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Despite a high response rate in chimeric antigen receptor (CAR) T cell therapy for
acute lymphocyticleukaemia (ALL)' 3, approximately 50% of patients relapse within
the first year*%, representing an urgent question to address in the next stage of
cellularimmunotherapy. Here, to investigate the molecular determinants of
ultralong CART cell persistence, we obtained a single-cell multi-omics atlas from
695,819 pre-infusion CAR T cells at the basal level or after CAR-specific stimulation
from 82 paediatric patients with ALL enrolled in the first two CAR T ALL clinical
trials and 6 healthy donors. We identified that elevated type 2 functionality in CART
infusion products is significantly associated with patients maintaining amedian B
cell aplasia duration of 8.4 years. Analysis of ligand-receptor interactions revealed
that type 2 cells regulate a dysfunctional subset to maintain whole-population
homeostasis, and the addition of IL-4 during antigen-specific activation alleviates
CART cell dysfunction while enhancing fitness at both transcriptomic and epigenomic
levels. Serial proteomic profiling of sera after treatment revealed a higher level

of circulating type 2 cytokines in 5-year or 8-year relapse-free responders.Ina
leukaemic mouse model, type 2"s" CAR T cell products demonstrated superior
expansion and antitumour activity, particularly after leukaemia rechallenge. Restoring
antitumour efficacy in type 2/ CAR T cells was attainable by enhancing their type 2
functionality, either throughincorporating IL-4 into the manufacturing process or
by priming manufactured CAR T products with IL-4 before infusion. Our findings
provide insights into the mediators of durable CAR T therapy response and suggest
potential therapeutic strategies to sustain long-term remission by boosting type 2
functionality in CART cells.

M Check for updates

CD19-directed CART cell therapy has proven to be highly effective
in treating relapsed or refractory ALL in paediatric and young adult
patients'. Although early-phase trials have demonstrated an excep-
tionalinitial response rate, relapse has been frequently reported with
varying patterns and approximately half of the patients do not sustain
event-free survival1year after CAR T infusion* ¢, highlighting an emerg-
ing unmet need to investigate the molecular intricacies that govern
long-term durable remission.

Functional persistence of CART cellsis highly correlated with clinical
response'”°. Advancementsin single-cell RNA sequencing (scRNA-seq)

technology have revealed the molecular mechanisms that contribute to
the enduring persistence of CAR T cells'™. Despite these insights, most
single-cell CART profiles stem from patients with less than 2 years of
clinical follow-up, and there remains a considerable knowledge gap
regarding the characteristic infusion product signatures responsi-
ble for mediating ultralong remission exceeding 5 years. Our recent
scRNA-seq profiling of pre-infusion CAR T cells revealed a deficiency
of T helper 2 (T,2) cell function in CD19" relapsed patients compared
with in durable 5-year relapse-free responders in a small cohort of
12 patients", but we were yet to further elucidate the underlying
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Fig.1|Single-cell atlas 0f 695,819 CART cells from 82 patients and 6 HDs.
a, Schematic of the experimental design. The diagram was created using
BioRender. b, UMAP visualization of 695,819 high-quality single CAR T cells,
filtered from1,029,340 sequenced cells across all patients and donors.
Unsupervised clusteringidentified 17 distinct clusters. ¢, The patient

biological mechanism and its implications for long-term response over
Syearsacross alarge number of patients.

Patient cohort and study design

We scrutinized pre-infusion CD19-directed CAR T (CTLO19) cell prod-
ucts manufactured from 82 paediatric patients with relapsed and/or
refractory ALL, alongside CTLO19 cells generated from six healthy
donors (HDs) (Supplementary Table 1). Among them, 42 participat-
ing patients were enrolled in a single-centre phase I/IIA pilot clinical
triallaunched in 2012 (ClinicalTrials.gov: NCT01626495), and an addi-
tional 40 patients were part of a two-cohort, open-label pilot study
(ClinicalTrials.gov: NCT02906371). The CTLO19 cells in both trials
used a CARwith CD3{domainfor T cell activation and a CD137 (4-1BB)
domain providing costimulatory signal. Patient demographics were
collected from September 2012 to July 2022, with a follow-up dura-
tion extending up to 106 months at the end point. Within our cohort,
six patients exhibited no objective response to the therapy based on
morphological assessment (non-responder (NR); n = 6). Complete
remission (<5% leukaemic blasts) was attained by 73 patients who
were minimal residual disease negative, and an additional 3 patients
who were minimal residual disease positive. Of these, 24 developed
relapse with CD19" ALL cells (CD19" relapse, RL*; n = 24) at a median
of 9.2 months, while 27 patients relapsed with loss of CD19 expres-
sioninleukaemia cells at amedian of 8.9 months (CD19" relapse, RL";
n=27). Theremaining patients demonstrated continuous and robust
relapse-free remission (complete responder (CR); n=25) at the last
point of contact. To consistently capture authentic CAR-specific
immune synapses, we engineered a mouse NIH3T3 cell line with
human CD19 expression (CD19-3T3) as antigen-presenting cells (APCs),
activating CAR T products exclusively through their CAR. Combin-
ing scRNA-seq and CITE-seq'?, we performed multi-omics profiling
of both basal unstimulated CAR T cells and the activated CAR" cells,
complemented by independent assessments using intracellular
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demographics and clinical documentation. Patients were divided into five
persistence groups on the basis of their durations of BCA. The discovery cohort
includes 42 patients fromclinical trial NCT01626495, and the validation cohort
consists of 40 patients from clinical trial NCT02906371.1PA, ingenuity pathway
analysis; T, cytotoxic T cell; T,.,, regulatory T cell.

flow cytometry and a multiplexed secretomic assay (Fig. 1a and
Extended DataFig. 1a).

Single-cell atlas of pre-infusion CART cells

We acquired single-cell transcriptome and surface protein epitope
sequencing data from a total 0f 1,029,340 pre-infusion CAR T cells,
achieving an average sequencing depth of 40,497 reads per cell (Supple-
mentary Table 2). After the exclusion of low-quality cells and potential
doublets, we analysed the expression profile of 695,819 cells, each with
amedian of 2,544 genes and atotal of 17 surface proteins. Unsupervised
clustering and uniform manifold approximation and projection (UMAP)
visualization of the integrated dataset identified 17 subpopulations
(Fig.1b, Extended Data Fig.1b and Supplementary Table 3), separated
primarily by stimulation conditions (Extended Data Fig. 1c), exhib-
iting distinct antibody-derived tag expression patterns for subtype
T cell markers CD4 and CDS, the activation T cell marker CD69 and
the naive T cell marker CD62L (Extended Data Fig. 1d), with minimum
batch effects observed (Extended Data Fig. 1e).

By calculating cell cycle phase scores using canonical markers, we
inferred the phase (G1, G2/M or S) of each cell (Extended Data Fig. 1c).
The basal state CAR T cells was partitioned into eight subclusters
(clusterIDs: 0, 2,5, 6,8,11,15and 16), primarily distinguished by their
memory or cell cycle state (Extended Data Fig. 1f,1). A minor fraction
of unstimulated CD8" cellsin cluster 11 exhibited cytotoxic signatures
characterized by high expression of GZMA and GZMB (Extended Data
Fig.1k), probablyindicative of CAR tonic signalling elicited during the
manufacturing process*. After APC stimulation, most cells exhib-
ited CD4" or CD8" type 1 (T, 1 and T.1) signatures, marked by elevated
expression of /12, IFNG, TNF, CSF2 and TBX21 (Extended Data Fig. 1g).
Within cluster 7, there was a combination of CD4" type 2 (T,;2), type 9
(Ty9) and type 17 (T,;17) cells, coupled with heightened expression of
CCL3and CCL4 (Extended Data Fig. 1i,j). Cluster 3 exhibited elevated
expression of XCL1and XCL2 (Extended DataFig. 1j), encoding proteins
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of the C chemokine subfamily, suggesting immune communication
between CAR T cells and conventional type 1 dendritic cells”. Expres-
sionoftheregulatory T cell transcription factor FOXP3was identified,
particularly within cluster 14 (Extended Data Fig. 1h). In cluster 12, we
identified a distinct subgroup of cells marked by the expression of FOS
andJUN, forminganisolated group (Extended DataFig.1m). This cluster
encompassed both basal and activated CART cells. We calculated the
average expression level of marker genes and cellular proteins across all
thesingle cellsineach cluster, generating a pseudo-bulk heat map that
reaffirmed our delineation of the transcriptomic and surface proteomic
landscape of CART cells (Extended Data Fig.1n,0).

Grouping patients based on BCA duration

We proceeded to correlate the heterogeneity of infusion products
with clinical observations, aiming to identify mechanisms underly-
ing ultralong CAR T persistence. The presence of B cell aplasia (BCA)
in the peripheral blood has served as a surrogate to gauge the func-
tional persistence of CTLO19 cells, as patients with early B cell recovery
within 6 months almostinvariably experience relapse’. Patients in our
CR cohort have achieved satisfactory long-term remission; however,
eight CR patients exhibited detectable BCA lasting less than 6 months,
prompting reinfusion of CAR T products within half a year after their
initialadministrationinfive of these cases (Supplementary Table1).In
our cohort, five CR patients have demonstrated a median BCA dura-
tion of 8.4 years (BCA-L group), maintaining BCA at the time of the
last clinical follow-up, representing a unique opportunity to identify
molecular determinants of CAR T longevity. Consequently, we classified
all patients into five persistence groups based on their BCA duration
(Fig. 1c). BCAl represents the shortest duration, less than 3 months,
andincludesall of the patientsin the NR group. Approximately 86% of
patientsinBCA2 and BCA3 experienced either CD19" or CD19 relapse.
Patients in the BCA-O group continued to have BCA at the last data
collection, with a median duration of 5.1 years. To mitigate potential
confounding variables related to trial design, 42 patients, including
the 5 patients in the BCA-L group from NCT01626495, were analysed
as the discovery cohort, while the other 40 patients, including the
11 patients in the BCA-O group from NCT02906371, constituted the
validation cohort.

Basal CART profiles and persistence

We next examined whether the characteristic profile of basal CART cells
could differentiate persistence groups. Clustering analysis of CAR T cells
atrestresolved 11 transcriptionally distinct subpopulations (Extended
DataFig.2a-c). The memory score, defined by the expression of CCR7,
TCF7,Il7R, AQP3, CD27 and LTB, was enriched in clusters O and 4, with
the BCA-L group showing asignificantly higher cell proportionin clus-
ters O and 4 compared with BCA2 and BCA1 (Extended Data Fig. 2d).
Proliferation markers (MKI167, TYMS, TOP2A and ASPM) were enriched
in cluster 1 (Extended Data Fig. 2e), while cluster 3 exhibited a high
CDS8' cytotoxic score based on GZMA, GZMB, GZMH, GNLY, PRFI and
NKG7 expression (Extended Data Fig. 2b,f). BCA-L showed a significant
decrease in cell proportion in these clusters compared with the other
groups. We quantitively compared the average expression of marker
genesatapseudo-bulklevel, revealingincreased memory gene expres-
sion and decreased cytotoxicity, proliferation and coinhibitory gene
expression in BCA-L and BCA-O CART cells (Extended Data Fig. 2g).
Surface protein profiling consistently showed elevated expression
of CCR7 and CD127 (encoded by /[7R), along with notably low expres-
sion of coinhibitory surface markers (PD-1, CTLA-4, LAG-3, TIM3 and
TIGIT) (Extended Data Fig. 2h). Together, these data point to a conserved
memory state, diminished proliferation activity and subtle cytotoxic
and coinhibitory signaturesin basal BCA-L cells, suggesting that the abil-
ity topreserve aninactive stateis associated with CART cell longevity.

Type 2 functioninlong-termresponders

We extended the assessment to CD19-specific APC-stimulated CAR
T cells to gain insights into their early immune activation kinetics.
UMAP clustering of cells from the discovery cohort revealed 13 distinct
clusters (Fig. 2a and Extended Data Fig. 3a). The BCA-L group exhibited
asignificantly higher prevalencein cluster O, constituting 33.8% of all
cells,and demonstrating an enriched expression of the memory score
(Extended Data Fig. 3b). This suggests that they have asuperior ability
to preserve central memory states after activation. Consistently, the
pseudo-bulk surface protein profile revealed elevated expression of
the memory markers CCR7 and CD127, along with reduced expression
of the prototypic apoptosis mediator FAS (also known as CD95 and
APO-1)"in BCA-Land BCA-O cells, while other groups showed increased
expression of coinhibitory markers (Extended Data Fig. 3c).

A dominant populationin cluster 1 (16.5% of the entire population)
showed an enriched type 1score (IFNG, TNF, CSF2 and TBX21) and pri-
marily comprised CD8" cells (Fig. 2a,b). Despite a lower proportion
amongHD CART cells, patient BCA groups displayed indiscernible sta-
tistical differences in this cluster. Notably, BCA-L cells were significantly
more abundantin cluster 7—amixed population of CD4" and CD8" cells
with anenrichment of type 2 score (14, /15, 1[13 and GATA3) expression
(Fig. 2a,b)—regardless of its relatively low percentage (3.14%) among
all single cells. Genes defining type 1 or type 2 score have a variable
expression distributionand level (Extended Data Fig. 3d), highlighting
the necessity of using a group of genes to define a phenotypic signa-
ture. In the validation cohort, we noted similar clustering patterns,
characterized by a higher proportion of memory cells, a comparable
level of type 1 cells and a significantly increased proportion of type 2
cellsin 5 year relapse-free patients in the BCA-O group (Fig. 2c,d and
Extended Data Fig. 3e-g), suggesting uniform molecular signatures
of long-term persistent CART cells. In both cohorts, subclustering
analyses of CD4* or CD8" cells, separated by CITE-seq surface proteins,
alsoidentified thisincreasein type 2 signaturesinlong-termrespond-
ers, despiteaslightly lower percentage in CD8' cells across all patient
groups (Extended Data Fig. 4a-d). Canonical makers defining the type 2
identity, including cytokines, transcription factors, chemokine recep-
tors and PTGDR2 (encoding CRTH2), collectively exhibited elevated
expressioninboth CD4"and CD8" CART cells from patientsinthe HD,
BCA-Land BCA-O groups (Extended Data Fig. 4e). Using this large-scale
single-celltranscriptomic dataset, we constructed amolecular network
toillustrate the activation of the type 2 pathway in CAR T cells from
durable responders relative to those from other patients (Extended
DataFig. 4f).

Theidentification of heightened type 2 functionality in patients in
the BCA-L and BCL-O groups prompted us to pursue additional vali-
dations. Intracellular flow cytometry analysis of APC-activated CD4"
and CD8'CAR’ cells confirmed asignificant increasein the proportion
of cells expressing IL-3, IL-4, IL-5, IL-13 and IL-31 in the BCA-L group,
with significance levels notably higher compared with in the poorly
persistent groups, namely BCAland BCA2 (Fig.2e and Extended Data
Fig. 5a,b). This trend was largely preserved in the validation cohort
(Extended Data Fig. 5c). We also used an independent multiplexed
secretomic assay to measure secreted cytokines from activated infu-
sion products in 32 patients (Extended Data Fig. 5d). The secretion
index, quantified by the frequency of cells secreting a specific cytokine
multiplied by the average signal intensity, was used to describe the
secretomic power. Theindex of CART cells secreting type 2 cytokines
IL-4, IL-5, IL-9, IL-13 and IL-21 was significantly higher in patients in the
BCA-L and BCA-O groups (Fig. 2f), while IL-10 secretion alone showed
indiscernible levels.

To identify the upstream regulatory factors linked to CAR T per-
sistence, we conducted a single-cell assay for transposase accessible
chromatin (ATAC) and transcriptome co-profiling of activated CAR
T cells, comparing three patients from the BCA-L group with another
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Fig.2|Elevated type 2 functionality of CART productsis associated with
8-year ultralong remission. a-d, Unsupervised clustering analysis of CD19-3T3-
stimulated CART cells from the discovery cohort (a) or validation cohort (c),
along with the expression distribution of surface protein CD4 and CD8. The
expression patternoftypelandtype2score and cell proportion comparisons
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arepresented. e, Frequency comparison of the type-2-cytokine® population
inCD4"'CAR’ cells, assessed using intracellular flow cytometry. f, Comparison
of type 2 cytokine secretion levels, assessed using amultiplexed secretomic
assayonacohortof32patients. g, Integrated ATAC-gene UMAP clustering of
CD19-3T3-stimulated CART cells derived from six patients, withan enrichment
oftype2cellsidentified in cluster A3. Acomparison of cell proportionsin
cluster A3is presented between the patient groups. h, Pseudo-bulk chromatin
accessibility tracksin the genomicregion of GATA3, depicted separately for

three patients from the BCA2 or BCA1 groups, who maintained BCA
duration ofless than 3 months (Supplementary Table 4). Anintegrated
UMAP analysis combining ATAC and gene expression profiles revealed
ten clusters, with type 2 cells enriched in cluster A3, demonstrating
a consistent and significant increment in the BCA-L group (Fig. 2g).
Pseudo-bulk chromatin accessibility signals in the genomic regions
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of GATA3, the master regulator of type 2 T cells, and canonical type 2
cytokine genes were notably elevated in each of the patients in the
BCA-L group (Fig. 2h and Extended Data Fig. 6a). Notably, compara-
ble signals were observed for another key type 2 regulator, STAT6,
across the six patients (Extended Data Fig. 6b). Consistent with pre-
vious transcriptomic clustering results from the complete cohorts,



the accessibility of IFNG and type 1 regulators, including STAT1, STAT4
and TBX21 (encoding T-bet), showed negligible differences (Extended
DataFig. 6¢,d).

We next performed a differential motif analysis to identify poten-
tial transcription-factor-binding sites within open chromatin regions
(Fig. 2i). Within the realm of significantly enhanced motif-binding
activities observed in BCA-L CART cells compared with in the BCA2
or 1cells, GATA3 emerged as the foremost differentially enriched
site, along with several other GATA-family members. Examining
the per-cell motif activity profile for each patient, TBX21 displayed
consistent levels across all patients, whereas GATA3 showed notably
enriched activities in single cells from the three patients in the BCA-L
group (Fig. 2i). Notably, STAT6 did not emerge as a differential motif
inthis analysis. Conversely, transcription mediators belonging to the
IRF family demonstrated marked reductions in BCA-L CART cells,
among which IRF4 was actively involved in promoting T cell exhaus-
tion and mediating impaired cellular metabolism. We footprinted
the binding dynamics of GATA3, STAT1 and TBX21 by using their posi-
tional information, revealing a discernible increase of accessibility
for GATA3 within the BCA-L group (Fig. 2j). By contrast, the other
two exhibited comparable levels to the BCA2 or 1 group (Extended
Data Fig. 6e). To gauge the relative importance of STAT6 and GATA3
in orchestrating type 2 functionality, anin vitro repeat stimulation
assay was conducted using CAR T cells with knockdown of STAT6 or
GATA3 (Fig. 2k). While both knockdowns significantly attenuated the
tumour-killing efficacy, the GATA3 knockdown demonstrated a notably
more pronounced compromise in the CAR T cell population number
atthe assay’s end point, suggesting its central role in sustaining func-
tional type 2immunity inlong-term persistent CART cells. Collectively,
these data suggest that the prolonged therapeutic efficacy observed
in patients in the BCA-L and BCA-O groups is associated with the
heightened type 2 functionality in the infusion products regulated by
GATA3 upregulation.

Type2 CART cellsregulate dysfunction

Ligand-receptor (L-R) pairs canbe used to infer intercellularimmune
communication through the coordinated expression of their cognate
genes®. To investigate how type 2 functionality regulates CAR T cells
to maintain their longevity, we examined cell-cell interactions based
on L-R expression patterns in our scRNA-seq dataset. Within the net-
work of L-R communication pathways emanating from type 2 cells
in cluster 7, a notable hierarchy emerges, with the highest echelon of
interactions explicitly converging on cluster 2 cells, accounting for
13.9% of the whole population. Signals involving type 2 cytokines were
predominately received by /[2RG, CD53 and CSF2RB, receptor genes that
arebroadly implicatedin T cell survival, proliferation and downstream
immune functions? % (Fig. 3a), implying a potential regulatory role of
type 2 CART cells for the entire population. Furthermore, we found
that,in mostidentified clusters, L-Rinteractions toward cluster 2 cells
prevalently engage type 2 cytokines (Fig. 3b). Moreover, the highest
expression level of receptors that sense type 2 ligands, including /[2RG,
CDS3, CSF2RB, Il4R and I[3RA, was observed in cluster 2 as compared
to the other clusters (Fig. 3c).

Todelineate the distinctive features of cluster 2 cells, we conducted
an analysis of differentially expressed genes (DEGs), revealing a sig-
nificant increase in the expression of cytolytic effector genes GNLY
and GZMA (Fig. 3d), accompanied by a concentrated distribution of
cytotoxic score, indicating a highly cytolytic phenotype. Moreover,
significant upregulations were noted for /[32, a gene that is specific
to T cellsundergoing apoptosis?, and CALM1, agene that contributes
to T cell exhaustion pathways? within this cluster. Conversely, these
cellslargely lost their cytokine productions represented by significant
downregulation of IFNG, CSF2, 112,113,115, 1113, XCL1/2 and CCL3/4.Con-
sistently, pathway analysis revealed asignificant inhibition ofimportant

pathways that are crucial for T cell activation and function, includ-
ing mTOR, PI3K-AKT and JAK-STAT signalling® (Fig. 3e). Meanwhile,
apoptosis signalling, MYC-mediated apoptosis, the T cell exhaustion
signalling pathway and calcium-induced Tlymphocyte apoptosis were
jointly triggered, suggesting terminal effector signaturesin these cells
probably due to an excessive production of cytotoxicity. In this cluster,
we also observed high expression of coinhibitory genes and proteins,
particularly TIM3 and its encoding gene HAVCR2 (Fig. 3f), and arobust
positive correlation between cytotoxic score and coinhibitory score
(PDCD1, CTLA4, LAG3, HAVCR2 and TIGIT) across 23,608 single cells
belonging to cluster 2 (Extended DataFig. 7a). Furthermore, cyclinsand
cell cycleregulation were significantly suppressed in this cluster, with
cellsdisplaying extremely low expression of proliferation score (MKI67,
TYMS, TOP2A and ASPM) (Fig.3e,g), indicating a diminished prolifera-
tive ability. These data point to alate-differentiated dysfunctional state
of cells in cluster 2%%; notably, the cell proportion of the BCA-L group
in this cluster is significantly lower than that of the short-term BCA
groups (Fig. 3h). Even within this dysfunctional cluster, BCA-L cells
exhibited asignificantly reduced expression of coinhibitory score and
coinhibitory antibody-derived tag (protein) score (PD-1, CTLA-4,LAG-3,
TIM3and TIGIT) (Extended DataFig. 7b), implying that enhanced type 2
functionality may alleviate CAR T dysfunctions. All these analyses were
also conducted in the validation cohort, confirming the regulatory
effect of type 2 cells by observing it in patients in the BCA-O group
(Extended Data Fig. 7c—j).

We next conducted in vitro functional studies to assess the impact
of supplementing type 2 cytokines during CAR-specific activation
(Extended Data Fig. 8a). First, CAR T cells from HDs were used to
establish the optimized concentration, aiming for an alleviation in
dysfunction while minimizing interference with type 1 functionality.
The addition of 10 ng mI™ IL-4 resulted in a significant increase in cell
proportion within the proliferative cluster, adecrease in the dysfunc-
tional cytotoxic cluster and had a negligible impact on the type 1CAR
Tenriched cluster (Extended Data Fig. 8b-e). By contrast, higher con-
centrations (20 ng mland 50 ng ml™) led to asignificant reductionin
the percentage of type 1CART cells. No statistically significantimpact
onthetype2clusterswas observed acrossallIL-4 concentrations. Thus,
aconcentration of 10 ng ml” was determined to be the optimal dosage
for this study. Notably, the introduction of 10 ng mI™ IL-5 or IL-13 did
notalleviate dysfunction, despite amarked increase in the proliferative
cluster (Extended Data Fig. 8f-k), which may require further investiga-
tion for dosage optimization.

We then supplied 10 ng mI™ IL-4 during the stimulation of CAR
T cells manufactured from six patients in the BCA2 group (Fig. 3i), all
sourced from our discovery cohort and maintaining a BCA duration of
approximately 3 months. Unsupervised clustering analysis revealed a
significant enhancement in proliferation (cluster 1) and mitigation of
dysfunctional cytotoxicity (cluster4) in patient CART cells after adding
IL-4, with notably enriched expression of corresponding receptor genes
observedin these two clusters (Fig. 3j,k and Extended Data Fig. 9a-d).
The addition of IL-4 demonstrated minimal impact on their typeland
type 2 functionality. The advantages of bolstering type 2 immunity
were substantiated as shownin a signalling pathway profile, including
upregulation of metabolic activities, functionalimmune programs and
cell proliferation, coupled with downregulation of apoptosis in patient
CART cells treated with 10 ng mI™ IL-4 compared with the original con-
dition (Extended DataFig. 9e). After excluding dysfunctional cluster 4
cells, amarked decrease in the upregulation level of functional path-
ways was observed, alongside a complete loss of the downregulation
of apoptosis. Furthermore, the functional profile of short-term BCA2
CART cells, after IL-4 supplementation, displayed a pattern comparable
to that of BCA-L CART cells, particularly in terms of type 2 pathway,
oxidative phosphorylation (OXPHOS) metabolism, PI3K-AKT signal-
ling, apoptosis signalling, type 1 pathway, mTOR signalling and cell
cycle regulation (Fig. 31).
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Fig.3| Type2 CART cellsregulate dysfunctional subpopulation.

a, Identification of L-R interactions originating from type 2 enriched cluster 7
cells, primarily directed towards cluster 2. b, Identification of L-R interactions
targeting cluster 2 cells. ¢, The expression profile of type 2 receptor genes.

d, DEGs specificto cluster2 cells, along with the expression pattern of cytotoxic
score. Genes defining thismodule include GZMA, GZMB, GZMH, GNLY, PRF1
and NKG7. e, Signalling pathways regulated by the DEGs identified in cluster 2.
f, Pseudo-bulk average expression of coinhibitory-related genes or proteins
within each cluster. g, The expression pattern of proliferationscore.

h, Comparisonofcell proportionincluster 2., Experimental schematic for
assessing the impact of IL-4 supplementation on the functional profile of CAR

We further assessed the chromatin accessibility alterations after
adding 10 ng mI" IL-4 in CART cell activation for three patients in
the BCA2 or 1groups. Differential accessibility peak activity analysis
unveiled a functional reprogramming of these less persistent cells
after IL-4 treatment, highlighting significant upregulation of the type 1
marker IFNG, type 2 marker /[13, chemokines XCLI and XCL2, cytotoxic
markers GNLY and NKG7, as well as activation/proliferation markers
VIM? and CD70% (Extended Data Fig.10a,b). Notably, the accessibility
of CSF2, apivotalimmune modulator with profound effects on T cell
functional activities”, demonstrated the highest level of upregulation,
while the activity of /132, marking activation-induced cell death, exhib-
ited substantial downregulationin the IL-4-supplemented condition
(Extended Data Fig. 10c). These trends were consistently observed
and supported by chromatin accessibility signal tracksin each patient.
The improvement in overall functional fitness, reinforced by the
enhanced motif binding of both type 1 (STAT1) and type 2 (GATA3)
master regulators (Extended Data Fig.10d), could be attributed to the
effective regulation of dysfunctional population by type 2 cytokines.
Together, these results establish an essential role of type 2 function
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Tcellsderived from patientsin the short-term BCA2 group. The diagram was
created using BioRender. j, UMAP clustering analysis of CAR T cells with and
without10 ng mIIL-4 added. k, Comparison of cell proportions in specific
clusters.l, Comparison of regulatory pathways between CART cells from
patientsinthe BCA-L group and six patientsinthe BCA2 group under the
originaland 10 ng mI™ IL-4 conditions. Foreandl,z> 0, activated/upregulated;
z<0,inhibited/downregulated; z>2orz<-2, significant. Dataare mean s.e.m.
fromn =48 (h)and n= 6 (k) patients or HDs. Significance levels were calculated
using two-tailed Mann-Whitney U-tests (d and h), right-tailed Fisher’s exact
tests (e) or two-tailed Wilcoxon matched-pairs signed-rank tests (k).

in regulating dysfunctional CAR T cell subset, thereby maintaining
abalanced functional homeostasis and optimal fitness of the whole
CART cell population.

Type 2 cytokinesin post-treatment sera

To study the patient response after CAR T infusion, we conducted a
comprehensive proteomic profiling to measure serum proteins after
treatment in 33 patients (including 4 patients in the BCA-L group) from
our discovery cohort and 8 patients (including 3 patientsin the BCA-O
group) from the validation cohort (Fig. 4a). In both cohorts, longitu-
dinal levels of type 2 cytokines were markedly elevated in long-term
BCA-L and BCA-O patients compared with their counterparts, parti-
cularly for IL-13 (Fig. 4b and Extended Data Fig. 11a). By contrast, no
significant variation was observed in the longitudinal levels of type 1
cytokines and selected chemokines between long-termresponders and
other patients (Extended DataFig.11b,c). In statistical analyses across
serial timepoints, a significantly higher level of type 2 cytokines in
patientsinthe BCA-Lgroup was evident during baseline measurements



a CTLO19 infusion Discovery cohort (33 patients) CTLO019 infusion Validation cohort (8 patients)
o [}
R - ooy | B | > Day
m— —2‘0 1 ‘ 56 8 9‘1112 ‘1516 ‘19 20423 25 ‘ 35 36 ‘ 63 = —‘10 i i 1‘0 ‘r 2‘8
Serum measurements using a human cytokine 30-plex panel within specified time frames Serum measurement of selected human cytokines at the indicated timepoints
b 102 102 102
—— BCA-L (DC48)
T < —— BCA-L (DC50)
£ €
2 2 + BCA-L (DC52)
o ® + BCA-L (DCT71)
) 'T
= - —— Other patients
107 = T T T T T T 107 = T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time after infusion of CTLO19 cells (days) Time after infusion of CTLO19 cells (days) Time after infusion of CTLO19 cells (days)

c . P = 0.001 P =0.455 P =0.006 P=0.010 P = 0.0006 P=0.028 P = 0.0002 ~0.028
£ 154 P=0020 ‘ 20— P=0.135 ‘ 15— P =0.009 ‘ 20— P=0.066 ‘ 15 P=0.029 ‘ 154 P=0.040 20 P=0014 25— P =0.029 25-P C0.008
£ —~ — — - [ P =0.039 sl
BE F . 154, . : ¢ 154 ° 15 2R 20 20
O E 104 7 K : L . 10 10 15 15 .
PR & 10 I S (sl e e 10 % 10 -

Q= ot : . . . 5 R
8 s ':,[' + s ¥E 5 L . 5 54+ : -I— : 104+ & 10 .
8= : 5 & -3 5 %45 tEae 911 s TR s F4&
oS o o & e o 0 e + * = b H = 5 ) ? '? See
g O O——T—T1 7171 O——T—T1 77 O——7—T1 77 Y O 717 [ e e O [ e
< ) ) N N oD N ) N ) N > W O N2 N Y N
> PR > PSR > PR > PR R > PR > P SRR > P SRR Y PR
KIS S KIS S ISafsptegte K TS S & K TS S K SFF S K TS S F&S
Baseline Day 1-5 Day 6-8 Day 9-11 Day 16-19 Day 20-23 Day 25-35 Day 36-63
d e gl — —  High
e — —_— o
ool 2 B
Cluster ID BCA group 2 — — a8
0 BCA-L 31 — | g
) 1 BCA3 5 — — = — — 1 3
& O 02 o ® BCA2 = — — = =
< O 3 < ® BCA1 = — = — g |
‘e . - = S
2 @i ot 27 T S EeBCNC RN EI0p0E0222%0E £
e . SQFot2Ed a0 0 s SFTL L AT IT0QF
o = s P4 *© >4 S * s =
UMAP 1 UMAP 1 o [0}

Fig.4|Long-termresponders exhibit higher type 2 cytokinelevelsinpost-
treatmentsera. a, Schematic of the serial proteomic profiling to measure
serum proteinsin 33 patients from the discovery cohort and 8 patients from
the validation cohort. Timepoints are relative to the day of first infusion of
CTLO19 cells (day 0). The diagram was created using BioRender. b, Longitudinal
levels of type 2 cytokines in patients from the discovery cohort. Four patients
(with patientID) in the BCA-L group are individually labelled with coloured
lines. ¢, Comparisonofthe average type 2 cytokine levels at multiple timepoints
between persistent groupsin the discovery cohort. The valueis the averaged
expression of IL-4, IL-5and IL-13. Dataare mean s.e.m. from n = 45 (baseline),

(0to2daysbefore CTLO19 infusion) (Fig.4c). This occurrence fostered
an environment rich in type 2 cytokines to instigate cellular kinetics,
thereby leading to a balanced response for BCA-L cells. During the
initial phase of infusion (day 1-5), no notable difference was observed,
probably attributable to the transient decrease in circulating CTLO19
cellsresulting fromtheir dispersion throughout the peripheral blood,
bone marrow and other tissues*>*. From the period of rapid expansion
(day 6-8) up to 2 months after infusion, a consistent and significant ele-
vationincirculating levels of type 2 cytokines was observed in patients
inthe BCA-L group (Fig. 4c). No statistical differences were noted for
type 1 cytokines across all of the investigated time frames (Extended
DataFig.11d). Similar analyses were conductedin the validation cohort,
affirming the notably higher levels of type 2 cytokines on days 7, 10,
14 and 28, whereas levels of type 1 cytokines remained comparable
betweenthe BCAgroups (Extended DataFig. 11e,f). We also examined
whether the serum proteomic profile could mirror intrinsicimmune
response variations among different patients after CAR T treatment.
UMAP clustering was performed on the measurement of 345 serum
samples from the discovery cohort based on the detected values of
30 cytokinesinour panel. This analysis resolved 5 subsets, with BCA-L
profiles enriched in cluster 2 showing notably higher expression of
IL-13 and IL-4 relative to other clusters (Fig. 4d,e). Together, these data
validate the presence of elevated type 2 circulating cytokines in the
post-treatment sera of long-term BCA-L and BCA-O patients—a pattern
thatis discernible through unsupervised analysis.

n=54(day1-5),n=38(day 6-8),n=35(day 9-11), n=36 (day 12-15),n =32
(day16-19), n =32 (day 20-23), n = 54 (day 25-35) and n =18 (day 36-63)
measurements. Significance levels were calculated using two-tailed Mann-
Whitney U-tests. d, Unsupervised clustering analysis of 345 measurements of
serumsamples from 33 patientsin the discovery cohort, grouped by cluster ID
orBCAresponse. Each dotrepresents one measurement of anindividual
patientateach timepoint. Cluster 2 exhibits enrichment in BCA-L patients.

e, The differentially expressed proteins defining each cluster. Stars highlight
type 2 cytokines with notable expressionlevels.

Type 2"e" CAR T cells sustain tumour killing

Giventhe higher type 2immunity observed in ultralong persistent CAR
T cells, we next examined whether type 2"€" CAR T cells could elicit
enhanced antitumour efficacy in vivo. Clustering analysis of ScRNA-seq
data from the 6 HDs identified ND463 as type 2"€" and ND585 as type
2'* determined by the proportion of cells within the type 2 enriched
cluster 6 (Extended DataFig.12a-d). There was no significant variability
observed in type 1 score gene expression between these two groups
(Extended Data Fig. 12e). Despite the anticipated higher ratio of CD4"
subtypeintype2"s"CART cells, flow cytometry analysis revealed com-
parable CAR transduction efficiency, expression of memory markers
and coinhibitory markers (Extended Data Fig. 12f-h).

NSG mice were used to establishahuman leukaemiamodel by intra-
venous (i.v.) injection of 1 x 10° Nalmé cells. After 7 days, the mice were
randomly assigned to three groups, receiving either 2 x 10 CAR T cells
or PBS (control) by infusion through the tail vein (Fig. 5a). Throughout
the experiment, the treated mice maintained stable weights (Extended
Data Fig. 13a). Both type 2"€"and type 2'¥ CAR T cells demonstrated
substantial efficacy in reducing tumour burden, as reflected by the
complete clearance of tumour cells within 2 weeks (Extended Data
Fig. 13b). However, flow cytometry analysis revealed that type 2"e"
CART cell product had significantly superior expansion in vivo, with
absolute CAR’ cell counts in the peripheral blood reaching at least
tenfold higher levels compared within the type 2°° group onboth day 8
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Fig.5|Type 2"e"CART cells demonstrate enhanced antitumour activity
after leukaemiarechallenge. a, Schematic of the in vivo leukaemiamodel
treated with type 2'°" (ND585) or type 2"¢" (ND463) CAR T cells. NSG mice were
i.v.injected with1x10°Nalmé cells. Then, 7 days later, mice were randomly
assigned to three groups and were infused i.v.with2 x 10° CAR T cells or PBS
(control). The surviving mice were rechallenged with 1 x 10° Nalmé cells 17 days
after the CAR Tinfusion. The diagramwas created using BioRender. b, CAR
Tcellexpansioninthe peripheral blood of Nalmé6-bearing mice was measured
atdifferent timepoints afterinfusion. ¢, The tumour burden (total flux) was
quantified as photons persecond in mice after CAR T treatment. d, Kaplan-
Meyer analysis of mouse survival. Data are mean  s.e.m. from n =5 mice for
eachgroup (bandc).Significancelevels were calculated using two-tailed
unpaired Student’s t-tests (b and c) or log-rank Mantel-Cox tests (d).

and day 12 (Fig. 5b). To mimic tumour cell relapse, a second dose of
1x10° Nalmé cells was administered to mice on day 17. Notably, type
2Meh CART cells exhibited a potent ability to elicit recall responses after
leukaemia rechallenge (Fig. 5¢), significantly prolonging the survival
of tumour-bearing mice compared with their counterparts (Fig. 5d).

Toelucidate the mechanisms driving the enhanced antitumour effi-
cacy of type 2"e" CAR T cellsin vivo, we assessed their functional prop-
erties at the peak of CAR activity on day 8. While the levels of central
memory markers were similar (Extended Data Fig. 13¢), type 2"€" CAR
T cells displayed reduced expression of coinhibitory markers, including
PD-1, TIM3, LAG-3 and KLRGI. Conversely, asignificantly higher level of
the apoptosis mediator FASwas noted in type 2" CART cells (Extended
DataFig.13d). We also found asignificantincrease in the expression of
IFNyin the type-2"eh-treated group, suggesting that the elevated type 2
compositioninthe manufactured CART product does notimpede the
typelresponse (Extended DataFig.13e). There was no statistical differ-
ence in the expression of GZMB and TNF. After the initial elimination
of leukaemic cells, type 2"&" CAR T cells acquired a favourable memory
phenotype, characterized by significantly increased expression of CD27
and CD45R0 on day 12. The significance of CD27 expression further
intensified on day 16 (Extended Data Fig. 13f). Moreover, LAG-3 and
KLRG1maintained significantly reduced expression at both timepoints
(Extended Data Fig.13g).

To further confirm the functional role of the type 2 population on
the observed superior response, we sorted out type 2 cells from the
type 2"&" CAR T sample based on the surface marker expression of
CCR3and CCR4%, conducting in vitro co-culture with Nalmé cells over
a4 day period at an effector/target (E/T) ratio of 1:4 (Extended Data
Fig.13h). The exclusion of this population markedly compromised the
anti-tumour ability, resultingin areductionin the absolute CART cell
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number at the end of the killing assay (Extended Data Fig. 13i). Pheno-
typicanalysisrevealed heightened coinhibitory signatures, diminished
type1functionalities and decreased memory statesinthe type-2-sorted
group (Extended Data Fig. 13j). This vulnerability was partially allevi-
ated by supplementing with 10 ng mI™ IL-4 after type 2 cell removal.
Notably, the addition of IL-4 further augmented CART cell count of the
original type 2"" CAR T cells. These data, consistent with our previous
observationsinthe scRNA-seq analysis of long-term BCA-L CART cells,
indicate that elevated type 2 functionality in vivo effectively reduces
exhaustion and preserves central memory states of CAR T cells, which
could be associated with their superior and long-lasting therapeutic
activity evenin the rechallenge setting.

Type 2" CART cells canbe revitalized

We next investigated whether enhancing type 2 functionality could
elevate the performance of the type 2" CAR T sample (ND585), using
two strategies: (1) priming CAR T products with type 2 cytokine before
infusionand (2) incorporating type 2 cytokine into the manufacturing
process, starting from apheresis T cells (Fig. 6a). Consistent with all
of the previous studies, 10 ng ml™ IL-4 was used to prime ND585 CAR
T products, resulting in primed CART cells. Two different IL-4 doses
were assessed during the new manufacturing of ND585 T cells, that s,
10 ng mI™ or 50 ng ml™, generating enhanced type 2 CAR T cells referred
toas ET2-L CART cells or ET2-H CART cells, respectively. Compared
with the conventional condition supplemented withIL-7 and IL-15, the
inclusion of IL-4 exhibited no discernibleimpact on CART cell expan-
sion, viability and size, with the exception of an anticipated increase
in CD4 percentage (Extended Data Fig. 14a,b).

All newly generated CAR T cells were administered to Nalmé6-
cell-bearing NSG mice (Extended DataFig.14¢), and their efficacy was
compared to the original type 2'°Y CART cells manufactured from the
identical donor. While all treatment groups successfully cleared the
tumour burden within 1week, only primed CAR T and ET2-L/H CAR
T cells demonstrated the ability to completely reject the same amount
of tumour cell rechallenge (Fig. 6b and Extended Data Fig. 14d), high-
lighting the therapeutic potentialin CART cell treatment by enhancing
type 2 functionality. Flow cytometry analysis at various timepoints
after CAR T infusion revealed significant expansion of CAR" cells in
the peripheral blood for the new products (Fig. 6c), coupled with sig-
nificantly reduced expression of coinhibitory markers and increased
IFNy production at the peak on day 8 (Extended Data Fig. 14e,f). This
couldbelinked to their superior ability to contribute to asignificantly
prolonged survival (Fig. 6d). Notably, the strategies did not alter the
type 2 signatures (Extended Data Fig. 14g). To rigorously assess the
use of the two strategies, we initiated a second tumour rechallenge
on day 42, simulating a relatively late-stage relapse. After this third
tumour cell injection, both the ET2-L and ET2-H CAR T cells showed
robust tumour control abilities, outperforming the group treated with
primed CART cells (Fig. 6b,d).

Finally, we implemented the priming strategy to modify the CAR
T cells from a patient in the BCA2 group (DC80) who demonstrated
aBCA duration of 3 months before developing a CD19" relapse. Dur-
ing the initial 4 days of a repeated stimulation assay, both original
and 10 ng mI IL-4-primed DC80 CART cells, co-cultured with Nalmé
cellsatan E/Tratio of 1:2, demonstrated potent tumour killing ability,
achieving nearly 100% efficiency (Extended Data Fig. 14h). Similar to
the in vivo results, the primed CAR T group exhibited a significant
increasein CART cell count over this period and displayed significantly
enhanced memory signatures, reduced coinhibitory markers, along
withaugmented expression of IL-2, IFNy, GZMB, Ki-67 and IL-13 on day 4
(Extended Data Fig. 14i). We gradually decreased the E/T ratio to 1:16
onday 8, whichresulted in a near-total loss of tumour killing ability in
the original DC80 CART cells. However, the IL-4-primed DC80 CAR
T cells retained approximately 50% activity, probably attributed to
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Fig. 6 | Revitalizing type2'® CART cells through enhanced type 2
functionality boost. a, Schematic of the two strategies used to enhance the
type 2 functionality of type 2" CART cells derived from the donor ND585.
The diagram was created using BioRender. b, The tumour burden was
measured using bioluminescence at the indicated days after CART cellinfusion.

their preserved memory state, significantly heightened production of
functional cytokines and increased proliferation on day 9 (Extended
Data Fig. 14j). Notably, the original BCA2 cells exhibited a substantial
reduction in the expression of coinhibitory molecules, suggesting
that these cells might have reached astatein which they are no longer
readily activated to execute tumour cell killing. Together, these find-
ings indicate that augmenting type 2 functionality holds promise for
revitalizing type 2'°" CAR T cells, particularly through animproved
manufacturing process by incorporating type 2 cytokines.

Discussion

Despite alimited sample size, our recent study identified a deficiency of
T,2cellsin CD19" relapsed patients compared to durable responders™.
The crucial contribution of type 2 functionality in maintaining CAR T
longevity becomes even more marked in this expanded clinical cohort.
Early studies with human antigen-specific T cell clones established
that IL-4 promotes the growth of both CD4* and CD8* T cell clones™.
Moreover, IL-4 aidsin T cell survival by upregulating BCL2 and BCL-xL
expression®* while downregulating FAS receptor expression and
caspase 3 activity, a crucial executioner enzyme in programmed cell
death®. To elucidate how type 2 functionality effects CAR T cell longev-
ity, we disentangled the intricate mechanisms through L-R analysis
andidentified that,among vigorous interactions, the type-2-enriched
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cell cluster mainly regulates a subset of dysfunctional cells exhibiting
overactivation of cytotoxicity, high expression of HAVCR2 and TIM3,
impaired immune function and attenuated proliferation. Notably,
both chromatin accessibility profiles and in vitro functional assays
revealed that augmenting type 2 functionality led to a significant
enhancement of CAR T cells derived from patients who had achieved
only short-term responses, improving various aspects such as type 1
functionality, cytotoxicity, proliferation and survival. This ameliora-
tioneveninduced atranscriptional reversion to states similar to BCA-L
CART cells, potentially attributable to the regulation of dysfunctional
cells. These findings suggest that the presence of type 2 CAR T cells
maintains ahomeostatic state of the entire population by suppressing
hyperactive cytotoxicity in the early stage and mitigating irreversible
exhaustion, thereby enhancing their persistence and fitness.

It is essential to harness these insights for improving future CAR T
manufacturing practices. We have proposed and evaluated two strate-
gies toaddress this, considering two scenarios: (1) adding IL-4 into the
culture medium throughout the manufacturing process for products
that have notyetbeengenerated; and (2) priming CAR T products with
IL-4 if remanufacturing may not be feasible for practical clinical appli-
cations. Through rigorous in vivo studies using a leukaemia mouse
model, with follow-up exceeding 100 days, and two tumour rechal-
lenges, both methods were proven to be highly effective in boosting
the antitumour response of type 2°°* CART cells. However, the optimal
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level of type 2 functionality for clinical patient treatment is yet to be
furtherinvestigated. Our scRNA-seq dataindicate an average of 8% type
2cellsinBCA-L CART products, compared to less than 2% in short-term
counterparts. While these findings could serve as potential thresholds,
more thorough evaluations are required to establish clinical standards
for implementing type 2 functionin CART cell therapy.

Insummary, our large-scale single-cell multi-omics dataset obtained
fromalarge cohort of patients offers valuable insightsinto the molec-
ular determinants of CAR T cell longevity. Our findings highlight a
role of type 2 functionality in mediating a balanced type 1 and type 2
homeostatic state within the entire CAR T cell population, leading to
ultralong-term persistence and fitness. Building on this, we propose
several therapeutic strategies, supported by preclinical in vivo data
in animal models, to enhance type 2 function in CART cell infusion
products to mitigate dysfunction, ultimately extending the durability
of response to CAR T cell therapy.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07762-w.

1. Maude, S. L. et al. Chimeric antigen receptor T cells for sustained remissions in leukemia.
N. Engl. J. Med. 371,1507-1517 (2014).

2. Lee, D.W.etal. T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic
leukaemia in children and young adults: a phase 1 dose-escalation trial. Lancet 385,
517-528 (2015).

3. Park, J. H. etal. Long-term follow-up of CD19 CAR therapy in acute lymphoblastic
leukemia. N. Engl. J. Med. 378, 449-459 (2018).

4.  Young, R. M., Engel, N. W., Uslu, U., Wellhausen, N. & June, C. H. Next-generation CAR
T-cell therapies. Cancer Discovery 12, 1625-1633 (2022).

5. Ruella, M., Korell, F., Porazzi, P. & Maus, M. V. Mechanisms of resistance to chimeric
antigen receptor-T cells in haematological malignancies. Nat. Rev. Drug Discov. 22,
976-995 (2023).

6. Doan, A. E. etal. FOXO1is a master regulator of memory programming in CAR T cells.
Nature 629, 211-218 (2024).

7 Larson, R. C. & Maus, M. V. Recent advances and discoveries in the mechanisms and
functions of CAR T cells. Nat. Rev. Cancer 21,145-161(2021).

8.  Porter, D. L. et al. Chimeric antigen receptor T cells persist and induce sustained
remissions in relapsed refractory chronic lymphocytic leukemia. Sci. Transl. Med. 7,
303ral139 (2015).

9. Melenhorst, J. J. et al. Decade-long leukaemia remissions with persistence of CD4*
CART cells. Nature 602, 503-509 (2022).

10. Yang, J., Chen, Y., Jing, Y., Green, M. R. & Han, L. Advancing CAR T cell therapy through
the use of multidimensional omics data. Nat. Rev. Clin. Oncol. 20, 211-228 (2023).

1. Bai, Z. et al. Single-cell antigen-specific landscape of CAR T infusion product identifies
determinants of CD19-positive relapse in patients with ALL. Sci. Adv. 8, eabj2820
(2022).

12.  Stoeckius, M. et al. Simultaneous epitope and transcriptome measurement in single
cells. Nat. Methods 14, 865-868 (2017).

13. Long, A. H. et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic
signaling of chimeric antigen receptors. Nat. Med. 21, 581-590 (2015).

10 | Nature | www.nature.com

14. Bai, Z. et al. Single-cell multiomics dissection of basal and antigen-specific activation
states of CD19-targeted CAR T cells. J. Immunother. Cancer 9, 002328 (2021).

15. Bottcher, J. P. et al. NK cells stimulate recruitment of cDC1 into the tumor microenvironment
promoting cancer immune control. Cell 172, 1022-1037 (2018).

16. Greenbaum, U., Mahadeo, K. M., Kebriaei, P., Shpall, E. J. & Saini, N. Y. Chimeric antigen
receptor T-cells in B-acute lymphoblastic leukemia: state of the art and future directions.
Front. Oncol. 10, 1594 (2020).

17.  Paulsen, M. & Janssen, O. Pro- and anti-apoptotic CD95 signaling in T cells. Cell Commun.
Signal. 9,7 (2011).

18.  Man, K. et al. Transcription factor IRF4 promotes CD8* T cell exhaustion and limits the
development of memory-like T cells during chronic infection. Immunity 47, 1129-1141
(2017).

19.  Armingol, E., Officer, A., Harismendy, O. & Lewis, N. E. Deciphering cell-cell interactions
and communication from gene expression. Nat. Rev. Genet. 22, 71-88 (2021).

20. Rochman, Y., Spolski, R. & Leonard, W. J. New insights into the regulation of T cells by
Y. family cytokines. Nat. Rev. Immunol. 9, 480-490 (2009).

21.  Dunlock, V. E. et al. Tetraspanin CD53 controls T cell immunity through regulation of
CD45RO0 stability, mobility, and function. Cell Rep. 39, 111006 (2022).

22. Hercus, T.R. et al. Signalling by the Bc family of cytokines. Cytokine Growth Factor Rev.
24,189-201(2013).

23. Goda, C. et al. Involvement of IL-32 in activation-induced cell death in T cells. Int. Immunol.
18, 233-240 (2006).

24. Li, C.etal. Ahigh OXPHOS CD8 T cell subset is predictive of immunotherapy resistance in
melanoma patients. J. Exp. Med. 219, €20202084 (2021).

25. Chi, H. Regulation and function of mTOR signalling in T cell fate decisions. Nat. Rev.
Immunol. 12, 325-338 (2012).

26. Xia, A., Zhang, Y., Xu, J., Yin, T. & Lu, X. J. T cell dysfunction in cancer immunity and
immunotherapy. Front. Immunol. 10, 1719 (2019).

27.  Luda, K. M. et al. Ketolysis drives CD8" T cell effector function through effects on histone
acetylation. Immunity 56, 2021-2035 (2023).

28. Borst, J., Hendriks, J. & Xiao, Y. CD27 and CD70 in T cell and B cell activation. Curr. Opin.
Immunol. 17, 275-281(2005).

29. Shi, Y. etal. Granulocyte-macrophage colony-stimulating factor (GM-CSF) and T-cell
responses: what we do and don‘t know. Cell Res. 16, 126-133 (2006).

30. Mueller, K. T. et al. Cellular kinetics of CTLO19 in relapsed/refractory B-cell acute
lymphoblastic leukemia and chronic lymphocytic leukemia. Blood 130, 2317-2325 (2017).

31.  Maude, S. L. et al. Tisagenlecleucel in children and young adults with B-cell lymphoblastic
leukemia. N. Engl. J. Med. 378, 439-448 (2018).

32. Sallusto, F. Heterogeneity of human CD4" T cells against microbes. Annu. Rev. Immunol.
34, 317-334 (2016).

33. Spits, H. et al. Recombinant interleukin 4 promotes the growth of human T cells.

J. Immunol. 139, 1142-1147 (1987).

34. Vella, A., Teague, T.K., Ihle, J., Kappler, J. & Marrack, P. Interleukin 4 (IL-4) or IL-7 prevents
the death of resting T cells: stat6 is probably not required for the effect of IL-4. J. Exp. Med.
186, 325-330 (1997).

35. Rautajoki, K. J., Marttila, E. M., Nyman, T. A. & Lahesmaa, R. Interleukin-4 inhibits
caspase-3 by regulating several proteins in the Fas pathway during initial stages of
human T helper 2 cell differentiation. Mol. Cell Proteom. 6, 238-251(2007).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024


https://doi.org/10.1038/s41586-024-07762-w
http://creativecommons.org/licenses/by/4.0/

Methods

Samples from paediatric patients with ALL and HDs

The current study is a secondary investigation using patient sam-
ples collected from an existing clinical trial for which the University
of Pennsylvania Institutional Board provided insight. Pre-infusion
samples of CAR T cells were obtained from patients with relapsed/
refractory B-ALL, participating in either a phase I/11A pilot clinical
trial designed to assess the safety and feasibility of CTLO19 T cell
therapy (ClinicalTrials.gov: NCT01626495) or a pilot study focusing
onoptimizing the timing of tocilizumab administration for managing
CART19 therapy associated cytokine release syndrome (ClinicalTrials.
gov: NCT02906371). Both trials were conducted jointly at the Chil-
dren’s Hospital of Philadelphia and the University of Pennsylvania.
Before participation, the patients or their guardians provided written
informed consent in accordance with the principles outlined in the
Declaration of Helsinki. Laboratory procedures adhered strictly to the
guidelines established by the International Conference on Harmoni-
zation for Good Clinical Practice, employing standardized operating
procedures and protocols for the receipt, processing, freezing and
analysis of samples. Stringent ethical regulations were rigorously
adhered to throughout the study. Primary T lymphocytes from HDs
were provided by the University of Pennsylvania Human Immunology
Core. Toensure compliance with HIPAA regulations, all of the samples
were deidentified before analysis.

Generation of CTLO19 cells

Autologous peripheral blood mononuclear cells were collected by
standard leukapheresis. T cells were subsequently enriched through
mononuclear cell elutriation, followed by thorough washing and acti-
vation using anti-CD3/CD28-coated paramagnetic beads. A lentiviral
vector carryingapreviously described CD19-specific CAR witha4-1BB/
CD3{ transgene was constructed®, after which it was used to transduce
the cells during the activation phase and was washed out 3 days after
theinitiation of culture®. Cell expansion was facilitated using arocking
platform (WAVE Bioreactor System) for a duration of 8 to 12 days, and
thebeads were then magnetically removed. Finally, CTLO19 cells were
collected and cryopreserved for future use.

Generation of human-CD19-expressing NIH/3T3 cell line

We developed artificial APCs using mouse fibroblast NIH/3T3 cells
to activate CAR T cells targeting the corresponding antigen. The
NIH/3T3 cell lines were originally procured from the American Type
Culture Collection (ATCC) and maintained in DMEM medium (Gibco,
11995-065) supplemented with 10% fetal bovine serum (FBS; Gibco,
16000044), within a humidified incubator set at 37 °C with 5% CO,.
After reaching approximately 80% confluency, the cells were dis-
sociated from the culture flask using 0.25% trypsin-EDTA (Gibco,
25200056) and transduced with a lentiviral vector encoding human
CD19.Then, 3 days after transduction, 1 x 10° cells were labelled with
anantibody specific to the transduced epitope and sorted using the
FACSAria (BD) sorter to achieve a purity exceeding 99% after the
introduction of the transgene. Routine screening for mycoplasma
contamination and authentication was conducted both before and
after genetic modification. Subsequently, stable expressing clones
were selected for expansion in T25 or T75 flasks and stored cryogeni-
cally for future use.

Invitro co-culture assay

CTLO19 cells were thawed and cultured in OpTmizer T-Cell Expansion
BasalMedium (Thermo Fisher Scientific, A1048501) supplemented with
GlutaMAX Supplement (Thermo Fisher Scientific, 35050061) and 5%
human serum AB (Gemini Bioproducts, GEM100-512) in a humidified
incubator for an initial overnight rest on day 1. On day 2, dead cells
were eliminated using the Dead Cell Removal Kit (Miltenyi Biotec,

130-090-101) according to the manufacturer’sinstructions, and aspe-
cificnumber of cells was enumerated using a haemocytometer before
initiating co-culture assays. For stimulation with CD19-3T3 cells (APC
cells), 1x10° CTLO19 cells were combined with an equivalent number
of APC cells in 2 ml of medium; for the assessment of unstimulated
conditions, 1 x 10° cells were prepared. All suspensions were cultured
in RPMI medium (Gibco, 11875-119) supplemented with10% FBS in a
tissue-culture-treated 24-well plate (Thermo Fisher Scientific) for12 h
intheincubator. For functional experiments evaluating the response
ofthe CART cell population to type 2 cytokines, recombinant human
IL-4, IL-5 or IL-13 (R&D Systems, 204-1L-010, 205-IL-010, 213-ILB-010,
respectively) was added to the medium at the specified concentrations.
After co-culture, the cells were collected by vigorous pipetting, and the
cell suspension was passed through a 20 pum filter to remove clumps
before staining with PE-labelled monoclonal anti-FMC63 single-chain
variable fragment (scFv) antibody (CAR19) (Y45, ACRO Biosystems,
FM3-HPYS53) for 1 h at 4 °C. Subsequently, the cells were labelled with
anti-PE MicroBeads UltraPure (MiltenyiBiotec,130-105-639) and loaded
onto a MACS column positioned within the magnetic field of a MACS
Separator. CAR’ cells, magnetically retained within the column, were
isolated as the positively selected fraction, while untransduced CAR™
cells flowed through.

Sample hashing and staining with DNA-barcoded antibodies for

CITE-seq

We used hashtag reagents for sample barcoding, enabling the amal-
gamation of eight samples into a single lane for subsequent demulti-
plexing during analysis. Specifically, for human samples, the hashtags
consisted of two antibodies recognizing ubiquitous surface markers,
CD298 and 32 microglobulin, each conjugated to the same oligonucleo-
tide containing the barcode sequence. The magnetically selected CAR*
cells obtained from the preceding step, originating from four individu-
als, along with the corresponding basal unstimulated CAR T cells from
eachindividual, underwentblocking using 5 pl of human TruStain FcX
Fc Blocking reagent (BioLegend, 422302). Subsequently, they were
incubated with 1l (0.5 pg) of the respective TotalSeq-B anti-human
Hashtag antibodies 1-9 (BioLegend) for 30 min at 4 °C. After stain-
ing, the samples were washed twice with 500 pl of cell staining buffer
(BioLegend, 420201) and pooled into a single tube. The combined
cellswere thenincubated inan antibody cocktail comprising 2 pl (1 pg)
of each TotalSeq-B anti-human antibody (BioLegend) according to
the manufacturer’s protocol. The panel comprised a selection of anti-
bodies targeting various cell surface markers including CD4 (RPA-T4,
300565), CD8 (SK1,344757), CD45RA (HI100,304161), CD45RO (UCHLLI,
304257),CD62L (DREG-56,304849), FAS (DX2,305653), CD127 (A019DS,
351354),CD28 (G043H7,302961), CD27 (0323,302851), CCR7 (GO43H7,
353249), HLA-DR (L243,307661), CD69 (FN50,310949), PD-1(EH12.2H7,
329961), TIM3 (F38-2E2,345053), LAG-3 (11C3C65, 369337), CTLA-4
(BNI3, 369629) and TIGIT (A15153G, 372727).

scRNA-seq library preparation and sequencing

The scRNA-seqlibraries were prepared using the Chromium Single-Cell
3’ Library and Gel Bead Kit v3.1 (10x Genomics, PN-1000268). Ini-
tially, 20,000 TotalSeq antibody-stained CAR T cells were suspended
in PBS (Gibco, 14190-144) with 0.04% bovine serum albumin (BSA;
Sigma-Aldrich, A7030) buffer and loaded onto the Chromium Next
GEM chip G, where cells and uniquely barcoded beads were partitioned
into nanolitre-scale gel beads-in-emulsion (GEMs). Within each GEM,
celllysis occurred, followed by reverse transcription of the released
mRNA and isolation and amplification of the barcoded complementary
DNA by PCR for 12 cycles. Subsequent separation of hashtag/surface
protein oligo-derived cDNAs (<200 bp) and mRNA-derived cDNAs
(>300 bp) was accomplished using 0.6x SPRIbead (Beckman Coulter)
purification on cDNA reactions. After fragmentation, end repair and
poly(A) tailing, sample indexes were incorporated, and amplification
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was performed. The final libraries underwent quality-control checks
before being sequenced on the Illumina NovaSeq 6000 sequencing
system, with paired-end reads of 150 bp inlength. Three samples were
pooled and sequenced per 800G flow cell at agene and hashtag/surface
protein library pooling ratio of 8:1.

SscATAC and gene co-profiling library preparation and
sequencing

Single-cell co-profiling of epigenomiclandscape and gene expression
in the same single nuclei was performed using the Chromium Next
GEM Single Cell Multiome ATAC + Gene Expression kit (10x Genom-
ics, PN-1000283). Initially, CAR" cells stimulated with CD19-3T3 from
6 patients, with or without a 10 ng ml™ IL-4 supplement, underwent
washing, counting and nucleus isolation, with an optimized lysis
time of 3 min. Subsequently, the isolated nucleus suspensions were
incubated in a transposition mix containing a transposase enzyme,
facilitating preferential fragmentation of DNA in open chromatin
regions. Concurrently, adapter sequences were introduced to the
ends of the DNA fragments. Approximately 9,250 nuclei were then
loaded onto the Chromium Next GEM Chip]J to target a final recovery
ofaround 6,000 nuclei. During GEM generation, gel beads introduced
apoly(dT) sequence that enables production of barcoded, full-length
c¢DNA from mRNA for gene expression profiling and aspacer sequence
facilitating barcode attachment to transposed DNA fragments for ATAC
profiling. After GEM incubation, purification and pre-amplification
PCR, separate ATAC and gene libraries were constructed using the
standard protocol. After quality assessment, both libraries underwent
paired-end 150 bp read sequencing on the lllumina NovaSeq 6000
sequencing system, achieving an average depth of 24,305 read pairs per
nucleus for the ATAC library and 13,756 read pairs per nucleus for the
genelibrary.

Intracellular cytokine detection assay for CD19-3T3-stimulated
patient CART cells

The co-cultured cellsunderwent a series of processing steps forimmu-
nostaining. Initially, they were washed twice in PBS and then stained
for20 minat room temperature with Live Dead Blue detection reagent
(Thermo Fisher Scientific, L34962), diluted to 1:800 in PBS, to assess
cell viability. Next, cells were washed twice in FACS staining buffer
and subsequently stained for surface molecules for 20 min at room
temperature. To fix the stained cells, the Cytofix/CytoPerm Fixation/
Permeabilization Kit (BD Biosciences, 554714) was used for 20 min at
room temperature, while being protected from light. Subsequently,
cells were washed twice with 1x perm/wash buffer and then stained
for CAR19 and intracellular cytokines using antibodies in perm/wash
buffer. This staining process was performed for 20 min at room tem-
perature in the dark. Cells then underwent two additional washes
with perm/wash buffer before being resuspended in FACS staining
buffer for subsequent analysis. The following antigens were stained
using the specified antibody clones: anti-FMC63 scFv (Y45, ACRO
Biosystems, FM3-HPY53), CD3 (SK7, BD Biosciences, 564001), CD4
(OKT4, BioLegend, 317442), CD8a (RPA-T8, BioLegend, 301042), CD19
(HIB19, BD Biosciences, 561121), CD14 (M5E2, BD Biosciences, 561391),
IL-3 (BVD3-1F9, BioLegend, 500606), IL-4 (MP4-25D2, BioLegend,
500834),1L-5(TRFKS, BioLegend, 504306), IL-13 (JES10-5A2, BioLegend,
501916) and IL-31 (1D10B31, BioLegend, 659608). Cell-surface anti-
bodies were used at a1:100 dilution during staining, and intracellu-
lar antibodies at a 1:50 dilution. The samples were analysed on the
Cytek Aurora flow cytometer, and data analysis was conducted using
Flow)o v.10.8.0.

Multiplexed secretomic assay

After stimulation with CD19-3T3 cells, around 30,000 magnetically
enriched CAR’ cells were processed for membrane staining (IsoPlexis,
STAIN-1001-1). Subsequently, these cells were loaded onto the IsoCode

chip (IsoPlexis, ISOCODE-1001-4), comprising 12,000 chambers prepat-
terned with an array of 32 cytokine capture antibodies. The chip was
furtherincubatedinthelsoLight machine for16 hat 37 °Cwith 5% CO,
supplementation. A cocktail of detection antibodies was thenapplied to
detect the secreted cytokines, followed by fluorescence labelling. The
resulting fluorescence signals were analysed using IsoSpeak v.2.8.1.0
(IsoPlexis) to determine the numbers of specific cytokine-secreting
cellsand theintensity level of each cytokine. For downstream analyses,
theraw data pertaining to type-2-related cytokines, including IL-4, IL-5,
IL-9,1L-10, IL-13 and IL-21, were extracted.

Generation of STAT6 and GATA3 knockdown CART cells
To generate STAT6 and GATA3 knockdown CARTT cells, lentiviral par-
ticles containing short hairpin RNA against STAT6 (shSTAT6) and
shGATA3 were first produced in HEK293T cells. The celllines were origi-
nally obtained from ATCC and tested negative for mycoplasma con-
tamination. These cells were transfected with plasmids encoding
pCMV-VSV-G (Addgene, 8454), pCMV-dR8.2 dvpr (Addgene, 8455),
and either pLKO.1-puro_shSTAT6 (pLKO.1-puro, Addgene, 8453) or
pLKO.1-puro_shGATA3, using the calcium phosphate transfection
method. CART cells were subsequently spin-transduced with shSTAT6
or shGATA3 lentivirus particles on two consecutive days to ensure
efficient transduction. The pool of shSTAT6 or shGATA3 sequences was
as follows:

shSTAT6-1: 5’-CCGGAGCGGCTCTATGTCGACTTTCCTCGAGGAA
AGTCGACATAGAGCCGCTTTTTTG-3’; shSTAT6-2: 5'-CCGGAGC
ACCCTTGAGAGCATATATCTCGAGATATATGCTCTCAAGGGTGCTTTT
TTG-3’; ShGATA3-1: 5-CCGGAGCCTAAACGCGATGGATATACTCGAGT
ATATCCATCGCGTTTAGGCTTTTTTG-3’; shGATA3-2: 5-CCGGCCC
AAGAACAGCTCGTTTAACCTCGAGGTTAAACGAGCTGTTCTTGGGTTT
TTG-3'. Theresulting CAR T cells were expanded for an additional 2 days
before use. The knockdown efficiency was assessed at both the gene
and protein expression levels to confirm the efficacy of STAT6 and
GATA3silencing.

Serial proteomic profiling of patient serum samples

The Cytokine Human Magnetic 30-Plex Panel (Invitrogen, LHC6003M)
was used to detect serum proteinsinacohort comprising 33 patientsin
our discovery cohort.Serum samples, cryopreserved at -80 °C, span-
ning from 2 days before to 63 days after CTLO19 infusion, were thawed
and analysed according to the manufacturers’ protocols. Measure-
ments were conducted using the FlexMAP 3D instrument (Luminex),
and data acquisition and analysis were performed using xPONENT
software (Luminex). Moreover, the Olink Explore 384 panel (Olink
Proteomics) was used to measure serum proteins in eight patients
from our validation cohort, with all protein data reported in normal-
ized expression values on a log, scale. In the discovery cohort, serum
collections may have been performed on different days for various
patients withinagiven time frame. In the validation cohort, serum col-
lections were consistently conducted for all patients on specified days.

Mice and tumour cell lines

NOD/SCID/IL-2Ry™" (NSG) mice (aged 6 weeks) were procured from
Charles River Laboratory. All mice were housed in the Center of Phe-
noGenomics (CPG) animal facility at EPFL, kept in individually venti-
lated cages at 19-23 °C with 45-65% humidity and maintained under
a12 h-12 h dark-light cycle. All experimental procedures involving
mice were ethically approved by Swiss authorities (Canton of Vaud,
animal protocol ID 3533) and adhered to the guidelines set forth by
the CPG of EPFL. Nalmé cell lines, sourced from ATCC, were screened
and confirmed to be free of mycoplasma contamination. These cells
were stably transduced with GFP-luciferase lentivirus for downstream
experimentation. Culturing of Nalmé cells was conducted in RPMI
medium supplemented with 10% FBS and 200 U ml™ penicillin-
streptomycin (Gibco, 15140122).



Invivo xenograft mouse studies

Atotal of 1 x10°Nalmé-luciferase cells were i.v. injected into NSG mice
to establish the leukaemia xenograft mouse model. Mice were rand-
omized after tumour injection before initiating treatment. Then, 1 week
later, 2 x 10° CART cells were adoptively infused through tail vein injec-
tion. Tumour growth was monitored weekly using the Xenogen IVIS
fluorescence/bioluminescence imaging system (PerkinElmer). In brief,
mice were intraperitoneally injected with bioluminescent substrate
D-luciferin potassium salt (150 mg per kg; Abcam, ab143655). Then,
10 min after injection, the mice were anaesthetized and subjected to the
luminescent imaging system to quantify tumour burden. The surviv-
ing mice were rechallenged with 1 x 10° Nalmé-luciferase cells 17 days
after the CAR T infusion. Mice were euthanized when body weight loss
was beyond15% of the baseline weight, or any signs of discomfort were
detected by theinvestigators or asrecommended by the veterinarian
who monitored the mice every other day.

Invitro repeat stimulation assay

CTLO19 cellswere thawed and allowed torest for 3-4 h before undergo-
ing sequential staining with PE-labelled monoclonal anti-FMC63 scFv
antibody and anti-PE MicroBeads, according to previously established
protocols. CAR’ cells, magnetically enriched using the MACS column,
were then co-cultured with Nalmé cells in a six-well plate at specified
E/Tratios. Throughout the assay period, the number of CART cells and
Nalmé cells was assessed daily using flow cytometry. Additional Nalmé
cells were added as necessary to maintain the designated E/T ratio.
Each evaluated condition was prepared with 3 or 4 technical replicates.

Enhanced type 2 CART cell manufacture

The manufacturing process for enhanced type 2 CART cells largely
adheredto previously established protocols, withanotable modifica-
tioninvolving the addition of either 10 ng ml™ or 50 ng mI” of IL-4 (R&D
Systems, 204-IL-010) throughout the entire culture and expansion pro-
cess. This supplementation was introduced inadditionto the standard
inclusion of 5 ng ml™ each of IL-7 (Miltenyi Biotec, 130-095-367) and
IL-15 (MiltenyiBiotec, 130-095760) used in traditional manufacturing
procedures.

Flow cytometry

Mouseblood (50 pl) was collected from the tail at specified timepoints
for peripheral CAR T cell analysis. The collected samples were resus-
pendedin PBS with EDTA (2 mM), and the red blood cells were removed
using ACK lysis buffer (Gibco, A1049201). For surface marker staining,
cellswereincubated with an antibody panel at 4 °C for 30 min, followed
by live/dead staining. Cells were then washed and resuspended in PBS
with 0.2% BSA for flow cytometry analysis. Intracellular cytokine stain-
ing was performed by first stimulating cells with a cell stimulation
cocktail (Invitrogen, 00-4970-03) for 5 h at 37 °C to induce cytokine
production. Subsequently, cells were stained for surface markers and
live/dead dye as previously described, then fixed and permeabilized
using the Cytofix/Cytoperm Kit (BD Biosciences). Intracellular stain-
ing withtheindicated antibody panel was conducted accordingto the
manufacturer’s protocol. Data were collected using the Attune NxT
Flow Cytometer with Attune NxT Software v.3 (Invitrogen) and analysed
using FlowJo v.10.6.1 (Tree Star). Gate margins were determined by
isotype controls and fluorescence-minus-one controls.

The following antibodies, each with their specified clones, were
procured from BioLegend and used for flow cytometry analysisin both
invitro and in vivo functional assays: FAS (DX2,305624), IL-13 (JES10-
5A2,501916),CD27 (LG.3A10,124249), CD45R0O (UCHL1,304238), TNF
(MAbI1, 502940), CD3 (OKT3, 317306), GZMB (GB11, 515403), CD223
(LAG-3) (11C3C65, 369312), CD366 (TIM3) (F38-2E2, 345016), CD197
(CCR7) (GO43H7, 353235), IL-4 (MP4-25D2, 500832), CD19 (HIB19,
302216), CD4 (OKT4,317416),1L-5 (TRFK5,504306), CD8 (SK1,344724),

CD279 (PD-1) (EH12.2H7,329952), KLRG1 (MAFA) (2F1/KLRG1,138426),
IFNY (4S.B3,502530) and the Zombie AquaFixable Viability Kit (423102).
Monoclonal anti-FMC63 antibody (Y45, FM3-HPY53) was purchased
from ACRO Biosystems. Cell-surface antibodies were used at a1:100
dilution during staining, intracellular antibodies at a1:50 dilution, and
live/dead staining at a1:1,000 dilution.

Single-cell transcriptome data processing and analysis

Atotal of 44 paired scRNA-seq and CITE-seq libraries were sequenced;
detailed data quality metrics are provided in Supplementary Table 2.
The sequencing dataunderwent alignment to the GRCh38 human ref-
erence genome, followed by barcode and unique molecular identifier
counting, ultimately generating a digital gene expression matrix using
CellRanger v.6.1.2 (10x Genomics). The subsequent data analysis was
conducted according to the Seurat v.4 pipeline®®. The hashtag oligos
expression was used to demultiplex cells back to their original sample
of origin, while also identifying and excluding cross-sample doublets.
Cells flagged as doublets (two barcodes detected) or lacking barcodes
were omitted from the analysis. Only cells expressing a gene count
ranging from 200 to 7,000 and exhibiting less than 10% mitochon-
drial gene content were retained for downstream analysis. For the
whole-dataset analysis (Fig. 1b), arandom grouping approach was
implementedinwhichevery 4 libraries were combined and designated
asasinglebatch, resultingin 11 different batches. Subsequently, a fast
integration method named reciprocal principal component analysis
(PCA)* was used with the default parameters to mitigate potential
batch effects and enable large-scale data integration. This involved
splitting the dataset into Seurat objects based on sequencing batch,
independent normalization and variable feature identification for
each dataset. Integration and PCA were conducted on repeatedly
variable features across datasets, with anchors identified using the
FindIntegrationAnchors function and subsequent dataset integra-
tion with IntegrateData. Standard workflows for visualization and
clustering were then implemented. For subclustering analyses of
basal unstimulated or CD19-3T3-stimulated CAR T cells from both
the discovery and validation cohorts, the sctransform normalization
method in Seurat was used*’. This method is specifically designed to
capture sharper biological heterogeneities in scRNA-seq datasets,
with no significant batch effects observed for these analyses. DEGs
were identified using the FindMarkers function for pairwise com-
parisons between cell groups or clusters, applying alog-transformed
fold change threshold of 0.25 to select significant genes. Moreover,
module scores based on predefined gene sets were computed using
the AddModuleScore function.

SsCATAC and gene co-profiling data processing and analysis

Cell Ranger ARC v.2.0.2 (10x Genomics) was used to perform sample
demultiplexing, barcode processing, identification of open chro-
matin regions, and simultaneous counting of transcripts and peak
accessibility in single cells from the sequenced data. The output
per barcode matrices underwent joint RNA and ATAC analysis using
Signac (v.1.12.0)* and Seurat (v.4). Per-cell quality control metrics
were computed, including the nucleosome banding pattern (stored
as nucleosome_signal) and the transcriptional start site (TSS) enrich-
ment score for the ATAC component. These metrics were used to
identify and remove outliers, with the quality report of each sample
meticulously documented in Supplementary Table 4. Quality filter-
ing criteria adhered to the default settings. Specifically, cells were
retained if they exhibited an ATAC peak count ranging from 1,000 to
100,000, a gene count ranging from 1,000 to 25,000, a nucleosome_
signal below 2 and a TSS enrichment score exceeding 1. To enhance
the accuracy of peak identification, we used MACS2 v.2.2.9.1 with the
CallPeaks function, a widely used tool for peak calling in chromatin
accessibility analysis*%. Subsequently, we constructed a joint neigh-
bour graph representing both gene expression and DNA accessibility



Article

measurements using weighted nearest-neighbour methods in Seurat
v.4. To investigate potential regulatory elements for genes of inter-
est, we used the LinkPeaks function. This method identifies sets of
peaks that may regulate gene expression by computing the correlation
between gene expression and accessibility at nearby peaks, while cor-
recting for biases due to GC content, overall accessibility and peak size.
In preparation for motif analyses, we used the AddMotifs function to
integrate DNA sequence motif information into the dataset. Further-
more, we computed a per-cell motif activity score using chromVAR*.
For footprinting analysis of motifs with positional information, we used
the Footprint function to gather and store all necessary data within
the assay.

L-Rinteraction analysis

The R toolkit Connectome (v.1.0.0)** was used to investigate cell-cell
connectivity patterns using ligand and receptor expression values
from our scRNA-seq datasets with the default parameters. The normal-
ized Seurat object served as input, and cluster identities were used to
definenodesintheinteraction networks, resulting inan edgelist con-
necting pairs of nodes through specific L-R mechanisms. We selected
top-ranked interaction pairs for visualization, prioritizing those that are
more likely to be biologically and statistically significant based on the
scaled weights of each pair. The thickness of edges is directly propor-
tional to correlation weights, with wider edges indicating a higher level
of interaction. The sources.include and targets.include parameters
were used to specify the source cluster emitting ligand signals and
the target cluster expressing receptor genes that sense the ligands.

Ingenuity pathway analysis

Ingenuity Pathway Analysis (Qiagen)* was used to identify the under-
lying signalling pathways regulated by the DEGs characterizing each
identified cluster or response group. To achieve this, the DEG list, along
with corresponding fold change values, Pvalues and adjusted Pvalues
foreachgene, wereloaded into the dataset. Using the Ingenuity knowl-
edgebase (genes only) as areference set, core expression analysis was
performed. T-cell-related signalling pathways were specifically selected
fromtheidentified canonical pathwaysto represent the primary func-
tional profile of each group. The activation or inhibition level of specific
pathways was determined using the z-score metric. Conceptually, the
z-score serves as a statistical measure, assessing how closely the actual
expression pattern of molecules in our DEG dataset aligns with the
expected pattern based onliterature for aparticular annotation (z>0,
activated/upregulated; z < 0, inhibited/downregulated; z>2 orz< -2
can be considered to be significant). The significance of each identi-
fied signalling pathway was determined using the right-tailed Fisher’s
exact test, with the Pvalue reflecting the probability of association
between molecules from our scRNA-seq dataset and the canonical
pathway reference dataset.

Statistical analysis

Statistical analyses were conducted using Prism v.10 (GraphPad) or
Rv.4.3.1.Unless otherwise specified, data are presented asmean + s.e.m.
For comparisons involving three or more groups, we used one-way
ANOVA with Tukey’s multiple-comparison test. For comparisons
between two groups, two-tailed Mann-Whitney U-tests were used
for nonparametric data, two-tailed Student’s ¢-tests for parametric
data and two-tailed Wilcoxon matched-pairs signed-rank tests for
paired nonparametric data. For single-cell-level comparisons, typi-
cally depicted in violin plots (as shown in Extended Data Fig. 7b,j),
the normalized expression value of the top 10% single cells from each
patientin each BCA group was included in the comparison.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Raw and processed single-cell sequencing datafor this study are avail-
able at the NCBI Gene Expression Omnibus under accession number
GSE262072.

Code availability

Single-cell analysis codes used in this study are available fromthe cor-
responding authors on reasonable request.
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Extended DataFig. 4 | Transcriptomic clustering analysis of CD4+ or
CDS8+activated CART cells. a, b, UMAP clustering of CD4+ (a) or CD8+ (b)
CAR-specificstimulated CART cells from the Discovery Cohort patients and
healthy donors, along with the expression distribution of Type-2 Score and the
comparisonofcell proportionsinthetype 2 cellenriched cluster.c,d, UMAP
clustering of CD4+ (c) or CD8+ (d) CAR-specific stimulated CART cells from
the Validation Cohort patients and healthy donors, along with the expression
distribution of Type-2 Score and the comparison of cell proportionsin the
type 2 cellenriched cluster. e, Dot plot showing expression profile of type 2
related genes across patient groups, segregated by CD4+and CD8+ subtypes.
Thesize of circle represents proportion of single cells expressing the gene, and

the colourshadeindicates normalized expression level. f, The molecular
portraitshowing the activation of type 2 pathway in CAR-specificactivated
BCA-LCART cells. Molecules are represented as nodes, and the biological
relationship between two nodesisrepresented as anedge (line). The node colour
indicates up-(orange) or down-(blue) regulation. Nodes are displayed using
various shapes that represent the functional class of the gene product. Edges
aredisplayed with various labels that describe the nature of the relationship
betweenthe nodes.Ina-d, genes defining the Type-2Score are listed below.
Scatter plotshows mean+s.e.m.fromn=48 (a,b) andn=46 (c,d) patients
or healthy donors. Significance levels were calculated with two-tailed
Mann-Whitney test (a-d).
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Extended DataFig. 5|Independent evaluation of type 2 cytokines using
flow cytometry and multiplexed secretomic assay. a, Gating strategy
employed for flow cytometry data analysis. Live Dead Blue (LDB) was utilized
forlive cell selection, followed by CD3 + CD14/CD19 - T cell gating and intact,
single-cell filtering. CAR (FMC63) expression was employed for the selection of
successfully transduced CAR+ cells, with subsequent analysis of CD4+and
CD8+subpopulations conducted separately. b, Frequency comparison of the

e

” £ 91154
type-2-cytokine+populationin CD8 + CAR+ cells between persistence groups
inthe Discovery Cohort. ¢, Frequency comparison of the type-2-cytokine+
populationin CD4+or CD8 + CAR+cellsbetween persistence groupsinthe
Validation Cohort.d, Schematic principle of multiplexed secretomic assay to
measure functional cytokines. The diagram was created using BioRender.

Scatter plot shows mean +s.e.m. fromn=42(b) and n=40 (c) patients.
Significance levels were calculated with two-tailed Mann-Whitney test (b, c).
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Extended DataFig. 6 |Single-cell ATAC analysis of type1or type 2 markers
ofactivated CART cells. a-d, Pseudo-bulk chromatin accessibility tracksin
the genomicregion of type 2 marker genes (a), type 2 master regulator (b),
type 1marker gene (c), or type 1 master regulators (d), depicted separately for

Distance from motif

each patient. Theenhancer elements predicted by ENCODE within the region
of eachgeneare highlighted inalight-yellow shade. e, Motif footprinting trace
showing transcription factor binding dynamics of STAT1or TBX21in the two
patientgroups, alongside their respective position weight matrices.
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Extended DataFig.7|Ligand-receptor regulatory analysis oftype2 CAR
Tcells. a, Correlation between Cytotoxic Score and Coinhibitory Score of
allthe Cluster 2 cellsinFig. 2a. Theregressionlineisindicated, with the 95%
confidence areashowninshaded colour. Spearman correlation coefficient
and the associated p-value are shown. Genes defining each module are listed.
b, Single-cell expression comparisons of Coinhibitory Score and Coinhibitory
ADT Scorein Cluster 2 cells between persistence groups in the Discovery Cohort.
¢, Identification of ligand-receptor (L-R) interactions originating from type 2
enriched Cluster 7 cellsin Fig. 2c, predominantly interacting with Cluster 1 cells
through type 2 L-R pairs. The thickness of edges is proportional to correlation
weights, and edge colour corresponds to the Cluster ID. d, Identification of
L-Rinteractions targeting Cluster1cellsinFig.2c, revealing that cells from the
majority of other clusters predominantly regulate these cells through type 2
L-Rpairs. e, Differentially expressed genes (DEGs) specific to Cluster1in
comparisontoallother clustersin Fig.2c, along with the expression distribution
ofthe Cytotoxic Score. Genes defining thismoduleinclude GZMA, GZMB, GZMH,
GNLY, PRF1,and NKG7.f, Corresponding signalling pathways regulated by

the DEGsidentified in Cluster 1. Pathway terms are ranked by -log 10 (p-value).

zscoreiscomputed and used toreflect the predicted activation level

(z>0, activated/upregulated; z< 0, inhibited/downregulated; z>2 orz< -2 can
be consideredsignificant). g, Heatmap showing the average expression levels
of coinhibitory-related genes or ADT proteins across all single cells within each
identified clusterinFig.2c. The expression of TIM-3 and its encoding gene
HAVCR2is observedtobehighin Cluster1.h, Correlation between Cytotoxic
Score and Coinhibitory Score of all the Cluster 1 cellsin Fig. 2c. The regression
lineisindicated, withthe 95% confidence areashowninshaded colour. Spearman
correlation coefficientand the associated p-value are shown. Genes defining
eachmodulearelistedin (a). i, Comparison of cell proportionin Cluster1
between persistence groups in the Validation Cohort.j, Single-cell expression
comparisons of Coinhibitory Score and Coinhibitory ADT Score in Cluster1
cellsbetween persistence groupsin the Validation Cohort. Violin plot shows
expressiondistribution of the top 10% single cells from each individual among
n=48(b)and n=46 (j) patients or healthy donors. Scatter plot shows
mean+s.e.m.fromn =46 (i) patients or healthy donors. Significance levels
were calculated with two-tailed Spearman’s rank correlation test (a, h),
two-tailed Mann-Whitney test (b, e, i, and ), or right-tailed Fisher’s Exact Test (f).
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Extended DataFig. 8| Clustering analysis of donor CART cell population
response totype 2 cytokines. a, Schematic outlining the experimental
design for optimizing IL-4 concentration using donor CART cells. Three
donors (ND317,ND365,ND502) were used for this study. The diagram was
created using BioRender.b, UMAP clustering of CAR T cells from healthy
donors, comparing conditions with and without varying concentrations of
IL-4 added duringin vitro CAR-specific activation. Characteristic clusters
enriched for high proliferative (Cluster 1), type 1(Cluster 2), type 2 (Cluster 7),
and dysfunctional cytotoxic (Cluster 4) CART areindicated. ¢, Expression
distribution of Proliferation Score, Type-1Score, Type-2 Score, and Cytotoxic
Scoreonthe UMAPin (b).d, Corresponding signalling pathways regulated by
the DEGsidentified in Cluster 4 in (b). Functional pathways are downregulated
inthis cluster, whereas T cell exhaustion and death receptor signalling are
activated. Pathway terms are ranked by -log 10 (p-value). zscore is computed
and used toreflect the predicted activationlevel (z> 0, activated/upregulated;
z<0,inhibited/downregulated; z>2 orz< -2 canbeconsidered significant).

e, Comparison of cell proportionsin Clusters1,2,4,and 7 identified in (b)
between conditions. “Original” denotes no IL-4 added during CAR-specific
activation. f, UMAP clustering of CAR T cells from healthy donors, with and

without 10 ng/mL of IL-5added duringin vitro CAR-specific activation.
Characteristic clusters enriched for high proliferative (Cluster1), type1
(Cluster 3), type 2 (Cluster 8), and dysfunctional cytotoxic (Cluster4) CART
areindicated. g, Expression distribution of Proliferation Score, Type-1Score,
Type-2Score, and Cytotoxic Score on the UMAP in (f). h, Comparison of cell
proportionsinClusters1, 3,4, and 8identified in (f) between conditions.
“Original” denotes noIL-5added during CAR-specificactivation. i, UMAP
clustering of CART cells from healthy donors, withand without 10 ng/mL of
IL-13 added during invitro CAR-specific activation. Characteristic clusters
enriched for high proliferative (Cluster1), type1(Cluster5), type 2 (Cluster 7),
and dysfunctional cytotoxic (Cluster 4) CAR T areindicated.j, Expression
distribution of Proliferation Score, Type-1Score, Type-2 Score, and Cytotoxic
Scoreonthe UMAP in (i). k, Comparison of cell proportionsin Clusters1,4,5,
and 7 identified in (i) between conditions. “Original” denotes no IL-13 added
during CAR-specificactivation.Inc, g, andj, Genes definingeachmodule are
listed below. Scatter plot shows meants.e.m.fromn=3 (e, h, k) healthy
donors. Significance levels were calculated with right-tailed Fisher’s Exact
Test (d), or two-tailed Wilcoxon matched-pairs signed rank test (e, h, and k).
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Extended DataFig. 9| Clustering analysis of patient CART cells activated
withIL-4 supplementation. a, Expression distribution of Proliferation Score,
Type-1Score, Type-2Score, and Cytotoxic Score on the UMAP in Fig. 3j. Genes
definingeach module arelisted below. b, Differentially expressed genes (DEGs)
specificto Cluster 4 in comparison toall other clustersinFig. 3j. ¢, Corresponding
signalling pathways regulated by the DEGsidentified in Cluster 4 in Fig. 3j.
Functional pathways are downregulated in this cluster, whereas T cell exhaustion
and deathreceptorsignalling are activated. d, Dot plot showing expression
profile of type 2 receptor genes across all clusters identified in Fig. 3j, with
notable highexpression observedin Clusters1and 4. Thesize of circle represents
proportion of single cells expressing the gene, and the colour shade indicates
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patient CART cells supplemented with 10 ng/mL IL-4 relative to the original
condition, with or without the exclusion of dysfunctional cytotoxic Cluster 4
cellsin Fig. 3j. A statistical comparison of the activation zscore for functional
signalling pathways (n=21), including those regulating metabolism,immune
function, and proliferation, was conducted. Incand e, pathway terms are ranked
by -log10 (p-value).zscoreis computed and used toreflect the predicted
activationlevel (z> 0, activated/upregulated; < 0, inhibited/downregulated;
z>2orz<-2canbe considered significant). Significance levels were calculated
with two-tailed Mann-Whitney test (b), right-tailed Fisher’s Exact Test (c), or
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Extended DataFig.10|Single-cell ATAC analysis of patient CART cell
responsetolL-4.a, Volcano plot showing differential accessible peak activities
inBCA20r1CART cellswithand without the addition of 10 ng/mLIL-4.b, Pseudo-
bulk chromatinaccessibility tracks in the genomic region of top-ranked
genesupregulatedin10 ng/mLIL-4 treated BCA2or 1CART cells compared

to the original condition, including type 1 marker gene, type 2 marker gene,
cytotoxicity marker genes, chemokine marker genes or activation/proliferation
marker genes, depicted separately for each patient withand without the
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addition of IL-4. ¢, Pseudo-bulk chromatin accessibility tracks in the genomic
region of CSF2and /[32, depicted separately for each patient with and without
the addition of IL-4.d, Expression profile of type 2 motif MA0037.3 (GATA3)
and type1motifMA0690.1(STAT1) across each patient with and without the
addition of IL-4.Inband ¢, theenhancer elements predicted by ENCODE within
theregionofeachgeneare highlighted inalight-grey shade. Significance levels
were calculated with two-tailed Mann-Whitney test (a).
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Extended DataFig.11|Longitudinal evaluation of cytokine profilein post-
treatmentsera. a, Longitudinal levels of type 2 cytokines in patients from
the Validation Cohort. Three patients (with Patient ID) in the BCA-O group
areindividually labelled with colourlines. b, ¢, Longitudinal levels of type 1
cytokines and representative chemokinesin patients from the Discovery
Cohort (b) and the Validation Cohort (c). Seven patients (with Patient ID)
inthe BCA-L or BCA-O group areindividually labelled with colour lines.

d, Comparisonofthe average typelcytokinelevels between persistent groups
inthe Discovery Cohort. The valueisthe averaged expression of IFN-y,IL-2, and
TNF-a. e, Comparison of the average type 2 cytokine levels at multiple time

points between persistent groupsin the Validation Cohort. The value represents
the average of the normalized expression levels of IL-4, IL-5, and IL-13.

f, Comparison of the average type 1cytokine levels between persistent groups
inthe Validation Cohort. The value represents the average of the normalized
expression levels of IFN-y, IL-2, and TNF-a. Scatter plot shows mean +s.e.m.
fromn=45(Baseline), n=54 (Day 1-5), n=38 (Day 6-8), n=35 (Day 9-11),n=36
(Day12-15),n=32(Day16-19),n=32(Day 20-23), n=54 (Day 25-35),n=18
(Day36-63)(d,) and n=38 (e, f) measurements. Significance levels were
calculated with two-tailed Mann-Whitney test (d-f).
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Extended DataFig.12|Selecting type2'°" or type 2"" CART for in vivo
leukaemia model study. a, UMAP clustering of CAR-specific stimulated CAR

T cells fromsix healthy donors, along with the expression distribution of surface
proteins ADT-CD4 and ADT-CD8. b, Expression distribution of Type-2Score
onthe UMAPin (a), with the gene module found to be enriched in Cluster 6.

¢, Comparison of cell proportionsin eachidentified cluster amongdifferent
donors.ND463 isselected as type 2"s" CAR T, and ND585 is selected as type 2'°¥
CARTbased ontheproportionin Cluster 6.d, Single-cell expression comparison
of Type-2Score between type 2'° and type 2"8" CAR T cells. e, Expression

distribution of Type-1Score onthe UMAP in (a), and single-cell expression
comparisonbetweentype 2'° and type 2"" CAR T cells. f, Flow cytometry
analysis of CAR, CD4, and CD8 expressionintype 2°¥and type 2"¢"CAR T
cellsbefore infusion into mice. g, h, Comparison of memory marker
expression (g), and coinhibitory marker expression (h) in CAR+ pre-infusion
cellsbetween type 2 andtype 2"e"CART cells.Inb and e, genes defining each
module arelisted below. Significance levels were calculated with two-tailed
Mann-Whitney test (d, e).
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Extended DataFig.13|Invivo leukaemiamodel study using type 2'°" or
type2"e" CART cells. a, Body weight of mice since CAR T cellinfusion.

b, Tumour burden measured by bioluminescence atindicated days since CAR
Tcellinfusion. c-e, Flow cytometry analysis of memory markers (c), coinhibitory
markers (d), and type 1functionality markers (e) of peripheral CAR+ cells at day
8 post-CART cellinfusion.f, g, Flow cytometry analysis of memory markers (f)
and coinhibitory markers (g) of peripheral CAR+ cells at day 12 and day 16
post-CART cellinfusion. h, Schematic of anin vitro repeat stimulation assay
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surface markers CCR3 and CCR4. The diagram was created using BioRender.

i, Evaluation of tumour cell lysis efficacy and CAR T cell count at the endpoint
under different conditions. j, Flow cytometry analysis of coinhibitory, typel
functionality,and memory markers of CAR T cells at the endpoint. Scatter plot
showsmeanzs.e.m.fromn=5miceforeachgroup (a, c-g), or n=3technical
replicates for each condition (i, j). Significance levels were calculated with
two-tailed unpaired Student’s t-test (c-g), or one-way ANOVA with Tukey’s
multiple comparisons test (i, j).



a -
150 e~ ND585+IL-7/15 only 100 15
-8 ND585+IL-7/15+10ng/mL IL-4 80|
§ 100 NDSBSHL7AS+S0NGMLIL4 E ol Bl NDS85+IL-7/15 only
1] m X =
& < 604 3 B ND585+IL-7/15+10ng/mL IL-4
£ ND585: = 2
% 50 Type 2'°¥ donor g 40+ 5(: 5 Hl ND585+IL-7/15+50ng/mL IL-4
v 20 ©
0 T T T T 1 0- 0-
0 2 4 6 8 10 3 6 9 3 6 9
Days Days Days
s B CAR+CD4+ i B CAR+CD4+ e CAR+CD4+
9 CAR+CD3+ 4 52.3% 1 CAR+CD3+ ] 73.8% ' CAR+CD3+ e 72.5%
© '] 18.1% o O 36.5% o O 34.7% o
= o = o = o
T < ot T < vtq [ <
o < Iy < & <
8 S, 8 S 8 8
| k| i
CAR+CD8+ CAR+CD8+ CAR+CD8+
o ] 46.5% o ] wtd 23.1% 24.1%
CAR19-PE ‘ CD8-Alexa Fluor 700 CAR19-PE V CD8-Alexa Fluor 700 CAR19-PE CD8-Alexa Fluor 700
[ Blood collection (50uL each time
NSG mice ) ! ( ‘l ¢) . )
pA maging every wee
i3 S >
S 4 0 4 8 12 16 17 42 Day

)

) 3

Nalm6 i.v. (1x10°) CAR Tiv. (2x10°)

Nalm6 i.v. (1 x105) 1st Tumor rechallenge

Nalm6 i.v. (1 X106) 2" Tumor rechallenge

e -
1010 P=0.001 800 3000 P<0.0001 6000 200001
_ — T <0.0001 T — :
. w o -
® 3 s s 600 S 2000-P £0.0001 = < 4000-P=0.002
10 — = @ 400 @ : 12 8 F
Q 1% Tumor ¢ : a = 9 1000 I & & 2000 i
é 108 rechallenge//, o £ 200 ' 5 . 21 o
3 / 0 0- 0-
5 107 [ Coinhibitory markers ]
(=}
IS _ P=0.336
s f 800 P=00003 20000 9 g, P=0584 15000
177 T 600 P=00% 1 I 45000 ol T
- . — = = c
g —r < PT0365] = £ 400-PZ0477 < = 10000
105 ; | ; > 400 "1 2 u? 10000 5 . 1 v ™
0 10 20 30 £ 200 Z 5000 =t 2007 lﬂ.—[ = & 50007
Days since CAR T infusion 0 0 0 0-
—— PBS Primed CART ~ —«— ET2-LCART [ Type-1 functionality markers ] Type-2 functionality |
—o— Type 2°¥CART —— ET2-HCART M Type 2% CAR T Primed CART M ET2-LCART MET2-HCART
h DC80 o4 Coculture with Nalmé cells 1 P <0.0001 P<0.0001 = ., P<0.0001 p= 1 p= - -
(BCA 3 months) X (Nalmé added daily from Day 0 to Day 8) g ig = 20 B ig; .20 0.000 - 100 0.003 5 60 P=0233 . 80 P=0033
-------------- Day < =~ 15 + X 15 s 80 ,_‘ < £ < 60
\L-4 Primed 012 3 456 7 8 9101112 x gg * 10 g ggf <10 ¥ 60 'E; 40 7240
DC80 Y —— N o ] | & 3 40 T c 7
ETratio 12 14 18116 g 10 g s & 107 45 g 2 g 20 5@ 207
107 DC80 = : o 0 . o . =
— - * Memory markers Type-1 functionality/Cytotoxicity markers
£ 1007 — S ~—  IL-4 Primed DC80 l — ry_ — iy ® ot y l
@ 3 3 P=0452 4 P #‘?04 __ 15 =0.0002 20P=0024 50 P<00001 o P=0007 __ ,, P=00001
2 S —_ — |~ —~ . = q S
;: 50— DC80 8 108 P &6 ?10— _u S5 [ 2 %,gg o S5 '§|
S — L4 Primed - 3, 54 & 5 + 10 £ 5 &4 & 10
S DC80 = < = 42 o g 51 a 10 = 2% Q 5
E o &) = o o = 3 o
5 405 0 0 ) 0 0 0
= 2 4 6 8 10 12 [ Type-2 fur markers | [Proliferation marker| | Coinhibitory markers |
Day WDC80 M IL-4 Primed DC80
100 P=’ﬂ)‘002 _ g P00t & _ 80P<'o.ﬁooo1 _ 50.P=0.0006 80P < 0.0001
8 80 8 ¥ S R @ &
s < 15 2 60 < £ 3 60
x 60 £ 10 g £ 40 5 30 R 40
N 40 i i) 3 g 20 S+
9 20 Q5 b=y Z 20 <% 5o 20
(S O o o £ = 0 I DC80
[ Memory markers | [ Type-1 functionality/Cytotoxicity markers | B IL-4 Primed
= C80
5. P=0.026 8-P=0003 _ 15-pcggop1 205700001 49 P20845 _ 4y_P<0.0001 = 50-P<0.0001
g4z EBellgmg 8 £ 15 30 g & 40+
T34 ¥4 Sl + 10 + 20 5% & 307
2 & o . ~ < ? 2 20
i 7 < 5 © A 10 0}
=1 =2 0 g 8 Q10 = < 10
0 0 = o 0 0 oo 0-!
[ Type-2 functionality markers | Proliferation marker] [ Coinhibitory markers |

Extended DataFig. 14 |See next page for caption.



Article

Extended DataFig. 14 | Functional evaluation of type 2enhanced CART
products. a, Evaluation of the CAR T expansion, viability, and size of the newly
designed “ET2-L/H CART” during the manufacturing process. b, Flow cytometry
analysis of the CAR transduction efficiency and CD4/CD8 ratio of different
conditions. ¢, Schematic of in vivo leukaemia model treated with type 2'°%,
Primed, ET2-L, or ET2-H CART cells. NSG mice were intravenously (i.v.) injected
with1x10°Nalmé cells. Seven days later, mice were randomly assigned to five
groupsand wereinfusedi.v.with2 x10° CART cells or PBS (control). The survival
mice were rechallenged with1 x 10° Nalmé cells 17 days post CAR Tinfusion,
followed by another1x 10° Nalmé cells rechallenge 42 days post infusion. The
diagram was created using BioRender. d, Tumour burden (total flux) quantified
by photons/sin micesince CART treatment. e-g. Flow cytometry analysis of
coinhibitory (e), type1functionality (f), and type 2 functionality markers (g) of
peripheral CAR+cells at day 8 post-CAR T cell infusion. h, Evaluation of tumour

celllysisefficacyand CART cell countinanin vitrorepeat stimulation assay
using patient-derived CART cells (DC80) with aBCA duration of 3 months, with
orwithout 10 ng/mLIL-4 priming for 12 h. Nalmé cells were introduced daily
overa9-dayspan atdifferent effector-to-target (E/T) ratios as depicted in

the schematic. Flow cytometry analysis was conducted on day 4 and day 9.
Significancelevels on specific days are denoted due to space constraints. The
diagram was created using BioRender. 1, j, Flow cytometry analysis of memory,
type1functionality/cytotoxicity, type 2 functionality, proliferation, and
coinhibitory markers of CART cells at day 4 (i) or day 9 (j) in the in vitro repeat
stimulation assay. Scatter plot shows mean +s.e.m.fromn=5mice foreach
group (d-g), or n=4technical replicates for each condition (h-j). Significance
levels were calculated with one-way ANOVA with Tukey’s multiple comparisons
test (e-g), or two-tailed unpaired Student’s t-test (h—j).
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Software and code

Policy information about availability of computer code

Data collection | 1. The scRNA-seq libraries were prepared using the Chromium Single-Cell 3’ Library and Gel Bead Kit v3.1 (10x Genomics, Cat# PN-1000268).
2. Single-cell ATAC+Gene co-profiling was performed using the Chromium Next GEM Single Cell Multiome ATAC + Gene Expression kit (10x
Genomics, Cat# PN-1000283).
3. For flow cytometry analysis of CD19-3T3 stimulated CAR T cells from 82 ALL patients, data were collected using a Cytek Aurora flow
cytometer.
4. The multiplexed secretomic assay was performed using a IsoLight (IsoPlexis) machine.
5. For flow cytometry analysis of CAR T cells isolated from mouse peripheral blood, data were collected using an Attune NxT Flow Cytometer
with Attune NxT Software v.3 (Invitrogen).

Data analysis 1. Single-cell transcriptome data processing and analysis: The sequencing data underwent alignment to the GRCh38 human reference
genome, followed by barcode and unique molecular identifier counting, ultimately generating a digital gene expression matrix using Cell
Ranger v6.1.2 (10x Genomics). The subsequent data analysis was conducted according to the Seurat v4 pipeline. The hashtag oligos
expression was used to demultiplex cells back to their original sample-of-origin, while also identifying and excluding cross-sample doublets.
Cells flagged as doublets (two barcodes detected) or lacking barcodes were omitted from the analysis. Only cells expressing a gene count
ranging from 200 to 7,000 and exhibiting less than 10% mitochondrial gene content were retained for downstream analysis.

2. Single-cell ATAC+Gene co-profiling data processing and analysis: The Cell Ranger ARC v2.0.2 (10x Genomics) was utilized to perform sample
demultiplexing, barcode processing, identification of open chromatin regions, and simultaneous counting of transcripts and peak accessibility
in single cells from the sequenced data. The output per barcode matrices underwent joint RNA and ATAC analysis using Signac v1.12.0 and
Seurat v4. Quality filtering criteria adhered to default settings. Specifically, cells were retained if they exhibited an ATAC peak count ranging
from 1,000 to 100,000, a gene count ranging from 1,000 to 25,000, a nucleosome_signal below 2, and a TSS enrichment score exceeding 1. To
enhance the accuracy of peak identification, we employed MACS2 v2.2.9.1 with the "CallPeaks" function.




3. Flow cytometry analysis: Data acquired from the Cytek Aurora flow cytometer was analzyed using FlowJo v10.8.0. Data acquired from the
Attune NxT Flow Cytometer was analzyed using FlowJo v10.6.1 (Tree Star).

4. The fluorescent signals in multiplexed secretomic assay were analyzed by the IsoSpeak v2.8.1.0 (IsoPlexis) software.

5. Ligand-receptor interaction analysis was performed using the R toolkit Connectome v1.0.0.

6. Ingenuity Pathway Analysis (IPA, QIAGEN) was used to reveal the underlying signaling pathways.

7. Statistical analyses were performed with Prism v10 (GraphPad) or Rv4.3.1.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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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

Raw and processed single-cell sequencing data for this study can be accessed in the NCBI Gene Expression Omnibus (GEO) database under the accession number
GSE262072.

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 Sex and/or gender was not considered in this study.

Reporting on race, ethnicity, or Race, ethnicity, or other socially relevant groupings were not considered in this study.
other socially relevant

groupings

Population characteristics The detailed information was provided in the supplementary table 1. We did not perform covariate analysis in this secondary
correlation investigation.

Recruitment Pre-infusion CAR T samples were acquired from patients with relapsed/refractory B-ALL who enrolled in a Phase I/IIA pilot
clinical trial designed to assess the safety and feasibility of CTLO19 T cell therapy (ClinicalTrials.gov number, NCT01626495),
or a pilot study of the tocilizumab optimization timing for CART19 associated cytokine release syndrome (ClinicalTrials.gov
number, NCT02906371).

Ethics oversight The current study is a secondary investigation using patient samples collected from an existing clinical trial for which the

University of Pennsylvania Institutional Board provided insight.

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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Life sciences study design

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

Sample size This study reports single-cell multiomics profiling of pre-infusion CAR T cells from 82 pediatric ALL patients and 6 healthy donors. No statistical
methods were used to pre-determine sample size. Patient grouping was based on their clinical responses, with at least five patients included
in each persistence group. To ensure findings are reproducible, functional in vitro study was performed with at least 3 technical replicates and
leukemia mouse model study was performed with 5 animals per each group. This sample size was determined based on experience and well-
established, previously published studies.

Data exclusions  There was no specific data exclusion criteria.

Replication The characteristics of CAR T cells in this study were analyzed using various assays and independently conducted experiments at different
research centers. These included single-cell RNA and CITE-seq multiomics at Yale University, single-cell ATAC+Gene co-profiling at Yale
University, flow cytometry at the University of Pennsylvania, multiplexed secretomic assays at Yale University, and serum proteomic assays at
the Children’s Hospital of Philadelphia. Additionally, leukemia mouse model studies were performed at Ecole Polytechnique Fédérale de
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Lausanne (EPFL). For each sample pool, two independent single-cell RNA and CITE-seq libraries were prepared and sequenced. CART cells
derived from at least 3 different patients or healthy donors were used in each experiment to ensure robust conclusions.

Randomization | Mice were randomized prior to CAR T treatment to ensure equivalent tumor burden among groups. To uncover the hallmarks of CAR T
longevity, we correlated the single-cell multi-omics profiles with the duration of B-cell aplasia (BCA), a widely used pharmacodynamic
measurement indicative of CAR T persistence. Consequently, we classified all patients into five persistence groups based on their clinically
observed BCA duration, with no randomization performed.

Blinding Blinding was not performed in this study design that involved deep characterization of pre-infusion CAR T cells from 82 ALL patients. All

analyses were based on comparisons between two patient groups classified according to their clinically observed responses, making blinding
not possible.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used All TotalSeq™-B anti-human antibodies were purchased from Biolegend: CD4 (RPA-T4, 300565), CD8 (SK1, 344757), CD45RA (HI100,
304161), CD45RO (UCHL1, 304257), CD62L (DREG-56, 304849), CDI5 (DX2, 305653), CD127 (A019D5, 351354), CD28 (CD28.2,
302961), CD27 (0323, 302851), CCR7 (GO43H7, 353249), HLA-DR (L243, 307661), CD69 (FN50, 310949), PD-1 (EH12.2H7, 329961),
TIM-3 (F38-2E2, 345053), LAG-3 (11C3C65, 369337), CTLA-4 (BNI3, 369629), TIGIT (A15153G, 372727).
The following antibodies with indicated clones were used for flow cytometry analysis of CD19-3T3 stimulated CAR T cells from 82 ALL
patients: PE-labeled monoclonal anti-FMC63 scFv (CAR19) (Y45, ACRO Biosystems, FM3-HPY53), CD3 (SK7, BD Biosciences, 564001),
CD4 (OKT4, Biolegend, 317442), CD8a (RPA-T8, Biolegend, 301042), CD19 (HIB19, BD Biosciences, 561121), CD14 (M5E2, BD
Biosciences, 561391), IL-3 (BVD3-1F9, Biolegend, 500606), IL-4 (MP4-25D2, Biolegend, 500834), IL-5 (TRFKS, Biolegend, 504306),
IL-13 (JES10-5A2, Biolegend, 501916), IL-31 (1D10B31, Biolegend, 659608).
The following antibodies with indicated clones were purchased from Biolegend and used for flow cytometry analysis of CAR T cells
isolated from mouse peripheral blood: CD95 (Fas) (DX2, 305624), IL-13 (JES10-5A2, 501916), CD27 (LG.3A10, 124249), CD45RO
(UCHLL, 304238), TNF-a (MAb11, 502940), CD3 (OKT3, 317306), Granzyme B (GB11, 515403), CD223 (LAG-3) (11C3C65, 369312),
CD366 (TIM-3) (F38-2E2, 345016), CD197 (CCR7) (GO43H7, 353235), IL-4 (MP4-25D2, 500832), CD19 (HIB19, 302216), CD4 (OKT4,
317416), IL-5 (TRFK5, 504306), CD8 (SK1, 344724), CD279 (PD-1) (EH12.2H7, 329952), KLRG1 (MAFA) (2F1/KLRG1, 138426), IFN-y
(4S.B3, 502530), and Zombie Aqua™ Fixable Viability Kit (423102). Monoclonal Anti-FMC63 Antibody (Y45, FM3-HPY53) was
purchased from ACRO Biosystems.

Validation For TotalSeq™-B antibodies, per manufacturer's website (https://www.biolegend.com/en-us/quality/quality-control): "Bulk lots are

tested by PCR and sequencing to confirm the oligonucleotide barcodes. They are also tested by flow cytometry to ensure the
antibodies recognize the proper cell populations. Bottled lots are tested by PCR and sequencing to confirm the oligonucleotide
barcodes". Detailed validation information for each antibody is available at the following sites:

1. TotalSeq™-B0072 anti-human CD4 Antibody: https://www.biolegend.com/en-us/products/totalseq-b0072-anti-human-cd4-
antibody-16820

2. TotalSeq™-B0046 anti-human CD8 Antibody: https://www.biolegend.com/en-us/products/totalseq-b0046-anti-human-cd8-
antibody-18042

3. TotalSeq™-B0063 anti-human CD45RA Antibody: https://www.biolegend.com/en-us/products/totalseq-b0063-anti-human-cd45ra-
antibody-16850

4. TotalSeq™-B0087 anti-human CD45R0 Antibody: https://www.biolegend.com/en-us/products/totalseq-b0087-anti-human-
cd45ro-antibody-16853

5. TotalSeq™-B0147 anti-human CD62L Antibody: https://www.biolegend.com/en-us/products/totalseq-b0147-anti-human-cd62l-
antibody-16892

6. TotalSeq™-B0156 anti-human CD95 (Fas) Antibody: https://www.biolegend.com/en-us/products/totalseq-b0156-anti-human-
cd95-fas-antibody-18636

7. TotalSeq™-B0390 anti-human CD127 (IL-7Ra) Antibody: https://www.biolegend.com/en-us/products/totalseg-b0390-anti-human-
cd127-il-7ralpha-antibody-16859

8. TotalSeq™-B0386 anti-human CD28 Antibody: https://www.biolegend.com/en-us/products/totalseq-b0386-anti-human-cd28-

)
Q
—
(e
(D
©
O
=
s
<
-
(D
o
O
a
>
(@)
wn
[
3
=
Q
A




antibody-16842

9. TotalSeq™-B0154 anti-human CD27 Antibody: https://www.biolegend.com/en-us/products/totalseq-b0154-anti-human-cd27-
antibody-16839

10. TotalSeq™-B0148 anti-human CD197 (CCR7) Antibody: https://www.biolegend.com/en-us/products/totalseq-b0148-anti-human-
cd197-ccr7-antibody-16857

11. TotalSeg™-B0159 anti-human HLA-DR Antibody: https://www.biolegend.com/en-us/products/totalseq-b0159-anti-human-hla-dr-
antibody-16879

12. TotalSeq™-B0146 anti-human CD6E9 Antibody: https://www.biolegend.com/en-us/products/totalseq-b0146-anti-human-cd69-
antibody-16873

13. TotalSeq™-B0088 anti-human CD279 (PD-1) Antibody: https://www.biolegend.com/en-us/products/totalseq-b0088-anti-human-
cd279-pd-1-antibody-16863

14. TotalSeg™-B0169 anti-human CD366 (Tim-3) Antibody: https://www.biolegend.com/en-us/products/totalseq-b0169-anti-human-
cd366-tim-3-antibody-19028

15. TotalSeq™-B0152 anti-human CD223 (LAG-3) Antibody: https://www.biolegend.com/en-us/products/totalseq-b0152-anti-human-
cd223-lag-3-antibody-19187

16. TotalSeq™-B0151 anti-human CD152 (CTLA-4) Antibody: https://www.biolegend.com/en-us/products/totalseq-b0151-anti-
human-cd152-ctla-4-antibody-18639

17. TotalSeg™-B0089 anti-human TIGIT (VSTM3) Antibody: https://www.biolegend.com/en-us/products/totalseq-b0089-anti-human-
tigit-vstm3-antibody-16855
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For antibodies used in flow cytometry, each antibody has been validated by the manufacturer for use to detect human species
targets. Detailed validation information for each antibody is available at the following sites:

1. PE-labeled monoclonal anti-FMC63 scFv (CAR19) (Y45, ACRO Biosystems, FM3-HPY53): https://www.acrobiosystems.com/P3508-
PE-Labeled-Monoclonal-Anti-FMC63-Antibody-Mouse-1gG1-%28Y45%29-%28Site-specific-conjugation%29-%28Preservative-free%
29.html

2. CD3 (SK7, BD Biosciences, 564001): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/buv395-mouse-anti-human-cd3.564001

3. CD4 (OKT4, Biolegend, 317442): https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-human-cd4-antibody-7978
4. CD8a (RPA-TS, Biolegend, 301042): https://www.biolegend.com/en-us/products/brilliant-violet-650-anti-human-cd8a-
antibody-7652

5. CD19 (HIB19, BD Biosciences, 561121): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/v500-mouse-anti-human-cd19.561121

6. CD14 (M5E2, BD Biosciences, 561391): https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/v500-mouse-anti-human-cd14.561391

7. 1L-3 (BVD3-1F9, Biolegend, 500606): https://www.biolegend.com/en-us/products/pe-anti-human-il-3-antibody-921

8. IL-4 (MP4-25D2, Biolegend, 500834): https://www.biolegend.com/en-us/products/apc-cyanine7-anti-human-il-4-antibody-13184
9. IL-5 (TRFK5, Biolegend, 504306): https://www.biolegend.com/en-us/products/apc-anti-mouse-human-il-5-antibody-989

10. IL-13 (JES10-5A2, Biolegend, 501916): https://www.biolegend.com/en-us/products/brilliant-violet-42 1-anti-human-il-13-
antibody-13228

11.1L-31 (1D10B31, Biolegend, 659608): https://www.biolegend.com/en-us/products/alexa-fluor-488-anti-human-il-31-
antibody-13170

12. CD95 (Fas) (DX2, 305624): https://www.biolegend.com/en-us/products/brilliant-violet-42 1-anti-human-cd95-fas-antibody-7252
13.1L-13 (JES10-5A2, 501916): https://www.biolegend.com/en-us/products/brilliant-violet-42 1-anti-human-il-13-antibody-13228
14. CD27 (LG.3A10, 124249): https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouserathuman-cd27-
antibody-19163

15.CD45R0 (UCHL1, 304238): https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-human-cd45ro-antibody-8569
16. TNF-a (MAb11, 502940): https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-human-tnf-alpha-antibody-9034
17. CD3 (OKT3, 317306): https://www.biolegend.com/en-us/products/fitc-anti-human-cd3-antibody-3644

18. Granzyme B (GB11, 515403): https://www.biolegend.com/en-us/products/fitc-anti-human-mouse-granzyme-b-antibody-6066
19. CD223 (LAG-3) (11C3C65, 369312): https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-human-cd223-lag-3-
antibody-13552

20. CD366 (TIM-3) (F38-2E2, 345016): https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-human-cd366-tim-3-
antibody-8438

21.CD197 (CCR7) (GO43H7, 353235): https://www.biolegend.com/en-us/products/pe-dazzle-594-anti-human-cd197-ccr7-
antibody-9811

22.1L-4 (MP4-25D2, 500832): https://www.biolegend.com/en-us/products/pe-dazzle-594-anti-human-il-4-antibody-10216
23.CD19 (HIB19, 302216): https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-cd19-antibody-1911

24. CD4 (OKT4, 317416): https://www.biolegend.com/en-us/products/apc-anti-human-cd4-antibody-3657

25. IL-5 (TRFKS5, 504306): https://www.biolegend.com/en-us/products/apc-anti-mouse-human-il-5-antibody-989

26. CD8 (SK1, 344724): https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-human-cd8-antibody-9062

27.CD279 (PD-1) (EH12.2H7, 329952): https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-human-cd279-pd-1-
antibody-12365

28. KLRG1 (MAFA) (2F1/KLRG1, 138426): https://www.biolegend.com/en-us/products/apc-cyanine7-anti-mouse-human-klrg1-mafa-
antibody-12486

29. IFN-y (4S.B3, 502530): https://www.biolegend.com/en-us/products/apc-cyanine7-anti-human-ifn-gamma-antibody-6965

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) NIH/3T3, Nalm6, and HEK293T cell lines originally obtained from the American Type Culture Collection (ATCC).

Authentication Cell lines were authenticated using STR profiling at least once every 3 years from receipt.




Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in this 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

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Six-week-old NOD/SCID/IL-2Rynull (NSG) mice were procured from Charles River Laboratory (Lyon, France). All mice were housed in
the Center of PhenoGenomics (CPG) animal facility at EPFL, kept in individually ventilated cages at 19-23°C with 45-65% humidity,
and maintained on a 12-hour dark/light cycle.

The study did not involve wild animals.

Sex was not considered in study design.

The study did not involve samples collected in the field.

Experimental procedures in mouse studies were approved by the Swiss authorities (Canton of Vaud, animal protocol ID 3533) and
performed in accordance with the guidelines from the CPG of EPFL.

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

Study protocol

Data collection

Outcomes

Flow Cytometry

ClinicalTrials.gov number, NCT01626495, NCT02906371

https://clinicaltrials.gov/ProvidedDocs/95/NCT01626495/Prot_SAP_000.pdf
https://clinicaltrials.gov/ct2/show/NCT02906371

This study is not a clinical study but uses biospecimens collected under the aforementioned clinical trials. Data collection occurred at
the times indicated in the manuscript (from September 2012 to July 2022) at the University of Pennsylvania and Children’s Hospital
of Philadelphia.

This study is not a clinical study but uses biospecimens collected under the aforementioned clinical trials. Primary and secondary
outcomes can be found in the above clinical study and protocol.

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

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).

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

For flow cytometry analysis of CD19-3T3 stimulated CAR T cells from 82 ALL patients, the cocultured cells underwent a series
of processing steps for immunostaining. Initially, they were washed twice in PBS and then stained for 20 minutes at room
temperature (RT) with Live Dead Blue detection reagent (Thermo Fisher Scientific, Cat# L34962), diluted to 1:800 in PBS, to
assess cell viability. Following this, cells were washed twice in FACS staining buffer and subsequently stained for surface
molecules for 20 minutes at RT. To fix the stained cells, the Cytofix/CytoPerm Fixation/Permeabilization Kit (BD Biosciences,
Cat# 554714) was utilized for 20 minutes at RT, while being protected from light. Subsequently, cells were washed twice with
1x Perm/Wash buffer and then stained for CAR19 and intracellular cytokines using antibodies in Perm/Wash buffer. This
staining process was carried out for 20 minutes at RT in the dark. Then, cells underwent two additional washes with Perm/
Wash buffer before being re-suspended in FACS staining buffer for subsequent analysis. Cell-surface antibodies were used at
a 1:100 dilution during staining, and intracellular antibodies at a 1:50 dilution. Samples were run on the Cytek Aurora and
analysis was performed using FlowJo v10.8.0.

For flow cytometry analysis of CAR T cells isolated from mouse peripheral blood, mouse blood (50uL) was collected from the

)
Q
—
(e
(D
©
O
=
s
S
-
(D
o
O
a
>
(@)
wn
[
3
=
Q
A




Instrument
Software
Cell population abundance

Gating strategy

tail at specified time points for peripheral CAR T cell analysis. The collected samples were resuspended in PBS with EDTA
(2mM), and the red blood cells were removed using ACK lysis buffer (Gibco, Cat# A1049201). For surface marker staining,
cells were incubated with an antibody panel at 4°C for 30 minutes, followed by live/dead staining using Zombie Aqua Fixable
Dye (BiolLegend, Cat# 423101). Cells were then washed and resuspended in PBS with 0.2% BSA for flow cytometry analysis.
Intracellular cytokine staining was performed by first stimulating cells with a Cell Stimulation Cocktail (Invitrogen, Cat#
00-4970-03) for 5 hours at 37°C to induce cytokine production. Subsequently, cells were stained for surface markers and live/
dead dye as previously described, then fixed and permeabilized using a Cytofix/Cytoperm Kit (BD Biosciences). Intracellular
staining with the indicated antibody panel was conducted following the manufacturer’s protocol. Cell-surface antibodies
were used at a 1:100 dilution during staining, intracellular antibodies at a 1:50 dilution, and live/dead staining at a 1:1,000
dilution. Data were collected using an Attune NxT Flow Cytometer with Attune NxT Software v.3 (Invitrogen) and analyzed
using FlowJo 10.6.1 (Tree Star).

Samples were run on the Cytek Aurora or Attune NxT Flow Cytometer.

Data were analyzed using FlowJo v10.8.0 or v10.6.1.

Post-sort purity was evaluated for all the samples and confirmed prior to data analysis.

For flow cytometry analysis of CD19-3T3 stimulated CAR T cells from 82 ALL patients, the gating strategy is described in
Extended Data Fig. 5a, with gates drawn using FMO controls: Live cells (Live Dead Blue-); Non-monocyte Non-B-cell (CD3
+CD14-CD19-); Lymphocytes (FSC-A vs. SSC-A); Singlets (FSC-A vs. FSC-H); CAR19+ cells (CAR19 vs. SSC-A); CD4+ or CD8+ CAR
(CD4 vs. CD8).

For flow cytometry analysis of CAR T cells isolated from mouse peripheral blood, we used standard gating strategies:

Lymphocytes (FSC-A vs. SSC-A); Singlets (FSC-A vs. FSC-H); Live cells (fixable Aqua dye signals); CAR19+ cells (CD3+CAR19+).
Gate margins were determined by isotype controls and fluorescence-minus-one controls.

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