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ABSTRACT

Objective Highly malignant pancreatic ductal
adenocarcinoma (PDAC) is characterised by an abundant
immunosuppressive and fibrotic tumour microenvironment
(TME). Future therapeutic attempts will therefore demand the
targeting of tumours and stromal compartments in order to
be effective. Here we investigate whether dual specificity and
tyrosine phosphorylation-regulated kinase 1B (DYRK1B) fulfil
these criteria and represent a promising anticancer target in
PDAC.

Design We used transplantation and autochthonous
mouse models of PDAC with either genetic Dyrk 7b loss or
pharmacological DYRK1B inhibition, respectively. Mechanistic
interactions between tumour cells and macrophages

were studied in direct or indirect co-culture experiments.
Histological analyses used tissue microarrays from patients
with PDAC. Additional methodological approaches included
bulk mRNA sequencing (transcriptomics) and proteomics
(secretomics).

Results We found that DYRK1B is mainly expressed by
pancreatic epithelial cancer cells and modulates the influx
and activity of TME-associated macrophages through

effects on the cancer cells themselves as well as through

the tumour secretome. Mechanistically, genetic ablation

or pharmacological inhibition of DYRK1B strongly attracts
tumoricidal macrophages and, in addition, downregulates the
phagocytosis checkpoint and ‘don’t eat me" signal CD24 on
cancer cells, resulting in enhanced tumour cell phagocytosis.
Consequently, tumour cells lacking DYRK1B hardly expand
in transplantation experiments, despite their rapid growth in
culture. Furthermore, combining a small-molecule DYRK1B-
directed therapy with mammalian target of rapamycin
inhibition and conventional chemotherapy stalls the growth
of established tumours and results in a significant extension
of life span in a highly aggressive autochthonous model of
PDAC.

Conclusion In light of DYRK inhibitors currently
entering clinical phase testing, our data thus provide a
novel and clinically translatable approach targeting both
the cancer cell compartment and its microenvironment.

To cite: Brichkina A, Ems M,
Suezov R, et al. Gut
2024,73:1684-1701.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is
a lethal disease with a 5-year survival rate of
merely 10%-11%." Patients typically present with
advanced or metastatic disease, making surgical

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Elevated dual specificity and tyrosine
phosphorylation-regulated kinase 1B (DYRK1B)
expression can be found in approximately
40% of patients with pancreatic cancer, with
about 9% of patients displaying genomic
amplification of DYRK1B, suggesting an
oncogenic role for this kinase.

= The best-established function of DYRK1B is
the promotion of proliferative quiescence,
which at first seems odd given its role as an
oncogene.

= All other functions ascribed to DYRK1B (eg,
survival and DNA repair) are also intrinsic to
cells.

WHAT THIS STUDY ADDS

= This study extends the tumour cell-intrinsic
functions of DYRK1B to the regulation of the
tumour microenvironment, in particular the
myeloid compartment.

= DYRK1B excludes tumoricidal macrophages
from tumour sites and thereby promotes cancer
growth.

= In addition, DYRK1B upregulates the myeloid
checkpoint CD24 on cancer cells, directly protecting
them from phagocytic attacks by macrophages.

= In terms of a translational perspective, we outline a
non-toxic combination therapy including inhibitors
of DYRK1B and mammalian target of rapamycin
together with chemotherapy, which significantly
extends survival in an aggressive murine pancreatic
ductal adenocarcinoma model.

removal impossible and highlighting the need
for novel treatment options affecting established
tumours.” With disease incidence expected to rise in
the coming years,® quickly translatable results from
preclinical studies are even more critical in order to
improve patient outcomes in the near future. With
respect to small-molecule inhibitors, promising
strategies to serve this need are combination ther-
apies or the repurposing of already-approved drugs
or novel compounds already in clinical testing.
Single-cell transcriptomic profiling has shed light
on the complex makeup of the disease-distinguishing
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HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= This study establishes DYRK1B as a hitherto unknown
regulator of tumour innate immunology. Since DYRK1B acts
on multiple layers controlling macrophages, it may play a
previously unrecognised central role within the crosstalk
between tumour cells and tumour-associated macrophages.

= Small-molecule DYRK1 inhibitors are currently in clinical
testing, potentially allowing for a very timely translation of
our findings to patients with pancreatic cancer.

tumour microenvironment (TME) and its adaptive behaviour to
therapy.* Specifically, PDAC is characterised by a potent immu-
nosuppressive TME, typically excluding cytotoxic T cells from
the tumour bed or driving them into functional exhaustion.’ ®
Innate immunity, on the other hand, is abundant in the form
of tumour-associated neutrophils (TANs) and tumour-associated
macrophages (TAMs), thought to provide a potent immuno-
suppressive environment. Recent work has elucidated that the
protumorigenic functionality of TAMs is also associated with
their cell lineage, as PDAC harbours two subpopulations of
TAMs: the embryonic yolk sac-derived macrophages and bone
marrow-recruited monocytes or macrophages.” In the mouse, the
former Ly6c®" cell subpopulation promotes fibrosis and PDAC
progression, whereas the latter Ly6c™" subtype is enriched
for major histocompatibility complex class II (MHCII) genes
and antigen sampling, indicative of a benign or even tumour-
suppressive phenotype.”® The presence of the latter TAM popu-
lation might also imply that clinical approaches could potentially
benefit from a therapeutically induced recruitment of mono-
cytes from the systemic circulation. Phenotypically, TAMs have
traditionally been classified into a continuum of states ranging
from the MHCII, CD80/86, interleukin (IL)12"" M1 state to
a tumour-promoting MHCII, IL10"&" M2 state.” Reprogram-
ming procancerous cells into tumoricidal TAMs has therefore
been of intense interest, as evidenced by the development of,
for example, CD40 agonistic antibodies activating antigen-
presenting cells.'” Moreover, current translational ambitions not
only aim at reprogramming TAMs towards an M1-like state but
also facilitate cancer cell recognition by TAMs through antago-
nising endogenous innate immune checkpoints (‘don’t eat me’
signals) such as CD47, CD24 or B2M, thus promoting cancer
cell engulfment.'' 12

The dual specificity and tyrosine phosphorylation-regulated
kinases (DYRKSs) belong to an understudied group of kinases
with potential therapeutic impact (the so-called ‘dark kinome”).
This is particularly true for DYRK1B (a.k.a. MIRK),"*™ which
has been implicated in the aetiology of several malignancies
where it regulates a multitude of oncogenic traits.'**® Despite
DYRKI1B behaving as an oncogene in many settings, it has also
been described as a ‘quiescence kinase’ driving cell cycle exit in
ovarian, colon and pancreatic cancer cells.”! It is assumed that
this function is crucial for resistance against chemotherapy and
for disease relapse. Elevated DYRK1B messenger RNA (mRNA)
expression can be detected in up to 40% of patients with pancre-
atic cancer and also in PDAC mouse models.*? In approximately
9% of patients with PDAC, high DYRK1B protein levels are
caused by genomic amplification of the DYRK1B gene.!”

Here we show that DYRK1B promotes innate immune evasion
and represents a promising drug target in PDAC. Although
DYRK1B-depleted pancreatic cancer cells display enhanced cell
proliferation in vitro, they are unable to support substantial

tumour growth in vivo. Mechanistically, we could demonstrate
that DYRK1B impacts the cancer cell secretome and profoundly
regulates the immune TME. Here, DYRK1B acts on two levels of
innate immune evasion. First, this kinase upregulates the surface
expression of the self-recognition antigen CD24, protecting
cancer cells from attack by phagocytic myeloid cells. Second,
DYRKI1B excludes macrophages from the tumour, and inhi-
bition of DYRK1B not only results in massive recruitment of
tumoricidal myeloid cells to the tumour bed but also increases
the levels of phagocytosis of cancer cells and the enrichment
of macrophage-activating Th1 cells. Based on these findings
and on earlier work on a DYRK1B-mammalian target of rapa-
mycin (mTOR) crosstalk,'® ¥ 2* we trialled a well-tolerated drug
combination therapy and found it to significantly extend the
survival of animals harbouring highly aggressive autochthonous
PDAC by more than twofold. As DYRK inhibitors are currently
entering phase I evaluation, our data open new possibilities for
timely clinical targeting of critical tumour—stroma interactions.

MATERIALS AND METHODS

Cell lines

Mouse pancreatic adenocarcinoma cell lines (named mKpc)
were derived from a spontaneous Kras®'?'* Trp53R72+ and
Pdx1-Cre (KPC) tumour. The presence of the expected mutations
in Kras and Tirp53 was verified by Sanger sequencing of PCR-
amplified complementary DNAs (cDNA). Immortalised mouse
pancreatic stellate cell (mPSC) lines were kindly provided by
Albrecht Neesse.** Human PSC1 (hPSC) cells were a kind gift of
Matthias Lohr®’; hPSC2 were kindly provided by Rosa Hwang.*
The Pancl and AsPC-1 cell lines were purchased from Cell Line
Service (CLS, Germany); MiaPaca-2 and PA-TU-8988T cells
were obtained from DSMZ (Germany). BxPC-3 and SU86.86
cells were purchased from ATCC. All cell lines were cultured
in Dulbecco’s Modified Eagle Medium (DMEM (high glucose
plus glutamine and pyruvate), Invitrogen), supplemented with
10% foetal bovine serum (FBS; Anprotech, Germany) and 1%
penicillin/streptomycin at 37°C with 5% carbon dioxide (CO,).
All cells were regularly checked for mycoplasma contamination.

Chemical compounds

AZ191 was synthesised in-house according to a published
protocol.”” KU0063794 was purchased from MedChemExpress
MCE/MedChem Tronica and Everolimus from Biomol. Dimethyl
sulfoxide (DMSO) was obtained from VWR or Applichem.

Generation of DYRK1B-KO/KD cell lines

The knockouts (KOs) of Dyrk1b in mKpc4 cells were generated
according to a procedure described previously.?* For targeting
murine Dyrk1b, we used a pU6-Cas9-based plasmid backbone
(Addgene #64324) harbouring the following 20 bp guide
sequences: CRISPR2-CGGGGCAGGAGCCGCACATC (targets
exon 3 of isoform c) and CRISPRS-CTATGCGAAGAAGAAG-
CGGC (targets exon 4 of isoform c). Individual clones were
harvested and screened for loss of DYRK1B in western blotting
(WB), yielding clones 2.7 (CRISPR2) and 5.3 (CRISPRS). For
human DYRK1B-knockdown (KD) generation, Panc1 cells were
transfected with pLKO.1-puro plasmids containing one of the
following targeting sequences (5’->3"): shCon-CAACAAGA
TGAAGAGCACCAA (non-targeting control), shDYRKIB_1-
GACCTACAAGCACATCAATGA; shDYRK1B_3- CACGGAGA
TGAAGTACTATAT. Two days post-transfection, cells were
treated with puromycin (2 pg/mL) until single clones appeared,
which were subsequently picked, expanded and screened by WB.
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Colony assays

Wild-type (WT) and KO mKpc4 cells were plated at a density
of 500 cells per well in a six-well plate in DMEM supple-
mented with 1% penicillin/streptomycin and 10% FBS. After
2 days, cells were washed with Dulbecco’s phosphate-buffered
saline (DPBS) and cultured for 6-8 days in 0.5% FBS-containing
medium. Subsequently, cells were washed with DPBS and tryp-
sinized, counted or stained with a crystal violet solution (0.2%
crystal violet, 10% ethanol (EtOH) and 5% methanol (MeOH))
followed by several washing steps with water to remove excess
staining solution. Afterwards, culture plates were air-dried and
scanned, and the number of visible colonies was counted. For
colony formation in the presence of drugs, the growth medium
was supplemented with 0.2 pM KU0063794 or 0.2 uM Evero-
limus, and control cells received the solvent DMSO.

Bromodeoxyuridine (BrDU) staining

mKpc4 cells plated on six-well plates were serum-starved (0.5%
FBS in DMEM) for 2 days, and 10 uM BrDU (Sigma) was added
to the growing cells for 4hours. Cells were trypsinised and
harvested by centrifugation at 300g for 5min. The cell pellet
was resuspended in 200 uL of ice-cold DPBS, and 500 uL of ice-
cold 70% EtOH was slowly added while the cells were vortexed.
After fixation for 30 min on ice, cells were pelleted by centrif-
ugation at 300g for 5min. The cell pellet was resuspended in
500 uL of 2 M hydrochloric acid containing 0.5% Triton X-100
while vortexing. After incubation at room temperature (RT) for
30 min, the cells were centrifuged at 8000 rpm for 2 min. The
cell pellet was resuspended in 500 pL of 0.1 M sodium borate
(pH 8.5) to neutralise the acid and centrifuged at 8000 rpm for
2 min. Cells were stained for 30 min at RT in 150 uL of DPBS
containing 1% bovine serum albumin (BSA)/0.5% Tween-20 and
supplemented with 8 uL of anti-BrDU fluorescein isothiocyanate
antibodies (BD Bioscience). Cells were washed once with DPBS
containing 1% BSA/0.05% Tween 20, centrifuged and resus-
pended in 500 uL of DPBS with 1pug/mL of propidium iodide
and analysed by Cytoflex LX Series (Beckman Coulter, USA).

RNA/cDNA/quantitative reverse transcription (qRT)-PCR
analysis

Total RNA was extracted using the NucleoSpin RNA 1II kit from
Macherey-Nagel according to the manufacturer’s protocol.
0.5-1pg of total RNA was used for cDNA synthesis performed
with the iScript cDNA Synthesis Kit (BioRad). For quantitative
PCR (gqPCR) reactions, the Absolute QPCR SYBR Green Mix
(Thermo Scientific) was used. qPCR reactions were performed
on 96-well plates using the Mx3005P qPCR systems (Agilent).
Relative expression was calculated according to the 2°4¢
method. For specific information on qPCR primer sequences,
please refer to online supplemental file.

RNAseq

Cellular RNA was extracted using the Macherey-Nagel Nucle-
oSpin RNA Isolation Kit, according to the manufacturer’s
protocol. The integrity of the total RNA was assessed by capil-
lary electrophoresis. RNAseq libraries were generated using
Lexogen Quantseq according to the manufacturer’s protocol and
sequenced on an Illumina NextSeq 550 using 75 bp single-end
reads. Raw reads were aligned to the human genome (GRCh38)
using STAR V.2.6.1d and quantified as counts per million against
the protein-coding and lincRNA-coding genes as defined by
Ensembl,*® revision 100. Statistical comparisons were performed
via unpaired DESeq2.* Functional annotation was performed

with hypergometrical tests and Benjamini-Hochberg correction
versus the Molecular Signatures Database.

Western blotting

Cells were lysed in 1X sample buffer; separation of lysates by
sodium dodecyl sulphate polyacrylamide gel electrophoresis
(Bio-Rad) and subsequent blotting on Immobilon-polyvinylidene
difluoride membranes (Millipore) was done as described in
Schneider et al,*® followed by incubation with the respective
primary antibody. After incubation with a corresponding horse-
radish peroxidase (HRP)-coupled secondary antibody (Cell
Signalling Technology), the HRP signal was detected using Pierce
ECL Western Blotting Substrate (Thermo Scientific) according to
the manufacturer’s protocol. For specific antibodies, see online
supplemental file.

Isolation and differentiation of mouse bone-marrow-derived
macrophages (BMDM)

Bone marrow was collected from the femur bones of C57Bl/6
mice by flushing with Roswell Park Memorial Institute Medium
(RPMI)-1640 medium containing 1% penicillin/streptomycin
and passing through a 70-micron cell filter. The cell suspension
was centrifuged at 300g for 5 min, and the cell pellet was incu-
bated in erythrocyte lysis buffer (155 mM ammonium chloride,
12mM sodium bicarbonate and 0.1mM EDTA) for 3min at
RT, followed by centrifugation at 300g for 5 min. Bone marrow
cells were plated on a six-well plate and cultured in RPMI-1640
medium (with glutamine and pyruvate) supplemented with
10% FBS, 1% penicillin/streptomycin and 20 ng/mL of recom-
binant macrophage colony-stimulating factor (Immunotools,
Germany). Cells were incubated for 4-5 days at 37°C in a humid
atmosphere containing 5% CO, to allow differentiation into
macrophages.

Isolation of human peripheral blood mononuclear cells
(PBMC) and differentiation into macrophages

Chambers of the leucoreduction system with blood from healthy
adult volunteers were provided by the Center for Transfusion
Medicine and Hemotherapy at the University Hospital Giessen
and Marburg. Blood was carefully layered on 15mL Ficoll
(Capricorn Scientific, Germany), and the tube was centrifuged
at 1080g for 20 min at RT (without break). After centrifuga-
tion, mononuclear cells were collected, resuspended in 40 mL
of DPBS and centrifuged at 300g for 5 min at RT. The cell pellet
was resuspended in 40 mL of DPBS and centrifuged again at 10g
for 10 min at RT. Pelleted cells were resuspended in 10 mL of
DPBS, counted and plated as follows: 3x10° cells per well in
a six-well plate or 0.7x10°per well in a 24-well plate. Plated
cells were cultivated in DPBS for 30 min in an incubator at 37°C
in a humid atmosphere with 5% CO, to enrich for monocytes.
Attached cells were washed twice with DPBS to remove poorly
attached cells and grown in RPMI-1640 medium supplemented
with 5% human serum (Sigma, Germany), 1% penicillin/strep-
tomycin, 2mM GlutaMAX and 1 mM sodium pyruvate (Sigma)
for 8 days at 37°C in a humid atmosphere containing 5% CO, to
allow differentiation into macrophages. Subsequently, differenti-
ated macrophages were washed twice with DPBS and subjected
to treatments with supernatant (SN) from human pancreatic
cancer cells or used to evaluate phagocytic capability.

Collections of SN from tumour cells and macrophages
For SN production, mKpc4 cells were plated at a density of
2x10° cells per 10cm culture dish and Pancl cells at a density
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of 4x10° cells per 10 cm dish in DMEM supplemented with 1%
penicillin/streptomycin and 10% FBS. Two days later, cells were
washed with DPBS and the medium was replaced with 0.5%
FBS-containing DMEM. Two days later, conditioned media (SN)
was collected, centrifuged at 300g for 5 min to deplete cell debris
and frozen at —80°C.

To collect conditioned media from macrophages, BMDM were
differentiated for 5 days, washed twice with DPBS, treated with
SN from mKpc4 cells in a ratio of 1:2 (1/3 volume of SN) and
incubated for 24 hours. Control macrophages were incubated
with the same proportion of medium containing 0.5% FBS. The
next day, the cells were washed with DPBS and either lysed for
further purification of total RNA or incubated with DMEM
medium containing 2% FBS and 1% penicillin/streptomycin for
an additional 72 hours. At this point, macrophages were counted
and the conditioned medium was harvested, centrifuged at 300g
for 5min and frozen at —80°C for further analysis.

Human PBMC-derived macrophages were differentiated for
8 days, washed twice with DPBS, treated with SN collected from
Pancl cells in a ratio of 1:2 (1/3 volume of SN) and incubated for
24 hours. Control macrophages were incubated with the same
proportion of medium containing 0.5% FBS. The next day, the
cells were washed with DPBS and lysed for the purification of
total RNA.

Allograft experiment

Mice were kept under specified pathogen-free (SPF) conditions
in individually ventilated cages with a 12hour/12hour light—
dark cycle and a standard altromin housing diet. For the exper-
iment, female C57BL/6 mice were randomly divided into two
groups (3—5 animals per cage). 1x10° WT or Dyrk1b-KO (clone
5.3) mKpc4 cells were suspended in a total volume of 150 uL of
DMEM medium. The cell suspensions were injected subcutane-
ously at the posterior flank of the mice. The size of the tumours
was measured two times per week using a calliper. Tumour
volumes were calculated by the formula (lengthxwidth?)/2.
The length represents the longer axis and the width represents
the shorter axis of the tumour. At the experimental endpoint,
mice were euthanised and tumours were removed. The study
was approved by the regional agency on animal experimentation
(Regierungsprisidium Giessen).

KPC mouse model and drug treatment

Mice were kept under SPF conditions in individually ventilated
cages with a 12hour/12hour light-dark cycle and a standard
altromin housing diet. To obtain KPC mice, LSL-Kras®'?>'*
and LSL-Trp53™72* mice were crossed with Pdx1-Cre mice,
yielding triple-mutant mice: LSL-Kras®'*®* LSL-Trp53R!72+
and Pdx1-Cre (KPC). KPC animals of both sexes underwent
weekly abdominal palpation starting at the age of 10 weeks. Once
a tumour was identified by palpation, a small animal ultrasound
was performed to measure its size. Pharmacological treatment was
initiated when tumour size reached about 100-150 mm?, calcu-
lated by the formula (lengthxwidth?)/2. The length represents
the longer axis and the width represents the shorter axis of the
tumour. Gemcitabine (70 mg/kg; once weekly), AZ191 (5 mg/kg;
two times per week) and KU0063794 (5 mg/kg; two times per
week) were dissolved in 50% 2-hydroxypropyl-B-cyclodextran
(Sigma)/DPBS and injected intraperitoneally. The control group
received equal volumes of solvent. Tumour sizes were regularly
determined by ultrasound until the animal had to be sacrificed.
All studies were approved by the regional agency on animal
experimentation (Regierungsprisidium Giessen).

Culture of murine PSCs in a three-dimensional (3D) matrix

PSCs (mPSC4, kindly obtained from Dr Albrecht Neesse) were
seeded at a density of 6x10° in a 70 uL matrigel drop containing
a 1:1 ratio of DMEM (10% FBS) and growth factor-reduced
basement membrane matrix (Corning, Cat #356230) on a 3.5
cm suspension dish (Sarstedt). The matrigel-embedded mPSC4
was covered with 0.5% FBS-containing DMEM and incubated
for 48hours to obtain quiescent mPSC4 (qPSC). Thereafter,
qPSC were incubated with 1/3 of the volume of SN from acti-
vated BMDM for 48 hours. After differentiation, qPCR-based
phenotyping was performed. For this, medium was removed
and drops were collected in ice-cold PBS and centrifuged at
1000 rpm for 5 min at 4°C. After removing PBS, Matrigel drops
were intensively resuspended in ice-cold PBS and incubated for
30min at 4°C. Cells were centrifuged (1000 rpm, 4°C, 5 min),
and pellets were frozen at —80°C for later RNA preparation.

Immunohistochemistry

For immunohistochemistry of formalin-fixed paraffin-embedded
(FFPE) tissue, heat-induced epitope retrieval was performed
with EDTA. Staining was performed on a DAKO Autostainer-
Plus. After blocking endogenous peroxidases, sections were
incubated for 45 min with the respective antibody. Sections were
washed and incubated with Dako REAL EnVision HRP Rabbit/
Mouse polymer, which reacts with DAB-Chromogen, according
to the manufacturer’s protocol. The use of patient material (in
the form of tissue microarrays) was approved by the local ethics
committee (Ethics Board University Hospital Marburg). The
tissue used in this study was surgically resected primary tumour
material obtained from patients with PDAC eligible for surgery.

Immunofluorescence (IF) of FFPE tissue and image analysis
For IF using fluorophore-conjugated antibodies, antigen retrieval
of tissue sections was achieved by steam-heating in citrate solu-
tion (pH 6.0, Mophisto) for 30 min. Sections were then treated
with 100 mM glycine for 10 min, washed with Tris-buffered saline
with 0.1% Tween 20 detergent (TBS-T) and blocked with 10%
goat serum in PBS containing 0.3% Triton for 60 min. Subse-
quently, sections were incubated overnight at 4°C with primary
antibodies diluted in PBS supplemented with 5% goat serum
and 0.3% Triton X100. After washing with TBS-T, samples were
incubated with corresponding secondary antibodies for 60 min
at RT, followed by washing and mounting.

The analysis of the images was done with Imaris 9.9.0 (Oxford
Instruments). Macrophages were detected by the spot algorithm.
The same was done for CD206 and tumour necrosis factor
(TNF). For the analysis of CD206% macrophages and TNF"
macrophages, the number of double-positive cells in all macro-
phages was determined. For Ki67, the surface algorithm was
chosen, and the colocalized part of macrophages was counted.
Pan-cytokeratin was also determined by the surface algorithm.
In addition, the classification of the surfaces was selected to
distinguish between surfaces with the shortest distance to Ki67
positive surfaces below 1um (Ki67"Cytokeratin®™ cells) and
Ki67 cytokeratin™ cells.

Phagocytosis assay

Human or mouse macrophages were plated on a 24-well plate
and differentiated according to the protocol described above.
After differentiation, macrophages were either treated for
24 hours with 1/3 volume of conditioned media from corre-
sponding tumour cells or proceeded directly to the phagocytosis
assay. One well of macrophages was used to count cells. Plated
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macrophages were stained for 20 min with CellTracker Green
CMFDA (Invitrogen) diluted in plain RPMI medium according
to the manufacturer’s instructions. Tumour cells were harvested,
counted and an equal number (compared with macrophages) of
tumour cells (mKpc4 or Pancl) were stained with CellTracker
Deep Red (Invitrogen) diluted in plain RPMI according to the
manufacturer’s instructions. Macrophages and tumour cells
were washed with DPBS, and an equal number of tumour cells
were plated into each well with macrophages. Single stained
and unstained cells were also preserved as samples for gating.
14-18 hours later (overnight), cells from wells were trypsinised,
harvested, resuspended in 200 uLL of DPBS containing 1% BSA
and 2 mM EDTA and fixed by the addition of 200 uL 4% para-
formaldehyde. Unstained, single-only stained and mixed cells
were analysed by flow cytometry using the Cytoflex LX Series
(Beckman Coulter).

Macrophage migration

Each bottom of a well of a 24-well plate was loaded with 500
uL of SN from corresponding tumour cells and 500 uL of 0.5%
FBS-containing DMEM. Control wells received 1mL of 0.5%
FBS-containing DMEM. Differentiated mouse or human macro-
phages were trypsinised and counted. Counted macrophages
were centrifuged at 300g for Smin, and the pellet was resus-
pended in DMEM containing 0.5% FBS. A 500-uL cell suspen-
sion with 1x10° macrophages was loaded onto a tissue culture
insert with a pore diameter of 8 uM (Sarstedt). 24 hours later,
media were aspirated, and cells were washed with DPBS. Cells
on the upper surface of the insert were removed by a cotton
bud, whereas cells from the bottom surface were stained with
a crystal violet solution (0.2% crystal violet, 10% EtOH and
5% MetOH) for 2 hours. Subsequently, inserts were intensively
washed with distilled water and air-dried. Inserts with stained
cells were placed in a new 24-well plate containing 20% acetic
acid in water, incubated on a shaker for 30 min, and the absor-
bance of the coloured solution was measured at 590 nm using an
MWG-Biotech SpectraMax340 spectrophotometer.

Viability assay

Mouse BMDM were differentiated for 5 days and treated for
24 hours with 1/3 volume of SN from corresponding tumour
cells. Control wells were treated with 1/3 volume of 0.5% FBS-
containing DMEM medium. On the next day, macrophages
were washed with PBS and cultivated for an additional 3 days
in DMEM containing 0.5% FBS and counted using Neubauer
counting chambers.

Surface staining of CD24

mKpc4 and Pancl cells were trypsinised, harvested and
counted. Then, 5x10° cells were resuspended in 100 uL of
DPBS containing 1% BSA and antibodies blocking Fc-recep-
tors (Miltenyi, Germany). After incubation for 10 min at RT,
1uL of phycoerythrin (PE)-conjugated anti-CD24 antibodies
(Biolegend) or PE-conjugated isotype control IgG (Biolegend)
was added to the tube, and cells were stained for 15min at
4°C. Cells were washed twice with DPBS containing 1% BSA
and 2mM EDTA and were then analysed using the Cytoflex LX
Series (Beckman Coulter). The data were analysed using Flow]Jo
software.

Flow cytometry of mouse tumours
After surgical removal, tumours were digested into single-cell
solutions by 200u/mL Collagenase IV (Worthington), 10 pg/

mL DNAse I (Roche) in Hanks’ balanced salt solution, 37°C,
300 rpm agitation and filtered through 100-um cell strainers
(Sysmex). Subsequently, staining with fluorophore-conjugated
antibodies was performed. The flow profiles were acquired on
an Attune NxT Cytometer (Thermofisher Scientific) or a Cyto-
flex LX Series (Beckman Coulter).

Cytokine array

Conditioned media (SN) was collected as described above from
parental mKpc4 cells and Dyrk16-KO clone 5.3. Conditioned
media was diluted with the provided dilution buffer 1:2 (1/3
volume of SN) and subjected to secretome analysis using the
mouse XL cytokine array kit (R&D Systems, USA) according to
the manufacturer’s instructions.

Soft agar colony formation assay
Prewarmed sterile 5% Bacto-Agar (Roth, Germany) was mixed
1:10 with warm DMEM containing 10% FBS and loaded on
wells of a six-well plate to solidify. 1x10*WT/KO mKpc4 cells
were resuspended in 250 pL of warm DMEM containing 10%
FBS and mixed with 500 uL of warm agar prediluted as above.
Cells resuspended in agar were loaded on top of solidified agar
and grown for 10 days. Formed colonies were counted using a
light microscope.

Secretome proteomics

4x10°WT/KO mKpc4 cells were plated on 6 cm dishes in
independent triplicates in DMEM containing 10% FBS. Two
days later, cells were washed with DPBS, and the medium was
changed to DMEM without serum. Conditioned medium was
collected after 2 days, centrifuged at 300g for 5 min to deplete
debris and snap-frozen in liquid nitrogen for further proteomics
studies. Modifying a protocol by Chevallet et al,’! proteins
were precipitated after the addition of cOmplete ULTRA
Protease Inhibitor Cocktail without EDTA (Roche) as follows:
in polypropylene tubes, samples were adjusted to final concen-
trations of 0.1% and 7.5% of N-lauroylsarcosine sodium salt
and trichloroacetic acid, respectively, followed by incubation
on ice for 2hours and centrifugation at 10000g for 10 min at
4°C. Protein pellets were washed twice using cold tetrahydro-
furan (10% initial sample volume) and stored at —20°C. Further
sample processing included solution digest, reductive dimethyl
labelling and high pH reverse phase chromatographic separation
as described, followed by liquid chromatography-tandem mass
spectrometric analysis on a Q Exactive HF mass spectrometer as
described.** ** The MaxQuant suite of algorithms (V.2.0.1.0)**
was used to analyse mass spectrometric raw data against the
murine Uniprot database (canonical and isoforms; downloaded
2021/02/08_8661807 entries). False discovery rates of 1% were
used both at the peptide and the protein group levels. Instru-
ment parametrisation was extracted and summarised using
MARMOSET?® and along with the MaxQuant settings and mass
spectrometric raw data, it has been deposited with the proteom-
eXchange consortium via the MASSive repository. The in-house
R pipeline autonomics https://doi.org/doi:10.18129/B9.bioc.
autonomics was used for downstream bioinformatic analysis.

Patient involvement

Tissue samples of patients with therapy-naive PDAC who under-
went surgical resection were provided by the Biobank of the
University of Marburg (CBBMR) in accordance with the regula-
tions of the ethics committee of the University of Marburg (AZ
76-17).
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Statistics and data accessibility

Statistical comparisons were made of n=3 experiments using
an unpaired two-tailed one-grouped Student’s t-test (using MS
Excel or GraphPad Prism) unless otherwise indicated. Signifi-
cances were indicated as ns (not significant; p>0.05), *p<0.035,
**p<0.01 and ***p<0.001. Human Kaplan-Meier curves from
public datasets were generated using the R2: Genomics Analysis
and Visualisation Platform (http://r2.amc.nl). RNAseq data has
been deposited at BioStudies/Array Express with the following
accession codes: E-MTAB-13666 (Dyrk1b WT/KO in mKpc4
cells); E-MTAB-13667 (mouse allograft with Dyrk1b WT/KO
mKpc4 cells) and E-MTAB-13668 (mouse BMDMs treated with
SN from Dyrk1b WT/KO mKpc4 cells). Protein mass spectro-
metric raw data has been deposited with the proteomeXchange
consortium via the MASSive repository.

RESULTS

The DYRK1B kinase is enriched in PDAC tumour cells

The DYRK1B kinase can be detected in 12%-39% of all
PDAC cases, and in 6%-9%,this is caused by a genomic ampl-
icon encompassing the DYRKIB gene locus (online supple-
mental figure S1A)." *® In order to validate these findings, we
commenced our studies on DYRK1B in pancreatic cancer by
first determining DYRKIB mRNA expression levels in bulk
PDAC resection material (Marburg cohort; n=59 patients). As
evident from figure 1A, DYRKIB mRNA levels were low but
readily detectable and were significantly increased in the basal
versus the classical subtype of PDAC (figure 1A). In patients
with pancreatic cancer, high DYRK1B expression was associ-
ated with poorer overall survival compared with low-expressing
patients (figure 1B; Yeh cohort; n=102°7), a finding that was
validated in an independent second public data set (online
supplemental figure S1B; The Cancer Genome Atlas (TCGA)
cohort; n=146 patients). Analysis of a recent scRNAseq study®
revealed DYRK1B transcript expression to be primarily confined
to epithelial duct cells of the pancreas as well as, to a lesser
extent, endothelial and endocrine cells, but not acinar, stellate or
immune cells (online supplemental figure S1C,D). In agreement
with this observation, DYRK1B protein expression was observed
in several human PDAC cell lines, but levels were low in PSCs
(figure 1C). In addition, immunohistochemistry of human PDAC
tissue supported these results, with DYRK1B being preferentially
enriched in the epithelial tumour compartment (figure 1D). In
the mouse, Dyrk1b mRNA expression can readily be measured
in bulk tissue derived from the well-established KPC model of
PDAC? as well as in epithelial cell-enriched tumour organoids
(figure 1E). As shown for the human cell lines above, immuno-
blotting detected prominent DYRK1B protein levels in murine
PDAC cell lines but only in marginal levels in mouse PSCs
(figure 1F). Finally, mouse KPC tissue staining with a DYRK1B-
specific antibody revealed clear enrichment of this kinase in the
epithelial tumour compartment with only minute signals in the
surrounding stroma (figure 1G and online supplemental figure
S1E for antibody validation). Taken together, we could provide
evidence that DYRK1B expression is preferentially restricted to
tumour cells (and not the stroma) and negatively associated with
overall survival in patients with PDAC.

DYRK1B suppresses PDAC cell proliferation in an mTOR-
dependent manner

In order to shed more light on the precise role of DYRK1B in
pancreatic cancer, we generated CRISPR/Cas9-mediated gene
KO in murine PDAC cells (mKpc4) derived from the KPC mouse

model*” harbouring mutant Kras®'?P and p53%71, Using two

different CRISPR constructs targeting separate exons of the
Dyrk1b gene, we identified two clones displaying complete
(KO5.3) or almost complete (KO2.7) elimination of the
DYRK1B protein (figure 2A), with no apparent changes in levels
of the closely related paralogue DYRK1A (online supplemental
figure S2A). In line with DYRK1B negatively regulating cell cycle
components*® ** and the DREAM (DP, RB-like, E2F And MuvB)
complex,*" Dyrk1b-KO cells grew significantly faster in culture
than WT cells (figure 2B,C). Similar results were obtained in 3D
culture using soft agar conditions (online supplemental figure
S2B). KO cells displayed a higher rate of BrDU incorporation,
showing that the increase in cell numbers was primarily caused
by a faster cell cycle and not by enhanced survival (figure 2D
and online supplemental figure S2C). Similar elevated incorpo-
ration was also observed upon treatment of Dyrk1b-WT cells
with the small molecule DYRK1B inhibitor AZ191* (figure 2E
and S2D). In addition, Dyrk1b-depleted cells were particularly
sensitive to inhibition of the pro-proliferative mTOR kinase by
either Everolimus (mTORC1 inhibitor) or KU0063794 (dual
mTORC1/2 inhibitor), completely abrogating the surplus in
proliferation seen upon Dyrk1b loss (figure 2F,G). In agreement
with the increased sensitivity against mTOR inhibition, KO cells
displayed stronger mTOR and S6 activation compared with WT
cells (online supplemental figure S2E).

Intriguingly, transcriptome analysis revealed an upregulation
of transforming growth factor B (TGFp)-related gene signatures
in Dyrk1b-KO cells (figure 2H), which were validated using qRT-
PCR (figure 2I). In addition, the morphology of both KO clones
appeared more mesenchymal as compared with their Dyrk1b
WT counterparts (figure 2J). In summary, we could show that
loss of Dyrk1b results in the induction of TGF pathway genes
and mTOR-dependent stimulation of proliferation in pancreatic
cancer cells.

Ablation of tumour cell-Dyrk756 stimulates macrophage
recruitment

In light of the cell cycle-suppressive impact of DYRKI1B in
cultured cells, we were interested to investigate the corre-
sponding outcome of Dyrk1b loss in an in vivo setting. To
this end, we subcutaneously transplanted Dyrk1b WT or KO
mouse PDAC cells into syngeneic C57BL/6 animals (figure 3A).
In complete contrast to the cell culture experiments described
above, KO cells were significantly growth retarded in this setting
and only formed very small tumours, whereas WT cells gave rise
to large tumours (figure 3B). Similar findings were also made
with the second KO clone (online supplemental figure S3A). In
order to obtain further insight into the underlying mechanisms,
we performed mRNA sequencing (RNAseq) of bulk tumour
tissues. Intriguingly, functional annotation of genes significantly
upregulated in KO versus WT tumours yielded several innate
immune signatures, such as interferon signalling, lipopolysac-
charide, TNF, polyl:C-RNA or IRF3 (figure 3C), suggesting
KO tumours to harbour an altered immune microenvironment
compared with WT. Downregulated signatures included many
general cancer terms (eg, nasopharyngeal carcinoma) as well
as signatures associated with cellular differentiation (eg, breast
cancer_luminal vs mesenchymal) (online supplemental figure
S3B).

Following up on the observation of a potentially altered TME
in the KO setting, we stained WT and KO tumour tissue with
various antibodies detecting proliferation (Ki67), myofibroblastic
cancer-associated fibroblasts (myCAFs; a-Smooth muscle actin

Brichkina A, et al. Gut 2024;73:1684-1701. doi:10.1136/gutjnl-2023-331854

1689


http://r2.amc.nl
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854
https://dx.doi.org/10.1136/gutjnl-2023-331854

Pancreas

o

PDAC (Yeh cohort, -
A Marburg cohort B 100- ( )
— T . B high (n=39)
E . 2.991 M low (n=63) pSC(human) Cancer cell lines (human)
E 10 : 0.80- ! ! 1
{ sl
© 1 . 5
2 : - -- - WD S ®= | DS
o
% J 8 060
x a
. 2
z ] g o1 o | e wdbe
Z 5+ 3 o
4 - 0.40+
€ 1 . 4 & 5 & 5 %,
E i . 3 030+ \3‘%‘ @9‘;" g @C\' Qg:!’ v?g, q‘,é &
Q > & R & ¥
néc: . 0201 DYRK1B 3 &
>~ - Qvi
Q 0.10
0-
Classical Basal e, 2t ¥
~N -
D Follow up in months
DYRK1B DYRK1B
]
AR LA “”‘ \
AR
SRR T\ !
e < : Patient1 ||—mm—
E Mouse PDAC models F
L ns
= . I
% PSC(mouse)  Cancer cell lines (mouse)
E T 1T
0w
@ 4= & DYRK1B
4 Sy LT L
b aE -
<'z: 40— Actin
2=
£ :
-Q [ IO S T S
= & S L £ &
= Q
s & & & &g s
T

Mouse KPC tumor

S
N\ S
& 0&9?
QC:
&

Figure 1  DYRKI1B is expressed in pancreatic cancer cells. (A) DYRK7B mRNA expression (in transcript per million) in bulk tissue derived from
patients with PDAC (n=59). Subtype classification as described in Rashid et al.*® Each dot represents one patient (mean=SD). (B) Kaplan-Meier

plot depicting overall survival of patients with PDAC*” in relation to DYRK1B expression (Yeh cohort, scan split and log-rank test). (C) DYRK1B
immunoblot of human cell lines. Actin was used as a loading control. Shown is one representative blot of n=2. (D) DYRK1B immunohistochemistry of
tissue microarrays derived from resected PDAC material. (E) Dyrk7b mRNA expression (in counts per million) from mouse KPC bulk tissue and from
KPC-derived primary organoids. Each dot represents one animal or one organoid line. (F) DYRK1B Western blot of murine cell lines. Shown is one
representative blot of n=2. (G) DYRK1B immunohistochemistry on mouse KPC tumour tissue. The scale bar is 100 pm. DYRK1B, dual specificity and
tyrosine phosphorylation-regulated kinase 1B; mRNA, messenger RNA; PDAC, pancreatic ductal adenocarcinoma; S, tumour stroma area; T, epithelial

tumour area; TCGA, The Cancer Genome Atlas.

(a-SMA)), inflammatory CAFs (iCAFs; Platelet-derived growth
factor receptor B (PDGFR)), vasculature (CD31) or tumour-
associated macrophages (TAMs; F4/80) (figure 3D). Intrigu-
ingly, tumour cell proliferation as assessed by KI67 staining was
unaffected in vivo, arguing that the microenvironment (and not

tumour cell-intrinsic proliferative alterations) was responsible
for the observed growth retardation (figure 3E). Blood vessel
density (CD31 staining) was moderate (figure 3F), while iCAF
(PDGFRp staining) abundance was profoundly reduced in
KO tumours without significant changes in myCAFs (a-SMA)
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(figure 3G,H). One of the most striking differences between WT
and KO was however observed with F4/80, revealing a signifi-
cantly increased abundance of macrophages in KO tumours
(figure 3D,I), a finding also corroborated with the second KO
clone (online supplemental figure S3C). Interestingly, TANs
appeared not to be recruited (online supplemental figure S3D).
Dual immunofluorescence, as well as flow cytometry studies,
revealed that the KO-associated TAMs were TNF-positive and
MHCII-positive, suggesting a polarisation towards an M1-like
state (figure 3],K and online supplemental figure S3E). In
contrast, the M2-marker CD206 was unaffected by the Dyrk1b
genotype (figure 3L and online supplemental figure S3F,G). The
increased influx of macrophages (Mphs) into KO tumour tissue
was also reflected in the corresponding RNAseq data set, where
pan-Mph genes (Cd68 and Msr1), as well as M1-polarised Mph
genes (Cd80 and Csf2) presented with significantly higher levels
in KO tumours (online supplemental figure S3H,I). In contrast,
M2-polarised Mph genes (Cd163 and Serpinb2) trended to an
inverse correlation (online supplemental figure S3J). Interest-
ingly, and in contrast to the cancer cells, the majority of the
KO-associated TAMs were non-proliferative (online supple-
mental figure S3K-M), strongly suggesting that they were
recruited to the tumour site and not generated by proliferative
expansion of a resident pool.

As TAMs can impact T-cell differentiation and activation, we
next investigated WT/KO tissue for the presence of CD4" and
CD8™ T cells and found the former to be more frequent in KO
versus WT tumours (figure 3M-O). Importantly, these CD4*
cells were highly enriched for the Th1 markers interferon-gamma
(IFNy), TNF and T-bet (figure 3RQ and online supplemental
figure S3N,0). Considering that Th1 cells can boost M1-TAM
activation, these results point towards a reciprocal crosstalk
between Th1 and M1-TAMs in the Dyrk1b-deficient TME. In
contrast, the frequency of neutrophil-attracting RORyt™ Th17
cells was significantly reduced (figure 3R). We also observed
an increased presence of IFNy*/TNF* CD8™ T-cells, indicating
enhanced differentiation of cytotoxic lymphocytes, despite
comparable absolute frequencies in WT versus KO tumours
(online supplemental figure S3S).

In conclusion, we find the loss of Dyrk1b to exert a strong
growth inhibition in an in vivo setting, despite fostering cell
proliferation in vitro. This tumour-suppressive effect was asso-
ciated with a strong influx of Mphs, which in addition showed
signs of a tumoricidal M1 polarisation. In line with the known
crosstalk of M1-like TAMs with Th1 cells, we observed their
increased abundance in KO tumour tissue.

A Dyrk 7b-controlled cancer cell secretome acts on several
aspects of Mph physiology

Next, we were eager to decipher the Dyrk1b-dependent cellular
effects imparted by tumour cells on macrophages. Assuming
secreted factors to be essential for this crosstalk, we generated
conditioned SNs derived from WT or KO mKpc4 cells and
applied them to primary mouse BMDM (figure 4A). First, we
analysed the transcriptomic alterations in Mphs on exposure to
SN of WT or KO cells. As evident from figure 4B, KO-SN induced
many innate immune-related gene signatures (lipopolysaccha-
ride, interferon, polyl: C-RNA, TNF) in Mphs as compared with
WT-SN, largely resembling the situation observed in KO tumours
(figure 3C). Downregulated genes surprisingly include not only
several immune-associated pathways but also a range of proin-
flammatory signatures such as IL1B, leucocyte migration, inflam-
matory response, IL10 or IL13 (figure 4C). This unexpected

dichotomy was in fact also apparent when individual Mph acti-
vation markers were analysed in more detail (figure 4D). While
SN from Dyrk1b-KO tumour cells induced several M1-associ-
ated genes (eg, CclS and Cd40), it downregulated the expression
of inflammatory M1-like (eg, [l1a and II1b) as well as M2-associ-
ated genes (eg, Arg1 and Serpinb2) (figure 4D and online supple-
mental figure S4A-C). A similar pattern of expression changes
was also observed in human primary peripheral blood-derived
macrophages exposed to SN from human PDAC cells, in which
DYRK1B was knocked down by shRNA (see online supplemental
figure S4D-F for cell characterisation and online supplemental
figure S4G-I for effects on Mphs). Furthermore, these results
were recapitulated by treating primary murine Mphs with SN
from mKpc4 cells previously exposed to the DYRK1B-inhibitor
AZ191 (figure 4E-G). Thus, using several different systems,
these data imply that loss of tumour cell DYRK1B reshapes the
cancer secretome, yielding an M1-like Mph phenotype with
reduced inflammatory potential.

In addition to the effects on Mph polarisation, KO-SN increased
not only the overall viability (figure 4H) but also functioned as
a potent chemoattractant for Mphs (figure 4I), providing a very
likely explanation for why KO tumours contained such high
numbers of TAMs (figure 3D,I). Beyond these observations in the
mouse system, comparable findings were also made with human
PDAC cells and human Mphs (online supplemental figure S4]).

In light of the fact that Dyrk1b KO tumours were significantly
smaller than their WT counterparts and, in addition, contained
high numbers of TAMs, we reasoned that the phagocytic activity
of Mphs might contribute to this growth inhibition. To assess
this issue, we labelled tumour cells and primary Mphs with
separate fluorescent dyes and monitored the appearance of
double-positive cells (indicative of tumour cell engulfment by
Mphs) in co-culture (figure 4]). Intriguingly, loss of Dyrk1b in
tumour cells significantly enhanced their phagocytosis by co-cul-
tured Mphs (figure 4K and online supplemental figure S5A),
a finding which was successfully recapitulated in human cells
(online supplemental figure S4B,C). Moreover, small molecule-
mediated DYRK1B inhibition also led to increased tumour cell
phagocytosis in mouse (online supplemental figure S5D,E) and
human (online supplemental figure S5F,G) cancer cells.

In order to elucidate whether the increased phagocytic effect
required direct cell-cell contact between Mphs and target cells in
co-culture or was caused by secreted factors, we pretreated Mphs
with SN from WT or KO tumour cells prior to the measurement
of phagocytosis of WT mKpc4 as target cells (figure 4L). Impor-
tantly, these experimental conditions abrogated the increased
phagocytic ability imposed by KO cells observed in direct
co-culture experiments before (figure 4K), indicating that direct
tumour cell-Mph contact was necessary for the enhanced engulf-
ment of KO tumour cells by Mph. A similar result was obtained
with human PDAC cells (online supplemental figure SSH).

Motivated by our previous observation on reduced
inflammatory CAF (iCAF) numbers in Dyrk1b KO tumours
(figure 3D,H), we analysed a possible crosstalk between Mphs
and CAFs. Specifically, we collected SN from WT or KO cancer
cells and treated Mphs (figure 4M). Subsequently, PSCs were
exposed to conditioned media from these Mphs and myCAF/
iCAF polarisation was assessed by qRT-PCR. In line with our
previous results obtained in vivo (figure 3D,H) as well as in
vitro (figure 4D,F), Dyrk1b-KO-SN-treated Mphs failed to
induce an iCAF phenotype, whereas the corresponding Dyrk1b-
WT-treated Mphs successfully did (figure 4N,O). In summary,
tumour cell DYRK1B was found to affect multiple aspects of
Mph functionality, that is, polarisation, migration, viability
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and, possibly most importantly, phagocytic activity. All of the
observed processes possess tumoricidal potential and might thus
be harnessed therapeutically.

DYRK1B regulates the ‘don’t eat me’ signal CD24 to prevent
destruction by macrophages

In our attempts to understand the DYRK1B-mediated inter-
actions between cancer cells and Mphs in greater detail, we
determined differentially secreted factors by means of cytokine
arrays. As depicted in figure SA,B, several paracrine signalling
molecules, such as CCL20, CX3CL1, PCSK9 or VEGF, were
found to be downregulated by Dyrk1b loss (figure 5A,B). In
contrast, levels of secreted CCL5, CCL6, CXCL2, CXCL10 or
MCSF were increased in Dyrk1b-depleted cancer cell SN. Since
many of the upregulated factors are known to possess chemo-
attractant properties, we individually eliminated their activity
by adding neutralising antibodies and measured their contribu-
tion to the overall migratory potential of Mph. These exper-
iments demonstrated that several of the mediators identified
significantly contributed to the Dyrk1b-dependent increased
attraction of Mph to Dyrk1b-null cells (figure 5C). In addition,
we performed mass-spectrometric secretome studies, which
revealed, among others, inhibin BA (Inhba; a member of the
TGEFP superfamily) as a ligand specifically upregulated in the
KO secretome (figure 5D). Moreover, semaphorin 3e (Sema3e)
was found to be downregulated in KO SN (figure 5D). Sema3e
had previously been described as a proinflammatory protein
in lipopolysaccharide-treated macrophages.* Indeed, when
we exposed primary Mph to recombinant Sema3e protein,
we observed an upregulation of M2-associated Argl mRNA
expression, while MT-associated Tnf was concomitantly
downregulated (figure SE). In summary, we identified several
Dyrk1b-regulated paracrine signalling molecules involved in
Mph attraction/migration and polarisation.

A range of membrane receptors on target cells with relevance
to phagocytosis have been discovered in recent years, such as
CD24, CD47 or B2M."' *% Among these phagocytosis check-
point proteins, CD24 appeared of particular interest as we
observed a downregulation of total CD24 protein in Dyrk15-KO
cell clones (figure 5F). Remarkably, not only total protein levels
but also cell surface-localised CD24 were significantly reduced
on Dyrk1b loss (figure 5G and online supplemental figure S5T).
In contrast, Cd24 mRNA levels were not uniformly reduced in
both clones, arguing for a certain degree of post-transcriptional
control of CD24 by DYRKI1B (figure SH). CD24 levels were
also lower in tumours derived from Dyrk1b-KO versus WT cells
(figure SLJ). Furthermore, lower total and cell surface CD24
protein levels could also be observed upon pharmacological
DYRKI1B inhibition (online supplemental figure S5]J-L), despite
unaltered Cd24 mRNA expression (online supplemental figure
S5M). In addition, human PDAC cells with stable DYRK1B
knockdown supported the findings above and also displayed
reduced total (figure SK) as well as cell-surface-localised CD24
protein levels (figure SL and online supplemental figure SSN).
In these DYRK1B-KD cells, CD24 mRNA levels were reduced by
approximately half (online supplemental figure S50). In total,
we provide experimental evidence that DYRK1B regulates Mph
biology on several levels. The kinase not only modulates the
paracrine secretome impinging on Mph recruitment and polari-
sation but also increases the cell-autonomous levels of ‘immuno-
logically self’-associated CD24, thereby protecting cancer cells
from phagocytic innate immune attack.

A DYRK1B-directed therapy extends survival in an
autochthonous mouse model of PDAC

In order to assess the therapeutic value of DYRK1B targeting,
we made use of the well-established and highly aggressive KPC
mouse model.*” Pancreatic tumour development in KPC animals
was allowed up to approximately 100-150 mm’, from which
time point on control animals typically survived for another
2 weeks. Pharmacological treatment was initiated at this stage
and tumour sizes were regularly determined by ultrasound until
the animals had to be sacrificed (figure 6A). The treatment
regimen consisted of three components: (1) gemcitabine (Gem;
70 mg/kg; once a week) as one of the current standards of clinical
care; (2) AZ191 (AZ; 5 mg/kg; two times per week) as a specific
DYRK1B inhibitor and (3) KU0063794 (KU; 5 mg/kg; two times
per week), a dual mTOR inhibitor synergising with DYRK1B
inhibition in vitro (figure 2F,G). Importantly, this triple therapy
was very well tolerated by the animals and no obvious toxicity
or gross changes in body weight were observed during treat-
ment (figure 6B). This was in particular contrast to gemcitabine
treatment, which resulted in a significant treatment-related drop
in body weight, indicative of chemotherapy-induced toxicity.
Surprisingly, this decline in body weight was absent in triple-
treated animals, despite the fact that this medication included
gemcitabine as well (figure 6C).

Moreover, and in agreement with the disappointing impact
of chemotherapy in the clinic, single treatment with gemcit-
abine led to no detectable improvement in the survival of
KPC animals (online supplemental figure S6A). Furthermore,
monotherapy with AZ191 did not significantly impact life span
(online supplemental figure S6B), but an increased TAM abun-
dance could be observed in AZ-treated tissues (online supple-
mental figure S6C,D). To our surprise, combined DYRK1B/
mTOR inhibition (AZ/KU) also did not extend survival (online
supplemental figure S6E), but combining AZ191 with gemcit-
abine yielded a modest but significant extension of survival
in the treated animals (online supplemental figure S6F). The
greatest effects were, however, achieved by employing the AZ/
KU/Gem triple therapy, resulting in pronounced tumour stasis
over an extended period of time (figure 6D). The overall survival
of treated mice was significantly prolonged, from a median of 15
days in vehicle-treated control animals to 23 days in the triple-
treated cohort (figure 6E). Analysing treatment time-matched
solvent and triple-therapy tumour samples (2weeks of treat-
ment) confirmed significant CD24 downregulation (figure 6F)
as well as increased Mph recruitment into tumour tissue in the
latter cohort (figure 6G,H). Strikingly, the triple therapy cohort
consisted of two clearly distinct subgroups of almost equal
size: while one group did not respond at all to treatment and
displayed a median survival (14 days) comparable to the control
group, the responder subgroup had a significantly prolonged
overall median survival of 33 days, thus extending the life span
of tumour-bearing KPC mice by more than twofold (figure 6I).
At the endpoint, increased macrophage abundance was selec-
tively associated with the responder group, whereas the non-
responder animals displayed F4/80-positivity comparable to the
solvent cohort (figure 6],K). These data suggest that a successful
therapy response was linked to effective and/or sustained Mph
recruitment into the tumour tissue. In summary, we thus present
in vivo evidence for a well-tolerated drug combination resulting
in strong macrophage recruitment and a significant extension
of survival in a highly aggressive autochthonous PDAC mouse
model.
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Figure 5 DYRK1B-dependent cancer cell impact on macrophage physiology. (A) Mouse cytokine array membranes incubated with SN from WT/KO
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Sema3E. Shown is one representative of n=2, measured in triplicate (mean=SD). (F) Western blot depicting endogenous CD24 protein levels in WT/
KO mKpc4 cells. Actin was used as a loading control. Shown is one representative blot of n=2. (G) Relative MFI of surface CD24 on WT/KO mKpc4
cells. Mean of n=3+SD. (H) The relative Cd24 mRNA expression as determined by gqRT-PCR in WT/KO mKpc4 cells. Mean n=3=5D. (I) CD24 IHC

of Dyrk1b WT/K05.3 allograft tumour tissue. The scale bar is 100 ym. (J) Quantification of results from panel I. Each dot represents one tumour
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Intratumoural macrophage abundance correlates with
DYRK1B levels in human patients with PDAC

Next, we aimed to validate our findings in human patients. To
this end, we first made use of the Marburg cohort of patients
with PDAC, whose tissue was stained by immunohistochemistry
for the pan-macrophage marker CD68 (n=46). In parallel, we
quantified DYRK1B expression levels by bulk mRNA sequencing
of the same patient samples. As DYRK1B is mostly expressed by
tumour cells (figure 1D), bulk expression was used as a proxy
for epithelial DYRKIB levels. Intriguingly, patient samples
with high DYRK1B expression displayed low Mph infiltration,
while the reverse was true for patients with low DYRKIB levels
(figure 7A). In order to extend and verify this negative correla-
tion, we performed a tertiary split of the samples based on their
DYRK1B expression and determined the macrophage abundance
in these tissues by quantifying the immunohistological CD68
staining intensity. As presented in figure 7B, DYRK1B levels are
significantly associated in a negative manner with Mph presence
in human PDAC tissue samples (figure 7B). Moreover, CD24
transcript levels were specifically increased in the DYRK1B-high
subgroup within this patient cohort (figure 7C).

Furthermore, we extended our investigation to an indepen-
dent human PDAC dataset (TCGA cohort; n=178) and again
observed significant negative correlations between DYRKI1B
expression and the pan-Mph marker genes CD68 (figure 7D),
MSR1 (figure 7E), ITGAM (encoding for CD11B; figure 7F)
or the M1-associated genes CD86 (online supplemental figure
S7A) and MHCII (HLA-DRA; online supplemental figure S7B).
A third human PDAC dataset (Yang cohort; n=139)* further
supported the anticorrelation of DYRKIB expression to Mph
genes MSR1 (online supplemental figure S7C), CD80 (online
supplemental figure S7D) and CD86 (online supplemental figure
S7E). In conclusion, the negative correlation between DYRK1B
and Mph infiltration is not only observed in murine systems but
also validated in human PDAC patient material.

DISCUSSION

Novel and clinically actionable drug targets are of high interest
in translational pancreatic cancer research. Here, we describe
the DYRK1B kinase as such a drug target, a protein belonging
to the underexplored but potentially promising ‘dark kinome’.
Small-molecule inhibitors of DYRK1 kinases are currently in
clinical phase I testing and, if successful, will soon be available
for clinical PDAC translation. Targeting the c-MET-modulating
paralogue DYRK1A has previously proven promising in preclin-
ical PDAC models®* and, hence, inhibitors that would block both
class I DYRK family members appear worth evaluating. With
respect to DYRKI1B, its role in cancer cells appears paradox-
ical at first: the kinase suppresses cell cycle-promoting factors
such as cyclin D1,% stabilises cell cycle-inhibiting proteins like
p27% and promotes the assembly of the antiproliferative tran-
scriptional DREAM complex.*! Despite these seemingly tumour-
suppressive effects, DYRK1B is found overexpressed in many
cancers, including PDAC, where it mediates cellular quiescence,
motility and cell survival.*” In pancreatic cancer, point mutations
in DYRK1B are rare, but its mRNA is frequently upregulated'”
or its gene is chromosomally amplified.’® In addition, common
molecular hallmarks of PDAC, such as mutant KRAS or hypoxia,
activate DYRK1B’s kinase activity.*® ** Given this apparent
contradictory evidence, it thus remained elusive how DYRK1B
functions as a pancreatic cancer oncogene. We here provide
evidence that DYRK1B has a pronounced impact on the secre-
tome of cancer cells, in turn modulating the cellular makeup of

the TME. Most importantly, this TME effect is dominant over
the cell-intrinsic cell cycle control.

Specifically, we could show that DYRK1B regulates the abun-
dance of macrophages (Mphs) in tumours. Our data further
demonstrate DYRK1B’s kinase activity to be required for this
effect and that, as a result, DYRK1B inhibitors are an attrac-
tive option to restructure the myeloid TME. The DYRK1B-
inhibited TME consists of M1-like-polarised TAMs together
with increased numbers of activated IFNy/TNF-producing
T-bet™ Th1 cells, generating an effective tumour-suppressive
environment. In this context, it is interesting to note that
macrophage-intrinsic DYRK1B has also been implicated in M1/
M2 polarisation,’® and DYRK1B inhibition may synergise with
TAM control through cancer cell-intrinsic DYRK1B. Intriguingly,
DYRKI1B also suppresses the direct recognition of cancer cells by
Mphs through upregulation of the ‘don’t eat me’ signal CD24 on
tumour cells, a process that presumably is post-transcriptional.

DYRK1B thus appears to modulate Mph-mediated immunity
by several means: through soluble factors, it affects Mph migra-
tion, viability and polarisation, while cell-intrinsic mechanisms
affect target cell recognition and phagocytosis. Targeting other
myeloid checkpoint molecules in PDAC has been suggested
before CD47-blocking antibodies slowed disease progression
and prolonged survival in a mouse model,’" reduced cancer stem
cell pools,** but have encountered challenges such as anaemia
and thrombocytopenia. B2-microglobulin shields cancer cells
from different malignancies from phagocytic attack® but was
not expressed in our cells.

As one of the factors driven by DYRK1B, we remarkably iden-
tified the axon guidance molecule Semaphorin 3E (Sema3e),
which has been associated with poor prognosis in PDAC and
was found to impinge on Mph-based inflammation,® *3 thus
making it an interesting anticancer target regulated by DYRK1B.
Targeting DYRK1B in tumour cells also upregulated the chemo-
kines MCSF, CCL5, CCL6 and CXCL2, all of which are known
to recruit macrophages to the tumour site. A majority of studies
so far suggest that blocking MCSF/CCL6/CCL5/CXCL2 path-
ways could unleash the antitumorigenic potential of macro-
phages.**** However, a high infiltration of the tumour site with
tumoricidal macrophages might effectively kill tumour cells and
may potentially be combined with phagocytosis checkpoint ther-
apies. DYRK1B inhibitors may, in this respect, serve as a multi-
faceted tool to attract tumoricidal macrophages and facilitate the
phagocytosis of cancer cells.

In our attempts to define drug combinations with promising
translational potential, we combined a DYRK1B inhibitor with
a synergising mTOR blocker. While this combination proved
powerful in cell culture, we were surprised to see it fail in vivo.
In addition, we included the commonly used chemotherapeutic
agent gemcitabine in the combination, as it is considered to
target cells leaving quiescence upon DYRK1B inhibition.*! This
triple combination was surprisingly well tolerated by the treated
animals, with no signs of toxicity and no overt loss in body
weight and yielded a life span extension of more than twofold in
many tumour-bearing KPC animals, which, to our knowledge,
not many preclinical pharmacological regiments are able to
achieve. It is, however, noteworthy that only approximately half
of the animals responded to the medication. Therapy response
hereby appeared to necessitate Mph recruitment as non-
responders lacked signs of increased Mph infiltration. The exact
mechanisms underlying this dichotomous therapy response as
well as biomarkers predicting it require future work, as does the
question of why the tumoricidal impact is transient and animals
eventually succumb to the disease despite treatment continuity.
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Figure 7 Intratumoral macrophage abundance correlates with DYRK1B levels in human PDAC. (A) Immunohistochemical CD68 staining

(brown) of human PDAC tissue microarrays (Marburg cohort). DYRK1B levels were determined by bulk RNAseq. (B) Quantification of CD68
immunohistochemistry intensity in patients with PDAC, which were split into DYRK7B-low and high subgroups (n=15each). Each dot represents one
patient tumour (mean=SD). (C) CD24 mRNA levels in patients with PDAC as assessed by bulk RNA sequencing. Patients were split into DYRK1B-low/
high subgroups (n=15 each). Each dot represents one patient tumour (mean=+SD). (D) Correlation between CD68 and DYRK1B bulk mRNA expression
in patients with PDAC of the TCGA cohort. (E) Correlation between MSRT and DYRK1B bulk mRNA expression in patients with PDAC of the TCGA
cohort. (F) Correlation between /TGAM (encoding CD11B) and DYRK1B bulk mRNA expression in patients with PDAC of the TCGA cohort. DYRK1B,
dual specificity and tyrosine phosphorylation-regulated kinase 1B; PDAC, pancreatic ductal adenocarcinoma; mRNA, messenger RNA; TCGA, The
Cancer Genome Atlas.

Our findings significantly extend insight into DYRKI1B wider oncogenic role lies in executing tumour cell protecting
biology and show this kinase does not act as a mere negative measures to create a ‘safe haven’. This may include the induc-
cell cycle regulator. In fact, one might speculate that DYRK1B’s tion of proliferative quiescence, cell survival and DNA repair to
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evade chemotherapy on the one hand, but also the promotion
of immune evasion to circumvent attacks from the host immune
system on the other. Concerning the latter, DYRK1B may repre-
sent a particularly valuable target as it acts on multiple layers
to control macrophage immunity, affecting not only recruit-
ment, viability and polarisation but also upregulating the innate
immune checkpoint CD24. It will thus be interesting to explore
whether DYRK1B-directed therapy may be potentiated by the
addition of either immune checkpoint blockade (aPD-1/PD-L1;
0-CTLA4) or myeloid-stimulating approaches such as a-CD40
ligands. With the advent of clinical DYRK1 inhibitors, our
data provide the groundwork for further combinatorial studies
targeting this kinase for improved PDAC therapy.
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