | The impact of AMPK inhibition on T cell antitumor 
function revealed by TIMING. (A/B) (a, b) The migration and polarization 
of 19-28z T cells treated with Compound C (CC). All data representative of 
three independent experiments with 19-28z T cells from three healthy human 
donors at an E:T of 1:1. The black bar represents the median and the dotted 
lines denote quartiles. The P value was computed using a two-tailed Welch’s 
t-test. (c) Comparisons of the killing frequency of vehicle treated (DMSO) or CC 
treated 19-28z CAR T cells. Each data point represents a single cell. P value was 
computed using two-tailed log-rank test. (d) The cumulative frequency of T cells 
conjugating to tumors cells over 8 hours. P value was computed using two-tailed 

log-rank test. (e) The duration of conjugation between individual T cells and 
tumor cells. Each data point represents a single cell. The black bar represents 
the median and the dotted lines denote quartiles. The P value was computed 
using a two-tailed Welch’s t-test. (f) The impact of AMPK inhibition on migrating 
capabilities of expanded tumor infiltrating lymphocytes (TILs) from melanoma 
patients. The migration speed of individual TILs as measured by TIMING 
(1E:0T). Each data point represents average migration for a single cell. The black 
bar represents the median and the dotted lines denote quartiles. P value was 
computed using two-tailed Welch’s t-test.
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Extended Data Fig. 8 | Enrichment and functional characterization of 
migratory 19-28z T cells. (a) Comparisons between the migration of migrated 
(migratory) and unsorted cells as measured by TIMING (1E:0T). The black 
bar represents the median and the dotted lines denote quartiles. P value was 
computed using two-tailed Welch’s t-test. (b) The frequency of conjugation of  
T cells to tumor cells comparing migratory and unsorted 19-28z T cells evaluated 
using TIMING (1E:1T). P value was computed using a two-tailed chi-square test. 

(c) Killing percentage of migratory and unsorted 19-28z T cells evaluated using 
TIMING (1E:1T). P value was computed using a two-tailed chi-square test.  
(d) Phenotyping of matched 19-28z and migratory 19-28z T-cell populations.  
This data is representative of at least four healthy donor-derived T-cell 
populations measured by flow cytometry. Gating strategies are shown from  
the side scatter and forward scatter panels on the far left.
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Extended Data Fig. 9 | Migratory 19-28z T cells showed enhanced antitumor 
activity compared to the unsorted 19-28z T cells in suboptimal dose model. 
(a) Design of mice experiments to determine the relative efficacy of the 19-28z 
populations. Mice were treated with either 19-28z T cells or migratory 19-28z  
T cells five days after the injection of ffLuc expressing EGFP + NALM-6 cells. The 
mice were euthanized on day 31 and five mice from each of the two T-cell treated 
groups was used to quantify both the tumor cells and persisting T cells within the 
spleen and bone marrow of mice. (b) False-colored images illustrating the photon 

flux from ffLuc expressing EGFP+NALM-6 cells treated with suboptimal doses 
of 19-28z T cells. (c) Time course of the longitudinal measurements of NALM-6 
derived photon flux from the three separate cohorts of mice (n = 5 in each group). 
The dotted line marks the day (Day 5) where 19-28z T cells were introduced into 
the mice. The background luminescence was defined based on mice with no 
tumor. Error bars represent SEM and P values were computed using a two-tailed 
Mann-Whitney t-test.
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Extended Data Fig. 10 | Quantifying the link between migration and 
functionality in diverse CARs. (a–c) The polarization (reflective of the 
morphology of migratory cells) of individual killer and nonkiller CAR T cells 
without and with conjugation to tumor cells. All data from an E:T of 1:1. (A) shows 
the data for 19-8-28z T cells tested against NALM-6 cells. (B) and (C) show the data 

for two different constructs of tri-specific CAR+ T cells tested against patient-
derived tumor cells. The black bar represents the median and the dotted lines 
denote quartiles. All P values were computed using two-tailed t-tests and each 
data point represents a single effector cell.
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