
Article https://doi.org/10.1038/s41467-025-59904-x

Durable response to CART is associatedwith
elevated activation and clonotypic
expansion of the cytotoxic native T cell
repertoire

Giulia Cheloni1,2,3,8, Dimitra Karagkouni2,3,4,5,8, Yered Pita-Juarez2,3,4,5,
Daniela Torres1, Eleni Kanata 4, Jessica Liegel1,2,3, Zachary Avigan1,
Isabella Saldarriaga1,2,3, Georges Chedid1,2,3, Kathrine Rallis1,2,3, Brodie Miles6,
Gayatri Tiwari6, Jenny Kim6, Mike Mattie6, Jacalyn Rosenblatt1,2,3,
Ioannis S. Vlachos 2,3,4,5,7,9 & David Avigan 1,2,3,9

While Chimeric Antigen Receptor (CAR) T cell therapy may result in durable
remissions in recurrent large B cell lymphoma, persistence is limited and the
mechanisms underlying long-term response are not fully elucidated. Using
longitudinal single-cell immunoprofiling, here we compare the immune land-
scape in durable remission versus early relapse patients following CD19 CAR T
cell infusion in the NCT02348216 (ZUMA-1) trial. Four weeks post-infusion,
both cohorts demonstrate low circulating CAR T cells. We observe that long-
term remission is associated with elevated native cytotoxic and proin-
flammatory effector cells, and post-infusion clonotypic expansion of effector
memory T cells. Conversely, early relapse is associated with impaired NK cell
cytotoxicity and elevated immunoregulatory cells, potentially dampening
native T cell activation. Thus, we suggest that durable remission to CAR T is
associated with a distinct T cell signature and pattern of clonotypic expansion
within the native T cell compartment post-therapy, consistent with their
contribution to the maintenance of response.

Chimeric antigen receptor (CAR) T cell therapy has transformed out-
comes for patients with relapsed/refractory large B cell lymphoma
(LBCL), demonstrating overall response rates of 52–74%, with ~40% of
patients achieving durable remission1–5. While therapeutic resistance
maybe associatedwith immune escape due to the emergence of CD19-
negative tumor variants, disease relapse can occur despite persistence
of the target antigen as a result of loss or dysfunction of the CAR T cell
populations. Previous studies have demonstrated that the increased

presence of naïve and stem cell memory T cells at the time of CAR T
production is associated with improved response6–9, while the pre-
sence of terminal effector or dysfunctional cells has been associated
with blunted in vivo CAR T expansion and therapeutic resistance2,10–20.
Whereas thedegreeof in vivoCARTexpansion andpersistencemaybe
associated with disease response, maintenance of remission does
not fully correlate with the kinetics of the CAR T population and may
be observed despite the rapid clearance of CAR T cells, especially in
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CD28-based CAR constructs2,11–15,17,18,21–23. The impact of the native T cell
repertoire in determining the durability of response has not been fully
elucidated.

We postulated that the long-term efficacy of CAR T therapy is
dependent on the downstream activation of non-CAR T cell popula-
tions and the development of an adaptive T cell response necessary to
prevent disease recurrence. We hypothesized that CAR T-induced
cytokine release and tumor lysis in an inflammatory context could
facilitate the activation and clonotypic expansion of the native T cell
repertoire, contributing to the maintenance of long-term response.

Using single-cell immunoprofiling, we perform a comparative
analysis of the native T cell repertoire post-CAR T therapy in LBCL
patients enrolled in the registrational trial of axicabtagene ciloleucel
(Axi-cel) (ZUMA-1/NCT02348216) who achieved a durable response
lasting greater than 1 year as compared to disease relapse within
6 months (Fig. 1A, B). Durable remission is associated with increased
presence of distinct native T cell subsets characterized by elevated
cytotoxicity, pro-inflammatory activity, or proliferative capacity.
Single-cell T cell receptor (TCR) profiling reveals the emergence and
expansion of dominant clonotypes within the non-CAR T cell popula-
tions post-CAR T infusion in patients demonstrating long-term
response. Remarkably, the pattern of clonotypic expansion within
the native T cell repertoire is highly predictive of subsequent clinical
outcomes. While the targets of the T cell response have not been
elucidated, negative TCR screening results against extensive libraries
of common viral antigens are consistent with the emergence of tumor-
specific immunity as a potential mediator of ongoing remission fol-
lowing CAR T therapy. Of note, early relapse is associated with
increased presence of immunoregulatory cells that potentially blunt
activation and expansion of the native T cell repertoire. These findings
suggest that activation and clonotypic expansion of the native T cell
repertoire contribute to the maintenance of disease remission fol-
lowing CAR T therapy for lymphoma.

Results
Study population and immune landscape annotation
PBMCs were obtained from 32 patients who underwent CD19-directed
CAR T cell therapy in the registrational trial of axicabtagene ciloleucel
(Axi-cel) (ZUMA-1/NCT02348216)2,3 (Supplementary Data 1, Fig. 1A, B,
and Supplementary Fig. 1A). Twenty-nine patients consented to pro-
vide clinical outcome data for the analysis and were segregated into
three cohorts: (i) ongoing response lasting greater than 1 year (long-
term responders, LtR, n = 13), (ii) disease relapse within 6months after
CAR T infusion (relapsed, R, n = 8), and (iii) stable or progressive dis-
ease at 1 month after CAR T infusion (non-responders, NR, n = 8)
(Supplementary Data 1). Of note, no statistically significant differences
were observed in the tumor burden at baseline between the different
disease cohorts (Supplementary Data 1, LtR vs R, p value = 0.086, LtR
vs NR, p value = 0.65, Student’s t-test). Single-cell immunoprofilingwas
performed on PBMCs obtained at the time of cell collection for CAR T
cell production (leukapheresis) and at 4 weeks, 6 months, and
12 months post-CAR T infusion. A total of 405,775 cells were captured
post-quality control (QC) and partitioned into nine major lineages
(Fig. 1C–E). A detailed cell population dictionary is provided in
the Supplementary Notes.

Durable response is associated with elevated cytotoxicity of the
non-CAR CD8 T cell compartment
Consistent with prior reports23–29, CAR T cells represented only a small
subset of the circulating T cells at 4 weeks after CAR T infusion, with
clearance observedby6months (Fig. 2A).Wedid notdetect significant
differences in the CAR T cell proportions between the distinct patient
cohorts (Fig. 2A). Gene profiling of CART cytotoxicity at 4weeks in the
LtR patients compared to R patients did not meet statistical sig-
nificance, while the small number of cells per group (LTR: n = 33, R:

n = 11, NR: n = 84) does not provide adequate power for the detection
of subtle differences (LtR vs R, p value = 0.42; LtR vs NR; p value = 0.9,
Wilcoxon rank-sum test, two-sided, Supplementary Fig. 1B).

Single-cell immunoprofiling of the native T cell compartment
revealed a higher baseline abundance of T cells in LtR patients com-
pared to both R and NR patients (Supplementary Fig. 1C and Supple-
mentary Table 1). LtR patients exhibited significantly higher CD8 T cell
abundance than R patients (Fig. 2B, Supplementary Fig. 1D, and Sup-
plementary Table 2). Additionally, LtR patients were characterized by
an overall higher T cell cytotoxicity, as captured by the expression of
eight key marker genes (GZMA, GZMB, GZMH, GZMM, GZMK, PRF1,
GNLY, andNKG7) compared to both R andNRpatients at baseline, with
more pronounced differences observed at 4 weeks post-infusion
(Fig. 2C). Consistent with the higher cytotoxic gene signature, durable
response was associated with the upregulation of multiple pro-
inflammatory cytokines, including IFNG, IL21, IL12, IL2, IL17A, and
IL2230 at 4 weeks post-CAR T (Fig. 2D). In contrast, NR and R patients
demonstrated upregulation of the inhibitory factors TGFβ and IL6,
known to negatively regulate the antitumor activity of CD8 T cells31.
T cells of R patients demonstrated upregulation of JUN-family genes
(JUN, JUNB, JUND, Supplementary Fig. 1E), whose immunoregulatory
effects include the induction of T-regulatory cell (Treg) effector
programs32, while both R andNR patients exhibited downregulation of
key cytotoxic marker genes post-CAR T, such as NKG7, GZMH, and
GNLY (Supplementary Fig. 1E).

Durable response is associated with elevated CD8 T effector
memory cell subsets with cytotoxic and proliferative potential
To further interrogate the effector cell response in patients achieving
durable remission, we characterized the relative frequency of non-CAR
T cell subsets pre- and post-CAR T infusion. CD8 T cells were segre-
gated into 14 subpopulations (Fig. 2E, F and Supplementary Notes),
reflecting their identitywithin thepseudotime trajectory, ranging from
naïve to terminally differentiated effector cells (Fig. 3A and Supple-
mentary Fig. 2A). Consistent with prior studies, LtR demonstrated a
higher proportion of naïve/central memory CD8 T cells at the time of
leukapheresis9,33,34 compared to R patients (Fig. 3A, B and Supple-
mentary Table 3). In contrast, at 4 weeks post-CAR T infusion, lower
proportions of naïve/central memory were observed in LtR compared
to both baseline (LtR: Leukapheresis vs 4 weeks after CAR T; Leuka-
pheresis vs 6 months after CAR T: P value = 0.006; 0.03, Wilcoxon
signed-rank test, two-sided, Fig. 3C) and to R patients at the same
timepoints (Fig. 3A, B and Supplementary Table 3). Durable response
was also associated with higher frequency of distinct, more differ-
entiated, and activated cytotoxic effector memory CD8 T (Tem) sub-
sets compared to patients exhibiting early relapse (Fig. 3A, B,
Supplementary Fig. 2B, and Supplementary Table 3). Among these cell
subsets, TGFb1 + CXCR4+ early Tem were more abundant in the LtR
post-CAR T infusion, compared to R patients (Fig. 3A, B and Supple-
mentary Table 3). TGFb1 +CXCR4+ Tem displayed an intermediate
state between memory precursor effector cells (MPEC) and highly
activated cytotoxic effector cells35–37 (Fig. 2F and Supplementary
Fig. 2B). This population lacked classical markers of naïve/central
memory T cells and highly expressed MPEC, cytotoxic, and memory
markers including CXCR4, an essential factor for the homeostatic self-
renewal of CD8memory cells38 (Fig. 2F). Additionally, TGFb1 + CXCR4+
Tem highly expressed TGFb1 and BCL3, two factors that restrain T cell
terminal differentiation consistent with an intermediate state between
early memory T cells and highly activated cytotoxic effector cells35–37

(Fig. 2F). LtR also exhibited elevated proportions of highly cytotoxic
CD8 Tem cells pre-/post-CAR T, characterized by high expression of
markers associated with enhanced antitumor immune response
(NKG7, IL3239,40) or with circulating tumor-infiltrating lymphocytes
(KLRD1 and CD7441) (Figs. 2F, 3B and Supplementary Table 3). An
additional Tem subset defined by upregulation of pro-inflammatory
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chemokines, cytokines and IFN-induced genes was more pronounced
in LtR at baseline (CD8 Tem/Pro-inflammatory, Figs. 2F, 3B, Supple-
mentary Fig. 2C, and Supplementary Table 3). Similar results were
observed when comparing LtR and NR patients, with a higher pro-
portion of highly cytotoxic CD8 Tem cells pre-/post-CAR T and of CD8
Tem/Pro-inflammatory cells 4 weeks post-CAR T being associatedwith
durable response (Supplementary Fig. 2D and Supplementary Table 3).

Two additional Tem cell subsets (Ki67 + TOP2A+, Tex/Ki67 +
IRF4+) were more abundant in the LtR at 4 weeks post-CAR T com-
pared to baseline (LtR: Leukapheresis vs 4 weeks after CAR T, Ki67 +
TOP2A+;Tex/Ki67 + IRF4+: P value = 0.024; 0.001, Wilcoxon signed-
rank test, two-sided, Fig. 3C) as well as compared to R patients (Fig. 3B
and Supplementary Table 3). These populations were characterized by
co-expression of markers associated with T cell activation/exhaustion
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and cell proliferation consistent with the early stage of dysfunction,
previously described in a fraction of melanoma-infiltrating
T cells42 (Fig. 2F).

Durable response is associated with elevated CD4 cytotoxic
T cells and diminished regulatory T cells
Non-CARCD4T cells were segregated into 14 subpopulations (Figs. 2F,
3B–D, Supplementary Fig. 3A–C, and Supplementary Notes). Similar to
the pattern observed in the CD8 compartment, LtR demonstrated
significantly increased proportions of CD4 cytotoxic T lymphocytes
(CTL), characterized by high expression of cytotoxic markers (GZMA,
GZMB, GZMK, GZMH, GNLY, Fig. 2F), compared to R patients across all
timepoints (Fig. 3B, D and Supplementary Table 3). Of note, CD4 CTL
increased in the post-CAR T period, with statistically significant higher
proportion noted at 4 weeks post-CAR T infusion compared to base-
line in LtR (LtR: Leukapheresis vs 4 weeks after CAR T, P value = 0.001,
Wilcoxon signed-rank test, two-sided, Fig. 3C). In contrast, T regs were
more abundant in the R patients, increasing from the time of leuka-
pheresis to early post-CAR T infusion (Fig. 3B, D and Supplementary
Table 3, Relapsed: Leukapheresis vs 4 weeks after CAR T, P value =
0.031, Wilcoxon signed-rank test, two-sided). Across all timepoints, R
patients also presented higher proportions of other CD4 cell popula-
tions, including naïve (CD4 Tcm/naïve), naïve-like (CD4 Teh/TCF7 +
LEF1+) and effector helper CD4 T cells (CD4 Th2, CD4 Th2/Th17, and
CD4/Th17) (Figs. 2F, 3D, Supplementary Fig. 3A, and Supplementary
Table 3).

The differences in the CD4 compartment between NR and LtR
were less pronounced (Supplementary Fig. 3B, C and Supplementary
Table 3). Nevertheless, significantly higher abundances of different
CD4 subsets were observed in patients with refractory disease as
compared to LtR at 4 weeks post-CAR T, including CD4 Tcm/naïve,
CD4 Th2/Th17, CD4 Tem/Teh, and CD4 Tex/Ki67+ cell subsets (Sup-
plementary Fig. 3C and Supplementary Table 3).

Early relapse is associated with impaired NK cell cytotoxic and
chemotactic function post-CAR T infusion
NK cells exhibited significant upregulation of key cytotoxic and che-
motactic genes (GNLY, XCL2, IFIT2, CD52, Supplementary Fig. 4A) at
baseline in LtR compared to R. The higher cytotoxic and pro-
inflammatory nature of the NK compartment in LtR compared to R
became more pronounced 4 weeks post-CAR T therapy with upregu-
lation of genes indicating cell activation, cytotoxicity, and a pro-
inflammatory phenotype (DUSP2, CCL5, IL32, GZMA, IFNG, PRF1, CCL3,
CCL4, GZMB, CD74, Fig. 4A, B). In NR patients, downregulation of
immune regulatory genes (NFKBIA, NFKBIZ, CD52), pro-inflammatory
and IFN-induced genes (CCL3, CCL5, IL32, TNF, IFITM2, IFIT2) pre-CAR T
(Supplementary Fig. 4A), and the suppression of cytotoxic markers
and pro-inflammatory chemokines (CCL5, CCL3, CCL4, TNF, IFNG,
GNLY) 4 weeks post-CAR T, suggests a less severe but still impaired NK
cell response (Fig. 4A). Of note, a higher relative abundance of CD56-
bright immatureNK cells was observed pre- and 4weeks post-CAR T in
NR compared to LtR, suggesting that an immature NK cell phenotype
may be associated with reduced cytotoxic capacity and poor response

to CAR T cell therapy (Supplementary Fig. 4B–D, Supplementary
Table 4, and Supplementary Notes).

Durable response is associated with decreased Monocyte
proportions
A higher abundance of monocytes was observed at baseline in R and
NR patients compared to LtR (Supplementary Fig. 1B and Supple-
mentary Table 1). In LtR patients, monocytes underwent a transition
from a pro-inflammatory state at leukapheresis to an adaptive
immunity-supporting phenotype by 4 weeks post-CAR T (Fig. 4C and
Supplementary Fig. 4e). At leukapheresis, LtR monocytes exhibited
heightened inflammatory activity driven by NF-κB and TLR signaling
(NFKBIA, CXCL8, CCL3) and enhanced interferon pathways (STAT1,
IFI30) (Supplementary Fig. 4E). This early immune priming likely
facilitated effective T cell recruitment and antigen presentation43.
By 4 weeks, LtR monocytes transitioned to a lower inflammatory
state, with downregulation of NF-κB (IL1B, NFKBIA) and complement
pathways (C5AR1) alongside upregulation of key antigen-
presentation genes such as CD86 and interferon pathways
(IFI30) (Fig. 4C).

In R patients, this transition was incomplete. Monocytes
retained stress and hypoxia-driven pathways (HSPA5, SOD2) along-
side chronic inflammatory signaling via NF-κB (NFKB1, TNFAIP3,
ICAM1) and oxidative stress genes (MT-ND4L, MT-CYB), indicative of a
dysfunctional immune response44–46 (Fig. 4C). NR patients exhibited
persistent pro-inflammatory and complement pathway activation
(CXCL8, S100A9, C5AR1) coupled with autophagy-related stress
markers (HMOX1, TIMP1, HSPA8), maintaining a chronic inflamma-
tory, exhaustion-prone microenvironment that likely impeded
effective adaptive immunity44,47–50 (Fig. 4C).

Monocytes were further segregated into seven subpopulations,
differentiated by the expression of CD14 and FCGR3A/CD16 into clas-
sical, intermediate, and non-classical subsets51, and further character-
ized based on their phagocytic phenotype or inflammatory profile
(Supplementary Fig. 4F–H, Supplementary Notes). Post-CAR T, non-
classical phagocytic monocytes, characterized by strong FCGR3A/
CD16, low CD14 expression, and elevated expression of interferon-
induced andpro-inflammatory genes (IFITM1, IFITM2, IFITM3, IL1B, TNF,
CXCL16, Supplementary Fig. 4F–H), were increased in R patients
compared to LtR (Supplemental Fig. 4G and Supplementary Table 5),
reflecting a dysregulated monocyte response that may contribute to
unresolved inflammation and early relapse52.

Ligand-receptor expression patterns revealed strong cell–cell
interactions between monocytes and T cells, consistent with a poten-
tial immunoregulatory impact of these myeloid cells on the T cell
populations (Fig. 4D, E). A CD86 signaling network via synapse for-
mation with CTLA4 and CD28 on T cells was identified at 4 weeks post-
CAR T infusion, representing dominant cellular interactions in the R
patients between non-classical/phagocytic and pro-inflammatory
monocyte subpopulations and T regulatory-like cells (Fig. 4D, E),
suggesting a contributing role of monocytes in the T-regulatory
immunosuppressive activity more prevalent in the relapsed patients
following CAR T infusion.

Fig. 1 | The transcriptional states of the peripheral blood immune cells in CAR
T-treated patients. A Sample processing pipeline depicting sample acquisition
and preparation for scRNA-seq and scTCR-seq datasets. Created with BioR-
ender.com; https://BioRender.com/p54q682. B Stacked barplots portraying the
patient cohort (n = 32) and the distribution of patient samples collected for scRNA-
seq and scTCR-seq. The number of patients with different clinical outcomes fol-
lowing CAR T infusion is portrayed (long-term responder-LtR, n = 13, Relapsed-R,
n = 8, non-Responder-NR= 8, Unknown, n = 3). C Two-dimensional uniform mani-
fold approximation and projection (UMAP) of all cells pre-/post-CAR T infusion. A
total of 405,775 cells passed QC, capturing 73 populations, depicted with distinct

colors, corresponding to ninemajor lineages: T cells (k = 264,059, 65%of all cells), B
cells (k = 8255, 2% of all cells), natural killer (NK) and innate lymphoid (ILC) cells
(k = 46,955, 11.6% of all cells), monocytes (k = 66,480, 16.4% of all cells), dendritic
cells (DC, k = 6,228, 1.5% of all cells), plasmacytoid DC (pDC), and hematopoietic
stem cells/multipotent progenitors (HSC/MPP) (k = 1,641, 0.4% of all cells), mast
cells (k = 305, 0.075% of all cells), erythrocytes (k = 700, 0.17% of all cells), and
platelets (k = 475, 0.12%of all cells).DHexbin uniformmanifold approximation and
projection (UMAP) plots depicting the average gene expression for each major
lineage marker in hexagons of 100 cells each. E Heatmap capturing the expression
of marker genes across the major lineages.
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Durable response is associated with the emergence and expan-
sion of dominant clonotypes within the effector cell repertoire
post-CAR T infusion
We characterized the nature of clonotypic expansion in the non-CAR T
lymphocyte compartment by leveraging single-cell immunoprofiling
data capturing full-length paired α/β T cell receptors (TCR). 204,272
α/β TCR clonotypes were analyzed within the 28 non-CAR T cell

populations (77.3% of all T cells), half of which represented unex-
panded singletons (53.2%), based on the complementarity-
determining region (CDR3, Supplementary Fig. 5A). Cytotoxic CD8
and CD4 T cells demonstrated greater clonal expansion compared to
naive, CD4 effector helper, and CD8 naive-like T cells (Fig. 5A and
Supplementary Fig. 5A). At 4 weeks post-CAR T, patients exhibiting
durable response presented a statistically significant increase in the
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number of clonotypes with α/β TCR frequency >1 within the cytotoxic,
proliferating, and pro-inflammatory CD8 and CD4 subsets (CD8 Tem/
TGFb1 + CXCR4+, CD8 Tem/highly cytotoxic, CD8 Tem/pro-inflam-
matory, CD8 Ki67 + TOP2A+, CD8 Tex/Ki67 + IRF4+, and CD4 CTL, α/β
TCR frequency >1, Fig. 5B and Supplementary Table 6) and shared α/β
TCRs between the most expanded cytotoxic CD8 T cell populations
(7–10% of the total CD8 T cells), denoting potential common antigenic
targets among CD8 CTL populations (Supplementary Fig. 5B). We
subsequently tracked the dynamics of clonotypes at 4 weeks post-CAR
T compared to baseline. A high number of expanded clones was pre-
dominantly observed in LtR patients within the cytotoxic CD8 and
CD4 subsets (CD8 Tem/TGFb1 +CXCR4+, CD8 Tem/highly cytotoxic,
CD8 Tem/pro-inflammatory, CD4 CTL, Supplementary Fig. 6). Of note,
50%of LtRpatients exhibited at least 2 expanded cytotoxicα/βTCRsat
4 weeks post-CAR T, based on increases in clonotype size relative to
baseline, whichwas higher than the 16% observed in R patients and 12%
in NR patients (Fig. 5C).

LtR patients demonstrated a progressive increase in the number
of expanded cytotoxic clonotypes over time, at 6 months and
12 months post-CAR T infusion (Fig. 6A). By tracking the clonosize
trajectory of individual 4-week-post-CAR T-expanded clonotypes, we
observed that many peaked at 6 months and remained elevated at
12 months post-CAR T infusion (Fig. 6B and Supplementary Fig. 7A).

Only a small number of TCRs were identified to overlap with
extensive compendia of CDR3 β TCRs recognizing viral antigens,
including those derived from influenza, cytomegalovirus, and Epstein-
Barr virus, while none of them presented significant expansion post-
CAR T (Supplementary Fig. 7B).

We examined the potential association of T cell expansion
dynamics at 4 weeks following CAR T infusion with therapeutic out-
comes. In a multivariate Bayesian model, the pattern of clonotypic T
cell expansion (α/β TCR frequency >1) at 4 weeks post-CAR T was
highly predictive for segregating LtR from R patients (n = 23, AUC =
0.89, 95% CI:0.74–1, Fig. 6C). CAR T cell peak (Supplementary Data 1),
which is a widely referenced predictive marker22, demonstrated a
lower predictive accuracy (AUC=0.72, 95% CI:0.5–0.95, Fig. 6C and
Supplementary Fig. 8). It is important to note that the present study
does not comprise an independent validation cohort to assess the
direct applicability of themodel, and that CART cell peak has not been
identified as a strong predictor in all published cohorts53.

The T cell expansion (model output) and CAR T cell peak did not
show a significant positive correlation (r =0.55, p =0.12, Pearson’s
correlation coefficient). We combined these metrics with logistic
regression to explore whether the predictive performance is
improved. We found that T cell expansion had a marginally significant
positive association with the outcome in the combined model
(p = 0.07), while the CAR T cell peak did not contribute meaningfully
(p = 0.79). The combinedmodel achieved a higher AUC than theCART
cell peak alone (combined model: AUC =0.89, 95% CI: 0.74–1; CAR T
Peak: AUC =0.72, 95% CI: 0.5–0.95) and was comparable to the T cell
expansion model alone (AUC =0.89, 95% CI: 0.74–1).

Discussion
CD19-directed CAR T cell therapies have transformed outcomes for
patients with relapsed/refractory LBCL, with nearly 40% of patients
exhibiting durable disease remission2,4,5. Understanding the factors
characterizing persistent clinical response, as compared to early
relapse, is of paramount importance for patient stratification and for
the incorporation of novel strategies to enhance therapeutic efficacy.

Previous studies have demonstrated that elevation of naive and
stem cell memory T cells in the leukapheresis product is associated with
improved in vivo CAR T expansion and depth of response6–9. However, a
lack of correlation between the persistence of the CAR T population and
durability of response has been noted in some studies22. In the
NCT02348216 study, while circulating CAR T cells decline rapidly within
a few weeks of administration2, ~40% of patients maintain long-term
remission, far outliving CAR T cell presence10. We postulated that the
elevated activationof thenativeT cell immunity plays a significant role in
determining the durability of response after CAR T infusion. We further
hypothesized that a cascade effect induced by CAR T-mediated inflam-
mation and tumor lysis couldboost theTcell responsemediatedbynon-
CAReffectorTcell populations andcouldbroaden the immune response
beyond the CAR target antigen. To investigate our hypothesis, we per-
formed longitudinal single-cell immunoprofiling of the native T cell
compartment in patients participating in the NCT02348216 trial, with a
comparative analysis between patients maintaining long-term remission
and those experiencing relapse within 6 months of CAR T infusion. We
interrogated samples at serial timepoints pre- and post-CAR T with a
specific focus on 4 weeks post-CAR T infusion. This approach allows for
the examination of the T cell compartment prior to disease relapse in
order to assess potential associations with immune cell populations, T
cell dynamics, or other markers associated with subsequent outcomes.

Consistent with prior reports, we showed that CAR T cells were
present at relatively low levels at 4 weeks following infusion and
declined thereafter. The relative abundance of CAR T cells at 4 weeks
post-infusion did not correlate with the durability of response. At the
timeof leukapheresis, patientswithdurable remission showedahigher
proportion of naive T cells, which constitutes a better substrate for the
generation of CAR T cells with greater capacity for in vivo expansion
and persistence9,33,34. In contrast, naïve T cells were reduced in the
post-CAR T period in patients achieving long-term response as com-
pared to the pre-CAR T timepoint. In addition, patients achieving a
durable response exhibited higher proportions of cytotoxic CD8 and
CD4 non-CAR T cells with an overall elevated cytotoxic signature at
baseline that further increased at 4 weeks post-CAR T infusion as
compared to patients subsequently experiencing early relapse.
Heightened cytotoxicity in LtR at baseline may translate to a func-
tionally more potent CAR T product. However, the rapid clearance of
these cells, the absence of statistically significant differences in CAR T
cytotoxic signature between the response cohorts, and the significant
increase in cytotoxicity in the non-CAR T cells at 4 weeks post infusion
in LtR are suggestive of a potential role of the native T cell repertoire in
mediating disease response over time.

Fig. 2 | Delineating the native immune repertoire associated with CAR T long-
term efficacy. A CAR T relative abundance in the distinct patient groups (non-
responders, NR, n = 5; relapsed, R, n = 5; long-term responders, LtR, n = 13) at the
indicated timepoints is portrayed. Box plots show the median (line), interquartile
range (IQR, box: 25th–75th percentiles), and whiskers (1.5 × IQR). Outliers are
individual points. B Ratio of CD8 versus CD4 T cell proportions among the distinct
clinical groups at baseline and 4 weeks post-CAR T infusion. Significantly different
ratio between NR (n = 8) or R (n = 7) and LtR (n = 13) are denoted with * (P value
<0.05; LtR vs R, p value = 0.086, LtR vs NR, p value = 0.65, Student’s t-test, two-
sided). Box plots show the median (line), IQR (box: 25th–75th percentiles), and
whiskers (1.5 × IQR). Individual points represent each patient. C Ucell signature
enrichment of CD8 T cells with the expression of cytotoxic genes (GZMA, GZMB,
GZMH, GZMK, GZMM, GNLY, NKG7, PRF1), among the distinct clinical groups at

baseline and 4 weeks post-CAR T infusion. Significantly different expression pro-
files between NR (n = 8) or R (n = 7) and LtR (n = 13) are denoted with * (*FDR <0.05,
**FDR <0.01; Leukapheresis: R vs LtR; NR vs LtR, FDR = 3.2 × 10−2; 1.8 × 10−38, 4 weeks
after CART: R vs LtR; NR vs LtR, FDR= 1.4 × 10−93; 8.37 × 10−181, 6months after CART:
R vs LtR, FDR <2.2 × 10−16,Wilcoxon rank-sum test, two-sided, Benjamini–Hochberg,
FDR correction). Box plots show the median (line), IQR (box: 25th–75th percen-
tiles), and whiskers (1.5 × IQR). D Average CytoSig cytokine signaling signatures
across cells between the different cohorts 4 weeks post-CAR T infusion. Heatmap
with blue-to-red gradient colors indicates the deviation from the overall mean. The
different cohorts are portrayed with distinct colors. E Two-dimensional uniform
manifold approximation andprojection (UMAP)ofT cells pre-/post-CART infusion.
FHeatmaps capturing the expression ofmarker genes across the distinct (left) CD4
and (right) CD8 cell populations are displayed.
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Accordingly, long-term responders demonstrated a unique T
cell signature, as compared to patients experiencing early relapse,
characterized by higher proportions of distinct activated non-CAR
Tem subsets upregulating genes and cytokines associated with
immune activation, inflammatory features, and cytotoxicity as well
as subsets characterized by high proliferative potential, necessary
for themaintenance of a memory response. These diverse cytotoxic

Tem populations at different stages of activation/differentiation
potentially act as a long-term barrier to tumor recurrence. In con-
trast, at 4 weeks post-CAR T therapy, patients with early relapse
demonstrated a circulating T cell repertoire biased towards naïve
and early memory cells with minimal cytotoxic capacity. The risk of
subsequent relapse was also associated with higher proportions of
native T regs, consistent with their immunosuppressive regulation
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of the cytotoxic T cell compartment, as previously reported54–57. Of
note, patients with disease refractory to CAR T therapy demon-
strated differences in the immune milieu compared to those who
experienced an initial response followed by early relapse. In the
case of primary resistance, the tumor’s intrinsic features may play a
more significant role than the immune milieu in driving therapeutic
failure.

As compared to R patients, LtR demonstrated an increase in the
number of expanded clonotypes at baseline and at 4weeks post-CART
therapywithin the critical cytotoxic and pro-inflammatory effector cell
populations. Of note, 50% of LtR patients demonstrated multiple α/β
TCRs undergoing expansion at 4 weeks post-CAR T compared to
baseline, with this expansion further increasing at subsequent time-
points. Tracking the relative clonosize of several of these individual
TCR sequences revealed that many peaked at 6 months post-CAR T
infusion and remained elevated at 1 year.

The elevated levels of clonotypic expansion within the cytotoxic
T cell populations observed in LtR patients may serve as important
mediators of disease response. Clonal expansion of cytotoxic non-
CAR T effector cell populations strongly correlated with durable
response post-CAR T therapy. However, independent validation
studies are required to assess its applicability as a means for patient
stratification. Of note, there was no correlation between clonal T cell
and peak of CAR T expansion. It is possible that at least part of the
antigens recognized by these expanded T cell clones are tumor-
specific antigens made available after CAR T-mediated tumor lysis.
Notably, the dominant clonotypes did not demonstrate viral speci-
ficity based on a screen of common viral-reactive TCRs. However, the
nature of the antigenic targets recognized by the dominant clono-
types identified in patients achieving durable remission has not been
elucidated. It is possible that some of the dominant clones represent
cytotoxic bystander T cells, activated by cytokines or the release of
tumor antigens following tumor lysis, that may contribute to the
antitumor effect in the absence of direct TCR-mediated cytotoxicity.
Further investigation is required to match the T cell clonotypes with
their cognate antigens. Importantly, even though the identified clo-
notypes were present in the periphery rather than in the tumor bed,
recent reports have demonstrated that T cell clonal dynamics in the
tumor are reflected in the periphery58, further strengthening the
significance of our findings.

The clonal expansion of the native cytotoxic T cell repertoire
following CAR T-driven tumor lysis is likely dependent on the uptake
and presentation of antigens by antigen-presenting cells (APC) and on
the functional competency of the non-CAR T cell populations.
Accordingly, we observed that impaired NK cell cytotoxicity and ele-
vation in immunoregulatory cells, including inflammatory monocytes,
is associated with early relapse and likely contribute to sustained
chronic inflammation and immune exhaustion, ultimately dampening
T cell activation22,59. The role of immunomodulatory therapy, such as
checkpoint inhibitors, in helping to drive these responses could prove
to be of paramount importance. Additionally, CAR constructs incor-
porating cytokines to recruit APCs have beenproven to increase CART
antitumor activity60,61, while pre-clinical studies have demonstrated

synergy between vaccine-mediated stimulation of native immunity
and CAR T therapy62.

In summary, these findings are consistent with our hypothesis
that the state of the native T cell repertoire is predictive of clinical
outcomes, differentiating patients with early disease relapse from
those maintaining durable response after CAR T therapy (Fig. 7) and
that CAR T cell treatment triggers a long-term sustained cytotoxic
response within the endogenous non-CAR T cell repertoire that may
contribute to long-term remission. Elucidation of the targets recog-
nized by the dominant highly expanded TCRs across long-term
responder patients is currently being explored and may provide tar-
gets for adoptive T cell or cancer vaccine therapy. Combination cell-
based therapy to facilitate epitope spreading and the development of a
sustained antitumor immunity could represent a new frontier in CAR
T-based immunotherapy.

Methods
Patient cohort
Ninety-two peripheral blood mononuclear cell (PBMC) samples from
32 patients with relapsed/refractory LBCL, treated with Axi-cel in the
NCT02348216 trial (ZUMA-1), were analyzed. The patients had pre-
viously received an anti-CD20 antibody-containing regimen and
anthracycline-containing chemotherapy and demonstrated refractory
or relapsed disease to the previous lines of therapy (Supplementary
Data 1). Disease burden atbaseline and responsewasdetermined using
the Lugano criteria incorporating the sum of the products of the
longest perpendicular diameters (SPD) (Supplementary Data 1). Lym-
phodepleting chemotherapy prior to CAR T infusion consisted of
cyclophosphamide and fludarabine. Objective responses at 1 month
fromCART infusionwere assessed using revised IWG response criteria
for malignant lymphoma63.

The study protocol for the single-arm, multicenter, registrational
ZUMA-1 study of axi-cel in patients with relapsed LBCL was previously
described2,3. Each study site’s institutional review board reviewed and
approved the study protocol and amendments, and all patients pro-
vided written informed consent. The study was done according to the
International Conference on Harmonization Good Clinical Practice
guidelines. Patients in the ZUMA-1 study did not receive compensation
for their participation.

Single-cell RNA and TCR library preparation and sequencing
Single-cell immunoprofiling was performed on PBMC samples col-
lected from 32 LBCL patients at leukapheresis and at 4 weeks,
6 months, and 12 months post-CAR T infusion. For each sample,
8000–10,000 cells were loaded in one channel of a Chromium Chip K
(10x Genomics, PN-1000286) and profiled using the Chromium Next
GEM Single Cell 5’ Kit v2 (10x Genomics, PN-1000263). Full-length
pairedα/βTCR librarieswereobtainedusing theChromiumSingle Cell
V(D)J Enrichment Human T Cell (10x Genomics, PN-1000252). cDNA,
gene expression libraries, and TCR libraries were assessed using the
DNA High Sensitivity Bioanalyzer Chip (Agilent, 5067-4626). Gene
expression or TCR libraries were pooled and sequenced on the
NovaSeq (Illumina) using the following parameters: 20,000 or 50,000

Fig. 3 | Charting the CD8/NK T and CD4 cell states associated with CAR T long-
term efficacy. A Trajectory of CD8/NK T cell lineages, coupled with cell compo-
sition fold-change differences (log2 scale) between long-term responders (LtR,
n = 13) and relapsed (R, n = 7) at baseline and 4 weeks post-CAR T infusion. B Cell
proportion differences in CD8 and CD4 T cell states among the LtR (n = 13) and R
patients (n = 7) at baseline and 4 weeks post-CAR T infusion. The relevant bars
denote the mean ± standard deviation (SD) of the proportions for each patient
group. The number of cells in each cell population is denoted in parenthesis. Sig-
nificantly different proportions between R and LtR are denoted with * (*FDR <0.01;
Binomial generalized linear model, Benjamini–Hochberg, FDR correction). C Fold-

change differences (log2 scale) in per-patient proportions of CD8 and CD4 T cell
states at baseline versus post-CAR T infusion timepoints in LtR (n = 13). Significant
differences between post-CAR T timepoints and baseline are denoted with * (*FDR
<0.05, **FDR <0.01, Wilcoxon signed-rank test, two-sided, Benjamini–Hochberg,
FDR correction). Box plots show the median (line), interquartile range (IQR, box:
25th–75th percentiles), and whiskers (1.5 × IQR). Individual points represent each
patient. D Trajectory of CD4 T cell lineages, coupled with cell composition fold-
change differences (log2 scale) between LtR (n = 13) and R (n = 6) at baseline and
4 weeks post-CAR T infusion.
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read pairs per cell for TCR or gene expression library, respectively;
paired-end, dual indexing; read 1:26 cycles, i7 index:10 cycles, i5
index:10 cycles, Read 2:90 cycles.

scRNA sequencing preprocessing and sample integration
Cell assignment and gene expression quantification were applied with
Cellranger v.4.0.064. Empty droplets were removed using DropletUtils

v.1.22.065,66 (FDR <0.05) and by evaluating specific quality metrics,
including mitochondrial content (<10%), number of genes detected in
each cell (1400 <n < 5500), and the total number of unique molecules
detected within a cell (250 <n < 27,000). All samples were utilized for
clustering and cell type identification. One patient with an insufficient
yield of cells across all timepoints (P13, Relapsed, n = 312 cells, Sup-
plementary Fig. 1A) was excluded from the downstream analysis and
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the comparisons among clinical conditions. scRNA-seq samples were
integrated into a single gene expression matrix and analyzed using
Seurat v.3.2.367. After normalization and log transformation, variable
genes were defined with FindVariableFeatures from Seurat. Dimen-
sionality reduction was applied on the first 30 PCA-retrieved principal

components (PC) and the top 2000 variable genes. Samples were
corrected for technical noise using each chip as a separate batch in
Harmony v.0.1.068. Cluster identification and Uniform Manifold
Approximation and Projection (UMAP) embedding estimation were
performedon the harmonized embeddings.Hexbin plots and hexagon

Fig. 4 | Charting the NK and Monocyte cell states associated with CAR T long-
term efficacy. A Heatmap showing the average expression of differentially
expressed genes in NK cells/ILC associated with activation and cytotoxic activity
between long-term responders (LtR) and relapsed (R) or non-responders (NR) at
4 weeks post-CAR T infusion. Distinct colors represent the different cohorts, and
gene expression profiles (log scale) are depicted using a blue-to-red gradient.
B Ucell signature enrichment of NK cells/ILC with the expression of cytotoxic and
activation genes (CCL5, IL32, GNLY, GZMA, GZMH, CCL3, CCL4, NKG7, CD74, GZMB,
PRF1, IL2RG, IFITM2, DUSP2, CD52, IFIT2, NFKBIA, CCL4, IFNG, TNF, NFKBIZ),
between baseline and 4 weeks post-CAR T infusion for the LtR (n = 13) and R
(n = 7) patients. Significantly different expression profiles between timepoints
are denoted with * (*FDR <0.01; Leukapheresis vs 4wk post-CAR T, LtR;R:
FDR = 3.96 × 10−41;2.79 × 10−49, Wilcoxon rank-sum test, two-sided,
Benjamini–Hochberg, FDR correction). Box plots show the median (line), inter-
quartile range (IQR, box: 25th–75th percentiles), and whiskers (1.5 × IQR).

C Heatmap showing the average expression of differentially expressed genes in
monocytes between LtR and R or NR 4 weeks post-CAR T infusion. Distinct colors
represent the different cohorts, and gene expression profiles (log scale) are
depicted using a blue-to-red gradient. D Chord diagram portraying the aggre-
gated cell–cell communication in the CD86 signaling network. Thicker edge lines
indicate stronger cell–cell interactions. Circle sizes are proportional to the
number of cells in each cell population, while distinct colors are associated with
the different cell types. Donor edge-line and circle color are portrayed in blue
(increased in LtR) or red (increased in R), concordantly with the cell composition
fold-change differences between LtR (n = 10) and R (n = 4) patients at 4 weeks
post-CART infusion. EHeatmap of relative cell–cell communication probability in
the CD86 signaling network among cell populations, shown in a white-to-red
gradient (low to high). Barplots depict the total communication probability of
each population with other cell types, colored blue (higher in LtR) or red (higher
in R), reflecting fold-change differences at 4 weeks post-CAR T infusion.

Fig. 5 | T Lymphocyte clonal expansion in CAR T-treated patients. A T cell
receptor clonality at single-cell resolution is portrayed with distinct colors in two-
dimensional uniformmanifold approximation and projection (UMAP) of all T cells.
T cells with TCR frequencies of 1 andmore than 1 are marked with blue and yellow,
respectively. T cells with no matching T cell receptors are marked in gray.
B Barplots portraying the percentage of expanded paired α/β TCRs (frequency >1)
in CD8 and CD4 cytotoxic, proliferating, and pro-inflammatory T cell states across
distinct clinical groups at baseline and 4 weeks post-CAR T infusion. The relevant
bars denote the mean ± standard deviation (SD) of the expanded TCRs relative to

the total T cells in each patient group. Significant differences between non-
responders (NR, n = 8) or relapsed patients (R, n = 7) and long-term responders
(LtR, n = 13) are denoted with * (FDR <0.01; Binomial generalized linear model,
Benjamini–Hochberg, FDR correction). C The percentages of patients with at least
two expanded cytotoxic α/β CD8 T effector memory (Tem/highly cytotoxic, Tem/
pro-inflammatory, Tem/TGFb1 + CXCR4+) and CD4 cytotoxic T lymphocyte (CD4
CTL) clonotypes, defined by significant increases in clonotype size relative to
baseline, are shown for the different cohorts 4 weeks post-CAR T infusion.
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cells were defined by considering a neighborhood of 100 cells in each
case and computed with the schex v.1.0.55R package69. For CAR T cell
identification, human and Axi-cel genomes were combined in the cell
assignment process. Cells presenting footprints of CAR T expression
(≥1 read counts on Axi-cel genome) are retained for further analysis.

Cell type identification
For the cell type identification, a two-step procedure was followed: (i)
identification of major compartments, followed by (ii) iterative

sub-clustering to define the specific cell populations. FindClusters
function in Seurat v.3.2.3 was applied to the harmonized embeddings
to define major compartments. For each major compartment, the top
2000 variable genes were utilized to re-harmonize the cells. The sub-
clustering on the newly retrieved nearest neighbor graphs was
accomplished with the FindClusters function. Cell type characteriza-
tion was performed by using in-silico approaches, including SingleR
v1.0.670 and CellTypist v.0.1.971, coupled with experts’ manual
annotation.

Fig. 6 | T Lymphocyte clonal expansion in CAR T-treated long-term respon-
der (LtR)patients. ATheα/βCD8T effectormemory (Tem/Highly cytotoxic, Tem/
Pro-inflammatory, Tem/TGFb1+ CXCR4+) and CD4 CTL clonotype occurrence at
baseline versus 4 weeks, 6 months, or 12 months post-CAR T for LtR patients.
Clonosize-proportion changes among the pairwise timepoint comparisons of
expanded (Fold-change >1, FDR <0.05, Fisher’s exact test, Benjamini–Hochberg
FDR correction), novel (Leukapheresis clonosize proportion = 0, FDR <0.05, Fish-
er’s exact test, Benjamini–Hochberg FDR correction), and persistent/contracted
clonotypes (persistent: FDR >0.05, Fisher’s exact test, Benjamini–Hochberg FDR

correction, and/or Fold-change = 1; contracted: Fold-change <1, FDR <0.05, Fisher’s
exact test, Benjamini–Hochberg FDR correction), are portrayed with red, cyan, and
gray respectively. B Line plots depicting the clonosize-proportion changes of the
expanded clonotypes at 4 weeks post-CAR T (n = 43) for each LtR patient shown in
(A) across the time axis. C Receiver operating characteristic (ROC) curves showing
the ability of the T cell expansion model and the CAR T peak classifications to
distinguish between long-term responder patients and patients with relapsed/
refractory disease 4 weeks post-CAR T. An area under the curve (AUC) score is
portrayed for both models.
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Cell doublet detection
For cell doublet detection, three different approaches were utilized,
Scrublet v.0.2.372, Pegasus v.0.1.373,74, and DoubletFinder v.2.0.275, per
sample. Each method characterizes singlet or doublet cells. After
sample integration and cluster identification, an enrichment test was
applied to each cluster and method. Doublet-enriched clusters (FDR
<0.05, Fisher’s extract test), characterized by at least two methods,
were marked as doublets accordingly. Nine clusters (k = 10,677) were
defined as enriched in doublets and removed from the downstream
analysis.

Cell-type gene marker detection
Cluster gene marker detection was performed by using limma-
trend v.3.42.276,77. Gene marker detection was performed at two
levels: among (i) all the defined clusters and (ii) the clusters of the
distinct lineages. Specifically, in each level of analysis, genes
expressed in at least 10% of the cells of at least one cluster were
retained, followed by TMM normalization78 implemented in edgeR
v.3.28.179. A linear model using cluster and chip as covariates was
fitted and modeled with the limma-trend method76,77 and empirical
Bayes procedure80. By using contrasts, significantly differentiated
genes were retained per cluster (FDR <0.05, cluster coefficient >75%
of all other clusters).

Differential gene expression analysis and cytokine signature
scores across clinical groups
Differential gene expression analysis was conducted among the dis-
tinct clinical groups using the limma-trend76,77. Genes expressed on at
least 10% of the cells of at least one sample were retained, followed by
TMM normalization78 implemented in edgeR v.3.28.179. A linear model
using clinical response and chip as covariates was fitted and modeled
with the limma-trend method76,77 and empirical Bayes procedure80. By
using contrasts, significantly differentiated genes among the clinical
groups at each timepointwere retained (FDR<0.05). Cytotoxicity gene
and cytokine signature scores were calculated with UCell
v.2.6.2 signature enrichment analysis81 and CytoSig82 per sample,
respectively. CytoSig scores per cytokine were compared between
patient groups by considering the average z-score values retrieved
per cell.

Cell-type and T cell clonotypic proportion comparisons
Significant differences in cell type abundances between the distinct
clinical groups at the different timepoints were detected by using a
binomial generalized linear model (GLM)83. A model taking into
account Cluster and Condition was fitted, i.e., ~Cluster*Condition, by
using Lme4 version 1.1-27.1. Emmeans version 1.6.2-1 was utilized to
compare the odds ratios of different clinical groups for each

Fig. 7 | Long-term response to CAR T therapy is associated with a unique pre- and post-infusion peripheral blood immune landscape. Visual representation of key
immune features associated with durable CAR T response. Created in BioRender. https://BioRender.com/y55l366.
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timepoint. The observed ratio (OR) is reported. P-values were adjusted
with Benjamini–Hochberg (Supplementary Tables 1–6). To focus the
comparative analysis of the response cohorts by single-cell tran-
scriptomics on differences with clear biological relevance, we high-
lighted populations with both statistical significance and functional
implications for immunemodulation and effector cell function. Under
this light, for differential abundance analyses, we applied a more
stringent statistical threshold of p <0.01 to avoid spurious findings. In
addition, we have focused on comparing the cell subsets at baseline
and 4 weeks post-CAR T infusion to eliminate the confounding factors
of disease relapse and associated treatment in the early relapse cohort.
Only patient groups from baseline and 4 weeks post-CAR T were
included in the respective comparisons (Supplementary Fig. 1A). As a
fixed number of cells were analyzed across the different timepoints,
results are presented as relative abundance of each immune popula-
tion todefine thenature of the immunemilieu and trajectory of change
over time.

Trajectory interference and cell–cell communication analysis
Single-cell pseudotime trajectory was constructed in all cells using
Slingshot v.2.0.084 based on the 20 dimensions of the Harmony
embedding matrix. Cell-cell communication analysis was conducted
separately among the major lineages and the distinct cell populations
at the different timepoints using the CellChat v.1.0.0R package85. A
threshold of 20% in the average gene expression in each cell popula-
tion was applied, while significant interactions and pathways were
retained with a 0.05 P value cutoff.

Pathway analysis
A pathway score summarizes the expression of a set of functionally
related genes86. Gene Ontology (GO) Biological Processes87 was used to
create a curated selection of pathways capturing the immune processes.
Building on the methodology described in refs. 86,88, we used a rank-
based approach to define the pathway scores, where the pathway score
is the sum of the adjusted ranks of the genes in the pathway annotation
scaled by the square root of the number of genes in the pathway. First,
the ranks based on the UMI counts were calculated per gene for each
cell, solving ties by selecting the minimum. Then, we scaled and cen-
tered the ranks across each cell. In order to account for the effect of rank
sparsity for each gene, we split the scaled and centered ranks by their
sign (positive or negative) and regressed out with a linear model the
effect of the number of genes detected and the log of the total number
of UMIs. Finally, we used the removeBatchEffect function from limma
v.3.42.2 to adjust the pathway scores for batch effects.

scTCR sequencing, preprocessing, and data analysis
Cellranger v.4.0.0 V(D)J annotation pipeline64 was utilized to
retrieve clonotype information. Assembled contigs assigned to a
raw clonotype ID were retained. Cell barcodes with TCR alpha
chain and/or one TCR beta chain were retained. Each clonotype
was characterized by the amino acid sequences of the CDR3
regions of the two chains across the distinct samples. Clonosize
proportions were calculated by summarizing the number of each
clonotype versus the total number of T cells with at least one
clonotype. Public CDR3 β TCR clonotypes recognizing influenza,
CMV, and EBV viral antigens were retrieved from VDJdb89, IEDB90,
and McPAS91 and compared against the CDR3 β TCR clonotypes of
all the identified T cell populations. Fisher’s exact test was applied
to identify significantly enriched clonotypes per cell population
at the post-CAR T timepoints compared to leukapheresis in the
different cohorts. For each clonotype, we took into account its
clonotypic frequency in the specific cell type relevant to the total
number of T cells at leukapheresis and at the post-CAR T time-
point, versus the clonotypic frequency of all other α/β TCRs in
the different timepoints. P values were adjusted using the

Benjamini–Hochberg method. The significantly enriched clono-
types (FDR <0.05) with a clonotypic fold-change >1 at the post-
CAR T timepoint versus leukapheresis were characterized as
expanded, those with a clonotypic fold-change <1 as contracted,
those with a clonotypic fold-change = 0 as novel, and the rest as
persistent (FDR >0.05 and/or fold-change = 1).

T cell expansion model
The model incorporated five distinct characteristics: (i) the number of
expanded α/β TCRs with TCR frequency >1 relative to the total T cells,
and thenumber of expanded (TCR frequency>1) CD8, (ii) Tem/TGFβ1+
CXCR4+, (iii) Tem/highly cytotoxic, (iv) Tem/pro-inflammatory, and
(v) CD4 CTL clonotypes relative to the total T cells. These relative
abundances were combined in a naive Bayesian model, using the
parameters usekernel = TRUE and adjust = 1 for Laplace smoothing.
The distinct characteristics were scaled and centered accordingly. The
model was trained and evaluated with leave-one-out cross-validation
on 23 patients, 4 weeks post-CAR T (LtR, n = 9; R/NR, n = 14). Model
deployment and evaluation were conducted using the caret v.6.0.94
package in R92.

Data availability
The processed sequencing data generated in this study have been
deposited in NCBI GEO under accession code GSE290722. Further-
more, raw sequencing data can be provided following a request for a
Data Use Agreement with Kite Pharma, Inc., in accordance with parti-
cipating patient consent. For additional information or to make a
request, contact medinfo@kitepharma.com. All data generated or
analyzed during this study are included in the Supplementary Infor-
mation, the Source Data file, and are available on Zenodo https://doi.
org/10.5281/zenodo.15007741)93. Source data are provided with
this paper.

Code availability
Code for the analyses in this article is available on GitHub (https://
github.com/ivlachos/ZUMA1_Single_Cell_DLBCL_Atlas, https://doi.org/
10.5281/zenodo.15007741)94.
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