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Abstract

Relapse is the main cause of treatment failure in T-cell acute lymphoblastic leukemia (T-ALL). Despite this, data from adult T-ALL
patients treated with specific chemotherapeutic regimens that examine predictive markers and describe relapse mechanisms are
scarce. In this study, we studied 74 paired diagnosis-relapse samples from 37 patients homogeneously treated with three
consecutive measurable residual disease-oriented trials to identify genetic determinants involved in relapse in adult T-ALL.
Analysis of single-nucleotide variants and copy number alterations consistently found N/KRAS mutations (20% relapsed cases) at
diagnosis and at relapse (resistance profile). N/KRAS™ ! patients frequently relapse early during consolidation treatment. Relapse-
specific mutations in NT5C2, NR3C1, SMARCA4, and TP53 (40% relapse cases) were not detected at diagnosis by conventional
molecular techniques (relapse profile). However, single-cell-based analysis revealed a very minor clone containing the
NT5C2(p.R367Q) variant at diagnosis. Patients with the NT5C2(p.R367Q) variant mostly relapse later during maintenance
treatment. Tracking the NT5C2 variant by digital PCR confirm the expansion of the NT5C2 clone at maintenance treatment.
Overall, our exploratory analysis suggests a role for these genetic events, most of which have already been described in pediatric
cases, driving resistance associated to specific chemotherapeutic agents, contributing to the relapse of a high proportion of adult
T-ALL patients (60%).
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INTRODUCTION

Treatment failure and relapse are the main causes of poor outcome in
patients with T-cell acute lymphoblastic leukemia (T-ALL). Currently,
30%-50% of adult T-ALL patients treated with pediatric-inspired
measurable residual disease (MRD)-oriented protocols suffer disease
relapse.r ™3 Alternative therapeutic approaches after progression are
very limited. Recently, interest has been growing in identifying new
prognostic and predictive markers of relapse, apart from MRD, with
particular focus on evaluating the predictive value of genetic altera-
tions identified in T-ALL. In this regard, the French cooperative group
demonstrated the utility of a high-risk (HR) genetic signature defined
by the absence of mutations in the NOTCH1/FBXW?7 signaling path-
way and/or the presence of PTEN alterations and/or RAS mutations
to identify adult* and childhood® T-ALL patients with high probability
of relapse, irrespective of their MRD status.

In recent years, multi-omics techniques, including single-cell
(SC)-based approaches, have become feasible for more detailed
investigation of unique genetic profiles and markers involved in relapse
in T-ALL patients through the analysis of triplets of DNA samples at
diagnosis (DX), remission, and relapse (RE). Such an approach has helped
us understand relapse mechanisms and identify potential targets for new
therapies.®1° Collectively, these studies have highlighted the role of
relapse-associated mutations in the NR3C1, TP53, NT5C2, and CREBBP
genes, all of which are implicated in chemotherapy resistance in ALL.
Most of the data arising from these studies corresponded to the
pediatric BCP-ALL subtype. A few studies have also attempted to
explore relapse-specific mechanisms in pediatric T-ALL'®; NT5C2
emerged from these as the most frequent gene-bearing relapse-
associated mutations, although it had no prognostic implications.X® In
another series of 19 triplets (DX remission/germline RE) of adult T-ALL
analyzed by whole-genome sequencing (WGS), mutations in SMARCA4
were exclusively detected in two relapse samples, suggesting a potential
role for this gene in relapse.*

Identifying gene mutations present exclusively at relapse, but absent
from diagnostic samples, calls their origin into question. Conversely, the
treatment patients receive could induce the emergence of these new
alterations; in turn, treatment could act solely as a filter contributing to
the selection and expansion of a very minor relapse clone that is already
present at diagnosis. Computational modeling to estimate the exact di-
vergence time between the primary and relapse clonal populations has
been used to address this.”*! In one study, most relapses occurred less
than a year after diagnosis, suggesting the pre-existence of the relapse

population before the treatment began.*! In contrast, results of other
studies based on a tumor cell (proliferation) doubling-time model were
consistent with the hypothesis that treatment can generate resistant
mutations.” Limitations of the models used in these predictions, the
limited sensitivity of the molecular techniques used to detect these
mutations at diagnosis, and the type of sample analyzed may at least
partially explain their contradictory results regarding this unresolved
puzzle.

In this study, we analyzed 74 paired DX-RE samples from
37 adult T-ALL patients, most of them homogeneously treated with
two consecutive MRD-oriented trials in the Spanish Programa
Esparol de Tratamientos en Hematologia (PETHEMA) group, with the
aim of identifying genetic determinants of relapse.

METHODS
Patient samples and treatment protocols

Seventy-four paired DX-RE samples from 37 adult T-ALL patients who
had given their informed consent were obtained from the Spanish Na-
tional DNA Bank Carlos IIl (PT13/0001/0037 and PT13/0010/0067), La
Fe Biobank (PT13/0010/0026), the IGTP Biobank (PT17/0015/0045),
and our research group collection (C.0003303). DNA was most commonly
isolated from whole bone marrow (BM) and occasionally from peripheral
blood (PB), including FACS-purified (side scatter [SSC]'™/™ of light in CD7*
CD45") leukemia cells in samples with <70% blasts (FACS ARIA, Becton/
Dickinson Biosciences, San Jose, CA), in cases with sufficient available
cells. T-ALL was diagnosed according to the WHO2017/2022 criteria.*?
Patients were treated with MRD-oriented HR adult ALL protocols (LAL-
AR/2003 [NCT00853008]*® and LAL-AR/2011 [NCT01540812]%), two
trials for elderly patients (LAL-070LD [NCT01366898]** and LAL-
O7FRAIL [NCT01358201]*), and the ongoing clinical trial (LAL-2019
[NCT04179929]) (Table S1 and S2). Samples and clinical data were stored
following standard operating procedures, in accordance with the
Declaration of Helsinki. The study was approved by the Institutional
Review Board of the Hospital Germans Trias i Pujol.

Identification of single-nucleotide variants (SNVs)

Targeted deep sequencing (TDS) to identify SNVs and indels was
performed in 35 DX samples and 25 RE samples, as described else-
where.'® The median coverage was 440X for diagnosis samples and
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591X for relapse samples (Table S3). Briefly, a custom NGS panel
(SureSelectXT HS Target Enrichment System for lllumina Multiplexed
Sequencing Platforms, Agilent Technologies, Santa Clara, CA) was
used to prepare libraries that were sequenced in an MiSeq instrument
(lllumina, San Diego, CA). WGS was performed in 19 paired DX-RE
samples, the median coverage being 95X. To increase the coverage
obtained by the WGS analysis and reduce the possibility of missing
subclonal SNV/indels, we assessed 14 DX and 4 RE samples by TDS in
addition to WGS. We did not detect additional variants in any of the
analyzed cases (data not shown). Mutations were retrieved through
local gold standard pipeline analysis. Selected variants were classified
as pathogenic, of uncertain significance, or benign when the majority
(i.e., 26/10) of the analyzed in silico predictors identified the variant
as being in one of the three categories. Benign variants were
excluded from further analyses.

Identification of copy number variants (CNVs)

CNVs were obtained using SNP arrays (CytoScan HD, Thermo Fisher
Scientific, Waltham, MA) in 28 cases (56 paired DX-RE samples). Results
were analyzed using the Chromosome Analysis Suite (ChAS v 4.0.0.385).
Variants larger than 1 kbp, and covered by more than eight probes, were
selected. Constitutional CNVs (i.e., SNPs) were excluded by filtering data
using the Database of Genomic Variants (DGV), from Uddin et al.Y” and
Thermo Fisher's data on healthy controls (DNA from 2700 anonymous
individuals across the globe). The FACETS tool'® was applied to retrieve
CNV data from WGS for six additional cases (12 paired samples). CNV
analyses were not done for three cases (six paired DX-RE samples). In
total, CNV data were available for 34/37 cases. Variant allele frequency
(VAF) and cancer cell fraction (CCF) estimation from CNV data are
detailed in the Supporting Information.

Digital PCR (dPCR) experiments

The QuantStudio™ 3D Digital PCR system (Thermo Fisher Scientific)
with a custom probe to quantify the number of DNA molecules with
the NT5C2(p.R367Q) variant (Thermo Fisher Scientific) was used. We
assessed the presence of the NT5C2(p.R367Q) variant in 300 ng of
DNA/sample from three patients. In total, 13 samples obtained at
diagnosis and at different times during follow-up were available
(Table 4). To assess the limit of blank (LOB), we ran eight chips with
300 ng of non-mutated DNA. A minimum of six positive points was
stipulated. To assess the limit of detection (LOD), we prepared serial
dilutions with the relapse sample, mixed with non-mutated DNA. The
dPCR assay achieved a sensitivity of <0.01% (10™%). Results of
the dPCR were expressed as the percentage of DNA copies with the
mutation/total DNA copies analyzed.

SC DNA sequencing and analysis

Paired DX-RE samples from three adult T-ALL patients (PAT36,
PAT30, and PAT24) were analyzed. The diagnostic sample from
PAT24 was mixed with 8% non-leukemic cells (mononuclear cells
from a healthy donor) to have enough normal cells to normalize the
copy number data. The diagnostic sample of this patient was en-
capsulated three times to gain sensitivity (Table S5). In that particular
case, sensitivity was 5 x 10~ (above the technique's LOD; Supporting
Information). In total, eight samples were analyzed by SC (five DX and
three RE samples).

A custom single-cell DNA sequencing (scDNA-seq) panel
including 156 amplicons covering genes with somatic mutations and

CNVs, previously detected by TDS and SNP arrays, was designed.
Amplicons covering areas flanking those regions carrying CNV were
also included to normalize the copy number data (Table S6). ScDNA-
seq was performed using the Tapestri® Platform V2 (Mission Bio,
San Francisco, CA) according to the manufacturer's instructions
(PN_3354H1). DNA libraries were sequenced on a NovaSeq 6000
instrument (lllumina) using a 150-bp paired end-run strategy.
Sequencing and sample quality metrics are indicated in Table S5.
FASTQ files generated by the NovaSeq instrument were processed
using the cloud-based Tapestri Pipeline (Tapestri DNA v.2). With this
pipeline, adaptor-sequence trimming, read alignment, and variant
calling were done for all the samples except for the diagnostic sam-
ples of PAT24, which were analyzed using the Merge Runs option
(v1.0 Tapestri Pipeline). In all cases, the reads were mapped to the
GRCh37/hgl9 human reference genome using the BWA-MEM
aligner. Sequences matching the targeted genomic regions were
kept and the remaining barcodes removed. GATK 3.7 was used for
cell genotyping and variant calling. The PAT36 and PAT30 loom files
generated by the Tapestri pipeline were loaded into the Tapestri In-
sight v2.2 software for pre-filtering and exploratory analysis. In
the case of PAT24, h5 files were analyzed with the Mosaic program
(v3.0.1) using a modified multi-sample DNA-only notebook
(MissionBio). The workflow for variant and clonal marker identifica-
tion with Mosaic was the same as that used with Tapestri Insight.
More details are provided in the Supporting Information.

Statistical methods

Differences between groups for continuous variables were assessed
by Wilcoxon rank-sum (paired variables) and Mann-Whitney tests
(unpaired variables). For categorical variables, Fisher's exact test was
used. Values of p <0.05 were considered to indicate statistical sig-
nificance; values of p < 0.1 were taken to suggest a non-significant
trend. All statistical analyses were carried out with GraphPad
(v10) and R (v4.3.2). Figures were generated in R (v4.3.2) using the
TimeScape package (v1.26.0), GraphPad (v10) and BioRender.

RESULTS
Heterogeneous origin of relapse leukemia cell clones

To retrieve genomic information from paired DX-RE DNA samples,
we analyzed SNVs and indels in 37 adult T-ALL patients and CNVs in
34 of these same cases (Table S7). First, we focused on the dis-
tribution and presence/absence of variants at DX versus RE. The
medians [range] of SNV/indel alterations at DX and RE were 3 [1-9]
and 4 [0-16], respectively (p=0.27); and the medians of CNV
alterations at DX and RE were 3 [0-15] and 4 [1-16], respectively
(p=0.28) (Figure 1A). In contrast, a statistically significantly higher
CCF in SNVs/indels was observed when we compared common
variants between DX and RE whose CCF varied. The median CCF for
SNVs/indels was 81.3 [5.6-110.7] at DX and 84.8 [11.6-134.4] at RE
(p=0.036). For CNVs, the median CCF was 100 [10-113] and 100
[19-123] at RE (p = 0.07). The results suggested a slight selection of
under-represented SNV/indels at DX in the RE samples (Figure 1B).
Differences between DX and RE samples were also observed in the
distributions of the variants. Thus, for SNVs/indels, around half
(48.3%) of the 205 variants identified were shared by the DX and RE
samples, one-third (32.2%) were restricted to RE, and the other
19.5% were only present at DX. Of the 199 CNVs identified, 66.8%
were shared by DX and RE, 22% were only present at RE, and 11%
were restricted to the DX samples. Based on the percentage of each
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FIGURE 1 Variant distribution and clonal evolution models in bulk leukemia. (A) Differences in the number of variants per patient between diagnosis and
relapse (Mann-Whitney U test). Differences in single-nucleotide variants (SNVs) and indels, and in copy number variants (CNVs) are shown on the left and right,
respectively. (B) Differences in the mutational burden quantified by the cancer cell fraction (CCF), considering only common variants whose CCF differs between DX
and RE (Wilcoxon test). Differences in SNVs and indels and in CNVs are shown on the left and right, respectively. (A, B) The median CCF is indicated by the dashed
line. The number of variants assessed are indicated below each graph. Clonal evolution models in bulk leukemia: (C) Relapse leukemia has an origin independent of
diagnosis. The diagnosis clone is represented in green with its specific variants shown in yellow and pink; the relapse clone is represented in orange with its specific
variants shown in red and blue. (D) Relapse leukemia evolves from an ancestral clone. The diagnosis clone is represented in green with specific variants shown in
yellow and pink; the relapse clone evolves from an ancestral clone, with fewer variants than the main diagnosis clone. (E) The relapse clone evolves from the main
diagnosis clone by acquiring a new variant at diagnosis (A) or during treatment (B). The most common diagnosis clone is represented in green with common diagnosis
and relapse variants shown in yellow and pink; the relapse clone is represented in turquoise with the specific relapse variants shown in orange. (F) The relapse clone
evolves from an ancestral clone through the acquisition of new variants at diagnosis (A) or during treatment (B). The diagnosis clone is represented in green with a
diagnosis-specific variant shown in yellow; the ancestral clone is represented in light blue with an ancestral variant shown in pink; the relapse clone is represented in
dark blue with the specific relapse variants shown in green.
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alteration, our data suggest that CNV alterations are genetic events
that are more frequently retained at T-ALL progression.

Further analysis of the distribution of these variants by patient
revealed four relapse-associated patterns of decreasing frequencies:
(i) patients with common DX-RE, some RE-specific and other DX-
specific alterations (n=21; 56.7%) (Figure S1A); (i) relapse patients
with shared variants at DX and RE, and others detected only at RE
(n=12, 32.4%) (Figure S1B); (iii) patients with common DX-RE var-
iants and some restricted to DX (n =3, 8.1%) (Figure S1C); and (iv)
relapse patients with a leukemia with a completely different genetic
profile (n=1, 2.7%) (Figure S1D). Based on the same data, we were
able to define a hypothetical patient's specific clonal progression
model, which would identify a few patients whose relapsed leukemia
arises from a genetically different clone from that observed at diag-
nosis (Figure 1C, RE type 1). For the other patients, relapse clones
evolve from a less genetically variable pre-leukemic clone (Figure 1D,
RE type 2), or from the main clone found at diagnosis (Figure 1E, RE
type 3) or a pre-leukemic clone (Figure 1F, RE type 4). In the latter
two cases, relapse-specific mutations would be acquired before or
during treatment (paths A and B, respectively). At this point, our
descriptive analysis becomes unable to clarify the origin of these
relapse-specific mutations.

Identification of relapse-associated genetic profiles in
adult T-ALL patients

To search for genetic alterations that could drive relapse in adult
T-ALL, we evaluated the distribution of the variants of recurrently
altered genes (in at least four patients) in our DX-RE T-ALL cohort,
identified at diagnosis and relapse. For this purpose, we defined a
gene/genetic alteration to drive resistance whenever more than 75%
of its variants were present at DX and RE. Thus, CDKN2A/B, FBXW?7,
RPL22, PHF6, RUNX1, del(6q), DNMT3A, and N/KRAS were genes with
100%, 76.9%, 80%, 100%, 100%, 100%, 100%, and 83.3% of their
variants present at DX and RE, respectively. We grouped these genes
together into what we named the “resistance profile.” Likewise, if
more than 75% of variants of a gene were only detected at relapse,
we classified that gene as a relapse-associated gene/genetic altera-
tion (Figure 2A, orange and red squares, respectively). That was the
case of SMARCA4 (100%), NT5C2 (100%), TP53 (100%), and NR3C1
(85.71%) genes globally considered as the “relapse-associated pro-
file.” Finally, the genes with mutations in NOTCH1, PTEN, BCL11B,
CTCF, JAK3, JAK1, CDKN1B, CDK6, and ETV6 were not categorized
into either of the two groups. Notably, they did not form a distinct
group on their own.

To demonstrate that the two genetic profiles (resistance and
relapse) had arisen by mutually exclusive events, we investigated the
potential relationship between genes belonging to the two profiles
(Figure 2B). We observed that, for the -resistance profile genes, only
N/KRAS mutations were mutually exclusive with the alterations in
those genes included in the relapse profile (OR=0; p=0.01). This
suggests a role for N/KRAS gene mutations driving patient relapse.
The observation that CNVs were not expanding at RE (same CCF
median, Figure 1B), suggests a potentially more supportive role in
leukemia development and maintenance, of the other alterations
within the resistance profile (CDKN2A/B, FBXW?7, RPL22, PHF6,
RUNX1, del(6g), and DNMT3A), rather than a driving relapse effect.
This hypothesis could also help explain the co-occurrence of NT5C2
gene mutations and del(6q) (OR = 14; p = 0.06) (Figure 2B).

To support our hypothesis about the role of the two gene profiles
in disease relapse, we investigated the potential association between
the two genetic profiles and time to relapse. The median time from

complete remission (CR)-RE was 4.5 [1.3-21.8] months for patients
with a resistance genetic profile (N/KRAS mutated patients) and 9.5
[4.9-19.77] months for those with the relapse profile (patients with
alterations in TP53, NT5C2, SMARCA4, and NR3C1) (p =0.022). This
result supports the hypothesis that two different relapse mechanisms
arise from distinct genetic lesions and is consistent with our previous
genetic findings. Considering all the data, our analysis suggests a role
of genetic alterations as drivers of relapse in 60% of the patients in
our cohort. Most frequently (40% of cases) these alterations corre-
spond to point mutations in NT5C2, SMARCA4, and NR3C1, along
with TP53 deletions, that were undetected at diagnosis. The presence
of N/KRAS mutations could be responsible for a further 20% of re-
lapse cases (Figure 2C). Since N/KRAS gene mutations were already
evident by the time of DX, N/KRAS was considered a potential ge-
netic marker predicting relapse. We previously demonstrated the role
of these mutations in identifying patients with a high probability of
relapse in a large series of adult samples studied at diagnosis.'®

Tracking NT5C2 relapse-specific genetic variants

The mechanism by which relapse-specific genetic alterations (which,
by definition, go undetected at diagnosis by TDS analysis, and emerge
at relapse) arise, as well as the exact moment they might occur,
are not fully understood. To address these gaps in our knowledge, we
focused on NT5C2 mutations. We tracked the NT5C2(p.R367Q)
variant by the highly sensitive (1074, i.e., two orders of magnitude
more sensitive than TDS) dPCR method in 13 serial samples obtained
at DX and during follow-up until the relapse of the patients (Table S4).
Our results revealed detectable levels of the NT5C2(p.R367Q) variant
after induction treatment in PAT24, and a positive result below the
technique's LOD for PAT24 and PAT14 at DX (Figure 3A,B). Digital
PCR was, again, not sensitive enough to clearly detect the
NT5C2(p.R367Q) point mutation (an insufficient amount of the DX
sample from PAT16 precluded the possibility of detecting the
mutation by dPCR).

Next, dPCR-based serial analysis of patient samples revealed a
consistent subsequent increase in the number of NT5C2(p.R367Q)
variant copies from late consolidation to maintenance therapy, sug-
gesting that, in all three cases, the treatment applied during main-
tenance allowed the expansion of the NT5C2(p.R367Q)-positive
leukemic clone (Figure 3A-C). This is consistent with the relapse of
patients with the NT5C2 mutation being associated with the main-
tenance block (p = 0.01) (Table 1). Similarly, there was a non-significant
trend toward the relapse of patients, with N/KRAS mutations being
associated with the consolidation treatment (p = 0.06).

Finally, we compared the sensitivity of next-generation flow
cytometry (NGFC) with that of dPCR to track NT5C2-mutated clones.
Our results showed the latter technique to be more sensitive for
monitoring the NT5C2(p.R367Q) clone after consolidation treatment,
suggesting the potential value of using dPCR to monitor resistant
clones in clinical trial settings.

SC analysis confirms the NT5C2 variant is already
present at diagnosis

To confirm the different patterns of clonal evolution inferred from bulk
mutational analysis, and to demonstrate the presence of relapse-
specific variants at diagnosis, we performed SC of three paired DX-RE
patient samples. We analyzed 57,782 cells for a total of eight samples
that presented relapse-associated variants in NR3C1, SMARCA4,
NT5C2, and/or TP53 genes. A median of 6968 [5834-8758] cells per
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8 of 13 Resistant mutations explain relapses in T-ALL

FIGURE 2 Genetic profiles associated with relapse in adult T-ALL. (A) Genetic landscape of the paired samples. Only genes mutated in at least four patients are
shown. Diagnosis-specific variants are shown in green, relapse-specific variants are shown in red, and common variants at diagnosis and relapse are shown in orange.
Relapse characteristics for each patient are indicated above each figure. The frequency of each type of variant per gene (diagnosis-specific, relapse-specific, or
common diagnosis-relapse) is shown on the right. Gene/genetic alteration with more than 75% of its variants detected at DX and RE are assigned to resistance profile
group, and those with more than 75% of its variants only detected at RE are classified as having a relapse profile. The frequency of each type of variant per patient is
shown at the bottom. (B) Pairs of associations of the frequent mutated genes and the defined relapse profiles. Positive associations (logio odds ratio >0) are
represented in blue; negative associations (log1o odds ratios <0) are shown in red. (C) Cohort classification according to the defined relapse profiles. Patients with the

resistance profile are shown in yellow; those with the relapse-specific profile are identified in red; and unclassified patients are shown in gray.
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FIGURE 3 dPCR-based identification of the NT5C2(p.R367Q) mutation versus NGFC-MRD levels in T-ALL samples obtained at early treatment times. (A-C)

The sensitivity of the dPCR (Y-axis) considers the number of DNA copies with the mutation relative to the total number of DNA copies (purple line). Measurable
residual disease (MRD), quantified by the next-generation flow cytometry (NGFC), is represented by a green line. The limit of detection (LOD) is indicated with a
horizontal dashed line. The days elapsed between diagnosis and relapse are shown on the X-axis. The different treatment blocks are represented by different colors.

sample and 85 [64.5-109.5] reads per amplicon per cell (Table S5)
were obtained. Comparing the mutational profiles obtained in bulk
DNA and SC DNA sequencing revealed the presence of the
NR3C1(p.R569W) variant at a low VAF (0.9%) in the SC analysis. This
was not present in the bulk analysis, and so highlights the greater
sensitivity of the SC approach compared with that obtained under our
bulk sequencing conditions (Table S8).

Next, we investigated the co-occurrence and defined the potential
order of acquisition of all filtered mutations in the SC experiments by
focusing on the clonal origin of the relapse-associated mutations in
SMARCA4, NR3C1, and NT5C2 genes. We detected three positive cells
for SMARCA4(p.R425Q) and NR3C1(p.A578T) at DX in PAT36
(Table S8), fewer than the five needed to conclude the existence of an
independent clone from the SC analyses (Figure 4A). The clonal archi-
tecture of PAT36 highlighted the role of TET2(p.K1001fs) mutations in

initiating leukemia. Expansion of the main leukemic clone occurred with
the acquisition of a double hit on the TET2 gene (TET2[p.K1001fs] +
TET29! after the acquisition of the DNMT3A(p.R882H) variant in het-
erozygosis; both genes affect the methylome pattern in the leukemic
cell.*? Of note, PAT36 was of advanced age at diagnosis. The clone
containing these alterations was also the main clone identified at RE in
33% of leukemic cells, together with a second clone containing the
SMARCA4(p.R425Q) variant in homozygosis (27% leukemic cells at RE).
The main RE clone evolved from the TET2(p.K1001fs)+ DNMT3A
(p.R882H) + TET2%! clone identified at DX and acquired the
NR3C1(p.A578T) and KMT2D(p.R1299H) variants (Figure 4A and
Table S9), among other variants. Likewise, in PAT30, SC analysis re-
vealed three leukemic cells positive for NR3C1(p.G290E), which also did
not constitute a DX clone. In this case, T-ALL leukemia originated from a
KMT2A(p.R2940P) + ETV6(p.T86fs) + KDM5A%!  clone. The clone
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Relationship between treatment times and relapse-associated gene profiles in the bulk sample.

TABLE 1

TP53

NT5C2

SMARCA4

NR3C1

N/KRAS

Genes

Mutated

Non-mutated

Mutated

Non-mutated

n=33

Mutated

Non-mutated

n=32

Mutated

Non-mutated

n=32

Mutated

Non-mutated

Treatment

0 (0) >0.99

5(13.3)

>0.99

5(17.2) 0 (0) >0.99 5(15.6) 0 (0) >0.99 4(12.1)

0.06

3(37.5)

2(6.9)

=5)

Early consolidation (n

>0.99

1(3.6)

>0.99

1(3)

>0.99

0 (0)

>0.99 1(3.1) 0 (0) >0.99 1(3.1)

1(3.8) 0 (0)

=1)

Reinduction (n

0(0) 1(12.5) 0.2 1(3.1) 0 (0) >0.99 1(3.1) 0(0) >0.99 1(3) 0(0) >0.99 1(3.3) 0(0) >0.99

=1)

Hyper-CVAD (n

>0.99

1(25)

>0.99 5(15.6) 2 (40) 0.23 6(18.8) 1(20) >0.99 7 (21.2) 0(0) 0.6 6 (20)

1(12.5)

7) 6 (20.7)

Late consolidation (n

0.69 12 (37.5) 1 (20) 0.64 11 (34.4) 2 (40) >0.99 9(27.2) 4 (100) 0.01 11 (36.6) 2 (50) 0.63

11 (37.9) 2 (25)

13)

Maintenance (n

1(25) >0.99

6 (20)

0.56

8(24.2)

0.66 7 (21.9) 1 (20) >0.99 7 (21.9) 1(20) >0.99

1(12.5)

7 (24.1)

=g)

Allo-SCT (n

>0.99

1(3.3)

>0.99

0(0)

0(0) >0.99 1(3.1) 1 (20) 0.26 1(3.1) 1 (20)

2 (6.9)

=2)

Free of treatment (n

Note: Results are expressed as number of cases (percentage).

expands with the acquisition of JAK3(p.M5111) + NOTCH1(p.V1676D)
variants. This was the major clone at DX (74%). The clone acquired the
JAK1(p.Y652H) mutation and after, probably, NR3C1(p.G290E). How-
ever, the SC analysis was not able to detect the NR3C1(p.G290E)-
containing clone at DX, due to the technique's limited sensitivity. The
major clone at RE (78.8% leukemic cells) contained the NR3C1(p.G290E)
variant (Figure 4B and Table S9). In PAT24, with a NT5C2 in the relapse
detected by TDS, three replicates of the DX sample were analyzed in
parallel, sequencing a total of 21,553 cells. Of these, 11 were positive
for the NT5C2(p.R367Q) variant (Table S8). SC analysis identified a
clone consisting of five leukemic cells positive for this mutation at DX
(Figure 4C and Table S9). Here, the leukemia was initiated by the ac-
quisition of several MYB mutations (pD13E and pE14delinsGK) and a
MYB®P, and other structural alterations (RB19¢: DNM29¢": +19 and +21),
being the major clone at DX Next, the clone acquired the
NT5C2(p.R367Q) variant, which was the last clone identified at DX.
The main clone at RE (87.41% of leukemic cells) evolved from the
NT5C2(p.R367Q) clone by acquiring the CCND3(p.E248fs) variant.
TP53%! was present in almost 40% of the RE NT5C2(p.R367Q)-positive
leukemic cells (Table S10), suggesting the partial co-existence of the two
alterations in the leukemia cells, also at DX (Figure 4C).

DISCUSSION

In this study, we describe patterns, dynamics, and genetic markers as-
sociated with clonal evolution and relapse of adult T-ALL patients with
the aim of anticipating such adverse events and helping delineate po-
tential preventive therapeutic interventions. Comparing the mutational
profiles of T-ALL patients at diagnosis and relapse, we suggested the
presence of two genetically independent mutagenic profiles. We de-
fined a resistance profile, characterized by the presence of N/KRAS
mutations, which were present in the main clone at DX (VAF > 40%,
representing >80% of T-ALL cells), and persisted throughout treatment,
re-emerging as the main clone at relapse. This specific mutational profile
in T-ALL is not common in BCP-ALL, where RAS mutations are fre-
quently subclonal at diagnosis and expanded at relapse.?°?? In fact,
N/KRAS mutations have been specifically associated with patients with
an immature ETP-ALL immunophenotype,'®?% in contrast to the more
heterogeneous distribution in B-ALL.” Patients with N/KRAS mutations
are resistant to frontline chemotherapy drugs such as methotrexate and
prednisone, which might help explain the persistence of clones con-
taining these mutations during treatment and subsequent relapse.?%2425
In our cohort, patients with N/KRAS mutations had a median RE time of
4.5 months, consistent with the positive correlation we found between
relapse and consolidation treatment (usually consolidation treatment is
administered 2-6 months after DX). Therefore, a different frontline
therapeutic schedule for these patients might help achieve a better
response and outcome. In that sense, it would be worthwhile exploring
a frontline treatment approach based on the use of BH3 mimetics (e.g.,
venetoclax and navitoclax) in these group of patients, since anti-
apoptotic drugs are known to be more effective in immature T-ALL
leukemias.?® Although mutations in N/KRAS genes are not the unique
cause of the relapse of patients with the resistance profile, they can
serve as genetic marker of relapse, as we and others have previously
demonstrate.262”

In parallel, we identified a second mutational profile, which was
found almost exclusively among the relapse samples, consistent with
previous findings.®?2%282% Most of these genes have also been
associated with chemotherapeutics used in T-ALL treatment. The
NT5C2 gene codes for an enzyme that inactivates the monopho-
sphates that mediate the cytotoxic effects of 6-mercaptopurine and
6-thioguanine,®® two drugs used in the maintenance block in ALL

85US0| 7 SUOWIWOD BRI 8 el |dde aup Aq peusenof a1 ssjonke YO 8N JO Sa|ni 1o Ariq1T 8UIIUO AS|IA UO (SUONIPUCD-PUe-SULBIWOY A3 1M ARe1q 1 Bul|UO//:SdNY) SUONIPUOD PuUe SWS 1 8UY1 89S *[GZ02Z/L0/7T] Uo Akeiqiauluo 8|1 ‘(Pepiues ap OLBISIUIN) UOSIACK] [UOTIEN SURILI0D Usiueds AQ 8yTO. EWeY/Z00T OT/I0p/u0D A3 | Ae.q1ul|uo//Sdny wo.j pspeojumod ‘S 'SZ0Z ‘Tv262.52



10 of 13 | Resistant mutations explain relapses in T-ALL
wr
A )
(A) |+TET2(p.K100015)
PAT 36

Clonal prevalence

(B)
PAT 30

Clonal prevalence

(©)
PAT 24

Clonal prevalence

FIGURE 4

)/
Diagnosis ———— > Relapse
17 months

Diagnosis —————— Relapse
10 months

Diagnosis ————— > Relapse
21 months

Clonal prevalence

[ ]
I + DNMT3A(p.R882H)

I+TE[2‘°‘

+ DNMTM

FFATL YETVE + DDX3X + NR3CH(p A578T)
(pP1471) (pV3208) (p.R8BH) +NR3C1 DI RI299H)
& @ — (p.R569W) ®
+SMARCA4(p.R425¢
(p.R88H[hom]) CA4(p.R425Q)
+FAT1(p.P4174L)
+ FAT3(pV3226])
EED(p.R414X)
+KMT2C(p.E2626X)
[ ]
+SMARCA4(p.R425Q[hom])
| +SMARCA4(p.D1506N)
@
wr
® KMT2A(p.R2940P)
|+ ETV6(p.T86fs)
KDMS5A®!
®
|+ JAK3(p.K885E)
®
+ JAK3(p.M5111)
NOTCH1(pV1676D)
JAK3(p.K88S5E [hom])
* JAK3(p.M5111 [hom]) + JAK1(pY652H)
: @

+ NR3C1(p.G290E)

MYB(p.D13E)
+ MYB(p.E14delinsGK)
MYB®?, RB1%, DNM2%, (+19), (+21)

& e g0 B
o0
E§~6 & %
sS4 v r °
o~ @

(See caption on next page).

1525,

’ NT5C2(p.R176Q)
EMYB t Tpsge
+ CCND3(p.E248fs)

- ‘
S |

oF

§

Ly o

& [

a 'S 'S20C ‘TYe62LST

wouy

1IPUOD PUe SWLB | U3 385 *[5202/20/7T] Uo A%iqI8uluO AB]IM ‘(PepIUeS 3p OLBISIUIN) UOKIAOLG [EUOIZN SURIL0D USIUedS AQ 87T0. EWRU/Z00T OT/I0p/wod A8 |m A ig1ieul

Aol

35UBD 17 SUOWIWOD SAIIR.D 3|ed!|dde auy Aq pauenoh aJe sap e YO ‘s JO 3| Joj Areiq 1T auluO 4|1 UO (SUOTIPUOD-pUe:



HemaSphere

| 11 of 13

FIGURE 4 Identification of the NT5C2(p.R367Q) variant at diagnosis by single-cell analysis. (A-C, Left) The fish plot shows the clonal evolution from diagnosis
to relapse of three T-ALL patients carrying relapse-specific variants: (A) NR3C1(p.A578T) and SMARCA4(p.R425Q); (B) NR3C1(p.G290E); and (C) NT5C2(p.R176Q)
and TP53%!. Each color represents a clone. The minimum clone size was five cells. The percentages show the proportion of cells that made up each clone at diagnosis
(middle of fish plot) and relapse (right side of fish plot). Only percentages 23 are shown. (A-C, Right) Phylogenetic trees illustrating the maximum likelihood of the
order in which mutations were acquired during T-ALL development in the indicated patients. The colors used to represent each clone are the same as those used in
the fish plots (left). Mutational history was reconstructed from the genotype data from the samples obtained at diagnosis and relapse. The size of the circle denotes
the relative clone size in the samples (integrating the information from diagnosis and relapse). The new variant acquired at each step is noted. The CNVs and SNVs are
indicated in blue and black, respectively. The dashed line separates the last DX clone and the first RE clone.

patients, thereby conferring resistance to these drugs in cells carrying
mutations of this gene."’m’33 Similarly, mutations in NR3C1, a gene
encoding a glucocorticoid receptor, prevent glucocorticoid transcrip-
tional activation activity, generating resistance to prednisolone.” TP53
alterations have been associated with worse response to treatment,®*
since cells with TP53 alterations are resistant to chemotherapy drugs
that induce double-strand DNA breaks,®> such as Ara-C, a drug used in
T-ALL treatment. Conversely, SMARCA4 is a component of the SWI/
SNF chromatin remodeling complex, and its function in T-ALL remains
unknown. Although mutations in this gene have been associated with
resistance to ibrutinib and venetoclax, in other hematological malig-
nancies,®® there is no evidence that they are involved in mechanisms of
resistance to a specific chemotherapeutic agent used in the treatment
of T-ALL patients. Their effect may therefore more likely be related to
an epigenetic-driven relapse mechanism.

We focused on patients carrying the NT5C2(p.R367Q) mutation,
which consistently showed disease relapse during maintenance treat-
ment, linked to 6-mercaptopurine resistance, as previously discussed. It
is important to mention that not all the patients in our cohort who
received 6-mercaptopurine then experienced a relapse (Figure 2A),
suggesting that chemotherapy might not cause this mutation to arise.
Notably, SC studies showed the presence of the NT5C2(p.R367Q)
mutation in a very small subset of leukemic cells at diagnosis. Together,
these findings suggest that T-ALL patients who experience disease
relapse may already possess all the genetic variability required for that
at diagnosis. In a clinical setting, it will be interesting to implement a
prospective screening for NT5C2 mutations in T-ALL patients allocated
to the chemotherapy arm after consolidation and provide a different
chemotherapeutic regimen, avoiding the use of 6-mercaptopurin, in
the positive cases. This test will also help to validate the relationship of
NT5C2 and maintenance therapy.

Despite our findings, we could not identify genetic markers that
drive relapse in 40% of the patients in our cohort, with the techniques
we employed. For these patients, there was a no clear selection
pressure from the treatment and no selection of leukemia cell clones
with specific mutations at relapse. The results suggest that these
patients might follow another/others relapse pathway/s.

A relapse mechanism known as “clonal drift” has recently been
described in B- and T-ALL pediatric patients, in which there were no
substantial changes in the genetic profile and the clonal composition of
leukemia cells, but significant changes in the transcriptional and epi-
genetic profile were identified in relapse clones.>”?® In that sense,
patients in the unclassified group presented a median of time to re-
lapse of 12 [3-53] months, longer than those patients included in the
resistance or relapse profile. Similar studies, all done in pediatric T-ALL
cohorts, have also suggested that patients carrying mutations asso-
ciated with drug resistance relapse earlier than those without these
mutations.”? Therefore, further transcriptomic and epigenomic pro-
filing of the remaining 40% of adult T-ALL patients will be valuable to
identify additional relapse mechanisms. Expanding our study cohort by
including more paired DX-RE samples would not only help to address
to classify the other genetic events detected in relapse samples (e.g.,
KMT2D, RUNX1 mutations, or FBXW?7 alterations), which could not

only be addressed in this study but also determine whether the
unclassified relapse group represents a distinct type of relapse. This
aspect remains unclear due to the limited number of paired cases
available for analysis and the heterogeneity of the results.

Finally, the most paired DX-RE samples analyzed shared at least
one genetic alteration at diagnosis and relapse, although the relapse
sample showed a different clonal composition from that of primary
leukemia. These findings are consistent with the hypothesis that
leukemia follows an evolutionary process from diagnosis, through
treatment, until relapse, in which clones adapt to the new environ-
ment shaped by the treatment thanks to their unique mutational
profile. Clones containing resistant mutations will survive treatment
and finally expand. Patients with the relapse-associated and
resistance-related profiles identified here (relapse types 2, 3, and 4 of
the bulk model) fit with this model, which is also described in BCP-
ALL and in pediatric T-ALL cases.”*°*! Furthermore, our study
employed SC analysis to define the potential sequential order of ac-
quisition of the genetic events and identify the mutational profile of
the founder clone, as well as those mutations potentially responsible
for the expansion of the resistant clone observed at RE. Although
the number of patients analyzed was small, the SC analysis of the
three patients belonging to the same evolutionary bulk model showed
different genetic origins and evolutionary profiles of relapse, high-
lighting the great heterogeneity of the leukemia evolution and
adaptation to treatment in T-ALL. These differences may be corre-
lated with the range of abnormal functions of these genes in leukemic
cells (i.e., a direct drug-resistant effect and/or epigenetic mechan-
isms). Our data also suggest that identifying the genetic profile of the
founder clone is a pre-requisite for eradicating leukemia.

In summary, we have described genetic profiles that help us account
for 60% of the relapsed T-ALL cases in our cohort. Most of these genes
have already been described in pediatric cases (e.g., NT5C2, N/KRAS,
and TP53). However, the frequency of these events and the timing of
clone expansion is different depending on the type of analyzed patient
(adult or pediatric), probably influenced by the treatment.

In addition, some potential and, probably, more specific relapse
mechanisms could emerge for adult T-ALL patients (e.g. alterations in
SMARCA4) that merit further research and validation in a large cohort of
adult T-ALL patients. Our data suggest that, at diagnosis, some of the
T-ALL leukemias already contain all the genetic variability needed for
leukemic cells to evade treatment and promote relapse. This information
can serve to delineate more effective and personalized treatment ap-
proaches based on the functional abilities of blast cells. Nonetheless,
genomic information and clonal evolution characterization, together
with transcriptomic and epigenomic data in a large cohort of paired
DX-RE samples are required to fully understand relapse in T-ALL.
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