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Abstract

T-cell receptor (7CR) loci undergo complex V(D)J rearrangements during T-cell maturation. However, errors in this
process can cause TCR promoters and enhancers to aberrantly fuse with oncogenes, leading to their overexpression and
the development of T-cell acute lymphoblastic leukemia (T-ALL). Unexpectedly, in a retrospective study of 97 pediatric
B-ALL cases, all diagnosed according to WHO criteria at a single institution, we identified a subgroup of B-ALL har-
boring TCR fusion. These fusions involved diverse partner genes, including LINC01656, TBC1DI10B, TCLIA/TCLIB,
CDKNZ2A, CEBPB/G, and AHII. Patients with TCR fusions showed a gene expression profile enriched in hematopoietic
stem cell (HSC) signatures and frequently carried other adverse genomic markers, such as CDKN2A/B alterations and RAS
pathway activation. Clinically, TCR-rearranged B-ALL patients were associated with increased risk (P=0.005) and had
higher minimal residual disease (MRD) at day 19 (P=0.034), and may benefit from MRD-based risk-directed therapy. Our
study highlights frequent 7CR fusions in B-ALL, suggesting a stem cell-derived leukemia with potential differentiation
into both B-cell and T-cell lineages.
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Introduction clinical factors such as white blood cell count (WBC) and

age at diagnosis, genomic subtyping, and minimal residual
Acute lymphoblastic leukemia (ALL) is the most common disease (MRD) assessment after initial treatment, along
childhood cancer, with 85% of cases classified as B-cell ALL ~ with stratified therapies and new drug developments, have
(B-ALL). Advances in risk classification, incorporating  significantly improved survival rates for pediatric B-ALL.
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These advancements make B-ALL one of the significant
milestones in the success of precision medicine. Over the
past decade, developed countries have reported event-free
survival (EFS) rates of 74-87% and overall survival (OS)
rates of 85-90%[1].

Gene fusions involving the immunoglobulin (IG) and
T-cell receptor (TCR) loci are well-established markers of
B-ALL and T-ALL, respectively [2]. In B-ALL, /G rear-
rangements juxtaposition their potent enhancers to onco-
genes such as CRLF2, EPOR, IL3, BCL2, BCL6, MYC,
DUX4, and CEBPs, resulting in overexpression [3—6].
These IG rearrangements, depending on their fusion part-
ners, have distinct prognostic and therapeutic implications.
For example, IGH::CRLF2 and IGH::EPOR rearrange-
ments, which are associated with the Philadelphia-like (Ph-
like) B-ALL subtype, may be sensitive to J4K2 signaling
inhibitors [7]. IGH::DUX4 occurs in approximately 5% of
pediatric B-ALL cases and is associated with a favorable
prognosis [8]. Conversely, /GH::IL3 B-ALL is linked to
poor prognosis and often presents with eosinophilia due to
IL3 overexpression [6, 9].

TCR, with a gene structure and somatic recombination
mechanism similar to /G, is rearranged in approximately
one-third of T-ALL cases. Common fusion partners for
TCR include TALI/2, LCK, TLX1/3, TCL1A, MYC, LYLI,
LMO1/2, NKX2, BCL1IB, NOTCHI, and IRS4 [10-16].
While the oncogenic mechanisms of these 7CR rearrange-
ments are mostly defined and serve as effective diagnostic
and classification markers, their prognostic and therapeutic
values are less well-established compared to /G rearrange-
ments in B-ALL.

Although /G and TCR rearrangements are generally
considered specific to B- and T-cell tumors, early studies
showed unexpected /GH fusions in myeloid tumors. These
IGH rearrangements in myeloid neoplasms lead to the trans-
location of the /GH enhancers and promoters to oncogenes,
such as MECOM and CCNG1, leading to their.

overexpression [17]. There have been occasional case
reports of TCR rearrangements in B-ALL, with 7 cases
documented to date, involving TRA/D (T-cell receptor alpha
and delta) at chromosome 14qll (Table S1). The fusion
partners in these cases include /IGH, CDKN2A4, and MYC[4,
18-23]. In this study, we identified TRA/D rearrangements
in 6 of 97 pediatric B-ALL using a targeted DNA next-gen-
eration sequencing (NGS) panel that covered both /G and
TCR genes. Our findings reveal that TRA/D rearrangements
are more common than previously reported in pediatric
B-ALL. These tumors expressed hematopoietic stem cell
(HSC) markers and were frequently associated with adverse
genomic features, such as CDKN2A/B alterations and RAS

@ Springer

signaling mutations. Patients with these alterations may
benefit from additional early intensification therapy.

Materials and methods
Patients

This study contained 97 continuous pediatric patients diag-
nosed with B-ALL at the Children’s Hospital of Soochow
University from June 2023 to January 2024. All patients
provided informed consent in accordance with institutional
guidelines. The details of the diagnosis, risk assessment,
and treatment are described in the Online Supplementary
Information.

Targeted DNA NGS covering TRA/D loci

DNA from bone marrow samples was isolated using
QIAamp DNA Blood Mini Kits (Qiagen, Germany).
Sequencing libraries were constructed with the Rapid
Plus DNA Lib Prep Kit (ABclonal, China) and xGen®
Hybridization and Wash Kit (IDT, USA). Briefly, DNA
was fragmented, end polished, dA-tailed, and adapter-
ligated. Library amplification was performed with initial
denaturation at 98°C, followed by 7 cycles of denatur-
ation, annealing, and extension, concluding with a final
extension step. Target enrichment utilized biotin-labeled
bait oligos targeting 187 leukemia-related genes, includ-
ing both /G and TCR. Sequencing was performed on a
NovaSeq 6000 sequencer (Illumina, US) with 2 x 150-bp
bidirectional sequencing. Data analysis for SNVs, inDels,
CNVs, IG/TCR gene rearrangement, and variable (V),
diversity (D) and joining (J) clonality was performed with
custom pipelines developed at Sano Medical Laboratories
(China). Variant nomenclature was interpreted following
HGVS guidelines (GRCh38/hg38). The capture probe set
comprised 5,396 probes, covering 464 kb of exon regions,
136 kb of /G regions, and 48 kb of TCR regions. Reporting
criteria included mutations with a variant allele frequency
(VAF) of >23% and at least 3 mutation variant reads. Sen-
sitivity thresholds were established at a VAF of 3% and a
sequencing depth of 325x.

Transcriptome and gene set enrichment analysis

RNA was purified from bone marrow specimens using
the RNeasy Plus Mini Kit (Qiagen). Sequence libraries
were constructed with the NEB Next Ultra II RNA Library
Prep Kit (New England Biolabs), which included mRNA
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enrichment, cDNA synthesis, fragmentation, adapter liga-
tion, and amplification. Next-generation sequencing was
performed using the NovaSeq 6000 sequencer. Reads count-
based differential gene expression analysis was performed
using DESeq2 R package [24]. Gene set enrichment analy-
sis (GSEA) was performed according to the Developer’s
instructions and previous reports [25]. Differential expres-
sion was assessed with DESeq2 (v1.42.1), and GSEA
was carried out using clusterProfiler (v4.10.1) against
gene sets from MSigDB obtained via msigdbr (v7.5.1)
and two custom gene sets derived from GSE24759 ana-
lyzed with limma (v3.58.1). The four gene sets used were:
(1) JAATINEN HEMATOPOIETIC STEM CELL UP
(genes upregulated in CD133 + hematopoietic stem cells
versus CD133- cells), (2) EPPERT HSC R (genes upreg-
ulated in human hematopoietic stem cells versus progeni-
tors/mature cells), (3) genes upregulated (>2-fold, p <
0.05) in umbilical cord blood HSC compared with mature
cells, and (4) genes upregulated (>2-fold, p <0.05) in HSC
compared with progenitors. Weighted enrichment statistics
were calculated on the log2 fold-change ranked gene list;
enrichment was considered significant at FDR < 0.25 and
nominal p <0.05.

Western blot analysis

Bone marrow aspirate was lysed by RIPA lysis buffer. Whole
cell lysate was loaded onto polyacrylamide gels and probed
by the following primary antibodies: SOCS2 (1:1000,
A9190, Abclonal), ITGA6 (1: 2500, A20807, Abclonal),
GATA3 (1:1000, 5852, cell signaling technology), and
GAPDH (1:5000, AP0063, Bioworld Technology). The
secondary antibodies were purchased from Jackson Immu-
noResearch Laboratories. Blots were visualized by the LAS
4010 imaging system.

Data analysis

The results are presented as mean+standard deviation, median,
count, or percentage. Patient follow-up was continued until
May 7, 2025. Fisher’s exact test or 42 test was performed for
mutual univariable analysis using SPSS version 2.0 software.
A p-value<0.05 is considered statistically significant.
Results

TRA/D rearrangement in pediatric B-ALL

A targeted DNA NGS panel, with probes covering all /G
and TCR loci, detected TRA/D rearrangements in 6 of 97

pediatric B-ALL patients (6.2%) (Table 1; Fig. 1). The
TRA/D breakpoints were clustered at TRAJ segments, with
specific breakpoints observed at J32 (patient 1), J29 (patient
2), J54 and J28 (patient 3), JI12 (patient 4), J29 (patient 5),
and TRDD3, J49, J9, and J6 (patient 6). These breakpoints
are consistent with those seen in classic TRA/D fusions in
T-ALL, preserving the enhancer region downstream of the J
gene cluster (Fig. 2).

The fusion partners genes included long intergenic non-
protein coding RNA 1656 (LINC01656), TBC1 domain
family member 10B (TBCID10B), T-cell leukemia/lym-
phoma 1 A/B (TCL1A/B), CCAAT enhancer-binding pro-
tein B and G (CEBPB and CEBPG), cyclin-dependent
kinase inhibitor 2 A (CDKN24) and Abelson helper inte-
gration site 1 (AHI1). Among them, CDKN2A4, AHII, and
TBCIDI0B contained intragenic breakpoints and gene
truncation, likely leading to loss of function; in contrast,
TCLIA/B, CEBPG, and CEBPB had breakpoints outside
of genes, preserving the coding regions and likely result-
ing in a gain of function by overexpression (Figs. 1 and
2; Table 1).

Karyotype analysis revealed that three of these cases
had rearrangements involving the TRA/D locus at 14q11,
with the following abnormalities: a t (9;14) (p21; pll)
resulting in TRA::CDKN2A4, a t(6;14)(q23; q21) result-
ing in TRA::AHII, and a t(14;20) (ql1; ql3) resulting
in TRA::CEBPB and TRD::CEBPB (Fig. 3A). FISH
analysis confirmed TRA/D rearrangement in 4 of the 6
cases, including all 3 with karyotype abnormalities at
14q11 and one case without apparent 14q11 involvement
(Fig. 3B). The remaining 2 cases, which were negative
by both karyotyping and FISH, were further analyzed
using PCR amplification with sequences obtained from
the targeted DNA NGS. Sanger sequencing of the PCR
products confirmed TRA/D rearrangement in these cases,
identifying TRD::LINC01656 and TRA::TBCIDI10B,
respectively (Fig. 3C). FISH-negative TRA/D rearrange-
ments are likely the result of genomic insertions, which
can lead to false negative FISH due to the involvement
of small DNA fragments. For example, approximately
80% of IGH::EPOR are FISH-negative due to genomic
insertion [26].

Genomic profiles of pediatric B-ALL with TRA/D
rearrangement

A detailed genomic profile was obtained by concurrent
transcriptome analysis and the targeted DNA NGS. In addi-
tion to the TRA/D rearrangement, these 6 cases also con-
tained known dominant driver fusion transcripts including
TAF15::ZNF384,
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Fig. 1 Sequence of breakpoints from DNA NGS.IGV images show
TRAJ32::LINC01656 in patient 1 (A), TRAJ29:: TBC1D10B in patient
2 (B), TRAJ54:: TCL1A4/B (C) and TRAJ28:: CEBPG (D) in patient 3,

KMT2A4::MLLTI10, PAX5::FBRS, SMARCA2::ZNF362,
and BCR::ABLI(Table 2; Fig. 3D). Notably, two of these
cases contained the same TAF15::ZNF384, and one had
SMARCA2::ZNF362, which belonged to the same B-ALL
subgroup based on expression profiling [27]. ZNF384 and
ZNF362 rearrangements are found in ~ 5% of pediatric
B-ALL [28]. In our cohort of 97 cases, 4 had either ZNF384
or ZNF362 rearrangements, and 3 of these 4 also had TRA/D

TRAJI12::CDKN2A in patient 4 (E), TRAJ29::AHII in patient 5 (F),
and TRDD3/TRAJ49/TRAJ9/TRAJ6::CEBPB in patient 6(G)

rearrangements (p < 0.001). Other common genomic aber-
rations included CDKN2A4/B deletions, detected in 3 of the
6 cases. Including the case with TRA::CDKN2A, which
results in CDKN2A truncation, 4 of the 6 cases showed
CDKN2A/B alterations, making them the most frequent
genomic changes associated with TRA/D rearrangement in
B-ALL. Additional common changes included RAS signal-
ing gene mutations, found in 3 cases (Fig. 3D).

@ Springer
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Fig.2 The genomic structure and breakpoint locations of TRA/D rear-
rangements. TRA/D breakpoints(arrows) in all 6 B-ALL cases(P1-6)
clustered in the TRAJ region(A). Individual fusion and their break-
points are illustrated, including TRD.:LINC01656 in patient 1(B),

Expression signature in pediatric B-ALL with TRA/D
rearrangement

The GSEA reported in the manuscript was performed on a
carefully selected subsetofseven casesto minimise confound-
ing by other B-ALL subtypes with similar stem-cell-like sig-
natures. To identify these cases, we integrated our RNA-seq
data with the microarray dataset GSE79533[28] using the
GEDI R package (v1.1) for cross-platform normalization,
followed by UMAP (v0.2.10.0) for dimensionality reduc-
tion. Seven cases that clustered with TCF3.:PBX]I reference
samples were retained for subsequent analysis. The results
indicate significant enrichment of HSC genes in B-ALL
cases with TRA/D rearrangement, suggesting that these
tumors may originate from primitive hematopoietic pro-
genitors (Fig. 3E). Consistently, patients with TRA/D rear-
rangement showed significantly higher CD34 fluorescence
intensity (MFI) compared to other B-ALL cases by flow
cytometry (p=0,002) and expressed typical stem cell mark-
ers, including ITGA6, SOCS2, and GATA3, as confirmed
by Western blot analysis (Figs. 3F-H).

Clinic features of pediatric B-ALL with TRA/D
rearrangement

The clinical and laboratory features of the 6 patients

with TRA/D rearrangements are summarized in Tables 2
and 3. The patients’ ages range from 4 months to 14

@ Springer

TRA:: TBCIDI10B in patient 2 (C), TRA:: TCL1A/B(D) and TRA::
CEBPG(E)in patient 3, TRA::CDKN2A in patient 4 (F), TRA::AHII in
patient 5 (G), and TRA/D:: CEBPB (H) and TRA:: CEBPB in patient
6 (I-K)

years at presentation, with a median age of 5 years.
The cohort included 5 males and 1 female. Initial WBC
counts varied from 19.11 to 202.8 x 10°/L, with a median
of 30.6x 10°/L. Analysis of cerebrospinal fluid obtained
via lumbar puncture revealed no CNS involvement, and
none of the patients experienced extramedullary invasion.
Bone marrow aspirate morphology showed blasts typical
of B-ALL, with medium to large in size, oval or round-
shaped, with fine chromatin, often indistinct nucleoli,
and minimal cytoplasm. Immunophenotypically, 4 cases
showed typical B- ALL immunophenotypes, including
positive B-cell markers and early lymphoid progenitor cell
marker TdT. Two cases also expressed myeloid markers
CD13 and CD33, with one patient additionally express-
ing MPO (48.7%), satisfying the criteria for mixed pheno-
type acute leukemia (Table 2, Figure S1). Similar myeloid
marker expression was observed in 8 of 91 cases without
TRA/D rearrangement in our series (p=0.055). Although
these data suggest that the TRA/D-rearranged patients are
more likely to be male and to have additional myeloid
markers, statistical significance was not achieved. Future
studies with a larger population are needed. Prognosti-
cally, 4 of 6 patients (66.7%) were initially classified as
intermediate risk (IR) based on various criteria: WBC
counts>50x 10°/L (patient 1), age>10 years (patient 2),
KMT2A::MLLTI10 gene fusion (patient 3), and BCR::ABL1
gene fusion (patient 6). Patients 4 and 5 were re-classified
as IR due to MRD>1% at day 19. Four of the 6 patients



Annals of Hematology (2025) 104:5283-5295

5289

received an additional cycle of cyclophosphamide, cyta-
rabine, 6-mercaptopurine, vincristine, and pegaspargase
from days 50 to 57. Patient 6, with BCR::ABLI, was
treated with Dasatinib and achieved MRD <0.01% by day
19. All 6 patients achieved MRD <0.01% by day 46, with
5 currently in complete remission. However, patient 3
experienced a CNS relapse.

Correlation analysis was performed between TRA/D
rearrangements and various clinical parameters, includ-
ing age at initial diagnosis, sex, peripheral blood WBC
count, extramedullary infiltration, risk stratification, and
MRD levels on days 19 and 46 of treatment. Patients with
TRA/D rearrangements had higher MRD levels on day 19
(P=0.034). Initial risk classification did not differ sig-
nificantly between the two groups (P=0.081). However,
when integrating MRD response into the risk classifica-
tion algorithm, patients with TRA/D rearrangements were
more frequently classified as IR ALL (P=0.005). No sig-
nificant differences were observed in other clinical param-
eters between the groups (Table 3).

Discussion

Leukemias originating from hematopoietic cells can exhibit
varying degrees of differentiation into downstream lin-
eages[29]. This includes mixed phenotype acute leukemia
(MPAL), where cells can show both myeloid and lymphoid
characteristics[30], and chronic myeloid leukemia (CML),
which can progress to either a myeloid blast crisis or a lym-
phoid blast crisis [31]. Our study identified TCRrearrange-
ments in 6.2% of pediatric B-ALL. B-ALL most commonly
arises from pre-B cells, with some originating from pro-B
cells, an earlier stage in B-cell development[32]. Our analy-
sis of TCR-rearranged B-ALL patients revealed an mRNA
expression profile enriched in HSC markers, consistent with
stem cell leukemia characteristics. Although TCRrearrange-
ment suggests potential T-cell differentiation[33], the tumor
cells did not express T-cell markers by flow cytometry,
likely due to limited T-cell development. TCR V(D)J gene
segment rearrangement occurs at the double-negative (DN)
stage of T-cell development, when specific T-cell markers
are not yet expressed.

The impact of TCR rearrangements on tumorigenesis in
these B-ALL remains unclear. In T-ALL, potent enhanc-
ers from TCR genes can drive overexpression when fused
with oncogenes [34]. A common fusion partner is TCL1A/B,
which, when overexpressed, promotes the proliferation
of early T-cell progenitors by activating the PI3K/AKT
pathway[35]. One of our patients (patient 3) showed a
TRA::TCLIA/B fusion, suggesting it may share similar
mechanisms of tumorigenesis. Additionally, TRA.::CDKN2A

was identified in 1 of the 6 patients studied. The CDKN24
breakpoint occurs within intron 1, leading to truncation of
the p16™4? tumor suppressor protein. Interestingly, an iden-
tical TRA/D::CDKN2A fusion was found in another B-ALL
case (Table 1), indicating a potentially recurrent event [36].
CDKN2A inactivation is a common genomic alteration in
ALL, occurring in approximately 20% of B-ALL cases and
50% of T-ALL cases [37, 38], and is indicative of poor prog-
nosis [39]. In our study, 4 of the 6 cases with TCR rearrange-
ments contained CDKN2A alterations, likely contributing
to the increased prognostic risk in this subset of B-ALL.
Additionally, Patient 3, who had a KMT2A::MLLTI0 rear-
rangement, a known high-risk marker, had a CNS relapse.
Notably, 2 of the 7 B-ALL cases with 7CR rearrangements
reported in the literature also had KMT2A4 rearrangements
(Table 1), and both of them experienced relapse [20, 23].

Two cases in our series showed rearrangements between
TRA/D and two CEBP family members, CEBPB and
CEBPG. CEBP family members are known to be rearranged
with /GH in B-ALL, leading to their overexpression [40].
The CEBP family of bZIP transcription factors plays a cru-
cial role in regulating hematopoiesis, including stem cell
function and the differentiation of myeloid and B lymphoid
cells[41-43]. The TRA/D::CEBPB/G fusions likely contrib-
ute to leukemogenesis in a manner similar to /GH:: CEBPby
deregulating their expression[40].The roles of the remain-
ing partner genes, TBCID10B, AHII, and LINC01656, are
not well defined in B-ALL.

Sinceall 6 patients with TCR rearrangements harbor known
dominant drivers, including TAF15::ZNF384 (2 patients),
SMARCA2::ZNF362, BCR::ABL1, KMT2A::MLLTI0, and
PAXS5::FBRS, TCR rearrangement is likely a late event that
contributes to tumor progression rather than an initiating
event. Expression profiling and GSEA of these TRA/D-
rearranged B-ALL cases revealed characteristics of HSC.
Notably, 5 of the 6 fusions are associated with stem cell
features and multi-lineage potential. For example, B-ALL
with ZNF384rearrangement often expresses CD10 dim/-,
CD33+, and CD13+[44],and this rearrangement is found in
48% of MPAL cases [29]. ZNF362 fusions have a similar
expression profile to ZNF384-rearranged B-ALL and are
included in the same subgroup [27]. KMT2Arearrangements
are frequently associated with MPAL[45], and Ph + B-ALL
often expresses myeloid markers such as CD13 and CD33
[46]. Recent research on Ph + B-ALL has shown that the dif-
ferentiation stage of leukemia significantly impacts patient
prognosis. Specifically, patients with Ph + B-ALL who are
differentiated at early progenitor and inter-progenitor stages
have poorer OS and EFS rates compared to those whose
B-ALL is arrested at the late progenitor stage [47].

The reason for the limited number of previously reported
cases of TCR rearrangement in B-ALL, despite an occurrence
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{ Fig. 3 Genomic and transcriptomic characteristics of TRA/D-rear-
ranged B-ALL. (A) Karyotyping of bone marrow using R-banding
showed chromosome rearrangements involving the TRA/D locus at
14q11.2, including t (9;14) (p21; p11) in patient 4, t (6;14) (q23; q21)
in patient 5, and t (14;20) (q11; q13) in patient 6. (B) FISH with a
split-apart probe set showed separation of 5’TRA/D (red) and 3’ TRA/D
(green) signals in patients 3, 4, 5, and 6, but not in patients 1 and 2.
(C)Sanger sequencing of PCR products from patients 1 and 2 con-
firmed TRAJ29::LINC01656 and TRAJ32:: TBC1D10B, respectively.
(D)Additional genomic alterations in the 6 cases of TRA/D-rearranged
B-ALL were detected, with enrichment in ZNF384/ZNF362 rear-
rangements, NRAS mutations, and CDKN2A/B deletions. (E)Gene set
enrichment analysis (GSEA) using four different gene sets showed
significant enrichment of hematopoietic stem cell genes in TRA/D-
rearranged B-ALL compared to non-7RA/D-rearranged B-ALL. Bold
lines indicate significant enrichments {false discovery rate (FDR)
g-value<0.25 and/or nominal (NOM) P-value<0.05)}. NES: normal-
ized enrichment score. (F) Patients with TRA/D rearrangement showed
significantly higher CD34 fluorescence intensity (MFI) compared to
other B-ALL cases. Nonparametric Mann-Whitney test; p-value of
0.002. (G) Western blot analysis confirmed the expression of stem cell
markers ITGA6, SOCS2, and GATA3 in TRA/D-rearranged B-ALL
samples (P1-5; specimen unavailable for P6). These markers were
absent in randomly selected B-ALL samples without TRA/D rear-
rangement (C1-6). (H)Expression levels were normalized to GAPDH
and presented as a heatmap

rate of 6.2% in our series, remains unclear. Two factors may
contribute to this discrepancy. First, our study utilized a DNA
NGS assay covering all /G and TCR regions, which can
detect small genomic rearrangements, including small inser-
tions that might escape detection by karyotyping and FISH.
Indeed, 2 of the 6 cases in our series were negative by both
karyotyping and FISH. Second, only a portion of B-ALL
cases can proliferate in vitro, while others may not divide and
only show a normal karyotype from non-neoplastic hemato-
poietic cells, missing the opportunity to detect chromosome
rearrangements, including 14q11 (TRA/D) rearrangements.
In summary, we identified a subgroup of pediatric
B-ALL cases with TCR rearrangements. These tumors

exhibit expression of HSC genes and frequently harbor
other adverse genomic markers, including CDKN2A/B
alterations and RAS mutations. In our series of 97 cases,
59 were classified as low risk and 38 as IR, with no cases
classified as high risk. Notably, all 6 patients with TCR
rearrangement were classified as IR finally, and the pro-
portion of patients with an MRD level higher than 0.1%
at day 19 was significantly higher in patients with TRA/D
rearrangements than in a comparator group of 11 patients
with primary drivers such as BCR::ABLI1, KMT2A, PAX5r
or ZNF384 fusions but without TRA/D rearrangements
(4/5 vs. 2/11; p=0.0179). These findings suggest that
TCR rearrangement may be associated with a poor initial
therapeutic response, and these patients could potentially
benefit from MRD-based risk-directed therapy. How-
ever, further studies are required to validate its role as a
prognostic marker for IR. The overall prognostic signifi-
cance of TCR rearrangement remains unclear due to the
short follow-up period. It is noteworthy that 5 of 6 B-ALL
cases with TRA/D rearrangement were male; however, the
p-value suggests a lack of statistical significance, likely
due to the limited sample size. Additionally, 6 of the 7 pre-
viously published B-ALL cases with TCR rearrangements
were pediatric patients, with the remaining case involving
a 20-year-old (Table S1). Whether TCR-rearranged B-ALL
is enriched to pediatric cases remains to be determined.
Based on these findings, we suggest that TRA/D rearrange-
ment screening could be considered as part of risk assess-
ment algorithms for pediatric B-ALL patients. However, it
is important to note that models have yet to be developed
to demonstrate its functional role in the poor prognosis of
ALL patients. Further research is necessary to explore the
biological role of TRA/D rearrangements and better under-
stand their molecular contribution to B-ALL development.

Table 2 Clinical and laboratory characteristics of the six B-ALL with TRA/D rearrangement

Patient Age(Years) Sex WBC Blastin Blast Initial risk Final risk MRD on MRD on Current status

count (x BM in PB classification  classification  day 19 day 46

109/L)
1 6.8/M M 5236 93% 91% IR IR 1.24x 102 <1x10* First CR for 21 months
2 13.9/M M 23 74.50% 50% IR IR 1.58x 10 <1x10* First CR for 20 months
3 0.3/M M 2028 96% 96% IR IR NA <1x10* CNS relapse at 5th

month

4 2.4/M M 19.11 90% 50% LR IR 2.17x10%  <1x10* First CR for 18 months
5 3/F F 30.6 90% 78% LR IR <1x107? <1x10™  First CR for 23 months
6 10/M M 3185 92% 85% IR IR <1x10* <1x10*  First CR for 17 months

IR intermediate-risk, LR low-risk
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Table 3 Statistical evaluation of clinical parameters between patients with and without TRA/D rearrangement

Variable TRA/D rearrangement P
Yes No
No % No %

Age at diagnosis(years)

1-10 4 5.33 71 94.70 0.52
>10 2 9.10 20 90.90

Sex

Male 5 9.80 46 90.20 0.119
Female 1 2.17 45 97.83
WBC count( x 109/L)

<50 4 5.13 74 94.87 0.381
>50 2 10.53 17 89.47
Extramedullary infiltration

Yes 0 0.0 2 100.00 0.714
No 6 6.25 89 93.75
ETV6::RUNXI1

Absent 6 7.14 78 92.86 0.32
Present 0 0.00 13 100.00
BCR::ABLI

Absent 5 5.49 86 94.51 0.271
Present 1 16.67 5 83.33
TCF3::PBX1

Absent 6 6.67 84 93.33 0.48
Present 0 0.00 7 100.00
KMT2Ar

Absent 5 5.38 88 94.62 0.111
Present 1 25.00 3 75.00
Hyperdiploidy

Absent 6 8.45 65 91.55 0.126
Present 0 0.00 26 100.00
ZNF384r/ZNF362r

Absent 3 3.23 90 96.77 <0.001
Present 3 75.00 1 25.00
MEF2Dr

Absent 6 6.32 89 93.68 0.714
Present 0 0.00 2 100.00
Ph-like

Absent 6 6.59 85 93.40 0.516
Present 0 0.00 6 100.00
DUX4r

Absent 6 6.52 86 93.48 0.555
Present 0 0.00 5 100.00
PAXS5r

Absent 6 5.38 88 94.62 0.111
Present 0 25.00 3 75.00
Initial risk classification

Low 2 3.13 62 96.87 0.081
Immediate 4 12.12 29 87.88

High 0 0.00 0 0.00
Final risk classification®

Low 0 0.85 53 98.15 0.005
Immediate 6 11.63 38 88.37

High 0 0.00 0 0.00
MRD on day 19°
<0.1% 1 16.39 60 98.36 0.034
>0.1% 4 11.76 30 88.24
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Table 3 (continued)
Variable TRA/D rearrangement P

Yes No

No % No %
MRD on day 46°
<0.01% 6 6.59 85 93.41 0.553
>0.01% 0 0.00 5 100.00

# Based on MRD levels measured on days 19 and 46 of remission induction

® Undetected MRD in two patients
¢ Undetected MRD in one patient
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