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KEY PO INT S

l Functionally distinct
stem-like and mature
immunomodulatory
states coexist in
ETP-ALL.

l Immunomodulation
of CD81 T-cell
dysfunction is
mediated by Galectin-
9 expression on ETP-
ALL cells.

Lineage plasticity and stemness have been invoked as causes of therapy resistance in
cancer, because these flexible states allow cancer cells to dedifferentiate and alter their
dependencies. We investigated such resistance mechanisms in relapsed/refractory early
T-cell progenitor acute lymphoblastic leukemia (ETP-ALL) carrying activating NOTCH1
mutations via full-length single-cell RNA sequencing (scRNA-seq) of malignant and mi-
croenvironmental cells. We identified 2 highly distinct stem-like states that critically dif-
feredwith regard to cell cycle and oncogenic signaling. Fast-cycling stem-like leukemia cells
demonstrated Notch activation and were effectively eliminated in patients by Notch in-
hibition, whereas slow-cycling stem-like cells were Notch independent and rather relied on
PI3K signaling, likely explaining the poor efficacy of Notch inhibition in this disease. Re-
markably, we found that both stem-like states could differentiate into a more mature
leukemia state with prominent immunomodulatory functions, including high expression of

the LGALS9 checkpoint molecule. These cells promoted an immunosuppressive leukemia ecosystem with clonal ac-
cumulation of dysfunctional CD81 T cells that expressed HAVCR2, the cognate receptor for LGALS9. Our study
identified complex interactions between signaling programs, cellular plasticity, and immune programs that characterize
ETP-ALL, illustrating the multidimensionality of tumor heterogeneity. In this scenario, combination therapies targeting
diverse oncogenic states and the immune ecosystem seem most promising to successfully eliminate tumor cells that
escape treatment through coexisting transcriptional programs. (Blood. 2021;137(18):2463-2480)

Introduction
T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive
malignancy mainly affecting children and young adults. Al-
though overall outcomes are good, conventional therapy fails in
roughly 20% of patients, and most of these patients die as a
result of relapsed/refractory disease. Various cytogenetic and
molecular abnormalities that disrupt normal thymocyte devel-
opment can lead to T-ALL, and a majority of cases can be
subclassified based on arrest at different thymocyte maturation
stages.1 For example, early T-cell precursor ALL (ETP-ALL) shows
unique genetic and transcriptional signatures suggesting a close
relationship with myeloid precursors andmyeloidmalignancies.2-4

However, it is unclear if these signatures coexist within individual
ETP-ALL cells or if they reflect discrete, heterogeneous cell
states within the leukemia cell population. Here, we determined

the heterogeneity of relapsed/refractory ETP-ALL carrying ac-
tivating NOTCH1 mutations at single-cell resolution using full-
length single-cell RNA sequencing (scRNA-seq) before and after
targeted therapy with Notch inhibitor. We identified a hetero-
geneous composition of malignant cell populations with a de-
ranged developmental hierarchy marked by the presence of
2 distinct stemness programs and ineffectual commitment to
either lymphoid or myeloid lineage. The 2 stem-like states dif-
fered with regard to their cell-cycle states, transcriptional circuits,
and PI3K signaling pathway activation, which occurred in the
absence of mutations involving genes encoding components of
the pathway. These 2 states converged onto a third, more
mature cell state. Posttreatment cells had low Notch and high
PI3K activity and likely accounted for the generally poor clinical
response of T-ALL to Notch inhibition. A broader analysis of
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scriptional profiling using SMART-seq2 protocol. (B) t-SNE of the processed single-cell RNA-seq gene expression data reveals distinct patient-specific clusters along with
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cellular interactions in the leukemia ecosystem revealed that
leukemic ETP blasts expressed the checkpoint ligand LGALS9
and were associated with dysfunctional CD81 T cells that
expressed HAVCR2, the LGALS9 receptor, in the leukemia mi-
croenvironment. Targeting LGALS9 may revert T-cell exhaustion
in these patients and provide a novel therapeutic approach to
overcome T-ALL heterogeneity and lineage plasticity. To-
gether, these findings provide a framework for rationally
designed combination treatments in incurable hematopoietic
malignancies.

Materials and methods
Primary samples
Banked blood or bone marrow samples from patients with
relapsed/refractory ETP-ALL, all with activating NOTCH1 muta-
tions (Table 1), who had signed consent for tissue banking (Dana-
FarberCancer Institute 01-206) andenrolled in aphase 1 clinical trial
(registered at www.clinicaltrials.gov as #NCT01363817) with the
g-secretase inhibitor (GSI) BMS-906024, a Notch inhibitor, were
used in this study.

PDX models
Generation and characterization of ETP-ALL and T-ALL patient-
derived xenograft (PDX) models have been described.5-7 T-ALL
PDX models were kindly provided by D. Weinstock. Clinical and
molecular characteristics of these models are listed in Table 2.

Tumor cell lines
DND-41, KOPT-K1, HPB-ALL, Loucy, MOLT-4, NALM-6, SEM,
KG-1, Jurkat, and HL-60 were obtained from the American Type
Culture Collection or German Collection of Microorganisms and
Cell Cultures.

T-cell activation and functional assays
T cells were activated and expanded with Dynabeads Human
T-activator CD3/CD28 (ThermoFisher Scientific) in X-VIVO 15
(Lonza), 5% human AB serum, and 50 U/mL of interleukin-2
(Miltenyi Biotech). For T-cell exhaustion experiments, activated
CD81 T cells were cultured in DND-41–conditioned media, with
and without anti-human Galectin-9 at 10 mg/mL (ThermoFisher
Scientific) or recombinant Galectin-9 at 2.5 mg/mL (R&D Sys-
tems) for 72 hours. Additional details are included in the sup-
plemental Data (available on the Blood Web site).

IHC staining for LGALS9 and HAVCR2
All immunohistochemistry (IHC) staining was performed on the
Leica Bond automated staining platform. After citrate buffer
antigen retrieval, anti-HAVCR2 (Cell Signaling Technology) was
applied at a 1:100 dilution, and anti-LGALS9 (BioLegend) was
applied at a 1:50 dilution. Staining was developed with the Leica
Biosystems Refine Detection Kit.

Quantitative real-time PCR
RNA was isolated using the RNeasy Mini Kit (Qiagen) and re-
verse transcribed with SuperScript III Reverse Transcriptase

(ThermoFisher Scientific), and gene expression was quantified
by real-time polymerase chain reaction (PCR) using Power SYBR
Green PCR Master Mix (Via7 instrument; Applied Biosystems;
primer sequences listed in supplemental Table 1). Error bars
represent 6 1 standard deviation of 3 technical replicates.

Single-cell RNA-seq library preparation
Full-length single-cell RNA-seq libraries were prepared using the
SMART-seq2 protocol.8 Complementary DNA was fragmented
using Nextera XT (Illumina) and amplified with indexed Nextera
PCR primers. Products were quantified using the Bioanalyzer
High Sensitivity DNA Kit. Pooled libraries were sequenced on a
NextSeq 500 (Illumina) with an average sequencing depth of
0.5 million to 1 million reads per cell.

Computational and statistical analyses
Processing and quality filtering of single-cell RNA-seq (scRNA-
seq) data were carried out using trimmomatic,9 STAR,10 HTSeq,11

and RSEM.12 Clustering of single-cell profiles and marker gene
analyses were performed using PAGODA2,13 monocole2,14

SEURAT,15 and RNA velocity.16 Single-nucleotide variant (SNV)
and copy-number analyses were performed with mutect2,17

InferCNV,18,19 and CONICS.20 We compared single-cell profiles
with cell types from ImmGen21 and BLUEPRINT22 using a log-
likelihood model. Transcriptional regulon and signaling pathway
activities were analyzed with SCENIC23 and PROGENy.24

Targeted sequencing and mutation calling
PCR amplicons of AKT1, AKT2, NOTCH1, PIK3CA, PIK3CB,
PIK3CD, PIK3R1, PIKR3, PIKR6, and PTENwere sequenced to an
average sequencing depth of 568 8573 (primer sequences are
listed in supplemental Table 1). Mutations were called and an-
notated usingMutect217 andOncotator25 andmanually confirmed
in IGV.

Results
Refractory ETP-ALL cells express transcription
factors associated with normal lymphoid and
hematopoietic progenitors
To define ETP-ALL heterogeneity at the single-cell level, we
performed full-length transcriptome analysis of 5077 malignant
and normal immune cells (T cells, B cells, and monocytes) from
bone marrow or blood from 4 normal donors and 5 patients with
relapsed/refractory ETP-ALL, all with NOTCH1 gain-of-function
mutations, who were treated with the GSI BMS-906024 in a
phase 1 clinical trial. Pre- and posttreatment samples of patients
who had provided consent for tissue banking were processed for
this study. Patient information and tumor characteristics are
summarized in Table 1. Serial samples were available from 3 of
these 5 patients (Table 1). Four of the 5 patients had refractory
disease; 1 patient showed a complete response.26 We enriched
for leukemia cells by sorting on CD45low-expressing blasts
(Table 1) and also collected CD31 T cells, CD191 B cells,
and CD141 monocytes by sorting (Figure 1A). After several

Figure 2 (continued) leukemic cells colored based on the predicted cell-cycle phase (left), and relative percentage of cell-cycle phase in stacked bar plot for roots and endpoint
states (right). (G) Heatmap depicting clustered transcriptional regulons (predicted transcription factor activity based on target gene expression) in root and endpoint cells
(“Materials and methods”). (H-I) Heatmaps demonstrate expression of HSC, MPP, CMP, GMP, CLP, ETP, DN1, DN2, DN2-3, DN3A, DN3B, DN3-4, DN4, and DP signatures in
ETP-ALL and T-ALL PDX models. *NOTCH1 mutated. #PTEN deleted.
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scRNA-seq quality control filtering steps (data supplement;
supplemental Figure 1), we performed PAGODA2 clustering and
t-distributed stochastic neighbor embedding (t-SNE) visualization,13

which revealed 13 distinct cell clusters (Figure 1B-C). Five
clusters (clusters 1, 7, 8, 10, and 11) were common to different
patients and healthy donors, whereas most of the remaining
clusters were specific to individual patients and showed high
intrapatient correlation (Figure 1A,C,D). Comparisons of these
single-cell profiles with 2 independent expression data sets of
immune cell populations (BLUEPRINT22 and ImmGen21) showed
that clusters 1, 7, 8, 10, and 11 represented CD41 T cells, CD81

T cells, natural killer cells, B cells, and myeloid cells, respectively
(supplemental Figure 2). This classification was also confirmed
by differential expression of well-established lineage markers
(Figure 1E). Cell-cycle differences comprise another possible driver
of cluster formation in single-cell data.27 We did not observe cell
cycle–driven effects in a majority of the clusters (supplemental
Figure 3; supplemental Table 2), with the notable exception of
cluster 9, which consisted of high-cycling cells and was composed
of leukemia cells fromall 5 patients. Differential expression analyses
to identify genes specifically expressed in cluster 9 in comparison
with the patient-specific malignant clusters illustrated the pre-
dominance of cell-cycle genes (supplemental Tables 3-7).

Because clusters 2, 3, 4, 5, 6, and 13were specific to patients and
not seen in healthy donors (Figure 1B-C), we hypothesized these
to be malignant cells, because patient-specific clustering of
malignant cells is typical of single-cell analyses, probably be-
cause of the presence of genetic/epigenetic alterations that are
specific to individual tumors.19 We employed complementary
approaches to definitively distinguish malignant and non-
malignant immune cells (T cells, B cells, and monocytes) in our
data set (Figure 1F). First, we used mutect217 to detect tumor-
specific pathogenic SNVs that were known to be present based
on targeted DNA sequencing of bulk tumor cells as part of
routine clinical workup and also inferred copy-number variants
(CNVs) from all single cells using CONICS.20 SNVs and CNVs
agreed well with clinical sequencing results and were only de-
tected in the presumed malignant cell clusters (Figures 1F;
supplemental Figures 4 and 5; supplemental Tables 8 and 9;
Table 1), with the caveat that SNVs with allele frequencies of
,40% and SNVs in genes that were expressed at low levels were
not detected, likely because of dropout events.28,29 Next, we
examined the presumedmalignant clusters for expression of key
transcription factors with known roles in T-ALL.30,31 Immature
T-ALLs commonly exhibit deregulation of LMO2/LYL1, which
was expressed in all of the presumed malignant clusters (sup-
plemental Figure 6). We also compared our scRNA-seq profiles
with a cohort of 216 T-ALLs from the National Cancer Institute
TARGET study.3 This revealed that the malignant clusters most
closely resembled the ETP subset with deregulated LMO2/LYL1
(supplemental Figure 7). Lastly, we employed a random forest
model to rank transcriptional regulators that differentiated
malignant and nonmalignant clusters (Figure 1F; supplemental
Figure 8). This identified several transcription factors with known
function in T-ALL (ie, NOTCH1,MYB, ERG, ETV6, and ZMIZ32-39)
as well as several master regulators of other hematopoietic
lineages (TFDP2 and erythroid lineage40) or malignancies (KDM5B,
dysregulated in acute myeloid leukemia [AML] and B-ALL41).
SOX4 expression was the strongest predictor of malignant cells;
it is aberrantly expressed in myeloid leukemias and has been
implicated in B-ALL but not T-ALL pathogenesis.42

To differentiate whether these transcription factors were specific
to T-ALL or also present in normal thymic precursors, we eval-
uated their expression in bulk RNA-seq profiles of normal human
precursor cells from BLUEPRINT.2 Most of these transcription
factors are highly expressed in hematopoietic progenitor pop-
ulations and early thymocytes (supplemental Figure 9). The
2 notable exceptions are ZMIZ1 and KDM5B, which are only
expressed at low levels in normal progenitors, suggesting they
may have particular relevance for T-ALL. Indeed, all transcription
factors identified were found to have high expression in T-ALL
cell lines profiled by CCLE43 (supplemental Figure 10). Specifi-
cally, SOX4, MYB, TFDP7, and NOTCH1 showed the highest
expression in T-ALL cell lines when compared with other cancer
cell lines profiled in CCLE. We also assessed expression of these
transcription factors in a T-ALL cohort from the TARGET study
that included 216 patients.3 All of the transcription factors
identified by the random forest model were strongly
expressed in all T-ALL subtypes, including ZMIZ1 and KDM5B
(supplemental Figure 11). Therefore, in addition to known
transcriptional regulators in T-ALL and thymic progenitors,
there was expression of transcriptional regulators of other
hematopoietic lineages in all 5 leukemias, consistent with
lineage infidelity.

ETP-ALL exhibits deranged developmental
hierarchy with ineffectual lineage commitment and
coexisting stem-like states
To further explore lineage infidelity within single cells, we looked
for expression of hematopoietic stem cell (HSC), multipotent
progenitor (MPP), commonmyeloid progenitor (CMP), granulocyte-
monocyte progenitor (GMP), and common lymphoid progenitor
(CLP) early lineage commitment signatures, as defined by
BLUEPRINT,22 as well as thymic precursor signatures (ETP,
DN1, DN2, DN3, DN4, and DP), as defined by ImmGen.21 Most
leukemic cells showed high expression of DN1 signatures,
consistent with their clinical annotation as ETP-ALL (Figure 2A).
Interestingly, expression of both more mature thymocyte sig-
natures (DN2, DN3, DN4, and DP) and more immature he-
matopoietic precursor signatures (HSC, MPP, GMP, CMP, and
CLP) was quite heterogeneous and promiscuous across single
leukemic cells, with some leukemic cells simultaneously expressing
strongHSC and themost differentiatedDP thymocyte signatures
(Figures 2A; supplemental Figure 12A). Importantly, normal
hematopoietic and thymic precursors did not show lineage
infidelity, and neither HSC nor CMP signatures were observed
in normal thymic populations (supplemental Figure 12A-B).
Thus, ETP-ALL cells coexpressed multiple developmental
signatures in a majority of single cells, with only a small fraction
of cells demonstrating the complete absence of CLP or HSC
signatures.

Although there is strong evidence for the existence of cancer
stem cells in some solid tumors and AML, leukemia stem cells in
ALL aremuch less studied.44-46 We hypothesized that despite the
coexpression of stem cell and lineage markers in almost all cells,
there might be a subpopulation of cells with more robust stem-
like features. To this end, we first used t-SNE to cluster all
leukemic cells based on expression of genes associated with
HSC and progenitor cell programs (Figure 2B). We then
employed RNA velocity to identify cells along a trajectory of
maturation based on the levels of unspliced/spliced tran-
scripts.16 Velocity projections onto t-SNE dimensions revealed
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2 immature root states and a single endpoint state (Figure 2C).
These states fell into distinct unsupervised clusters and consisted
of cells from all patients, suggesting that they were governed by
discrete transcriptional circuits (Figure 2C; supplemental Fig-
ure 13). Both root states were enriched for genes frequently
associated with HSC, such as CD34, CD44, NCAM1, BCL11A,
andGATA247-52 (Figure 2D-E; supplemental Tables 10 and 12). In
contrast, the endpoint state was characterized by expression of
genes associated with T-cell differentiation, such as IL7R, LCK,
BCL11B, andCD38,53-56 typically expressed at low levels in stem-
like root cells (Figure 2D-E; supplemental Tables 11 and 13).
Endpoint cells also demonstrated strong enrichment of immune
modulation signatures, marked by expression of IRF1, IFITM3,
and IFI44L (Figure 2D-E).

We next focused on understanding how the 2 root states dif-
fered. Cell-cycle analysis demonstrated that cells in root 1 were
not cycling, whereas root 2 cells were enriched for cells in S
phase (Figure 2F; supplemental Figure 14). We reasoned that if
these root states reflected distinct stem-like states, there should
be distinct transcriptional regulators driving each state. Con-
sequently, we identified the most prominent transcriptional
regulons (transcription factor and its target genes) for each of the
2 root states using SCENIC23 (Figure 2G). Noncycling root 1 cells
were enriched for transcriptional regulators involved in stemness
(NANOG, SP1, and SP3), HOX genes, and AKT/mitogen-
activated protein kinase signaling (FOXO1 and THRA). In con-
trast, cycling root 2 cells were characterized by activity of several
chromatin remodelers, including histone deacetylases, SWI/SNF
complex members, and SUZ12, as well as genes associated with
glucocorticoid signaling. Of note, cells that did not belong to
any of the 2 root states expressed transcriptional regulons
driving immune modulation, including genes in the interferon
pathway (supplemental Tables 11 and 13). Thus, ETP-ALL cells
not only demonstrated deranged developmental states with
ineffectual lineage commitment, but also showed 2 coexisting
stem-like states that differed in their cell-cycle state and tran-
scriptional dependencies.

Because our analyses so far focused on relapsed/refractory ETP-
ALL patients withNOTCH1mutations, which are present in up to
60% of ETP patients,30 we next investigated developmental
hierarchies and lineage commitment in a panel of 7 ETP-ALL
PDXs that were established from pediatric patients at time of
diagnosis. Clinical characteristics, immunophenotype, andNOTCH1
mutation status of these models are listed in Table 2. Impor-
tantly, all of these ETP-ALL models also demonstrated coex-
pression of multiple precursor signatures and more mature
thymocyte signatures in the same cell, independent of Notch
mutation status (Figure 2H). We similarly evaluated a panel of
5 mature T-ALL PDXs, with and without NOTCH1 mutations.
Clinical characteristics, immunophenotype, and NOTCH1 mu-
tation status of these models are listed in Table 2. Although
mature T-ALL cells also showed coexpression of HSC and CLP

signatures simultaneously with more mature thymic signatures,
activation of myeloid programs (GMP and CMP) was less
common than in the ETP-ALL PDX models (Figure 2I).

Next, we evaluated whether we could detect transcriptional
evidence of coexisting root states in these models. We first
compiled markers for each of the 3 states from the differential
transcription factor analysis and used CIBERSORT57 for decon-
volution of the collapsed single cells of each PDX model (sup-
plemental Figure 15A,G). Next, we called root and endpoint
states after t-SNE clustering onHSC, CMP, andCLP signatures as
described. These analyses also showed 2 coexisting root states
with differential cell-cycle activity in the ETP and T-ALL PDX
models (Figure 4B; supplemental Figure 15E,K). Lastly, coex-
isting signatures of these stem-like states could also be detected
using CIBERSORT to deconvolute bulk RNA-seq data in a ma-
jority of the 216 T-ALLs in the National Cancer Institute TARGET
study (supplemental Figure 16).

Stem-like states are characterized by opposing
oncogenic signaling through Notch or PI3K
We next focused on the effects of Notch inhibition. Mono-
therapy directed at Notch with GSI infrequently induces com-
plete remission in T-ALL patients,26,58-62 suggesting that preexisting
GSI-resistant tumor cells are present in most cases. We first
confirmed cell-cycle arrest and downregulation of Notch target
genes in the patients treated with GSI (supplemental Figure 14).
We hypothesized that persistence of a stem-like population
might be the reason for the limited effects of Notch inhibitors in
patients with relapsed/refractory Notch-mutant T-ALL. Indeed,
although Notch inhibition abolished the cycling stem-like root
cells (root 2), noncycling root cells (root 1) persisted after Notch
inhibitor treatment (Figure 3A).

We next sought to investigate the dependencies of the non-
cycling root cells, which must involve pathways independent of
Notch. Differential activation of signaling pathways has been
described as a mechanism of Notch inhibitor resistance.63-65 We
predicted the activity of signaling pathways using PROGENy24

and also curated additional pathway signatures reflecting Notch,
MYC, and PIM activation. This analysis revealed PI3K activation
as the most anticorrelated pathway with Notch signaling, with
PI3K activation being strongly enriched in noncycling root cells
and virtually absent in the cycling root cells (Figure 3B; sup-
plemental Figures 17 and 18; Table 3; supplemental Table 14).
Interestingly, cells with high PI3K and low Notch signaling ac-
tivity were already present pretreatment (Figure 3C), and PI3K
activity increased with treatment while Notch activity decreased
(Figure 3D-F; supplemental Figure 14; supplemental Table 14).

PI3K pathway–activating mutations have been linked to Notch
inhibitor resistance in murine models63,64; however, it is unclear
how transcriptional rewiring, independent of PI3K pathway
mutations, contributes to Notch and PI3K activation. To exclude

Figure 4 (continued) additional 24 hours without drug (Washout). Single cells from each of these populations were sorted into individual wells of 96-well plates and cultured with
GSI (1 mM) or DMSO for 6 weeks. Bar plots indicate the fraction of single cells that form colonies in GSI (n5 480 wells). Pretreatment with buparlisib eliminates preexisting GSI-
tolerant cells from untreated T-ALL populations, which cannot be reversed by 24-hour washout (error bars reflect SD, averaged from 5 plates, using 2-sided Student t test). (F)
Flow cytometry demonstrating subpopulation of CD341 cells with p4E-BP1(S65) and pAKT (Thr308) staining in KOPT-K1 cells (overlay histogram gated on CD341 or CD342 cells,
respectively; left). CD341 population decreases with buparlisib treatment (barplot below; error bars reflect SD from 3 replicates). *NOTCH1 mutated, #PTEN deleted (A),
**P, .01, ****P, .0001 using Kruskal-Wallis test (C), ****P, .0001 using 2-sided Student t test (E), *P, .05 using 2-sided t test (F). CI, combination index; Fa, fraction affected.
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genetically driven PI3K pathway activation, we performed deep
targeted sequencing and mutation calling for known activating
mutations in AKT1, AKT2, NOTCH1, PIK3CA, PIK3CB, PIK3CD,
PIK3R1, PIKR3, PIKR6, and PTEN in all treated and untreated
samples. We did not detect anymutations in these PI3K pathway
genes, even in treated samples (average sequencing depth,
568 8573; supplemental Table 15). These data support tran-
scriptional rewiring as the dominant driver of divergent Notch
and PI3K activation. Indeed, PI3K-active vs Notch-active cells
clustered separately by monocle2,14 consistent with their distinct
transcriptional states (supplemental Figure 14A). Further analysis
of the transcriptional dynamics of these subclusters revealed
2 states within untreated cells with either high Notch activity or
high PI3K activity and antagonistic differentiation trajectories by
RNA velocity that both pointed toward a shared state with in-
termediate PI3K and Notch activity (Figure 3G). Stem-like root
cells fell into either Notch-active or PI3K-active populations
(Figure 3H; correlation coefficient R 5 20.7; P 5 2.2e216),
whereas endpoint state cells were enriched at the interface, with
no correlation betweenNotch and PI3K activity (Figure 3I; R520.28;
P 5 1.2e207). With treatment, the subclusters with high PI3K
activity dominated, but without any change in their differenti-
ation trajectory toward the intermediate endpoint state at the
interface (Figure 3J).

Because our analyses so far focused on relapsed/refractory ETP-
ALL patients with NOTCH1 mutations, we next investigated
whether we could detect divergent Notch and PI3K states in PDX
models established from samples obtained at time of diagnosis
before treatment. Within the 7 ETP-ALL PDXs and 5 mature

T-ALL PDXs (Table 2), cells with high Notch expression signatures
had low PI3K activation signatures and vice versa (Figure 4A).
Focusing on the 2 root states, we found differential signatures of
Notch and PI3K signaling, with root cells in the low-cycling state
expressing high PI3K activation signatures and high-cycling
root cells expressing higher Notch activation signatures (Figure
4B-C). Of note, these findings were independent of the presence
of NOTCH1 mutations or PTEN deletions, consistent with
transcriptional rewiring serving as the basis for these cell states.

These analyses suggest that combined targeting of Notch and
PI3K signaling might target both stem-like states. To test this
hypothesis, we first confirmed the synergistic effects of com-
bined Notch inhibition (GSI) and PI3K inhibition (buparlisib) in
T-ALL cell lines in vitro (Figure 4D; supplemental Figure 19A-C).
We previously showed that a population of GSI-resistant cells
preexisted in untreated T-ALL populations.58 We reasoned that
this population might reflect preexisting PI3K dependent cells.
Using single-cell cloning, we confirmed a preexisting population
of GSI-tolerant cells (Figure 4E). These cells were highly de-
pendent on PI3K signaling and were almost entirely eliminated
by pretreatment with buparlisib before single-cell cloning in the
presence of GSI (Figure 4E). Importantly, when we pretreated
cells with buparlisib for 72 hours and then removed buparlisib
24 hours before isolation of individual cells, we did not recover
GSI-resistant clones. Thus, PI3K inhibition effectively abrogated
a population that did not recover after short-term drug removal,
consistent with these cells carrying features required for colony
growth.

To further explore whether we could detect direct evidence of
PI3K activation in a subpopulation of untreated T-ALL cells, we
assessed PI3K pathway activation by flow cytometry and iden-
tified a small fraction of cells that stained positive for the markers
pAKT and p4E-BP1. Because CD34 was strongly expressed in
the PI3K-dependent root state, we asked whether pAKT and
p4E-BP1 were enriched in CD341 cells. Indeed, we detected a
small population of CD341 cells in untreated KOPT-K1 cells
(Figure 4F; supplemental Figure 19D), ;20% of which showed
PI3K activation by phosphoflow analysis, whereas CD342 KOPT-
K1 cells were negative for these markers. Moreover, when
KOPT-K1 cells were treated with GSI, this population expanded,
whereas PI3K inhibition had the opposite effect (Figure 4F).
These data support the existence of a PI3K-dependent pop-
ulation that expresses markers enriched in the stem-like root
1 state.

Immune evasion resulting from
Galectin-9–HAVCR2 interactions in the leukemia
microenvironment
Our analyses so far suggest that the 2 stem-like root populations
in ETP-ALL can be targeted successfully by Notch and PI3K
inhibition. However, the endpoint population that does not
belong to either of the 2 root states may escape Notch/PI3K
inhibition. This population was more mature and harbored
active transcriptional regulons driving immune modulation
(Figure 2D,E,G), indicating an unexpected interaction of leuke-
mic cells with the immune microenvironment. Interestingly, this
population carried prominent interferon signatures (Figure 2E),
suggesting a particular role for T cells.66 We therefore assessed
whether ETP-ALL was associated with altered T-cell function in
the immune microenvironment. Remarkably, the T-cell receptor

Table 3. Correlation scores of signaling pathways
inferred by PROGENy with Notch activity in root 1 vs
root 2 leukemic cells

Correlation P

PI3K – Notch 20.69 ,2.2e216

VEGF – Notch 20.12 .022

EGFR – Notch 20.26 1.60e206

Hypoxia – Notch 0.75 ,2.2e216

MAPK – Notch 0.68 ,2.2e216

p53 – Notch 0.7 ,2.2e216

TGFb – Notch 0.66 ,2.2e216

JAK/STAT – Notch 0.52 ,2.2e216

TNFa – Notch 0.62 ,2.2e216

NF-kB – Notch 0.57 ,2.2e216

Trail – Notch 0.54 ,2.2e216

PIM – Notch 0.65 ,2.2e216

MYC – Notch 0.74 ,2.2e216

EGFR, endothelial growth factor receptor; MAPK, mitogen-activated protein kinase; TGF,
transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth
factor.
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(TCR) repertoire of endogenous T cells in the leukemic patients
was skewed toward oligoclonal TCR use when compared
with normal donor T cells (Figure 5A). We hypothesized that

oligoclonal TCR use reflected the presence of an expanded
population of dysfunctional CD81 T cells, as has been demon-
strated in themicroenvironment of several othermalignancies.19,67
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Figure 5. CD81 T-cell dysfunction in ETP-ALL. (A) Stacked bar plots depict percentage of clonal CD81 T cells observed in individuals as inferred from TCR group use. (B-C)
Pseudotime trajectory of CD81 T cells inferred using monocle. Cells color coded based on monocle states (B) and source of CD81 T cells (C). (D) Heatmap depicting expression
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****P # .0001. ND, normal donor.
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To determine CD81 T-cell differentiation states, we performed
unsupervised pseudotime analysis using monocle214 and iden-
tified 6 T cell states that developed along a common trajectory
(Figure 5B). State 1 consisted mostly of CD81 T cells from normal
donors that expressed markers characteristic of naı̈ve CD81

T cells (CCR7, IL7R,NELL2, SELL, and TCF7; Figure 5C-D). T cells
demonstrated gradually increased expression of activation
markers from state 2 through state 4. In contrast, states 5 and 6
contained mostly patient CD81 T cells that exhibited increased
expression of markers of T-cell exhaustion (PDCD1, TIGIT,
LAG3, HAVCR2, and CD244), suggesting that these cells were

dysfunctional (Figure 5D). Indeed, RNA velocity analyses con-
firmed the differentiation directionality from state 5 toward the
more dysfunctional state 6 (Figure 5E). To determine the extent
of exhaustion, we analyzed T-cell exhaustion scores in all single
CD81 T cells.19 High exhaustion scores were predominantly
found in cells that showed oligoclonal TCR use from ETP-ALL
patients, whereas CD81 T cells with high exhaustion scores were
much less prevalent in normal donors (Figure 5F).

Maintenance of T-cell dysfunction requires signals that are
generated by binding of ligands to inhibitory receptors on
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CD81 T cells, shown as open circles) and their interacting ligands (on malignant T-ALL cells, depicted as triangles). Colors represent malignant clusters based on PAGODA2
(Figure 1). Each box corresponds to expression of the indicated coinhibitory receptor-ligand combination. (B) Receptor-ligand interaction scores inferred from expression of
receptors (in CD81 T cells) and ligands (in T-ALL cells), respectively, pointing toward prominent HAVCR2-LGALS9 interaction. (C) IHC of LGALS9 and HAVCR2 on bone marrow
from representative ETP-ALL patient (P2) demonstrates strong staining of LGALS9 on leukemic blasts and interspersed HAVCR2 staining on microenvironmental cells
(magnification 360). (D) Intracellular immunofluorescent staining of LGALS9 and isotype control in DND-41 T-ALL cells. (E) mRNA expression of T-cell dysfunction markers
(HAVCR2 and TIGIT) and effector cytokines (GZMB, IL-2, and IFNg) on normal donor activated CD81 T cells cultured with T-ALL supernatant vs control media. *P, .05, **P, .01,
***P , .001, averaged from 3 technical replicates using 2-sided Student t test.
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activated T cells.68 Previous studies in mice have described
distinct categories of dysfunctional T cells with differing sus-
ceptibilities to checkpoint inhibition, highlighting the need to
identify specific ligand-receptor pairs across dysfunctional cat-
egories when considering therapeutic intervention.67 To de-
termine which ligands and receptors were potentially relevant to
T-cell dysfunction in ETP-ALL, we determined their expression
levels and computed interaction scores69 between inhibitory
receptors expressed on CD81 T cells and their respective ligands
in leukemia cells (Figure 6A-B). We found the strongest in-
teraction score for HAVCR2 (TIM-3) and its ligand LGALS9
(Galectin-9), with LGALS9 being universally expressed in all
leukemic cells (Figure 6B; supplemental Figure 20A). Analysis
of T-ALLs from the TARGET study confirmed high expression of
LGALS9 in the LMO2/LYL1 category, which contained most of
the ETP cases, and also in more mature types of T-ALL (sup-
plemental Figure 20B). IHC staining of bone marrow biopsies of
ETP-ALL patients confirmed expression of LGALS9 on leukemic
blasts and HAVCR2 on interspersedmononuclear cells (Figure 6C).
In contrast to recent reports in AML, where LGALS9 has been
shown to be coexpressed with its receptor HAVCR2, creating an
autocrine loop,70 HAVCR2 and LGALS9 were not coexpressed
on ETP-ALL blasts (supplemental Figure 20A). IHC staining on a
larger panel of ETP and T-ALL patients confirmed LGALS9 ex-
pression in almost all cases, although it was sometimes confined
to a subset of cells. This might still suffice to blunt T-cell re-
sponses, because LGALS9 can be secreted and function in a
paracrine manner71,72 (supplemental Table 16).

To test whether T-ALL cells could cause T-cell dysfunction, we
first confirmed LGALS9 protein expression in T-ALL cell lines by
flow cytometry (Figure 6D; supplemental Figure 21). We then
cultured activated polyclonal CD81 T cells from normal donors
with and without T-ALL supernatant (containing LGALS9) for
3 days. CD81 T cells exposed to T-ALL supernatant showed down-
regulation ofGranzymeB, amajor CD81T-cell effectormolecule, and
upregulation of the exhaustion markers HAVCR2 and TIGIT
(Figure 6E), effects that were abrogated by a neutralizing
anti-LGALS9 antibody (supplemental Figure 22). Moreover,
upregulation of exhaustion markers was also observed when
recombinant soluble LGALS9 was added to the culture (sup-
plemental Figure 22).

Discussion
Here we defined the cellular states that characterized treatment
failure inNOTCH1-mutated relapsed/refractory ETP-ALL treated
with Notch inhibitor. Using full-length scRNA-seq analyses, we
identified a deranged developmental hierarchy with coexisting
stem-like and more mature states, ineffectual commitment to
either lymphoid or myeloid lineage, and immunomodulatory
characteristics. Stem-like states showed distinct transcriptional
circuitries and differed with regard to cell cycle, epigenetic
machinery, and oncogenic signaling.

Notch pathway activation is the most prevalent oncogenic ab-
erration in T-ALL, including ETP-ALL; however, Notch inhibition
usually fails to control the disease in vivo.26,59 Based on our
results, Notch inhibition seems to be ineffectual because of
preexisting stem-like cells exhibiting a resistant state defined by
high levels of PI3K signaling and low Notch activity. Genetic
mechanisms of PI3K activation that allow for active proliferation

and outgrowth of resistant subclones in the presence of Notch
inhibition have been well characterized.63,64 Our findings de-
scribed here differ from past work in several aspects: 1) we show
that cells with PI3K activity are preexisting, meaning present
before exposure to Notch inhibitors in relapsed disease and also
in samples taken at diagnosis before any therapy; 2) we note that
PI3K activation is independent of genetic mutations in PI3K/
AKT/PTEN pathway genes, consistent with epigenetic rewiring;
3) we find that the subpopulation of PI3K high cells demonstrates
stem-like gene expression signatures; and 4) our analyses show
that the PI3K active stem-like population proliferates less than
the stem-like state with high Notch activity and other leukemic
cells, reminiscent of slow-cycling stem cells that have been
described in other malignancies.73 These findings have im-
portant therapeutic implications, because they provide support
for use of combination therapies targeting Notch and PI3K.
However, combining Notch with PI3K inhibitors may also
be antagonistic given biochemical data showing that GSI
treatment of NOTCH1-mutant T-ALL cells may increase AKT
phosphorylation,63,74 which might lead to decreased effects of
PI3K inhibitors. In addition, our study also cautions that combined
inhibition of Notch and PI3K may not be enough to completely
eliminate all cancer cells because of the coexistence of multiple
transcriptional states, resulting in low Notch and PI3K activity in
individual cancer cells, which provide a route to escape. Addi-
tional studies investigating the mechanistic and temporal rela-
tionships of genetic and epigenetic drivers of PI3K vs Notch
activation are needed to develop optimal combination regimens
for clinical translation. Interestingly, a recent study using deep
genomic sequencing of matched diagnosis/relapsed ALL sam-
ples showed that ;20% of relapses progress through a non-
genetic drug-resistant state before the acquisition of resistance
mutations,75 suggesting that similar resistance mechanisms may
be at play as described here for Notch inhibition.

Lineage plasticity and stemness have been implicated in drug
resistance in cancer, and single-cell sequencing studies of solid
tumors have highlighted how cancer cells relate to and maintain
the developmental hierarchy of their respective tissue.76-78 A
recent study in AML demonstrated that although leukemic cells
take on different developmental states based on their genetic
drivers, they follow the developmental hierarchy of hemato-
poiesis.79 Remarkably, in ETP-ALL, we found a deranged de-
velopmental hierarchy. We identified hematopoietic stem,
myeloid, and lymphoid progenitor signatures present in almost
all individual cells. Differentiation trajectories within the leuke-
mic population identified 2 coexisting stem-like states that
differed with regard to cell cycle as well as Notch and PI3K
activity. Our work indicates that stem-like states in relapsed ETP-
ALL are nonuniform and differ in their epigenetic wiring, on-
cogenic signaling, and cycling potential. Although our study
mostly focused on relapsed/refractory ETP-ALL, our data also
suggest that coexisting stem-like states are present in newly
diagnosed, untreated ETP-ALL and in more mature T-ALLs.
Whereas these states were associated with a considerable de-
gree of lineage infidelity, the differentiation routes that each
individual cancer cell took do not seem to have been arbitrary
but followed convergent trajectories. Therefore, therapeutic
targeting based on cellular states rather than genetic variants
may limit the options of molecular escape for each cancer cell.

STEM-LIKE STATES AND IMMUNE EVASION IN ETP-ALL blood® 6 MAY 2021 | VOLUME 137, NUMBER 18 2477

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/137/18/2463/1806799/bloodbld2019004547.pdf by guest on 08 M

ay 2024



Closer exploration of ETP-ALL cells within their immune mi-
croenvironment demonstrated an unexpected role of immune
evasion. Surprisingly, strong immune activation signatures were
detected in all states, most prominently in the endpoint state.
Targeting a dysfunctional microenvironment with checkpoint
blockade has gained attention in several cancers, including
lymphomas.80-82 Our study demonstrates a possible role for
HAVCR2-LGALS9 interactions in causing CD81 T-cell dysfunc-
tion, which may provide a novel therapeutic strategy to restore
T-cell function and thereby generate an effective host immune
response. Our data suggest that the convergence to the end-
point state may be due to microenvironmental pressure. Ad-
ditional studies are needed to understand the relative contributions
of cell-intrinsic rewiring and microenvironmental effects and
their evolution with treatment. Encouragingly, immunomodu-
latory programs in ETP-ALL cells seem to transcend individual
stem-like and differentiation states, providing attractive op-
portunities for the combination of specific targeting of signaling
pathways with checkpoint blockade or other immunotherapy
approaches. Thus, combination therapies that target defined
cellular states combined with immunotherapeutic approaches
may produce more effective treatments for relapsed/refractory
hematopoietic cancers.

Acknowledgments
The authors thank the Knoechel and Lohr laboratory members for
discussions and helpful comments on the manuscript, the Jimmy Fund
DFCI Flow Cytometry core for its support with flow sorting, and the
Dana-Farber/Harvard Cancer Center (Boston, MA) for the use of the
Specialized Histopathology Core, which provided histology and IHC
services.

The Dana-Farber/Harvard Cancer Center is supported in part by the
National institutes of Health (NIH), National Cancer Institute (NCI) Cancer
Center Support (grant NIH 5 P30 CA06516). A.G.-A. was supported by a
PMC FLAMES Award for Innovation in Research. This research was
supported by NIH, NCI (K08CA191091, K08CA191026), St. Baldrick’s
Foundation (B.K.), Hyundai Hope on Wheels Foundation (B.K.), AACR
Mark Foundation (B.K.), Cookies for Kids’ Cancer Childhood Research
Foundation (B.K.), and Ludwig Cancer Research (A.A.L., J.C.A.). J.C.A. is
the Michael Gimbrone Chair at Brigham and Women’s Hospital. B.E.B. is
the Bernard andMildred Kayden EndowedMGH Research Institute Chair
and an American Cancer Society Research Professor.

Authorship
Contribution: P.A., A.G.-A., V.D., H.Y., Y.D., N.S., A.R., M.M.O., M.N.,
S.P., R.I., J.A.K., T. Vijaykumar, L.N., T. Vincent, G.G., and J.F. designed

and performed the experiments and analyzed the data; M.H.H., A.E.P.,
L.B.S., D.T.T., A.A.L., D.J.D., J.C.A., and B.E.B. provided input on the
study design; P.A., A.G.-A., V.D., J.G.L., and B.K. wrote the manuscript
with input from B.E.B. and J.C.A; and J.G.L. and B.K. supervised the
project.

Conflict-of-interest disclosure: J.G.L. receives research funding from
Celgene for an unrelated research project and is an advisor for T2
Biosystems. B.E.B. discloses financial interests in Fulcrum Therapeutics,
1CellBio, HiFiBio, Arsenal Biosciences, Cell Signaling Technologies, and
Nohla Therapeutics. J.C.A. is an advisor for Cellestia, Ayala, and Epizyme.
The remaining authors declare no competing financial interests.

ORCID profiles: P.A., 0000-0002-2478-7042; A.G.-A., 0000-0002-6772-
9950; V.D., 0000-0002-8621-7301; Y.D., 0000-0003-1725-2995; A.R.,
0000-0001-7692-1795;M.M.O., 0000-0002-3422-1675; S.P., 0000-0001-
5390-1222; R.I., 0000-0002-1721-529X; J.A.K., 0000-0002-6646-564X;
J.F., 0000-0002-4380-9673; A.E.P., 0000-0002-9604-4213; D.T.T., 0000-
0001-7373-8987; A.A.L., 0000-0001-7380-0226; D.J.D., 0000-0001-
7865-2306; J.G.L., 0000-0003-3486-2445; B.K., 0000-0002-8040-0535.

Correspondence: Birgit Knoechel, Dana-Farber Cancer Institute,
450 Brookline Ave, Boston, MA 02215; e-mail: birgit_knoechel@
dfci.harvard.edu; and Jens G. Lohr, Dana-Farber Cancer Institute,
450 Brookline Ave, Boston, MA 02215; e-mail: jensg_lohr@
dfci.harvard.edu.

Footnotes
Submitted 16 December 2019; accepted 27October 2020; prepublished
online on Blood First Edition 23 November 2020. DOI 10.1182/
blood.2019004547.

*P.A., A.G.-A., V.D., H.Y., and Y.D. contributed equally as first authors.

†J.G.L. and B.K. contributed equally as senior authors.

Presented in abstract form at the 61st Annual Meeting of the American
Society of Hematology, Orlando, FL, 9 December 2019.

Data have been deposited at GEO under accession number GSE161901.
Codes used for generation of all the figures and the analyses will bemade
available on Github upon request.

The online version of this article contains a data supplement.

There is a Blood Commentary on this article in this issue.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

REFERENCES
1. Belver L, Ferrando A. The genetics and

mechanisms of T cell acute lymphoblastic
leukaemia. Nat Rev Cancer. 2016;16(8):
494-507.

2. Haydu JE, Ferrando AA. Early T-cell precursor
acute lymphoblastic leukaemia. Curr Opin
Hematol. 2013;20(4):369-373.

3. Ntziachristos P, Tsirigos A, Van Vlierberghe P,
et al. Genetic inactivation of the polycomb re-
pressive complex 2 in T cell acute lymphoblastic
leukemia. Nat Med. 2012;18(2):298-301.

4. Zhang J, Ding L, Holmfeldt L, et al. The ge-
netic basis of early T-cell precursor acute
lymphoblastic leukaemia. Nature. 2012;
481(7380):157-163.

5. Maude SL, Dolai S, Delgado-Martin C, et al.
Efficacy of JAK/STAT pathway inhibition in
murine xenograft models of early T-cell pre-
cursor (ETP) acute lymphoblastic leukemia.
Blood. 2015;125(11):1759-1767.

6. Bride KL, Vincent TL, Im SY, et al. Preclinical ef-
ficacy of daratumumab in T-cell acute lympho-
blastic leukemia. Blood. 2018;131(9):995-999.

7. Townsend EC, Murakami MA, Christodoulou
A, et al. The public repository of xenografts
enables discovery and randomized phase II-
like trials in mice [published correction ap-
pears in Cancer Cell. 2016;30(1):183]. Cancer
Cell. 2016;29(4):574-586.

8. Picelli S, Faridani OR, Björklund AK, Winberg
G, Sagasser S, Sandberg R. Full-length RNA-

seq from single cells using Smart-seq2. Nat
Protoc. 2014;9(1):171-181.

9. Bolger AM, Lohse M, Usadel B. Trimmomatic:
a flexible trimmer for Illumina sequence data.
Bioinformatics. 2014;30(15):2114-2120.

10. Dobin A, Davis CA, Schlesinger F, et al. STAR:
ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15-21.

11. Anders S, Pyl PT, Huber W. HTSeq—a Python
framework to work with high-throughput se-
quencing data. Bioinformatics. 2015;31(2):
166-169.

12. Li B, Dewey CN. RSEM: accurate transcript
quantification from RNA-Seq data with or
without a reference genome. BMC Bio-
informatics. 2011;12:323.

2478 blood® 6 MAY 2021 | VOLUME 137, NUMBER 18 ANAND et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/137/18/2463/1806799/bloodbld2019004547.pdf by guest on 08 M

ay 2024

https://orcid.org/0000-0002-2478-7042
https://orcid.org/0000-0002-6772-9950
https://orcid.org/0000-0002-6772-9950
https://orcid.org/0000-0002-8621-7301
https://orcid.org/0000-0003-1725-2995
https://orcid.org/0000-0001-7692-1795
https://orcid.org/0000-0002-3422-1675
https://orcid.org/0000-0001-5390-1222
https://orcid.org/0000-0001-5390-1222
https://orcid.org/0000-0002-1721-529X
https://orcid.org/0000-0002-6646-564X
https://orcid.org/0000-0002-4380-9673
https://orcid.org/0000-0002-9604-4213
https://orcid.org/0000-0001-7373-8987
https://orcid.org/0000-0001-7373-8987
https://orcid.org/0000-0001-7380-0226
https://orcid.org/0000-0001-7865-2306
https://orcid.org/0000-0001-7865-2306
https://orcid.org/0000-0003-3486-2445
https://orcid.org/0000-0002-8040-0535
mailto:birgit_knoechel@dfci.harvard.edu
mailto:birgit_knoechel@dfci.harvard.edu
https://doi.org/10.1182/blood.2019004547
https://doi.org/10.1182/blood.2019004547
http://www.bloodjournal.org/content/137/18/2422


13. Fan J, Salathia N, Liu R, et al. Characterizing
transcriptional heterogeneity through path-
way and gene set overdispersion analysis. Nat
Methods. 2016;13(3):241-244.

14. Trapnell C, Cacchiarelli D, Grimsby J, et al.
The dynamics and regulators of cell fate de-
cisions are revealed by pseudotemporal or-
dering of single cells. Nat Biotechnol. 2014;
32(4):381-386.

15. Butler A, Hoffman P, Smibert P, Papalexi E,
Satija R. Integrating single-cell transcriptomic
data across different conditions, technologies,
and species. Nat Biotechnol. 2018;36(5):
411-420.

16. La Manno G, Soldatov R, Zeisel A, et al. RNA
velocity of single cells. Nature. 2018;
560(7719):494-498.

17. Cibulskis K, Lawrence MS, Carter SL, et al.
Sensitive detection of somatic point mutations
in impure and heterogeneous cancer samples.
Nat Biotechnol. 2013;31(3):213-219.

18. Patel AP, Tirosh I, Trombetta JJ, et al. Single-
cell RNA-seq highlights intratumoral hetero-
geneity in primary glioblastoma. Science.
2014;344(6190):1396-1401.

19. Tirosh I, Izar B, Prakadan SM, et al. Dissecting
the multicellular ecosystem of metastatic
melanoma by single-cell RNA-seq. Science.
2016;352(6282):189-196.

20. Müller S, Cho A, Liu SJ, Lim DA, Diaz A.
CONICS integrates scRNA-seq with DNA se-
quencing to map gene expression to tumor
sub-clones. Bioinformatics. 2018;34(18):
3217-3219.

21. Heng TS, Painter MW; Immunological Ge-
nome Project Consortium. The Immunological
Genome Project: networks of gene expression
in immune cells. Nat Immunol. 2008;9(10):
1091-1094.

22. Fernández JM, de la Torre V, Richardson D,
et al. The BLUEPRINT data analysis portal.Cell
Syst. 2016;3(5):491-495.e5.
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