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Abstract

Tyrosine kinase 2 (TYK2) is a member of the Janus kinase/signal transducer and activator of transcription pathway, which
is central in cytokine signaling. Previously, germline TYK2 mutations have been described in two patients developing de
novo T-cell acute lymphoblastic leukemias (T-ALL) or precursor B-ALL. The mutations (P760L and G761V) are located
within the regulatory pseudokinase domain and lead to constitutive activation of TYK2. We demonstrate the transformation
capacity of TYK2 P760L in hematopoietic cell systems including primary bone marrow cells. /n vivo engraftment of TYK2
P760L-expressing cell lines led to development of leukemia. A kinase inhibitor screen uncovered that oncogenic TYK2
acts synergistically with the PISBK/AKT/mTOR and CDK4/6 pathways. Accordingly, the TYK2-specific inhibitor deucravacitinib
(BMS986165) reduces cell viability of TYK2 P760L-transformed cell models and ex vivo cultured TYK2 P760L-mutated pa-
tient-derived xenograft cells most efficiently when combined with mTOR or CDK4/6 inhibitors. Our study thereby pioneers
novel treatment options for patients suffering from TYK2-driven acute leukemia.

Introduction

The Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) pathway links extracellular cytokines
with transcriptional regulation and reprogramming. As a
core cancer pathway' it connects to other cancer-driving
signaling cascades such as the PI3K/AKT/mTOR or cell
cycle progression pathways.** Alterations in JAK/STAT sig-
naling are associated with cancer and immune system
disorders.® Activating JAK1/2/3 mutations are frequent in
various hematologic malignancies, whereas the role of the
JAK family member tyrosine kinase 2 (TYK2) has only re-
cently emerged.®® More evident are TYK2 mutations cau-
sative for immune system disorders and inflammatory
diseases.®

TYK2 is associated with the cytokine family receptors for
type | interferon (including interferon [IFN]-a and -f), in-
terleukin (IL)-12 (including 1L-23) and IL-10 (including type
Il IFN, IL-22 and IL-26). Under physiological conditions
TYK2 activity may provoke tyrosine phosphorylation of all

STAT (STAT1-6).° The sparse reports on aberrant TYK2 ac-
tivity in cancers include TYK2 locus mutations, fusion pro-
teins and crosstalk to oncogenic pathways.® The first
somatic activating TYK2 mutations have been described
in T-cell acute lymphoblastic leukemia (T-ALL) cell lines."
TYK2 fusion proteins have been found in various hemato-
logic malignancies™™ and TYK2 cross-talks to the nucleo-
phosmin-anaplastic lymphoma kinase pathway in
anaplastic large cell lymphoma.®

Next-generation sequencing is revealing an increasing
number of germline gene alterations predisposing to
leukemia® The germline TYK2 mutations (P760L, G761V)
were identified in pediatric patients who developed
multiple de novo ALL: the TYK2 P760L carrying patient
showed two precursor B-ALLs and the TYK2 G761V patient
two T-ALL. Both mutations affect the pseudokinase do-
main (JAK homology [JH]2 domain) and cause constitutive
activation of TYK2 and of downstream STAT1/3/5.”

The first JAK inhibitors developed acted by competing ATP
binding at the tyrosine kinase (JH1) domain. The high
homology of the kinase domain within the JAK family or
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other tyrosine kinases limits specificity of such inhibitors.”®
The highly specific TYK2 inhibitor deucravacitinib acts dif-
ferently and stabilizes the negative regulatory pseudoki-
nase JH2 domain.®?' The efficacy of deucravacitinib is
currently evaluated in several advanced clinical trials for
the treatment of autoimmune/inflammatory diseases.?**'
Combining inhibitors is beneficial, as combinatorial treat-
ments allow for reduced drug concentrations to avoid side
effects and may overcome potential resistances.?? Notably,
JAK1/2/3 inhibitors in single or combined drug treatments
are already applied for hematological malignancies.??

We here characterized TYK2-activating germline mutations
(P760L, G761V) that have been described in childhood
leukemia patients with respect to their transformation po-
tential in vitro and in vivo. The TYK2 P760L mutation effi-
ciently transforms hematopoietic cells and provokes
cancer upon transplantation in mice. Viability of TYK2-
transformed cells is efficiently reduced by the highly spe-
cific TYK2 inhibitor deucravacitinib. A comprehensive
inhibitor-based screen identified pathways co-operating
with oncogenic TYK2. We show synergistic action of deu-
cravacitinib with inhibitors of the top hit pathways
PISK/AKT/mTOR or CDK4/6 in TYK2 P760L-transformed cell
lines and in the TYK2 P760L-mutated patient-derived
xenograft (PDX) cells. This reveals novel treatment options
for acute leukemia in patients harboring gain-of-function
(GOF) TYK2.

Methods

Details on plasmids, generation and cultivation of cell lines
and primary cells, cell viability assays, flow cytometry, im-
munoblotting and histochemistry are described in the On-
line Supplementary Appendix.

Ethics statement

Mice were housed under specific pathogen-free con-
ditions according to FELASA guidelines. Animal experi-
ments were approved by the Institutional Ethics and
Animal Welfare Committee of the University of Veterinary
Medicine Vienna, the Austrian authority according to §§
26ff. of Animal Experiments Act, Tierversuchsgesetz 2012:
TVG 2012 (BMBWF-68.205/0112-WF/V/3b/2016, BMBWF-
68.205/0174-V/3b/2018) and the Animal Experimental
Committee of the Radboud University Medical Center
(AVD1030020209324). PDX cells were generated by the
Dutch Childhood Oncology Group. Informed consent for
the use of spare specimens for research was obtained
from study individuals, parents or legal guardians.

Drug screen
CellTiter-Glo Luminescent Cell Viability Assays (Promega,
Madison, WI, US) in 384-well plates were performed in an
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automated high-throughput approach (CeMM Molecular
Discovery Platform - Chemical Screening). Six hundred
and eighty drugs of kinase inhibitor libraries (L1600, Tar-
getmol, Boston, MA, US and 10505, Cayman Chemicals,
Ann Arbor, MI, US) were screened at 10 uM in duplicates
on 2x10® Ba/F3 TYK2 P760L 1 cells/well for 3 days. Hits
were selected having <30 percentage of control (POC) vi-
ability by setting the positive control to 0% (Bortezomib,
10 uM) and the negative control (0.1% dimethyl sulfoxide
[DMSO]) to 100%. Two hundred and forty-six drugs from
the first round were screened in triplicates with four dif-
ferent 10-fold dilutions on Ba/F3 TYK2 P760L 1 and par-
ental Ba/F3 cells (cultivated with 1 ng/mL IL-3) for 3 days.
For hit calling the mean difference of the area under the
curve between Ba/F3 TYK2 P760L 1 and parental Ba/F3 cell
POC curves was calculated.

In vivo experiments

Male and female age-matched (8-22 weeks) NOD.Cg-
Prkdcs|(2rg"™™'/Sz (NSG) mice* were used for xenografts.
Bone marrow (BM)-derived patient cells were washed with
phosphate-buffered saline (PBS) and digested with DNAse
| (130 ug/mL, Roche, Basel, Switzerland) for 10 minutes
(min) at room temperature. 5x10° cells were injected in-
trafemorally (Radboud University Medical Center,
Nijmegen, the Netherlands). PDX cells in the blood were
assessed bi-weekly and upon detection of human cells
weekly. Mice were sacrificed once human cells reached
>50% or at the humane endpoint (defined by scoring ap-
pearance, behavior, posture and mobility).

Ba/F3 and 32D cell lines were washed with PBS. 1x10° cells
were injected intravenously, 5x10° cells subcutaneously.
For survival studies mice were sacrificed at the humane
endpoint (see above and for subcutaneous injection a
tumor volume of 1,500 mm?3. Tumor volume
(=length*width?/2) was measured with a caliper.

Organs were weighed and histologically examined. Blood
parameters were measured by VetABC (scil, Viernheim,
Germany). Blood was incubated with an ammonium-
chloride-potassium lysis buffer for 5 min. Solid tissues
were mashed through a 100 um nylon cell strainer and red
blood cell lysis was performed for spleen and liver. All iso-
lated cells were analyzed by flow cytometry or cryopre-
served.

Statistical analysis

One-way or two-way ANOVA with Tukey post hoc test and
unpaired two-sided t-tests were performed on log or arc-
sine square root transformed data using GraphPad Prism
version 7.0 for Mac (GraphPad Software, San Diego, CA,
US). Mean * standard deviation and statistical significance
are shown (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Results

TYK2 P760L induces colony formation of primary bone
marrow cells

We transduced primary murine BM cells with a retrovirus
encoding human TYK2 constructs (Figure 1A) to study the
effect of TYK2 P670L on colony formation. In order to test
for TYK2-intrinsic kinase activity we introduced M978F as
a kinase-inactivation mutation™ in the expression con-
structs. Co-expression of green fluorescent protein (GFP)
allowed for the assessment of the transduction efficiency.
On average 15% of cells were retrovirally transduced (On-
line Supplementary Figure S7) and an equal number of
GFP* cells was seeded into growth factor-free methylcel-
lulose. TYK2 P760L-transduced BM cells formed colonies
at largest size (Figure 1B) and highest number compared
to cells expressing wild-type (WT) TYK2, TYK2 P760L,
M9O78F or empty GFP vector (EV) (Figure 1C). TYK2 P760L-
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expressing BM cells were capable of replating for two
rounds indicative for an enhanced self-renewal capacity
(Figure 1C). The majority of the GFP* TYK2 P760L-trans-
duced BM cells showed characteristics of hematopoietic
stem/progenitor cells (Lin~ Sca-1* c-Kit*)* (Figure 1D).
These data led us to conclude that TYK2 P760L enables
colony formation of primary BM cells in growth factor-free
conditions.

TYK2 P760L allows factor independence of
hematopoietic cell lines and leukemogenesis in vivo

In order to further assess the ability of TYK2 mutants to
provide growth factor independence, we used various
hematopoietic cell lines including the stem cell factor
(SCF)-dependent hematopoietic progenitor cell line HPC-
7, the IL-3-dependent pro-B cell line Ba/F3 and the BM-
derived progenitor cell line 32D.

In this experimental setting we employed the TYK2 P760L
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Figure 1. TYK2 P760L-transduced primary bone marrow cells and factor-free colony formation. (A) Schematic illustration of
combinations of kinase-activating germline and kinase-inactivating mutations: TYK2 consists of a four-point-one, ezrin, radixin,
moesin (FERM), an atypical Src-homology 2 (SH2), a JAK homology (JH)2 and a JH1 domain. In wild-type (WT) TYK2 the JH2
pseudokinase domain inhibits the JH1 kinase domain at basal state; the JH1 domain is activated upon cytokine receptor
engagement (WT, grey). P760L alters the structure of a conserved motif in the JH2 domain which is predicted to attenuate the
kinase inhibitory JH2-JH1 interaction (ON, orange). M978F inactivates the JH1 domain (= OFF, blue). Combination of M978F with
P760L abolishes the TYK2 kinase activity. (B) Representative colony pictures of transduced bone marrow (BM) cells, taken with
4-fold magnification objective for single colonies. Scale bars show 500 um. White arrows indicate visible colonies. (C) Replating
experiment of transduced BM cells in factor-free methylcellulose (n=3, duplicates, two-way ANOVA with log transformed data).
(D) Percentage of Lin, Sca-1*, c-Kit"* (LSK) cells among GFP* TYK2 P760L-transduced BM cells after the first round in
methylcellulose (n=3). Cells were gated on single cells, living, GFP*, Lin, c-Kit* and Sca-1". Representative plots are shown.
**P<0.01, ***P<0.001.
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and the TYK2 G761V mutant, another activating germline
TYK2 mutant identified in pediatric ALL. In order to study
the activation status of the TYK2-STAT axis, retrovirally
transduced and GFP*-sorted HPC-7 cells (Figure 2A) were
starved for 6 hours (h) as SCF may activate components
of the JAK-STAT signaling pathway.?® As previously shown™
TYK2 P760L and TYK2 G761V enhanced TYK2 phosphory-
lation and increased phospho-STAT1 and -STAT3 levels.
The effects on phospho-STAT5A/B were less consistent.
The ectopic overexpression of WT TYK2 also induced ac-
tivation of STAT1 and STAT3. Introduction of the TYK2
M9O78F mutation in the expression cassettes showed that
the phosphorylation events were a direct consequence of
TYK2 kinase activity (Figure 2B). Both TYK2-activating mu-
tants induced the outgrowth of colonies of the immortal-
ized progenitor cell line HPC-7 supplemented with a
reduced SCF concentration. Colony numbers raised upon
replating to a greater extent in TYK2 P760L cells (Figure
2C; Online Supplementary Figure S2A). This effect did not
translate into a growth advantage in suspension culture
upon titrated reduction of SCF (Online Supplementary Fig-
ure S2B).

Next, we electroporated the TYK2 expression cassettes
into Ba/F3 and 32D cells (Figure 3A). In both cell lines
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TYK2 P760L expression enabled complete IL-3-indepen-
dent growth while TYK2 G761V was only capable to trans-
form 32D cells (Figure 3B; Online Supplementary Figure
S3A). As in HPC-7 cells the TYK2 P760L-transformed cells
showed constitutively activated TYK2-STAT1/3 (Online
Supplementary Figure S3B). Taken together, both TYK2
germline mutations enhance STAT signaling in a TYK2 ki-
nase-dependent manner and TYK2 P760L has a stronger
transforming potential than TYK2 G761V in hematopoietic
cell lines. The reasons for this remain to be elucidated.
Notably, the activation state level mediated by TYK2 G761V
seems to be lower than in TYK2 P760L-expressing cells as
indicated by constitutive TYK2 or downstream STAT1 phos-
phorylation (Figure 2B and Waanders et al.”").

In order to assess the in vivo oncogenic potential, we in-
jected Ba/F3 or 32D TYK2 P760L cells into NSG mice (Fig-
ure 3A) and used parental cells as controls. Upon systemic
transplantation both cell lines harboring mutated TYK2 in-
duced splenomegaly (Figure 3C; Online Supplementary
Figure S3H) and led to high white blood cell counts (Figure
3D). Ba/F3 TYK2 P760L cells additionally caused enlarged
livers (Figure 3E; Online Supplementary Figure S3H),
thrombocytopenia (Figure 3F) and anemia (Figure 3G). As
a consequence, the average survival of mice that had been
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Figure 2. In vitro transformation capacity of TYK2 mutants. (A) Schematic outline of the HPC-7 cell experiment: cells were
retrovirally transduced with the different TYK2 constructs (Figure 1A). HPC-7 cells were GFP*-sorted and seeded into
methylcellulose containing reduced stem cell factor (SCF). (B) Western blot of transduced and GFP*-sorted HPC-7 cells starved
for SCF for 6 hours (h) subjected to (phospho-) TYK2 (human) and STAT1/3/5 (murine) analysis. Wild-type (WT) TYK2 activity can
be regulated (grey), JH2 mutations activate TYK2 signaling (ON, orange), JH1 mutation inhibits TYK2 signaling (OFF, blue). Actin
was used as loading control. Numbers indicate molecular weight markers in kDa. (C) Replating experiment of transduced and
GFP*-sorted HPC-7 cells expressing WT TYK2 (grey), TYK2 P760L (orange), TYK2 G761V (red) or kinase inactive TYK2 (blue) in
methylcellulose with reduced SCF (n=3, two-way ANOVA with log transformed data, log colony number of empty vector (EV)
transduced cells was subtracted from log number of TYK2-expressing colonies). *P<0.05, **P<0.01, ***P<0.001.
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test: P-value =0.0002 between Ba/F3 TYK2 P760L cells and 32D TYK2
P760L cells, from 2 experiments). (I) Tumor growth of s.c. injected cells
into right and left flank (Ba/F3 TYK2 P760L cells: n=5 [individual tumors,
one site without tumor formation], 32D TYK2 P760L cells: n=6 [individual
tumors]) and individual tumor weight (Ba/F3 TYK2 P760L cells: n=8 [2
sites without tumor formation], 32D TYK2 P760L cells: n=10, from 2
experiments). **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 4. Viability of TYK2 P760L-transformed hematopoietic cell lines upon TYK2 inhibition and effect on signaling to STAT. (A
and B) Dose response curves and half maximal inhibitory concentration (IC, ) values of parental (black) and transformed Ba/F3
and 32D cells (shades of red) treated with deucravacitinib (TYK2inib) for 72 hours (h) supplemented with (dashed line/white
filling) and without IL-3 (n23, in duplicates or triplicates, not all IC_, could be determined, one-way ANOVA with log transformed
data). (C) Analysis of early apoptosis (Annexin V* and 7-AAD") and late apoptosis (Annexin V* and 7-AAD*) of parental and
transformed Ba/F3 cells treated with 1 uM deucravacitinib for 24 h, 48 h and 72 h (n=3 in duplicates). (D) Western blot of TYK2
P760L-transformed Ba/F3 and 32D cells and parental cells (with IL-3) subjected to (phospho-) TYK2-STAT1/3 analysis. Cells were
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injected with Ba/F3 TYK2 P760L cells was 14 days and with
32D TYK2 P760L cells 32 days (Figure 3H) whereas mice
injected with parental Ba/F3 or 32D cells did not develop
leukemia. In line we found that the subcutaneous injection
of Ba/F3 or 32D TYK2 P760L cells induced local tumor
growth (Figure 31), while no tumors or signs of disease
were detected upon injection of the parental cell lines.
Ba/F3 TYK2 P760L cells engraftment was accompanied by
hepatosplenomegaly caused by tumor cell infiltration (On-
line Supplementary Figure S3C to H) confirming the pre-
vious notion of oncogene carrying Ba/F3 cells as migratory
cells.”

Collectively, these data show that TYK2 P760L-trans-
formed murine cells cause cancer in systemic and local
transplantation setups.

Pharmacological TYK2 inhibition abrogates oncogenic
TYK2 P760L-driven signaling

We next investigated how TYK2 P760L-transformed cells
react to JAK inhibitors (JAKinib). Deucravacitinib
(BMS986165) is a highly selective and potent allosteric
TYK2inib with excellent pharmacokinetic properties across
cell types and species.?*?"?%2° Dryg testing was performed
on Ba/F3 and 32D TYK2 P760L cells from three outgrowth
experiments (1-3; Online Supplementary Figure S3A) and
on parental cells by assessing the metabolic activity. All
transformed cell lines were highly sensitive to deucrava-
citinib with a half maximal inhibitory concentration (IC, )
ranging from 10 to 90 nM (Figure 4A and B) which is around
100 times lower than IC_ values of control cell lines. Cul-
ture of Ba/F3 and 32D TYK2 P760L cells in the presence
of IL-3 reversed the effect of TYK2 inhibition, indicating
that factor-independent growth was governed by mutated
TYK2 (Figure 4A and B). Treatment of Ba/F3 TYK2 P760L
cells with deucravacitinib induced apoptosis (Figure 4C;
Online Supplementary Figure 4A) and GO cell cycle arrest
(Online Supplementary Figure 4B). The efficacy of deucra-
vacitinib was confirmed by western blotting that showed
the decreased phosphorylation state of TYK2 and down-
stream STAT1/3 (Figure 4D).

In order to demonstrate the specificity of TYK2 inhibition
in oncogenic transformed Ba/F3 cells and to exclude po-
tential off-target effects of deucravacitinib, we tested
three additional Ba/F3 cell lines driven by known onco-
genes, i.e., TEL-JAK2, STAT5B N642H and BCR-ABL1 p210.
In these settings IC, values were comparable to parental
Ba/F3 cells cultured with IL-3 (Online Supplementary Fig-
ure S5A). These experiments prove that deucravacitinib is
selective for TYK2 and specifically interferes with TYK2-
dependent transformation. Further support for the unique
function of TYK2 stems from experiments with the JAK1/3
inhibitor tofacitinib,*® the JAK1/2 inhibitor ruxolitinib® and
the JAK1 inhibitor filgotinib.?? None of these JAKinib -
when employed at specific concentrations - significantly

K. Woess et al.

decreased the metabolic activity of TYK2 P760L-trans-
formed cells (except Ba/F3 TYK2 P760L 1 with ruxolitinib)
compared to parental Ba/F3 and 32D cells (Online Sup-
plementary Figure S5B to G).

In summary we confirmed that only the TYK2-selective
drug deucravacitinib efficiently reduces the cell viability of
TYK2 P760L-transformed cells. This underscores the key
role of TYK2 in maintaining the transformed state and ex-
cludes a major contribution of other JAK family members.

TYK2 P760L signaling co-operates with the
PISK/AKT/mTOR and CDK4/6 pathways

In order to understand whether and how oncogenic TYK2
P760L co-operates with other signaling pathways we de-
signed a drug screen with commercial libraries of 680
approved or investigational kinase inhibitors (Figure 5A).
A first screen in Ba/F3 TYK2 P760L cells identified 246
drugs that reduce metabolically active cells to less than
30% compared to the control. In a second round, we in-
cluded the Ba/F3 parental cell line as control and
counter screen and looked for drugs that specifically
block the TYK2 P760L-expressing cells. This narrowed the
output down to 34 drugs, of which several target the
PI3BK/AKT/mTOR (8/34 drugs) and CDK4/6 (3/34 drugs)
pathways (Figure 5A; Online Supplementary Table S4). In-
volvement of these pathways is also supported by in-
creased phosphorylation of AKT in both TYK2
P760L-transformed cell lines and increased levels of
CDK®6 in transformed 32D cells. No changes in the mTOR
target 4EBP1 were observed (Figure 5B).

The compound olverembatinib (GZD824) scored as top hit
of the screen (Online Supplementary Table S4). Olverem-
batinib was initially described as inhibitor of the BCR-ABL1
fusion kinase but also interferes with PIBK/AKT and SRC
kinase signaling.®® In order to validate our screening re-
sults, we determined dose response curves with inhibitors
for the PISK/AKT/mTOR or CDK4/6 pathway and used ever-
olimus, vistusertib, olverembatinib, LY294002, abemaciclib
and palbociclib (Figure 5A). We included the TYK2 P760L-
transformed Ba/F3 and 32D cells, and BCR-ABL1-, TEL-
JAK2- and STAT5B N642H-transformed Ba/F3 cells as
controls. TYK2 P760L-transformed Ba/F3 and 32D cells
were more sensitive to all tested drugs compared to con-
trols (Figure 5C to E; Online Supplementary Figures S6A to
C and S7A to L). mTOR inhibitors everolimus and vistuser-
tib were the most efficacious drugs with highest differ-
ence between transformed and parental Ba/F3 cell lines
(Figure 5C and Online Supplementary Figure S6A). At the
effective concentrations determined in the dose-response
curves all tested drugs prevented IL-3-independent
growth (Online Supplementary Figure S8A and B).

Cancer therapy regimens rely on drug combinatorial treat-
ments.?? We thus combined the TYK2 inhibitor (deucrava-
citinib) with all tested co-operating inhibitors and
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Figure 5. Drug screen of TYK2 P760L-expressing cells and cross-talk with other kinase-dependent pathways. (A) Schematic
outline of drug screen: Ba/F3 TYK2 P760L cells of the first outgrowth experiment were treated with 680 kinase inhibitors in a
high throughput screen. In the second round 246 drugs identified (<30% viability of control) were used for comparison of Ba/F3
TYK2 P760L and parental cells. Among the top hits were mainly drugs targeting the mTOR, PI3K/AKT and CDK4/6 pathway. These
targets were validated with the indicated drugs. (B) Western blot of TYK2 P760L-transformed Ba/F3 and 32D cells and parental
cells (with IL-3) subjected to (phospho-) AKT, 4EBP1 and CDK6 analysis. Actin was used as loading control. Numbers indicate
molecular weight markers in kDa. (C to E) Validation of screen result with dose-response curves and half maximal inhibitory
concentration (IC, ) values of parental (black dashed line/white filling, with IL-3) and transformed Ba/F3 cells (shades of red)
treated for 72 hours (n23, in duplicates, not all IC,  could be determined, one-way ANOVA with log transformed data). (F) Synergy
scores (n23, in duplicates) calculated with the zero interaction potency (ZIP) model. Light grey shows additivity, dark grey

synergy. *P<0.05, ***P<0.001, ****P<0.0001.

calculated the synergy score by the zero interaction po-
tency (ZIP) method.**3® For Ba/F3 TYK2 P760L cells 11/18
and for 32D TYK2 P760L cells 16/18 combinations reached
a synergy score higher than five indicating additive effects.
Synergy scores 210 were found in Ba/F3 TYK2 P760L for
the combination with PI3BK/AKT/mTOR inhibitors (everoli-
mus, LY294002 and olverembatinib), in 32D TYK2 P760L
cells for the combination with the PI3K/AKT inhibitor
LY294002 and the CDK4/6 inhibitor abemaciclib (Figure 5F;
Online Supplementary Figure S8C to H).

Taken together, oncogenic TYK2 and co-operating path-
ways were successfully blocked by combinatorial treat-
ment in murine cellular models.

Combined treatment with TYK2 and mTOR or CDK4/6
inhibitors decreases viability of TYK2 P760L xenograft
cells

In order to translate these results in a patient-related set-
ting, we analyzed the combinatorial treatments with deu-
cravacitinib in human PDX cells harboring TYK2 P760L
(Online Supplementary Figure S9A) co-cultured with
human hTERT mesenchymal stem cells. The patient carry-
ing the TYK2 P760L mutation first developed a leukemia
classified as a chromosomal rearranged pre-B-ALL (leuke-
mia 1) and subsequently a hyperdiploid common B-ALL
(leukemia 2)." PDX cells were generated from both leuke-
mias and were co-treated with increasing concentrations
of deucravacitinib and inhibitors of the identified co-op-
erating pathways. Adding deucravacitinib to mTOR and
CDK4/6 inhibitors resulted in a left-shift of the dose re-
sponse curves (except for palbociclib in PDX cells leuke-
mia 1) (Figure 6A to D; Online Supplementary Figure S9B
to E). For both leukemias the synergy score was higher
than 5 for the combination with abemaciclib (Figure 6C
and D) and for the leukemia 2 the combination with vistu-
sertib and palbociclib (Online Supplementary Figure S9C
and E). The most synergistic area scores, which indicate
the peak of the synergy matrix, were =5 for both leukemias
with all treatments except leukemia 1 with palbociclib and
>10 for both leukemias with abemaciclib, leukemia 1 with
everolimus and leukemia 2 with vistusertib (Figure 6A to
D; Online Supplementary Figure S9B to E). Combinations
with PI3K/AKT inhibitors (olverembatinib and LY294002)
failed to display synergism (data not shown).

These data show that the TYK2 inhibitor improves the ef-
ficacy of mTOR and CDK4/6 inhibitors in patient cells.

Discussion

We investigated the TYK2 P760L germline GOF mutation
that was found in childhood B-ALL" with regard to its on-
cogenic and druggable properties. Using in vitro and in vivo
models we demonstrate that constitutively active human
TYK2 P760L conferred growth/proliferation advantages on
primary and immortalized hematopoietic cells. TYK2
P760L-harboring murine cells led to leukemic disease
upon transplantation. A selective TYK2inib, but not JAKinib
targeting JAK1-3, was highly efficacious in decreasing the
metabolic activity of TYK2 P760L-transformed cells. A ki-
nase inhibitor screen identified pathways co-operating
with oncogenic TYK2 and established combinatorial TYK2
inhibition with mTOR or CDK4/6 pathway blockade as
therapeutic option to eradicate TYK2-driven leukemia.

We established the oncogenic potential of the TYK2 P760L
GOF mutation in different cell systems ranging from pri-
mary BM cells to hematopoietic cell lines of various differ-
entiation stages as exemplified by enhanced colony
formation or growth factor-independent proliferation in
vitro and migratory properties in vivo. Thus, the germline
TYK2 mutation qualifies for inclusion in the expanding list
of cancer driver gene mutations.®*® This mutation is pre-
dicted to change the structure of the conserved DPG motif
of JAK pseudokinases and thereby attenuates the inhibitory
function.” The DPG motif replaces the DFG motif of kinases
and is involved in several non-covalent interactions within
the JH2 domain.*’” DPG mutations of other JAK listed in
cancer databases are not further characterized. An activat-
ing JAK3 V674A mutation (adjacent to the DPG motif) found
in T-ALL patients has been shown to cause leukemia in
mice.*® Under the conditions analyzed, constitutively active
TYK2 did not suffice to immortalize primary cells or allow
for factor-independent growth of all cell lines tested. This
is in line with the properties of germline-transmitted leuke-
mia-predisposing mutations that frequently block the dif-
ferentiation of lymphoid cells but need co-operating factors
that enhance indefinite survival for malignant transforma-
tion.*® It is also in line with the reported weaker malignant
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transformation capacity of a given activating mutation of
TYK2 compared to other JAK.*%#

As previously shown TYK2 P760L expression leads to con-
stitutive STAT1/3 signaling which is described to shape the
oncogenic transcriptome.®” We provide strong evidence
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that these signals stem directly from TYK2 activity as in-
troduction of a kinase-inactivating mutation reverts STAT
activation and cellular transformation. In addition, our
studies with JAKinib revealed that only the TYK2-specific
inhibitor deucravacitinib and not inhibitors with higher sel-
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Figure 6. TYK2 P760L patient-derived xenograft cells under combinatorial drug treatment. (A to D) Cell viability curves of hTERT
mesenchymal stem cells co-cultured patient-derived xenograft cells of leukemia 1 and leukemia 2 treated with different
concentrations of the indicated drug and different concentrations of deucravacitinib (shades of blue) for 72 hours. A synergy map
is shown for each drug combination. Synergy scores and most synergistic area score were calculated with the zero interaction
potency (ZIP) model (n=1). Red shows synergism and green antagonism.
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ectivity for JAK1-3 showed efficacy in cell viability assays
with TYK2 P760L-transformed cells.

Deucravacitinib belongs to a novel class of JAKinib as it
does not block the enzymatic activity in the JH1 domain
but rather stabilizes the regulatory pseudokinase domain
JH2.2' The inhibitor was shown to bind also the JH2 do-
main of JAK1, albeit with less affinity and selectivity.?*?
Importantly, the biochemical data translate in a weak ac-
tivity against JAK1-dependent signaling.?92282° The effi-
ciency of JHI1-targeting TYK2 inhibitors in leukemia
treatment has been shown for T-ALL xenografts.*? We are
the first to prove the successful application of a JH2-tar-
geting drug on a hyperactive TYK2 carrying the mutation
in the JH2 domain. This might be important for future de-
velopment of JAKinib.

Kinases represent one of the largest groups of druggable
targets as they drive key signaling pathways and aberrant
kinase activity leads or contributes to cancer onset and
progression.*”® In order to identify co-operation of onco-
genic TYK2 with other kinase-driven pathways, we have
screened inhibitor libraries using TYK2 P760L-transformed
cells and identified the most potent hits in the
PI3K/AKT/mTOR and CDK4/6 signaling axes. TYK2-depend-
ent activation of PI3K and a crosstalk between JAK/STAT
and mTOR signaling is well established.®>**** Aberrant
TYK2-PI3K activity has been also reported for prostate
cancer®® and T-ALL." The PI3K/AKT/mTOR pathway is fre-
quently activated in ALL and specific inhibitors alone or in
combination with JAKinib have been successfully applied
in Ph-like ALL.*” At the molecular level CDK4/6 is reported
to connect cell cycle progression with cell growth via
mMTOR activation, which may explain the efficacy of com-
bined blocking of CDK4/6 and of PI3K/AKT/mTOR in solid
tumors.*® A direct connection between CDK4/6 and TYK2
has not been described. However, STAT3, downstream of
TYK2 P760L, is known to activate CDK4/6 during the cell
cycle progression.*®* CDK6 was shown to interact with
STAT3 in tumorigenesis®® and CDK6 hyperactivation has
been reported in ALL.”" Importantly, our combinatorial
treatment of the TYK2 inhibitor with mTOR or CDK4/6 in-
hibitors was successfully applied in the TYK2 GOF PDX
cells. Ex vivo assays tend to underestimate the effects of
cell cycle drugs as even stromal co-cultures do not fully
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support proliferation of ALL xenografts.®? In this context it
is important to note that CDK6 also exhibits kinase- and
cell cycle-independent functions in tumorigenesis.>***

In summary, we provide proof of TYK2 acting as an onco-
gene in hematologic malignancies by firmly establishing
the oncogenic potential of TYK2 germline mutations, re-
vealing that TYK2 P760L is involved in leukemia progres-
sion. Moreover, our results indicate that combinatorial
kinase inhibition in acute leukemia could be a valid strat-
egy to combat hyperactivated TYK2-mutated leukemia.
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