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1 | INTRODUCTION

B cell precursor acute lymphoblastic leukemia is a hematopoietic cell
malignancy derived from B-lineage lymphoid precursors.! Despite
intensive chemotherapy, including central nervous system prophy-
laxis, approximately 20% of children with BCP-ALL will relapse,2 and
the outcome of recurrent BCP-ALL remains unsatisfactory. In re-
cent years, immunotherapy against leukemia has become a research
focus, due to the success of chimeric antigen receptor T cell ther-
apy® and other Ab-related drugs, such as bispecific T cell engagers,*
which can dramatically improve treatment outcomes.’

Bone marrow is a hematopoietic tissue composed of various cell
types, including mesenchymal stem cells, endothelial cells, osteopro-
genitors, and immune cells, and provides an essential niche for he-
matopoietic stem cells; however, leukemic cells also take advantage
of BM to aid their survival.® Recently, the immune environment of
BM, the primary site of leukemia, has been the subject of intense
research,’ leading to elucidation of its role in relapse8'9; however, the
immunological background of BCP-ALL in the BM remains unclear.
Understanding the dynamics of the BM TIE in BCP-ALL has potential
to facilitate the identification of novel risk factors and the devel-
opment of better treatment strategies, applicable to the different
disease status of individual patients.

Immune responses involve concerted actions by several immune
cell types, of which Th cells play a central, orchestrating role. Over
recent decades, Th17, Th9, Th22, T follicular-helper, and Tregs have
been recognized, in addition to the classical biphasic model of Thl
and Th2 cell differentiation.’® Of Th cell subgroups, Tregs have an
immunosuppressive effect, which is indispensable for the mainte-
nance of immune homeostasis.'* FOXP3 (a master regulator of Tregs)
and CD45RA can be used to classify Tregs into three phenotypically
and functionally distinct populations: FOXP3'°CD45RA™ (fraction |,
naive or resting Tregs), FOXP3"CD45RA" (fraction II, effector Tregs),
and FOXP3°CD45RA™ (fraction Ill, non-Tregs) cells. Of these Treg

clarified that, during relapse, the tumor immune environment comprised a T helper
1-polarized immune profile, together with an increased number of effector regula-
tory T cells. These results were confirmed in a validation cohort using conventional
flow cytometry. Furthermore, RNA transcriptome analysis identified the upregulation
of immune-related pathways in B cell precursor acute lymphoblastic leukemia cells
during relapse, suggesting interaction with the surrounding environment. In conclu-
sion, a tumor immune environment characterized by a T helper 1-polarized immune
profile, with an increased number of effector regulatory T cells, could contribute to
the pathophysiology of recurrent B cell precursor acute lymphoblastic leukemia. This
information could contribute to the development of effective immunotherapeutic ap-

proaches against B cell precursor acute lymphoblastic leukemia relapse.

B cell leukemia, immune response, regulatory T cell, relapse, Thl

populations, only FOXP3MCD45RA™ cells truly have effective immu-
nosuppressive capacity.'>** Regulatory T cells contribute to tumor
development and progression by inhibiting antitumor immunity.>¢
There have been several reports of increased Treg numbers and ac-
tivity in BCP-ALLY?; however, detailed analysis has not been car-
ried out.

In this study, we focused on the immune environment of pedi-
atric BCP-ALL in the BM by analyzing serial samples of primary and
recurrent phase leukemias, using high-dimensional, single-cell mass
cytometry (also known as “cytometry by time-of-flight” or CyTOF)
and transcriptome analysis. The use of mass cytometry with metal
conjugated Abs for detecting cellular protein markers is a relatively
new technology; however, the underlying principle is similar to that
of conventional flow cytometry, and results from mass cytometry
analyses are comparable with those from flow cytometry.?®> We also
undertook a flow cytometry experiment to validate our mass cytom-
etry findings. We comprehensively assessed the BM immune envi-
ronment in BCP-ALL, and closely investigated T cells, revealing that
a Thl-polarized inflammatory TIE, with an increase in effector Tregs,
is characteristic of recurrent BCP-ALL.

2 | MATERIALS AND METHODS
2.1 | Patient samples

Primary and recurrent BM samples were collected serially from
nine pediatric patients with BCP-ALL at Kyoto University Hospital
from 2006 to 2013, with consent from patients or their guard-
ians. Mononuclear cells were isolated by density centrifugation
using Lymphoprep (Alere Technologies) and viably preserved
in CELLBANKER 1 (ZENOAQ RESOURCE) until they were used.
The proportion of BCP-ALL cells in the samples was 87.3%-
97.8% (mean, 94.0%) at onset, and 81.3%-98.8% (mean, 92.2%) at
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relapse. Flow cytometric analysis was carried out using serial sam-
ples from a validation cohort comprising seven patients collected
at The University of Tokyo, Saitama Prefectural Children’s Medical
Center, and our institution, with consent from the patients or their
guardians.

This study was approved by the Kyoto University Hospital Ethical
Board, approval number G-1030.

2.2 | Mass cytometry

Thawed BM mononuclear cells were resuspended in RPMI-1640
medium (Sigma-Aldrich) with 10% FCS and penicillin-streptomycin
(Meiji Seika Pharma), and then washed twice with PBS. For barcod-
ing of viable samples, cells were stained with combined isotope-
tagged cisplatins in PBS (1 pM or 2 uM) at RT for 10 minutes. Details
of the combinations of cisplatins used are provided in Figure S1. To
evaluate batch effects, a healthy peripheral blood reference sample
was included in each barcoding plate. After washing twice with PBS,
all serial samples from the same patient and the reference sample
were mixed together. Blocking was carried out using Fc receptor
Binding Inhibitor Functional Grade Monoclonal Antibody (eBiosci-
ence), following the manufacturer’s instructions. Antibodies for
chemokine markers were added to yield 100 pl final reaction vol-
umes in RPMI, and samples were incubated at 37°C for 45 minutes,
washed twice with CSM (PBS containing 0.1% BSA, 2 mM EDTA,
and 0.01% sodium azide), and stained for surface markers in 100 pl
CSM at RT for 45 minutes. After washing twice with PBS, cells
were rested at RT for 10 minutes and stained for viability in PBS
containing 500 nM dichloro-(ethylenediamine)palladium (I1) (Sigma-
Aldrich).?! Intracellular staining was undertaken using the FOXP3/
Transcription Factor Staining Buffer Set (Thermo Fisher Scientific),
according to the manufacturer’s instructions. Finally, PBS contain-
ing 2% formaldehyde and 1:500 Cell-ID Intercalator-Rh (Fluidigm)
was added, and samples were stored at 4°C overnight or for up to
48 hours. Before mass cytometry analysis, samples were washed
once with CSM and twice with double-distilled water, filtered to
remove aggregates, and resuspended in Maxpar water containing
15% EQ Four Element Calibration Beads (Fluidigm). Throughout the
analysis, cells were introduced at a constant rate of approximately
400 cells/s. The CyTOF Ab panel, including 39 Abs, is presented in
Table S1.

Acquired data were normalized using bead normalization and
uploaded into Cytobank software (https://www.beckman.jp/flow-
cytometry/software/cytobank-premium). Following single-cell gat-
ing, live cells were gated based on palladium staining, debarcoded,

and assigned to each original sample.

2.3 | Flow cytometry

Thawed BM mononuclear cells were resuspended as described
above, and then washed twice with PBS. After blocking with Fc
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receptor binding inhibitor, fluorescent-labeled Abs were added to
yield 100 pl final reaction volumes in CSM. Samples were incubated
at RT for 30 minutes and washed twice with PBS. Intracellular stain-
ing was carried out using the FOXP3/Transcription Factor Staining
Buffer Set with an anti-FOXP3 Ab, according to the manufacturer’s
instructions. Before flow cytometry analysis, samples were resus-
pended in 500 pl CSM and measured using FACSVerse (Becton
Dickinson). Acquired data were analyzed using Cytobank software
(https://www.beckman.jp/flow-cytometry/software/cytobank-

premium). The Ab panel for flow cytometry is presented in Table S2.

2.4 | Nucleic acid preparation and RNA sequencing

RNA isolation from BM mononuclear cells was carried out using
NucleoSpin TriPrep (MACHREY-NAGEL), according to the manufac-
turer’s instructions. RNA integrity was measured using an Agilent
2200 TapeStation and RNA Screen Tapes (Agilent Technologies).
Sequencing libraries were prepared using an NEBNext Ultra Il RNA
Library Kit for Illumina (New England Biolabs), according to the man-
ufacturer’s protocol, and prepared libraries were run on an Illlumina
HiSeq x high-throughput sequencing system. Paired-end reads were
aligned to the hg19 human genome assembly using STAR.?? Fusion
transcripts were detected using Genomon version 2.6.2 (https://
github.com/Genomon-Project/) and filtered by excluding fusions:
(a) mapping to repetitive regions; (b) with fewer than four span-
ning reads; (c) that occurred out of frame; or (d) had junctions not
located at known exon-intron boundaries. The expression level of
each RefSeq gene was calculated from mapped read counts using
HTSeq and normalized using the Bioconductor package, DESeq2
version 1.28.1.% Supercomputing resources were provided by the
Human Genome Center, Institute of Medical Science, The University
of Tokyo. To detect Ph-like ALL, we applied ROSE algorithm?* and
performed hierarchical clustering using Ward’s method for Euclidian
distances, based on data from three in-house BCR-ABL1 fusion-
positive ALL cases and deposited in the DNA Data Bank of Japan
(accession number PRJD8942). Cluster stability was ascertained by
consensus clustering using the R package, ConsensusClusterPlus,
with 1000 iterations. Gene set enrichment analysis was carried
out using software (version 4.1.0) from the Broad Institute.?>2¢
Differentially regulated MSigDB ontology gene sets with a false dis-
covery rate q value of less than 0.10 were filtered and evaluated.

2.5 | Statistical analysis

Data analysis was undertaken using Cytobank software (https://
www.beckman.jp/flow-cytometry/software/cytobank-premium),
Prism 8 (GraphPad), and R statistical software (http://www.r-proje
ct.org) within the CATALYST (Cytometry dATA anALYSis Tools) pipe-
line, referring to the CyTOF workflow (version 4).272% To test the
statistical significance of differences between two groups, a two-

tailed paired Student’s test was applied in Prism 8. Using the CyTOF


https://www.beckman.jp/flow-cytometry/software/cytobank-premium
https://www.beckman.jp/flow-cytometry/software/cytobank-premium
https://www.beckman.jp/flow-cytometry/software/cytobank-premium
https://www.beckman.jp/flow-cytometry/software/cytobank-premium
https://github.com/Genomon-Project/
https://github.com/Genomon-Project/
https://www.beckman.jp/flow-cytometry/software/cytobank-premium
https://www.beckman.jp/flow-cytometry/software/cytobank-premium
http://www.r-project.org
http://www.r-project.org

» _ MIKAMI ET AL.
SBRWATS2 Cancer Science

workflow, differential abundance analysis was assessed using a lin-
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FIGURE 1 Time course and sample collection points for each patient with recurrent B cell precursor acute lymphoblastic leukemia.

Samples analyzed in this study are indicated by red and green squares

the expression of immunomodulating markers (PD-L1, PD-L2, and
CD86) on BCP-ALL cells at onset and relapse (data not shown).

3.3 | High-dimensional single-cell analysis of T cells
in serial BM samples reveals dynamic immunological
alteration toward a Thl-dominant environment in
recurrent BCP-ALL

Next, we focused on T cell subtypes and their status in primary and
recurrent BCP-ALL. Samples from patient R9 did not contain suf-
ficient T cells and were consequently excluded from this analysis. To
evaluate T cells in detail, we adopted a two-step approach, consist-
ent with the CyTOF workflow.?”?? First, we classified T cell-related
markers in the CyTOF panel into two groups: type markers and state
markers. There were 10 type markers (CD3, CD4, CD8a, CD25,
CD127, CD27, CD28, CCR7, CD45RA, and FOXP3) used to iden-
tify T cell subgroups and maturity, and eight state markers (CD38,
HLA-DR, PD-1, CTLA-4, CXCR3, CCR4, CCR6, and CXCR5) used to
characterize the status of each T cell subgroup. Other markers ex-
pressed at low levels were excluded. In the next step, T cells from all
serial samples were clustered using FlowSOM®! and assigned to 13
optimal metaclusters, based on expression of type markers. Then,
several similar metaclusters were merged manually by checking type
marker expression patterns. Eventually, 10 distinct T cell subgroups
were identified (Figure 3A). Dimensional reduction graphs of T cells
colored by subgroup identity confirmed that the 10 subgroups were
consistent with UMAP (arXiv:1802.03426) distribution, which repre-
sents cell similarity, indicating that the classification was performed
appropriately (Figure 3B).

To evaluate the transition of T cell subgroups in relapsed pa-
tients, differential abundance analysis was carried out, and ad-
justed P values were calculated using a generalized linear mixed
model (Figure 3C). Interestingly, there was a tendency for naive
T cell subgroups to decrease, and effector T cell subgroups to in-
crease, at relapse relative to onset. The significant increase of ef-

fector memory and terminally differentiated T cells indicated that

the TIE of recurrent BCP-ALL is in an immunologically stimulated
state. Second, we compared normalized expression patterns of state
markers in each effector T cell subgroup using a differential state
test (Figure 3D). In this analysis, state marker-subgroup combina-
tions were examined by assessing the change in expression of state
markers between primary and relapse samples. The 70 combinations
were then ranked in ascending order of adjusted P values calculated
using a linear mixed model. Both CXCR3 and HLA-DR were signifi-
cantly upregulated in the majority of effector T cell subgroups in re-
lapse samples. Previous studies have reported roles for CXCR3 in
trafficking of Thl and CD8 T cells to peripheral sites of Thl-type in-
flammation and establishment of a Th1 amplification loop mediated
by IFN-y and INF-y-inducible CXCR3 ligands.>2 These data indicate
that T cells in relapsed BCP-ALL BM had shifted to an effector phe-
notype with a Th1-dominant state.

As the above analysis included patients who had relapsed
during ALL therapy, we undertook further analyses focused on the
four patients who relapsed more than 6 months after completion
of treatments (patients R1-R4), to rule out the influence of chemo-
therapeutic agents on the TIE. In this analysis, the upregulation of
CXCR3 expression on effector T cells at relapse was more marked
(Figure 3E). In summary, the BM microenvironment in recurrent
BCP-ALL was characterized by Th1 dominance.

3.4 | Recurrent BCP-ALL immune environment is
enriched for effector Tregs

In the above analysis, effector memory Tregs showed a trend to-
ward increasing at relapse (Figure 3C). To clarify the kinetics of Tregs
in recurrent BCP-ALL, we classified them according to previous
research,?* as follows: FOXP3'°CD45RA" cells (fraction I, naive or
resting Tregs), FOXP3"CD45RA" cells (fraction II, effector Tregs), and
FOXP3'°CD45RA™ cells (fraction I, non-Tregs). An example of a con-
secutive gating to detect the FOXP3" CD45RA Treg subpopulation
(fraction Il, effector Tregs) is shown in Figure 4A. According to this
gating method, the effector Treg (CD25*CD127 FOXP3"CD45RA")
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FIGURE 2 Classification of bone marrow component cells to understand the recurrent B cell precursor acute lymphoblastic leukemia
(BCP-ALL) tumor immune environment. A, Visualization of t-distributed stochastic neighbor embedding (ViSNE) projects each bone marrow
(BM) cellular population onto a 2D surface (t-distributed stochastic neighbor embedding 1 (tSNE1) and tSNE2). BM mononuclear cells
(BMMC) from a remission sample are illustrated. B, A representative visualization of the cellular components of BM from a patient with
BCP-ALL. The onset sample comprises mostly ALL cells (left). Example serial visualizations of BM immune cells at disease onset (middle) and
relapse (right). ALL cells were removed from the serial visualizations to facilitate understanding of the immune cell distribution (middle and
right). C, Comparison of the BM composition of samples from nine patients with relapsed BCP-ALL at diagnosis and relapse. DN, double
negative; NK, natural killer; Treg, regulatory T cell

FIGURE 3 Serial mass cytometric analysis of T cells in bone marrow (BM) reveals dynamic immunological alteration to a T helper
1-dominant tumor immune environment in recurrent B cell precursor acute lymphoblastic leukemia (BCP-ALL). A, BM T cells from primary
and recurrent BCP-ALL samples classified into 10 subgroups using FlowSOM with manual merging. The type markers used in clustering are
displayed as a heatmap. B, Dimensional reduction graph (UMAP) of T cells colored by subgroup identity. C, An increase in effector T cell
subgroups was observed at relapse. Differential abundance analysis carried out using a generalized linear mixed model to calculate adjusted
P values. D, Differential state test results and normalized expression of state markers by effector T cells in serial primary and relapse
samples from eight patients. The top 20 state marker-subgroup combinations are sorted according to adjusted P values calculated using a
linear mixed model. Combinations upregulated at relapse are colored red; those downregulated are blue. E, Differential state test results and
normalized expression of state markers in effector T cells, focusing on four patients without therapeutic effects at relapse. The top 20 state
marker-subgroup combinations are sorted according to adjusted P values calculated using a linear mixed model. Combinations upregulated at
relapse are colored red; those downregulated are blue. CM, central memory; DN, double negative; EM, effector memory; TEMRA, terminally
differentiated effector memory; Treg, regulatory T cell
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FIGURE 4 Enhancement of effector regulatory T cell (Treg) properties in recurrent B cell precursor acute lymphoblastic leukemia (BCP-
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not T cell immunoglobulin and mucin-domain containing-3 (TIM-3), were significantly upregulated in CD25*CD127 Tregs at relapse
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subset was significantly increased in CD4 T cells at relapse In our study, PD-1, CTLA-4, and CCR4 were significantly upregu-
(Figure 4B). Previously, it was reported that effector Tregs have a lated in CD25"CD127 Tregs at relapse, supporting an augmentation
phenotype including PD-1, CTLA-4, TIM-3, and CCR4 expression.>® of effector characteristics (Figure 4C). An evaluation of Tregs in only
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the four patients who relapsed more than 6 months after completing
treatments (patients R1-R4) is shown in Figure S3, and the features
were consistent with the results described above.

3.5 | Validation of results of mass cytometric
analysis by conventional flow cytometry in samples
from a new patient cohort

To validate our mass cytometry findings, we undertook flow cyto-
metric analysis of samples from a validation cohort, including seven
patients (Table S3). Both CXCR3* CD4 T cells and effector Tregs
were detected by flow cytometry with the same Ab clones as those
used in mass cytometry analysis (Table S2). Our findings confirmed
that CXCR3* CD4 T cells and effector Tregs showed a tendency to
increase at the time of relapse in this cohort (Figure 5), consistent

with the results of mass cytometry.

3.6 | Immune-related pathways are broadly
upregulated in BCP-ALL cells at relapse

As described above, our data reveal that the immune environment in
the BM during recurrent BCP-ALL is dominated by Th1 cells and has
increased levels of effector Tregs. To confirm the status of BCP-ALL
cells in this environment, we carried out whole RNA sequencing of
primary and relapse samples from all nine patients. Average blast
ratios were 94.0% and 92.2% at diagnosis and relapse, respectively,
which was not a significant difference (P = .367, two-tailed paired
t test); therefore, the results of gene expression analysis mainly
reflect the status of BCP-ALL cells. The GSEA of RNA sequencing
data using MSigDB ontology gene sets identified six immune-related
gene sets that were significantly upregulated in recurrent BCP-
ALL (false discovery rate <0.1). The six gene sets were as follows:
chemokine activity, chemokine production, complement activation,
positive regulation of cytokine production involved in immune re-
sponse, positive regulation of lymphocyte chemotaxis, and positive
regulation of lymphocyte migration. Enrichment plots for these sig-
nificantly upregulated immune response gene sets are presented in
Figure 6A.

Subsequently, leading edge analysis was carried out (Figure 6B)
to determine which subsets of genes identified by GSEA mainly con-
tributed to the enrichment signal of the leading edge or core enrich-
ment, allowing detection of predominant genes in the selected gene
sets. Various genes involved in inflammation and immune responses
were detected as upregulated at relapse, including those encod-
ing IL1B/CCL3/CCL4/CCR2 (Thil-related immune response®*3¢),
XCL1/XCL2/CXCL12 (chemotaxis®”%8), and IL6/F2RL1 (B cell acti-
vation®? and inflammation®). Although the function of these genes
in BCP-ALL cells requires further investigation, these data show that
BCP-ALL cells have gene signatures that are predicted to attract
lymphocytes to the inflammatory TIE in BM, and that these immune

activities are upregulated at relapse.
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4 | DISCUSSION

Our comprehensive immune profiling data indicate that BCP-ALL
relapse is accompanied by a Thl-polarized TIE and an increase of
the effector Treg population. Generally, Th1l immune responses
are important in anticancer immunity“; however, several recent
studies have suggested that BCP-ALL could take advantage of the
Th1-dominant inflammatory environment.*>** In the clinical set-
ting, children with BCP-ALL often present with fever but no ap-
parent evidence of infection.*>*® A recent investigation showed
that the concentrations of circulating pro-inflammatory cytokines
associated with fever (tumor necrosis factor-a, IL-6, IL-8, and
monocyte chemoattractant protein-1) were elevated in patients
with ALL, together with Th1 cytokines (IFN-y and 1L-12).*? It has
also been suggested that a highly inflammatory environment in the
BM of patients with ALL could influence normal hematopoietic
differentiation fates, creating favorable conditions for ALL pro-
liferation.*® Furthermore, an in vitro assay showed that BM Th1
cells can induce BCP-ALL cell activation and proliferation through
CD38 upregulation through IFN-y*%; interestingly, that study
found that stimulated BCP-ALL cells secreted IP-10 (a CXCR3 li-
gand), which contributes to attraction of Th1 cells. As BCP-ALL
originates from precursor B cells, which require interactions with
both Th2 and Th1 cells for proliferation,47 unlike the situation in
other malignancies, a Thl-polarized TIE would not be an inhospi-
table environment for BCP-ALL relapse.

T helper 1 cells are established supporters of CTL function,*
and CTLs have the potential to eliminate ALL cells, threatening
ALL progression and persistence.48 The CTL suppression func-
tion is crucial in the context of tumor immune escape for relapse.
Factors reported to be involved in suppressing CTL function are
PD-L1,* €D38,°° and Tregs.!” Expression of PD-L1 on tumor cells
is associated with poor prognosis in some hematologic malignan-
cies; however, there is little information regarding the involvement
of PD-L1/L2 in BCP-ALL, and PD-L1/L2 expression is reported to
be lower in BCP-ALL than in other hematological malignancies,51
although PD-L1 expression has been detected in BCP-ALL cells in
some studies.’?>3 In our research, we did not detect distinct PD-
L1 expression (data not shown). Another possible mechanism by
which BCP-ALL cells suppress CTL function is overexpression of
CD38 on tumor cells, leading to increased extracellular adenosine
levels, which might contribute to resistance to CTLs.*% In our anal-
ysis, CD38 was highly expressed on BCP-ALL cells, regardless of
the time at which BM was collected (Figure S4). Regulatory T cells
are suppressors of antileukemic immune functions, including those
of CTLs. Several studies reported that patients with BCP-ALL had
higher numbers of Tregs than healthy controls,*®%5% and that the
immunosuppressive potential of Tregs increases with malignant
progression in BCP-ALL.Y In the present study, we observed an
increase in effector Tregs, which are reported to mediate suppres-
sion of antitumor immune responses.'® Although we cannot de-
finitively conclude whether the observed Thi-polarized TIE and

increase in the effector Treg population are causes or results of
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FIGURE 6 Transcriptional analysis identifies immune-related pathways broadly upregulated in recurrent B cell precursor acute
lymphoblastic leukemia cells. The result of gene set enrichment analysis of gene ontology gene sets are shown. A, Chemokine activity,
chemokine production, complement activation, positive regulation of cytokine production involved in immune response, positive regulation
of lymphocyte chemotaxis, and positive regulation of lymphocyte migration are illustrated as enrichment plots. B, Heatmap of the results
of leading edge analysis using the six significantly upregulated immune response gene sets. Expression values of genes in each leading edge
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score; FDR, false discovery rate; GOBP, gene ontology biological process; GOMF, gene ontology molecular function

relapse, our GSEA results show that BCP-ALL cells at relapse had
gene signatures predicted to attract lymphocytes and enhance im-
munological responses, relative to the onset phase, indicating a
close relationship between BCP-ALL cells and the TIE.

There are some limitations to this study. We examined nine re-
lapsed patients with mass cytometry and seven with flow cytometry;
however, our sample size was insufficient for analysis of BCP-ALL sub-
groups, which could have undiscovered differences in TIE. In addition,
functional assessment could not be carried out due to the small quan-
tities of samples available. These aspects may warrant further study.

In conclusion, a Thl-polarized immune environment became
dominant, and an increase of the effector Treg population was
observed in BM samples from children with recurrent BCP-ALL.
Consistent with the context, immune-related pathways were
broadly upregulated in BCP-ALL cells at relapse. Although the

precise mechanisms involved in interactions between the TIE and
BCP-ALL cells are poorly understood, our data indicate that a Th1-
polarized immune environment with an increase of effector Tregs
might be associated with BCP-ALL relapse, and that targeted ther-
apy modifying the TIE has potential to enhance the efficiency of
existing immunotherapies.
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