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Chimeric antigen receptor (CAR) T cells used for the treatment of B cell
malignancies canidentify T cell subsets with superior clinical activity.
Here, using infusion products of individuals with large B cell lymphoma,
we integrated functional profiling using timelapse imaging microscopy in
nanowell grids with subcellular profiling and single-cell RNA sequencing to
identify a signature of multifunctional CD8" T cells (CD8-fit T cells). CD8-fit
T cells are capable of migration and serial killing and harbor balanced
mitochondrial and lysosomal volumes. Using independent datasets, we

validate that CD8-fit T cells (1) are present premanufacture and are associated
with clinical responses inindividuals treated with axicabtagene ciloleucel,

(2) longitudinally persist in individuals after treatment with CART cells and
(3) are tumor migrating cytolytic cells capable of intratumoral expansionin
solid tumors. Our results demonstrate the power of multimodal integration

of single-cell functional assessments for the discovery and application of
CDS8-fit T cellsasaT cell subset with optimal fitness in cell therapy.

The administration of immune effector cells propagated ex vivo has
been shown to be effective for the treatment of solid tumors, such as
melanomas, and liquid tumors, such as acute and chronic B cell leu-
kemias'* T cells stably endowed with a genetically encoded chimeric
antigenreceptor (CAR) targeting CD19 have shown remarkable clinical
responsesinindividuals with B cell lineage leukemias and lymphomas
whowere refractory to other treatments. This has spurred the develop-
ment of CARs targeting antigens other than CD19 to treat hematologic

malignancies and invasive cancers®”. The field of CAR T cells has
exploded with the culmination of the Food and Drug Administration
(FDA) approval of CAR T cell products, and, while attention has been
devoted to antigen discovery and CAR design®*®, identifying metrics
that define the functional potential and thus the therapeutic potential
of T cell productsiis limited””.

Because of inter- and intratumor heterogeneity, technologies
that aggregate T cell biology are unable to accurately capture the
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Fig.1|Study design for integrated single-cell multiomic proﬁlmg of IPs. Overview of the experimental design for profiling the residual CAR T cell IPs of 16
individuals with DLBCL (nine CR and seven PR/PD). Cells were used for scRNA-seq analysis, confocal microscopy and TIMING; PDMS, polydimethylsiloxane.

complexities of an infusion product (IP) with defined and desired
characteristics. For example, populations of less differentiated cells
(centralmemory or stemmemory T cells) haveincreased proliferative
capacity, leading to sustained presence, but individual cells vary in
their persistence and functional potential'®". Although persistence of
infused T cells correlates with antileukemic effects, preclinical data sug-
gest that the ability of cells to recycle effector function withinthe tumor
microenvironment is an essential attribute for tumor eradication™*.
Single-cell RNA sequencing (scRNA-seq) has emerged as a powerful
technique to identify T cell heterogeneity, but scRNA-seq is unfortu-
nately a destructive method that cannot directly assay function and
interaction with tumor cells. Forexample, CART cells that participate
inkilling and serial killing canbe prone to activation-induced cell death,
severely limiting their antitumor potential>'®. Integrating functional
and molecular profiling can uncover the molecular characteristics of
T cells with optimal antitumor functions and will directly impact the
discovery, manufacture and translation of cell-based therapies.

We developed multiomic dynamic profilingtounderstand the het-
erogeneity ofindividual CD19-specific CART cells within axicabtagene
ciloleucel (axi-cel) IP administered to individuals with diffuse large B
cell lymphoma (DLBCL). By integrating function, phenotype, tran-
scriptional profiling and metabolism, we have identified and validated
asubset of CD8' T cells, termed CD8-fit T cells, that are correlated with
clinical responses. Functionally, CD8-fit T cells are serial killer T cells
endowed with migratory capacity and mitochondrial fitness, independ-
ent of CAR designs and manufacturing protocols.

Results
Responder IPs are enriched in migratory T cells
To investigate the importance of CAR T cell characteristics, we used
cells from IPs of individuals with DLBCL who received anti-CD19 CAR
T celltherapy. Intotal, samples from16 individuals were collected and
tested at the single-cell level using timelapse imaging microscopy in
nanowell grids (TIMING), confocal microscopy and scRNA-seq (Fig. 1).
At afollow-up of 6 months after treatment, nine individuals showed a
complete response (CR), and seven showed either a partial response
(PR) or progressive disease (PD).

T cells from the IP showed uniformly high viability (87-93%), and
phenotypic characterization of the CAR T cells by flow cytometry
showed no differencesin frequency of CAR expression (40-80%) and

abalanced CD4'/CD8" T cell distribution (Extended Data Fig. 1). We
used the TIMING platform to dissect functional heterogeneity at the
single-cell level across these 16 IPs. At an effector-to-target (E:T) ratio
of 1:1, the frequency of killing and the dynamics of the interaction
between the T cell and the tumor cell leading to killing were largely
conserved, consistent with the expectation that intrinsic T cell killing
mechanisms are not different between the two groups of responders
(Supplementary Table1, Extended Data Fig. 2a-cand Supplementary
Video1). We next evaluated the ability of T cells to recycle effector (lysis)
function by examining nanowells with an E:T ratio of 1:2 and observed
that the frequency of serial killer T cells was significantly enriched in
IPs associated with clinical response (Fig. 2a, Extended DataFig.2d and
Supplementary Videos 2 and 3).

Adoptive T cell therapy relies on the cells to actively migrate to
seek and destroy tumors. We accordingly measured the migratory
potential of T cells using TIMING. In nanowells that lacked tumor cells
(E:Tof1.0), theaverage T cell migration (persistent motility for at least
onebody length, hereafter ‘migration’) was significantly increased in
IPs associated with CR (Fig. 2b). Aggregated by response, T cells from
individuals with CR showed a significantly faster migration than T cells
fromindividuals with PR or PD at the single-cell level (Fig. 2b and Sup-
plementary Video 4). Similarly, even within 1:1 (E:T) nanowells, single
T cells from individuals with CR showed enhanced migration, both
withand without conjugation to tumor cells, compared to T cells from
individuals with PR or PD (Fig. 2c and Supplementary Video 5). We next
pooled T cells from all IPs (E:T of 1:1 nanowells, regardless of clinical
response), and this comparison confirmed that migrationis anintrin-
sic feature of killer T cells compared to nonkiller T cells and that these
properties areindependent of CD8 expression (Fig. 2d, Supplementary
Video 6 and Extended Data Fig. 2f).

We integrated TIMING with three-dimensional (3D) confocal
microscopy to interrogate the correlation between migration, killing
and organelle volume within IP T cells. We constructed the image of
each live cell as a series of stacks in 3D to capture the mitochondrial
volume (aknown feature of proliferative capacity)”, lysosomal volume
(including secretory lysosomes that contain perforin/granzymes)
and the nucleus (cell size). When T cells from the IPs were stratified
by clinical response, those from individuals with CR had increased
mitochondrial and lysosomal volume compared to T cells from indi-
viduals with PR or PD (Fig. 2e). Because IP T cells from each individual
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hadbeen characterized by both TIMING and confocal microscopy, we
investigated the correlation between migration and mitochondrial
and lysosomal volumes. We observed a linear correlation between
migration and mitochondrial volume (Pearson correlation = 0.62,
P=0.01) and between migration and lysosomal volume (Pearson cor-
relation = 0.66, P=0.006; Fig. 2f). We performed unsupervised hier-
archical clustering of all the dynamic parameters from TIMING and
the organelle measurements from confocal microscopy. Clustering
showed that serial killing, migration and increased mitochondrial and
lysosomal volume were features associated with T cells fromindividuals
whoachieved CR (Extended DataFig. 2e). Collectively, these functional
single-cell measurements illustrate that in comparison to IP T cells
fromindividuals with PR or PD, IP T cells from individuals with CR are
enriched in a subpopulation of T cells that balance migration, serial
killing and mitochondrial fitness.

CDS8-fit: asignature of functional T cells in responder IPs
Tounderstand the molecular basis of these observations, we performed
scRNA-seq of 21,469 CD3" T cells from nine individuals (four with CR
and five with PD). We defined ten clusters of T cells (T1-T10) based on
their molecular properties, and cells derived fromindividuals with both
CRandPDwererepresented in all the clusters (Extended Data Fig. 3a).
Within the IP T cells, we did not observe significant expression
of either well-established genes associated with T cell exhaustion,
including TOX, PDCD1 and CD38, or emerging regulators like /D3 and
SOX4 within any of our T cell clusters (Extended Data Fig. 3b)**. We
first focused the analysis on CD8" T cells. Specifically, we performed
unsupervised clustering based ondifferentially expressed genes (DEGs)
andidentified seven clusters (Fig. 3a). Clusters CD8-1and CD8-2 were
comprised predominantly of cells from individuals with PD, whereas
cluster CD8-6 was predominantly comprised of cells from individu-
als with CR (Fig. 3b). T cells within the CD8-6 cluster showed a high
expression of genes associated with effector functionality, includ-
ing cytotoxicity (GZMB, GNLY, PRF1, FASLG and NKG?), cytokines and
chemokines (CCL3-5and IFNG) and migration (MYH9, RHOH and RHOC;
Fig. 3b,c). Within the cytotoxic molecules, GZMH more so than GZMB
or GZMA was significantly upregulated in cluster CD8-6 (Fig. 3c). Cells
inthe CD8-6 cluster were significantly enriched in pathways associated
with T cell antigen receptor (TCR) activation, PGCla/mitochondrial
biogenesis, actin cytoskeleton regulation and migration (RHO pathway;
all Pvalues of <2.2 x107%; Fig. 3b). To map the relationships between
these clusters, we performed pseudotime analysis of the three CD8
clusters. We observed two distinct fates stemming from the central
memory-dominant cell cluster (CD8-2): a central memory/effector
memory-dominant branch (CD8-1) and an effector memory-dominant
branch (CD8-6; Extended DataFig. 3c). Because the activation of AMP
kinase (AMPK) through phosphorylationis known to regulate PGCla/
mitochondrial biogenesis, lysosomal biogenesis and migration through
cytoskeleton reorganization”?, we explored if AMPK activation was
one of the key molecules to integrate our functional observations.

We performed single-cell gene set enrichment analysis (ssGSEA) and
showed that phosphorylated AMPK activity (as measured through
direct inhibition of carbohydrate response element binding protein
activity) was significantly enriched in the CD8-6 cluster compared to
inthe CD8-1and CD8-2 clusters (P< 2.2 x 107%; Extended Data Fig. 3d).

To determine if the CD8-6 cluster includes the multifunctional
migratory serial killer T cells observed in the IP by TIMING (Fig. 2a), we
took advantage of the recently published molecular signature of both
killer and persistent serial killer CD8" T cells (Supplementary Table 2).
These signatures were derived by identifying serial killer, killer and
nonkiller healthy donor-derived CD19-specific CAR T cells using
TIMING and then performing single-cell gene expression profiling
on the same cells retrieved using a Sartorius CellCelector micro-
manipulator robot*. We performed ssGSEA and showed that cells
within the CD8-6 cluster harbor the signatures of functionally vali-
dated killer and multifunctional serial killer T cells that express CD2
(Fig. 3d)**. Similarly, CD8-6 cells also showed enrichment in a TCF7
gene signature (Supplementary Table 2) associated with enhanced
in vivo persistence compared to CD8" T cells from individuals with
PD (Extended Data Fig. 3d)*’. Based on integrating the functional and
molecular features at single-cell resolution, CD8-6 cells exhibited
features of migration, serial killing and mitochondrial fitness and were
relabeled as CDS8-fit T cells. Collectively, scRNA-seq showed that CD8"
T cells from individuals who achieved CR were enriched in CD8-fit
T cells that were not exhausted and were endowed with migratory
capacity, mitochondrial fitness and serial killing.

CDS8-fit T cells are linked to tumor persistence and clinical
responses
To validate the enrichment of CD8-fit T cells with clinical responses,
we used two other publicly available axi-cel scRNA-seq IP datasets®*.
In both datasets, the CD8-fit T cell subpopulation was enriched in
individuals who achieved CR (Fig. 3e). We next investigated whether
CD8-fit T cells possess molecular signatures associated with persistence
and proliferation in vivo after infusion, a key attribute of CAR T cells
associated with efficacy. Using the TCR as a barcode, a recent study
derived the molecular signature of IP CART cells that can proliferate
invivo (Extended Data Fig. 3e)*. Quantitative mapping of the similarity
between the molecular profiles of cells of the IP CART cells from the
reference dataset to our dataset (Supplementary Table 3) showed that
cells of the CD8-fit T cell cluster harbor signatures of cells that longitu-
dinally persistinindividuals after treatment (Extended Data Fig. 3f,g).
To validate T cell migration, we curated a collection of 40 genes
(labeled T cell migration score; Supplementary Table 2) with docu-
mented roles in actin cytoskeleton remodeling in T cells®, including
RHOA and MYH9 (actomyosin contraction), TLN1and VCN (actin-inte-
grininterplay) and MYOIG (actin contraction). CD8" T cells from indi-
viduals who achieved CRshowed asignificant enrichmentinthe T cell
migration score compared to CD8" T cells from individuals who had PD
(Fig. 3f). Cluster-wise analyses using ssGSEA confirmed that the T cell

Fig. 2| T cells from individuals with CR were enriched for migration, serial
killing and mitochondrial volume compared to T cells from individuals with
PR/PD. a, Left, schematic of a serial killing event wherein a CAR T cell conjugates
and kills two NALM-6 cells. Right, comparison of serial killing by T cells from
eitherindividuals with CR (n =9 1Ps) or individuals with PR or PD (n = 7 IPs) within
all1:2 (E:T) nanowells. Each dot (n) represents the frequency of serial killing for
asingle IP. Bottom, micrograph showing a serial killing event through the 6 h

of timelapse imaging. The dotted line represents the median in the violin plot,
and the Pvalue was computed using a two-tailed Mann-Whitney test. b, Left,
schematic of the migration for a CART cell. Middle, each dot (n) represents the
average T cell migration for each IP (CR: n =9 IPs; PR/PD: n=7IPs; E:T of 1.0).
Right, comparison between all T cells by response. Bottom, micrograph showing
aT cellwith high (2 pm min™) and low (0.2 pm min™*) migratory capacity. c, Left,
schematic of a CAR T cell migrating with/without conjugation to a NALM-6

cell (E:T of 1:1). Right, comparison between the migration of CR and PR/PD

CART cells within all 1:1 (E:T) nanowells. Bottom, micrograph showing a CAR

T cell migrating before/during conjugation. d, Left, schematic of a CAR T cell
migrating before conjugation with a NALM-6 cell (E:T of 1:1) in killer and nonkiller
CART cells. Right, comparison between the migration of killer and nonkiller
CART cells within all 1:1 (E:T) nanowells. Bottom, micrographs showing killer
and nonkiller CART cells. e, Comparisons of the sizes of mitochondria and
lysosomes between T cells derived from either CR or PR/PD IPs. The confocal
3Dimage on the rightillustrates a representative example of the nucleus (blue),
total mitochondria (green) and lysosomes (red). f, Correlation between average
organelle size and average migration (E:T of 1:1, without conjugation) of T cells.
Each dot represents the average value for T cells from asingle IP (CR: n =9 IPs;
PR/PD: n=7IPs). Pvalues and Pearson correlation coefficients were calculated for
thelinear regressions. Error bars represent s.e.m. For all violin plots, the black
barsrepresent the median, the dotted lines denote quartiles, and P values were
computed using two-tailed Welch'’s ¢-tests.
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Fig.3|Molecular profile of CD8-fit T cells, asubset of CART cell IPs
associated with clinical response revealed by scRNA-seq. a, Uniform manifold
approximation and projection (UMAP) for CD8' T cells (n = 7,439 cells from nine
participant IPs). Seven clusters were identified using unsupervised clustering.

b, Heat map of three CD8" T cell clusters generated by unsupervised clustering.
A color-coded track on top shows the cells from IPs of individuals with CR (green)
and those with PD (red), followed by tracks showing ssGSEA scores of TCR, actin
cytoskeleton regulation, PGCla and RHO pathways, respectively. For the sources
of the pathways, Bindicates BIOCARTA, and K indicates KEGG. The track below
the heat map shows the sample origin for each cell. Pvalues were computed using
atwo-tailed Wilcoxon rank-sum test with Bonferroni correction; R, response; NR,
no response. ¢, Bubble plot showing key genes that are differentially expressed
among the three CD8" T clusters. Pvalues were computed using a two-tailed
Wilcoxon rank-sum test with a Bonferroni correction. d, Violin plots showing

the ssGSEA score comparison between three CD8" T cell clusters (CD8-1: n =572
cells; CD8-2: n =1,031cells; CD8-fit: n =1,253 cells) with the signatures of killer
and multifunctional serial killer T cells; FC, fold change; P,q;, adjusted Pvalue.

e, Validation of the association between CD8-fit T cells and clinical responses
inindependent datasets. ssGSEA-derived CD8-fit T cell scores between CD8"

T cells fromindividuals with CR and those with PD were computed. f, Comparison
of the migration scores between CD8" T cells from individuals with CR and those
with PD. g, Violin plot showing the ssGSEA score for migration calculated for two
clusters enriched in PD (CD8-1and CD8-2) and one CD8-fit cluster enriched in
CR. h, Violin plots comparing the similarity between the CD8-fit T cell signature
and signatures of T cells that traffic to the bone marrow and spleen froma
reference dataset of T cells from 12 organ donors. i, Schematic overview showing
the parameters defined by STARTRAC analysis. j-1, Molecular signatures of
CD8-fit T cells overlap with the signatures of tumor-resident T cells identified

by STARTRAC analysis in three separate studies (CD8-1: n = 572 cells; CD8-2:
n=1,031cells; CD8-fit: n =1,253 cells; Supplementary Table 4). The title of each
violin plot corresponds to the cluster with its functional annotation as defined by
STARTRAC analysis in the studies. For all violin plots, the black bar represents the
median, and the dotted lines denote quartiles. P values were computed using a
two-tailed Welch’s test.

migration score was significantly enriched in the CD8-fit T cell cluster
compared to in the CD8-1and CD8-2 T cell clusters (P<2.2x107';
Fig.3g).Similarly, transcripts associated with T cell adhesion, including
ITGB1,ITGB2and ITM2B, were significantly enriched in the CD8-fit T cell
cluster comparedtointhe CD8-1and CD8-2 T cell clusters (P<2.2x107%;
Extended Data Fig. 4). By contrast, none of the genes associated with
a migration/exhaustion phenotype, including CD38, MYO7A, MYO7B
and CAV1, were expressed in these CD8" T cells regardless of clinical
response (Extended Data Fig. 3b)*”.

CART cells associated with responsein lymphomaneedtobe able
tomigrate tothe lymphoid organs. To validate if CD8-fit T cells shared
molecular properties of T cells that migrate to lymphoid organs, we
performed comparative assessments of CD8-fit and CD8-1/CD8-2
T cells and showed that the signature of CD8-fit T cells overlaps with
the signatures of T cells trafficking to the bone marrow and spleen
(Fig. 3h)?. To broaden the significance of CD8-fit T cells as a subset
of multifunctional tumor-infiltrating CD8" T cells, we compared the
molecular profile of CD8-fit T cells to the signatures of tumor-resident
T cells identified by single T cell analysis by RNA-seq and TCR track-
ing (STARTRAC)?. STARTRAC performs paired scRNA-seq and TCR
profiling (tracking clonotypes) to identify the properties of T cells
that migrate and expand in the tumor relative to paired normal tissue
and blood (Fig. 3i). We compared three STARTRAC datasets: (1) 11,138
T cells derived from tumor, adjacent normal tissue and peripheral
blood of individuals with colorectal cancer; (2) 64,449 T cells from
syngeneic mouse MC38 tumors and (3) 15,831 T cells from the tumor
and sentinel lymph nodes of individuals with breast cancer®*'. In all
three published STARTRAC datasets, CD8-fit marked tumor migrat-
ing, cytolytic cells capable of intratumoral expansion, validating the
significance of CD8-fit T cells as a subpopulation of multifunctional
antitumor T cells (Fig. 3j-1).

Having established CD8-fit T cells as a potent antitumor T cell
subset, we next wanted to investigate whether the CD8-fit T cell sub-
set was present within peripheral blood mononuclear cells (PBMCs)
before manufacture or whether they develop from the manufactur-
ing process that facilitates the polarization of CD8-fit T cells in select

donors. Subsetting CD8"* T cells from healthy donors*, ssGSEA con-
firmed thatactivated CD8" T cells contain CD8-fit-like T cells (Extended
Data Fig. 5a-c), illustrating that CD8-fit T cells are present in healthy
donor-derived T cells. We also quantified CD8-fit T cells within PBMCs
collected within 30 days before treatment and observed that CD8-fit
T cells were significantly enriched inindividuals who achieved CR with
subsequent CART cell treatment* (Extended DataFig. 5d). This result
suggests that the CD8-fit T cell population was already enriched within
individuals who achieved CR even before manufacture.

Wenextanalyzed CD4" T cellsand first confirmed that CD4" T cells
fromindividualswho achieved CR showed asignificantenrichmentin
the T cell migration score compared to CD4" T cells from individuals
who were associated with PD (Extended Data Fig. 6a). Analysis of the
DEGs and unsupervised clustering of the CD4" T cells revealed nine
clusters, where two clusters (CD4-4 and CD4-1) were predominantly
comprised of cells from individuals with PD and CR, respectively
(Extended Data Fig. 6b,c). Similar to the CD8" T cell clusters, genes for
immediate cytotoxicity were enriched in the CD4-1cluster (Extended
DataFig. 6d).Inaggregate, scRNA-seqrevealed that CD8" T cells from
IPs fromindividuals with CR are enriched in serial killer cells primed for
immediate cytotoxicity, whereas CD4" T cells from IPs from individu-
als with CR are associated with signatures of long-term persistence.
This divergence in function and long-term in vivo persistence is well
supported by other preclinical and recent long-term follow-up clinical
data®?*. Importantly, integrating the scRNA-seq data with functional
single-cell data showed that migration could mark subsets of multi-
functional cells primed for clinical efficacy.

Inhibition of AMPK decreases T cell migration and function

Assuggested by the scRNA-seq dataoftheIP T cells, we sought to vali-
datearolefor AMPK activationinimpacting the migration and func-
tionality of T cells. We used healthy donor-derived CD19-specific CAR"
human T cells with a CD28 endodomain (designated 19-28z) and inhib-
ited the activity of AMPK in 19-28z T cells using the small-molecule
inhibitor dorsomorphin (compound C (CC)). Cells treated with CC
(>90% viability) showed profound defects in morphology (aspect

Fig. 4| Marker-free transwell migration assay enables the enrichment of
CDS8-fit T cells. a, Modified transwell assay for the isolation of migratory and
nonmigratory 19-28z T cells. b, Percentages of 19-28z T cells that migrated across
the transwell membrane after 4-6 h. The individual points (n = 5) represent

the percentages for separate transwell experiments from four separate donors
(biological replicates), and the error bar shows s.e.m. ¢, UMAP for 16,158 cells
from technical replicate experiments for two separate donors. The bar graph
onthe right shows the distribution of CD8" T cells from migratory (Mig) and
nonmigratory (Unmig) T cellsamong 12 clusters determined using unsupervised
clustering. d, Bubble plot showing key genes consistent with CD8-fit T cells

(Fig. 2c) among four CD8" T clusters. Pvalues were computed using a two-tailed
Wilcoxon rank-sum test with Bonferroni correction. e, Violin plots showing the

ssGSEA score comparison between migratory and nonmigratory CD8" T cell
clusters with the signatures of CD8-fit T cells, killer T cells, T cell migration and
PGClaregulation. The black bar represents the median, and the dotted lines
denote quartiles. Pvalues were computed using a two-tailed Welch’s test.

f, Basal oxygen consumption rate (OCR) levels were measured for migratory and
nonmigratory 19-28z T cell populations. Pvalues were calculated at each time
point (n =4 technical replicates) comparing the migratory and nonmigratory
subsets using a two-way analysis of variance with a Bonferroni correction;
%P < 1x107". g, A confocal 3D image of amigratory 19-28z T cell. The nucleus
isshowninblue, and mitochondria are shownin green. The plot on the right
shows the number of mitochondria per cell compared between migratory and
nonmigratory19-28z T cells.
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ratio) and migration, confirming that AMPK activity is essential for
the migration of T cells (Extended Data Fig. 7a,b). Consistent with
impaired migration, CC-treated 19-28z T cells showed a decreased
propensity to conjugate to tumor cells in single-cell assays, showed
significantly longer conjugation times, and delayed induction of
tumor cell apoptosis compared to untreated 19-28z T cells (Extended
Data Fig. 7c-e). We also confirmed that this requirement of AMPK
for migration was generalizable to genetically unmodified, tumor-

reactive T cells and not just CAR T cells (Extended Data Fig. 7f and
Supplementary Video 7).

T cell migration enables enrichment of CD8-fit T cells

Because the integrated single-cell profiling of IP T cells showed that
migration could mark subsets of multifunctional cells primed for
antitumor function, we wanted to perform proof-of-concept assays
to test if selecting for migratory T cells permits the enrichment of
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Fig.5|Phenotype and invivo efficacy of migratory CART cells. a,b, Phenotype
(a) and granzyme B (GZB) expression (b) of migratory and unsorted 19-28z T cells
as determined by flow cytometry. ¢, Representative false-colored images
illustrating the photon flux from ffLuc-expressing EGFP* NALM-6 cells.d, Time
course of the longitudinal measurements of NALM-6-derived photon flux from
the three separate cohorts of mice (n =10 mice in each group). Representative
datafrom two independent experiments are shown. Background luminescence

was defined based on mice with no tumor. Error bars represent s.e.m., and
Pvalues were computed using a two-tailed Mann-Whitney test. e, On day 31,

four mice from each group were killed, and tissues (bone marrow and spleen)
were collected and analyzed by flow cytometry for the expression of human CD3
(human T cells) and enhanced green fluorescent protein (EGFP; gated within
human CD19" cells). The flow data are representative of one mouse in each group.

CD8-fit T cells. Because the molecules that define CD8-fit T cells are
predominantly associated with function rather than phenotype, protein
marker-based sorting was not feasible. To solve this issue, we used a
modified transwell assay with pore sizes (5 um) consistent with previ-
ously published confinement studies of T cells in vitro to directly sort
migratory cells®. The 19-28z T cells were seeded onto a Boyden cham-
ber, and migratory T cells were collected from the bottom chamber
and compared to nonmigratory T cells collected from the top chamber
(Fig.4a).Across multiple donor-derived19-28z T cells, the frequency of
migratory cells varied from 5to 24% (Fig. 4b). We performed scRNA-seq
to compare the transcriptional profiles of the 19-28z migratory and
nonmigratory T cells, identified the DEGs between CD8" T cells from
the two populations and performed unsupervised clustering based
on the DEGs to identify 12 clusters (Fig. 4c). Clusters transCD8-1and
transCD8-2 were comprised predominantly of nonmigratory 19-28z
T cells, whereas clusters transCD8-4 and transCD8-5 were predomi-
nantly comprised of migratory 19-28z T cells (Fig. 4c,d). Consistent
with the molecular profile of CD8-fit T cells within the IPs, T cells within

the transCD8-4 cluster showed high expression of genes associated
with effector functionality, including cytotoxicity (GZMB, GZMH and
NKG?7) and cytokines and chemokines (CCL3-5and IFNG; Fig. 4d). Using
ssGSEA, we confirmed that the migrated 19-28z T cells were enrichedin
CD8-fit T cells, killer T cells, migratory T cellsand T cells with increased
PGCla activity and mitochondrial biogenesis compared to nonmigra-
tory 19-28zT cells (Fig. 4e).

Tovalidate thelink between migration and metabolism, we meas-
ured the oxygen consumption rate of both the migratory and nonmi-
gratory T cell populations. Metabolic flux analyses revealed that the
migratory populations had both higher maximal respiratory capacity
and spare respiratory capacity than nonmigratory T cell populations
(Fig. 4f).Because the datafrom IPs suggested differencesin mitochon-
drial volume, we used 3D single-cell confocal microscopy to study mito-
chondrial structure. Imaging of single cells confirmed that migratory
19-28z T cells had increased mitochondrial volume and an increased
number of punctate mitochondria compared to nonmigratory 19-28z
T cells (Fig. 4g). Collectively, these scRNA-seq and metabolic profiling
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Fig. 6 | Quantifying the link between migration and functionality in diverse
CARs. a,c,e, Schematicillustrating the CAR structure, manufacturing and
expansion and the target cells used for profiling functionality of individual CAR T
cells using TIMING; B-ALL, B cell acute lymphoblastic leukemia. b,d,f, Migration

ofindividual killer and nonkiller CAR T cells with or without conjugation to tumor
cells. Alldataare froman E:T ratio of 1:1. The black bar represents the median, and
the dotted lines denote quartiles. All Pvalues were computed using two-tailed
Mann-Whitney tests, and each data point (n) represents a single effector cell.

data confirmed that a simple transwell migration assay enabled the
enrichment of multifunctional CD8-fit T cells.

T cell migration can select cells with antitumor efficacy
Because the scRNA-seq data confirmed the ability of transwell assays to
enrich CD8-fit T cells, we next evaluated if transwell assays can enable
theisolation of T cells with superior antitumor efficacy. We compared
the efficacy of migratory cells to unsorted 19-28z T cells to benchmark
their superiority. After transwell sorting, TIMING confirmed that migra-
tory19-28z T cells harbored a high frequency of T cells with basal migra-
tion compared to unsorted 19-28z T cells (Extended Data Fig. 8a).

Consistent with the scRNA-seq data, TIMING assays with NALM-6
tumor cells confirmed that migratory cells were functionally superior
cells and were more potent killers (Extended Data Fig. 8b,c). To test
if the differences in migration and functional properties of migra-
tory T cells could be explained by their phenotype, we compared the
memory phenotype of migratory and unsorted T cells and observed
that both populations were comprised predominantly of naive-like
(CD62L'CD45RA") and central memory (CD62L CD45RA") CAR T cells
(Fig. 5a). Both migratory and unsorted populations showed no differ-
ence in the expression of CAR (Extended Data Fig. 8d), intracellular
granzyme B (Fig. 5b) or the CD4":CD8" T cell ratio (Extended Data
Fig. 8d), consistent with transcriptional and functional data from IP
profiling between clinical responses.

We assessed the efficacy of the migratory 19-28z T cell popula-
tion using a model of established leukemia (Extended Data Fig. 9a).
Migratory19-28zT cells demonstrated potent and superior antitumor
activity, reducing tumor burdento the detection limit, with tumor flux
significantly lower thaninunsorted19-28z T cells (Fig. 5¢,d). Itisworth

emphasizing that this improvement in efficacy was obtained purely
by isolation of the subpopulation of migratory cells in the popula-
tion without any additional culturing or modifications. In both the
bone marrow and spleen, mice treated with migratory 19-28z T cells
harbored no tumor cells but only persisting CAR T cells, and this was
different from mice treated withunsorted 19-28zT cells (Fig. 5e).Inan
independent experiment, we compared the efficacy of migratory and
unsorted 19-28z T cells at suboptimal doses against these same NALM-6
tumors in vivo. Migratory 19-28z T cells showed enhanced antitumor
activity compared to unsorted 19-28z T cells (Extended Data Fig. 9b,c).
In aggregate, these results demonstrate that migration is a desired
feature indicative of subpopulations of T cells with optimal function
andinvivo persistence.

Killer T cells show better migration than nonkiller cells

We next tested if the link between killing and migration is generaliz-
able to CD19-specific CAR T cells derived from diverse manufactur-
ing protocols and against multiple tumor targets. Accordingly, we
used TIMING to first compare the migration of killer and nonkiller
CART cells electroporated and manufactured with a CD19-specific
CAR containing the CD8 hinge and transmembrane regions (19-8-28z;
Fig. 6a). Consistent with our other data, individual killer 19-8-28z T cells
demonstrated higher migration both with or without conjugation to
NALM-6 tumor cells than nonkiller 19-8-28z T cells (Fig. 6b and Extended
Data Fig. 10a). Next, we tested two tri-specific CAR T cells designed
for mitigating CD19 escape in primary acute lymphocytic leukemia®®.
These tri-specific CAR T cells were retrovirally transduced, the CAR
designincorporated a41BB endodomain, and the T cells were expanded
by treating with anti-CD3, anti-CD28, interleukin-7 (IL-7) and IL-15, as
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described previously”. We tested these T cells against human-derived
tumor cells. Again, by comparisons using TIMING, individual killer CAR
T cells demonstrated higher migration both with and without conju-
gation to human-derived tumor cell lines than nonkiller CART cells
(Fig. 6¢c-fand Extended Data Fig. 10b,c). These data suggest that the
link between migration and killing can be preserved across multiple
CAR designs and manufacturing protocols.

Discussion

With the approval of CD19-specific CAR T cells as living drugs, thereisa
need to define biomarkers that provide insights into the clinical impact
of adoptiveimmunotherapy. Identifying cellular properties associated
with clinical efficacy are important for ensuring predictable clinical
outcomes and for defining desirable attributes during biomanufactur-
ing. Prior studies of IPs have been limited to static profiling based on
flow cytometry®®, whole-transcriptome profiling®* or cytokine secre-
tion’, but our dataset is a multiomics profile that integrates dynamic
imagingacross thousands of T cells and their interactions with tumor
cells. Our multimodal single-cell integration identified that a potent
multifunctional subset of CD8" T cells, CD8-fit T cells, is endowed with
both migration and serial killing.

How do CD8-fit T cells compare to conventional subsets of CD8*
T cells? CD8-fit T cells are a hybrid T cell subset that share features of
effector memory T cells (for example, GZMB, PRF1, IFNG, GZMK and
TBX21 expression) and natural killer cell receptor-enriched T cells
(for example, NKG7, KLRGI and KLRK1 expression) but not signatures
of exhaustion (for example, TOX, PDCDI1, ID2 and HAVCR2 expres-
sion)'®. As we have described, the lack of exhaustion was functionally
validated by integrating the molecular signatures with serial killing at
single-cell resolution (Fig. 3d). CD8-fit T cells are also uniquely char-
acterized by the high expression of GZMH (or in mice Gzmc), a gene
thatencodes anonredundant granzyme that cleaves orthogonal mito-
chondrial and nuclear target proteins compared to granzyme B*.
Although these molecular properties listed above are characteristic
of differentiated CD8" T cell subsets, CD8-fit T cells deviate from these
more differentiated subsets and are characterized by signatures of
the TCF7 regulon®, HOPX (the transcription cofactor of pre-effector
T cells*®) and PGCla-mediated mitochondrial biogenesis*. CD8-fit
T cells are thus a unique subset with overlapping properties of early-
and late-differentiation memory CD8" T cells.

The discovery of CD8-fit T cells translationally advances the
results fromindependent preclinical studies using two-photon micros-
copy that demonstrated (1) mouse T cell migration before engage-
ment and killing of tumor cells is an essential component of their
efficacy>*, (2) both CD4* and CD8" CAR T cells mediate direct and
indirect cytotoxicity after migrationto tumors*, (3) migratory T cells
arelong-duration tumor-resident T cells?, (4) functional exhaustion
by PD-1induces T cell migration paralysis and blockade of PD-1 can
restore T cell migration and function®, and (5) T cell migration in tis-
sues increases with serial killing and tumor rejection*. This ability of
intrinsic T cell migration to promote tumor exploration is a central
feature of cells as drugs that distinguishes them from small-molecule
and protein therapeutics®. At the molecular level, the genes/pro-
teins involved in migration, including RHOA, RACI and CDC42, affect
multiple aspects of T cell immunobiology, including cell polarity,
chemotaxis, synapse formation, signaling and effector responses,
and, hence, it is not surprising that migration is a biomarker for cells
with optimal effector functionality*®.

T cells exhibiting migration have a high bioenergetic requirement
to supportlocomotion. Our results confirmed that the migratory CAR
T cells had enhanced mitochondrial spare respiratory capacity, a prop-
erty that likely promotes long-term survival*>*°, Three-dimensional
confocal microscopy also demonstrated increased punctate mito-
chondria in individual cells with migration. Within this context, we
confirmed thatinhibiting AMPK, the master regulator of mitochondrial

remodeling, has a profound impact on T cell migration and conse-
quently function at the single-cell level. AMPK, via phosphorylation
offolliculin-interacting protein1,induces the nuclear translocation of
transcription factor EB, which in turn increases the expression of not
only PGClabutalso genes responsible for lysosomal biogenesis®. This
sets the stage for additional studies that explore the link between AMPK
(using knockdown or knockout studies) as a modulator of energetics
and function within individual T cells and their antitumor efficacy.
AMPK is a global modulator of many different aspects of cell biology
that need to be mapped within the context of T cells™*2,

There are limitations to our study. Although our discovery cohort
was limited to IPs from 16 individuals, we validated the importance
of CD8-fit T cells in IPs from other cohorts and have demonstrated
that CD8-fit T cells share molecular signatures of T cells that longitu-
dinally persist in individuals after treatment with CART cells. In the
current manuscript, our focus was on maximizing the assays that we
could performwith theresidual cellsrecovered from the infusion bag
(<5 x10° cells); we studied them using TIMING, confocal microscopy
and scRNA-seq. Werecognize that the two-dimensional (2D) platform
with TIMING is not the perfect method to model 3D T cell migration
and that CAR T cell migration in 2D (-1 um min™) is slower than 3D
migration in vivo (-6 pm min, two-photon microscopy)*. We also
emphasize that while 2D migration is one of the parameters reported
by our TIMING assay, it is sample sparing (most assays reported here
used 2 x10° cells or less), thus allowing us to perform confocal imaging
onthesamelIPs. Furthermore, TIMING allows profiling of serial killing
(showntobe different between responders and nonresponders (CRand
PR/PD); Fig.2a), and the kinetics of killing mapped to migration at the
single-celllevel. The discovery of 2D migration as abiomarker for T cell
functionsets the stage for us tomap therole of 3D T cell migration with
other IP products in the future when cells are not limiting™.

In summary, we have identified the transcriptional features of
CD8-fit T cells with validated single-cell functional potential and antitu-
mor efficacy. We anticipate that the availability of a defined molecular
signature of efficacy will allow the engineering, manufacture and
translation of potent T cell-based therapies, leading to predictable
and durable clinical outcomes.

Methods

Human studies statement

All work outlined in this report was performed according to proto-
cols approved by the Institutional Review Boards at the University of
Houston and the University of Texas MD Anderson Cancer Center.
Axi-cel IPs were administered as standard of care, and participants
provided writteninformed consent. Human blood donors for primary
T cell isolation provided written informed consent through the Gulf
Coast Regional Blood Center. Tumor-infiltrating [ymphocytes refer-
enced in Extended Data Fig. 7f were expanded from surgical resection
tissue under protocol number2004-0069 approved by the Institutional
Review Board of the University of Texas MD Anderson Cancer Center and
anFDA-approved Investigational New Drug application (NCT00338377).

Animal studies statement

Allanimal experiments performed in this study were approved and were
performed in compliance with the Institutional Animal Care and Use
Committee at the University of Houston. The limit for maximal tumor
size was 2,000 mm? according to Institutional Animal Care and Use
Committee guidelines, and the limit was not exceeded for this study.

Human samples

Participants with DLBCL were treated with anti-CD19 CAR T cells. T cells
from the participants were originally isolated through leukapheresis
and sent to the Kite Pharma manufacturing facility. The facility engi-
neeredthe T cells to express CD28 and CD3{ endodomains and shipped
the cells back to the respective physicians. After CAR T cell infusion,
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leftover cells in infusion bags were collected and transferred to the
laboratory for microscopy assays and scRNA-seq. At the 6-month
follow-up, nineindividuals showed CR (56%), one showed PR (6%), and
six showed PD (38%).

Celllines and primary T cells

The human pre-B cell leukemic cell line NALM-6 (ATCC, CRL-3273) was
cultured in T cell medium (RPMI +10% fetal bovine serum (FBS)) and
used as CD19" target cells. Human T cells were isolated from whole
blood. Second-generation CAR signaling via CD28 and CD3{endodo-
mains (witha mutated IgG4 spacer) was expressed in human T cells by
electroporation with DNA plasmids from the Sleeping Beauty transpo-
son/transposase system, as described previously™. T cells were used
2-3 weeks after transfection.

Nanowell array fabrication

Nanowell array fabrication to investigate effector functions at the
single-celllevel was performed as described previously™*°. Briefly, we
designed amaster template nanowell array using AutoCAD (Autodesk)
and fabricated it on asilicon wafer using soft lithography techniques.
We made the nanowell array by pouring PDMS on the silicon wafer and
spinning the silicon wafer using a spin coater, followed by baking it at
70 °Cfor2 h. We then plasma oxidized the nanowell and attached it to
the bottom of a50-mm glass-bottom Petri dish. The nanogrid contains
approximately 5,000 wells, and each well was 50 pm x 50 pm x 50 pm
insize.

TIMING assays to profile functionality at the single-cell level
Welabeled approximately 0.5 million-1million CART cells with PKH67
green fluorescent dye (Sigma) and 1 million NALM-6 cells with PKH26
red fluorescent dye (Sigma), as per the manufacturer’s protocol. We
loaded both CART cellsand NALM-6 cells on ananowell array ina way
toreachmainly one effector celland one to two target cells per nanowell
(E:T =1:10r1:2). We used complete cell culture medium (IMDM + 10%
FBS) to cover the nanowell array and added Annexin V-Alexa Fluor 647
(Invitrogen) to the covering medium to detect cell apoptosis during
the experiment.

We used an inverted fluorescence microscope (Zeiss) that was
equipped withaLambda-DG4 illumination system, differential interfer-
ence contrast condenser annulus, x20/0.80-NA Zeiss Plan-Apochromat
objectiveand OrcaFlash 4.0 camera (Hamamatsu). We placed the Petri
dish containing the PDMS nanowell array on a motorized stage in a
box to maintain the temperature at 37 °Cand CO, level at 5% and used
Alexa Fluor (488 nm), TexasRed (566 nm) and CyS5 (651 nm) filters for
the detection of CART cells, NALM-6 cells and apoptosis, respectively.
Images were acquired for 6 hwith 5-minintervals.

Confocal microscopy for integrated measurements of
subcellular organelles

For confocal microscopy, we fluorescently labeled ~300,000 CAR
T cellsat 37 °C for 30 min in a1:1 (vol/vol) solution of live-cell staining
buffer (Abcam) and RPMI-1640 (Corning) containing final concentra-
tions of 500 nM MitoTracker Deep Red (Invitrogen), 250 nM LysoRed
(Abcam) and 1 pM Hoechst 33342 (Sigma) for labeling mitochondria,
lysosomes and nuclei, respectively. We then washed cells with Hanks’
balanced salt solution (Cellgro) + 10% HEPES (Corning), resuspended
the cells in cell culture medium (RPMI +10% FBS) and loaded labeled
cellsonaglass-bottom 96-well plate (MatTek Corporation) for confo-
calimaging.

We used a Nikon A1/TiE inverted microscope equipped with a
x100/1.45-NA objective for imaging. Specifically, we acquired 3D
images (-50slices, 0.3 um per slice) from multiple fields of view using
DAPI (404.0 nm), FITC (488.0 nm), TexasRed (561.8 nm) and Cy5
(641.0 nm) filters for the detection of nuclei, membranes, lysosomes
and mitochondria, respectively.

Image processing, cell segmentation, cell tracking and data
analytics

For TIMING assay image processing, we used ahomemade pipeline to
analyze 16-bitimages as described previously*. Briefly, anautomated
pipeline was implemented for automatic detection of nanowells, cell
segmentation, tracking and feature computation. The pipeline output
are tables containing statistical information for nanowells with one
effector celland up to five target cells (1:1 E:T-1:5 E:T). We partitioned
events based on the functionalities of the cells, that is, 1:1 E:T killing,
monokilling and serial killing (Extended Data Fig. 2a,b):

(1) L:1E:Tkilling: asingleT cell killing a target cell existing in the
nanowell after conjugation.

(2) Monokilling: asingle T cell killing only one target cell after
conjugation, while multiple targets (at least two) exist in the
nanowell.

(3) Serialkilling: asingle T cell killing at least two target cells after
conjugation, while multiple targets (at least two) exist in the
nanowell.

(4) Nokilling: T cells without killing any target cells despite evi-
dence of conjugation.

For tracking mitochondria and lysosomes within cells using con-
focal microscopy, z stacks of 16-bit images were extracted for each
channel and processed in ImageJ (National Institutes of Health) using
aseries of plugins. First, the Subtract Background plugin was applied
to the mitochondria and lysosome channels before segmentation
to reduce variations in background intensities. Next, the 3D Objects
Counter plugin was applied to the background-corrected image to
determine mitochondrial and lysosome regions of interest. Regions
of interest were overlaid onto the original image, and measurements
were collected. Similarly, the 3D Objects Counter plugin was used on
the nucleus channel using the original image only. Last, tracking of
single-cell movement was performed using the TrackMate plugin®®to
filter out unstable cells after their movement. Allmeasurements were
consolidated in R, where mitochondria and nuclei were matched to
their corresponding cell.

scRNA-seq

We performed scRNA-seq on nine samples (four CR and five PD) with
enough numbers of residual cells. We first used a dead cell removal
kit (Miltenyi Biotec) containing microbeads for the magneticlabeling
of dead cells, and we removed dead cells by passing the resuspended
cells through the magnetic field of aMACS separator. Library prepara-
tion was performed in three batches. For each batch, we used three
different TotalSeq C anti-human Hashtag Antibodies (BioLegend) to
multiplex the samples as per the manufacturer’s protocols. We then
performed transcriptome and TCR capturing using the 10x Chromium
platform (10x Genomics) and used a Chromium Single Cell 5’ reagent
v2 kit for gene expression and V(D)) profiling. Sequencing was per-
formed usingaHiSeq PE150 sequencer (Illumina). Library preparation
from the transwell experiments was performed without hashing.

scRNA-seq analysis

We processed gene expression FASTQ files generated on an lllumina
sequencer using the Cell Ranger pipeline (version 6.0.0, 10x Genom-
ics) for read alignment and generation of feature barcode matrices.
The output files were then uploaded into R (version 4.0.1) for further
processing using Seurat (version 4.1.0)*’. We used the SAVER package®°
for dataimputation and filtered out the cells with high mitochondrial
gene expression (more than 15% of the read counts). For the IPs, we
obtained 21,469 cells from nine individuals with a mean number of
unique molecular identifiers of 7,738, and from the transwell cohorts,
we obtained 23,319 cells from two donors with a mean number of
unique molecular identifiers of 7,700.
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We detected the highly variable genes and principal components
following the Seurat standard workflow for unsupervised clustering
of cells and used UMAP for visualization of the clusters. We identified
CD8"and CD4" T cell subsets using CD8A, CD8B, CD4 and CD40LG gene
markers and identified CAR" cells by detection of the CAR sequence
(FMC63-CD19scFV, GenBank HM852952.1).

We used the gene set variation analysis (GSVA) package®' in R to
calculate ssGSEA scores for different pathways and predefined gene
sets from the Molecular Signatures Database (MSigDB, v7.5.1) for path-
way analysis. We also used customized gene sets (TCF7.regulon®, T cell
migration® and CD4" Ki67 (ref. 34)) based on previous publications.
Lowly expressed genes (average expression of <0.25) were removed
from the pathway analysis. We generated heat maps using the pheat-
map packageinR. For the pseudotime trajectory analysis, we used the
Monocle packageinR.

For evaluating the signatures of persistence of CD8" T cells, we
obtained gene expression and TCR sequences from the dbGaP data-
base under dbGaP study accession phs002966.v1.pl. We calculated
transcriptomic prediction scores using Seurat and used GSEA software
to make the enrichment plot. We performed statistical analysis and
generated PvaluesinR.

Migration of T cells through a transwell migration chamber
Unstimulated, overnight serum-deprived CART cells were seeded on
the top compartment ofaPET 5-um-pore Boyden transwell migration
chamber (EMD Millipore), while the lower compartment contained
FBS-rich medium. After 4-6 h, the cells from the bottom and the top
compartments were collected as ‘migratory’ and ‘nonmigratory’ popu-
lations, respectively. The lower part of the membrane was washed into
the migratory cell suspension, while the top surface of the membrane
was washed into the nonmigratory cell suspension. We analyzed the
phenotype and function of the cells using flow cytometry, TIMING,
confocal microscopy and scRNA-seq.

Flow cytometry-based phenotyping

For phenotyping, we stained CART cells using a panel of human-specific
antibodies, including CD62L (DREG-56), CD45RA (HI100), CD3 (SK7),
CD4 (OKT4), CD8 (RPA-T8) and CD19 (HIB-19), and intracellular stain-
ing using granzyme B (QA16A02) from Biolegend. The anti-CAR scFv
was made in-house®. We analyzed the cells using a BD LSRFortessa
X-20 cell analyzer.

CCinhibition assays

We incubated T cells with 10 pM dorsomorphin (Sigma-Aldrich) for a
period of 6-24 h. The T cells were subsequently used for either migra-
tion assays or functional profiling using TIMING assays. Incubation
with CC did not have animpact on T cell viability.

Invivo efficacy of CART cells

On day 0, 7-week-old NOD.Cg-Prkdc*“I[2rg"™*/Sz] female mice
(Charles River) wereinjected intravenously via the tail vein with 1.5 x 10*
EGFP*ffLuc* NALM-6 cells. Mice (n =10 per group) in the two treatment
cohorts received 10’ CAR T cells on day 5 via tail vein injection. One
group of mice (n=10) bearing tumors was not treated with T cells.
Anesthetized mice underwent bioluminescentimaginginan anterior-
posterior position using a Xenogen IVIS 100 series system (Caliper
Life Sciences) 10 min after subcutaneous injection (at the neck and
shoulder) with 150 pl (200 pg per mouse) of freshly thawed aqueous
solution of D-luciferin potassium salt (Caliper Life Sciences), as previ-
ously described®. Photons emitted from NALM-6 xenografts were
serially quantified using the Living Image 2.50.1 (Caliper Life Sciences)
program. Onday 28, five mice in each group werekilled to evaluate the
presence of T cells and tumor cells. Bone marrow was flushed from the
femurs using 30-gauge x 1.3-cm needles (BD, 305106) with 2% FBS in
PBS. Spleensin 2% FBS/PBS were disrupted using a syringe and passed

through a40-umnylon cell strainer (BD, 352340) to obtainasingle-cell
suspension. Red blood cells from bone marrow, spleen and peripheral
blood were lysed using ACK lysing buffer (Gibco-Invitrogen, A10492),
and remaining cells were stained for the presence of tumor (human
CD19 and EGFP), T cells (human CD3) and CAR T cells (scFv) by flow
cytometry. The remaining five mice in each group were used to deter-
mine the survival curves. Inthe suboptimal dose model, the mice were
treated exactly as above except that on day 5,2 x 10° CAR T cells were
injected intravenously.

Data visualization

Data plotting and statistical analyses were performedin R and Graph-
Pad Prism v7. Schematics were made using Microsoft PowerPoint and
Biorender viafull license. Figure panels were made in Inkscape (v1.1.2).

Statistics and reproducibility

No statistical methods were used to predetermine sample sizes for the
IPs or animal studies. Animal studies were randomized. The research-
ers were not blinded to allocation during experiments and outcome
assessment. Data collection and analysis were not performed blind
to the conditions of the experiments. No data were excluded from the
analysis except for TIMING results. Time of conjugation and time of
death events lower than 10 min were omitted from analysis. Time of
conjugationlower than10 min assumes no synapse formation, and time
of death lower than10 min canbe attributed to spontaneous cell death.
Data distribution was assumed to have unequal variance, but this was
not formally tested. Further information on research design is avail-
ableinthe Nature Research Reporting Summary linked to this article

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq data of the IPs are available under GEO accession num-
ber GSE208052, and migratory CART cell scRNA-seq data are available
under GEO accession number GSE253872. External datasets used for
CD8-fit T cell signature validation were accessed under GEO accession
numbers GSE197268 (ref. 24) and GSE151511 (ref. 8) and EMBL-EBl acces-
sionnumber E-MTAB-11536 (ref. 28). The external dataset used for T cell
persistence was accessed viadbGaP under study accession phs002966.
v1.p1(ref.25). The healthy donor T cell scRNA-seq data were accessed
under accession number GSE201035 (ref. 32). Source data are provided
with this paper. All other data supporting the findings of this study
are available from the corresponding author on reasonable request.

Code availability
All relevant package and software information is provided in the
Methods. No custom code was generated in the course of this study.
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Extended Data Fig. 1| Phenotype characteristics of infusion products frequency between CR and PR/PD. (b) Comparisons of CD4 + T cells recorded by
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Extended DataFig. 2| T cells from CR are enriched for serial killing,
increasing mitochondrial and lysosomal size, and persistent migration.

(a) Schematic of akillingevent atan E:T of 1:1in which a CAR T-cell conjugates
andkillsaNALM-6 cell. The plot on the right shows the killing rate comparison
between T cells from CR and PR/PD within all 1E:1T nanowells. Each dot (n)
represents the frequency of killer T cells for each IP. Micrograph showing an
example of 1E:1T killing event through the 6-hours (hh:mm) of time-lapse
imaging froma CRIP. (b) Schematic of akilling event, showing the interaction
parameters. tSeek defined as the time for CAR-T cell to find and conjugate to

the NALM-6 cell. tconjugation is defined as the duration of CAR-T cellin stable
conjugation with NALM-6 cell. tDeath is the time interval between the start of the
conjugation and the apoptosis of the NALM-6 cell. Plots show the comparison
betweenT cells from CR and PD/PR for these parameters. Each dot (n) represents

the average value for all T cells within each IP. (c) Representative violin plot
shows the interaction parameters from one responder IP: tSeek (n = 96 events),
tconjugation (n = 94 events), tDeath (n = 30 events). The bar graph shows the
killing frequencies of the same responder IPatan E:T of both 1:1and 1:2.

(d) Schematics and examples of serial killing, mono killing and no-killing events
innanowells with an E:T of 1:2. (e) Unsupervised hierarchical clustering based

on parameters from TIMING, and confocal microscopy. Serial killing, migration,
increasing mitochondrial and lysosomal volume were features associated with

T cells from CR patients. (f) Cytotoxicity and motility correlations with CD4/CD8
ratio. Each point represents the average parameter for each IP (n = 9 patient IPs).
Cytotoxicity is defined as the frequency of 1E:1T killing from TIMING. The Pearson’s
correlation coefficient was calculated for CRand PR/PD IP.
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Extended DataFig. 3| T-cell phenotypes defined using scRNA-seq. (a) Uniform
Manifold Approximation and Projection (UMAP) for 21,469 cells from nine IPs.
Bar graph showing the distribution of T cells from CR and PD/PR among 10
clusters determined using unsupervised clustering. (b) Bubble plot showing
key genes associated with T-cell migration and exhaustion phenotypes. (c)
Pseudotime trajectory analysis for two clusters enriched in PD (CD8-1: n =572
cells, CD8-2:n=1,031cells) and one cluster enriched in CR (CD8-6:n=1,253
cells). Necklace plots show CD8-2 (Central Memory dominant) differentiate into
Effector/Effector Memory dominant CD8-fit (CD8-6) and CD8-1. (d) Violin plot
(left) showing the ssGSEA score for AMPK activation calculated for two clusters
enriched in PD (CD8-1: n =572 cells, CD8-2: n =1,031 cells) and CD8-fit (CD8-6:
n=1,253 cells) cluster enriched in CR. Violin plot (right) showing the ssGSEA
score for the TCF7 signature for the three clusters. The black bar represents the
median and the dotted lines denote quartiles. P values were computed using

&&&ﬁ&o&

(pos.correlated) (neg.correlated)

two-tailed Welch’s T-test. (e) Schematic overview of the experimental process
used toidentify signatures of persistent CAR T cells. Single-cell gene expression
and T-cell receptor (TCR) datasets were generated by sequencing pre- (GMP:
good manufacturing practice facility) and post-infusion CD19 CART cells from
blood and bone marrow samples of pediatric patients with B-ALL. () Violin

plots showing the transcriptome similarities between the CD8" T cells from

our datasets and CD8" GMP effector precursors. P values were calculated using
two-tailed t-test. The black bar represents the median and the dotted lines denote
quartiles. Pvalues were computed using two-tailed Welch’s T-test. (g) Gene set
enrichment analysis (GSEA) of CD8* GMP effector precursors gene signatures
within cells from CD8-fit cluster compared with cells from all other CD8 clusters.
The effector precursors gene signature is based on differentially expressed genes
between the CD8" effector precursors clusters and all other GMP CD8" T cells
frompartE.
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Extended Data Fig. 4 | Matrix binding genes are significantly upregulated in the CD8-fit population. Violin plots showing the expression of matrix binding
genes enriched in CD8-fit cluster (CD8-1: n = 572 cells, CD8-2: n =1,031 cells, CD8-fit: n =1,253 cells). The black bar represents the median and the dotted lines denote

quartiles. Pvalues were computed using two-tailed Welch’s T-test.
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Extended Data Fig. 5| CD8-fit cells can be identified in healthy donor derived
Tcells and in the premanufacture PBMCs of patients treated with CAR
Tcells. (a) Overview of external dataset study GSE201035. (b) Uniform Manifold
Approximation and Projection (UMAP) for 6,713 cells from two donors. Bar
graph showing the distribution of CD8" T cells among 8 clusters determined
using unsupervised clustering. (c) Violin plot showing the CD8-fit ssGSEA score
comparison between the 8 healthy donor CD8 + T-cell clusters. For the violin
plot, the black bar represents the median and the dotted lines denote quartiles.

Pvalues were computed using one-way ANOVA with Holm-Sidak’s multiple
comparisons test. (d) Validation of the association between CD8-fit and clinical
responses in pre-manufactured T cells. Single-cell gene expression datasets
were generated by sequencing pre-manufactured T cells from patients with
B-cell lymphoma. ssGSEA-derived migration scores between CD8" T cells from
CR(n=13,930) and PD (n = 3,679) were computed. For the violin plot, 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 DataFig. 6 | CD4'T-cell phenotypes defined using scRNA-seq. by unsupervised clustering. CD4-4 mostly cells from PR/PD while CD4-1are
(a) Comparisons of the T-cell migration scores between all CD4" T cells enriched with CR cells. A color-coded track on top shows the cells from infusion
(n=12,527) from 9 CRand PD/PRIPs. The black bar represents the median and the products of CR (green) and PR/PD (red). The track below the heatmap, shows
dotted lines denote quartiles. Pvalues were computed using two-tailed Welch’s the sample origin for each cell. (d) Bubble plot showing key genes differentially
T-test. (b) UMAP for CD4" T cells (n =12,527). Nine clusters were identified using expressed among CD4" T clusters. P value was calculated using the Wilcoxon rank
unsupervised clustering. (c) Heat map of two CD4" T-cell clusters generated sum test with Bonferroni correction.
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Extended Data Fig.7 | Theimpact of AMPK inhibition on T cell antitumor
function revealed by TIMING. (A/B) (a, b) The migration and polarization
0f19-28z T cells treated with Compound C (CC). All data representative of

three independent experiments with 19-28z T cells from three healthy human
donorsatanE:T of 1:1. The black bar represents the median and the dotted

lines denote quartiles. The Pvalue 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. Pvalue was
computed using two-tailed log-rank test. (d) The cumulative frequency of T cells
conjugating to tumors cells over 8 hours. Pvalue was computed using two-tailed
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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 Pvalue 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:0OT). Each data point represents average migration for asingle 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:OT). The black
bar represents the median and the dotted lines denote quartiles. P value was This datais representative of at least four healthy donor-derived T-cell
computed using two-tailed Welch’s t-test. (b) The frequency of conjugation of populations measured by flow cytometry. Gating strategies are shown from

T cells to tumor cells comparing migratory and unsorted 19-28z T cells evaluated the side scatter and forward scatter panels on the far left.
using TIMING (1E:1T). Pvalue 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). Pvalue was computed using a two-tailed chi-square test.
(d) Phenotyping of matched 19-28z and migratory 19-28z T-cell populations.
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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
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flux from ffLuc expressing EGFP*NALM-6 cells treated with suboptimal doses
0f19-28z T cells. (c) Time course of the longitudinal measurements of NALM-6
derived photon flux from the three separate cohorts of mice (n = 5in 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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Software and code

Policy information about availability of computer code

Data collection  Confocal images were collected using NIS-Elements AR v 5.11.01. Microscopy images from TIMING were collected using ZEN PRO v2.6. Flow
cytometry readings were collected using FlowJo v10.8. Mice images using VIS were collected using Living Image v2.50.1.

Data analysis Confocal images were analyzed using the following ImageJ plugins: Subtract background, 3D objects counter, TrackMate. SCRNAseq FASTQ
files obtained from sequencing core were processed using CellRanger v6.0. SCRNAseq data was analyzed in R v4.0.1 with the following
packages: Seurat v4.1, SAVER v1.1.2, GSVA v0.3.4, Monocle v2.26. TIMING tracking and images were analyzed using a custom pipeline
developed by the Varadarajan lab.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The scRNA-seq of the infusion products is available under GEO accession number GSE208052 and migratory CAR T-cell scRNA-seq is available under GEO accession
number GSE253872. External datasets used for CD8-fit signature validation were accessed under GEO accession numbers GSE197268 and GSE151511 and EMBL-EBI
accession number E-MTAB-11536. The external dataset used for T-cell persistence was accessed via dbGaP under Study Accession phs002966.v1.p1. The healthy
donor T-cell scRNA-seq was accessed under GSE201035. Source data for Fig. 2, 4, 5, 6 and Extended Data Fig. 1-2, 7-10 have been provided as Source Data files. All
other data supporting the findings of this study are available from the corresponding author on reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No sex or gender analysis was performed.

Reporting on race, ethnicity, or No reporting on race, ethnicity, or other socially relevant groupings was conducted for this study.
other socially relevant

groupings

Population characteristics For the infusion products, patients had pre-existing DLBCL prior to standard of care treatment. For human blood donations,
whole blood was coded and negative for viral markers. For TILs, information regarding population characteristics can be
found at https://clinicaltrials.gov/study/NCT00338377.

Recruitment For the infusion products, patients with DLBCL were selected. For human blood donations, healthy donors need to meet the
criteria established by the Gulf Coast Regional Blood Center. For TILs, information regarding recruitment of patients can be
found in detail at https://clinicaltrials.gov/study/NCT00338377.

Ethics oversight All work pertaining to the infusion products outlined in this report was performed according to protocols approved by the

Institutional Review Boards at the University of Houston and the University of Texas MD Anderson Cancer Center. Patients
provided written informed consent. Blood donations via the Gulf Coast Regional Blood Center are subject to FDA regulation
and state agencies. Donors provide written informed consent. For TILs, protocol (2004—0069) was approved by the
Institutional Review Board (IRB) of the University of Texas MD Anderson Cancer Center (Houston, TX) and an FDA-approved
Investigational New Drug (IND) application (NCT00338377). More information can be found at can be found in detail at
https://clinicaltrials.gov/study/NCT00338377. Patients provided written informed consent for use of their samples.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample sizes for the infusion products or animal studies.
Data exclusions  No data was excluded from the analysis except for TIMING results. Time of conjugation and time of death events lower than 10 minutes were
omitted from analysis; time of conjugation lower than 10 minutes assumes no synapse formation and time of death lower than 10 minutes

can be attributed to spontaneous cell death.

Replication Experiments using infusion products were not subject to technical replications due to limited number of cells. Mice models used biological
replicates. TIMING experiments using in-house CAR T cells were repeated three times with all data presented.

Randomization  Animal studies used were subject to randomization.

Blinding The researchers were not blinded to allocation during experiments and outcome assessment. Data collection and analysis were not
performed blind to the conditions of the experiments.
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Antibodies
Antibodies used Anti-CD62L (Clone:DREG-56, Cat. 304827) [Dilution 1:20], Anti-CD45RA (Clone:HI100, Cat. 304111)[Dilution 1:20], Anti-CD3 (Clone:
SK7, Cat. 981004)[Dilution 1:20], Anti-CD4 (Clone:OKT4, Cat. 317415)[Dilution 1:20], Anti-CD8 (Clone:RPA-T8, Cat. 301008)[Dilution
1:20] and Anti-Granzyme B (Clone: QA16A02, Cat. 372203)[Dilution 1:20] from Biolegend. CAR was produced in-house.
Validation Per the Biolegend website:

To ensure they are both specific and sensitive, we validate our antibodies through a variety of methods including:

1
2
3
4

Testing on multiple cell and tissue types with a variety of known expression levels.

Validation in multiple applications as a cross-check for specificity and to provide additional clarity for researchers.
Comparison to existing antibody clones.

Using cell treatments to modulate target expression, such as phosphatase treatment to ensure phospho-antibody specificity.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) NALM6-from ATCC, T cells isolated from whole blood
Authentication None of the cells were authenticated
Mycoplasma contamination All cell lines used tested negative for mycoplasma contamination

Commonly misidentified lines No commonly misidentified cell line was used in the study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 7-week-old NOD.Cg-Prkdcscidll2rgtm1w;jl/Sz) (NSG) female mice. Mice were housed at room temperature (20-24C), had 12 hours
light-dark cycles with low intensity, and humidity between 40-60%. Cages were at least 12in*2 in size. The limit for maximal tumor
size is 2000 mm*3 according to IAUCU guidelines and the limit was not exceeded for this study.

Wild animals This study did not involve wild animals.

Reporting on sex Findings from the mouse tumor models are applicable only to female mice. NSG female mice can randomized and change groups, but
males will kill each other if mixed from other groups.

Field-collected samples  Study did not involve collecting samples from the field.

Ethics oversight All experiments were approved and in accordance with the Institutional Animal Care and Use Committee at the University of
Houston.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration = NCT00338377

Study protocol Full trial protocol can be found in https://clinicaltrials.gov/study/NCT00338377
Data collection Clinical trial is ongoing and started in 2006. More data is available at https://clinicaltrials.gov/study/NCT00338377
Outcomes Outcomes defined can be found in detail at https://clinicaltrials.gov/study/NCT00338377
Plants
Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If

plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-procedtures foreach seed stock-tised-or novel- genotype generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Isolated cells were washed with FACS buffer two times, blocked with human plasma for 30 minutes, then stained with
respective antibodies for 1 hour.
Instrument BD LSRFortessa X-20 cell analyzer
Software FlowJo v10
Cell population abundance In vitro populations expressed >40% of markers of interest; in vivo populations expressed <5% of markers of interest.
Gating strategy Gating strategy was performed on the preliminary FSC/SSC plots. Boundary of the gating strategy is shown in Extended Data

Fig. 8D.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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