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In brief

Donor-derived CD8* CAR Tgcm cells
exhibit enhanced expansion and a
favorable safety profile, inducing
complete responses at low doses without
lymphodepletion. Their distinctive in vivo
behavior and differentiation trajectory
establish Tgcy cells as a robust and safe
platform for next-generation CAR T cell
therapy.
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SUMMARY

Donor-derived CD19-CAR T cells offer a therapeutic option for B cell malignancies relapsing after allogeneic
hematopoietic stem cell transplantation but are often constrained by poor engraftment, expansion, and
persistence. In a first-in-human study (NCT01087294), we found that CAR-modified stem-cell memory T
(Tscm) cells exhibited greater expansion and persistence than standard CAR T cells, enabling complete re-
sponses at low doses in the absence of lymphodepletion. CAR Tgcy cells induced mild cytokine-release syn-
drome, dominated by IFN-y. Both products differentiated into effectors; however, only CAR Tgcm cells
robustly reconstituted the stem-like compartment over time. CAR Tggy cells were sustained through clonal
succession, whereas persisting standard CAR T cells resulted from maintenance or contraction of early-
expanded clones. While poor expansion limited standard CAR T cell activity, resistance to CAR Tgcm cells
was driven primarily by tumor- and host-related factors. These findings establish CAR Tgcm cells as a prom-
ising platform for next-generation CAR T cell therapies.

INTRODUCTION

Over the past three decades, allogeneic hematopoietic stem
cell transplantation (alloHSCT) has become a life-saving treat-
ment for advanced B-cell malignancies. However, relapse
remains the leading cause of mortality, accounting for approx-
imately 60% of deaths occurring beyond 100 days post-trans-
plant.’ Donor lymphocyte infusion (DLI) has been employed as

salvage therapy for post-alloHSCT relapse,” but low response
rates and a high incidence of graft-versus-host disease
(GVHD) have limited its use.® Re-directing donor-derived
T cell specificity with chimeric antigen receptors (CARs) may
overcome these limitations by enhancing the graft-versus-leu-
kemia potency of allogeneic T cells without worsening GvHD.*
Nonetheless, in the absence of lymphodepletion, donor-
derived CAR T cells often show poor engraftment, limited
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expansion, and reduced persistence, resulting in modest
objective responses.®®

Retrospective studies have demonstrated a strong associa-
tion between early memory T cell frequency and clinical re-
sponses after CAR T cell therapy.”® Among these subsets,
stem-cell memory T (Tscwm) cells, a minimally differentiated pop-
ulation endowed with self-renewal and multipotency, stand out
for their robust proliferative capacity, long-term survival, and
potent antitumor activity, making them an ideal cell type for
adoptive immunotherapy.'%'? Higher frequencies of Tscwm cells
in CAR T cell products correlate with greater CAR T cell expan-
sion'® and improved clinical outcomes.'* However, Tsowm cells
comprise only a small fraction of current CAR T cell products
and their therapeutic relevance has yet to be validated
prospectively.

We previously developed a clinical-grade platform for gener-
ating CAR-modified Tgcm cells and demonstrated superior
anti-leukemic activity against acute lymphoblastic leukemia
(ALL) xenografts.' To translate these findings clinically, we
amended a phase 1 trial of donor-derived CD19-CAR T cells in
patients with relapsed or refractory CD19* malignancies post-al-
IoHSCT (NCT01087294),° allowing the treatment of a second
cohort with a Tggm-enriched CAR T cell product. CAR T cells
were administered without chemotherapy-based conditioning,
enabling a direct assessment of the T cell products without con-
founding effects from other treatments. Here, we present clinical
outcomes and in-depth immunomonitoring of the two cohorts,
assessing whether the Tgcm cell platform improves safety and
efficacy over conventional CAR T cell products, and providing
mechanistic insights into distinct biology.

RESULTS

CAR Tscm products exhibit high uniformity

Donor-derived CD19 CAR Tscm cells were generated using a
previously established manufacturing protocol'® and compared
with standard CAR T cell products.® A schematic overview of
both manufacturing processes is shown in Figure 1A. Standard
CAR T cells were generated by activating peripheral blood
mononuclear cells (PBMCs) with soluble anti-CD3 and IL-2
following a protocol analogous to that used for axicabtagene
ciloleucel.®'® As previously reported,’> CAR Tscm cells were
manufactured from enriched naive CD8" T cells stimulated
with CD3/CD28 microbeads. Culture conditions included IL-7
to promote Tgom cell differentiation,’” IL-21 to limit effector
T cell maturation,’®'® and the glycogen synthase kinase 3
beta (GSK-3p) inhibitor TWS119 to enhance WNT
signaling'®""'52% and stabilize stemness-associated transcrip-
tional programs.®"?> While the standard manufacturing process
generated a more balanced ratio of CD8" and CD4" T cells
(mean + SD: 54.7% + 17.3% versus 41.4% + 17.1%, respec-
tively) (Figures 1B and 1C), Tscm culture conditions, by design,
yielded an almost exclusively CD8" T cell population (mean +
SD: 98.7% =+ 1.1%). CAR Tscm products were highly enriched
in Tscm cells compared with those generated with the standard
procedure (median: 78.4% versus 8.4%), whereas standard
CAR T cells were more heterogeneous, with predominant pro-
portions of effector memory (Tgnv) and terminal effector (T1g)

2 Cell 189, 1-15, June 11, 2026

Cell

cells (median: 34.2% and 21%, respectively) (Figure 1D). Phe-
nograph clustering®® identified 10 distinct clusters within the
two CAR T cell products (Figures 1E-1G). Notably, CAR Tscm
cells were almost entirely confined to clusters 4, 6, 8, and 9,
which exhibited the hallmark Tscy phenotypic traits, with only
minor expression-level variations. In contrast, clusters 2, 3,
and 5, which comprise cells with a Tgyp-like profile, were pri-
marily restricted to standard CAR T cells (Figures 1E-1G).
These findings indicate that Tgcy culture conditions result in
highly homogeneous CAR Tscm products, whereas the stan-
dard process yields a heterogeneous product enriched in
effector subsets.

Superior CAR Tscm €xpansion yields complete
responses at low doses

The total CAR T cell doses administered in the two cohorts are
illustrated in Figure 2A and summarized in Tables S1 and S2.
The standard cohort received significantly higher CAR T cell
numbers compared with Tgcym recipients (median: 290 million
versus 66 million, respectively) (Figure 2A). Despite lower doses,
CAR Tscm recipients achieved overall response rates (ORRs)
comparable with those of standard patients (55% versus 45%,
respectively) (Figure 2B). There was no significant difference in
event-free survival (EFS), with a median EFS of 3.3 months in
the standard CAR T cell cohort and 4.9 months in the CAR
Tscm cohort (Figure 2C). Among the four Tggwm recipients with
EFS > 24 months (patient number [Pt #] 22, 25, 27, and 28),
CD19 expression was assessed before treatment and at relapse
in three patients; in two of these cases, CD19 expression was
uniformly present before treatment but was dim (Pt #22) or ab-
sent on the majority of relapsing leukemic cells (Pt #27), suggest-
ing antigen escape under CAR T cell immune pressure. Notably,
at a comparable dose range (<3 x 108 CAR T cells), CAR Tscm
cells demonstrated improved activity, with complete responses
observed in 5 out of 11 patients (45%), versus 1 out of 10 patients
(10%) in the standard cohort (p = 0.0362, one-tailed chi-squared
test) (Figures 2A and 2B). Examples of outcomes induced by
CAR Tscwm cells are shown in Figures 2D-2F, highlighting com-
plete radiological (Figure 2D) and pathological (Figure 2E) re-
sponses in two ALL patients. Importantly, CAR Tscwm cells were
able to elicit anti-tumor responses in peripheral tissues, as
demonstrated by the dramatic regression of an extramedullary
ALL cutaneous mass (Figure 2F).

CAR T cell peak expansion and overall exposure —measured
as area under the curve (AUC)—have been associated with re-
sponses.” " Therefore, we evaluated the absolute number of
circulating CAR T cells by gPCR during the first 36 days post-
infusion. We found that CAR Tscm cells exhibited a delayed
expansion, peaking in the second week post-infusion, compared
with standard CAR T cells, which peaked within the first week
(Figures 2G and S1). This pattern aligns with recent observations
that later waves of CAR T expansion arise from cells within the
infusion product that possess a stem-like signature.?® Tggy re-
cipients exhibited a higher per-cell peak blood level of CAR
T cells (median: 30.4 CAR T cells/pL) compared with standard
patients (median: 6.7 CAR T cells/uL) (Figure 2G) as well as a
higher per-cell AUCq4g.35 (Mmedian: 185.8 CAR T cells/pL versus
27.5 CAR T cells/pL) (Figures 2G and 2H). qPCR results
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Figure 1. CAR Tscm products exhibit greater phenotypic uniformity than standard CAR T cells

(A) Schematic representation of the manufacturing processes for standard (top) and CAR Tscm manufacturing (bottom). Ty, naive; Tscm, stem cell memory; Tewm,
central memory; Tgy effector memory; and T1g, terminal effector.

(B) Flow cytometry gating strategy used to characterize the standard and Tggm CAR product compositions. Tscwm were defined as
CCR7*CD45RA*CD45R0CD95*; Tcm as CCR7*CD45RA™; Tem as CCR7 CD45RA™; Tt as CCR7 CD45RAY; Tscm-like cells as CCR7*CD45RA*. Numbers
indicate the percentage of cells in each quadrant.

(C and D) (C) Percentage of CD8*, CD4"* T cells, and (D) distribution of indicated subsets within both products. Data are shown after gating on live CD3*CAR™ cells.
Results from standard (n = 19) and Tsgum-enriched (n = 11) CAR T cell products are shown as box-and-whisker plots. Boxes indicate the median and interquartile
range with whiskers extending up to 1.5 times the interquartile range (o < 0.0001; multiple t test, Holm-Sidak correction for multiple comparisons).

(E) UMAP plots of concatenated CAR T cell products showing cluster identity (left) and treatment group distribution (right). Data on UMAP are shown after gating
on live CD3*CAR* cells.

(F) Stacked bar graph showing the percentage of each cluster in standard and Tscu-enriched CAR T cell products.

(G) Heatmap of the relative expression (z score) of memory markers in each cluster. Hierarchical clustering (dendrogram) highlights similarities and differences
between clusters.

were validated by flow cytometry, confirming the delayed
(Figures S1A and S1B) and higher expansion of CAR Tgcm cells
(median: 7.3% versus 1%) (Figures 2| and 2J). To assess
whether these differences in CAR T cell expansion could be
attributed to variability in lymphodepletion due to the interval
from prior therapies (Tables S3 and S4), we evaluated baseline
CD3* T cell and NK cell counts. With the exception of one patient

in the standard CAR T cell group showing marked T cell deple-
tion, all other patients had CD3* and NK cell levels within or close
to normal limits (Figures S1C and S1D). Importantly, there were
no significant differences in baseline lymphocyte counts be-
tween the two cohorts. Thus, the delayed kinetics and greater
expansion observed in the CAR Tgcw cohort likely reflect intrinsic
biological properties of the infused cells rather than differences
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Figure 2. Enhanced expansion and persistence of CAR Tgcwm cells drive superior responses at lower doses

(A) Total dose range of infused CAR T cells in standard (0.4-8.2 x 108kg™", n = 20) and Tscm (0.25-2 x 10%kg ™", n = 11) cohorts for first cell infusions. Doses below
the black-dashed line in the gray box correspond to dose values <3 x 102 infused CAR T cells. Empty and filled symbols represent non-complete and complete
responders, respectively. Data are shown as individual values, while horizontal black bars represent median values (*p < 0.05, one-tailed chi-squared test
[proportion of CRs for <3 x 10 infused CAR T cells]; *** p < 0.001, two-tailed Mann-Whitney test [comparison of CAR T infusion doses]).

(B) Best response rates (%) to first infusion in standard and Tscwm recipients, shown for the full dose range (left) and doses <3 x 108 (right) infused CAR T cells. CR,
complete response; PR, partial response; SD, stable disease; and PD, progressive disease.

(C) Event-free survival (EFS) post-CAR T cell infusion in standard versus Tscwm recipients for first infusions. ns = not significant (log-rank test).

(D) PET/CT images showing progressive resolution of multiple fluorodeoxyglucose (FDG)-avid B-cell ALL bone lesions (yellow arrows) in Pt #28 following the
infusion of CAR Tggm cells.

(E) Bone marrow hematoxylin and eosin (H&E) staining (left and middle) and terminal deoxynucleotidyl transferase (TdT) staining (right) for Pt #31 demonstrating
90% B-cell ALL involvement pre-treatment (top row) and hypocellular marrow with trilineage hematopoiesis and no morphologic evidence of B-ALL (bottom row)
36 days after infusion of CAR Tgcm cells. Immunohistochemical images are shown at 100x (left panels) and 1,000x magnification (center and right panels).
(F) Pre- (left) and post-treatment photographs (middle, right) of a biopsy-proven extramedullary B-cell ALL cutaneous lesion in Pt #29 showing gradual evolution
and improvement following the first infusion of CAR Tgcwm cells.

(G) Absolute circulating CAR* T cell numbers per microliter of blood assessed by qPCR. Cells are normalized to the total infused dose (per 108 infused cells). Data
are grouped into 3-day intervals (‘o < 0.05; **p < 0.01, two-tailed Mann-Whitney test).

(H) Area under the curve (AUC) from day 0 to day 36 post-infusion (*o < 0.01, two-tailed Mann-Whitney test).

(I) Flow cytometry plot showing the frequency of proliferating CAR T cells at the peak of expansion as assessed by Ki67 staining in Pt #14 (standard) and #27
(Tscm)- Numbers indicate the percentage of cells in each quadrant.

(J) Frequency of CAR T cells in peripheral blood at the peak of expansion in standard and Tscy recipients. Cells are normalized to the total infused dose (per 108
infused cells); (** p < 0.01, two-tailed Mann-Whitney test).

See also Figure S1.
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in lymphodepletion.”®*° Together, these findings suggest that
the superior complete responses achieved by CAR Tggym cells
at low doses are driven by their enhanced capacity for expansion
and persistence.

CAR Tscm cells exhibit a favorable safety profile

The administration of donor-derived CAR Tgcwm cells was well
tolerated, with no GvHD and a low incidence of cytokine release
syndrome (CRS) or other severe adverse events (Tables S1 and
S5). No grade 4 (G4) CRS events were observed in the Tscm
cohort. Only one patient with 40%-50% ALL blast infiltration in
the bone marrow (BM) developed grade 3 (G3) CRS. In contrast,
28.6% of patients treated with standard CAR T cells experienced
grade 3—4 CRS toxicities (Figure 3A, left). Of note, these differ-
ences were maintained when comparing patients who received
comparable dose levels (Figure 3A, right). Consistent with prior re-
ports,?>°" CRS severity correlates with CAR T cell expansion in
our standard cohort, in which G3-4 toxicities occurred in patients
who exhibited higher peak expansion compared with those with
G1-2 CRS (Figure 3B), with no clear correlation with CD4* versus
CD8" T cell expansion (Figure S2A). Remarkably, CAR Tscwm cell
recipients, who experienced peak expansion levels comparable
with those observed in patients with G3-4 CRS in the standard
cohort, displayed only G1-2 toxicities, suggesting that CAR
Tscm products uncouple expansion from toxicity (Figure 3B).
Responder patients in both cohorts developed fever following
CART cell infusion. In the standard cohort, fever occurred during
the first week post-infusion, whereas in the Tgc cohort it emerged
in the second week (Figure 3C), consistent with the delayed ki-
netics of CAR T cell expansion (Figure 2G). Despite both cohorts
experiencing fever at similar temperatures, standard CAR T cell re-
cipients showed heightened inflammatory responses, as evi-
denced by elevated levels of C-reactive protein (Figure 3D).

To determine whether the observed differences in CRS and
inflammation between standard and Tscy patients were associ-
ated with distinct cytokine patterns, we performed serum cyto-
kine profiling. We observed elevated levels of interleukin-6 (IL-
6) in the standard cohort immediately after CAR T cell infusion,
which normalized by the end of the first week (Figure 3E). In
contrast, the CAR Tgcm cell administration was primarily associ-
ated with a peak in interferon-y (IFN-y) during the second week,
reflecting the distinct temporal dynamics of their in vivo expan-
sion (Figure 3E). No differential patterns were observed for the
other cytokines analyzed (Figure S2B). Interestingly, IL-6 levels
correlated with CRS severity exclusively in the standard cohort,
whereas IFN-y emerged as the primary driver of toxicity in the
Tscm group (Figures 3F and 3G). The virtual absence of CD4*
T cells—which play a major role in driving CRS**~** via licensing
of monocytes/macrophages®>"*° —in the Tscm cohort, along with
differences in CD8" T cell subset composition®” in the infusion
product, may underlie the observed differences in serum cyto-
kines and the favorable safety profile of CAR Tgcm therapy. To
better understand the potential contribution of the CD8" T cell
compartment in triggering CRS, we isolated CD8"CAR* T cells
from both infusion products and performed single-cell secre-
tome analysis following stimulation with CD19" targets. Unsu-
pervised cluster analysis identified 14 distinct clusters
(Figure 3H). Consistent with our serum results, we observed a
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trend toward the enrichment of IL-6-secreting clusters (1 and
2) in the standard product, whereas clusters 11 and, to a certain
extent, 14 —marked by elevated IFN-y secretion—were predom-
inant in the CAR Tgcm cells (Figure 3l). Single-cell secretome
analysis also revealed an increased presence of a highly poly-
functional cluster (3) within the CAR Tscm products (Figure 3l).
As polyfunctionality has previously been identified as a key
determinant of antitumor responses,®® this enrichment may
have contributed to the enhanced therapeutic efficacy observed
in the Tscm cohort. Together, these findings suggest that the
attenuated inflammatory response observed with CAR Tscm
therapy is shaped by its unique cytokine dynamics and profile.

CAR Tscm cells exhibit distinct in vivo fates

To characterize the in vivo differentiation trajectories of standard
and Tggu-enriched CAR T cells, we performed high-dimensional
flow cytometry on post-infusion samples using a 23-color panel
encompassing canonical activation, differentiation, and exhaus-
tion markers. Unsupervised clustering analysis identified 17
distinct clusters within the two cohorts (Figure 4A). T cell differen-
tiation trajectories were then inferred using Slingshot.®® Cluster
15, characterized by bona fide naive T (Ty) cells, was designated
as the root cluster for trajectory reconstruction. We identified a pri-
mary differentiation path (white line) that progressed sequentially
from Ty cells (clusters 15 and 4) to Tscwm cells (cluster 8), then to
Tecwm cells (cluster 9), followed by a transition to proliferating effec-
tors (prol. Tere) (clusters 13, 6, 5, 11, and 10), and ultimately to
resting Tegrr and T1e cells (clusters 17, 2, 12, and 1) (Figure 4B).
Wishbone analysis’® was applied to define the expression dy-
namics of early, activation, and late differentiation markers along
the inferred trajectory. The resulting expression trends were
consistent with a progressive model of T cell differentiation recon-
structed through pseudotime analysis (Figure 4C). Additionally,
we performed principal component analysis (PCA) to further delin-
eate specific T cell trajectories within the two cohorts at different
time points following CAR T cell therapy (Figure 4D). T cell posi-
tioning at early time points (days 5-8) differed markedly between
the Tscm and standard cohorts. However, during the second
week (days 9-11 and 12-14), the Tggm trajectory gradually shifted
toward the phenotypic state observed in the standard cohort on
days 5-8 (Figure 4D). This observation aligns with the distinct
expansion kinetics of the two products, with peak expansion
occurring during the first week for standard CAR T cells and the
second week for CAR Tgcm cells. Notably, the two trajectories
further diverged along the PCA2 axis as cells transitioned to the
memory phase (days 28-35) (Figure 4D). To dissect the pheno-
typic drivers of the PCA trajectory differences, we analyzed cluster
contributions using vector projections in a biplot of the attributes
(Figure S3A). Strong contributors included clusters 8 (Tscwm), 6,
14,5, 11, and 10 (progressive stages of proliferating Terg), 3 (Tewm)s
2 (resting Tgrp), and clusters 1 and 7 (GZMB* and GZMK* T+,
respectively). CAR Tscwm cells exhibited delayed accrual into prolif-
erating intermediate Tggr cells, peaking at days 12-14, compared
with standard CAR T cells, which reached this stage as early as
days 5-8. By days 28-35, while standard CAR T cells were en-
riched in proliferating and resting late effector subsets, CAR
Tscwm cells robustly repopulated the Tgguy compartment and the
pool of very early proliferating Terr cells (Figures 4A, 4F, and
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Figure 3. Reduced cytokine release syndrome severity following CAR Tgcym infusion

(A) CRS incidence in standard versus Tscwm recipients. Stacked bar graphs show CRS grades (G0-G4) after first cell infusions displayed for the full dose range (left)
and doses <3 x 108 infused CAR T cells (right).

(B) Correlation between the percentage of CAR T cells at the peak of expansion (measured by flow cytometry) and CRS severity ("o < 0.05, one-way ANOVA,
Kruskal-Wallis test).

(C and D) Body temperature (C) and C-reactive protein (CRP) levels (D) in responder patients during the first two weeks after infusion of standard or Tggu-enriched
CAR T cells for the first cell infusions. Standard n = 9 (C) and 5 (D). Tscm n = 6 (C and D).

(E) Serum levels of IL-6 (left) and IFN-y (right) in responder patients over two weeks after infusion of standard or Tscm-enriched CAR T cells. Time post-infusion is
represented in day intervals. The gray box, outlined by a black dashed line, indicates the physiological reference levels of each cytokine. Standard n=7. Tggmn =
6.

(F and G) Serum peak levels of IL-6 (F) and IFN-y (G) in standard (n = 17) and Tsgm-enriched (n = 11) CAR T cell recipients stratified according to CRS grade
(*p < 0.05; **p < 0.01, one-way ANOVA, Kruskal-Wallis test).

(H) Heatmap showing the relative expression (Z score) of single-cell secreted cytokines by sorted CAR*CD8* T cells from standard (n = 20) and Tscy-enriched (n =
8) CART cell products after stimulation with CD19* K562. Clusters were identified using the VIA algorithm. Cluster 1 (983 cells) and cluster 14 (249) are the largest
and least functional clusters, respectively.

(I) Relative contribution of each cluster within standard and Tscym CD8* products. Cluster percentage was normalized to the total number of clusters per patient
(*p < 0.05; **p < 0.01, multiple t test, Holm-Sidak correction for multiple comparisons).

See also Figure S2.

S3B). These findings highlight a distinct differentiation programin  Clonal succession sustains long-term CAR Tscym

CAR Tscm cells, characterized by delayed effector differentiation  engraftment

and sustained regeneration of stem-like cells and early memory  To investigate the in vivo clonal dynamics of CAR T cells, we per-
precursors. formed longitudinal tracking of retroviral integration sites (ISs)
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Figure 4. CAR Tscm cells retain the ability to reconstitute the Tscy compartment
(A) Heatmap showing the relative expression (Z score) of differentiation and activation markers in post-CAR T cell infusion samples from standard (n = 20) and

Tscm-enriched (n = 11) CAR T cell recipients. Clusters were identified using the VIA algorithm.

(B) Pseudotime reconstruction of CD8* T cell differentiation along the UMAP generated using post-infusion samples from standard and Tsgm recipients. A main
inferred trajectory (white line) diverges into four minor differentiation branches (black arrows). Trajectories and branches were generated using the Slingshot
package, assuming the Ty cluster (C4s) as the root.

(C) Normalized expression of early memory, activation, and late differentiation markers along the main pseudo time trajectory.

(D) Principal component analysis (PCA) of CD8* T cells in standard and Tscwm recipients at different time points following CAR T cell infusion.

(E) Bubble plot showing the frequencies of selected clusters obtained in (A) along the pseudo time trajectory shown in (B) at the indicated time points post-CAR
T cell infusion. Bubble size indicates the frequency of each cluster over the pseudo time trajectory. Tscm (Cg), Prol. v. early Teeg (Ce), Prol. early Tegr (C14), Prol. int.

Terr (Cs), Prol. adv. Teer (Cq4), Prol. late Terr (C1o), Tem (Ca), resting Teer (Co), GZMK* T1e (C7), GZMB™ T1¢ (C4).

(F) Flow cytometry plots showing Tscwm, proliferating intermediate Terr, and GZMB™* Trg subsets in two representative standard and Tscw recipients (patients #18
and #29, respectively) at different time points following CAR T cell infusion. CD95"IL7Ra* cells identify Tscm cells (gray), CD38*Ki67" cells mark Prol. int. Terr
(red), and CD57*GZMB™ define T+g (blue). Data are shown after gating on live CD3*CAR™* cells and CCR7*CD45RA" (Tscm), CCR7 CD45RA™ (Prol. int. Terg), and

CCR7 CD45RA" <TTE) subsets. Numbers indicate the percentage of cells in each quadrant. Teg, effector T cells.
See also Figure S3.

we selected four ALL patients who achieved a minimal residual dis-
ease-negative (MRD") CR following treatment with either standard
or Tgom-enriched CAR T cells. We first evaluated the extent of

within flow cytometry-sorted memory subsets from the infusion
product to day 90 post-infusion (Figure S4A). To minimize potential
confounding factors such as disease type and clinical outcome,
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Figure 5. Long-term persistence of CAR Tscp cells is sustained by clonal succession

(A) Correlation plots showing the degree of sharing of identical integration sites (IS) across each T cell subset in the standard (left) and Tscwm (right) CAR products
from Pt #15 and #22, respectively. Positive and negative correlations are shown in red and in blue, respectively. The size of circles is proportional to the correlation
value (Pearson correlation coefficient calculated between all pairs of variables).

(B) Violin plot showing the percentage of shared ISs found among the diverse T cell subsets within standard (n = 2) and Tscwm (1 = 2) CAR products.

(C) Word clouds displaying the top 50 ISs loci at day 90 following CAR T cell infusion in Pt #15 (standard, left) and #22 (Tscwm, right). Each locus is labeled with the
name of the closest gene to the relative insertion site. The size of each gene name is proportional to the number of integrations found at that locus, with larger fonts
indicating higher integration frequencies.

(D) Shannon diversity index calculated on total ISs collected at day 90 post-CAR T cell infusion. A higher index indicates greater clonal diversity. Data are shown
relative to the diversity index of the infusion products.

(E) Heatmap showing the longitudinal tracking of individual ISs within each T cell subset for Pt #15 (standard, top) and #22 (Tscwm, bottom). Each row represents an
individual IS, and each column represents the T cell subset analyzed. The intensity of blue and red is proportional to the relative IS abundance, expressed as log+o
percent sequencing read counts belonging to each IS for each sample/timepoint.

(F) Alluvial plots showing the abundance of top 10 clones persisting at day 90 in Pt #15 (standard, left) and #22 (Tscwm, right) backtracked to day 14 and the infusion
product (IP). Ribbons connect identical ISs tracked over different time points (bars). The size of each ribbon/bar section is proportional to the relative 1S
abundance. The abundance of the rest of the ISs (other) is reported in the white section of each bar.

(G) Scatter plot showing the log, fold change (FC) of the abundance top 10 ISs retrieved at day 90 relative to day 14 following CAR T cell infusion in standard (n = 2)
and Tscm (1 = 2) recipients. The top 10 clones per patient are shown as individual values in box-and-whisker plots. Boxes indicate the median and interquartile
range, with whiskers extending to 1.5 times the interquartile range (*p < 0.05, two-tailed Mann-Whitney test).

See also Figure S4.

shared ISs among memory subsets within the infused CAR T cell
products. Interestingly, the Tsgm product showed minimal IS over-

dard CAR T cell recipients. This outcome was expected since,
as discussed above, the Tgom patients received fewer cells

lap across memory T cell populations, whereas the standard prod-
uct exhibited a high degree of IS sharing (Figures 5A and 5B). The
low number of shared ISs in the Tscym product likely reflects the
manufacturing conditions, which limit extensive proliferation while
preserving stemness. Conversely, the high proportion of shared
ISsin the standard CAR T cell product suggests that differentiation
occurred during in vitro expansion. Importantly, the limited number
of shared ISs in CAR Tgcwm products enables more precise and less
ambiguous tracking of specific IS clones over time from the original
Tscm compartment.

The overall clonal diversity of CAR T cells was reduced in Tscm
recipients after infusion at late time points compared with stan-

8 Cell 189, 1-15, June 11, 2026

than with the standard protocol. However, no evidence of clonal
dominance or aberrant selection was observed, supporting the
safety of Tgcom cells. (Figures 5C, 5D, and 4B.) To delineate the
reconstitution dynamics of standard and Tscy products, we
longitudinally tracked individual clones while simultaneously
analyzing their contribution to distinct T cell subsets. Standard
CART cell clonotypes underwent rapid expansion post-infusion,
followed by a contraction and/or stabilization over time
(Figure 5E). Accordingly, the top 10 most abundant persisting
clones at 90 days were derived from attrition or maintenance
of early expanded (d14) clones (Figures 5F and 5G). In sharp
contrast, CAR Tscm cell repopulated the patient through
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sequential waves of clonal succession (Figure 5E). Notably, the
top 10 most abundant persisting clones in Tgcu-treated patients
emerged from newly expanded clones that were not involved in
the initial expansion phase (Figures 5F and 5G). This pattern is
reminiscent of the reconstitution dynamics of hematopoietic
stem cells, which maintain long-term stemness and repopulating
capacity at the population level through clonal succession.*’
Together with flow cytometry data, these findings highlight a
lasting divergence in the differentiation programs of standard
versus CAR Tggy cells.

CAR Tscm treatment failure depends on tumor- and
host-related factors

CAR T cell expansion in peripheral blood correlates with clinical
response.”*?’ Consistently, responders in the standard cohort
exhibited significantly higher peak CAR T cell expansion
compared with non-responders (median: 9.4 versus 1.2 CAR
T cells/pL, respectively) (Figure 6A). In contrast, no significant
differences in CAR T cell expansion were observed between
responders and non-responders receiving CAR Tscm cells
(median: 26.9 versus 33.8 CAR T cells/puL, respectively)
(Figure 6A). These findings emphasize the variability in T cell
fitness among standard products, a key weakness that CAR
Tscm cells overcome, ensuring more robust and predictable
engraftment. To investigate the mechanisms behind CAR Tscm
failure, we initially focused on the only patient (Pt #23) who expe-
rienced progressive disease (PD). Despite robust CAR T cell pro-
liferation (Figures 6B and 6C) and preserved functionality
(Figures 6D and 6E), as evidenced by the induction of B-cell apla-
sia, leukemia progressed undisturbed in both peripheral blood
and BM (Figure 6D). Flow cytometry analysis of CD19 expression
in pre- and post-CAR T BM biopsies revealed dim CD19 expres-
sion on pre-treatment leukemic blasts, which were enriched in
the CD19™ fraction following CAR Tscpm treatment (Figure 6E).
These results indicate that leukemia progression was driven by
insufficient CAR T cell reactivity against the low-density antigen
on leukemic cells, as previously reported.”® We further investi-
gated another patient (Pt #30), the sole Tscym recipient in whom
CAR T cells failed to expand despite the infusion product being
highly enriched (>80%) in Tscm cells (Figure 6F). Therefore, we
screened the patient’s serum for the presence of multiple inhib-
itory cytokines within the first 3 days after CAR T cell infusion.
While most of the tested cytokines remained within physiological
levels in all Tscm-treated patients, Pt #30 displayed strikingly
elevated levels of IL-10 (Figure 6G). While recent studies have
suggested that IL-10 may support T cell antitumor function in
certain contexts,*® our findings, albeit based on a single case,
are more consistent with its well-established immunosuppres-
sive role.** Emerging strategies such as dominant-negative IL-
10 receptors, chimeric switch receptors, or synthetic intramem-
brane proteolysis receptors*>*® may offer promising avenues to
counteract IL-10-mediated immunosuppression in future CAR
Tscwm cell-based therapies.

Humoral responses to the mouse-derived single-chain vari-
able fragments (FMC63) included in the CD19-CAR construct
have been previously reported.>' Since CAR T cell infusion in
our study was administered without lymphodepletion precondi-
tioning, endogenous B cells likely retained the ability to mount
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humoral responses against FMC63, raising the possibility that
anti-CAR antibodies (Abs) could hinder CAR T cell performance
and clinical outcomes. We detected anti-CAR Abs in 35% of pa-
tients across the entire treatment cohorts (Figure 6H, left). Anti-
CAR antibody levels correlated with the presence of B cells at
the time of infusion (Figure 6H, right). To investigate the inhibitory
potential of anti-CAR Abs on CAR T cell function, we assessed B
cell aplasia as a surrogate marker of CAR T cell functionality in
parallel with anti-CAR antibody detection in patients who
received a second CAR T cell infusion. All four patients who un-
derwent multiple CAR T cell treatments exhibited heightened hu-
moral responses upon CAR re-exposure, underscoring a prime-
boost effect (Figure S5). To assess the impact of anti-CAR Abs
on CAR T cell functionality, we then focused on two patients
who had detectable circulating B cells at the time of CAR T cell
infusions (Figure 61, left). Strikingly, while CAR T cells efficiently
eliminated B cells following the first infusion, the second admin-
istration—even at higher doses—failed to reduce B cell
numbers, coinciding with the induction of an anti-CAR response
(Figure 61, right). These findings provide compelling evidence
that humoral responses can impair CAR T cell efficacy. Notably,
Pt #25, who relapsed at 27 months and had no post-treatment
biopsy to assess CD19 expression, showed the highest anti-
CAR antibody levels (84 ng/mL) following CAR T cell infusion,
suggesting a possible link between humoral inhibition of CAR
T cell function and relapse. Although based on a limited number
of cases, collectively our results suggest that CAR Tgcpm treat-
ment failure is primarily driven by tumor- and host-related fac-
tors—including low antigen density, immunosuppressive cyto-
kines, and anti-CAR humoral responses—rather than intrinsic
defects in T cell functionality and fitness.

DISCUSSION

CD19-directed CAR T cell therapies have transformed the treat-
ment landscape for B-cell malignancies, achieving unprece-
dented complete remission rates in relapsed or refractory pa-
tients.*>*"**® However, primary resistance and relapse remain
significant challenges. A key factor limiting the efficacy of current
CART cell therapies is the suboptimal fitness of certain cell prod-
ucts, which impairs their engraftment, expansion, and long-term
persistence. Preclinical'®"'"'>%9 and retrospective’ *'* studies
have highlighted the importance of early memory T cells—partic-
ularly Tscm cells—in determining therapeutic success. Despite
this evidence, most CAR T cell products utilize unselected, het-
erogeneous preparations dominated by late-differentiated
effector subsets. Recent clinical trials, however, have explored
the use of less-differentiated CAR T cells, either by shortening
manufacturing times,®®°" employing cytokine cocktails that
inhibit terminal differentiation,®” or by selecting CD62L* Ty and
Towm cells as the starting population for manufacturing.®*=>° While
the clinical outcomes in these studies have been promising, the
absence of a benchmark control arm and the heterogeneity of
the infused products hinder definitive conclusions regarding
the contribution of specific T cell subsets to clinical response.
In this first-in-human trial, we employed a highly homoge-
neous CD8* CAR T cell product enriched for Tgcm cells and
compared its performance with conventional CAR T cells.
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Figure 6. CAR Tscm treatment failure depends on tumor- and host-related factors

(A) Correlation between best response and CAR T cell peak levels (assessed by gPCR) normalized to total infused dose (per 108 cells). Zero values plotted as 0.01
for log-scale visualization (*p < 0.05; ns, not significant, two-tailed Mann-Whitney test). PD, progressive disease; SD, stable disease; CR, complete response; and
PR, partial response.

(B and C) CAR T cell expansion in a PD patient (Pt #23) after infusion of CAR Tggw cells.

(B) Absolute CAR* T cell numbers per microliter of blood assessed by qPCR. Cells are normalized to the total infused dose (per 108 cells).

(C) Flow cytometry plot showing the frequency of proliferating CAR T cells at the peak of expansion as assessed by Ki67 staining. Numbers indicate the per-
centage of cells in each quadrant on the day of the peak.

(D) B cell counts and percent BCR-ABL transcript levels relative to ABL in bone marrow and blood in Pt #23 post-CAR T cell infusion.

(E) Flow cytometry plots showing CD19 expression levels on B-ALL, pre-B, and mature B cells in Pt #23 before and 1 month after CAR T cell infusion. Numbers in
each plot represent CD19 mean fluorescence intensity (MFI). Dashed vertical line indicates the background levels of CD19 staining in CD19™ cells.

(F) Absolute CAR T cell counts in Pt #30 from the Tscm cohort. CAR levels were assessed by qPCR.

(G) Serum levels of immunosuppressive cytokines were detected in Tscm recipients (n = 11) pre-CAR T cell infusion.

(H) Pie chart (left) showing the percentage of anti-FMC63 antibodies detected in the serum of standard and Tscwm recipients (n = 23) within the 30-90 days following
the first CAR T cell infusion. Serum levels of anti-FMC63 antibodies versus detectable circulating B cells at the time of CAR T cell infusion (*p < 0.05; two-tailed
Mann-Whitney test).

() Serum levels of anti-FMC63 antibodies and B cell count in two SD patients after the first and second CAR T cell infusion (standard, Pt #18; and Tscu-enriched,
Pt #29).

See also Figure S5.

Importantly, standard CAR T cells were engineered using the
same CAR construct and administered to a comparable patient
population at the same institution, serving as a reference in the
absence of randomization. It is generally assumed that CD4*
T cells are essential for effective CAR T cell therapy, given their

10  Cell 189, 1-15, June 11, 2026

role in supporting the generation of functional CD8* T cells dur-
ing manufacturing®® and contributing to the in vivo antitumor
response.®’ This notion is largely based on studies in immunode-
ficient animal models,®” which are inherently biased in favor of
CD4* T cell function, as the lack of a functional immune system
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amplifies their cytokine-mediated support. Evidence in humans
is also circumstantial, as the detection of long-lived CD4* CAR
T cells®® is insufficient to establish their direct role in promoting
tumor regression. Here, we provide evidence that CD8* CAR
Tscwm cells alone can induce complete responses with greater ef-
ficiency than standard products containing CD4* T cells. Impor-
tantly, we showed that the CD8" Tgcm platform yields more reli-
able engraftment and expansion, thereby eliminating a major
failure mode of current CAR T therapy.®® As early expansion of
CAR CD8" T cells correlates with clinical responses,®'* the
use of CD8" T cell-enriched products may offer a therapeutic
advantage. Additionally, the absence of CD4* T cells may confer
benefits, such as an improved safety profile due to reduced
CRS®? and enhanced potency through the elimination of regula-
tory T cells, which are known to limit CAR T cell efficacy.®°

Lymphodepletion—a standard-of-care approach—prior to
CAR T cell therapy is regarded as essential for therapeutic suc-
cess,®' as it promotes the availability of homeostatic cytokines
supporting T cell engraftment and function.?®*° Challenging
this paradigm, we observed robust CAR T cell expansion and
potent antitumor responses following CAR Tscpy infusion, even
without lymphodepleting chemotherapy. For doses above 1
million/kg, we observed an objective response rate of 71.4% (5
out of 7 patients), which is comparable with response rates re-
ported for lymphodepleted patients treated with commercial
CAR T cell products.®® Strikingly, clinical responses were
achieved with doses as low as 250,000 CAR T cells/kg (<20
million total cells). Notably, the Tscy dose range and complete
response rates were comparable with those reported in a recent
trial employing IL-18-armored CD19-specific CAR T cells in lym-
phodepleted lymphoma patients,®' underscoring the robust effi-
cacy of Tscm cells even without additional genetic enhance-
ments or preconditioning strategies.

Beyond its clinical relevance, this study provides the opportu-
nity to evaluate the function of CD8" CAR Tsgwm cells in humans
with exceptional resolution. We corroborated the distinct stem-
like properties of this subset'®'>%*5% by demonstrating their
ability to generate effector progeny while reconstituting the
Tscm pool over time. Interestingly, longitudinal clonal tracking re-
vealed that Tgcy maintenance was preferentially sustained at the
population level through clonal succession rather than through
self-renewal of individual clones. Similar clonal waves propelled
by progenitor-exhausted T cells have been observed following
checkpoint blockade, reflecting a broader behavioral pattern
of stem-like-driven immune responses. While it has traditionally
been argued that stemness is maintained through asymmetric
division at the single-cell level—producing one stem cell and
one differentiating progeny—our findings, consistent with
growing evidence,*""®° suggest that this balance can also be
achieved at the population level.

Although our findings were generated in the setting of relapse
following allogeneic HSCT, the underlying biological principles
are likely applicable beyond this context. In particular, the role
of Tscm cells in supporting CAR T cell expansion, persistence,
and function may extend to autologous CAR T therapies and
could play a critical role in overcoming current barriers in solid tu-
mors, in which limited persistence and exhaustion have histori-
cally hindered efficacy.®” In summary, this study demonstrates
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that a highly defined CAR Tscum product represents a safe and
effective platform, supporting its clinical potential and warranting
further investigation for broader clinical application beyond the
treatment of relapse post-alloHSCT.

Limitations of the study

As with any early-phase clinical trial, the relatively small patient
cohort, the disease heterogeneity inherent to a basket trial
design, and the absence of randomization limit the strength of
clinical inferences that can be drawn. Thus, clinical comparisons
should be considered exploratory and descriptive in nature, and
the observed trends interpreted with caution until validated in
larger, randomized studies. Additional aspects of the study
may also have influenced the ability of CAR Tgcym cells to reach
their full therapeutic potential. For example, the absence of lym-
phodepletion may have played a role by exacerbating the induc-
tion of humoral immune responses against the FMC63-CAR
construct,®"%® facilitating host T cell-mediated rejection of the
allogeneic CAR T cells,®® and limiting CAR T cell function®® and
expansion,’® thereby constraining their durability and long-
term activity. Furthermore, because the CAR Tscm product
was intentionally CD8-enriched, the absence of CD4* CAR
T cells may have contributed to the late criss-crossing of EFS
curves favoring standard products, potentially by limiting the
ability to orchestrate endogenous immunity against CD19™ tu-
mor variants.”" Unleashing the full therapeutic potential of CAR
Tscwm cells will require studies conducted in lymphodepleted pa-
tients, the use of fully human or humanized CAR constructs,”"®
and the potential inclusion of CD4* T cells to support durable im-
mune responses.
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hGranzyme B AF700 BD Cat#: 560213; RRID: AB_1645453

anti-FMC63 PE

AcroBiosystem

Cat#: FM3-HPY53; RRID: AB_2921284

Bacterial and virus strains

MSGV FMC63-28 gamma retrovirus Brudno et al.® N/A
Biological samples
Healthy donor PBMCs National Institute of Health NCT01087294
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Patient PBCMs National Institute of Health NCT01087294
Patient Serums National Institute of Health NCT01087294
Patient plasma National Institute of Health NCT01087294

Chemicals, peptides, and recombinant proteins

Guanidine Hydrochloride

Sigma

Cat# G3272-500G

Critical commercial assays

Anti-CD19 (FMC63) CAR Immunogenicity AcroBiosystem RAB-P001

ELISA KIT

HCYTA-60K-01 Human Cyto Panel A Merck HCYTA-60K-01
MILLIPLEX TGF-beta 1,2,3 MAGNETIC Merck R-7658020.3

Bead Kit

CD235a (Glycophorin A) MicroBeads, Miltenyi 130-050-501

human

Human Cytokine/Chemokine/Growth Merck HCYTA-60K-PX38
Factor Panel A 38 Plex Kit

MILLIPLEX Human High Sensitivity T Cell Merck HSTCMAG28SPMX13
Magnetic Bead 13 Plex PREMIXED Kit

MILLIPLEX Human High Sensitivity T Cell Merck HT17MG-14K-PX25
21 Plex PREMIXED Magnetic Bead Kit

Single-Cell Secretome Adaptive Immune IsoPlexis ISOCODE-1001-8
Chips - 8 (Human)

PCR Master mix ThermoFisher K0172

NEBNext® Ultra™ || Ligation Module New England Biolabs E7595S

NEBNext® Ultra™ || End Repair/dA-Tailing New England Biolabs E7546S

Module

REPLI-g Mini kit QIAGEN 150023

Deposited data

Integration site analysis data This paper EGA study ID: EGAS00001008119

DatasetlD: EGAD00001015540

Experimental models: Cell lines

Human CD19* K562 cell lines

Laboratory of Luca Gattinoni

N/A

Oligonucleotides

RV_LTR1 1st PCR: 5'-TGT TCC TAA CCT
TGA TCT GAA CTT-3

LCP1 1st PCR: 5'-GAC CCG GGA GAT CTG
AAT TC-3'

RV_LTR2 2nd PCR: 5'-TTC CAT GCC TTG
CAA AAT GGC-3

LCP2 2nd PCR: 5'-GAT CTG AAT TCAGTG
GCA CAG-3

LC TA Sonic Sense Duplex: 5'-GAC CCG
GGA GAT CTG AAT TCA GTG GCA CAG
CAG TTA GGN NNN NNG TAA GGN NNN
NNA GAT CTG GAA TGA ACT GGC C-3’
3'-/BAmMO/-TCT AGA CCT TAC TTG ACC
GGT-5'

FMCB63CAR (Tagman): Forward
ACAGGCTCCACCTCTGGAT Reverse:
GTTTCCCTCGCCCTTGGT Probe:
TCCCTCGCCAGATCC

This Paper

This Paper

This Paper

This Paper

This Paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

pCMV6-AC beta actin plasmid Origene SC319328

Software and algorithms

XPONENT 4.2 software Luminex MAGPIX https://www.rndsystems.com/products/
luminex-magpix-instrument-with-xponent-
43_magpix-xpon42

SparkControl Tecan Spark 10M i Tecan website

FlowJo (v10.10.0) BD https://flowjo.com/flowjo10/download

Prism software v10.2.3 GraphPad https://www.graphpad.com/updates/
prism-10-2-3-release-notes

Other

Sequencing data were processed with Cell This Paper N/A

Ranger (v7.1.0)

Next-generation sequencing was lllumina 20038897

performed on the Illlumina NextSeq 2000

QuantStudio™ 3 Real-Time PCR System ThermoFisher ThermoFisher

EXPERIMENTAL MODEL AND STUDY PARTECIPANT DETAILS

Trial design and patient cohort

A single-center, Phase 1 dose-escalation trial of donor-derived anti-CD19 CAR T cells for patients with relapsed or refractory B-cell
malignancies following human leukocyte antigen (HLA)-matched alloHSCT was conducted as previously reported (NCT01087294).°
After the initial 20 patients were treated with the conventional cell culture process, the trial protocol was amended to allow treatment
of a second cohort of patients, who received CD8* Tgcu-enriched CAR T cells on a separate dose-escalation (Table S1). Primary
objectives were to assess safety, tolerability and to identify a maximally tolerated and/or recommended Phase 2 dose of CAR
Tscwm cells. Secondary objectives included evaluating CAR T cell anti-tumor efficacy and persistence. Patients aged 18-75 years
with CD19" B-cell malignancies with measurable malignancy after a prior > 9/10 HLA-matched sibling or unrelated donor alloHSCT
were eligible to participate. A prior DLI was not required for eligibility for the Tscu cohort. Minimal or no evidence of acute or chronic
GvHD, no receipt of systemic immunosuppression for > 28 days, an Eastern Cooperative Oncology Group (ECOG) performance sta-
tus of < 2, and essentially normal organ function were required for eligibility. The characteristics and clinical course of the 20 patients
who received the standard CAR T cells are summarized in Table S2. Characteristics of the 11 patients who received CAR Tgcm cells
are summarized in Table S1. Three of these patients self-identified as female; 8 of these patients identified as male. Patients had
received a median of 2 prior lines of therapy after the most recent alloHSCT (range 0-8). Patients’ prior post-transplant therapies
are summarized in Table S6.

PBMCs were collected from each patient’s transplant donor by leukapheresis. Patients received a single infusion of CAR Tgc cells
with no preconditioning chemotherapy. Second infusions were allowed for patients with a partial response (PR), stable disease (SD),
or relapse after complete response (CR) and persistent CD19 expression on the malignancy. The clinical trial was approved by the
National Institutes of Health Institutional Review Board. All patients and matched donors provided written informed consent prior to
enrollment in compliance with the Declaration of Helsinki.

METHOD DETAILS

Evaluation criteria of responses and toxicities

Minimal acute GvHD was defined as grade 0-1,* and minimal chronic GvHD was defined as chronic GvHD with no organ site
exceeding a score of 1, except for the skin, for which a score of 1 or 2 was allowed.’® Malighancy responses were assessed using
published criteria for non-Hodgkin lymphoma’®’"” and chronic lymphocytic leukemia.”® Criteria for CR of B-cell acute lymphoblastic
leukemia were as previously described.® CRS was graded per the ASTCT criteria.”® Other adverse events, including ICANS, were
graded according to the Common Terminology Criteria for Adverse Events version 4.03.

CAR-modified standard and Tscy-CD8*-enriched cell product manufacturing

Analogous to axicabtagene ciloleucel,'® standard CAR T cells were transduced with the same CAR construct and generated by
activating donor-derived PBMCs with soluble anti-CD3 and IL-2, as previously described.® Two days after activation, PBMCs
were transduced in six-well plates pre-coated with Retronectin™ and anti-CD19 CAR gammaretroviral vector. CAR-modified
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CD8* Tgcm-enriched cells were prepared from PBMCs obtained from each patient’s transplant donor leukapheresis.
CD8'CD62L*CD45RA! T cells were serially enriched using Fab-Streptamer™ technology and stimulated with CD3/CD28 microbeads
in media supplemented with IL-7, IL-21, and the GSK-3 inhibitor TWS119, as previously described®. T cells were subsequently
transduced with the same anti-CD19 CAR gammaretroviral vector and infused into patients after 7 days of culture.

Real-time qPCR for measuring blood CAR T cell absolute levels

Circulating CAR T cells were quantified up to 36 days post-infusion by qPCR targeting the integrated FMC63 CAR transgene.
Genomic DNA from pre- and post-infusion samples was extracted and amplified in duplicate using CAR-specific primers and
TagMan probes, as previously described.® The percentage of CAR* T cells in infusion products was determined by flow cytometry
using an anti-FMC63 antibody. Post-infusion CAR T cell frequencies were calculated by comparison to the patient-specific standard
curve and normalized to $-actin. Absolute circulating CAR T cell counts were derived by multiplying the CAR* T cell percentage by the
sum of absolute lymphocyte and monocyte counts, expressed as CAR* T cells/uL of peripheral blood.® All values were normalized to
the total infused CAR T cell dose.

Assessment of serum cytokine concentration

Cryopreserved serum samples collected pre- and post-CAR T cell infusion were thawed and analyzed for cytokine levels using the
MilliPlex Human High Sensitivity T Cell Magnetic Bead Panel and the MILLIPLEX Human Cytokine/Chemokine/Growth Factor Panel
kits, following the manufacturer’s protocols. Cytokines were detected using the Luminex MAGPIX system with xPONENT 4.2 soft-
ware. Median Fluorescence Intensity values were processed using the 5-parameter logistic regression method in Belysa software.

CAR T cell functionality evaluation by single-cell multiplex cytokine profiling

Cryopreserved CAR T cell infusion products were thawed and cultured overnight in complete AIMV medium supplemented with 5%
FBS, penicillin (100 U/mL), streptomycin (100 pg/mL), GlutaMAX (2 mM), and HEPES (10 mM). Standard CAR T cells were supple-
mented with IL-2 (250 IU/mL) while CAR Tscwm cells were supplemented with IL-7 (5 ng/mL) and IL-21 (30 ng/mL). After recovery, cells
were stained with Pacific Blue anti-CD8, APC anti-CD19 CAR antibodies, and 7-AAD, and viable CD8*CAR* T cells were sorted. Cells
were co-cultured with CD19" K562 targets at a 1:1 effector-to-target ratio. After 16 h of stimulation, CD19* K562 cells were depleted
using CD235a magnetic microbeads. Negatively selected CD8*CAR* T cells were stained with Cell-Membrane 405 and AF647 anti-
CD8, resuspended in complete cytokine-free AIMV medium, and loaded onto a single-cell barcode microchip. IsoLight data were
processed with IsoSpeak, and high-dimensional single-cell analyses were performed using the CRUSTY web tool.”*

Polychromatic flow cytometry

Ten- and 23-color flow cytometry panels were used to assess CAR T cell status from the infusion product through 1 year post-trans-
fer. Cryopreserved PBMCs were thawed in RPMI supplemented with 10% FBS, penicillin (100 U/mL), streptomycin (100 pg/mL),
L-glutamine (2 mM), and HEPES (20 mM). Cells were washed in PBS, stained with Zombie Aqua for 15 min at room temperature
(RT), and surface-stained in a 1:1 FACS buffer (PBS, 2% FBS). Chemokine receptors were stained for 20 min at 37°C, and remaining
surface markers for 20 min at RT. Intracellular staining for Ki67, T-bet, GZMB, and GZMK was performed using the FoxP3 transcrip-
tion factor staining buffer set, with antibody incubation for 30 min at 4°C. Data were analyzed using the CRUSTY web tool.?® Slingshot
was applied after dimensionality reduction and clustering to infer continuous, branching differentiation trajectories.*® Wishbone was
used to enhance resolution of cell-state transitions, and derivative analysis refined temporal ordering of differentiation events. PCA
and balloon plots were generated using custom Python scripts with Matplotlib and Seaborn.*°

CAR T cell longitudinal tracking via integration site analysis

The frequency and genomic loci of retroviral CAR integration sites were assessed for each T cell memory subset obtained from infu-
sion product and post-infusion samples. Cryopreserved samples were thawed in complete RPMI. After washing with PBS, cells were
stained with Zombie aqua Fixable Viability Dye. Chemokine receptors CD95 and CCR7 were stained for 20 min at 37°C, while CD3,
CD8, CD45RA, and CD45R0 were stained for 20 min at RT. CD3*CD8* T cell memory subsets were sorted by FACS as follows: Tscm
cells (CCR7*CD45RA*CD45R0-CD95™), Towm cells (CCR7*CD45RA ™), Teym cells (CCR7~CD45RA ™), and T+¢ cells (CCR7~CD45RA™).
From each sorted memory subset, gDNA was extracted and subjected to whole-genome amplification. Integration site analysis was
performed using a previously described method combined with high-throughput sequencing.?® Sequencing reads were demulti-
plexed based on the sample-specific indices and analysis of sequencing reads including mapping and annotation to the hg18 version
was performed using the IS-Seq bioinformatic pipeline.®°

Anti-CAR immune responses

Serum samples were collected from patients pre- and post-CAR T cell infusion and anti-mouse CD19 CAR antibodies were quantified
using an anti-CD19 (FMC63) CAR immunogenicity ELISA kit per manufacturer’s instructions. Absorbance was measured at 450 nm
and 630 nm using a Spark 10M multimode microplate reader (Tecan). To reduce background noise, the OD630 value was subtracted
from the OD450 reading. A standard curve was generated using SparkControl software, and anti-mCD19 CAR antibody concentra-
tions were calculated accordingly.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using PRISM software v10.2.3 (GraphPad Software, La Jolla, California, USA). Comparisons be-
tween standard and Tgcpm-enriched CAR T cells were conducted using the Mann-Whitney test. For comparisons involving three or
more independent groups, one-way ANOVA (Kruskal-Wallis test), or multiple t-test with Holm-Sidék correction were used, as appro-
priate. The Wilcoxon test was employed for paired analyses. The chi-square test was applied to compare the rate of CRs. EFS curves
were compared using the log-rank (Mantel-Cox) test. Pearson correlation was used to generate correlation plots. Statistical signif-
icance was indicated as follows: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

ADDITIONAL RESOURCES

This work is based on a completed phase | clinical trial (clinicalTrials.gov: NCT01087294, URL: https://clinicaltrials.gov/study/
NCT01087294).
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Figure S1. Distinct kinetics of CAR Tscm cell expansion occur independently of baseline lymphocyte levels, related to Figure 2
(A and B) Day of peak of CAR T cell expansion measured by gPCR (A) and flow cytometry (B). Lines represent median values.
(C and D) Blood counts of T cells (C) and NK cells (D) immediately prior to CAR T cell infusion. **p < 0.01 (two-tailed Mann-Whitney test); ns, not significant.
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Figure S2. Immunological parameters not associated with CRS severity, related to Figure 3

(A) CD4:CD8 ratio at the peak of CAR T expansion in the blood of patients who received standard CAR T cells.

(B) Peak serum levels of key cytokines involved in CRS onset in responder patients within two weeks following infusion of standard or CAR Tscw cells (standard n
= 7; Tsom N = 6). No significant differences were observed (multiple t test, Holm-Sidak correction for multiple comparisons).
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Figure S3. Trajectory mapping of CAR T cell differentiation in vivo, related to Figure 4

(A) Biplot showing cluster contribution to PCA based on cos2 values. Cos2 reflects the quality of variation in PCA, with higher values indicating greater con-
tributions to the principal components. Vector lengths represent each cluster’s contribution to the two principal components.

(B) Density plot representing the cluster dynamics of CD8"CAR™ T cells over time along the pseudotime trajectory shown in Figure 2B. The gray background
represents total CD8" cells.
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Figure S4. Diversity of CAR T cell infusion products, related to Figure 5

(A) Gating strategy for a representative patient (Pt #15) employed to isolate each T cell subset for integration site analysis.

(B) Word clouds displaying the top 50 represented ISs loci in the CAR T cell infusion products in Pt #15 (standard, left) and #22 (Tscw, right). Each locus is labeled
with the name of the closest gene to the relative insertion site. The size of each gene name is proportional to the number of integrations found at that locus, with
larger fonts indicating higher integration frequencies.
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Figure S5. Enhanced humoral immunity against CARs following the second CAR T cell infusion, related to Figure 6
Patient serum levels of anti-FMC63 antibodies measured after the first and second CAR T cell infusions (standard, Pt #9 and #18; Tscm-enriched, Pt #21 and #29).
One-tailed Wilcoxon test.
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