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Chimeric antigen receptor T (CAR-T) cell therapy targeting
T cell tumors still facesmany challenges, one of which is its frat-
ricide due to the target gene expressed on CAR-T cells. Despite
this, these CAR-T cells can be expanded in vitro by extending
the culture time and effectively eliminating malignant T cells.
However, the mechanisms underlying CAR-T cell survival
in cell subpopulations, the molecules involved, and their regu-
lation are still unknown. We performed single-cell transcrip-
tome profiling to investigate the fratricidal CAR-T products
(CD26 CAR-Ts and CD44v6 CAR-Ts) targeting T cells, taking
CD19 CAR-Ts targeting B cells from the same donor as a con-
trol. Compared with CD19 CAR-Ts, fratricidal CAR-T cells
exhibit no unique cell subpopulation, but have more exhausted
T cells, fewer cytotoxic T cells, and more T cell receptor (TCR)
clonal amplification. Furthermore, we observed that fratricidal
CAR-T cell survival was accompanied by target gene expres-
sion. Gene expression results suggest that fratricidal CAR-T
cells may downregulate their human leukocyte antigen (HLA)
molecules to evade T cell recognition. Single-cell regulatory
network analysis and suppression experiments revealed that
exhaustion mediated by critical regulatory factors may
contribute to fratricidal CAR-T cell survival. Together, these
data provide valuable and first-time insights into the survival
of fratricidal CAR-T cells.
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INTRODUCTION
Chimeric antigen receptor T (CAR-T) cells are genetically modified
T cells expressing a recombinant cell-surface receptor to target and
kill cells expressing specific tumor-associated antigens.1,2 CAR-T
therapy has led to impressive responses and encouraging outcomes
in patients with hematological malignancies. For example, CD19
CAR-T cells have shown excellent efficacy in B cell tumors, achieving
remission rates of more than 90%.3,4 In addition, Abecma is the latest
CAR-T product approved by the Food and Drug Administration
Molecula
This is an open access article under the CC BY-N
(FDA) for the treatment of multiple myeloma.5 Numerous CAR-T
studies have also focused on clinical trials in solid tumors.6 However,
T cell tumors still have great challenges for CAR-T therapy, one of
which is the shared expression of target antigens on both parental
T cells and malignant T cells, which will lead to CAR-T cell fratricide
and severe immunodeficiency.7,8

CD4, CD5, CD7, CD30, CD70, CD26, and CD44 isoform variant 6
(CD44v6) were investigated as targets for CAR-T therapy of T cell
malignancies.7 Data from phase I clinical trials of donor-derived
CD7 CAR-Ts for T cell acute lymphoblastic leukemia (T-ALL)
showed complete remission (CR) rates of up to 90%. Although the
continuous stimulation of T cells by CD3/CD28 antibodies is a critical
factor, the mechanisms of fratricide resistance and continuing func-
tion are unclear.9 The fratricide of CAR-T cells can be reduced by
knocking out their corresponding targets in T cells, but the cytotox-
icity is also reduced and their overall responsiveness is limited.10,11

Therefore, it is extremely important to explore the suitable construc-
tion modes of CAR-T targeting of T cell tumors and to find the mech-
anism of their survival for the development and application of CAR-T
targeting of T cell tumors.
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In recent years, CD26, CD44v6, and CD70 CAR-T cells that target
T cell tumors have been reported. CD26 is overexpressed in a variety
of malignancies, such as aggressive T cell lymphoma/leukemia, colon
cancer, and kidney cancer,12,13 and therefore, CD26 is a therapeutic
target for a variety of tumors. CD44v6 is highly expressed in a variety
of tumor cells, including T-ALL, Hodgkin’s lymphoma, and thyroid
cancer, but not in normal hematopoietic stem cells (HSCs).
CD44v6 has been associated with poor prognosis.14 These findings
suggest that CD44v6 is an ideal target for CAR-T therapy. CD70, a
ligand for CD27, is overexpressed in gliomas, renal cell carcinomas,
and acute myeloid leukemia (AML), but not in normal HSCs.15,16

CD70, CD26, and CD44v6 are expressed on T cells, leading to
significant fratricide during CAR-T cell construction.17–20 Studies
demonstrated that, although there was fratricide in CD70 CAR-T,
CD26 CAR-T, and CD44v6 CAR-T cells, they could be expanded
in vitro by extended culture, effectively eliminating tumor cells
and significantly inhibiting disease progression in xenograft mouse
models.17,19,20 However, how do these fratricidal CAR-T cells survive
without target knockdown during the construction process?

To uncover why fratricidal CAR-Ts survived without knocking down
target genes, we constructed CD19, CD26, and CD44v6 CAR-T cells
from CD3+ T cells from two healthy donors, where CD26 and
CD44v6 CAR-T cells were fratricidal, while CD19 CAR-T cells served
as controls due to the absence of fratricide. Next, single-cell RNA
sequencing (scRNA-seq) coupled with single-cell T cell receptor
sequencing (scTCR-seq) was conducted on these three CAR-T cells
to analyze differences in cellular components, clonal amplification,
gene expression, and regulation between fratricidal CAR-T and
CD19 CAR-T cells. These analyses informed our understanding of
the primary mechanisms of fratricidal CAR-T cell survival, which
would greatly improve the research and application of CAR-T cell
therapy for T cell malignancies.

RESULTS
Cell subpopulations in fratricidal CAR-Ts (CD26 and CD44v6)

and CD19 CAR-T cells by scRNA-seq

We transduced cells with CD19/CD26/CD44v6 CAR lentivirus to
construct CAR-Ts from two healthy donors as replicates. T cells
transfected with CD44v6 CAR lentivirus exhibited slow proliferation
(Figure 1A), increased apoptosis (Figure 1B), and increased cytokine
secretion without external antigen stimulation (Figure 1C). Findings
were similar in CD26 CAR-Ts.18 To better understand the immune
state of CAR-T cells, we performed scRNA-seq and scTCR-seq for
Figure 1. Study design and clustering analysis of CAR-T scRNA-seq data
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represents a single cell, colored according to cell subpopulation. Statistical significance
further analysis (Figure 1D). After rigorous quality control (QC)
and filtering, we obtained 9,074–13,530 cells per sample (Table S1).
Next, we focused on T cells expressing CAR as CAR-positive
(CAR+) cells.21 The percentage of CAR+ cells in these samples ranged
from 2.11% to 36.92% (a total of 9,365 CAR+ cells for all six
samples, Table S2; Figure 1E). Notably, CAR gene expression in frat-
ricidal CAR-Ts was significantly lower than that in CD19 CAR-Ts
(Figure S1A). Since the cell-cycle phase affected the clustering results,
we removed the effect with cell-cycle scores by regression
(Figures S1B and S1C).

After dimensionality reduction with uniform manifold approxima-
tion and projection (UMAP), CAR+ cells were clustered into 10 sub-
populations, which were annotated based on cluster-specific highly
expressed genes and well-known T cell marker genes (Figures 1F,
1G, S1D–S1F, and S2). For example, a cluster with cells specifically
overexpressing LAG3, PDCD1, and HAVCR2 was annotated as
an exhausted T cell cluster, while cells specifically overexpressing
TCF7, LEF1, human leukocyte antigen (HLA)-DPB1, and HLA-
DRA were classified as CD4+HLA+ naive T cells. In addition, the
MT+ effector T subpopulation was characterized by highly expressed
mitochondrial genes like MT-ND1 and MT-CO3 and the effector
genes GZMB, CTSW, and NKG7, suggesting that MT+ effector
T cells are critical components of CAR+ cells. Similarly, cells without
CAR expression were defined as CAR-nonexpressing (CAR�) cells,
which were clustered into 12 subpopulations (Figure S3A). Multilym-
phoid progenitor cells and CD4+ T cell subpopulations were added,
compared with CAR+ cells (Figures S3B–S3D). In aggregate, we
clearly defined the composition of cell subpopulations in CD19,
CD26, and CD44v6 CAR-Ts.

Survival of fratricidal CAR-T cells accompanied by target gene

expression

As a relatively high percentage of T cells expressed CD26 and
CD44v6 (Figures 2A and S4A), we analyzed the expression levels
of CD26 and CD44 in CAR-Ts to investigate whether the fratricidal
CAR-Ts survived the effect of the CAR-T target gene. T cells ex-
pressing CD26 or CD44 were defined as CD26+ cells or CD44+ cells.
CD26 or CD44 was expressed in all subpopulations of CAR+ cells,
although their percentages varied (Figure 2B). Notably, more
than 50% of CD26 CAR+ cells expressed CD26, excluding the
CD4+HIST+ T and MT+ effector T cell subpopulations. Similarly,
most CAR+ subpopulations had more CD44+ cells, except for
MT+ effector T and CD4+HLA+ naive T cells. However, the cellular
er 14 days of transduction compared with day 0. (B) Apoptosis of NT cells or CD44v6
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Figure 2. The expression of the CAR-T target genes CD26 and CD44v6 in all cell subpopulations

(A) The percentages of CD19-expressing (CD19+) cells (left), CD26-expressing (CD26+) cells (middle), and CD44v6-expressing (CD44v6+) cells (right) in untransfected T cells

were analyzed by flow cytometry. (B) Percentage of CD26+ cells (top) and CD44-expressing (CD44+) cells (bottom) in all CAR+ cell subpopulations from single-cell sequencing

data. (C) Log-normalized expression of the CD26 and CD44 genes for 10 T cell subpopulations. (D) Dot plot for the expression of the CD26, CD44, and CAR genes in CAR+

cells of two donor samples.

Molecular Therapy: Nucleic Acids
content of fratricidal CAR-Ts expressing their target genes was
commonly lower than that of CD19 CAR-Ts (Figure 2B). This
was consistent with markedly lower CD26 or CD44 expression in
CD26 CAR-T or CD44v6 CAR-T samples than in the other two
CAR-Ts (Figures 2C and 2D). This suggests that, although the sui-
cide effect exists, the survival of fratricidal CAR-Ts is accompanied
by target gene expression.
4 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
CD26 and CD44v6 CAR-T cells showed no unique T cell

subpopulations but more clonal expansion of TCRs

Given that the survival of fratricidal CAR-Ts is not due to the target
gene, is the survival dependent on specific cell subpopulations? In
fact, all three CAR-T types contained all cell subpopulations, indi-
cating no different types in the T cell subpopulations between
CD19 CAR-Ts and fratricidal CAR-Ts (Figures 3A and S3A). All



Figure 3. Key subpopulations and their clonal expansion analyses of CAR+ cells in CD26 and CD44v6 CAR-T

(A) Bar charts show the percentage of each cell subpopulation among all CAR-expressing (CAR+) cells in each sample. (B) Relative contents of all CAR+ cell subpopulations

(compared with CD19 CAR-T sample of the same individual) in all samples. Red font represents increased cell content in fratricidal CAR-T cells, and blue represents

decreased. (C) Heatmap shows the CAR-T sample preference of various cell subpopulations with detected TCRs estimated by the STARTRAC-dist index of STARTRAC (see

materials and methods), in which Ro/e is the ratio of observed cell number over the expected cell number of a given combination of T cell subpopulation and sample. (D)

Clonal expansion levels of different T cells quantified by STARTRAC-expa for each CAR-T cell subpopulation. (E) Distribution of proliferation score (x axis) vs. the clonal

expansion index (y axis, STARTRAC-expa index). (F) TCR diversity of each cell subpopulation (Inv.Simpson index) among the three CAR-T types. Two-tailed paired t test;

****p < 0.0001.
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three CAR-T types showed high percentages of NPM1+HSPD1+

T cells (Figure 3A). However, fratricidal CAR-Ts demonstrated
higher proportions of exhausted T cells and fewer CD4+ central mem-
ory T cells compared with CD19 CAR-Ts (Figures 3A and S1F;
Table S3). In addition, CD26 CAR-T samples had the lowest ratio
of helper T cells and naive T cells (Figure 3A). Consistent with the
CAR+ cells, fratricidal CAR-Ts contained more exhausted T cells
and fewer cytotoxic T cells than CD19 CAR-Ts in CAR� cells
(Figure S3A).

To explore key cell subpopulations of fratricidal CAR-Ts, the relative
abundance of cell subpopulations against CD19 CAR-Ts for each
donor was calculated (Figure 3B). The results showed that fratricidal
CAR-Ts had lower percentages of CD4+ central memory T, helper T,
and CD8+ cytotoxic T cells. Conversely, exhausted T and MT+

effector T subpopulations were significantly higher than in CD19
CAR-Ts (Figures 3A and 3B).

Next, scTCR-seq coupled with previous scRNA-seq data analyzed
the clone information within T cells across three CAR-T types.
Notably, over 75% of cells had matched TCR information in CD19
CAR-Ts, which was higher than that in fratricidal CAR-Ts, while
CD4+HIST+ T and MT+ effector T cells had fewer clones than other
subpopulations (Figures S4B and S4C). Compared with the CD19
CAR-Ts, the TCRs of exhausted T and MT+ effector T cells were
significantly enriched in fratricidal CAR-Ts (Figure 3C). In contrast,
TCRs from CD4+ central memory T and CD8+ cytotoxic T cells were
enriched in CD19 CAR-Ts compared with fratricidal CAR-Ts, which
was consistent with the scRNA-seq profiles (Figures 3A and 3C). In
addition, clonal expansion was evident in fratricidal CAR-T cell sam-
ples, especially in CD26 CAR-Ts (Figure 3D), which had more poly-
clonal cells in multiple cell subpopulations (Figure 3D). The correla-
tion between proliferation levels and clonal expansion revealed that
the highest proportion of amplified cells occurred in CD8+ cytotoxic
T and NPM1+HSPD1+ T cells of CD26 CAR-Ts (Figure 3E). In addi-
tion, fratricidal CAR-Ts exhibited significantly lower TCR diversity (y
axis, inverse Simpson [Inv.Simpson] index) than CD19 CAR-Ts (Fig-
ure 3F). CD8+ cytotoxic T and NPM1+HSPD1+ T cells had relatively
low diversity, consistent with the amplification results (Figures 3E
and 3F). Furthermore, the top 20 amplified TCR clonotypes in each
CAR-T type were biased toward exclusivity (Figure S4D). These re-
sults suggest that fratricidal CAR-Ts have higher clonal expansion
and lower diversity than CD19 CAR-Ts.

T cell subpopulations prevalently show more exhaustion

characteristics in CD26 and CD44v6 CAR-T

Functional status analyses demonstrated that the cytotoxicity and
exhaustion of fratricidal CAR-Ts were higher in the absence of sepa-
rating cell subpopulations, compared with control CD19 CAR-Ts
without target stimulation (Figure 4A). Exhausted T cells had the
highest levels of cytotoxicity and exhaustion (Figures 4B and 4C),
which were consistent with the expression levels of cytotoxicity-
and exhaustion-related genes (Figures S5A and S5B). Fratricidal
CAR-Ts showed dramatically higher exhaustion than CD19 CAR-
6 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
Ts in all cell subpopulations (Figure 4C) and significantly higher cyto-
toxicity levels over CD19 CAR-Ts in CD4+ central memory T, CD8+

cytotoxic T, and exhausted T cells. Further, flow cytometry revealed
significantly high expression of the exhaustion markers LAG3 and
HAVCR2 (Tim3) in fratricidal CAR-Ts (Figure 4D). The data also
illustrated a significantly lower (p % 0.05) CD69 expression (T cell
activation marker) in fratricidal CAR-Ts compared with CD19
CAR-Ts in most of the cell subpopulations (Figures 4A and 4E).
Consistently, the proportion of CD69+ cells in fratricidal CAR-Ts
was less than in CD19 CAR-Ts (Figure 4F). These findings suggest
that fratricidal CAR-Ts have lower activation and higher exhaustion
status, which are associated with higher cytotoxicity levels.

Fratricidal CAR-T cells may downregulate HLA molecules to

escape immunity

To elucidate the molecular mechanism behind the survival of fratri-
cidal CAR-Ts, we examined differential expression between fratri-
cidal CAR-Ts and CD19 CAR-Ts for the five key cell subpopulations
with abundance differences mentioned in Figure 3B. Results demon-
strated that numerous cytokines were differentially expressed genes
(DEGs) in five cell subpopulations, with CD26 CAR-Ts exhibiting
elevated levels (Figure 5A). This is consistent with the previous anal-
ysis, where CD26 CAR-Ts had the highest cytotoxicity scores
(Figure 4B).

Memory T cells are essential for the sustainability of CAR-T immu-
notherapy. Our data showed that 62 DEGs were simultaneously
upregulated and 64 DEGs were simultaneously downregulated
for CD26 CAR-Ts vs. CD19 CAR-Ts and CD44v6 CAR-Ts vs.
CD19 CAR-Ts in CD4+ central memory T cells (Figure 5B). Remark-
ably, the immunosuppressive genes LAG3 and HAVCR2 were
upregulated in fratricidal CAR-Ts, while the immune activators
CD27, TNFRSF14, and TNFSF138 were downregulated (Figure 5B).
Interestingly, major histocompatibility complex (MHC) class I and
II genes (e.g., HLA-DQA1, DPA1, etc.) were dramatically downregu-
lated in fratricidal CAR-Ts in CD4+ central memory T cells (Fig-
ure 5C). These downregulated DEGs were significantly enriched
in inflammation-related pathways, antigen processing and presenta-
tion of peptide antigen via MHC II, and TCR-related pathways
(Figures 5D and S6A). Moreover, HLAmolecules were also poorly ex-
pressed in fratricidal CAR-Ts in helper T cells (Figure S6B). Previous
research demonstrated that genomic loss of mismatched HLA in leu-
kemia evades donor T cell recognition.22 These results implied that
fratricidal CAR-T cell subpopulations, including CD4+ central mem-
ory T and helper T cells, may downregulate HLA molecules to evade
elimination by conventional T cells and improve their survival.

Regulation of key transcription factors drives the survival of

fratricidal CAR-T cells

As mentioned above, fratricidal CAR-T cells display more exhaustion
characteristics (Figure 4), and exhausted T cells are the most abun-
dant cell subpopulations in fratricidal CAR-Ts (Figure 3A). We
further analyzed their molecular profiles and regulation. The cyto-
kines IL-22 and CSF2 and the chemokine CCL3 were decreased in



Figure 4. Functional status analyses of different CAR-T types

(A) Boxplots of cytotoxicity score, exhaustion score, and CD69 expression level of all CAR+ cells in the three CAR-T types. Wilcoxon tests were used for all pairwise and group

comparisons unless otherwise stated. (B and C) Violin plots of cytotoxicity score (B) and exhaustion score (C) for key subpopulations as mentioned in Figure 3B in the three

CAR-T types. (D) Mean fluorescence intensity (MFI) of the T cell exhaustion markers LAG3 and Tim3molecules. One-way analysis of variance (ANOVA), followed by Dunnett’s

post hoc test for multiple comparisons. (E and F) CD69 gene expression (E) and percentage of CD69+ cells (F) in key subpopulations. Statistical significance: *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001; ns indicates nonsignificance.
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both CD26 and CD44v6 CAR-T cells in exhausted T cells, while the
exhaustion-related genes LAG3 and IL-3 were significantly upregu-
lated (Figure 6A). The DEGs were significantly enriched in cyto-
kine-cytokine receptor interaction, hematopoietic cell lineage,
JAK-STAT signaling pathway, and inflammation-related signaling
pathways (Figure 6B). Furthermore, Gene Ontology (GO) biological
process (BP) enrichment suggested involvement in T cell activation
and regulation, negative regulation of immune system processes,
lymphocyte-mediated immunity, etc. (Figure 6C). This implied that
there would be more regulation of T cell signaling and the immune
system in fratricidal CAR-T cells.

Next, to explore overrepresented regulons (transcription factors [TFs]
and their target genes) in exhausted T cell subpopulations, we applied
the single-cell regulatory network inference and clustering (SCENIC)
method to score the activity of regulons (Figure 6D). Forty potential
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 7
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master regulons (including 28 TFs) were identified (Figures 6D and
6E), of which 16 (11 TFs) and 24 (17 TFs) were specifically enriched
in CD19 CAR-T cells and fratricidal CAR-T cells, respectively (Fig-
ure S6C). For instance, RUNX3, YBX1, ATF4, and TBX21 regulons
were highly expressed and active in fratricidal CAR-Ts, whereas
STAT1, IRF1, and BATF3 regulons were downregulated in fratricidal
CAR-T cells (Figures 6E and S6C). The regulatory network of ex-
hausted T cells indicated that STAT1 and IRF1 act as core regulatory
factors regulating genes involved in exhaustion, immune escape, and
immune activation (Figure 6F). STAT1, IRF1, and BATF3 regulate
numerous downregulated immune-escape genes (HLA-DRA, HLA-
DQB1, HLA-DQA1, TAP1, etc.) and immunostimulatory factors
(CD28, CD48, CD40LG, KLRK1, CXCR4, etc.) in exhausted T cell
subpopulations (Figures 6F and S6D). Consistently, STAT1 and
IRF1 have also been reported to be associated with T cell exhaus-
tion.23,24 ETS1 was significantly upregulated in fratricidal CAR-T
cells, linked to the exhaustion factor T-bet,25 and involved in regu-
lating T cell exhaustion in pregnancy.26 These results imply that a
complex regulation of these critical TFs and target genes may
contribute to the formation and survival of exhausted T cells in frat-
ricidal CAR-T cells.

To validate the key regulatory roles of STAT1 and IRF1 in fratricidal
CAR-T cells, we regulated the expression of STAT1 to assess its effect
on fratricidal CAR-T functionality. Studies showed that IFN-g can
significantly upregulate STAT1 expression, and 2-NP can enhance
the effect of IFN-g on STAT1.27 Therefore, CD44v6 CAR-T cells
were pretreated with 45 mmol/L 2-NP for 1 h and then treated with
10 ng/mL IFN-g for 72 h on the 10th day of construction. Subse-
quently, CD44v6 CAR-T function changes were observed (Fig-
ure S7A). The experimental results indicated that IFN-g significantly
upregulated the expression levels of STAT1 and IRF1 (Figure S7B)
and decreased HLA-DPB1 expression (Figure S7C). In addition,
while the expression of STAT1 and IRF1 was elevated, the expression
levels of the exhaustion indicators Tim3 and LAG3 were downregu-
lated (Figure S7D), and the specific cytotoxicity of CD44v6 CAR-Ts
to tumor cells was also weakened (Figure S7E). Therefore, these
data once again verified that the downregulation of the core regulato-
ry factors STAT1 and IRF1 contributed to the survival and function of
fratricidal CAR-T cells.

Interfering with exhaustion marker genes may reduce the

survival of fratricidal CAR-T cells

We conducted interference experiments to examine how T cell
exhaustion influences the survival of fratricidal CAR-T cells. Studies
Figure 5. Differential expression analysis between fratricidal CAR-T cells and

(A) Dot plots of the expression levels of differentially expressed cytokine genes (cytokin

helper T cells, and MT+ effector T cells of two donor samples. (B) Volcano plot of up- a

CAR-T cells in CD4+ central memory T cells. Genes with |log2(FoldChange)|R 0.25 in b

Heatmap of differentially expressed immune-related genes, including immunoinhibito

column represents a cell, while each row indicates a gene. (D) Significantly (false discove

up- or downregulated genes from CD26 and CD44v6 CAR-T cells compared with CD

significance of the enrichment (�log FDR), and dot size represents the gene ratio enric
have shown that ligand binding to inhibitory receptors on T cells,
such as Tim3 and LAG3, mediates T cell exhaustion. Antibodies
inhibiting these receptors can restore the function of exhausted
T cells.28,29 Two days after T cells were transfected with CD44v6
CAR lentivirus, cells were treated with the Tim3 inhibitor sabatoli-
mab (an anti-Tim3 monoclonal antibody [mAb]) or the LAG3 inhib-
itor relatlimab (an anti-LAG3 mAb) at 10 and 20 mM for 7 and
14 days, respectively. Untreated CD44v6 CAR-T cells served as con-
trols. Subsequently, the expression of Tim3 and LAG3 and the prolif-
eration, apoptosis, and cytotoxicity of CD44v6 CAR-T cells were
examined (Figure 7A). When CD44v6 CAR T cells were treated
with inhibitors, the expression of exhaustion markers Tim3 and
LAG3 decreased (Figure 7B), proliferation was inhibited (Figure 7C),
apoptosis was increased (Figure 7D), and the specific cytotoxicity of
CAR T cells to tumor cells was weakened (Figure 7E). This implies
that arrest of the T cell exhaustion might reduce the survival of frat-
ricidal CAR-T cells.

DISCUSSION
CAR-T targeting of T cell malignancy will be fratricidal due to shared
antigens on the surface of tumor cells and CAR-T cells. Nevertheless,
previous studies have demonstrated that CAR-T cells targeting T cell
malignancies, such as CD26 CAR-T and CD44v6 CAR-T cells, can be
successfully obtained with good efficacy in prolonged culture time,
despite initial fratricide.17,19 However, the molecular mechanism of
their survival is unclear. Is it due to target gene deletion or dependent
on a specific T cell subpopulation? In this study, taking advantage of
the single-cell transcriptome, we found significant differences in im-
mune cell composition, clonal expansion, and gene expression be-
tween fratricidal CAR-T (CD26 and CD44v6 CAR-T) and CD19
CAR-T cells. The study provides preliminary insights into the charac-
teristics and molecular mechanisms of fratricidal CAR-T cell survival.

Studies have reported that CAR-T cells may reduce fratricide by
reducing target expression through an endocytic mechanism.18,30

Our findings revealed that CD26 or CD44v6 was expressed in all
cell subsets, although CD26 was least expressed in CD26 CAR-T cells
and CD44v6 was least expressed in CD44v6 CAR-T cells. This
implied that CD26 and CD44v6 CAR-T cells, although successfully
expanded, still had fratricide. These findings suggested that the
survival of fratricidal CAR-T cells did not depend on the deletion
of target genes.

CAR-T expansion and efficacy may be affected by the functional
heterogeneity of T cell subpopulations.31 Using optimal T cell
CD19 CAR-T cells

e DEGs) in CD4+ central memory T cells, CD8+ cytotoxic T cells, exhausted T cells,

nd downregulated genes in CD26 and CD44v6 CAR-T cells compared with CD19

oth comparison groups (CD26 vs. CD19 and CD44v6 vs. CD19) are highlighted. (C)

r, immunostimulator, and MHC molecules, in CD4+ central memory T cells. Each

ry rate [FDR]% 0.05) enriched Gene Ontology biological process (BP) of consistently

19 CAR-T cells in CD4+ central memory T cells. Dot color indicates the statistical

hed in each term. Red terms, T cell and immune-related terms.
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subpopulations may improve the design and manufacture of next-
generation CAR-T cells with higher anticancer efficacy.32 Logically,
we wondered whether a specific subpopulation of T cells contributed
to the survival of these CAR-Ts. Unfortunately, all CAR-T types
shared the same subpopulations, and no subpopulation was unique
to fratricidal CAR-T or CD19 CAR-T cells. Interestingly, among
the three CAR-T cells, the cell subpopulation composition diverged;
fratricidal CAR-Ts were enriched with higher contents of exhausted
T and MT+ effector T subpopulations, whereas CD19 CAR-Ts were
enriched with higher contents of CD4+ central memory T cells. It is
hypothesized that it may be the presence of fratricide in fratricidal
CAR-Ts that leads to the depletion of central memory T cells and
the generation of effector Ts and exhausted Ts. Consequently,
compared with CD19 CAR-Ts, fratricidal CAR-Ts did not have
unique types in cell subpopulations.

Activation and exhaustion of CAR-Ts involve alterations in molec-
ular expression and pathways.33,34 To further explore the molecu-
lar mechanisms underlying the survival of fratricidal CAR-Ts, gene
expression differences between fratricidal CAR-Ts and CD19
CAR-Ts were examined. It emerged that substantial HLA-class
molecules (HLA-E, HLA-F, etc.) were downregulated in fratricidal
CAR-T cells compared with CD19 CAR-T cells in a high propor-
tion of cells (exhausted T cells) and low percentages of cell sub-
populations (memory T cells and helper T cells). Multiple antigen
presentation pathways associated with MHC molecules were
downregulated in CD4+ memory T cells of fratricidal CAR-Ts.
Further, fratricidal CAR-T cells displayed fewer cellular communi-
cations and diminished communication strength among cell sub-
populations compared with CD19 CAR-Ts (Figures S8A and
S8B). Immune-escape-associated MHC-I and MHC-II pathway
(HLA-related molecule ligand-receptor pairs) communication
messages were consistently reduced in fratricidal CAR-T cells,
and exhaustion-associated CD70 (CD70-CD27) signaling pathway
communication messages were consistently elevated in fratricidal
CAR-T cells (Figures S8C and S8D). This implied that cell-cell in-
teractions could be a cause of cell exhaustion. Moreover, loss of
HLA genes is a common mechanism by which target cells evade
donor T cell recognition and leads to clinical relapse.22,35,36 Conse-
quently, we speculated that fratricidal CAR-T cell subpopulations
may enhance immune escape by downregulating HLA genes to
improve their survival.
Figure 6. Differential expression and regulatory analysis of exhausted T cells i

(A) Volcano plot of up- and downregulated genes in CD26 and CD44v6 CAR-T cells com

in both comparison groups (CD26 vs. CD19 and CD44v6 vs. CD19) are highlighted. (B

processes (C) of DEGs from CD26 and CD44v6 CAR-Ts compared with CD19 CAR-Ts

(�log FDR), and dot size represents the gene count enriched in each term. (D) Heatmap

a generalized linear model of the difference between the three CAR-T types in exhaus

regulon name such as “RUNX3 (67g)” means a gene-regulatory network consisting

“RUNX3_extended (76g)” indicates a gene-regulatory network consisting of TF RUNX

TFs in (D) for the three CAR-T-cell types. Red genes represent upregulation in fratricidal

in (D), regulatory networks of key regulators on immune-related genes were constructe

TF-regulated target gene.
In addition to downregulated HLA molecules, we hypothesized that
the fratricidal CAR-T cell subpopulations might survive through
exhaustion. Research indicates that long-term antigen stimulation in-
duces T cell exhaustion.33,37 Our data reinforced this conclusion with
CD26 and CD44v6 CAR-T cells exhibiting more exhaustion charac-
teristics, possibly due to target gene expression. Despite fratricidal
CAR-Ts showing dramatically higher exhaustion levels than
CD19 CAR-Ts in all cell subpopulations, CD4+ central memory T,
CD8+ cytotoxic T, and exhausted T cells of fratricidal CAR-Ts
showed significantly higher levels of cytotoxicity compared with
CD19 CAR-T cells. In addition, clonal expansion was evident in frat-
ricidal CAR-T cells. Therefore, we hypothesized that, in CD26 and
CD44v6 CAR-T cells, the exhaustion induced by target antigen stim-
ulation was in balance with the fratricide, so the presence of CAR-T
cell exhaustion effectively prevented their fratricide. This hypothesis
was further validated by the reduction in proliferation and the in-
crease in apoptosis of CD44v6 CAR-T cells following inhibition of
the exhaustion process by Tim3 or LAG3 inhibitors. This confirmed
that the survival of fratricidal CAR-T cells may be dependent on their
exhaustion.

In addition, the results of molecular mechanisms have reaffirmed that
the survival of fratricidal CAR-T cells depends on cellular exhaustion.
We found that exhaustion markers were highly expressed in termi-
nally differentiated effector cells, such as exhausted T cells and
MT+ effector T cells, and then identified the regulation between key
TFs and genes driving T cell exhaustion. For instance, STAT1 and
IRF1 are linked to exhaustion,23,24 acting as coregulators in a regula-
tory network and significantly downregulated in fratricidal CAR-T
cells. These factors may regulate immune-escape genes (HLA genes)
and immune-related factors, which is confirmed by the results of
STAT1-overexpression experiments. Consistently, DEGs of fratri-
cidal CAR-Ts in exhausted T cells were involved in the JAK-STAT
pathway, which is involved in stem cell exhaustion during aging.38

In addition, some potentially new exhaustion-associated TFs have
been identified, such as ETS1, which upregulated many exhaustion
marker genes (e.g., HAVCR2, ENTPD1, and LAG3), but further
studies are needed. These results indicate that key factors might drive
T cell exhaustion and thus the survival of fratricidal CAR-T cells.

This work is not without limitations. Although our findings initially
indicate that the survival of fratricidal CAR-Ts may be related to
n three CAR-T types

pared with CD19CAR-T in exhausted T cells. Genes with |log2(FoldChange)|R 0.25

and C) Significantly enriched (FDR % 0.05) KEGG pathways (B) and GO biological

in exhausted T cells. Dot color indicates the statistical significance of the enrichment

of the normalized regulon activity (Z score, see materials and methods) derived from

ted T cells. Each column represents a cell, while each row indicates a regulon. A

of TF RUNX3 with its 67 high-confidence target genes. A regulon name such as

3 with all 76 target genes. (E) Dot plot showing the scaled average expression of

CAR-T cells, while blue genes represent downregulation. (F) Based on the regulons

d. The thickness of the edge represents the confidence score of the corresponding
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the downregulation of HLA molecules and the formation of ex-
hausted T cells, additional comprehensive investigations are needed
in the future to confirm our thesis. In particular, can consistent con-
clusions be drawn for protein-level expression? Moreover, the effect
of interference with protein expression of key factors such as HLA
molecules on the growth and proliferation of fratricidal CAR-Ts
will be a further research direction. In addition, given that CD26
CAR-Ts contain a CD28 costimulatory structural domain, whereas
CD19 CAR-Ts and CD44v6 CAR-Ts are 4-1BB (CD137) CAR-Ts,
this may affect outcomes. However, Bai et al. revealed that the mem-
ory phenotype genes CCR7, SELL, and TCF7 were markedly upregu-
lated in 4-1BB CAR-Ts vs. CD28 CAR-Ts in the basal state, with few
other functional differences unique to the two CAR-T types.39 This
aligns with our transcriptional profiling results showing that CD26
CAR-Ts possessed a lower content of memory T cells than the re-
maining two CAR-Ts. Further, there is no unique cell subpopulation
present in CD26 CAR-Ts in our data, and the convergent results for
CD26 CAR-Ts and CD44v6 CAR-Ts could partially explain the sur-
vival of CAR-T products targeting T cell tumors.

In summary, our study reveals the heterogeneity of different CAR-T
products. We found that CD26 and CD44v6 CAR-T cells targeting
T cell malignancies were accompanied by the expression of target genes
and had a higher exhaustion signature and clonal expansion status than
CD19 CAR-T cells. They potentially downregulate HLA molecules to
evade targeted killing by conventional T cells. Single-cell regulatory
network analysis and inhibition experiments indicated that they may
survive by driving their exhaustion through vital regulatory factors.
The single-cell fratricidal CAR-T characteristics in this project will pro-
vide a theoretical basis for understanding the mechanisms of fratricidal
CAR-T survival and help to guide the design of new and improved
CAR production protocols targeting T cell malignancies.

MATERIALS AND METHODS
CAR-T cell production

After informed consent was obtained, T cells derived from two healthy
donors were used to construct three types of CAR-Ts as mentioned
above. All samples were obtained under the protocol approved by
the Institutional Review Board of Tongji Medical College and the
Hubei committee. CD19-CAR lentivirus containing anti-CD19-scFv-
CD8-CD137-CD3z, CD26-CAR lentivirus containing anti-CD26-
scFv-CD8-CD28-CD3z, and CD44v6-CAR lentivirus containing
anti-CD44v6-scFv-CD8-CD137-CD3z were constructed by Shanghai
GeneChem (China), and concentrated lentiviral stocks were frozen at
�80�C for future use. CD3+ T cells were isolated from the peripheral
blood of healthy donors and cultured in X-VIVO15 (Lonza, USA) sup-
Figure 7. Function changes of CD44v6 CAR-T cells when the exhaustion was s

(A) Experimental design of CD44v6 CAR-T cells treated with the Tim3 inhibitor sabatolim

CD44v6 CAR-T cells treated with the Tim3 inhibitor sabatolimab or LAG3 inhibitor relatli

the left, and Tim3 or LAG3 expression analysis is shown on the middle and right. (C) P

inhibitor (right). (D) Apoptosis of CD44v6 CAR-T cells treated with Tim3 inhibitor (left) or L

with Tim3 and LAG3 inhibitors for 14 days. These experiments were repeated for five he

two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significan
plemented with 5% AB serum, 200 U/mL recombinant human IL-2
(PeproTech, USA), and 100 U/mL penicillin-streptomycin at 37�C in
5% CO2. T cells were activated by CD3/CD28 beads (Miltenyi Biotech,
Germany) according to the manufacturer’s instructions. After 48 h, the
activated T cells and CAR lentivirus were added to 96-well plates pre-
coated with 6 mg/cm2 Retronectin (Takara Bio, Japan), and the multi-
plicity of infection of CD19-CAR, CD26-CAR, and CD44v6-CAR
lentivirus was 5, 10, and 3, respectively. Nontransfected cells (NT)
were replaced with an equal volume of medium for virus. The mixtures
were centrifuged at 800 � g for 30 min at 32�C and then incubated at
37�C for 24 h. The transfections were terminated by replacement of
fresh X-VIVO15 medium. CD19, CD26, or CD44v6 CAR-T cells of
two donors were cultured for 14 days and then subjected to scRNA-
seq combined with scTCR-seq based on the 10� Genomics platform.

scRNA-seq data processing

The scRNA-seq libraries were constructed using a Single Cell 50 Library
according to the manufacturer’s instructions (10� Genomics). Li-
braries were sequenced using an Illumina Novaseq6000 sequencer
with a paired-end 150-bp (PE150) reading strategy (performed by
CapitalBio Technology). Raw gene expressionmatrices for each sample
were obtained by Cell Ranger (v.4.0). The pipeline was coupled with the
human reference version GRCh38. The output filtered gene expression
matrices were analyzed by the R package Seurat (v.4.0.6).40 Briefly,
genes expressed at higher than 0.1% of the data and cells with >200
genes detected were retained for further analysis. Low-quality cells
were removed if they met any of the following criteria: (1) <500 unique
molecular identifiers (UMIs), (2) <500 or >7,500 genes, or (3) >15% of
UMIs derived from the mitochondrial genome. Then, we used the
DoubletFinder method41 to detect doublets in each sample and remove
them, finally resulting in high-quality cells for subsequent analysis.
Multiple single-cell datasets were integrated and corrected for batch ef-
fects by the standard integration protocol described in Seurat. Gene
expression matrices were normalized by the NormalizeData function,
and 5,000 features with high cell-to-cell variation were calculated by
the FindVariableFeatures function. To reduce the dimensionality of
the datasets, the RunPCA function was performed with default param-
eters on linear-transformation-scaled data generated by the ScaleData
function. Next, we clustered cells using the FindNeighbors and
FindClusters functions and performed nonlinear dimensional reduc-
tion with the RunUMAP function set by default.

Identification of CAR+ T cells and estimation of abundance of

expressed CAR

Based on previously published methods,21 CAR-expressing T (CAR+)
cells were identified by the presence (normalized UMI > 0) of
uppressed

ab or LAG3 inhibitor relatlimab. (B) Tim3 (top) and LAG3 (bottom) expression levels in

mab at 10 and 20 mM for 7 and 14 days. Representative flow cytometry is shown on

roliferation levels of CD44v6 CAR-T cells treated with Tim3 inhibitor (left) or LAG3

AG3 inhibitor (right). (E) Specific cytotoxicity to tumor of CD44v6 CAR T cells treated

althy donors. Data are depicted as the mean ± SD. Significance was determined by

t.
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CAR-specific sequence contigs (signal peptide-CD19-scFv-CD8-
CD137-CD3z, signal peptide-CD26-scFv-CD8-CD28-CD3z, and
signal peptide-CD44v6-scFv-CD8-CD137-CD3z) in the aligned
reads, and this approach identified a range of 2.11%–36.29% QC-
passed T cells as CAR+ cells among the three CAR-T types. Other
T cells with undetectable CAR expression were defined as CAR�

T cells. The expression level of CAR was estimated by the average
depth of the CAR sequence in each sample. Sequencing reads were
aligned to the reference CAR sequence, and reads with the best match
flag (i.e., nonmismatch, nonmultiple hit, high quality) were kept to
calculate the expressed CAR level. The expression level of CAR was
normalized by the NormalizeData function by the Seurat package
(v.4.0.0). Similarly, CD26+ (CD26-expressing) cells and CD44+

(CD44-expressing) cells were identified using the same method as
above.
Flow cytometry analyses

For the expression of CD19, CD26, and CD44v6 markers on the sur-
face of the T cells, T cells were incubated with CD19-BV421 (BD Bio-
sciences, cat. no. 562441), CD26-PE (BD Biosciences, cat. no.
555437), and CD44v6-PE (BD Biosciences, cat. no. 566803) anti-
bodies for 30 min at 4�C in the dark. For the apoptosis assessment,
NT and CD44v6 CAR-T cells cultured in complete medium or
CD44v6 CAR-T cells treated with the blocking anti-TIM3 mAb saba-
tolimab (Selleck, A2037) or anti-LAG3 mAb relatlimab (Selleck,
A2029) were collected, and apoptotic cells were detected using an An-
nexin V-FITC/PI kit (BD Biosciences, cat. no. 556547). TIM3-PE (BD
Biosciences, cat. no. 563422) and LAG3-Alexa 647 (BD Biosciences,
cat. no. 565417) antibodies were used to assess the expression of
TIM3 and LAG3 markers on the surface of the CAR-T cells. The cy-
tokines in the supernatant of NT or CD44v6 CAR-T cells after 14 days
of transfection were analyzed using the BD cytometric bead array
(CBA). The samples were all detected by BD LSRFortessa X-20 flow
cytometry and analyzed by FlowJo software.
Cell proliferation

The expansion of NT and CD44v6 CAR-T cells at different days of cul-
ture was assessed by trypan blue staining and counting under a micro-
scope. CD44v6 CAR-T cells were treated with the Tim3 inhibitor saba-
tolimab and the LAG3 inhibitor relatlimab at concentrations of 10 and
20 mM, respectively. CD44v6 CAR-T cells were seeded at 2.5� 106/mL
density. Fresh medium with inhibitors was changed every 2 days for
treatment times of 7 and 14 days. After 7 and 14 days, CD44v6
CAR-T cells were harvested, stained with trypan blue, and counted un-
der a microscope. The proliferation fold change is the ratio of cell
counts at different time points compared with cell counts at day 0.
STAT1 regulation in CD44v6 CAR-T cells

CD44v6 CAR-T cells were pretreated with 45 mmol/L 2-NP
(MedChemExpress, HY-W013523) for 1 h and then treated with
10 ng/mL recombinant human IFN-g (PeproTech, cat. no. 10773-
476) for 72 h on the 10th day of construction. Subsequently, the
expression of STAT1, IRF1, and HLA-DPB1 mRNA in CD44v6
14 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
CAR-T cells was detected by RT-qPCR, and the primer pairs used
were as follows:

GAPDH: 50-GGAGCCAAACGGGTCATCATCTC-30 and 50-GA
GGGGCCATCCACAGTCTTCT-30

STAT1: 50-CAGCTTGACTCAAAATTCCTGGA-30 and 50-TGA
AGATTACGCTTGCTTTTCCT-30

IRF1: 50-GCAGCTACACAGTTCCAGG-30 and 50-GTCCTCAG
GTAATTTCCCTTCCT-30

HLA-DPB1: 50-CCATGATGGTTCTGCAGGTT-30 and 50-TCCC
TGGAAAAGGTAATTCTCTGG-30

Cytotoxicity assay

Different effector cell:target cell (E:T) ratios of 0:1, 1:1, and10:1were
used when coculturing CD44v6 CAR-T cells treated with or without
TIM3 inhibitor, LAG3 inhibitor, or IFN-g with target cells that had
been stained with CFSE (BD Bioscience, USA) for 24 h. Propidium
iodide (PI; BD Pharmingen, USA) was used to identify dead target
cells. The samples were detected by BD LSRFortessa X-20 flow cytom-
etry and analyzed by FlowJo software. The cytotoxicity was assessed
by the percentage of dead cells in target cells.

Cell-cycle regression

To remove variance (and unwanted effects on clustering) in the data-
sets arising from cell-cycle phase, we performed the CellCycleScoring
function in Seurat to evaluate the cell-cycle status using the previously
reported G1/S and G2/M phase-specific genes.42 Cell-cycle effects
were removed using the ScaleData function in Seurat.

Defining cell state scores

We calculated and defined the scores of cytotoxicity, exhaustion, pro-
liferation, and apoptosis levels of cell subpopulations based on the
expression of relevant molecules. The exhaustion score of T cells
was defined as the mean of the Z score values of the expression of
exhaustion-related genes (CTLA4, LAG3, PDCD1, CD160, ENTPD1,
HAVCR2, and TIGIT).43 The expression of each gene was normalized
to the expression data by the SCTransform function of the Seurat
package. We calculated the cytotoxicity, proliferation, and apoptosis
scores based on cytotoxicity genes (PRF1, IFNG, GNLY, NKG7,
GZMB, GZMA, KLRK1, KLRD1, CTSW, and CST7),43 cell-cycle
genes,42 and apoptosis genes (ACIN1, BIRC3, CYCS, NFKB1,
PARP1, BCL2A1, and CDK1),39 respectively.

DEG identification and KEGG enrichment

Differential gene expression analysis was performed using the
FindMarkers function based on normalized data in the Seurat R pack-
age. The samples we compared were entered as ident.1 and ident.2,
respectively. The fold change in the mean gene expression level be-
tween the selected samples was calculated. For each comparison
group (CD19 vs. CD26, CD19 vs. CD44v6, and CD26 vs. CD44v6)
for each donor, genes that met the following threshold conditions
were defined as DEGs: |avg_log2FC| R 0.25, p % 0.05, and the
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gene was expressed in >10% of cells. After that, the intersection of two
donor DEGs with the same trend was used as the final DEG. Func-
tional enrichment analyses, including GO BP and KEGG, were con-
ducted using the compareCluster function from the clusterprofiler
R package (v.4.0.5) (fun = “enrichKEGG”, pvalueCutoff = 0.05,
pAdjustMethod = “BH”, OrgDb = “org.Hs.e.g.db”).

Differential activity analysis of SCENIC regulons

To identify regulons controlling gene expression in different CAR-T
types in exhausted T cells, we performed SCENIC analysis on the da-
tasets of exhausted T cells (1,142 cells) of three CAR-T types using the
cisTarget v.9 motif collection mc9nr (hg38) by R package SCENIC
v.1.2.4.44 The activity of regulons of exhausted T cells was calculated
using the AUCell function with default parameters using a raw
count matrix and was scaled by Z score. Regulon specificity scores
were ranked following the SCENIC pipeline, and top regulons with
Z scores higher than 1.7 were identified as the CAR-T-type regulon.
The regulatory network was constructed based on the detected regu-
lons and immune-related genes.

TCR V(D)J sequencing and analysis

For scTCR-seq, full-length TCR V(D)J segments were enriched from
amplified cDNA from 50 libraries via PCR amplification using a Chro-
mium Single-Cell V(D)J Enrichment Kit according to the manufac-
turer’s protocol (10� Genomics). Demultiplexing, gene quantifica-
tion, and TCR clonotype assignment were performed using the Cell
Ranger (v.4.0) vdj pipeline with GRCh38 as a reference. In brief, we
obtained a TCR diversity metric containing clonotype frequency
and barcode information. TCR analyses of CAR+ cells were per-
formed using the R package scRepertoire.45 Only cells with at least
one productive TCR a-chain (TRA) and one productive TCR b-chain
(TRB) were kept for further analysis. Each unique TRA(s)-TRB(s)
pair was defined as a clonotype. If one clonotype was present in at
least two cells, then the cells harboring this clonotype were considered
to be clonal, and the number of cells with such pairs indicated the de-
gree of clonality of the clonotype. Using barcode information, T cells
with prevalent TCR clonotypes were projected on UMAP plots.
scTCR-seq data were merged with scRNA-seq data of the T cell sub-
populations based on the cell barcode information. T cell dynamics
across three CAR-T cell types were analyzed by the STARTRAC anal-
ysis toolkit.46 STARTRAC-dist depicts the CAR-T-type distribution
preference of different T cell subpopulations. The ratio of the cell
number observed in the tissue to the expected number of cells
was used to measure the enrichment of T cell populations in different
tissues. The clonal expansion of T cells was calculated using
STARTRAC-expa of STARTRAC.

Inferring cell-cell interactions using CellChat

To infer cell-cell communication between cell types identified in
scRNA-seq analysis, we used the R package CellChat (v.1.6.1)47

with default parameters. First, we converted the initial Seurat object
to a CellChat object. Then, the CellChat receptor and ligand pair data-
base was applied to the new object. We then performed an overrepre-
sentation analysis of the genes and possible interactions in the
CellChat database. The p-value threshold for significant ligand-recep-
tor interactions was set to less than 0.05.
Statistical analysis

Unless specified, data are given as the mean ± SEM, were analyzed by
GraphPad Prism 8, and are denoted in the figure legends. Violin plots
in this paper were visualized by the R package ggplot2, using the Wil-
coxon test for group comparisons. Unless otherwise stated, p values
below 0.05 were considered significant. Single, double, triple, and
quadruple asterisks indicate statistical significance: *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001; ns indicates a nonsignif-
icant result. If adjustments for multiple comparisons were needed,
they were performed using the Holm-Bonferroni method, with
adjusted p < 0.05 considered significant.
Data availability

The data generated in this study are available within the article and its
supplemental information files. The scRNA-seq and scTCR-seq data
are available at the Genome Sequence Archive (GSA) of the National
Genomics Data Center (NGDC) under accession no. HRA002417
and can be accessed at URL: https://ngdc.cncb.ac.cn/.
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