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Hôpitaux de Paris (AP-HP), Créteil, France; 8Hematology, Poitiers University Hospital, INSERM Clinical Investigation Center (CIC) 1402, Poitiers, France;
9Department of Hematology, Centre Hospitalier Du Mans, Le Mans, France; 10Service d’Hématologie Clinique, Hôpital Pitié-Salpêtrière, AP-HP, Sorbonne
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KEY PO INT S

l T-PLL cells
predominantly
depend functionally on
BCL-2 for survival; this
dependence can be
enhanced by JAK/
STAT pathway
inhibition.

l Combination of
ruxolitinib and
venetoclax was highly
active preclinically and
had promising clinical
effects in 2 patients
with T-PLL.

Conventional therapies for patients with T-cell prolymphocytic leukemia (T-PLL), such as
cytotoxic chemotherapy and alemtuzumab, have limited efficacy and considerable toxicity.
Several novel agent classes have demonstrated preclinical activity in T-PLL, including in-
hibitors of the JAK/STAT and T-cell receptor pathways, as well as histone deacetylase
(HDAC) inhibitors. Recently, the BCL-2 inhibitor venetoclax also showed some clinical
activity in T-PLL. We sought to characterize functional apoptotic dependencies in T-PLL to
identify a novel combination therapy in this disease. Twenty-four samples from patients
with primary T-PLL were studied by using BH3 profiling, a functional assay to assess the
propensity of a cell to undergo apoptosis (priming) and the relative dependence of a cell on
different antiapoptotic proteins. Primary T-PLL cells had a relatively low level of priming for
apoptosis and predominantly depended on BCL-2 and MCL-1 proteins for survival. Se-
lective pharmacologic inhibition of BCL-2 orMCL-1 induced cell death in primary T-PLL cells.
Targeting the JAK/STAT pathway with the JAK1/2 inhibitor ruxolitinib or HDAC with
belinostat both independently increased dependence on BCL-2 but not MCL-1, thereby
sensitizing T-PLL cells to venetoclax. Based on these results, we treated 2 patients with

refractory T-PLL with a combination of venetoclax and ruxolitinib. We observed a deep response in JAK3-mutated
T-PLL and a stabilization of the nonmutated disease. Our functional, precision-medicine–based approach identified
inhibitors of HDAC and the JAK/STAT pathway as promising combination partners for venetoclax, warranting a clinical
exploration of such combinations in T-PLL.

Introduction
T-cell prolymphocytic leukemia (T-PLL) is a rare and usually
aggressive T-lymphoid malignancy with a cytogenetic hallmark of
inv(14)(q11q32) or t(14;14)(q11;q32), involving the T-cell receptor
(TCR) a/d gene locus at 14q11 and the TCL1A gene cluster at
14q32.1.1 Recently, gain-of-function mutations in JAK/STAT
pathway genes, including loss of negative regulators of STAT5B,
have been identified in;90% of T-PLL cases, suggesting that this
pathway is another hallmark of T-PLL pathophysiology.2

Cytotoxic chemotherapy rarely provides durable remission for
patients with T-PLL.3 The monoclonal anti-CD52 antibody alem-
tuzumab is the frontline standard of care, with responses observed
in;90%of patients.4,5 However, severe leukopenia and infectious
complications are common with alemtuzumab, and responses are
usually short lived. For patients with T-PLL who achieve response,
allogeneic stem cell transplantation is the only reasonable
hope for long-term survival.6,7 With these therapeutic options,
the median overall survival is only ;20 months.8
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Given the chemoresistance of T-PLL, as well as the safety profile
and broad target range of alemtuzumab, recent work focused
on more targeted agents. An ex vivo high-throughput drug
sensitivity and resistance testing platform on primary T-PLL
samples9,10 identified the BCL-2 inhibitor venetoclax and histone
deacetylase inhibitors (HDACis) as promising targeted agents.
Integrated large-scale genetic profiling assays also identified
various recurrent lesions in DNA repair molecules and histone
modifiers in T-PLL.11 Early clinical data suggest that HDACi have
ex vivo activity in T-PLL and may partially overcome chemo-
resistance in T-PLL.12 High-throughput drug testing studies also
demonstrated in vitro sensitivity of T-PLL cells to JAK inhibitors.
In addition, a modest activity was reported with the combination
of tofacitinib (a pan-JAK inhibitor) and ruxolitinib (a JAK 1/2
inhibitor).13 Despite the promising data of novel agents for
treatment of T-PLL, the early clinical data also suggest that a
sustained response to these drugs is unlikely when they are given
asmonotherapy.10,14 Combining different classes of drugs, such as
HDACis, MDM2 inhibitors, chemotherapeutics, and BCL-2 an-
tagonists, is proposed to act synergistically.15,16 We recently
identified that theBruton tyrosine kinase inhibitor ibrutinibmay be
a promising combination partner for venetoclax in T-PLL.17 An off-
target effect of ibrutinib is inhibition of IL-2–inducible kinase (ITK),
a T-cell–dominant member of the TEC kinase family that drives
proximal T-cell receptor (TCR) signaling.18 Consistent with this,
ex vivo assays also demonstrated inhibitory activity of PRN694,
a specific ITK inhibitor (ITKi), against T-PLL.19 Taking into account
these data, as well as current accessibility of the different drugs,
we decided to select 4 drug candidates to target 3main pathways:
(1) belinostat, one of themost effective HDACi described in T-PLL,
which is approved for peripheral T-cell lymphoma; (2) ruxolitinib,
the most effective JAKi described in T-PLL, which is approved for
the treatment of myeloproliferative disorders; and (3) ibrutinib, the
first potential ITKi described to be effective in T-PLL, and PRN694,
a highly selective ITKi (50% inhibitory concentration [IC50]: 0.3 nM
vs 2.2 nM for ibrutinib). To evaluate the combination of BH3
mimetics with these 3 drugs, we used a previously developed
functional assay, BH3 profiling, which interrogates mitochondria
to assess both their proximity to the threshold of apoptosis
(“mitochondrial priming”), and their relative dependence on the
antiapoptotic BCL-2 family of proteins, such as BCL-2,MCL-1, and
BCL-xL. We have chosen BH3 profiling because this novel
functional precision-medicine technique provides orthogonal in-
formation that is not providedbygenomics and traditional viability
assays alone. We also used dynamic BH3 profiling (DBP), which
measures early drug-induced changes in net proapoptotic
signaling,20 to identify optimal combination partners. We further
report on the impact of drugs from the 3 chosen classes on T-PLL
mitochondrial priming and drug sensitivity.

Material and methods
Study design and patient samples
The study was undertaken in compliance with the principles of
the Declaration of Helsinki, and all patients provided written in-
formed consent. Twenty-four clinically annotated samples from
patients with primary T-PLL were obtained from the French In-
novative Leukemia Organization network, Medical University of
Vienna, and the Dana-Farber Cancer Institute. Figure 1A outlines
themethodologywe used in this work. Primary cells fromperipheral
blood were viably frozen in fetal bovine serum supplemented with

10% DMSO until the time of thawing. To enrich our analysis for
T-PLL cells, we used flow cytometry to gate CD51 CD192 T cells,
which generally accounted for.90% of the total cells. Patients had
to fulfill the current criteria for a diagnosis of T-PLL.1 Twenty-four
primary samples from patients with treatment-naive chronic
lymphocytic leukemia (CLL) were used as a comparator for
baseline BH3 profiling. Ex vivo drug treatments and immunoblot
analysis by western blot were performed as previously described21

and are detailed in the supplemental Methods (available on the
Blood Web site). Primary T-PLL and CLL cells were treated with
venetoclax, AZD5991, S63845, A-1331852, belinostat, ruxolitinib,
PRN694, ibrutinib, or the vehicle (DMSO; as the control).

DNA sequencing
DNAwas extracted from isolated cells using aQIAmp kit (Sigma-
Aldrich, Saint-Quentin Fallavier, France). Mutational landscape
was assessed by using Sanger sequencing and/or targeted next
generation sequencing (NGS) to examine a panel of candidate
genes, as detailed in the supplemental Methods.

Survival assay
For coculture experiments, the stromal NKTert cell line (Riken
Cell Bank, Tsukuba, Japan) maintained in R10 (defined in the
supplemental Methods) was used. Ninety-six–well plates were
seeded with NKTert 24 hours before addition of primary T-PLL
cells, as previously described in CLL22 and as detailed in the
supplemental Methods. After annexin V/Hoechst staining, the
cells were fixed with 4% paraformaldehyde, neutralized with N2
buffer (1.7 M Tris and 1.25 M glycine [pH 9.1]), and analyzed with
the BD Fortessa flow cytometer, with the 96-well high-throughput
screening plate reader. NKTert cells were excluded by using
forward and side scatter, and the analysis was performed on the
cells in the CD51CD192 gate. Individual analyses were performed
in triplicate for all drug treatment conditions.

BH3 profiling
BH3 profiling was performed as previously described and as
detailed in the supplemental Methods.20 DBP was performed
using the same protocol, with the addition of treating primary
cells ex vivo with ruxolitinib, belinostat, PRN694, ibrutinib, or the
vehicle (DMSO) for 24 hours before analysis. Individual analyses
were performed in duplicate for all drug treatment conditions.

Statistical analysis
We used GraphPad Prism 8 to compare 2 paired groups (same
samples but different conditions) by paired Student t test, whereas
unpaired groups were compared by using an unpaired Student
t test. Multiple groups were compared using an analysis of vari-
ance for repeated measures. In all figures, paired samples are
linked by a line. The correlation between 2 variables was analyzed
with a simple linear regression. Two-tailed nominal P # .05 was
considered significant.

Results
T-PLL cells are relatively unprimed for apoptosis
and have heterogeneous dependence on BCL-2
and MCL-1
BH3 profiling has previously helped to characterize the BCL-2
family interactions of a variety of hematologic malignancies (for
example, in CLL), where relatively uniform BCL-2 dependence
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provided a strong rationale for exploring BCL-2 inhibition with
venetoclax.23,24 To help identify potential pharmacologic vul-
nerabilities in T-PLL, we performed the first study of BH3 pro-
filing in T-PLL on primary samples collected from 24 patients.
The patients’ characteristics are described in Table 1 (detailed
cytogenetic and molecular data in supplemental Table 1). This
baseline BH3 profiling was performed immediately after the
tumor cells were thawed. A Trypan blue viability control was
systematically performed, and all samples with a viability .50%
were excluded (supplemental Table 2). Significant heterogeneity
was observed in the level of overall priming for apoptosis, as
well as in dependencies on individual antiapoptotic proteins
(Figure 1B). Some samples showed T-PLL that was mainly de-
pendent on MCL-1 (eg, T-PLL samples 3, 7, and 22), others were
primarily dependent on BCL-2 (eg, T-PLL samples 13, 15, and
21), and some were dependent on both MCL-1 and BCL-2 (eg,
T-PLL samples 4 and 20). No significant differences were ob-
served between samples from treatment-naive and relapsed
cases, or between samples from JAK/STAT mutated and non-
mutated cases (data not shown).

Because the relative interactions of BH3mimetics with the BCL-2
family arewell characterized in CLL,24,25 (most notably, venetoclax26)
we compared results from the T-PLL samples with those of an
independent cohort of CLL samples, processed in the same
conditions. Comparedwith primary CLL cells, T-PLL cells were less

primed for apoptosis. The mean cytochrome c (cyt c) release with
BIM BH3 peptide (which enables measurement of overall apo-
ptotic priming) was 55.2% for T-PLL vs 78.7% for CLL (Figure 1C).
Compared with CLL cells, T-PLL cells were less dependent on
BCL-2 (Figure 1D; average cyt c release with venetoclax 58.6% vs
75.4%; P 5 .0019), and more dependent on BCL-xL (Figure 1E;
average cyt c release with HRK 17.9% vs 7.5%). Dependence on
MCL-1 or BFL-1 did not differ significantly between T-PLL andCLL
(average cyt c release with; MS1 36.3% vs 37.5%, not significant
[NS]; FS1 28.4% vs 28.1%,NS). These data indicate that T-PLL cells
are generally less primed for apoptosis than CLL cells and depend
on both BCL-2 and MCL-1.

Pharmacological inhibition of BCL-2 and MCL-1
induces cell death
We next evaluated whether there is an association between
antiapoptotic dependencies in T-PLL cells and the efficacy of
BH3 mimetic drugs selectively targeting BCL-2 and MCL-1. In
the 13 primary T-PLL samples with sufficient cell count, 24-hour
treatment with venetoclax or the MCL-1 inhibitors AZD5991 or
S63845 was performed. Each inhibitor induced high levels of
apoptotic cell death when used individually (Figure 2A). Consis-
tent with our BH3 profiling data, increased BCL-2 dependence
was associated with increased apoptotic cell death induced by
venetoclax (Figure 2B; R2520.58; P5 .0025). Similarly, increased
MCL-1 dependence was associated with increased apoptotic cell
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death induced by the MCL-1 inhibitor AZD5991 (Figure 2C;
R2520.68; P5 .0005) or S63845 (Figure 2D; R2520.68; P5 .002).

Given the predominant dependence on BCL-2 and MCL-1, we
hypothesized that combining BH3 mimetic drugs targeting these
2 proteins could enhance cell death in T-PLL cells. Therefore, we
treated cells for 24 hours with either DMSO (vehicle), AZD5991
100 nM, S63845 100 nM, or the BCL-xL selective inhibitor A-
1331852 1 mM (as a control), and 4 hours before fixation,
venetoclax was added at a range of doses from 1 nM to 10 mM.
The addition of either AZD5991 or S63845 in combination
with venetoclax led to markedly increased T-PLL cell death,
whereas T-PLL cells were less sensitive to combination with A-
1331852 (Figure 2E). At an intermediate venetoclax dose of 100
nM, combination with AZD5991 100 nM reduced cell viability by a
mean of 71.94% (Figure 2F). Likewise, pretreatment with S63845
(100 nM) reduced viability by 67.28%, whereas A-1331852 1 mM
only modestly reduced cell viability by 6.91%. The weak effect of
A-1331852 drug treatment is consistent with the low mean cyt c
release we observed with the HRK peptide at 5 mM (17.9%; 95%
CI 14.45-21.39) with BH3 profiling (Figure 1E). Overall, these data
indicate a good correlation of results of cell viability assays with
baseline BH3 profiling and confirm that BCL2 and MCL1 are
molecular vulnerabilities in T-PLL.

Belinostat and ruxolitinib selectively increase
BCL-2 dependence
We next studied 4 inhibitors of candidate targets in T-PLL
pathogenesis, ruxolitinib (JAK1/2i), ibrutinib (ITKi or other “off
target”), PRN694 (ITKi), and belinostat (HDACi), as combination
partners for BCL-2 or MCL-1 inhibitors. Even though the IC50 of
ibrutinib is higher than that of PRN694 on ITK, we included
ibrutinib in our assays because its activity in T-PLL could correlate
with off-target effects related to inhibition of other kinases. First, we
showed that ruxolitinib, PRN694, and belinostat were modulating
their proposed targets in primary T-PLL samples (supplemental
Figures 2 and 3). However, unlike prior studies where drugs (such
as belinostat or ibrutinib) were used at higher doses of 10 mM,9 at
the dose of 1 mM in our coculture model, none was cytotoxic to
T-PLL cells as single agents (supplemental Figure 1B). Never-
theless, given the importance of these pathways in T-PLL path-
ogenesis, we hypothesized that even if they did not induce frank
cell death on their own, these drugs could augmentmitochondrial
priming through modulating antiapoptotic protein dependence.

To evaluate this hypothesis, we performed DBP after ex vivo
treatment with each drug, to assess the difference between the
percentage of cyt c release with the control (DMSO) and each of the
3 drug candidates (“delta-priming”). Evaluating the overall priming
with the PUMA peptide at 0.5 mM (Figure 3A), the mean delta
primingwas 22.7%with belinostat (P5 .0035), 8.48%with ruxolitinib
(P 5 .019), and 2.72% with PRN694 (NS). Alteration of BCL-2 de-
pendence was evaluated in the profile with venetoclax at 0.1 mM
(Figure 3B), showing an increase in delta priming of 39.16% on
averagewith belinostat, 14.78%with ruxolitinib (P5 .017), and 2.7%
with PRN694 (NS). MCL-1 dependence was assessed with MS1
peptide at 0.5 mM (Figure 3C), showing an increase in delta priming
by 11.04% with belinostat (P 5 .04) and 1.74% with ruxolitinib (NS)
and a decrease by 0.82% with PRN694 (NS). We observed no
significant effect of ibrutinib 1mMonoverall primingor dependence
on BCL-2 or MCL-1. Together, these data show that treatment with
ruxolitinib or belinostat increases overall mitochondrial priming andTa
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BCL-2 dependence in T-PLL cells, but not MCL-1 dependence.
No significant alteration of mitochondrial priming occurred with
PRN694 or ibrutinib at the concentration of 1 mM.

Next, we examined whether these findings with DBP could be
corroborated with cell viability assays. Because DBP studies
revealed stronger effects on BCL-2 dependence than on MCL-1
dependence, we focused viability testing on venetoclax combi-
nations. Primary samples were treated for 24 hours with DMSO
(vehicle), ruxolitinib 1mM, PRN694 1mM, or belinostat 1mMbefore
fixation. Both ruxolitinib and belinostat were highly active in
combination with venetoclax (Figure 3D). Similar results were
observedwith an alternativeHDACi (panobinostat; n56; data not
shown), whereas a minimal effect was observed with PRN694.
Pretreatment with ruxolitinib 1 mM in the presence of venetoclax
100 nM reduced viability by a mean of 25.8% (Figure 3E). Pre-
treatment with belinostat 1 mM reduced viability by 37.06%,
whereas pretreatment with PRN694 1 mM reduced viability by
6.67% (P 5 .01). Consistent with our DBP data, pretreatment
with ibrutinib 1 mM in the presence of venetoclax 100 nM did not
significantly reduce cell viability (P 5 .35). Collectively, the results
of the viability studies are consistent with the DBP data, thus
supporting that ruxolitinib and belinostat increase overall mito-
chondrial priming and BCL-2 dependence in T-PLL cells.

Primary cells from JAK/STAT pathway–mutated
T-PLL are more sensitive to inhibition of JAK1 than
of ITK
Although no difference in the ex vivo activity of ruxolitinib, PRN694,
ibrutinib, or belinostat was observed according to ATM or TP53
molecular status (data not shown), the activity of ruxolitinib in
combination with venetoclax was significantly higher in the samples
harboring an activating mutation in the JAK/STAT pathway. The
average ratio between viability with ruxolitinib plus venetoclax
combination vs venetoclaxmonotherapywas 0.988 for the 5patient
samples without an activating mutation in the JAK/STAT pathway,
and 0.483 for the 19 patient samples with a mutation (Figure 4A).
Activity of ruxolitinib in combination with venetoclax was signifi-
cantly lower in samples with a downstream activating mutation of
STAT5B. Pretreatment with ruxolitinib with venetoclax 100 nM for
4 hours reduced viability by a mean of 23.82% in patient samples
with a STAT5Bmutation vs 42.90% in the samples with an isolated
mutation of JAK3 or JAK1 (Figure 4B; P 5 .03).

To better understand the mechanistic underpinnings of these
differences, we measured the baseline activity of the JAK/STAT
pathway by the level of phosphorylation of STAT5B. T-PLL cells
harboring at least 1 JAK/STAT pathway mutation had a higher
level of STAT5B phosphorylation compared with samples with
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no mutation (n 5 7 vs n 5 2 respectively; P 5 .013; protein
quantification in Figure 4C, representative examples in Figure 4D
and all 9 blots shown in supplemental Figure 4). No difference
was observed according to STAT5B mutational status (data not
shown). Conversely, the activity of PRN694 in combination with
venetoclax was significantly higher in the samples without acti-
vating mutations in the JAK/STAT pathway, with a mean of 0.736
for the 5 patient samples without an activating mutation in the
JAK/STAT pathway, and 0.956 for the 19 samples with a mutation
(P 5 .002; Figure 4E). No significant difference was seen in these
subgroups with belinostat treatment (data not shown).

Venetoclax plus ruxolitinib was effective for 2
patients with refractory T-PLL
Based on our preclinical data, we treated 2 patients with refractory
T-PLL, for whom no standard treatment option was suitable, with

venetoclax1ruxolitinib. The patients’ baseline characteristics and
medical history are shown in supplemental Table 2. They provided
informed consent to the therapeutic approach. The treatment
schedules as well as white blood cell counts are presented in
Figure 5A-B. No patient developed tumor lysis syndrome on this
combination. Repeat CT scans after 30 days of combination
therapy for patient A showed resolution of splenomegaly
(Figure 5C). At latest follow-up, all consensus criteria1 for complete
response were met except the circulating lymphocyte count of
23.6 3 109/L (which was above the threshold of 4 3 109/L),
classifying patient A as partial response, now maintained for
10 months. Patient B had previously initiated venetoclax mono-
therapy but began to have a slowly increasing lymphocyte count.
The addition of ruxolitinib at day 61 led to stabilization of the
disease. The combination was stopped because of the COVID-19
pandemic, as continuation of this off-label therapy was no longer
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possible in the patient’s nursing facility during lockdown, and
disease progression occurred off therapy at day 127 after ven-
etoclax initiation. Patient B never resumed combination therapy
and was lost to follow-up. Observed adverse events, their timing
andmanagement are described in supplemental Table 3.Of note,
the T-PLL cells of patient A were JAK3 mutated, and we did not
find any mutation in the JAK/STAT pathway for patient B. Given
the more robust clinical response of patient A, these clinical data
are consistent with our previous preclinical finding that en-
hancement of BCL-2 dependence by JAK1 inhibition may be
stronger in mutated T-PLL. Of note, a third patient (“patient C”
described in supplemental Table 3 and supplemental Figure 5)
was treated with the combination of venetoclax and the HDACi
romidepsin (used instead of belinostat because of availability).

This option was chosen because her disease was not mutated in
the JAK/STAT pathway. She achieved a partial response, currently
ongoing after 9months.Withmaximal venetoclax dosing (800mg/d)
the lymphocyte count has stabilized at ;40 3 109/L, with occa-
sional need for platelet transfusion support.

Discussion
Recent international collaborations1 have begun to promote
translational science that may bring the benefits of novel agent-
based therapies to T-PLL. Much of this initial preclinical work has
focused on the genetics of T-PLL and how that might influence
susceptibility to various targeted treatments.27 We report for the
first time a functional precision-medicine approach, using BH3
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Figure 5. Two patients treated with the venetoclax1ruxolitinib combination. (A) Patient A (top): the curve shows the evolution of white blood cell (WBC) count during
treatment with the venetoclax1ruxolitinib combination. The 2 histogram graphs show the daily doses of venetoclax and ruxolitinib received. The combination was started with
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profiling to dissect T-PLL biology and to identify novel combi-
nation approaches to therapy. We found that, relative to CLL
cells, T-PLL cells are less primed to undergo apoptosis. Unlike
CLL cells, which depend primarily on BCL-2 for survival, T-PLL
cells are heterogeneous and may commonly also depend on
MCL-1. Dual inhibition of BCL-2 and MCL-1 potently induced
cell death in our model. Moreover, JAK/STAT pathway inhibition
with ruxolitinib and HDAC inhibition with belinostat selectively
increased BCL-2 dependence, thereby sensitizing T-PLL cells to
venetoclax. A model of these interactions is summarized in
Figure 5D. We began to explore the combination of venetoclax
and ruxolitinib in vivo by treating 2 patients with refractory T-PLL,
and we observed a deep response, which is ongoing after
10 months in the JAK3-mutated T-PLL, as well as a stabilization
of the disease in a patient for whom nomutation was found in the
JAK/STAT pathway of tumor cells.

Several recent studies have evaluated targeted therapies in
T-PLL cells through analysis of isolated primary T-PLL cells derived
from the peripheral blood10,14,17; however, the microenvironment
most likely modulates intracellular survival signaling in T-PLL. One
group used stromal support (NKT) and found that SNS-032, a
cyclin-dependent kinase inhibitor, overcame the stroma-mediated
protective effect.9 In another study, IL-2, IL-4, and CD40L stimu-
lation was used to mimic the effects of the lymph node micro-
environment, which led to resistance to inhibition of both BCL-2
and MCL-1.14 We used the NKT stromal coculture system, which is
known to generate media enriched with IL-6 and CXCL1028 and
also promotes malignant cell survival through direct cell-cell in-
teractions. The use of this coculture model may at least in part
explain the lower activity of the drugs used in monotherapy in our
study in comparison with other published data.9 An advantage of
this model is that it enabled us to confirm, under different con-
ditions, the synergy between inhibition of BCL-2 and MCL-1 in
T-PLL, which was also suggested by a recent study.14 Although this
promising approach is now under evaluation in other hematologic
malignancies, theoretical concerns about the potential for he-
matologic and cardiac toxicities suggest that we should also in-
vestigate other venetoclax combination strategies given the
possibility that a BCL-2 plus MCL-1 inhibitor combination is not
feasible from a safety perspective.

To explore other potential combination partners for venetoclax,
we focused on targeting other pathways crucial to the patho-
physiology of T-PLL: JAK/STAT, histone acetylation, and the TCR
pathway. In ameta-analysis that included sequence information on
JAK or STAT gene loci in 275 patients with T-PLL, a cumulative rate
of 62.1% of cases with mutated JAK or STAT genes were found.
Functionally, it has been shown that IL2RG-JAK1-JAK3-STAT5B
mutations led to STAT5 hyperactivation that transformed Ba/F3
cells, resulting in cytokine-independent growth, and/or enhanced
colony formation in Jurkat T cells.29 Prior work has also suggested
that pharmacologic inhibition of the JAK/STAT pathway with the
phospho-STAT5 inhibitor tool compound pimozide led to de-
creased T-PLL cell viability and diminished phospho-STAT5

levels.29 Basal STAT5B phosphorylation level in T-PLL cells
was evaluated in 2 studies,2,11 and a common finding was no-
ticeable basal phosphorylation of STAT5B in several T-PLL samples,
which could be explained by IL2RG-JAK1-JAK3-STAT5Bmutations
or by genomic losses of hypothetical negative regulators of
STAT5B.2 In both studies, the amount of STAT5B phosphorylation
was heterogeneous and was higher in cases with mutated JAK1,
JAK3, or STAT5B, consistent with our findings.

Previous work has shown that JAK3, even when constitutively
active, does not mediate STAT5 phosphorylation without JAK1
and that JAK1 phosphorylates JAK3 and STAT5, whereas JAK3
phosphorylates and fully activates JAK1, but not STAT5.30 Our
results are consistent with these data, given that we found that
JAK1 inhibition with ruxolitinib (IC50, 3.3 nM) enhances BCL-2
dependence and venetoclax activity, whereas JAK3 inhibition
with PRN694 (IC50, 30 nM) does not. Moreover, the growth-
promoting activity of mutated STAT5B can be partially abro-
gated by a JAK1 inhibitor.31 To some extent, even mutated
STAT5B needs some phosphorylated JAK1 to transduce signal,
consistent with our data showing that ruxolitinib has a preserved,
but less pronounced, effect on STAT5B-mutated T-PLL cells.
Finally, an influence of phosphorylated STAT5B on BCL-2 family
proteins in T cells is described,32-34 but further work is needed to
explore this finding in T-PLL.

In addition to JAK/STAT dysregulation, T-PLL is characterized by
dysregulation of histone acetylation, which can be targeted by
HDACi.11 We showed a significant increase in overall priming
after treatment with belinostat, which may help explain the re-
ported synergy of HDACi with chemotherapy and alemtuzu-
mab.12 Likewise, it has been proposed that p53 activation, by
reacetylation through HDAC inhibition, can influence BCL-2
family proteins, particularly BCL-2 and BCL-xL.15 Our finding that
belinostat increases BCL-2 dependence is consistent with that
hypothesis. Finally, our results also shed light on how targeting
the TCR pathway could be effective in T-PLL. Although not as
pronounced as the effects we saw with JAK/STAT or HDAC
inhibitors, we do see a modest effect on viability with TCR
pathway inhibition through the selective ITK inhibitor PRN694
when combined with venetoclax. This effect was not significant
with ibrutinib at the dose of 1 mM. This is consistent with our
previous data, where ibrutinib was used at a higher dose of
10 mM, which inhibited ITK more potently.17 Interestingly, the
effect of PRN694 was primarily seen in T-PLL cells without ac-
tivatingmutations in the JAK/STAT pathway, suggesting that the
pathophysiology in this subset of patients with T-PLL may rely
more on the proximal TCR signalosome.

Our preclinical data on venetoclax with ruxolitinib led to the
initial exploration of this combination in 2 patients with refractory
T-PLL. One of the patients carried the JAK3 mutation and ex-
perienced a deep partial response, which, at this writing, is
sustained for 10 months with an intermittent treatment strategy.
The second patient (without a JAK-STAT pathway mutation

Figure 5 (continued) started first with a daily ramp-up from 20 mg to 800 mg over 6 days. After 2 months of slow progression, ruxolitinib was added at 10 mg/d and then
increased to 10 mg twice daily. AE 1: grade 2 thrombocytopenia. (C) A computed tomographic scan of patient A showing the spleen at baseline (largest dimension measured,
168.3 mm) and 1 month after the beginning of treatment with ruxolitinib1venetoclax (largest dimension measured, 110 mm). (D) The proposed mechanism underlying our main
findings. At baseline, BCL-2 and MCL-1 are molecular vulnerabilities in T-PLL. JAK/STAT pathway inhibition through JAK1 inhibition selectively increases BCL-2–dependent
apoptotic priming and the activity of venetoclax.
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detected in tumor cells) experienced stabilized disease. These
results, along with our preclinical data, strongly support the de-
velopment of a prospective clinical trial to evaluate the safety and
efficacy of this combination in T-PLL. Finally, the partial response
of patient C (without a JAK-STAT pathway mutation detected in
tumor cells and treated with venetoclax and romidepsin), which,
at this writing, was sustained for 9 months, supports further
evaluation of venetoclax1HDACi in T-PLL, especially in patients
without a JAK/STAT pathway mutation in their T-PLL cells.
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and Technology Fund (grant LS16-034), the Pan-Massachusetts Chal-
lenge Team FLAMES (C.H. andM.S.D.), and a Scholar in Clinical Research
award from the Leukemia and Lymphoma Society (M.S.D.).

Authorship
Contribution: C.H., C.K., S.P., P.B.S., and M.S.D. contributed to the
overall design, performed research, collected, analyzed, and interpreted
data, and prepared and wrote the manuscript; S.P. coordinated sample
banking and performedDNA sequencing; M.C.C., R.V., S.J.F.C., and L.H.
contributed to the overall design and performed research; C.H., C.K., and
M.S.D. analyzed the data and performed the statistical analyses; C.H.,
M.S.D., O.T., F.L., J.D., A.D., C.T., K.L., L.R., D.R.-W., C.R., E.V.D.N., C.L.,
F. Merabet, J.V.M., M.T., and F. Morschhauser provided clinical care and
collected data; L.Y. and S.N. provided support; P.B.S. and M.S.D.

supervised the study; and all authors critically reviewed and approved
the final version of the manuscript.

Conflict-of-interest disclosure: C.H. has received research funding from
Takeda and AbbVie and honoraria and nonfinancial support from Roche,
Janssen-Cilag, AbbVie, and Takeda. C.R. has received research funding
from Roche and honoraria and nonfinancial support from Janssen, Roche,
and Takeda. M.S.D. has been a consultant for AbbVie, Adaptive Bio-
technologies, Ascentage Pharma, AstraZeneca, BeiGene, Celgene, Eli
Lilly, Genentech, Janssen, MEI Pharma, Pharmacyclics, Research to
Practice, TG Therapeutics, Verastem, and Zentalis and has received
research support from AbbVie, Ascentage Pharma, AstraZeneca, Gen-
entech, MEI Pharma, Novartis, Pharmacyclics, Surface Oncology, TG
Therapeutics, and Verastem. The remaining authors declare no com-
peting financial interests.

ORCID profiles: C.H., 0000-0003-4910-476X; R.V., 0000-0001-8339-
0902; O.T., 0000-0002-9438-621X; F.L., 0000-0001-6205-5419; L.R.,
0000-0001-7213-9464; D.R.-W., 0000-0002-7767-755X; C.R., 0000-
0003-3717-7961; F.Morschhauser, 0000-0002-3714-9824;M.S.D., 0000-
0003-4529-2003.

Correspondence: Matthew S. Davids, Department of Medical Oncology,
Dana-Farber Cancer Institute, 450 Brookline Ave, Boston, MA 02215;
e-mail: matthew_davids@dfci.harvard.edu.

Footnotes
Submitted 28May 2020; accepted 14 January 2021; prepublished online
on Blood First Edition 17 February 2021. DOI 10.1182/blood.
2020007303.

*C.H., C.K., S.P., P.B.S., and M.S.D. contributed equally to this study.

For original data, please e-mail the corresponding author.

The online version of this article contains a data supplement.

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

REFERENCES
1. Staber PB, Herling M, Bellido M, et al.

Consensus criteria for diagnosis, staging, and
treatment response assessment of T-cell
prolymphocytic leukemia. Blood. 2019;
134(14):1132-1143.

2. Wahnschaffe L, Braun T, Timonen S, et al.
JAK/STAT-activating genomic alterations are
a hallmark of T-PLL. Cancers (Basel). 2019;
11(12):1833.

3. Herbaux C, Genet P, Bouabdallah K, et al.
Bendamustine is effective in T-cell prolym-
phocytic leukaemia. Br J Haematol. 2015;
168(6):916-919.

4. Dearden CE, Matutes E, Cazin B, et al. High
remission rate in T-cell prolymphocytic leu-
kemia with CAMPATH-1H. Blood. 2001;98(6):
1721-1726.

5. Dearden CE, Khot A, Else M, et al.
Alemtuzumab therapy in T-cell prolympho-
cytic leukemia: comparing efficacy in a series
treated intravenously and a study piloting the
subcutaneous route. Blood. 2011;118(22):
5799-5802.

6. Wiktor-Jedrzejczak W, Drozd-Sokolowska J,
Eikema DJ, et al. EBMT prospective obser-
vational study on allogeneic hematopoietic

stem cell transplantation in T-prolymphocytic
leukemia (T-PLL). Bone Marrow Transplant.
2019;54(9):1391-1398.

7. Yamasaki S, Nitta H, Kondo E, et al. Effect of
allogeneic hematopoietic cell transplantation
for patients with T-prolymphocytic leukemia: a
retrospective study from the Adult Lymphoma
Working Group of the Japan Society for he-
matopoietic cell transplantation. Ann Hema-
tol. 2019;98(9):2213-2220.

8. Cross MJ, Else M, Morilla R, et al No im-
provement in survival for T-PLL patients over
the last two decades [abstract]. Blood. 2019;
134(suppl 1). Abstract 1552.

9. Andersson EI, Pützer S, Yadav B, et al.
Discovery of novel drug sensitivities in T-PLL
by high-throughput ex vivo drug testing and
mutation profiling. Leukemia. 2018;32(3):
774-787.

10. Boidol B, Kornauth C, van der Kouwe E, et al.
First-in-human response of BCL-2 inhibitor
venetoclax in T-cell prolymphocytic leukemia.
Blood. 2017;130(13):2499-2503.

11. Schrader A, Crispatzu G, Oberbeck S, et al.
Actionable perturbations of damage re-
sponses by TCL1/ATM and epigenetic lesions
form the basis of T-PLL. Nat Commun. 2018;
9(1):697.

12. Hasanali ZS, Saroya BS, Stuart A, et al.
Epigenetic therapy overcomes treatment re-
sistance in T cell prolymphocytic leukemia. Sci
Transl Med. 2015;7(293):293ra102.

13. Gomez-Arteaga A, Margolskee E, Wei MT,
van Besien K, Inghirami G, Horwitz S.
Combined use of tofacitinib (pan-JAK in-
hibitor) and ruxolitinib (a JAK1/2 inhibitor) for
refractory T-cell prolymphocytic leukemia
(T-PLL) with a JAK3 mutation. Leuk Lym-
phoma. 2019;60(7):1626-1631.

14. Smith VM, LomasO, Constantine D, et al. Dual
dependence on BCL2 and MCL1 in T-cell
prolymphocytic leukemia. Blood Adv. 2020;
4(3):525-529.

15. Schrader A, Braun T, Herling M. The dawn of a
new era in treating T-PLL. Oncotarget. 2019;
10(6):626-628.

16. Pützer S, Varghese L, von Jan J, et al.
Reinstated p53 response and high anti-T-cell
leukemia activity by the novel alkylating
deacetylase inhibitor tinostamustine [pub-
lished correction appears in Leukemia. 2021;
35(1):293]. Leukemia. 2020;34(9):2513-2518.

17. Kornauth C, Herbaux C, Boidol B, et al
Combination of venetoclax and ibrutinib in-
creases bcl2-dependent apoptotic priming,
reduces ITK-phosphorylation and is clinically

RUXOLITINIB COMBINED WITH VENETOCLAX FOR T-PLL blood® 24 JUNE 2021 | VOLUME 137, NUMBER 25 3505

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/137/25/3495/1810192/bloodbld2020007303.pdf by guest on 16 M

ay 2024

https://orcid.org/0000-0003-4910-476X
https://orcid.org/0000-0001-8339-0902
https://orcid.org/0000-0001-8339-0902
https://orcid.org/0000-0002-9438-621X
https://orcid.org/0000-0001-6205-5419
https://orcid.org/0000-0001-7213-9464
https://orcid.org/0000-0002-7767-755X
https://orcid.org/0000-0003-3717-7961
https://orcid.org/0000-0003-3717-7961
https://orcid.org/0000-0002-3714-9824
https://orcid.org/0000-0003-4529-2003
https://orcid.org/0000-0003-4529-2003
mailto:matthew_davids@dfci.harvard.edu
https://doi.org/10.1182/blood.2020007303
https://doi.org/10.1182/blood.2020007303


promising in relapsed/refractory
T-prolymphocytic leukemia [abstract]. Blood.
2019;134(suppl 1). Abstract 3965.

18. Berg LJ, Finkelstein LD, Lucas JA,
Schwartzberg PL. Tec family kinases in T
lymphocyte development and function. Annu
Rev Immunol. 2005;23(1):549-600.

19. Zhong Y, Dong S, Strattan E, et al. Targeting
interleukin-2-inducible T-cell kinase (ITK) and
resting lymphocyte kinase (RLK) using a novel
covalent inhibitor PRN694. J Biol Chem.
2015;290(10):5960-5978.

20. Montero J, Sarosiek KA, DeAngelo JD, et al.
Drug-induced death signaling strategy rapidly
predicts cancer response to chemotherapy.
Cell. 2015;160(5):977-989.

21. Ten Hacken E, Valentin R, Regis FFD, et al.
Splicing modulation sensitizes chronic lym-
phocytic leukemia cells to venetoclax by
remodeling mitochondrial apoptotic de-
pendencies. JCI Insight. 2018;3(19):e121438.

22. Kurtova AV, Balakrishnan K, Chen R, et al.
Diverse marrow stromal cells protect CLL cells
from spontaneous and drug-induced apo-
ptosis: development of a reliable and re-
producible system to assess stromal cell
adhesion-mediated drug resistance. Blood.
2009;114(20):4441-4450.

23. Del Gaizo Moore V, Brown JR, Certo M, Love
TM, Novina CD, Letai A. Chronic lymphocytic

leukemia requires BCL2 to sequester pro-
death BIM, explaining sensitivity to BCL2
antagonist ABT-737. J Clin Invest. 2007;
117(1):112-121.

24. Davids MS, Deng J, Wiestner A, et al.
Decreased mitochondrial apoptotic priming
underlies stroma-mediated treatment re-
sistance in chronic lymphocytic leukemia.
Blood. 2012;120(17):3501-3509.

25. Deng J, Isik E, Fernandes SM, Brown JR, Letai
A, Davids MS. Bruton’s tyrosine kinase in-
hibition increases BCL-2 dependence and
enhances sensitivity to venetoclax in chronic
lymphocytic leukemia. Leukemia. 2017;
31(10):2075-2084.

26. Davids MS, Hallek M, Wierda W, et al.
Comprehensive safety analysis of venetoclax
monotherapy for patients with relapsed/
refractory chronic lymphocytic leukemia.
Clin Cancer Res. 2018;24(18):4371-4379.

27. Braun T, von Jan J, Wahnschaffe L, Herling M.
Advances and perspectives in the treatment of
T-PLL. Curr Hematol Malig Rep. 2020;15(2):
113-124.

28. Manshouri T, Estrov Z, Quintás-Cardama A,
et al. Bone marrow stroma-secreted cytokines
protect JAK2(V617F)-mutated cells from the
effects of a JAK2 inhibitor. Cancer Res. 2011;
71(11):3831-3840.

29. Kiel MJ, Velusamy T, Rolland D, et al.
Integrated genomic sequencing reveals
mutational landscape of T-cell prolympho-
cytic leukemia. Blood. 2014;124(9):
1460-1472.

30. Haan C, Rolvering C, Raulf F, et al. Jak1 has a
dominant role over Jak3 in signal transduction
through gc-containing cytokine receptors.
Chem Biol. 2011;18(3):314-323.
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