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Relapse and refractory T-cell acute lymphoblastic leukemia (T-ALL) has a poor prognosis,
and new combination therapies are sorely needed. Here, we used an ex vivo high-
throughput screening platform to identify drug combinations that kill zebrafish T-ALL
and then validated top drug combinations for preclinical efficacy in human disease. This
work uncovered potent drug synergies between AKT/mTORC1 (mammalian target of
rapamycin complex 1) inhibitors and the general tyrosine kinase inhibitor dasatinib.
Importantly, these same drug combinations effectively killed a subset of relapse and
dexamethasone-resistant zebrafish T-ALL. Clinical trials are currently underway using the
combination of mTORC1 inhibitor temsirolimus and dasatinib in other pediatric cancer
indications, leading us to prioritize this therapy for preclinical testing. This combination
effectively curbed T-ALL growth in human cell lines and primary human T-ALL and was well
tolerated and effective in suppressing leukemia growth in patient-derived xenografts (PDX)
grown in mice. Mechanistically, dasatinib inhibited phosphorylation and activation of the
lymphocyte-specific protein tyrosine kinase (LCK) to blunt the T-cell receptor (TCR)

® Temsirolimus mTORC1
inhibitor and dasatinib
kinase inhibitor
synergize to kill a large
fraction of xenograft
and primary human
T-ALL.

® The LCK kinase, which
is inhibited by
dasatinib, has
unexpected roles in
regulating TCR
signaling pathways to
drive continued T-ALL
growth.

/ signaling pathway, and when complexed with mTORC1 inhibition, induced potent T-ALL cell
killing through reducing MCL-1 protein expression. In total, our work uncovered unexpected roles for the LCK kinase
and its regulation of downstream TCR signaling in suppressing apoptosis and driving continued leukemia growth.
Analysis of a wide array of primary human T-ALLs and PDXs grown in mice suggest that combination of temsirolimus and
dasatinib treatment will be efficacious for a large fraction of human T-ALLs.
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target of rapamycin complex 1) pathway is active in a large fraction

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) affects thousands of
children and adults each year, and its incidence is increasing in the
United States.” It is classified into at least 7 distinct molecular
subtypes based on their differences in transcription factor activa-
tion and arrest at different stages of T-cell development.”*
Despite the wide array of oncogenic drivers that initiate this dis-
ease, leukemic cells also rely on activation of common pathways
for leukemic cell transformation and progression. For example, the
phosphatidylinositol 3-kinase (PI3K)/AKT/mTORC1 (mammalian

of T-ALL and elevates cell proliferation, increases stem cell num-
ber, and is strongly associated with treatment resistance.”'° This
pathway is also acquired during evolution of T-ALL as a resistance
mechanism to dexamethasone corticosteroid therapy.®'""*
Indeed, refractory and relapse disease, especially in the context
of dexamethasone resistance, are the major challenge facing
patients. Only 30% of children and less than 10% of adults
with refractory and relapse disease will survive."'® Therefore,
developing new treatments that efficiently kill refractory and
relapse T-ALL is a top clinical imperative.
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Lymphocyte-specific protein tyrosine kinase (LCK) is required for
T-cell development and maturation.'*"'> For example, LCK-null
mice fail to develop mature T cells and arrest at the CD4~,
CD8™ (CD44~, CD25%, DN3 stage) stage of thymocyte matura-
tion. These arrested lymphocytes are unable to signal through the
T-cell receptor (TCR) and subsequently die in the absence of
positive selection.’® Mature T lymphocytes also use LCK to
regulate T-cell receptor-mediated responses to antigen, ulti-
mately regulating downstream phosphorylation programs that
drive differentiation, proliferation, and/or cytokine secretion."”"'®
Despite important roles for LCK in regulating normal T-cell
development and its necessity for downstream TCR phosphory-
lation signaling, its roles in T-ALL are not well understood.
Indeed, T-ALLs are arrested during a wide array of T-cell matu-
ration stages, universally express activated LCK irrespective of
subtype or mutational spectrum, and yet, many T-ALLs lack
functional, membrane localized pre-TCR and TCR.*"?*? More-
over, a subset of T-ALLs can sustain loss of LCK and proliferate
well in culture,”*?° leading many to question the role of LCK and
subsequent downstream TCR phosphorylation signaling as a
driver of T-ALL survival and growth. By contrast, others have
shown that glucocorticoid-resistant T-ALLs have high activity of
LCK and yet high TCR signaling also kills T-ALL cells.?*?® Taken
together, these seemingly opposing roles of the TCR/LCK
signaling pathway in T-ALL have confused the field for decades.

Here, we identified dasatinib and temsirolimus as a potent
combination therapy for the treatment of a wide array of human
T-ALL, including dexamethasone-resistant disease. Dasatinib
inhibits LCK and subsequently the downstream TCR signaling
pathway. By contrast, temsirolimus blocks mTORC1, a well-
known regulator of proliferation, stemness, and therapy resis-
tance in T-ALL.%101213:29.30 These 2 pathways converge on the
regulation of the MCL1 antiapoptotic gene. We also discovered
an unexpected role of LCK in driving continued leukemia growth
and suggest that, like maturation of normal T cells that undergo
positive and negative selection, T-ALLs require just the right levels
of downstream TCR signaling to sustain growth and survival.

Methods

Ex vivo drug screening using transgenic

zebrafish ALL

Creation of mosaic CG1-strain transgenic animals, monitoring for
ALL onset, and cell transplantation was performed as described
(Massachusetts General Hospital (MGH) #2011N000127).*" The
Ick:mMyc and Ick:mCherry transgenes used the 7.5-kb zebrafish
Ick promoter (Addgene plasmid 58891). Zebrafish ALL cells were
harvested, plated into 96-well plates, incubated for 72 hours with
drugs and analyzed by CellTiter-Glo assay. IC50 values were
assigned using the GraphPad Prism software (GraphPad, San
Diego, CA). Combination indexes were calculated using the
nonconstant ratio method within the CalcuSyn software package
(Biosoft, Cambridge, UK) and synergy assigned if the combination
index was <1.0.

Human cell culture and in vitro drug treatments

Atotal of 1 x 10*to 4 x 10* human T-ALL cells were plated per
well in a volume of 100 pL culture media in 96-well plates.
Drugs were administered at a log2 or log4 dilution series. Cells
were incubated at 37°C, 5% CO,, and cell viability/growth
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analyzed by CellTiter-Glo after 24 or 72 hours of treatment
(Promega, Madison, WI). Combination indexes were calculated
using the constant ratio method in the CalcuSyn software
package. Cell cycle and proliferation were assessed by flow
cytometry using the Click-It EdU Kit (Life Technologies, Carls-
bad, CA) and apoptosis using the Annexin V Apoptosis
Detection Kit APC (eBioscience, San Diego, CA). Western blot
analysis and flow cytometry were completed essentially as
described,”” with primary and secondary antibodies noted in
the supplemental Methods available on the Blood Web site.

Mouse xenograft studies

Mouse xenografts used luciferase-labeled cell lines and patient-
derived xenograft (PDX) models engrafted by tail-vein injection
and were approved under animal protocol MGH #2009-P-
002756. Cell line engrafted mice were treated after 15 days of
engraftment, whereas PDXs were treated when animals con-
tained >5% hCDA45-positive cells in the peripheral blood.
Dasatinib was orally administered (10 mg/kg per day, 80 mM
citrate buffer pH 3.1)* and temsirolimus 8 hours later by
intraperitoneal injection (10 mg/kg per day).** Survival analyses
used the Kaplan-Meier log-rank (Mantel-Cox) test using the
GraphPad Prism software.

At necropsy, marrow, spleen, and peripheral blood were
analyzed for percent blasts and phospho-S6K and phospho-LCK
expression by flow cytometry. A portion of the spleen was fixed in
4% paraformaldehyde for histopathologic examination that
included hematoxylin and eosin staining, Terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL), and
immunohistochemistry (IHC) for hCD45, pLCK (Y394), and pS6K
(T389). The ratio of positively stained cells to unstained cells was
calculated automatically in ImageJ?* from 3 separate areas of
each spleen. Significance was calculated by unpaired t test.

Analysis of primary patient sample responses

to combination therapy

Bone marrow and peripheral blood collection from patients was
performed in accordance with the Declaration of Helsinki (Pir-
kanmaa Hospital District Ethical Committee, ETL code R13109
and ethical committee of Helsinki University Hospital, permits
239/13/03/00/2010 and 303/13/03/01/2011). Viably frozen
mononuclear cells were suspended in 12.5% HS-5 conditioned
media,>®> and 5 x 10° live cells were seeded with MultiFlow
FX.RAD (BioTek, Winooski, WT) into compound containing 384-
well plates (25 pL). Cell viability was measured using CellTiter-
Glo (Promega) and single drug sensitivity was analyzed using
drug sensitivity scores (DSS).%® Synergy scores were assigned
with CalcuSyn software, and SynergyFinder 2.0 software using
the Loewe and ZIP reference models.*’

Analysis of human T-ALL samples

Immunophenotype, TCR status, fusion genes, translocations,
clinical features, T-ALL subtype, and mutational profiles of
T-ALL cell lines were gathered from public databases (https://
depmap.org and https://humantallcelllines.wordpress.com/)
and the literature.®®**? Raw RNA-seq data of human T-ALL
cell lines were acquired from National Center for Biotech-
nology Information (NCBI) SRA repository using sra-toolkit
(v2.8.2-1) (GSE103046, GSE148522, and NCBI BioProject
PRINA523380)."**
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Figure 1.
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Primary patient samples were whole exome and mRNA
sequenced and analyzed essentially as previously described.***®
Whole genome sequencing, whole exome sequencing, and
RNA-seq data of T-ALL patient samples are available in Euro-
pean Genome-phenome Archive under the accession number
EGAS00001005945 or in OSFHOME with doi identifier
10.17605/0OSF.I0/BK54U. Additional methods are provided as
supplemental Material.

Results

Ex vivo screening identifies combination therapies
that kill zebrafish T-ALL

To rapidly identify drug sensitivities in T- and B-ALL, we
developed an ex vivo screening platform to assess drug-
induced cell killing of zebrafish ALL (Figure 1A). The zebrafish
ALL model has identified genetic pathways that drive cancer
initiation and progression®*”>? and have aided in developing
therapeutic strategies for human disease.®**° The rag2:mMyc
zebrafish model produces T-, B-, and mixed lineage leuke-
mias,”*>” whereas the new Ick:mMyc transgenic model only
develops CD4"/CD8" clonal T-ALL (supplemental Figure 1).
Leukemia cells were harvested from rag2:mMyc and Ick:mMyc
ALL, plated into 96-well plates (1 x 10* cells per well, purity
> 90%), grown for 32 hours at 28.5°C, treated with dimethyl
sulfoxide or compounds for 72 hours, and assessed for viability
using CellTiter-Glo (Figure 1A). In total, 6 primary and 11
transplanted T-ALLs and 3 transplanted B-ALLs were assessed
in the screen (Figures 1B). Ten US Food and Drug
Administration-approved and investigational drugs were
assessed singly for effects on killing zebrafish ALL, including
drugs commonly used as frontline and maintenance therapy
including corticosteroids dexamethasone and prednisolone,
and common chemotherapy agents like vincristine, doxoru-
bicin, and L-asparaginase and small molecules such as AKT
inhibitor MK-2206 and the general tyrosine kinase inhibitor
dasatinib. As may be expected, our screening approach
revealed wide differences in ALL drug sensitivities and varied
leukemia responses to single drugs (Figure 1B-C; supplemental
Figure 2). In total, 7 of the 10 drugs killed T-ALL cells from at
least 1 model, with the most robust responses observed with
glucocorticoids and MK-2206 (Figure 1B-C). Interestingly, pri-
mary Ick:mMyc leukemia #1 (denoted with orange triangle) and
rag2:mMyc leukemia #9 (denoted with blue triangle) were
initially killed by dexamethasone and MK-2206, but their cor-
responding transplanted ALLs were resistant to these drugs
(orange and blue circles, respectively; Figure 1B). Similarly,
transplanted T-ALLs arising from the same primary leukemia #8
(denoted with green circles) also exhibited differing therapy
responses between engrafted leukemia clones. These results
are consistent with both xenograft and zebrafish transplant
experiments that show refractory T-ALL clones that drive
relapse are selected following transplant and the extent to
which clonal heterogeneity can drive therapy responses.®""

Given the potent single agent efficacy of dexamethasone, MK-
2206, and dasatinib in killing a subset of zebrafish ALLs, we next
assessed the pairwise combinations of each of these therapies in
killing ALL using our ex vivo screening platform. Marked syn-
ergies were seen for each of these combinations (Figure 1B,D-E)
and was expected for dexamethasone and MK-2206 or dasatinib
and dexamethasone combination therapies that had been
reported previously.®*?“® The most synergistic combination,
dasatinib and MK-2206 (Clayerage = 0.10) was novel (Figure 1D-E)
and had not been previously investigated in the context of T-ALL.
Importantly, many samples did not respond to single dasatinib or
MK-2206 treatment but were exquisitely sensitive to combination
therapy (Figure 1B). In total, 4 of 9 dexamethasone-resistant
zebrafish T-ALLs were effectively killed following combination
treatment with dasatinib and MK-2206. Our data validate the
utility of the high-throughput drug screening approach to identify
potential new drug combinations for T-ALL, including
dexamethasone-resistant leukemias.

Combination of dasatinib and AKT/mTOR
inhibitors kill human T-ALL cells

We next assessed the efficiency of the combination of dasatinib
and MK-2206 in human T-ALL, uncovering potent synergies of
these drugs in killing Jurkat, MOLT-4, and PF-382 cells (sup-
plemental Figure 3). Neither drug alone was able to efficiently
kill any of these T-ALL models. MK-2206 has adverse effects in
patients and is not used clinically; thus, we repeated our drug
combination experiments using dasatinib along with the clini-
cally available mTORC1 inhibitor temsirolimus in a larger panel
of human T-ALL cell lines (Figure 2; supplemental Figure 4).
Strong drug synergy in killing T-ALL was seen in 5 of 11 cell line
models and included Jurkat, MOLT-4, PF-382, SUPT1, and
DND41. This drug synergy was associated with elevated
apoptosis and S-phase arrest (Figure 2). The remaining 6 no-
synergistic T-ALL cell lines exhibited heterogeneity in
responses similar to those found in zebrafish T-ALL (supple-
mental Figure 4B). There is an ongoing phase 1 clinical trial in
children that complexes dasatinio and temsirolimus in
advanced malignant solid tumors (NCT02389309), making this
combination our top choice for prioritizing for further studies
outlined below. These results show that cotargeting the AKT/
mTOR pathway along with dasatinib leads to potent and syn-
ergistic cell killing in a large subset of human T-ALL by stalling
the cell cycle and subsequently inducing cell death.

LCK mediates the effect of dasatinib

Because dasatinib is a potent inhibitor of the LCK kinase in
normal T cells and chimeric antigen receptor T cells,’** and
LCK is required for TCR signaling,'’***> we next correlated the
suppressed activity of the TCR/LCK pathway following combi-
nation treatment with dasatinib and either temsirolimus or MK-
2206 (Figure 3A-B; supplemental Figure 3D). Dasatinib alone or
in combination elicited potent suppression of LCK phosphory-
lation at the activating phospho-tyrosine Y394 in Jurkat,

Figure 1. Ex vivo drug screening identifies synergies between dasatinib and AKT inhibitor in killing dexamethasone-resistant zebrafish T-ALL. (A) Schematic of
experimental design. (B) Comparison of single and combination drug responses in primary (triangles) and transplanted ALL (circles). T-ALL samples are denoted by filled
shapes, whereas B-ALL samples are represented as open shapes. Samples with the same color originate from the same primary leukemia (orange, blue, and green).
(C) Representative dose-response curves for sensitive (red line) and insensitive ALLs (blue line) to single drug treatment with dexamethasone (Dex), MK-2206, or dasatinib
(Das). (D) Dose-response curves following single drug and combination therapy for a representative, transplanted Ick:cMyc T-ALL (L1.5). Green line highlights synergistic drug
combinations. (E) Isobolograms normalized to the IC50 of each drug. Combination index average (Claverage) derived from all experimental data points with <1 indicating
synergy. Error bars + standard error of the mean (SEM). n = 3 samples/data point (C-E). *P < .05; **P < .01 by Student 2-tailed t test.
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Figure 2. Combination of dasatinib and temsirolimus mTOR inhibitor elicit potent cell cycle arrest and leukemia cell killing in human T-ALL. (A) Jurkat. (B) MOLT-4. (C)
PF-382. Dose-response curves following single drug and combination therapy (i). Dasatinib and temsirolimus after 72 hours of treatment and assessed by CellTiter-Glo.
Combination indexes for ED50 concentrations are shown. Green lines highlight synergistic combination treatments. Cell proliferation assessed by EdU/PI staining (ii).
Apoptosis assessed by AnnexinV/Pl staining (iii). Error bars £ SEM. n = 3 samples/data point. *P < .05; **P < .01; ***P < .001 in comparing single vs combination treated cells (i)

or in assessing differences in overall percentages of cells in S-phase or AnnexinV+/PI+ cells by Student 2-tailed t test (i and iii).

MOLT-4, and PF-382 cells. This led to the inhibition of many
downstream components of the TCR signaling pathway, including
loss of phosphorylation of ZAP70 and LAT, both of which are
required downstream of LCK for efficient signaling. By contrast,
neither temsirolimus nor MK-2206 treatment had any effect on
LCK phosphorylation or subsequent downstream TCR signaling
molecules, but instead effectively inhibited the phosphorylation of
S6K at residue Y389. Dasatinib treatment also partially decreased
AKT phosphorylation that is in line with inhibition of the cos-
timulatory CD28 receptor that elicits low-level crosstalk from LCK
to the PI3K pathway but had little effect on phosphorylation of
S6K. Our results show that dasatinib treatment results in inhibition
of downstream TCR signaling and strongly suggest that LCK
kinase is the target of dasatinib in T-ALL.

To directly test whether LCK is the target of dasatinib, we next
assessed drug effects in LCK-deficient Jurkat (J.Cam1.6) and 3

THERAPEUTIC TARGETING OF TYROSINE KINASE SIGNALING IN T-ALL

independent CRISPR-Cas? edited LCK-null MOLT4 clones
(Figure 3C-D; supplemental Figure 5). As expected, LCK knockout
cells were efficiently killed by single treatment with MK-2206 AKT-
inhibitor or temsirolimus mTOR-inhibitor (IC50 values provided in
supplemental Table 1). LCK-null cells exhibited strong sensitiza-
tion to single agent temsirolimus but lacked synergy when com-
plexed with dasatinib (Figures 3D; supplemental Figure 5). ZAP70
is a kinase required for TCR pathway activity and is a downstream
target of LCK. Thus, not surprisingly, ZAP70-deficient Jurkat (P116)
cells were also exquisitely sensitive to MK2206 or temsirolimus
monotherapy and exhibited complete abrogation of synergy with
dasatinib (Figure 3D). LCK phosphorylation was attenuated by
dasatinib in ZAP70-deficient T-ALL cells without altering cell
viability (Figure 3D; supplemental Figure 5). These results indicate
that dasatinib specifically inhibits the LCK signaling pathway and
when complexed with inhibitors of AKT/mTOR pathway, potently
kills human T-ALL.
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Figure 3. Dasatinib inhibits LCK phosphorylation and downstream TCR signaling and induces cell killing when cotreated with temsirolimus. (A) Schematic of TCR and
PI3K/AKT/mTOR signaling pathways along with pathway inhibitors. (B) Western blot analysis of T-ALL cells following drug treatment (dasatinib at 100 nM, temsirolimus at 200
nM) for 30 minutes. Representative blot from 3 biological replicates. (C) Western blot showing expression of total LCK and ZAP70 in Jurkat and MOLT-4 wild-type, LCK-
deficient (J.Cam1.6 and MOLT-4 clone 12) and ZAP70-deficient (P116) T-ALL cells. Histone H3 (H3) expression used as loading control. (D) Dose-response curves
following single drug and combination therapy in LCK- or ZAP70-deficient cells after 72 hours of treatment assessed by CellTiter-Glo. Error bars + SEM. n = 3 samples/data

point. Not significant (ns) by Student 2-tailed t test.

Leukemic cells often suppress proapoptotic pathways as a
mechanism for transformation and continued tumor mainte-
nance.®*“® In both T-ALL and normal T-cell development, the
antiapoptotic BCL-2 family of proteins are often upregulated to
curb cell death®”’? and include specific regulation of BCL-2, BCL-
xL and MCL-1. Hence, we examined their expression in T-ALL
cell lines in response to mono- and combination therapies
(Figure 4A). Although dasatinib monotherapy reduced BCL2
expression in MOLT4 and PF382 cells, and subsequently the
phosphorylation of BCL2 (S70), which is required for the full anti-
apoptotic function of BCL2,”" similar responses were not
observed in Jurkat cells (Figure 4A). Moreover, downregulation of
BCL2 was not further potentiated by single or cotreatment with
temsirolimus, suggesting that BCL-2 downregulation was not
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responsible for combination therapy-induced T-ALL cell killing.
Expression of BCL-xL was not altered by single or combination
therapies. By contrast, all 3 synergistic T-ALL cell lines potently
suppressed MCL-1 protein expression following combination
therapy. As would be predicted, if the TCR/LCK and mTORC1
pathways act in parallel and yet redundantly suppress apoptosis,
single drug treatment with either temsirolimus or dasatinib
had no impact on MCL1 expression in these models. Strikingly,
CCRF-CEM and HPB-ALL cell lines that are not killed by com-
bination dasatinib and temsirolimus also failed to downregulate
MCL-1 protein expression following treatment (supplemental
Figure 6C). These data again suggest that MCL-1 is the conver-
gent downstream target of LCK and mTORC1 pathways in
combination responsive cell lines and supports a model by which
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Figure 4. Combination dasatinib and temsirolimus inhibits MCL-1 expression. (A) Western blot analysis of Jurkat, MOLT-4, and PF-382 T-ALL cells following drug treatment
for 120 hours. Representative blot from 3 biological replicates. GAPDH expression used as loading control. (B) Dose-response curves following single drug and combination
therapy. Dasatinib, temsirolimus, and MCL-1 inhibitor AZD5991 after 24 hours of treatment and assessed by CellTiter-Glo. Combination indexes for ED50 concentrations are
shown (not significant if 20.5). (C) AZD5991 potently kills T-ALL cells after 4 days of treatment. AZD5991 (250 nM), dasatinib (500 nM), and temsirolimus (2 pM). Error bars + SEM.
n = 3 samples/data point. *P < .05; **P < .01; ***P < .001; ****P < .0001 by Student 2-tailed t test.

nonresponsive cell lines likely activate other pathways to main-
tain high levels of MCL-1 to support survival and growth. Finally,
treatment with 2 MCL-1 inhibitors, AZD5991 and AMG-176,
potently induced T-ALL cell killing in Jurkat, MOLT-4, and

THERAPEUTIC TARGETING OF TYROSINE KINASE SIGNALING IN T-ALL

PF-382 cells that was not further increased by addition of
either dasatinib or temsirolimus (Figure 4B-C; supplemental
Figure 6A-B). These results are in keeping with potent responses
of human T-ALL to MCL-1 monotherapy*’? and lack of cell
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Figure 5. Primary human T-ALL cells are killed by dasatinib and temsirolimus combination treatment. (A-B) Quantification of combination therapy responses in ex vivo
treated patient-derived xenograft cells isolated directly from the spleen of leukemic mice. Dose-response curves following 72 hours of therapy treatment (A). Quantification of
phosphorylated LCK+/SéK+ T-ALL cells for PDX 42512 and PDX TA10 following 30 minutes of drug treatment or 24 hours for PDX 44179 and PDX 24836 (B).
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Figure 5 (continued) Error bars denote + standard deviation in panel A and SEM in panel B, n = 3 replicates per data point and green lines denote synergistic combination
treatments. *P < .05; **P < .01; ***P < .001 by 2-tailed Student t test. Not significant (ns). (C-D) Primary patient samples following ex vivo combination treatment for 48 hours
(ALLT-323, ALLT-373, and ALLT-5221) or 72 hours (ALLT-379, ALLT-6787, and ALLT-7891). Dose-response curves with green lines denote synergistic drug responses (C,
average across duplicate samples shown). Synergy plots showing responses of drugs over varied dosing (D). Synergy scores were assigned using the Loewe method and
significance of >10 denoting marked synergy (ALLT-323, ALLT-379, ALLT-373, and ALLT-6787).

death in T-ALL cells treated with BCL2 inhibitor alone.®’%7*
These data again support a model where the
drug combination of dasatinib and temsirolimus converges on
MCL1 to downregulate its expression and potentiate cell death
in a subset of human T-ALLs.

Dasatinib and temsirolimus kill human T-ALL in
mouse xenografts

To provide preclinical rationale for assessing temsirolimus and
dasatinib combination therapy in patients, we next extended
our analysis of therapy responses to PDX models and primary
patient samples. Specifically, NOD/SCID/l12gr-null mice (NSG)

THERAPEUTIC TARGETING OF TYROSINE KINASE SIGNALING IN T-ALL

mice were engrafted with 4 PDX models and allowed to
progress to have a high leukemia burden. T-ALL cells were
isolated from the spleen and submitted to ex vivo drug testing.
Following 72 hours of combination treatment, PDX T-ALL cells
had reduced cell viability when assessed by CellTiter-Glo assay
(Figure 5A), whereas single drug treatments had little effect.
Importantly, all 4 PDX explant models responded to the com-
bination therapy. Combination treatment resulted in diminished
LCK and S6K phosphorylation in T-ALL cells following 30
minutes (542512 and TA10) or 24 hours of drug treatment
(24836 and 44179; Figure 5B), confirming on target drug
responses in PDX explant cultures.
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We next analyzed therapy responses from 9 pediatric and 5
adult T-ALL diagnostic samples (supplemental Table 2;
Figure 5C-D). Following ex vivo treatment, 4 primary pediatric
T-ALLs responded to combination therapy, 1 of which was
resistant to dexamethasone-induced cell killing (ALLT-323;
Figure 5C-D). By contrast, none of the adult T-ALLs tested
showed similar responses to combination therapy. From anal-
ysis of drug responses in cell line models, patient-derived
xenografts, and patient samples, we find that 45% of T-AlLLs
tested exhibited synergistic killing following combination
dasatinib and temsirolimus treatment (n = 13 of 29; supple-
mental Figure 7C). Analysis of responses across T-ALL subtypes
and association with specific genetic mutations failed to identify
any obvious biomarkers or correlations in predicting therapy
responses (supplemental Figure 7; supplemental Table 2),
although there appeared to be a trend toward higher TCR/LCK
pathway activity in samples that exhibited synergistic therapy
responses (supplemental Figure 7B). These results are akin to
those recently described in predicting transient dasatinib
monotherapy responses in human T-ALL based on high TCR
signaling component expression.®’

We next assessed the in vivo efficacy of these drugs using
mouse xenograft models. First, MOLT-4 and Jurkat cells were
lentiviral transfected with a luciferase/dsRED2 reporter and
engrafted into immune-deficient NSG mice by tail-vein IV
injection. Once animals developed systemic disease by 15 days
after engraftment, mice were randomized into vehicle control,
single drug treatment, or combination treatment groups. As
expected, vehicle-treated animals exhibited progressive dis-
ease that was associated with increased leukemia burden and
resulted in early morbidity (Figure 6A-D; supplemental
Figure 8A-C). Single-drug treatment also failed to efficiently
curb human T-ALL growth in vivo. By contrast, combination
therapy potently inhibited growth of both Jurkat and MOLT-4
leukemias grown in NSG mice. Mice treated with the drug
combination also had reduced numbers of T-ALL cells in
peripheral blood, bone marrow, and spleen after extended drug
treatment (Figure 6E; supplemental Figure 8D). Flow cytometry
also confirmed on-target inhibitory activity of dasatinib and
temsirolimus in curbing pLCK and pS6K in human T-ALL cells
obtained from the peripheral blood, bone marrow, and spleen
of engrafted mice (supplemental Figure 8E). Histopathologic
staining confirmed overall increases in apoptotic lymphoblasts
in the spleen following combination therapy in both MOLT-4
and Jurkat engrafted animals at the end of treatment
(Figure 6F-G; supplemental Figure 8F). Immunohistochemistry
also confirmed a decrease of CD45" cells in combination
treated spleens and an overall diminution of fluorescence
intensity for pS6K and pLCK in combination treated CD45*
T-ALL cells (Figures 6F,H; supplemental Figure 9).

To validate the drug combination efficacy in killing patient-
derived xenografts as the highest standard for preclinical eval-
uation, we next engrafted 2 PDXs into immunodeficient NSG
mice by IV tail-vein injection (Figure 7A; PDX 44179 and PDX
24836). Animals were treated when >5% leukemic blasts were
detected in the circulating blood by 15 to 20 days after
engraftment. Mice were then randomized into treatment
groups and treated for 8 weeks. Blood was analyzed weekly by
cheek bleeds, and the amount of leukemia blasts were
measured by flow cytometry and quantified as the percentage
of human CD45-positive cells present in blood circulation
(Figure 7A). Vehicle and monotherapy-treated mice exhibited
rapid leukemia onset with high leukemia burden, whereas mice
treated with the combination therapy had lower circulating
leukemic blasts being found throughout the treatment
(Figure 7B-C,G-H). Flow cytometry also confirmed that combi-
nation treated animals had lower percentages of CD45"
leukemic blasts in the peripheral blood, bone marrow, and
spleen at the end of treatment, even compared with
monotherapy-treated mice (Figure 7D,). TUNEL staining
confirmed overall increases in apoptotic lymphoblasts in the
spleen following combination therapy in both PDX models
(Figures 7E,J; supplemental Figure 10). We also confirmed on-
target efficiency of temsirolimus and dasatinib by observing a
diminution of fluorescence intensity of pS6K and pLCK in
CD45" T-ALL cells found in the spleen (Figure 7FK; supple-
mental Figure 10). There were no adverse effects on overall
health, survival, and average body weight between leukemic
mice treated with control, single- or double-drug combination
over the course of treatment (supplemental Figure 9B), sug-
gesting that the drug combination was well tolerated in mice.
These data confirm that dasatinib and temsirolimus kill a subset
of patient-derived human T-ALL in vivo.

Discussion

We identified that dasatinib suppresses LCK kinase activation
and subsequently turns off the TCR signaling pathway to halt cell
cycle progression and induce T-ALL cell death. Because T-ALL
cells often lack functional TCR”® and LCK-deficient T-ALL cell
lines are viable,?® the role of LCK as a critical driver of T-ALL
viability was unexpected. We and others have recently identified
the exquisite dependency of T-ALL cells on achieving the right
balance of TCR signaling to sustain growth. For example, Trin-
quand et al?® showed that hyperactive TCR signaling kills T-ALL
cells, whereas we uncovered that the PRL3 phosphatase sup-
presses hyperactive T-cell phosphorylation signaling pathways to
suppress apoptosis in leukemia cells.?”” The results presented
here starkly contrast with these studies and rather suggest a
Goldilocks scenario where LCK and downstream TCR signaling
must be sustained and fine-tuned to stimulate leukemia cell

Figure 6. Combination of dasatinib and temsirolimus inhibit Jurkat T-ALL growth in mouse xenografts. (A) Schematic of experimental design. (B) Representative images of
NSG mice engrafted with luciferase+/dsRED2+ Jurkat cells prior to the first day of treatment (day 0) or imaged after treatment on the days noted within each image panel. (C)
Kaplan-Meier survival curves. Combination treated mice had significant survival benefit compared with nontreated or monotherapy-treated mice (*P < .05; **P < .01, log-rank,
Mantel-Cox test). (D) Average radiance of each individual mice measured by bioluminescence. Squares denote the last radiance measurement of moribund animals. Two of 6
combination-treated mice had undetectable leukemia burden at 60 days. *P < .05; ***P < .001; by Tukey's post hoc analysis. (E) Quantification of dsRed+ T-ALL cells by flow
cytometry analysis of the spleen, bone marrow (BM), and peripheral blood from engrafted mice. Error bars equal £ SEM. *P < .05; **P < .01 by Tukey's post hoc analysis.
(F) Histopathologic analysis of spleens from control and combination therapy-treated mice. Hematoxylin and eosin (H&E), TUNEL, and co-immunohistochemistry for human CD45
(hCD45, FITC) along with either phospho-LCK or phospho-S6K (Alexa Fluor594) and DAPI (blue). Scale bars equal 20 pm. Arrows show representative stained cells. (G) Quanti-
fication of IHC analysis of spleens denoting the total number of hCD45 T-ALL cells/3 mm? across replicates () and TUNEL (ii). The average percentage of positive cells + SEM is
noted. (H) Quantification of phospho-LCK or phospho-S6K staining in CD45" T-ALL cells found in the spleen based on IHC staining. Average intensity is denoted by black
bars quantified across >3 animals per condition and 3 sections per spleen. More than 3000 cells were analyzed per condition (G-H). **P < .01; ****P < .0001 by Student 2-tailed ttest

(G-H).
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Figure 7. Combination of dasatinib and temsirolimus suppresses T-ALL growth in patient-derived xenografts. (A) Schematic of experimental design. (B-F) PDX 441979.
(G-K) PDX 24836. (B,G) Leukemia burden assessed by the percentage of CD45" T-ALL in the peripheral blood of engrafted mice. Combination therapy curbed tumor growth
compared with control treated mice. P values denote differences based on 1-way analysis of variance followed by Tukey post hoc test. (C,H) Kaplan-Meier survival curves. (*P <
.05; **P < .01; ***P < .001, log-rank, Mantel-Cox test). (D,l) Flow cytometry quantification of hCD45" T-ALL cells detected in the spleen, bone marrow (BM), and peripheral
blood of engrafted mice at the end of treatment. Error bars equal = SEM. (E,J) Quantification of spleen sections showing total number of hCD45 T-ALL cells/3 mm? (i) and
TUNEL (ii). Error bars denote + standard deviation. (F,K) Quantification of phospho-LCK or phospho-S6K staining in CD45" T-ALL cells found in the spleen based on IHC
staining. Average intensity is denoted by black bars quantified across >3 animals per condition and 3 sections per spleen. More than 3000 cells were analyzed per condition.
*P < .05; **P < .01; ***P < .001; ****P < 0001; Student 2-tailed t test (D-F,I-K).
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growth. Our data, along with others,*®’® support a model where

dasatinib inhibits LCK function by blocking downstream signals
from the TCR signaling complex, leading to suppressed prolif-
eration and death in a large fraction of T-ALL. Yet, the depen-
dency of MOLT-4 and PF-382 cells on LCK signaling was
unexpected, as these cells lack intact and functional TCR.”>"7 As
recently suggested by our group,”’” downstream phosphorylation
of classic TCR signaling molecules can be regulated in a receptor
agnostic mannerin T-ALL and likely represents a new therapeutic
vulnerability for a substantial fraction of human T-ALLs. These
data raise the intriguing hypothesis that other tyrosine kinase
receptors or downstream mutational activation of TCR pathway
components activate LCK in a subset of T-ALL to drive continued
leukemia growth and will surely be the subject of future studies.

Our work also uncovered potent drug synergies between
dasatinib and temsirolimus in killing a subset of human T-ALL
and specifically targeting LCK and S6K phosphorylation,
respectively. Dasatinib and other tyrosine kinase inhibitors have
been used for the treatment of Philadelphia chromosome
positive B-ALL, NUP214-ABL1+ T-ALL, and ABL1 amplified T-
ALL,”® suggesting the utility and well-tolerated application of
dasatinib in the clinic. Yet, single drug treatment often leads to
the acquisition of dasatinib-resistant mutations within the BCR-
ABL1 kinase domain’’ or the compensatory upregulation of
Shp2/Ras/ERK and PI3K/AKT/mTOR pathways.?° Similar results
were recently extended to non-ABL1 rearranged human T-ALL,
where dasatinib monotherapy lead to only short-term responses
in killing human T-ALL in vivo with a large majority of leukemias
rapidly progressing on monotherapy.®”®" Additionally, a case
report of 1 patient with refractory T-ALL treated with dasatinib
monotherapy reported a relapse after few months of treat-
ment.®? In the context of chronic myeloid leukemia, the dual
PI3K/mTOR inhibitor NVP-BEZ235 resensitized resistant cells to
TKI treatment and induced potent cell killing.®° These data
suggest that ABL kinase and mTORC1 lie in the same linear
pathway to drive sustained tumor growth in chronic myeloid
leukemia. By contrast, our work in T-ALL has uncovered that the
TCR/LCK signaling pathway and AKT/mTORC1 largely function
in parallel and redundant pathways to inhibit apoptosis and
sustain growth in part by modulating MCL-1 expression. In the
setting of T-ALL, MCL-1 protein stability can be regulated by
TCR signaling and acts independent of transcriptional changes
in MCL1.28%8% MCL-1 protein stability is also regulated by
growth factors, PI3K, and AKT in wide array of cancers,
including human T-ALL.%® For example, chemical epistasis
experiments have shown that PI3K inhibition regulates MCL-1
phosphorylation on S159 through a glycogen synthase kinase
3-dependent mechanism, resulting in ubiquitination and pro-
teasomal degradation in human T-ALL.”%%® Future studies will
focus on uncovering the precise mechanisms by which each
pathway regulates MCL1 expression in T-ALL.

Combination of dasatinib and temsirolimus therapy killed 45% of
human T-ALLs tested, was agnostic of T-ALL subtype or muta-
tional spectrum, and killed dexamethasone-refractory zebrafish
and human T-ALL. This drug combination was well tolerated over
the 8 weeks of treatment with no adverse effects, animal losses, or
significant changes in weight across all 4 models tested to date.
Indeed, combination of dasatinib and everolimus, an mTOR
inhibitor related to temsirolimus with similar in function, was
recently evaluated in high-grade pediatric glioma patients and

THERAPEUTIC TARGETING OF TYROSINE KINASE SIGNALING IN T-ALL

had limited toxicity thatincluded rash, mucositis, and fatigue that
did not require dose reduction. No significant adverse events
reported.?’ In total, our work now provides in vivo preclinical
validation for combination of dasatinib and temsirolimus for
treatment of aggressive and therapy-resistant T-ALL that will be
likely useful for a large fraction of patients.

Finally, we demonstrate that coadministration of dasatinib and
AKT/mTORC1 pathway inhibitors synergize to kill human T-ALL,
likely in part by the convergent downregulation of the MCL-1,
an antiapoptotic protein of the Bcl-2 family. Indeed MCL-1 is
translationally upregulated by the mTORC1 pathway in B-cell
lymphomas and is regulated at multiple stages of T-cell matu-
ration and following LCK/TCR pathway activation.®*#% Inter-
estingly, MCL-1 dependency is seen in a wide array of
hematologic and solid malignancies, including T-ALL.>*7%87:%0
However, direct targeting of MCL-1 as a monotherapy in
hematologic malignancies results in serious side effects
including cardiac toxicity.”’ Moreover, MCL1 loss in mouse
models results in severe hematologic defects,”*”* impaired
neural development,” and defects in synovial fibroblasts,”
suggesting a low-therapeutic window for the use of MCL-1
inhibitors in the setting of pediatric cancers. Rather, reducing
MCL1 expression by targeting tissue-restricted pathways like
TCR signaling along with mTORC1 may provide a better and
more tractable therapeutic strategy to deploy clinically in T-ALL.

Ultimately, our studies provided new insights into LCK-
mediated signaling effects on T-ALL survival and credential
dasatinib and temsirolimus as a new combination therapy for
killing pediatric T-ALL that should be considered for future
clinical evaluation.
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