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T-prolymphocytic leukemia (T-PLL) is a rare, aggressive T-cell malignancy with poor outcomes and an urgent need for new
therapeutic approaches. Integrating genomic data and new transcriptomic profiling, we identified recurrent JAK/STAT mutations
(predominantly in JAK3 and STAT5B) as hallmarks in a cohort of 335 T-PLL cases. In line, transcriptomic and protein analyses
revealed constitutive JAK/STAT activation in virtually all samples. Consequently, we explored the anti-leukemic potential of dual
STAT3/STAT5 non-PROTAC degraders in T-PLL, with JPX-1244 as our lead substance. JPX-1244 efficiently and selectively induced
cell death in primary T-PLL samples, including those resistant to conventional therapies, by blocking STAT3 and STAT5
phosphorylation and by inducing their degradation. The extent of STAT3/STAT5 degradation directly correlated with cytotoxicity.
RNA-sequencing confirmed the treatment-related downregulation of STAT5 target genes. While JAK/STAT mutations did not predict
responses to pharmacologic STAT3/STAT5 degradation, elevated expression of TOX, PAK6, and SPINTT were associated with drug
sensitivity. In subsequent combination screenings, cladribine, venetoclax, and azacytidine emerged as most effective combination
partners of STAT3/STATS5 degraders, even in low-responding T-PLL samples, all synergistically reducing STAT5 phosphorylation.
These findings highlight dual STAT3/STATS5 inhibition, particularly in combination with hypomethylating and BCL2-targeting agents,
as a promising interventional approach in T-PLL, warranting further investigation.
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INTRODUCTION

T-prolymphocytic leukemia (T-PLL) is a rare T-cell neoplasm with
an incidence of ~2 cases per million, comprising ~2% of mature
lymphocytic leukemias [1-3]. T-PLL patients typically present in
their 7" decade with rapidly rising lymphocyte counts, hemato-
poietic impairments due to bone marrow infiltration, splenome-
galy, and small lymphadenopathy [1, 4-6]. Conventional
chemotherapies show minimal efficacy [7]. The monoclonal
CD52 antibody alemtuzumab induces remission in ~90% of
therapy-naive cases [8-10], although relapses are almost inevi-

consolidating allogeneic stem cell transplantation in the small
subset of eligible patients [11]. This results in a low median overall
survival of T-PLL patients of <3 years from diagnosis [12].

The most common molecular hallmarks in T-PLL pathogenesis
involve rearrangements of the T-cell leukemia 1 (TCL1) family gene
loci of TCL1A or MTCP1. This juxtapositions them to T-cell receptor
(TCR) gene enhancer elements, resulting in constitutive expression
of these TCR signal amplifying oncogenes [5, 13, 14]. Loss of
functional Ataxia Telangiectasia Mutated (ATM), due to deletions
or mutations, impairs DNA damage check points and cooperates

table [7]. Long-term remissions can be achieved through with TCLTA overexpression [15-17]. Subsequent hits of postulated
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leukemogenic importance involve MYC, AGO2, the miR-ome, and
epigenetic regulators [15, 18, 19].

Recently, constitutive JAK/STAT signaling was uncovered as
another central node in T-PLL, mainly elicited by recurrent
genomic lesions, predominantly gain-of-function (GOF) mutations
in JAK1, JAK3, and STAT5B, supplemented by genomic losses of
negative JAK/STAT regulators such as DUSP4 and SHP1 [20]. The
JAK/STAT pathway is a well-described membrane-to-nucleus
signaling system with various effector functions. STAT3, STAT5A,
and STAT5B act as transcription factors upon phosphorylation and
nuclear transfer in response to JAK activation by cytokines or
growth factors [21, 22]. Constitutive activation of STAT3/STATS
enhances cell proliferation and prevents apoptosis, both linked to
the leukemogenesis of various entities [23-25].

There is limited clinical evidence supporting the use of JAK
inhibitors like ruxolitinib and tofacitinib in T-PLL [26-28],
including a case demonstrating activity when combined with
the BCL2 inhibitor venetoclax [29]. However, in more extensive
ex-vivo screenings of primary T-PLL samples, we reported a lack
of efficacy for JAK inhibitors [30, 31]. This implies that the
effector molecules STAT3 and STAT5 represent a more specific
vulnerability in T-PLL.

The therapeutic efficacy of single STAT5 inhibition in other
entities was limited through compensatory STAT3 activation via
a SOCS2-mediated feedback loop [32, 33], highlighting the need
for dual STAT3/STATS5 inhibition to overcome STAT dependence
and prevent bypass mechanisms. Although preclinical studies
explored SH2 domain-targeting peptides, small molecules, and
PROTAC-based strategies, no specific STAT3 or STATS5 inhibitor is
clinically available, mainly due to issues of bioavailability,
toxicity, and insufficient antitumor efficacy [34]. Novel com-
pounds from the JPX-series irreversibly bind to cysteine residues
in STAT proteins through nucleophilic aromatic substitution,
inducing protein destabilization and degradation [35, 36]. These
non-PROTAC small-molecule inhibitors showed encouraging
results in cutaneous T-cell lymphoma (CTCL) [37], T-cell acute
lymphoblastic leukemia (T-ALL) [38], and acute myeloid leuke-
mia (AML) [35].

Here, we present a comprehensive analysis establishing
constitutive JAK/STAT signaling as a key driver in T-PLL, supported
by a meta-analysis of 335 cases. We demonstrate the therapeutic
potential of dual STAT3/STAT5 non-PROTAC degraders from the
JPX-series, which efficiently inhibit STAT phosphorylation and
protein stability, correlating with ex-vivo treatment responses and
significantly altered STAT target genes. Combination strategies
with agents like cladribine, azacytidine, and venetoclax further
enhance efficacy, even in low-responding cases, highlighting dual
STAT3/STATS5 inhibition as a promising therapeutic approach in
T-PLL.

MATERIALS AND METHODS

Meta-analyses of genomic JAK/STAT aberrations

We combined 275 T-PLL cases previously published in our meta-analysis
[20] with 60 newly characterized cases (n = 30 newly sequenced; n =30 re-
analyzed [39]), resulting in 335 cases with sequencing data on at least one
JAK or STAT gene locus, including 147 cases with available sequencing data
for all JAK/STAT genes. The distribution of cases and sequencing methods
are in Supplementary Table 1.

Patient cohort

We included peripheral blood-derived samples of 58 T-PLL patients and
16 age-matched (>55 years) healthy donors in ex-vivo experiments
(patient characteristics in Supplementary Table 2). The diagnosis was
confirmed according to WHO criteria and consensus guidelines [1]. All
patients provided informed consent. Collection and use of samples for
research purposes were approved by the Ethics Committee of the
Universities of Cologne (#12-146, #19-089) and Helsinki (303/13/03/01/
2011).
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Single-compound and combination drug testing

The single-drug and combination screening included 28 JPX compounds,
19 combination partners, and bendamustine, cytarabine and ruxolitinib as
comparator substances. In these screenings, we either assessed cell
viability using the CellTiter-Glo (CTG) luminescent assay (Promega; single-
agent screening of JPX-series and combination screening, evaluating 1C50),
or cell death via AnnexinV-APC/7AAD flow cytometry (#640941, #420404,
both BioLegend; all other experiments, evaluating LD50), according to
standard protocols.

RNA-sequencing

In total, 118 samples were sequenced, comprising 32 primary T-PLL
samples without treatment and/or stimulation, and 11 T-PLL patients in the
context of JPX-1244 treatment (compared to DMSO control) and/or IL-6
stimulation (compared to unstimulated control), resulting in 4 conditions
per patient and timepoint (8 h and 24 h, n = 86 samples after exclusion of
2 samples with low RNA quality).

Further detailed information on the methodology of the meta-analysis,
cell isolation and culturing, immunoblots, assessment of single-compound
and combination screening data, RNA preparation, and processing of RNA-
sequencing data are provided in the Supplementary Methods.

RESULTS

Mutational landscape and activation state implicate enhanced
JAK/STAT signaling as a central mechanism of T-PLL's
pathogenesis

Building on our meta-analysis on JAK/STAT aberrations published
in 2019 [20], we merged the previously reported set of 275 T-PLL
with 60 additional cases. We assessed for JAK/STAT mutations by
RNA profiling, ending up at a cohort of 335 well-characterized T-
PLL (see Supplementary Table 1 for sources of cases and
sequencing methods). We first sought to determine the relative
frequencies of mutations in any JAK or STAT gene by only
considering cases with full data available on all JAK or STAT genes
(n = 147). In this cohort, 52.4% of patients (n = 77) carried at least
one mutation in any JAK or STAT gene (Fig. 1A). Mutations in JAK3
and STAT5B were most common with 16.3% each (n=24),
followed by STAT2 with 5.4% (n=8) and JAKT with 3.4% (n=15).
Co-occurring mutations were detected in 11 cases (7.5%), with
JAK3 plus STAT5B being the most frequent combination (3.4%,
n=>5). One case (0.7%) exhibited three co-occurring mutations
(JAK1, STAT5A, STAT5B).

Furthermore, we incorporated all T-PLL cases with sequencing
data on each respective JAK/STAT gene locus, and observed even
higher mutation rates, with 38.0% of cases being mutated in JAK3
(n=126/332), 21.2% in STAT5B (n=57/269), 5.9% in JAK1 (18/
306), and 8.5% in STAT2 (n=12/142, Supplementary Fig. 1A).
Mutations in JAK1 and JAK3 predominantly clustered in the
negative regulatory Ser/Thr kinase domain (‘pseudokinase
domain”) with the V658F missense mutation being the most
frequent variant in JAK7 (50.0%, n = 9/18, Supplementary Fig. 1B),
indicative of hyperactivation of JAK1, and the M511/ GOF missense
mutation as the most frequent in JAK3 (58.7%, n = 74/126) [40]. In
STAT2, the most common missense mutation Q875H was detected
in the C-terminal region (33.3%, n =4/12). In STAT5B, virtually all
mutations were found in the SH2 domain, with the N642H
missense mutation, a GOF variant hyperactivating STAT5B by
prolonged and enhanced tyrosine phosphorylation [41], as the
most common (47.4%, n = 27/57).

We next investigated transcriptomic and proteomic signatures
of JAK/STAT activation in T-PLL. As T-PLL shows a heterogeneous
coreceptor spectrum that includes CD4", CD8", and CD4tCD8"
subsets (Supplementary Table 2), we utilized CD3" pan-T cells
derived from age-matched healthy donors as controls, capturing
this respective diversity of T-PLL [42]. Remarkably, we found
constitutively enhanced basal (unstimulated) phosphorylation of
STATS5 in all investigated cases (n = 8), when compared to CD3"
T cells from healthy donors (n = 5). This was irrespective of JAK/
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Fig.1 Genomic, transcriptomic, and proteomic signatures of enhanced JAK/STAT signaling in T-PLL. We expanded a previously published
meta-analysis containing sequencing data on 275 T-PLL cases [20] with 60 additional cases, assessed for JAK/STAT mutations by RNA
profiling, resulting in a cohort of 335 T-PLL patients with sequencing data on at least one JAK or STAT gene locus. A Frequency of JAK and
STAT mutations in 147 T-PLL patients. Only patients with data on the mutational landscape of all JAK/STAT members were included. The
inner pie chart displays the proportion of T-PLL patients carrying one (blue), two (claret), three (black), or no (gray) mutation in members
of the JAK/STAT signaling pathway. The outer pie chart gives information on the affected JAK/STAT gene. B Basal phosphorylation of STAT5
in 8 T-PLL cases compared to healthy-donor derived CD3* T cells (n = 5), as assessed via immunoblot. The JAK/STAT mutation status is
presented for all T-PLL patients. Quantification of STAT5 phosphorylation was performed in comparison to total STAT5 expression, and f-
Actin was used as a housekeeper. C Volcano plot of STAT5 target genes, adopted from the HALLMARK IL2-STAT5 targets gene list, in 32
T-PLL cases compared to healthy-donor derived T-cell controls (n = 6). Genes significantly upregulated in T-PLL cells are presented in red,
downregulated genes are marked in blue (FDR < 0.05, |log,FC|21.5). D Bar chart displaying the viability of primary T-PLL cells with and
without continuous stimulation with interleukins (IL-2 5 ng/ml; IL-6 2 ng/ml; IL-7 5 ng/ml) or in co-culture with the feeder cell lines KuSa
and NKtert. Cell death was measured after 48 h via AnnexinV/7AAD flow cytometry (mean with SD is presented, two-tailed paired
Student’s t test, **p < 0.01).

STAT mutations (Fig. 1B), and suggests alternative modes of JAK/
STAT activation besides GOF mutations. To further substantiate

positive regulators of JAK/STAT signaling, e.g. IL5RA and IL6R, in
T-PLL, as compared to healthy-donor CD3* T cells (n = 6). Next,

constitutive STAT5 activation, we analyzed the expression of
STATS5 target genes in T-PLL cases (n=32) in comparison to
CD3™ T cells from age-matched healthy donors (n = 6) via bulk
RNA-sequencing. Overall, 63 described STAT5 target genes were
significantly differentially expressed (false discovery rate (FDR)
<0.05, fold change |log,FC|=1.5), with the majority of differen-
tially expressed genes (DEG) being significantly upregulated in
T-PLL cells (e.g. MYC and BCL2L1; Fig. 1C). This constitutive
activation, independent of GOF mutations, is in line with
previously reported genomic losses of negative regulators of
JAK/STAT signaling in T-PLL [20]. To consolidate these findings,
we assessed gene expression levels of key regulators (Supple-
mentary Table 3) in 32 T-PLL cases (Supplementary Fig. 1C).
Fittingly, we observed a significant downregulation of negative
regulators, e.g. DUSP2 and PTPN13, and an upregulation of

Leukemia (2025) 39:1435 - 1448

we aimed to investigate how extrinsic cytokine stimulation,
predominantly mediating signals via the JAK/STAT pathway,
impacts the viability of T-PLL samples. For this, T-PLL cells were
exposed to IL-2, IL-6, or IL-7 (n = 8), or co-cultured with the bone
marrow stromal feeder cell lines NKtert and KuSa (n = 4, Fig. 1D).
Both models of micromilieu-derived stimulation significantly
increased the viability of T-PLL cells, measured after 48 h
incubation (control to IL-2 p=0.0012, IL-6 p=0.0018, IL-7
p=0.0021, all Student's t test), indicating added beneficial
effects of exogenous JAK/STAT trigger despite the proven basal
activation. These findings were supported by a gene set
enrichment analysis (GSEA), which compared the RNA expres-
sion of genes in T-PLL cases (n=32) to healthy-donor controls
(n = 6), emphasizing increased cytokine signaling in T-PLL cells
(Supplementary Fig. 1D).
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High ex-vivo potency and selectivity of the non-PROTAC dual
STAT3/STATS5 inhibitor JPX-1244

Given the corroborated central role of basal and induced JAK/
STAT signaling in T-PLL, we explored the potential of novel non-
PROTAC small-molecule inhibitors from the JPX-series designed
to simultaneously target STAT3 and STATS5. First, we conducted a
single compound screening of 28 STAT3/STAT5 inhibitors in 5,
12, or 15 T-PLL cases (Fig. 2A). All 28 compounds efficiently
reduced T-PLL cell viability in each case after 72 h treatment as
determined by CTG luminescent assays, with IC50 values ranging
from a mean of 0.49 uM (JPX-0941) to 1.91 uM (JPX-1083), which
was lower than for the JAK1/JAK2 inhibitor ruxolitinib (IC50 =
8.93 uM) and for the cytostatic agents bendamustine (IC50 =
12.3 uM) or cytarabine (IC50 =2.12 uM). We selected JPX-1244
as our lead substance for further experiments after evaluating
stability and safety data ex vivo and in vivo. JPX-1244
demonstrated robust stability in whole blood and satisfactory
glutathione stability alongside favorable plasma concentrations
following intravenous or intraperitoneal administration in mice
(Supplementary Fig. 2A-C).

Next, we investigated the efficacy and selectivity of JPX-1244 in
a larger T-PLL cohort. The LD50 in 36 primary T-PLL cases
(mean = 0.63 uM) was significantly lower than in healthy-donor
CD3" T cells (n =4, mean = 1.29 uM, p <0.001, Student’s t test)
and in healthy-donor peripheral blood mononuclear cells (PBMCs,
n=4, mean =142 uM, p < 0.0001, Student’s t test), as assessed by
AnnexinV/7AAD flow cytometry after 48 h of treatment, implicat-
ing a selective anti-leukemic effect of JPX-1244 in T-PLL (Fig. 2B).
We further validated the efficacy of JPX-1244 treatment in T-PLL-
like cell lines, generated by introduction of TCL1A into T-cell
leukemia lines (HUT78™'*, Jurkat™ A, HH™"'%) and in SUP-T11
cells (carrying a t(14;14)). The comparable LD50s ranged from
0.48 uM to 0.84 uM (Supplementary Fig. 2D).

To investigate the efficacy of JPX-1244 in T-PLL in the context of
simulated microenvironmental pro-survival stimulation, we per-
formed cocultures of primary T-PLL cells with the bone marrow
stromal cell (BMSC) lines NKtert and KuSa (n = 4, Fig. 2C). Although
the LD50s of JPX-1244 increased in this setting (2.13-fold in NKtert
condition, p =0.0391; 2.95-fold with KuSa, p=0.0166, two-way
ANOVA), JPX-1244 overcame the feeder cell support in both
cocultures. Furthermore, we investigated the activity of JPX-1244
in relapsed T-PLL (Fig. 2D), representing a serious clinical
challenge in T-PLL therapy. Remarkably, the LD50 of JPX-1244 in
relapsed cases (n=12) was similar to those in samples from
therapy-naive T-PLL (n = 21, 1.14-fold increase), while bendamus-
tine (1.98-fold increase) and fludarabine (3.35-fold increase),
exhibited higher LD50 levels in these cases.

JPX-1244-mediated STAT3/STAT5 dephosphorylation and
degradation correlate with ex-vivo anti-leukemic responses
Having established the ex-vivo efficacy and selectivity of JPX-1244
in T-PLL, we explored the mode(s) of action of this inhibitor
designed to target STAT3 and STAT5. We compared the
phosphorylation and protein stability of STAT3 and STATS5 in 11
T-PLL cases after exposure to (sub-lethal) 2.4 uM JPX-1244 for 8 h
and 24 h. We also stimulated one part of each condition with 2 ng/
ml IL-6 to additionally induce phosphorylation of STAT3 and
STAT5 in T-PLL cases with lower basal phosphorylation levels
(Supplementary Fig. 3A, B). Viability of T-PLL cells was above 50%
at the time of harvest (Supplementary Fig. 3C). Treatment with
JPX-1244 for 24h led to a significant reduction of the IL-6-
mediated phosphorylation of STAT3 (p <0.0001) as well as a
significant decrease in the unstimulated and IL-6 triggered
phosphorylation of STAT5 (p = 0.0127 and p < 0.0001, respectively,
all Student’s t test, Fig. 3A). This inhibited STAT3/STAT5
phosphorylation was followed by significant STAT3 and STAT5
degradation in both the unstimulated and IL-6 stimulated
conditions (STAT3: p=0.0012 unstimulated, p=0.0002 upon

SPRINGER NATURE

IL-6 stimulation; STAT5: both p < 0.0001, all Student’s t test). While
the impairment of STAT3/STAT5 phosphorylation already ensued
after 8 h, the effects of JPX-1244 treatment on protein stability
were more pronounced at the 24 h timepoint (Supplementary
Fig. 3D).

Although all 36 T-PLL cases showed responses to JPX-1244 in
our 48 h cytotoxicity assays (Fig. 2B), we observed a sizable
range in LD50 from 0.12uM (PO1) to 1.28 uM (P16, Fig. 3B).
Based on this ~1-log distribution, we divided the cases into the
subgroups of high-responders (HR, LD50 < 0.45 uM, n =12) and
low-responders (LR, LD50 > 0.75 uM, n = 11) with the mid-tercile
of 13 cases excluded for further comparisons. To associate
cytotoxicity of JPX-1244 treatment with the degree of reduced
STAT3/STAT5 phosphorylation and protein degradation, we
compared immunoblots upon JPX-1244 treatment in 7 HR and
4 LR cases (Fig. 3C, D). HR T-PLL patients tended to show lower
levels of STAT5 phosphorylation upon JPX-1244 treatment, both
in unstimulated T-PLL after 8h (p=0.0419) and in IL-6
stimulated samples after 24 h (p = 0.0499, both Student’s t test).
Strikingly, the extent of protein degradation of both STAT3 and
STAT5 was consistently higher in HR than in LR patients after
24 h of JPX-1244 treatment (STAT3: p =0.0040 unstimulated,
p=0.0005 upon IL-6 stimulation; STAT5: p=0.0001 unstimu-
lated, p=0.0002 upon IL-6 stimulation, all Student’s t test).
These data demonstrate a strong association between the
biochemical mechanism of the dual STAT3/STAT5 degrader and
its cytotoxic effects.

Marked transcriptomic alterations of JAK/STAT targets upon
JPX-1244 treatment

To investigate the downstream effects of JPX-1244-mediated
inhibition of the transcription factors STAT3 and STATS5 in T-PLL,
we conducted RNA sequencing of eleven T-PLL cases (7 HR and
4 LR samples) upon treatment with sublethal 2.4 uM JPX-1244.
We sequenced 8 conditions for each case: an 8h and 24h
timepoint, each dichotomized by DMSO vehicle control vs. JPX-
1244 treatment, of which each was maintained unstimulated vs.
stimulated with 2 ng/ml IL-6 for the above durations (Fig. 4A).
Upon JPX-1244 treatment, 1 311 genes were significantly
differentially expressed at 8h and 4 801 genes at 24h of
treatment, compared to the respective untreated controls
(FDR < 0.05), with an overlap of 1 220 genes between both
timepoints (24.9% of all DEGs, Fig. 4B). Notably, we observed
that 93.06% of genes that were differentially expressed after 8 h
of JPX-1244 treatment, were also found differentially expressed
after 24 h of treatment, while the vast majority (73.2%) of DEGs
after 24 h of JPX-1244 treatment were only detectable after 24 h.
Exemplarily, we determined upregulation of the TCR checkpoint
inhibitor CTLA4 and downregulation of the STAT5 target gene
FGL2 after 8 h treatment, and upregulation of genes encoding
for heat shock proteins like HSPB1 as signs of early apoptotic
signaling after 24 h of treatment (Fig. 4C). Upon IL-6 stimulation,
we observed upregulation of STAT3, JAK3, and the negative
feedback regulator SOCS3 after 24 h (Supplementary Fig. 4A), a
pattern that was previously described for this signaling axis [43].
JPX-1244-mediated effects were comparable between the
unstimulated and IL-6 stimulated conditions (Supplementary
Fig. 4B, C). By conducting GSEA (Hallmark gene sets) of DEGs in
unstimulated T-PLL cases upon JPX-1244 treatment, we identi-
fied significant enrichment of the PI3K-AKT-mTOR signaling
pathway, the p53 pathway, apoptotic signaling, IL-2-STAT5, and
IL-6-STAT3 gene sets at both 8h and 24 h timepoints (FDR <
0.05, Fig. 4D).

Next, we evaluated the specificity of JPX-1244 treatment on
STAT5 target genes. We performed unsupervised hierarchical
clustering analyses of untreated and JPX-1244-treated (24 h) T-PLL,
utilizing an expert-knowledge-based gene list of STAT5 target
genes (Fig. 4E) and an unbiased list of KEGG JAK/STAT genes
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Fig.2 Dual STAT3/STATS inhibitors efficiently and selectively induce cell death in primary T-PLL cells ex-vivo. A Box plot showing inhibitory
concentrations 50 (IC50s) of 28 dual Non-PROTAC STAT3/STAT5 degrader in primary T-PLL cases, in comparison to the cI|n|caIIy used cytostatics
bendamustine and cytarabme and the JAK inhibitor ruxolitinib. The number of T-PLL cases tested is given for each compound (' n=5,2n=15,>n=12).
Mean with whiskers minimum to maximum are presented and substances were ordered from lowest to highest IC50. Cell viability was determined via cell
titer glow (CTG) assay after 72 h treatment. JPX-1244 is marked as the selected lead substance, based on stability and safety data given in Supplementary
Fig. 2A-C. B Violin plot of JPX-1244 lethal dosages 50 (LD50) values of 36 T-PLL cases, compared to CD3™ T cells and PBMC derived from age-matched
healthy donors (n = 4). Cell death was determined by AnnexinV/7AAD flow cytometry after 48 h treatment with increasing concentrations of JPX-1244.
The median is presented as an interrupted line and the quartiles as a dotted line. A two-tailed unpaired Student’s t test was performed (****p < 0.0001).
C Dose-viability curves of primary T-PLL cells in monoculture or cocultures with stromal bone marrow feeder cell lines NKtert and KuSa (n = 4) upon
treatment with increasing concentrations (0.1 uM to 10 uM) of JPX-1244 for 48 h (mean with SEM, two-way ANOVA with Geisser-Greenhouse correction
and Bonferroni’s multiple comparisons test, *p < 0.05). D Bar chart displaying median LD50s of bendamustine, fludarabine, and JPX-1244 in 21 therapy
naive T-PLL cases compared to 12 relapsed (rel) T-PLL patients. Median LD50s were calculated based on the median dose-viability curves after 48 h
treatment with increasing concentrations of each compound, viability was assessed via AnnexinV/7AAD flow cytometry (see Supplementary Fig. 2E for
individual dose-viability curves). Not all patients individually reached an LD50 (not reached with fludarabine: naive 5/21 patients, relapsed 5/12 patients;
not reached with bendamustine: naive 13/21 patients, relapsed 5/12 patients with higher concentrations tested). The LD50 of bendamustine exhibited a
1.98-fold increase in relapsed patients, of fludarabine a 3.35 increase, and of JPX-1244 a 1.14-fold elevation, compared to treatment-naive T-PLL cases.
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Effect of JPX-1244 on STAT3 and STATS phosphorylation and protein stability in primary T-PLL cells (n = 11)
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Fig. 3 Underlying its marked anti-leukemic activity, JPX-1244 reduces STAT3/STAT5 phosphorylation paralleled by induced STAT3/
STAT5 degradation. The effects of JPX-1244 treatment on STAT3 and STAT5 phosphorylation, as well as protein stability, were investigated in
immunoblots of 11 T-PLL patients, treated with 2.4 pM JPX-1244 for 8 h or 24 h. To enhance the phosphorylation of STAT3 and STAT5 in patients with low
basal phosphorylation levels, each condition was doubled and stimulation with IL-6 (2 ng/ml) was performed in one sample of each condition (see
Supplementary Fig. 3A for pSTAT3 and pSTAT5 quantification upon IL-6 stimulation). A Quantification of densitometry of pSTAT3, pSTAT5, STAT3, and
STATS5 signals, untreated or upon treatment with JPX-1244 for 24 h, assessed by immunoblots and normalized to p-Actin (mean with SD, two-tailed paired
Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001, **p < 0.0001). B Bar chart showing the distribution of LD50s upon JPX-1244 treatment in 36 T-PLL
patients (0.12 uM to 1.28 uM), as determined in viability assays shown in Fig. 2B. Patients were divided in JPX-1244 High-responder (0.12-0.45 pM, n = 12)
and Low-responder (0.75-1.3 pM, n = 11). T-PLL patients who have been assessed for STAT3/STAT5 phosphorylation and protein degradation upon JPX-
1244 treatment are labeled in green (h=11).C Exemplar |mmunob|ots of one JPX-1244 High-responder (P11) and one Low-responder (P26) upon JPX-
1244 treatment. Signals of pSTAT5 "%, STAT5 PSTAT3™7%, and STAT3 are shown, densitometric quantification of each was calculated relative to p-Actin.
Cleavage of Caspase 3 signals is presented as apoptotic marker and p-Actin was used as a housekeeper. D Quantification of pSTAT3, pSTAT5, STAT3, and
STAT5 signals upon JPX-1244 treatment divided between low- (n=4) and high-responding cases (n = 7). Densitometric assessments were calculated
relative to -Actin and normalized to the untreated control (mean with SEM, two-tailed unpaired Student's t test, *p < 0.05, **p < 0.01, ***p < 0.001).
Quantification of pSTAT3 signals was only performed upon IL-6 stimulation, as most of the T-PLL patients did not show basal STAT3 phosphorylation.
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Experimental setup for RNA sequencing
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and SPINT1 expression

As neither basal nor IL-6-induced pSTAT3 and pSTAT5 levels
could be associated with JPX-1244 responses (Supplementary
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Fig. 4 Marked transcriptomic alterations of JAK/STAT targets upon JPX-1244 exposure. A Flow chart visualizing the experimental setup for
subsequent RNA-sequencing. In total, 11 T-PLL patients were treated, with 2.4 uM JPX-1244, either for 8 or 24 hours, against DMSO controls. In
addition, in each condition, one sample was stimulated with 2 ng/ml IL-6, resulting in 8 samples per patient. B Venn diagram showing the
overlap of differentially (Jlog,FC|=3; FDR < 0.05) expressed genes (DEG) upon JPX-1244 treatment (without IL-6 stimulation) between 8 h and
24 h of treatment. While 91 genes were exclusively deregulated after 8 h (1.9%), 1,220 genes showed differential expression at both time
points (24.9%), and 3581 genes (73.2%) were exclusively deregulated after 24 h of JPX-1244 treatment. C Volcano plot of DEGs upon JPX-1244
treatment (without IL-6 stimulation) after 8 h (left) and 24 h (right). Genes significantly downregulated upon JPX-1244 treatment are marked in
blue, and genes upregulated upon JPX-1244 treatment are colored in red, with a cut-off at |log,FC|=3 and an FDR<0.05. D Gen set
enrichment analyses (GSEAs) of HALLMARK gene sets upon JPX-1244 treatment compared to DMSO controls, presented for 8 h (light gray)
and 24 h of treatment (dark gray). All significantly altered gene sets (FDR < 0.05) are presented in the graph. Gene sets of particular interest,
specifically those related to apoptotic signaling and the JAK/STAT signaling pathway, are highlighted with red boxes. E Heatmap showing the
expression of expert knowledge-selected STAT5 target genes, including JPX-1244 treated and DMSO control samples after 24 h without IL-6
stimulation. Unsupervised hierarchical clustering revealed a striking separation between treated and untreated T-PLL cases. Results were
confirmed in an unbiased approach, utilizing the KEGG JAK/STAT gene list (Supplementary Fig. 4A). The patient identification codes (as

summarized in Supplementary Table 2) are displayed in the legend at the top.

Fig. 5), we aimed to identify potential factors for lower
responsiveness towards JPX-1244. For this purpose, we com-
pared the transcriptomes of the T-PLL samples categorized
based on their sensitivity to JPX-1244, namely 12 HR and 11 LR
patients. In total, we identified 11 downregulated and 45
upregulated genes in HR cases compared to LR patients
(FDR < 0.05, Fig. 5A). Among the significantly upregulated genes
in the HR cohort, we identified TOX (p = 0.0110), a transcription
factor described to regulate T-cell differentiation and to prevent
T-cell overstimulation [44], PAK6 (p =0.0392), a transcriptional
regulator promoting cell survival with overexpression in various
tumors [45], and SPINT1 (p=0.0141, all Student’s t test), a
protease inhibitor and negative prognostic marker for treatment
response in chronic lymphocytic leukemia [46] (Fig. 5B). Further
substantiating a potential implication of these gene deregula-
tions in T-PLL, we performed correlations between the
respective gene expression and clinical characteristics. Interest-
ingly, T-PLL cases with higher TOX expression tended to exhibit
lower white blood cell counts at diagnosis (T-PLL cases with
lower TOX expression n =33, vs. higher TOX expression n=5,
p=0.025, Student’s t test, Fig. 5C) and displayed better
responses to first-line therapies (T-PLL with lower TOX expres-
sion n =29, vs. higher TOX expression n =3, p=0.0121, Fisher’s
exact test). No significant associations between PAK6 and SPINT1
expression and clinical features were observed.

JPX-1244 treatment responses are independent of JAK/STAT
mutation status

Given the high prevalence of mutations in JAK or STAT genes in T-
PLL, we sought to determine whether the JAK/STAT mutation
status impacts JPX-1244 sensitivity. JAK/STAT mutation status, as
assessed by RNA variant calling, was associated with 48 h ex-vivo
JPX-1244 treatment responses in the cohort of 32 T-PLL. We
detected no significant differences in LD50 values between T-PLL
cases without a mutation in any JAK/STAT gene (n=11, mean
LD50 = 0.49 uM) vs. patients with any JAK/STAT mutation (n =21,
mean LD50 =0.69 uM, Fig. 5D). We further investigated single
mutations, but neither JAK3 mutated (n =7, mean LD50 =0.70 u
M) nor STAT5B mutated cases (n=9, mean LD50 = 0.64 uM)
displayed significantly different JPX-1244 LD50 as compared to
cases with JAK3 (n = 25, mean LD50 = 0.60 uM) or STAT5B (n = 23,
mean LD50 = 0.62 uM) in wildtype configuration. As most STAT5B
mutations cluster in the SH2 domain (Supplementary Fig. 1B), this
finding remarkably indicates an independence of JPX-1244
treatment efficacy from SH2-phoshphopeptide affinity.

To further confirm the independence of JPX-1244 activity from
the presence of JAK/STAT GOF mutations, we evaluated responses
in the T-PLL-like cell line SUP-T11, that was modified by carrying
either a STAT5BV*" or a JAK3Y'" mutation. Following 48 h of
treatment with JPX-1244, AnnexinV/7AAD flow cytometry
revealed no significant differences in cell death induction between
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the STAT5B-mutated, JAK3-mutated, and unmutated variants
(Fig. 5E). These findings align with our hypothesis that constitutive
JAK/STAT activation is independent of specific JAK/STAT muta-
tions, making STAT3/STATS5 inhibition a promising target for T-PLL
cases, irrespective of their JAK/STAT molecular profile.

Cladribine, venetoclax, and azacytidine as effective partners
of specific STAT3/STATS5 inhibition

Enhancing the efficacy of single-compound therapies often
comes at the expense of increased toxicity, highlighting the
need for well-selected combination approaches. We, therefore,
implemented a two-pronged strategy to identify optimal
partners for JPX-1244: (i) compound selection based on the
current understanding of T-PLL pathogenesis [31, 47] and prior
ex-vivo drug testing [30, 48] identifying KRT-232, belinostat,
ruxolitinib, cladribine, bendamustine, trametinib, dinaciclib, and
azacytidine. In addition, (ii) we utilized RNA sequencing data to
predict compounds capable of reprogramming the transcrip-
tome of LR patients to resemble that of HR patients, leveraging a
novel machine learning framework [49]; this identified elesclo-
mol, danusertib, BAY872243, panobinostat, idarubicin, gemcita-
bine, sirolimus, pralatrexate, cobimetinib, venetoclax, and
NMS1286937. In the subsequent ex-vivo screening, we investi-
gated the efficacy and selectivity of these single compounds and
their combination with JPX-1244 in 20 T-PLL and in 3 healthy-
donor derived controls (CD3™ T cells and PBMC) after 48 h of
treatment (see Supplementary Table 4 for concentrations).
Elesclomol and KRT-232 showed the highest drug sensitivity
score (DSS) as single compounds (Supplementary Fig. 6A). In
combination with JPX-1244, the DNA-methyl transferase inhi-
bitor azacytidine, the hypomethylating nucleoside cladribine,
the BCL-2 inhibitor venetoclax, and the MDM-2 inhibitor KRT-232
emerged as top candidates (Fig. 6A). Combinations with these
compounds not only demonstrated high potency against T-PLL,
but also, through unsupervised hierarchical clustering, tend
to ameliorate the previous JPX-1244-defined differences
between HR and LR patients. Importantly, these 4 combinations
also exhibited strong T-PLL selectivity as compared to T cells
(Fig. 6A) and PBMCs from healthy donors (Supplementary
Fig. 6B).

In a pilot experiment, we then investigated synergistic
mechanisms underlying the efficacy of three selected combina-
tions. We treated primary T-PLL cells derived from one HR and one
LR patient with sublethal dosages of JPX-1244 (1.2 uM), cladribine
(10 nM), venetoclax (30 nM) and azacytidine (3 uM) for 24 h, as
mono-therapies or in combination. Apoptotic markers, including
cleavage of PARP and Caspase-3, were prominently induced in the
HR patient and also became evident in the LR patient when
treated with the combinations (Fig. 6B). Furthermore, we observed
pronounced phosphorylation of P53 upon treatment with
cladribine in both the HR and the LR patient. Interestingly,
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phosphorylation of P53 was also prominent upon treatment with
JPX-1244 as a single-compound as well as in combination with
azacytidine in the HR patient. Next, we investigated the effect of
cladribine, azacytidine, and venetoclax on the JPX-1244 targets
STAT3 and STAT5. Remarkably, azacytidine as a single agent
reduced STATS5 phosphorylation in both the HR and the LR patient,
and this effect was significantly amplified when combined with
JPX-1244. In line, we observed a similar effect on STAT5 and STAT3
phosphorylation by the combination of JPX-1244 with cladribine
or venetoclax.
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These findings establish through predictions and validations the
agents cladribine, azacytidine, and venetoclax as synergistic and T-
PLL-specific combination partners for JPX-1244.

DISCUSSION

Our analysis highlights constitutively active JAK/STAT signaling
as a central pathogenetic lesion and an actionable target in
T-PLL. Based on this initial rationale, we evaluated novel dual
STAT3/STAT5 non-PROTAC degraders in T-PLL. The marked anti-
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Fig. 5 The sensitivity of T-PLL towards JPX-1244 is independent of JAK/STAT mutational status, but correlates with elevated TOX, PAK6,
and SPINT1 expression. A Volcano plot showing differentially expressed genes between JPX-1244 LR (n =11) and HR (n = 12) T-PLL cases, as
assessed by RNA-sequencing (without treatment or stimulation). Significantly upregulated genes in HR cases are marked in red and
significantly downregulated genes in blue (cut-off at |log,FC|=3 and FDR < 0.05). B Box plot showing TOX, PAK6, and SPINTT expression
patterns, divided between HR and LR T-PLL cases (mean with minimum to maximum, two-tailed unpaired Student’s t test, *p <0.05,
FDR < 0.05). € Association of white blood cell counts (WBC) at diagnosis (left) and first-line therapy responses (right) with TOX mRNA
expression, considering all T-PLL patients with data available on the respective clinical characteristic and TOX mRNA expression. T-PLL patients
were divided in two groups based on the mean TOX mRNA expression. Left: WBC at diagnosis comparing low (n = 33, mean = 162.4 x 10°
cells/l) and high (n = 5, mean = 61.1 x 10°cells/l) TOX expressing T-PLL cases (box plot with median as line, mean as rhombus, and whiskers as
the interquartile range, p = 0.025, two-tailed unpaired Student’s t test). Right: Response to first-line therapy, divided in patients with low
(n=29) and high (n=3) TOX expression (fisher’s exact test, p =0.0121). Treatment responses were assessed as clinical complete remission
(clinical CR), clinical complete remission with incomplete count recovery (clinical CRi), CR, CRi, progressive disease (PD), and partial response
(PR), as previously defined [1]. D Association of JPX-1244 treatment responses with the JAK/STAT mutation status. A cohort of T-PLL patients
(n = 32) was included, for whom cytotoxicity data from JPX-1244 treatment (see Fig. 2B) and corresponding JAK/STAT mutation profiles (see
Fig. 1) were available. Box plots of JPX-1244 LD50 values, divided between T-PLL patients (left) with and without any mutation in a JAK/STAT
family member (left: without ‘J/S wt' n =11, mean = 0.49 pM; with ‘J/S mt' n = 21, mean = 0.69 pM), between T-PLL patients with and without
JAK3 mutation (middle: without ‘JAK3 wt' n = 25, mean = 0.60 uM; with ‘JAK3 mt' n =7, mean = 0.70 uM), and between T-PLL patients with and
without STAT5B mutation (right: without ‘STAT5B wt' n = 23, mean = 0.64 pM; with ‘STAT5B mt' n =9, mean = 0.62 pM). Mean with whiskers
minimum to maximum is presented. No significant differences were observed in all three comparisons (p > 0.05, two-tailed unpaired Student’s

t test). E Dose-viability curves of the TCL1 Aﬁlositive T-PLL-like cell line SUP-T11 upon transgenic JAK/STAT alterations. The strains SUP-T11°™PY,

SUP-T11 STAT5B"4%Pe Syp-T11 STAT5BV®*

| SUP-T11 JAK3WI9Pe syp-T11 JAK3Y'" were treated with increasing concentrations (0.1 uM to
;0 uM) of JPX-1244 and viability was assessed via AnnexinV/7AAD flow cytometry after 48 h.

T-PLL cell potency and selectivity of the lead compound JPX-
1244 was paralleled by its specific effects on STAT3/STAT5
phosphorylation, protein stability, and STAT5 target gene
expression. Combining the degrader with agents such as
cladribine, azacytidine, and venetoclax enhanced efficacy
through synergistic effects on STAT5 phosphorylation, even in
samples with lower single-agent sensitivities, adding to the
translational potential of STAT3/STATS5 inhibition as a novel
strategy in T-PLL.

Augmenting the findings of our 2019 meta-analysis [20] by
including 60 newly characterized T-PLL towards a cohort of 335
cases, we detected gene mutations in at least one JAK or STAT
family member in 52.4% of T-PLL, most commonly in JAK3, STAT5B,
STAT2, and JAK1, representing a slight decrease from the prior
62.1% [20], possibly attributable to lower sensitivity of RNA-
sequencing [50, 51]. We also report recurrent aberrations in the
expression profile of JAK/STAT regulators.

Interestingly, we identified STAT2 mutations in 8.5% of cases.
Such lesions have not yet been described in T-PLL. STAT2, typically
associated with antiviral immunity and inflammatory regulation,
has also been implicated in carcinogenesis, possibly through IL-6-
mediated STAT3 activation [52, 53]. The location of the most
recurrent STAT2 mutations in our cohort in the C-terminal
transactivation domain might indicate a loss of function, which
is interesting in the tumor-suppressing context described for
STAT2 [54]. Future studies, e.g. those on target genes of STAT2-
mediated transcription in T-PLL, are needed.

We demonstrate promising therapeutic potential of dual STAT3/
STAT5 non-PROTAC degraders from the JPX-series, which effec-
tively inhibited STAT3/STAT5 phosphorylation and induced
protein degradation, both underlying a marked cell death
response. Notably, transcriptomic responses to such STAT3/STAT5
inhibition were accompanied by specific changes in STAT5 target
gene levels, similar to those seen in AML and natural killer/T cell
lymphoma (NKCL) [35].

Attempts to target JAK/STAT signaling in T-PLL are not new
and there are sporadic clinical responses reported for JAK
inhibitors or their combination with venetoclax in relapsed T-PLL
[26-29]. However, inhibiting the upstream JAK molecules did not
exhibit encouraging anti-leukemic efficacy in larger compound
screenings [30, 31]. The superior therapeutic efficacy of dual
STAT3/STATS5 degraders observed here likely originates from (i)
an elevated (although somewhat variable) dependence of
primary T-PLL cells on STAT signaling, (ii) the position of STATs
distal of JAKs, allowing for addressing modes of activation by
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JAK-independent mechanisms (e.g. GOF STAT mutations), and
(iii) the suppression of bypass mechanisms such as SOCS2-
mediated STAT3 activation upon STATS5 inhibition [32, 33]. This
argues for future systematic studies of STAT3/STAT5 targeting
instead of JAK inhibition in T-PLL, particularly since our data also
suggest that JPX-1244 sensitivities are independent of JAK/STAT
mutations.

Recognizing the limitations of monotherapies, such as toxicity
and resistance, we conducted a combination screening using JPX-
1244 alongside 19 potential combination partners. To avoid bias
from relying solely on ‘expert knowledge’, we complemented our
selection with a machine learning framework that predicted
compounds capable of in-silico converting the gene expression
profiles of low-response (LR) patients toward those of high-
response (HR) patients [49]. Notably, the hypomethylating agents
azacytidine and also cladribine, the BCL-2 inhibitor venetoclax,
and the MDM2 inhibitor KRT-232 emerged as top candidates.
These agents not only demonstrated substantial efficacy, but also
tended to resolve the clustering of JPX-1244 LR and HR patients.
Combinations of JPX-1244 with the hypomethylating agents or
with venetoclax further effectively reduced STAT3 and STAT5
phosphorylation. A synergistic relationship of STAT3-targeting and
cladribine has so far only been described in multiple myeloma
[55]. The mechanisms underlying the effects on STAT3/STAT5
phosphorylation could be indirect, e.g. (i) transmitted through the
hypomethylating functions of azacytidine and cladribine, e.g. on
regulators such as SOCS protein family members, or (ii) through
the suppressive role of azacytidine and venetoclax on BCL2 family
members, or they could be a direct impact on STAT phosphoryla-
tion (Fig. 6C). Furthermore, it has previously been shown that
STAT3 GOF mutations cause DNA hypermethylation, resulting in
high sensitivity towards azacytidine in large granular lymphocyte
leukemia (LGLL) [56], which could contribute to the potency of
hypomethylating agents in a disease characterized by JAK/STAT
activation such as T-PLL. These potential models of synergism
require further functional validation, but the findings highlight
promising therapeutic avenues. Future studies should additionally
validate the efficacy of these combinations in vivo, for instance,
using patient-derived xenograft (PDX) models of T-PLL.

In conclusion, we present dual STAT3/STAT5 inhibition as a
promising, novel therapeutic strategy for T-PLL, demonstrating
potent and T-PLL-selective anti-leukemic efficacy. Particularly
combinations with hypomethylating or BCL2-targeting agents
have the potential to address the unmet therapeutic needs in this
problematic disease.
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A Combination screening of JPX-1244 with selected partners in T-PLL cases (n = 20) compared to healthy-donor CD3* pan-T cells (n = 3)

ISO selective efficacy

20

10 ’_‘!:l?r:‘?x

0 |
-10

B

. Idarubicin
NMS1286937
Trametinib
Pralatrexate
Danusertib
Sirolimus
Belinostat
Panobinostat
BAY872243
Gemcitabine
Bendamustine
Ruxolitinib
Cobimetinib
Dinaciclib
Elesclomol
Cladribine
Venetoclax
Azacytidine

KRT232

9ld
80d
led
sed
60d
6ld
¥id
€ld
0zd
9zd
8ld
oed
zod
9ed
Lod
Lid
Led
90d
¥0d
Led

Low-responder
. High-responder

Selective efficacy Synergy

)

a0
-40 20 0 20 40 0 10 20

efficacy - toxicity most synergistic area

B Effect of JPX-1244 in combination with cladribine, venetoclax, and azacytidine on apoptotic markers and STAT3/STATS5 in one HR and one LR T-PLL patient

High-responder (P20) Low-responder (P14)

boo o o+ s S o - -+ o+ o+ | JPX-1244 [1.2uM]
e oo o - - 4+ - - 4+ - - |Cladribine [10nM]
- e - . e - - - + - - + - | Venetoclax [30nM]
.o o+ o s - - - - + - - + | Azacytidine [3uM]

53kDa b - e | | - = | pP53%er1

P538er15 /3-Actin
1.00 4.81 9.92 1.03 1.01 7.75 2.15 4.99 1.00 1.41 21.3 1.70 1.58 19.7 2.09 1.33 (rel. to c‘trl)
53kDa ----~—“| |M|p53

35kDa | P - EPEPED = —

m Casp-3

19kDa
-— e — e
cleaved Casp-3
17kDa L  — - P .
1.00 8.22 1.00 1.41 1.27 22.6 23.5 20.7 1.00 2.05 1.35 1.67 1.47 11.7 29.5 4.85 frléf?ta:g;g)/B'Adm
42KDa |— —— - ———— | |-—-—--" | B-Actin (Blot 1)
110kDa - —— e —— PARP
— — e - . = = - | cleaved PARP
89kDa cl. PARP/B-Actin
1.00 5.93 1.30 2.04 1.71 7.81 8.90 8.13 1.00 1.34 0.67 1.20 1.03 2.54 3.50 1.09 (rel.toctr)
2000 | e s e | [ 9 | -1 (1 2)

90kDa

90kDa

42kDa

79kDa

79kDa

42kDa

High-responder (P20) Low-responder (P14)

[ T S -+ - - -+ o+ o+ | JPX-1244 [1.2uM]
Ce o+ oo - - 4+ - - + - - | Cladribine [10nM]
e - - - + - - + - [Venetoclax [30nM]
e, - - - - + - - + | Azacytidine [3pM]

e e

||---——--- |PSTAT5V59“

STAT5Y6% /B-Actin
1.00 1.25 1.01 0.95 0.39 0.83 1.10 0.20 (rel. to ctrl)

|--'"-a-| | [r——— L I

|__._-—--.-| |-__-—¢-—| B-Actin (Blot 1)

1.00 0.40 0.83 0.87 0.57 0.16 0.06 0.01

1.00 0.26 1.19 1.13 1.06 0.12 0.06 0.04

| | —-!’—g-ﬂ---l PSTAT3"705

%)STAT3V705 /B-Actin
1.00 1.31 1.39 1.60 1.15 1.78 2.14 150 (rel, to ctrl)

|--....— -l |--------| STAT3

|——-~---— | |------ | B-Actin (Blot 2)

C Schematic overview of functional points of attack of JPX-1244, hypomethylating agents (azacytidine and cladribine), and the BCL2 inhibitor venetoclax
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Fig. 6 Combination screening identifies cladribine, venetoclax, and azacytidine as effective partners for JPX-1244 towards promising
dual inhibitory concepts. A Combination screening in 20 T-PLL cases and 3 healthy controls (CD3" T cells and PBMC). JPX-1244 was
combined with 19 combination partners, comprising 8 compounds chosen based on (i) T-PLL's pathogenesis and previous trials
[30, 31, 47, 48]: KRT-232, belinostat, ruxolitinib, cladribine, bendamustine, trametinib, dinaciclib, and azacytidine, and (ii) a computational
framework, predicting 11 compounds to transform the transcriptome of LR patients to resemble the one of HR patients [49]: elesclomol,
danusertib, BAY872243, panobinostat, idarubicin, gemcitabine, sirolimus, pralatrexate, cobimetinib, venetoclax and NMS1286937. T-PLL
samples and healthy controls were treated for 48 h, with 6 increasing concentrations of each compound (see Supplementary Table 4 for
concentrations), a 1:1 combination was used in pairwise drug combination testing with JPX-1244, followed by predictions with the DECREASE
machine learning model to fill the full (7 x7) drug combination dose-response matrices [57]. Cell viability was assessed via CellTiter-Glo
luminescent assay. Efficacy scores and synergy were calculated as previously described [31]. Left: Heatmap showing color-coded selective
efficacy of 19 combination therapies, presented per patient (red: selective efficacy score >0, white: selective efficacy score =0, blue: selective
efficacy score <0). Selective efficacy scores were calculated with the toxicity volume score and efficacy volume score using the SynToxProfiler
[58]. The combinations were tested in 20 T-PLL patient samples and in CD3™" T cells derived from 3 age-matched healthy donors. For the
selective efficacy in T-PLL samples compared to PBMC of healthy donors, see Supplementary Fig. 6B. Top legend displays the response status
of each T-PLL patient towards JPX-1244 in previous single compound screenings (see Fig. 3C, gray: low-responder n=11, black: high-
responder n =9). Unsupervised hierarchical clustering of both combination partners and T-PLL cases was performed. The respective patient
ID is given in the bottom legend. The respective compound combined with JPX-1244 is given on the right. Middle: Selective efficacy values of
19 combination therapies in 20 T-PLL cases displayed as box plot (mean with minimum to maximum). Right: Box plot showing the most
synergistic area of 19 combination therapies in 20 T-PLL cases (mean with minimum to maximum). For detailed information on the conditions
of the combination screening and calculation of efficacy and synergy, see Supplementary Methods. B Immunoblots of one HR (P20) and one
LR (P14) T-PLL case, upon 24 h treatment with JPX-1244 (1.2 yM), cladribine (10 nM), venetoclax (30 nM) and azacytidine (3 pM), or the
combination of JPX-1244 with either cladribine, venetoclax or azacytidine, with the same sublethal dosages as in the mono-therapy condition,
compared to DMSO control. Left: pP53°*'® and P53, Caspase-3 (Casp-3) and cleaved (cl.) Caspase-3, PARP, and cleaved PARP were stained as
markers for apoptotic signaling. Densitometric quantification of pP53°"'%, cleaved Caspase-3 and cleaved PARP was calculated normalized to
the housekeeper f-Actin and relative to the DMSO control (rel. to ctrl). Right: pSTAT5Y%%4, STATS5, pSTAT3"7%> and STAT3 signals are shown,
quantified relative to the DMSO control, and normalized to the housekeeper p-Actin. As two different gels were used, the housekeeper -Actin
is shown below the respective proteins (Blot 1: pP53°¢"'%, P53, Caspase-3, pSTAT5'%** and STATS5; Blot 2: PARP, pSTAT3Y7%> and STAT3).
C Schematic overview showing functional points of attack of dual STAT3/STAT5 inhibition and the combination partners cladribine,
venetoclax, and azacytidine. JPX-1244 directly targets STAT3 and STAT5, affecting both protein phosphorylation and stability. Azacytidine
carries demethylating functions by inhibiting the DNA methyltransferase [59], induces DNA damage by incorporation in DNA and RNA [60],
and inhibits MCL-1 and BCL-XL expression [61]. Cladribine induces DNA strand breaks as an analog of the nucleoside deoxyadenosine [62], is
able to evoke P53 activation [31], and harbors hypomethylating functions as well [63]. Venetoclax selectively binds and antagonizes BCL2, by
mimicking the BH3 domain of pro-apoptotic proteins [64]. The effects on these known targets are shown as black, solid arrows, and the
interrupted physiological signaling cascades as black, dotted arrows. We propose a synergism of these three compounds with JPX-1244
through indirect effects, exemplarily through hypomethylation of regulators or effects on BCL2 family members, or through direct effects on
STAT3/STAT5 phosphorylation (red inhibitors), ultimately leading to decreased expression of STAT target genes. Graph was created with

Biorender.
DATA AVAILABILITY 11. Herling M. Are we improving the outcome for patients with T-cell prolymphocytic
The bulk RNA sequencing data newly generated within this study have been leukemia by allogeneic stem cell transplantation? Eur J Haematol. 2015;94:191-2.
deposited in the Gene Expression Omnibus under accession code GSE286270 12. Vardell VA, Ermann DA, Fitzgerald L, Shah H, Hu B, Stephens DM. T-ceLL prolym-
(reviewer accession code: gnopwkoonxypnyt). phocytic leukemia: Epidemiology and survival trends in the era of novel treat-
ments. Am J Hematol. 2024;99:494-6.

13. Herling M, Patel KA, Teitell MA, Konopleva M, Ravandi F, Kobayashi R, et al. High

REFERENCES TCL1 expression and intact T-cell receptor signaling define a hyperproliferative
1. Staber PB, Herling M, Bellido M, Jacobsen ED, Davids MS, Kadia TM, et al. Con- subset of T-cell prolymphocytic leukemia. Blood. 2008;111:328-37.

sensus criteria for diagnosis, staging, and treatment response assessment of 14. Soulier J, Pierron G, Vecchione D, Garand R, Brizard F, Sigaux F, et al. A complex
T-cell prolymphocytic leukemia. Blood. 2019;134:1132-43 pattern of recurrent chromosomal losses and gains in T-cell prolymphocytic
2. Herling M, Khoury JD, Washington LT, Duvic M, Keating MJ, Jones D. A systematic leukemia. Genes Chromosomes Cancer. 2001;31:248-54. )
approach to diagnosis of mature T-cell leukemias reveals heterogeneity among 15. Schrader A, Crispatzu G, Oberbeck S, Mayer P, Plitzer S, von Jan J, et al. Actionable
WHO categories. Blood. 2004;104:328-35 perturbations of damage responses by TCL1/ATM and epigenetic lesions form

3. Alaggio R, Amador C, Anagnostopoulos |, Attygalle AD, Araujo IBDO, Berti E, et al. the basis of T-PLL. Nat Commun. 2018;9:697.

The 5th edition of the World Health Organization Classification of Haemato- 16. Stoppa-Lyonnet D, Soulier J, Laugé A, Dastot H, Garand R, Sigaux F, et al. Inacti-
lymphoid Tumours: Lymphoid Neoplasms. Leukemia. 2022;36:1720-48 vation of the ATM gene in T-cell prolymphocytic leukemias. Blood. 1998;91:3920-6.
4. Jain P, Aoki E, Keating M, Wierda WG, O'Brien S, Gonzalez GN, et al. Character- 17. Stilgenbauer S, Schaffner C, Litterst A, Piebisch P, Gilad S, Bar-Shira A, et al.
istics, outcomes, prognostic factors and treatment of patients with T-cell pro- Biallelic mutations in the ATM gene in T-prolymphocytic leukemia. Nat Med.

lymphocytic leukemia (T-PLL). Ann Oncol. 2017;28:1554-9. 19?7;3:1155{‘9‘ ) )
5. Matutes E, Brito-Babapulle V, Swansbury J, Ellis J, Morilla R, Dearden C, et al. 18. Hsi AC, Robirds DH, Luo J, Kreisel FH, Frater JL, Nguyen TT. T-cell Prolymphocytic

Clinical and Laboratory Features of 78 Cases of T-Prolymphocytic Leukemia. Leukemia Frequently Shows Cutaneous Involvement and Is Associated With
Blood. 1991:78:3269-74 Gains of MYC, Loss of ATM, and TCL1A Rearrangement. Am J Surg Pathol.

6. Dearden C. Management of prolymphocytic leukemia. Hematol Am Soc Hematol 2014;38:1468-83.
Educ Program. 2015;2015:361-7. 19. Kiel MJ, Velusamy T, Rolland D, Sahasrabuddhe AA, Chung F, Bailey NG, et al.

7. Dearden C. How I treat prolymphocytic leukemia. Blood. 2012;120:538-51. Integrated genomic sequencing reveals mutational landscape of T-cell prolym-

8. Dearden CE, Matutes E, Cazin B, Tjgnnfjord GE, Parreira A, Nomdedeu B, et al. phocytic leukemia. BlOOd" 2014;124:1‘}6'0_72‘
High remission rate in T-cell prolymphocytic leukemia with CAMPATH-TH. Blood. 20. Wahnschaffe L, Braun T, Timonen S, Giri AK, Schrader A, Wagle P, et al. JAK/STAT-
2001:98:1721-6. Activating Genomic Alterations Are a Hallmark of T-PLL. Cancers. 2019;11:1833.
21. Pencik J, Pham HTT, Schmoellerl J, Javaheri T, Schlederer M, Culig Z, et al. JAK-
STAT signaling in cancer: From cytokines to non-coding genome. Cytokine.
2016;87:26-36.
22. Erdogan F, Radu TB, Orlova A, Qadree AK, de Araujo ED, Israelian J, et al. JAK-STAT
core cancer pathway: An integrative cancer interactome analysis. J Cell Mol Med.
2022;26:2049-62.

9. Dearden CE, Khot A, Else M, Hamblin M, Grand E, Roy A, et al. Alemtuzumab therapy
in T-cell prolymphocytic leukemia: comparing efficacy in a series treated intrave-
nously and a study piloting the subcutaneous route. Blood. 2011;118:5799-802.

10. Pawson R, Dyer MJ, Barge R, Matutes E, Thornton PD, Emmett E, et al. Treatment
of T-cell prolymphocytic leukemia with human CD52 antibody. J Clin Oncol J Am
Soc Clin Oncol. 1997;15:2667-72.

SPRINGER NATURE Leukemia (2025) 39:1435 - 1448



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Wingelhofer B, Neubauer HA, Valent P, Han X, Constantinescu SN, Gunning PT,
et al. Implications of STAT3 and STAT5 signaling on gene regulation and chro-
matin remodeling in hematopoietic cancer. Leukemia. 2018;32:1713-26.

Halim CE, Deng S, Ong MS, Yap CT. Involvement of STAT5 in Oncogenesis. Bio-
medicines. 2020;8.

Owen KL, Brockwell NK, Parker BS JAK-STAT Signaling: A Double-Edged Sword of
Immune Regulation and Cancer Progression. Cancers. 2019;11:2002.
Gomez-Arteaga A, Margolskee E, Wei MT, van Besien K, Inghirami G, Horwitz S.
Combined use of tofacitinib (pan-JAK inhibitor) and ruxolitinib (a JAK1/2 inhi-
bitor) for refractory T-cell prolymphocytic leukemia (T-PLL) with a JAK3 mutation.
Leuk Lymphoma. 2019;60:1626-31.

Li G, Waite E, Wolfson J. T-cell prolymphocytic leukemia in an adolescent with
ataxia-telangiectasia: novel approach with a JAK3 inhibitor (tofacitinib). Blood
Adv. 2017;1:2724-8.

Wei M, Koshy N, van Besien K, Inghirami G, Horwitz SM. Refractory T-Cell Pro-
lymphocytic Leukemia with JAK3 Mutation: In Vitro and Clinical Synergy of
Tofacitinib and Ruxolitinib. Blood. 2015;126:5486-5486.

Brothers J, Castillo DR, Jeon WJ, Joung B, Linhares Y. Partial response to vene-
toclax and ruxolitinib combination in a case of refractory T-prolymphocytic leu-
kemia. Hematol Amst Neth. 2023;28:2237342.

Andersson El, Putzer S, Yadav B, Dufva O, Khan S, He L, et al. Discovery of novel
drug sensitivities in T-PLL by high-throughput ex vivo drug testing and mutation
profiling. Leukemia. 2018;32:774-87.

von Jan J, Timonen S, Braun T, Jiang Q, lanevski A, Peng Y, et al. Optimizing drug
combinations for T-PLL: restoring DNA damage and P53-mediated apoptotic
responses. Blood. 2024;144:1595-610.

von Manstein V, Yang CM, Richter D, Delis N, Vafaizadeh V, Groner B. Resistance
of Cancer Cells to Targeted Therapies Through the Activation of Compensating
Signaling Loops. Curr Signal Transduct Ther. 2013;8:193-202.

Sen B, Peng S, Woods DM, Wistuba |, Bell D, EI-Naggar AK, et al. STAT5A-mediated
SOCS2 expression regulates Jak2 and STAT3 activity following c-Src inhibition in
head and neck squamous carcinoma. Clin Cancer Res J Am Assoc Cancer Res.
2012;18:127-39.

Brachet-Botineau M, Polomski M, Neubauer HA, Juen L, Hédou D, Viaud-Massuard
MC, et al. Pharmacological Inhibition of Oncogenic STAT3 and STAT5 Signaling in
Hematopoietic Cancers. Cancers. 2020;12:240.

P6loske D, Sorger H, Schonbichler A, de Araujo ED, Neubauer HA, Orlova A, et al.
Dual specific STAT3/5 degraders effectively block acute myeloid leukemia and
natural killer/T cell lymphoma. HemaSphere. 2024;8:e70001.

Park JS, Tin G, De Araujo ED, Orlova A, Sorger H, Grebien F, et al. Abstract LB-108:
A potent and selective small molecule degrader of STAT5 for the treatment of
hematological malignancies. Cancer Res. 2020;80:LB-108-LB-108.

Sorger H, Dey S, Vieyra-Garcia PA, PSloske D, Teufelberger AR, de Araujo ED, et al.
Blocking STAT3/5 through direct or upstream kinase targeting in leukemic
cutaneous T-cell lymphoma. EMBO Mol Med. 2022;14:e15200.

Suske T, Sorger H, Manhart G, Ruge F, Prutsch N, Zimmerman MW, et al.
Hyperactive STAT5 hijacks T cell receptor signaling and drives immature T cell
acute lymphoblastic leukemia. J Clin Invest. 2024;134:e168536.

Braun T, Glass M, Wahnschaffe L, Otte M, Mayer P, Franitza M, et al. Micro-RNA
networks in T-cell prolymphocytic leukemia reflect T-cell activation and shape DNA
damage response and survival pathways. Haematologica. 2022;107:187-200.
Steven Martinez G, A. Ross J, A. Kirken R. Transforming Mutations of Jak3 (A573V
and M5111) Show Differential Sensitivity to Selective Jak3 Inhibitors. Clin Cancer
Drugs. 2016;3:131-7.

De Araujo ED, Erdogan F, Neubauer HA, Meneksedag-Erol D, Manaswiyoungkul P,
Eram MS, et al. Structural and functional consequences of the STAT5BN642H
driver mutation. Nat Commun. 2019;10:2517.

Oberbeck S, Schrader A, Warner K, Jungherz D, Crispatzu G, von Jan J, et al.
Noncanonical effector functions of the T-memory-like T-PLL cell are shaped by
cooperative TCL1A and TCR signaling. Blood. 2020;136:2786-802.

Sommer U, Schmid C, Sobota RM, Lehmann U, Stevenson NJ, Johnston JA, et al.
Mechanisms of SOCS3 Phosphorylation upon Interleukin-6 Stimulation. J Biol
Chem. 2005;280:31478-88.

Cheng Y, Shao Z, Chen L, Zheng Q, Zhang Q, Ding W, et al. Role, function and
regulation of the thymocyte selection-associated high mobility group box pro-
tein in CD8+ T cell exhaustion. Immunol Lett. 2021;229:1-7.

Kumar R, Gururaj AE, Barnes CJ. p21-activated kinases in cancer. Nat Rev Cancer.
2006;6:459-71.

Saberi Hosnijeh F, Van Der Straten L, Kater AP, Van Oers MHJ, Posthuma WFM,
Chamuleau MED, et al. Proteomic markers with prognostic impact on outcome of
chronic lymphocytic leukemia patients under chemo-immunotherapy: results
from the HOVON 109 study. Exp Hematol. 2020;89:55-60.€6.

Braun T, Dechow A, Friedrich G, Seifert M, Stachelscheid J, Herling M. Advanced
Pathogenetic Concepts in T-Cell Prolymphocytic Leukemia and Their Transla-
tional Impact. Front Oncol. 2021;11:775363.

Leukemia (2025) 39:1435 - 1448

A. Dechow et al.

48. Braun T, von Jan J, Wahnschaffe L, Herling M. Advances and Perspectives in the
Treatment of T-PLL. Curr Hematol Malig Rep. 2020;15:113-24.

49. lanevski A, Nader K, Driva K, Senkowski W, Bulanova D, Moyano-Galceran L, et al.
Single-cell transcriptomes identify patient-tailored therapies for selective co-
inhibition of cancer clones. Nat Commun. 2024;15:8579.

50. Piskol R, Ramaswami G, Li JB. Reliable Identification of Genomic Variants from
RNA-Seq Data. Am J Hum Genet. 2013;93:641-51.

51. Quaglieri A, Flensburg C, Speed TP, Majewski IJ. Finding a suitable library size to
call variants in RNA-Seq. BMC Bioinforma. 2020;21:553.

52. Lee CJ, An HJ, Cho ES, Kang HC, Lee JY, Lee HS, et al. Stat2 stability regulation: an
intersection between immunity and carcinogenesis. Exp Mol Med. 2020;52:1526-36.

53. Gamero AM, Young MR, Mentor-Marcel R, Bobe G, Scarzello AJ, Wise J, et al.
STAT2 contributes to promotion of colorectal and skin carcinogenesis. Cancer
Prev Res Philos Pa. 2010;3:495-504.

54. Yue C, Xu J, Tan Estioko MD, Kotredes KP, Lopez-Otalora Y, Hilliard BA, et al. Host
STAT2/type | interferon axis controls tumor growth. Int J Cancer. 2015;136:117-26.

55. Ma J, Wang S, Zhao M, Deng XS, Lee CK, Yu XD, et al. Therapeutic potential of
cladribine in combination with STAT3 inhibitor against multiple myeloma. BMC
Cancer. 2011;11:255.

56. Kim D, Park G, Huuhtanen J, Ghimire B, Rajala H, Moriggl R, et al. STAT3 activation
in large granular lymphocyte leukemia is associated with cytokine signaling and
DNA hypermethylation. Leukemia. 2021;35:3430-43.

57. lanevski A, Giri AK, Gautam P, Kononov A, Potdar S, Saarela J, et al. Prediction of
drug combination effects with a minimal set of experiments. Nat Mach Intell.
2019;1:568-77.

58. lanevski A, Timonen S, Kononov A, Aittokallio T, Giri AK. SynToxProfiler: An
interactive analysis of drug combination synergy, toxicity and efficacy. PLoS
Comput Biol. 2020;16:e1007604.

59. Jones PA, Taylor SM, Wilson VL. Inhibition of DNA Methylation by 5-Azacytidine.
Modif Nucleosides Cancer. 1983;84:202-11.

60. Glover AB, Leyland-Jones BR, Chun HG, Davies B, Hoth DF. Azacitidine: 10 years
later. Cancer Treat Rep. 1987;71:737-46.

61. DiNardo CD, Jonas BA, Pullarkat V, Thirman MJ, Garcia JS, Wei AH, et al. Azaci-
tidine and Venetoclax in Previously Untreated Acute Myeloid Leukemia. N Engl J
Med. 2020;383:617-29.

62. Tsimberidou AM, Alvarado Y, Giles FJ. Evolving role of ribonucleoside reductase
inhibitors in hematologic malignancies. Expert Rev Anticancer Ther. 2002,2:437-48.

63. Spurgeon S, Yu M, Phillips JD, Epner EM. Cladribine: not just another purine
analogue? Expert Opin Investig Drugs. 2009;18:1169-81.

64. Bose P, Gandhi V, Konopleva M. Pathways and mechanisms of venetoclax
resistance. Leuk Lymphoma. 2017;58:1-17.

ACKNOWLEDGEMENTS

TB is funded the Deutsche Krebshilfe through a Mildred Scheel Nachwuchszentrum
scholarship (no. 70113307) and received a research grant from the Sander Stiftung
(No. 2023.084.1). MH is supported by the German José-Carreras Leukemia Foundation
(DJCLS 01 R_2023) and by the Faculty of Medicine of the University of Leipzig
(endowed Professorship). TA is supported by the Research Council of Finland (grants
340141, 344698, and 345803), the Cancer Society of Finland, the Sigrid Jusélius
Foundation, and iCAN - Digital Precision Cancer Medicine Flagship (iCAN-MULTI-
DRUG). SM is supported by the Research Council of Finland, the Cancer Society of
Finland, the Sigrid Jusélius Foundation, the Signe and Ane Gyllenberg Foundation,
the Helsinki Institute of Life Science (HiLIFE) Fellow grants, the Finnish special
governmental subsidy for health sciences, research, and training, and iCAN - Digital
Precision Cancer Medicine Flagship. AS is supported by the Fondation de France
(00143525/WB-2023-50140), Institut National du Cancer (INCAPLBIO2022-072), and
Equipe Labellisée LIGUE 2023. NP is supported by the DFG (seg-costs in projects, No.
PF1028/1-1). SM, TA, HN, RM, PG and MH were supported by the European Union’s
Horizon 2020 Research and Innovation Progamme ERA PerMed (JAKSTAT-TARGET).
SM, TA, HN, TB and MH are supported by the ImmuneT-ME consortium
(EPPERMED2024-522; TB through BMBF and MH through SAB/SMWK).

AUTHOR CONTRIBUTIONS

AD, TB, and MHe were responsible for experimental design. AD, ST, QJ, YP, DJ, KB and
SS performed experiments. AD, ST, Al, and LW were responsible for data analysis.
EdA, PG and RF were responsible for the design of and provided the STAT degraders.
HN, AS, MHa, NP, RM, TA, SM, TB and MHe provided resources and supervision. AD,
TB, and MHe. prepared the first draft of the manuscript. All authors approved the final
version of the manuscript.

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

SPRINGER NATURE



A. Dechow et al.

COMPETING INTERESTS

MHe and SM conflicts of interest: Janpix (Centessa, research funding). Centessa had
no role in the study’s design, in the collection, analyses, and interpretation of data, or
in the writing of the manuscript. SM conflicts of interest: Novartis (research funding),
Pfizer (research funding), BMS (research funding), without relation to this project. All
other authors declare no competing financial or any other relevant conflicting
interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541375-025-02577-8.

Correspondence and requests for materials should be addressed to Marco Herling.

Reprints and permission information is available at http://www.nature.com/
reprints

SPRINGER NATURE

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Leukemia (2025) 39:1435 - 1448


https://doi.org/10.1038/s41375-025-02577-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Dual STAT3/STAT5 inhibition as a novel treatment strategy in T-prolymphocytic leukemia
	Introduction
	Materials and methods
	Meta-analyses of genomic JAK/STAT aberrations
	Patient cohort
	Single-compound and combination drug testing
	RNA-sequencing

	Results
	Mutational landscape and activation state implicate enhanced JAK/STAT signaling as a central mechanism of T-PLL’s pathogenesis
	High ex-vivo potency and selectivity of the non-PROTAC dual STAT3/STAT5 inhibitor JPX-1244
	JPX-1244-mediated STAT3/STAT5 dephosphorylation and degradation correlate with ex-vivo anti-leukemic responses
	Marked transcriptomic alterations of JAK/STAT targets upon JPX-1244 treatment
	Association of JPX-1244 response with increased TOX, PAK6, and SPINT1 expression
	JPX-1244 treatment responses are independent of JAK/STAT mutation status
	Cladribine, venetoclax, and azacytidine as effective partners of specific STAT3/STAT5 inhibition

	Discussion
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




