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m Mature natural killer (NK) cell neoplasms are rare but very aggressive types of cancers. With
currently available treatments, they have a very poor prognosis and, as such, are an example
* Extended drug re-

sponse assays are cru-
cial for in vitro
identification of treat-
ments that selectively
eradicate the cancer
cells.

¢ JAK inhibition in combi-
nation with selected
inhibitors can effec-

of group of cancers in which the development of effective precision therapiesis needed. Using
both short- and long-term drug sensitivity testing, we explored novel ways to target NK-cell
neoplasms by combining the clinically approved JAK inhibitor ruxolitinib with other
targeted agents. We profiled 7 malignant NK-cell lines in drug sensitivity screens and
identified that these exhibit differential drug sensitivities based on their genetic
background. In short-term assays, various classes of drugs combined with ruxolitinib
seemed highly potent. Strikingly, resistance to most of these combinations emerged rapidly
when explored in long-term assays. However, 4 combinations were identified that
selectively eradicated the cancer cells and did not allow for development of resistance:
tively target aggressive ruxolitinib combined with the mouse double-minute 2 homolog (MDM2) inhibitor

NK-cell malignancies in idasanutlin in STAT3-mutant, TP53 wild-type cell lines; ruxolitinib combined with the

a stratified manner. farnesyltransferase inhibitor tipifarnib in TP53-mutant cell lines; and ruxolitinib combined
with either the glucocorticoid dexamethasone or the myeloid cell leukemia-1 (MCL-1)
inhibitor S63845 but both without a clear link to underlying genetic features. In conclusion,
using a new drug sensitivity screening approach, we identified drug combinations that
selectively target mature NK-cell neoplasms and do not allow for development of resistance,
some of which can be applied in a genetically stratified manner.

Introduction

Aggressive natural killer—cell leukemia (ANKL) and extranodal natural killer/T-cell lymphoma, nasal type
(NKTCL), are distinct diseases that exhibit overlap in genetic drivers, upregulated pathways,
immunophenotypes, and sites of involvement."® ANKL is a systemic malignancy, whereas NKTCL is
present in the nasal cavity but in rare cases may present in extranodal sites (ie, lungs, skin,
gastrointestinal track). Both malignancies are aggressive diseases with very poor prognosis. They have
a higher prevalence in Asian and South American populations than in other populations and are
associated with Epstein-Barr virus (EBV) infection.”®® NKTCL and ANKL share similarities with other
EBV-positive leukemias and lymphomas, such as y3-T-cell lymphoma,” as well as with less aggressive
T-cell large granular lymphocytic leukemia and chronic lymphoproliferative disorder of NK cells that are
not associated with EBV infections.®
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Cancer genome-sequencing efforts have revealed several recurrent
mutations resulting in dysregulated signaling pathways in ANKL
and NKTCL. These include mutations in the JAK/STAT pathway
(JAKS, STATS3, and STAT5B), epigenetic modifiers (EP300,
MLL2, ASXL3, and ARID1A), tumor suppressors (TP53), and
transcription factors (MYC).2%'%"'2 In particular, high frequen-
cies of mutations in STAT3 (8%-23%) and tumor protein p53
(TP53) (7%-35%) have been found in ANKL."%'2

Current treatment options for both ANKL and NKTCL involve
L-asparaginase—containing combinatorial therapies such as SMILE
(dexamethasone, methotrexate, ifosfamide, L-asparaginase, and
etoposide).'®'* However, these treatments produce low complete
response rates and, as a result, the median survival is no more than
a few months. In the case of ANKL, fatal outcomes are considered
a rule irrespective of treatment. Based on in vitro and preclinical
efficacy, several targeted therapies have been suggested for ANKL
and NKTCL. These include immune checkpoint inhibitors,'®'® as
well as small-molecule inhibitors such as hypomethylating agents
(decitabine), histone deacetylase inhibitors (vorinostat),'” combi-
nations with ruxolitinib and the B-cell ymphoma 2 (BCL-2) family
inhibitors venetoclax and navitoclax, or the aurora kinase inhibitor
alisertib,® as well as statins (lovastatin and simvastatin) combined
with conventional cytotoxic chemotherapy (paclitaxel and top-
otecan).'® However, only a few patients have received immune
checkpoint inhibitors in NKTCL,"®'® all the observations with
small-molecule inhibitors are based on in vitro efficacy, and none
of the novel targeted therapies has reportedly been tested in
clinical settings.'®

Combination with JAK inhibitors is a particularly appealing strategy
for targeting NK-cell malignancies. JAK inhibitors selectively target
NK-cell development, indicating the central role of JAK-STAT
signaling in NK-cell biology. However, healthy NK-cell loss during
the treatment is clinically manageable, and lymphocytes recover
rapidly after treatment is interrupted.?®?' The JAK inhibitor
ruxolitinib is approved to treat myelofibrosis, polycythemia vera,
and acute graft-versus-host disease. Ruxolitinib is also under
clinical investigation for relapsed/refractory T/NK-cell lymphoma
(clinicaltrials.gov identifier #NCT02974647), and there is a wide
interest in combining ruxolitinib or other JAK inhibitors with
approved or investigational drugs for treatment of other hemato-
logic disorders (clinicaltrials.gov identifiers #NCT03874052,
#NCT03681561, and #NCT03795909).

In the current study, we found potential clinically translatable drug
combinations for targeting ANKL and NKTCL cells in a stratified
manner. Several drug combinations involving physiological doses of
the JAK inhibitor ruxolitinib were identified for which the cells do not
develop resistance in long-term in vitro assays.

Methods

Cells and cell culture

NK-YS and SNK-6 cell lines were obtained from Wing C. Chan
(City of Hope National Medical Center, Duarte, CA), NKL from
Thomas P. Loughran, Jr. (University of Virginia, Charlottesville, VA),
YT, KHYG-1, and NK-92 from Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen GmbH (Braunschweig, Germany), and
IMC-1 from 1.-Ming Chen (University of New Mexico, Albuquerque,
NM). NK-cell lines were cultured in RPMI 1640 (Gibco, Carlsbad,
CA) supplemented with 10% fetal bovine serum (Life Technologies,
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Carlsbad, CA), 2 mM L-glutamine, 100 IU/mL penicillin, 100 pug/mL
streptomycin (Gibco), and 10 or 20 ng/mL human IL-2 (PeproTech,
Rocky Hill, NJ) (supplemental Table 1). Cell lines were authenti-
cated by using the GenePrint10 System (Promega, Madison, WI)
and sequenced for mutations using the targeted next-generation
sequencing SeqCap EZ Comprehensive Cancer Design panel
(Roche NimbleGen, Pleasanton, CA) for the study by Dufva et al®
The cell lines were prepared and cryopreserved as assay-ready
cells. They were confirmed as Mycoplasma free based on the
method described by Choppa et al,?*?® by the THL Biobank
(Helsinki, Finland), and may be accessed from Cellosaurus
(https://web.expasy.org/cellosaurus/) with the following acces-
sion numbers: IMC-1, CVCL_EQ57; KHYG-1, CVCL_2976; NK-
92, CVCL_2142; NK-YS, CVCL_8461; NKL, CVCL_0466;
SNK-6, CVCL_A673; and YT, CVCL_1797.

Drug sensitivity and resistance testing and synergy
matrix screens

Drug sensitivity and resistance testing (DSRT) and synergy testing
were adapted to screen NK-cell lines as previously described.?*2°
The screen consisted of 132 approved and investigational
oncology compounds (supplemental Data 1). All compounds
were preplated at 5 or 7 different concentrations on black wall
clear bottom 384-well plates (Corning, Corning, NY) using an
acoustic dispenser (Echo 550; Labcyte Inc., San Jose, CA);
0.1% dimethyl sulfoxide (DMSO) and 100 pM benzethonium
chloride were used as negative and positive controls, respec-
tively. The drugs were dissolved in 5 pL in cell culture medium
with 1:400 CellTox Green (Promega) per well. Subsequently,
20 uL cell suspension per well was dispensed (supplemental
Table 1) using a MultiFlo FX dispenser (BioTek Instruments,
Winooski, VT). Cells were incubated for 72 hours at 37°C and
5% carbon dioxide. After 72 hours, cell death (CellTox Green,
Promega) and viability (CellTiter-Glo 2.0, Promega) were
measured in a multiplexed manner by using a PHERAstar FS
plate reader (BMG Labtech, Ortenberg, Germany) as described
previously.?*

9-Day drug perturbation and drug combination
reversibility tests

NK-cell lines (NK-YS, IMC-1, YT, NKL, NK-92, and SNK-6) were
treated with compounds for 9 days on Nunc v-bottom 96-well plates
(supplemental Table 1). Drugs and growth media were replenished
every 72 hours: Cells were centrifuged at 200g for 5 minutes,
supernatant was removed, cells were resuspended to 80 plL per
well of growth media, and drugs were added at 20 pL per well
diluted to growth media. In the 3-day treatment, 6-day drug recovery
test, drug responses were also observed over 9 days, but cells were
treated with drugs for 72 hours, after which the drugs were washed
out and cells maintained in culture without drugs for another 6 days.
Seventy-two hours before readout during growth media and/or drug
replenishment, cells were transferred onto 96-well clear bottom
black wall (#3904, Corning) plates. Cell viability was measured by
using CellTiter-Glo 2.0 (Promega) and recorded by using a PHER-
AStar FS plate reader.

Time to progression assay

Five million cells per treatment were seeded at 5 X 10° cells/mL
with DMSO control, single drugs, and drug combinations. After the
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first splitting at day 3, the cells were maintained at 3.5 X 10° cells/mL
(for NKL, YT, SNK-6, IMC-1, and NK-92) or 3 X 10° cells/mL
(NK-YS) and counted every third or fourth day by using
a Countess |l Automated Cell Counter (Thermo Fisher
Scientific, Waltham, MA). After cell counting, cells were re-
plated to 3 X 10% or 8.5 X 10° cells/mL in fresh interleukin-2
(IL-2) containing complete RPMI 1640 and drugs. The minimum
volume at which cells were kept was 1 mL. After 30 days, drugs
were washed out, and cells were maintained for another 30 to
32 days without drugs.

Healthy peripheral blood mononuclear cell
enrichment and flow cytometry-based drug testing

Fresh healthy peripheral blood buffy coats were obtained from
the Finnish Red Cross Blood Service (approval no. Veripalvelu
51/2019). Peripheral blood mononuclear cells (PBMCs) were
enriched by using Ficoll-Paque Premium (GE Healthcare,
Chicago, IL) density gradient centrifugation. Cells were sus-
pended to complete RPMI 1640 supplemented with 10 ng/mL
IL-2 and plated to pre-drugged 96-well V-bottom plates. After
72 hours' incubation, cells were stained with 25 pL antibody mix
(supplemental Table 2) in staining buffer (10% fetal bovine
serum and 0.02% sodium azide in RPMI 1640 medium). Cells
were incubated 20 minutes with the antibodies and centrifuged
at 500g for 5 minutes to remove supernatant. Apoptotic and
dead cells were discriminated by 7-Aminoactinomycin D and PE-
Annexin V (BD Biosciences, Franklin Lakes, NJ) and used at
25 pL per well. Cells were incubated for 10 minutes at room
temperature before analysis using an iQue Screener PLUS flow
cytometer (Sartorius, Gottingen, Germany). ForeCyt software
(Sartorius) was used to gate cells and acquire population counts
(as described elsewhere).?” Drug response was measured by
calculating remaining viable cells after drug treatment of cell
populations positive for the different markers. Absolute cell
count was normalized to adjacent DMSO controls.

Data analysis

The DSRT data and synergy scores (ZIP) were processed and
calculated by using the Web-based tools Breeze®® and Synergy
Finder,293° respectively. Drug sensitivity score (DSS) values
representing area under the drug response curve were prefil-
tered based on average DSS values and manual curation. The
prefiltering cutoff for the CellTiter-Glo viability readout was 10,
and for the CellTox Green toxicity readout it was 5. The average
differential DSS values were analyzed as DSS values, but the
cutoffs were for CellTiter-Glo readout 5 and for CellTox Green
2.5. The clustering was done in ClustVis.®' Synergy matrices
were visualized in RStudio (Boston, MA), and statistical analyses
were performed by using GraphPad Prism 8 (GraphPad
Software, La Jolla, CA).

Results

Mutational status of malignant NK-cell lines causes
differential drug sensitivity

Seven malignant NK-cell lines were exposed to drug sensitivity
testing to determine sensitivities to 132 mechanistically diverse

approved and investigational oncology compounds (supplemental
Data 1). We measured both viability and drug-induced cytotoxicity,
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allowing us to separate cytostatic from cytotoxic responses. For
drug efficacy and potency evaluation, we calculated DSS, an area
under the dose—-response curve type metric, for each compound as
previously described.?®32 Among the 7 cell lines tested, 4 carried
TP53 mutations and the remaining 3 carried STAT3 mutations
(supplemental Table 1). These findings reflect that STAT3 and
TP53 mutations seem to be mutually exclusive or independent
genetic events in the development of ANKL' and NKTCL.""33

We queried whether the drug responses differed between these 2
groups. Although most drugs showed similar effects against the 2
subsets of cell lines, differences in responses occurred in some
compounds in both cell toxicity and cell viability readouts (Figure
1A-B; supplemental Data 1). Most of these compounds exhibited
selective response in either viability or toxicity readout, and several
selective viability-reducing drugs did not exhibit selective toxicities.
Only filanesib and birinapant selectively affected TP53-mutant cells
in both viability (Figure 1G,l) and toxicity (Figure 1H,)) readouts,
whereas BCL-xL inhibition (A-1331852, navitoclax) showed greater
effects toward STAT3-mutant cells with both readouts (Figure 1E-
F,K-L). With several compounds, we observed mixed sensitivities
toward drugs between cell lines within the same group.

In the viability readout, all cell lines responded to the JAK1/2
inhibitor ruxolitinib, reflecting the general dependence on cytokine-
JAK-STAT signaling in NK cells (Figure 1C-D). However, in the
toxicity readout, only 2 of the 7 cell lines exhibited a strong cytotoxicity
response. Similar to the toxicity readout, BCL-2 homology domain 3
profiling®* in ruxolitinib-treated cells (16 hours) showed greater BIM-,
BID-, and HRK-dependent apoptotic priming in NK-YS cells than in
NKL cells (supplemental figure 1; supplemental Materials). As
expected, the TP53-mouse double-minute 2 homolog (MDM2)
inhibitor idasanutlin exhibited selectivity toward the TP53 wild-type
cells in the viability readout (Figure 1M-N). However, as with JAK
inhibition, it primarily appeared to be a cytostatic effect because there
was much less induction of cytotoxicity.

Combination testing reveals sensitivity to
farnesyltransferase inhibitors, glucocorticoids, and
anti-apoptotic inhibitors in the presence of

JAK inhibition

We next tested whether these JAK-STAT signaling-dependent
cells have increased sensitivity toward specific drug classes
when treated in combination with ruxolitinib. A collection of 132
targeted and cytotoxic small molecules were screened in the
presence and absence of 300 nM ruxolitinib to look for potential
synergistic interactions (supplemental Data 1). In the presence
of ruxolitinib, increased sensitivity toward several drug classes
was observed, including farnesyltransferase inhibitors, gluco-
corticoids, and several pro-apoptotic agents (BCL-2 family,
myeloid cell leukemia-1 [MCL-1], and MDM2 inhibitors). Fur-
thermore, in the viability readout, ruxolitinib increased sensitivity
toward several anti-mitotics, as well as topoisomerase | and Il
aurora kinase (that behave as anti-mitotics in our assays®*2°),
phosphatidylinositol 3-kinase inhibitors, and the antimetabolites
cytarabine and methotrexate (Figure 2A).

Based on differential DSS values, we selected 9 combinations
for testing in dose-response matrices to identify synergistic
or additive relationships. Lower dose ranges were selected
for the dose-response matrices to better identify combinatory
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Figure 1. Drug responses in malignant NK-cell lines. Volcano plot of DSS of STAT3 (blue, n = 3) and TP53 (orange, n = 4) mutant cells in viability (A) and
cytotoxicity (B) readouts. Drugs highlighted show selective sensitivity toward TP53 (orange) or STAT3 (blue) mutant NK cells. Dose-response curves of viability
inhibition and toxicity in STAT3 and TP53 mutant NK-cell lines with ruxolitinib (C-D), A-1331852 (E-F), filanesib (G-H), birinapant (I-J), navitoclax (K-L), and

idasanutlin (M-N). Drug responses were normalized to positive cell killing (benzethonium chloride) and negative (DMSO vehicle only) controls. Assays were con-
ducted in single wells normalized plate-wise to negative (DMSO) and positive (BzCl) controls. Normalized cell viability, cell toxicity and resulting DSS values are

provided in supplemental Data 1.

relationships at physiologically relevant intermediate doses. As
expected, TP53-mutant lines did not exhibit synergistic
responses to the combination of ruxolitinib and idasanutlin
(Figure 2B-E; supplemental Data 2). Broad synergies across
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both TP53- and STAT3-mutant cell lines were observed in
combinations between ruxolitinib and tipifarnib, glucocorti-
coids, or BCL-2 family inhibitors (Figure 2B-C; supplemental
Data 2; supplemental Table 3).
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Figure 2. Drug combinations in malignant NK-cell lines. (A) Differential DSS (dDSS) values comparing the response to compounds in the presence vs absence of

300 nM ruxolitinib. ZIP scores represent the drug synergies based on viability (B) and cytotoxicity (C) readout. Each dot represents a different cell line; the bar represents the
variability between cell lines, and the line represents the median of TP53-mutant (orange) and STAT3-mutant (teal) NK-cell lines. Drug combination matrices in viability and
toxicity readouts with ruxolitinib and idasanutlin or tipifarnib in TP53-mutant NK-92 cell line (D) and STAT3-mutant YT cell line (E) are shown. Assays were conducted in single
wells normalized plate-wise to negative (DMSO) and positive (BzCl) controls. dDSS values were calculated by subtracting the DSS(DMSO) from the DSS(ruxo). DSS values
are provided in supplemental Data 1, and drug combination matrix figures for all tested cell lines and drugs are provided in supplemental Data 2.
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Ruxolitinib combined with tipifarnib or idasanutlin
maintains the inhibitory effect in extended drug
response assays

We next assessed whether the drug combinations completely
eradicate the cells or if resistance emerges over time. First, we
followed up the 9 combinations in 2 types of extended assays,
observing the drug-treated cells for 9 days (supplemental Figure 2):
one in which cells were continuously treated with the selected
compounds for 9 days (Figure 3A) and another in which the cells
were treated for 3 days and then were allowed to recover without
drugs for the next 6 days (Figure 3B). We observed that in the 9-day
drug treatment, dexamethasone (200 nM) combined with ruxolitinib
(100 nM) resulted in stronger inhibition in the TP53-mutant cells,
whereas idasanutlin (300 nM) and ruxolitinibb caused stronger
inhibition in STAT3-mutant cells. Tipifarnib (200 nM) and ruxolitinib
(100 nM) caused similar inhibition in both cell line groups. When
testing the cell recovery after a 3-day drug perturbation, cells in all
combinations recovered to varying degrees after 6 days except for
idasanutlin and ruxolitinib, in which the median viability was 2.5% of
DMSO control in the STAT3-mutant cells. We further confirmed
dexamethasone, idasanutlin, and tipifarnib combination responses,
with additional compounds having the same mechanism of action
(the glucocorticoid methylprednisolone, the TP53-MDM2 inhibitor
siremadlin, and the farnesyltransferase inhibitor lonafarnib) (supple-
mental Figure 2). Ruxolitinib combined with MCL-1 and BCL-2
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inhibitors exhibited variability between cell lines, but ruxolitinib
combined with the MCL-1 inhibitor S63845 generally caused
a stronger decrease in viability than with the BCL-2/BCL-xL inhibitor
navitoclax or the BCL-2 inhibitor venetoclax.

Long-term time-to-progression assays identify
several combinations with persisting responses
without regrowth of cells

From the extended drug response assays, we selected the most
potent drug combinations that may have clinical relevance and
observed them in 6 cell lines with an in vitro time-to-progression
(TTP) assay.®® We treated the STAT3-mutant YT, SNK-6, and NK-
YS cell lines and the TP53-mutant NK-92, NKL, and IMC-1 cell lines
with 4 combinations that were controlled with single drug treatments
(Table 1; supplemental Figure 3) for up to 30 days and continued the
culture for an additional 30 to 32 days without compounds or until
regrowth occurred. The cell lines were not eradicated by single drugs
(ruxolitinib, dexamethasone, tipifarnib, S63845, or idasanutlin) with the
exception of the SNK-6 cells, and no combination blocked emergence
of resistance/regrowth in all of the cell line models. However, the
tipifarnib and ruxolitinib combination eradicated 4 of 6 cell lines; in the
remaining 2 cell lines, the recovery only occurred after 42 or 44 days.
Tipifarnib combined with ruxolitinib eradicated all the TP53-mutant cell
lines (Figure 4B,D,F), whereas it was only fully effective in 1 of the
3 STAT3-mutant cell lines (Figure 4A,C,E). Idasanutlin combined with
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Table 1. Ruxolitinib combinations and single-agents tested in TTP assay

Treatment/cell line YT NK-YS SNK-6 NK-92 NKL IMC-1
Mutation in STAT3 or TP53 STAT3 STAT3 STAT3 TP53 TP53 TP53
Dexamethasone + ruxolitinib Regrowth (day 24) Non-responding Responding Regrowth (day 62) Responding Responding
Tipifarnib + ruxolitinib Regrowth (day 44) Regrowth (day 42) Responding Responding Responding Responding
S63845 + ruxolitinib Responding Nonresponding Regrowth (day 60) Regrowth (day 41) Responding Responding
Idasanutlin + ruxolitinib Responding Regrowth (day 23) Responding Regrowth (day 48) Regrowth (day 34) Regrowth (day 18)

Ruxolitinib, 100 nM

Dexamethasone, 200 nM

Tipifarnib, 200 nM
S63845, 300 nM

Idasanutlin, 300 nM

Nonresponding
Nonresponding
Nonresponding
Regrowth (day 30)
Regrowth (day 24)

Nonresponding
Nonresponding
Regrowth (day 27)
Nonresponding

Regrowth (day 10)

Regrowth (day 56)
Nonresponding

Regrowth (day 35)
Regrowth (day 24)

Responding

Nonresponding
Nonresponding
Nonresponding
Nonresponding

Nonresponding

Regrowth (day 34)
Nonresponding
Regrowth (day 17)
Nonresponding

Nonresponding

Regrowth (day 14)
Nonresponding
Nonresponding
Nonresponding

Nonresponding

Cells were considered fully responding when no sign of regrowth was visible at the end of the assay. Regrowth day marked in brackets was based on when cells reached 10 million (one

doubling). Cells were considered nonresponding when expansion occurred within 9 days of starting treatment.

ruxolitinibb was most effective in STAT3-mutant cells. Ruxolitinib
combinations with dexamethasone or S63845 did not exhibit STAT3
or TP53 mutation-specific response patterns, although in both cases, 3
of 6 cell lines were eradicated by the combinations.

Short-term drug responses are poorly predictive of
long-term responses

With the long-term responses at hand, we compared the consistency
of the long-term responses vs those with the same treatments in 3-
day assays, in the extended 9-day assays, the 3-day treatment +
6-day recovery assays, and the synergy scores achieved in 3-day
combination testing. The short-term (3-day) DSRT assays were
not predictive of long-term complete responses, and the short-
term responses alone could therefore not be used to effectively
predict for treatments with long-term responses (Figure 5A-B).
Conversely, the end point results of the extended 9-day assays
(both the 9-day treatment and the 3-day treatment + 6-day
recovery) could have been used to strongly enrich for long-term
complete responses, but some false-positive findings would be
selected also (Figure 5C-D). Strikingly, there was no correlation
between short-term synergy scores and long-term responses
(Figure 5E-F), although all effective combinations except for one
showed some synergy in the viability readout.

Key drug combinations are not broadly toxic in
normal blood mononuclear cells

To elucidate the effect of ruxolitinib combinations on different types
of healthy leukocytes, we tested the top combinations on healthy
PBMC:s. In dose—-response matrix testing, none of the combinations
caused as strong cytostatic or cytotoxic responses for the PBMCs
as for the malignant NK-cell lines (Figure 6A-F; supplemental
Figure 4; supplemental Data 2).

We further used a flow cytometry—based readout to detect
responses in separate cell populations. In these assays, CD56™
NK cells exhibited a strong dose-dependent sensitivity toward
ruxolitinib alone, confirming that these cells are dependent on IL-
2-induced JAK-STAT signaling. Due to the potent ruxolitinib
response, healthy NK cells were also strongly affected by all tested
combinations, leaving ~20% of the cells intact, but no synergies
were seen (Figure 6G,J). CD3™ T cells and total CD45 ™" leukocytes
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were not affected by ruxolitinib or the tested drug combinations
(Figure 6H-1K-L; supplemental Figure 5). Thus, in agreement with
previously published data,® our results show that both malignant
and healthy NK cells are sensitive to JAK inhibition. However, the
tested combinations were only synergistic in the malignant NK-cell
lines, thus providing a good rationale to use ruxolitinib combinations
to treat NK-cell malignancies.

Discussion

In the current study, high-throughput drug sensitivity screens
combined with follow-up long-term assays were used to identify
effective drug combinations against which malignant NK cells did
not develop resistance. We started with the type of short-term
assays (3 days) that are common in drug response profiling of cell
lines and primary patient cells, followed these up with 9-day assays,
and finally tested key combination long-term TTP assays in which
the cells were treated for 30 days and subsequently followed up by
another month of recovery while observing any regrowth of cells.

A key finding from these tests was that short-term drug responses often
failed to predict long-term responses. In most cases, the treatments
reduced the number of viable cells initially but eventually did not hold
back the regrowth of resistant cells. Interestingly, in some cases, the
cells acquired resistance quickly in the presence of the drugs, whereas
in others, a few cells persisted in the long-term treatment and regrew
after drug removal. As a consequence, our data strongly suggest that
selection based on short-term drug response assays is often going to
result in treatments for which resistance will develop relatively quickly
in vitro and presumably also in vivo. Nine-day assays were more
predictive than the 3-day assays but still did not fully reflect the long-term
in vitro TTP assay responses. As an example, the 9-day assay suggested
that STAT3-mutant lines responded stronger to the combination of
ruxolitinib and tipifarnib, whereas the long-term assays proved that the
TP53-mutant lines exhibit the best responses. In the case of 3 other
ruxolitinib combinations (dexamethasone, idasanutlin, and S63845), the
3-day perturbation, 6-day recovery assays were able to predict the long-
term outcome. This may indicate the different perturbation times needed
for each drug but also emphasizes the importance of validating the drug
screening results in long-term in vitro assays before in vivo assessment
to observe whether resistance emerges.
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Figure 4. In vitro TTP assay reveals differential drug sensitivities toward ruxolitinib combinations in STAT3- and TP53-mutant cell lines. Concurrent treatment
with ruxolitinib and tipifarnib or idasanutlin in STAT3-mutant (A-C) or TP53-mutant (D-F) NK-cell lines. Treatments were maintained for 30 days (gray area) with single drugs
and their combinations, and observed for another 30 to 32 days after drug removal (white area). Cells were counted, and drug and media were replenished every third to

fourth day and set to 3 to 3.5 X 10° cells/mL cell density. Cultures were stopped when reaching 20 million (2 duplications from start).

Several studies have shown in both solid and hematologic
malignancies that cancer cells quickly develop resistance to
targeted drugs.®®3® This resistance can occur from drug-tolerant
“persister” cells that slowly arise at the presence of drugs.®®%”
Similar to our in vitro data on malignant NK-cell lines, others
have shown that concomitant blockade of endothelial growth
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factor receptor and MEK in colorectal cancer prevents re-
sistance development in both in vitro and in vivo TTP assays.®®
Together, these data suggest that in vitro long-term assays
reveal the emergence of resistance development, and this
can allow for better prediction of in vivo efficacy, whether
the starting point is a short-term drug sensitivity screen or
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a treatment strategy identified through other means such as
genetic information.

We observed that the NK cells have differential drug responses
depending on TP53 or STAT3 mutation status. Based on previous
reports, TP53 and STAT3 mutations appear mutually exclusive or
independent in ANKL and NKTCL,'3'33% and others have
suggested that mutations in STAT3, BCOR, and DDX3X are nearly
mutually exclusive in NKTCL.'"®* A molecular subtype—based
classification for NKTCL has been proposed.®? In this classification,
JAK-STAT and TP53 dysregulated NKTCL are in one group and the
other two groups consist of NKTCL patients with dysregulated
MYC or EP300. Our data suggest that the JAK-STAT and TP53
group can be further subdivided. To our knowledge, others have not
studied differences in drug responses based on TP53 or STAT3
mutations in mature T-cell/NK-cell leukemias, and there are likely
further ways to genetically stratify the patients; this subject requires
further study, however, with larger cohorts.

In our data set, both malignant and healthy NK cells showed
sensitivity toward ruxolitinib inhibition, highlighting that NK cells are
generally dependent on cytokine-based JAK-STAT signaling. This is
in line with previous observations in which both healthy NK cells and
malignant NK-cell lines exhibit moderate cytostatic sensitivity to
ruxolitinib.® It has been reported that JAK inhibition induces
apoptosis in malignant NK-cell lines by reducing MCL-1
expression,®?*° and ruxolitinib seems to have JAK3-STAT5 in-
hibition capacity in NK cells.?!

Inhibition of JAK kinases with ruxolitinib combined with farnesyl-
transferase inhibition in the current study resulted in long-term
efficacy in all TP53-mutant malignant NK-cell lines, whereas
ruxolitinib combined with idasanutlin was effective in STATS3-
mutant cell lines. Tipifarnib has been shown to inhibit IL6-STAT3
signaling in pancreatic cancer*' and STAT3 expression levels in
acute myeloid leukemia.*? Tipifarnib has been explored as a mono-
therapy in a phase 2 clinical trial to treat large granular lymphocytic
leukemia, a closely related nonaggressive NK/T-cell malignancy
(clinicaltrials.gov identifier #NCT00360776).*® The tipifarnib and
ruxolitinib combination has not previously been tested in NK-cell
malignancies, but both drugs have been clinically tested as single
agents in multiple types of hematologic malignancies.***°

STAT3-mutant, TP53 wild-type NK-cell lines exhibited long-term
sensitivity toward the combination of the TP53-MDM2 interaction
inhibitor idasanutlin and ruxolitinib. [dasanutlin monotherapy was not
effective, on the other hand, as resistance developed quickly in
responding cell lines. Analogous to our results, TP53 wild-type
osteosarcoma and breast cancer cell lines that are initially sensitive
to idasanutlin have been described as developing resistance
through selection of resistant clones.*®

The combination of the MCL-1 inhibitor S63845 and ruxolitinib
exhibited long-term effects independently of STAT3 vs TP53
mutations. Notably, levels of phospho-Y705-STAT3 and MCL-1
have been shown to correlate in patients with NKTCL.3® This may
explain why some of the phospho-Y705-STAT3—positive NK-cell
lines*” responded to MCL-1 inhibition, but the differences in
sensitivities to the S63845 and ruxolitinib combination might also
be explained by differing anti-apoptotic BCL-2 family protein
expression. Finally, the combination of the glucocorticoid dexa-
methasone and ruxolitinib was effective long term in multiple cell
lines, but responses did not seem to be linked to TP53 vs STAT3
mutational status. The combinatorial potential of glucocorticoids
and JAK inhibition has also been shown in T-cell acute lympho-
blastic leukemia models, in which JAK-STAT signaling can mediate
resistance to glucocorticoid-induced apoptosis.*®°° Furthermore,
the same combinatorial effect was recently described for controlling
cytotoxic T cells in hyperinflammation such as cytokine storm
syndromes.®" Importantly, in our study, the T cells in peripheral
blood did not respond strongly to ruxolitinib, dexamethasone, or
their combination, suggesting that the combination does not act on
normal, non-hyperactivated T cells. The potential advantage of
glucocorticoids and ruxolitinib is that both are well tolerated, are
used to treat cancer and autoimmune diseases,®*®® and are
actively researched as combination treatments for inflammatory and
hematologic diseases. This research includes a phase 3 clinical trial
for treating glucocorticoid-refractory graft-versus-host disease
(clinicaltrials.gov identifier #NCT02913261) and phase 1 and 2
clinical trials for acute lymphoblastic leukemia (clinicaltrials.gov
identifiers #NCT03613428 and #NCT02723994). Hence, com-
bining ruxolitinib and dexamethasone seems safe and has notable
potential for clinical translation for NK-cell neoplasms.

A limitation of this study is the small number of cell lines studied,
which most certainly cannot represent the full heterogeneity of NK-
cell malignancies. However, we believe this is close to the state-of-
the-art in this disease setting. Generation of cell lines from ANKL
and NKTCL have proven exceptionally challenging, and only 12 cell
lines have been described,®*®® many of which are not publicly
available. No primary patient cell culture systems have been
documented. Only a handful of xenograft mouse models from cell
lines®®®7 and one single case of a patient-derived xenograft model
from a patient with NKTCL®® have been described, and they all tend
to be unstable models, questioning their relevance.

In conclusion, stratifying ANKL and NKTCL based on mutations
might be a promising approach to reach better therapeutic
outcomes. Cotargeting JAK1/2 together with TP53-MDM2 inhib-
itors can be a feasible way to target aggressive NK-cell
malignancies that carry STAT3 mutations but are TP53 wild type.
Patients with TP53 mutations may benefit from JAK1/2 and
farnesyltransferase inhibition. The combination of ruxolitinib with

Figure 6. Single compounds and ruxolitinib combinations across malignant NK-cell lines and healthy PBMCs. ZIP scores are given, representing the drug

synergies across malignant NK-cell lines and PBMCs in viability (A) and toxicity (B) readout. PBMCs from 2 individuals (gray) are compared with either TP53-mutant (orange)

or STAT3-mutant (teal) NK-cell lines. Each dot represents one NK-cell line or in PBMCs. Line is set to median, and bar represents standard deviation. %-viability and %-toxicity

of 300 nM tipifarnib (C-D) or 300 nM idasanutlin (E-F) combined with 100 nM ruxolitinib are shown. Single measurement per cell line. Mean and standard deviation represent,

in ruxolitinib single treatment, 6 technical replicates and in “PBMC,” mean of PBMCs from 2 individuals. Dose responses and 8 X 8 dose-range synergy matrices are provided

in supplemental Data 2. Drug combinations and single-drug dose—response curves of PBMC populations in the presence of 10 ng/mL IL-2: NK cells (G,J), total leukocytes

(H,K), and T cells (I,L). Each dot represents mean and error bars represent the range from single wells of 2 experiments of PBMCs from different individuals.
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either a glucocorticoid or an MCL-1 inhibitor also seems relevant for
further translational studies to identify predictive biomarkers. These
findings shed light on novel therapy options for ANKL and NKTCL
that warrant further studies in larger data sets or in clinical settings.
Finally, our results highlight the importance of performing extended
drug response assays for in vitro identification of treatments that
selectively eradicate the cancer cells and do not easily allow for
development of resistance, a common problem with many targeted
therapies.
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