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ABSTRACT

Mismatch repair-deficient (AIMMR) tumors show a good response toward immune checkpoint inhibitors (ICl),
but developing resistance impairs patients’ outcomes. Here, we compared the therapeutic potential of an a-
PD-L1 antibody with the CDK4/6 inhibitor abemaciclib in two preclinical mouse models of dMMR cancer,
focusing on immune- modulato?/ effects of either treatment. Abemaciclib monotherapy significantly pro-
longed overall survival of MIh1™~ and Msh2!@®/1xPTaTatill-cre) e (MIh1~~: 14.5 wks vs. 9.0 wks (a-PD-L1),
and 3.5 wks (control); Msh2'>®1xPTaTalill-cre), 119 7 \vks vs. 9.6 wks (a-PD-L1), and 2.0 wks (control)). The
combination was not superior to either monotherapy. PET/CT imaging revealed individual response profiles,
with best clinical responses seen with abemaciclib mono- and combination therapy. Therapeutic effects were
accompanied by increasing numbers of tumor-infiltrating CD4*/CD8" T-cells and lower numbers of M2-
macrophages. Levels of T cell exhaustion markers and regulatory T cell counts declined. Expression analysis
identified higher numbers of dendritic cells and neutrophils within tumors together with high expression of
DNA damage repair genes as part of the global stress response. In MIh1™~ tumors, abemaciclib suppressed
the PI3K/Akt pathway and led to induction of Mxd4/Myc. The immune-modulatory potential of abemaciclib
renders this compound ideal for dMMR patients not eligible for ICl treatment.
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Two genetic mouse models of spontaneous dAMMR-driven tumor-
igenesis were used in this preclinical therapy trial. Tumor-bearing
Mlh1™~ or Msh2!oPAPTETe(Vill=ere) 10 received the CDK4/6
inhibitor abemaciclib, the a-PD-L1 monoclonal antibody or

a combination of both agents, in which abemaciclib was given as
lead-in therapy. Abemaciclib led to an increase of tumor-
infiltrating T helper (Th) cells and cytotoxic T cells (CTL), den-
dritic cells, as well as IRF5-driven polarization of M2 macrophages,
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upregulation of Mxd4, and activation of the Wnt-signaling. Blood
phenotyping revealed reduced levels of T cell exhaustion markers
as well as regulatory T cell counts, attributable to Tc-mediated IL-2
secretion. While monotherapy with the a-PD-L1 monoclonal anti-
body had slightly different local and systemic effects, the combina-
tion approach was not superior to either monotherapy. Notably,
most beneficial abemaciclib-mediated immune-modulatory
effects were even repealed. Instead, the combination triggered
epithelial-mesenchymal transition (EMT), raising caution for
CDK-immune-checkpoint-inhibitor combination approaches. +:
indicates strain-specific differences.

Introduction

Mismatch-repair-deficiency (AMMR) arises as a consequence of
MLHI gene promoter hypermethylation (= sporadic form) or
secondary to a germline MMR mutation (= hereditary form). In
either case, dJMMR is associated with high immunogenicity.
Patients harboring dMMR tumors are thus predestined to be
treated with immune-checkpoint inhibitors (ICIs). ICIs reacti-
vate exhausted T cells, prevent T cell inhibition, and force
T cell-mediated tumor killing." Consequently, Programmed
death 1 (PD-1) blockade has emerged as a highly effective
treatment strategy and the positive results seen in many patients
have contributed to the FDA and EMA approval for first-line
therapy of unresectable or metastatic dMMR cancer.>’

Recent data describe superior effects of a-PD-L1 antibodies
compared to a-PD-1 antibodies in blocking PD-1/PD-L1
signaling.* PD-L1 is upregulated in the tumor microenviron-
ment and is found in a large variety of tumors. In recent clinical
trials on dMMR patients, the a-PD-L1 antibody Avelumab has
first proven safe’ and was then compared with standard che-
motherapy for treatment of dMMR colorectal cancer patients.®
Clinical responses up to complete remissions were seen in
many cases. Our preclinical data additionally support the use
of a-PD-L1 antibodies either alone or in conjunction with
cytostatic drugs and immunotherapy.”® Still, in most cases,
resistance mechanisms evolve finally contributing to relapse.’

To improve outcomes, ICIs should be combined with other
(targeted) agents. A very attractive option is the selective
cyclin-dependent kinase 4/6 inhibitor (CDKI) abemaciclib."
Abemaciclib stops the cell cycle at G1, induces swollen and
dysfunctional lysosomes, and triggers apoptosis/necrosis in
tumor cells."" "> This CDK4/6 inhibitor is currently approved
for treatment of both early and advanced/metastatic breast
cancer, however, more immunogenic tumor types, such as
dMMR-related cancers, should be considered as well. The
rationale for this is based on the increasing body of evidence
that abemaciclib stimulates antitumor immune responses by
inducing an “inflamed” microenvironment finally contributing
to T cell activation and improved T cell function.'*"!” Actually,
a recent study reported transformation of CD8" T cells into
memory cells upon CDK4/6 inhibition to expand the long-
term immunity and efficacy of the cancer treatment — an effect
frequently seen after ICI treatment.'® CDK blockade may thus
become an interesting option for dMMR patients not eligible

for ICI treatment. The notion that many patients harbor pre-
formed antitumoral immune responses that can be re-activated
(or boosted) by immunotherapy additionally argues in favor of
using immune-modulating CDKIs for treatment of dMMR-
related malignancies.'” '

Using the two preclinical Mlh1™~ and Msh2'oxF/loxPTeTs
(Vill=ere) 1y 5use models of spontaneous tumorigenesis,zz"25 we
initiated a proof-of-concept study and compared the efficacy of
a murine a-PD-L1 antibody (clone 6E11) with the CDK4/6
inhibitor abemaciclib either alone or in combination.

We could show that low-dose abemaciclib treatment is
as effective as a-PD-L1 therapy, but its combination is not
superior to the respective monotherapy. Hence, we pro-
pose abemaciclib monotherapy as a good alternative for
treatment of dMMR patients that cannot be treated
with ICIL

Methods
In vitro experiments

Cell culture

Two MLH1™~ tumor cell lines 328 and A7450 T1 M1 were
established and characterized in our lab.*>?® Cell culture was
performed in DMEM/Ham’s F12 medium, supplemented with
10% FCS (fetal calf serum), 6 mM Glutamine, and antibiotics
(all from Biochrom, Berlin, Germany). Treatment was done
with selected CDKIs at doses corresponding to I1C; values: (I)
abemaciclib (= abema): 1 uM; (II) dinaciclib (= dina): 100 nM;
(III) THZ-1: 0.83 pM. Doses were validated before via dose
response curve analyses.

Apoptosis/necrosis, cell cycle analysis, and immunogenic
cell death
Cells were treated with abema, dina, or THZ-1 for 72 hours,
harvested and stained with 0.2 uM Yo-Pro 1 iodide (Thermo
Scientific, Ex/Em 491/509 nm; blue laser 488 nm, 20 min, RT).
Cells were washed and mixed with 7-AAD viability staining
solution (250 ng, Biolegend, San Diego, United States) before
measurements. For cell cycle analysis, cells were harvested and
incubated with ice-cold 70% ethanol over night at —20°C. 1 mg/
ml RNase (Carl Roth, Karlsruhe, Germany) was preheated at
37°C for 90 min. Ethanol fixed cells were washed twice with
2 ml PBS and centrifuged at 300 g for 10 min. Each sample was
mixed with 500 pl of preheated RNase and incubated for
45 min in the water bath at 37°C. Cells were washed twice
with 2 ml PBS and centrifuged at 300 g for 10 min. Cells were
resuspended with 400 pl propidium iodide (50 pg/ml) and
incubated for at least 30 min in the fridge covered from light.
For immunogenic cell death assessment, cells were treated
with abemaciclib for 48 h and 72 hours. Supernatants were
collected and amounts of high-mobility group protein 1
(HMGB1) were measurement by ELISA according to the man-
ufacturers’ instructions (Abbexa, Cambridge, UK). Cells were
harvested and incubated with a polyclonal rabbit CalR primary
antibody (1:50; Abgent, San Diego, CA, USA, 30 min, 4°C),
followed by a secondary FITC-labeled antibody (donkey anti



rabbit, 1:50; Biolegend, 30 min, 4°C). Control cells were stained
with the secondary FITC-labeled antibody. Measurements
were performed on a FACSVerse Cytometer (BD
Pharmingen, San Diego, USA). Data analysis was performed
using BD FACSuite software (BD Pharmingen).

Colony formation assay

Five hundred cells/well were seeded in 6-well plates and were
allowed to rest overnight. Cells were treated with abema, dina
or were left untreated. After 6 days, medium was removed and
cells were stained with 500 ul 0.2% crystal violet for 10 min on
a rocking plate, followed by washing steps. Some cells were
allowed to rest with medium for additional 6 days. Then, they
were stained the same way with crystal violet. The number of
colonies was evaluated using ImageJ-win64.

Co-culture assay

Tumor cells were harvested and stained with 5 pM CMFDA
(15 min, 37°C, 5% CO,). Twenty-thousand cells/well were
seeded in a 24-well plate. After 24 hours, 200,000 blood cells/
well, which were lysed with erythrocyte lysis buffer (155 mM
NH4Cl (MERCK Millipore, Darmstadt, Germany), 10 mM
KHCO3 (MERCK Millipore), and 0.1 mM EDTA
(Applichem, Darmstadt, Germany)) were added. Abemaciclib
was used at 1 pM. After 24 hours, 10 pg/ml a-PD-L1 was
added. After additional 48 hours, tumor cells were harvested.
To quantify residual tumor cells, fluorescent microsphere
beads (1.4 x 10° beads/ml, size: 10 um, Polyscience,
Hirschberg an der Bergstrasse, Germany) were used.
Measurements were performed on a FACSVerse Cytometer
(BD Pharmingen). Data analysis was performed using BD
FACSuite software (BD Pharmingen).

Immunofluorescence of cytoskeleton and ROS

The cytoskeleton and formation of reactive oxygen species
(ROS) was visualized. Cells were treated twice with 1 uM
abemaciclib for 72 hours and stained with 7.5 uM ROS Brite
670 (AAT Bioquest, CA, USA, 30 min, 37°C) followed by
125 nM Mitolite Green (AAT Bioquest) staining
(45 min, 37°C). Cells were fixed with 4% PFA (30 min, RT),
washed thrice with PBS and permeabilized with 0.2% TritonX-
100 (15 min, RT). Afterward, Phalloidin-iFluor 594 conjugate
(AAT Bioquest) dissolved 1:1000 in 1% BSA was added
(30 min, RT), followed by three washing steps and 2 min
staining with 1.5 ug/ml DAPI.

In vivo experiments

Ethical Statement

The German local authority approved all animal experiments:
Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und
Fischerei Mecklenburg-Vorpommern (7221.3-1-062/19;
—-025/20), under the German animal protection law and the
EU Guideline 2010/63/EU. Mice were bred in the animal facil-
ity of the University Medical Center in Rostock under specific
pathogen-free conditions. Mlh1 genotyping was done accord-
ing to [21] and Msh2 genotyping was done according to.**?’
During their whole life-time, all animals received enrichment
in the form of mouse-igloos (ANT Tierhaltungsbedarf,

ONCOIMMUNOLOGY €2094583-3

Buxtehude, Germany), nesting material (shredded tissue
paper, Verbandmittel GmbH, Frankenberg, Deutschland),
paper roles (75 x 38 mm, H 0528-151, ssniff-Spezialdidten
GmbH, Soest, Germany), and  wooden  sticks
(40 x 16 x 10 mm, Abedd, Vienna, Austria). During the
experiment, mice were kept in type III cages (Zoonlab
GmbH, Castrop-Rauxel, Germany) at 12-h dark:light cycle,
the temperature of 21 + 2°C, and relative humidity of
60 = 20% with food (pellets, 10 mm, ssniff-Spezialdidten
GmbH, Soest, Germany) and tap water ad libitum. When
mice were subjected to treatment (= time of tumor develop-
ment), they were given daily-prepared soaked pellets to ensure
proper food intake.

Experimental protocol

Mice with validated gastrointestinal tumor via PET/CT were
taken into therapy. Mice received abemaciclib (oral gavage,
75 mg/kg body weight (bw), 1x/week, 8 times in total
(qlWX8), Mlhlf/f n = 7 mice, MshzloxP/loxP;Tng(Vill—cre) n=9
mice) and a-PD-L1 antibody (i.p., 2.5 mg/kg bw, biweekly),
three times in total (q2wx3), Mlh1™~ n = 7 mice, Msh2!>**/1ox%
TeTe(Vill=ere) 1y — 10 mice). The a-PD-L1 antibody, clone 6E11,
was kindly provided by Genentech, a subsidiary of Roche,
South San Francisco, USA. Mice receiving the combination
were given abemaciclib first as lead-in, followed by a-PD-L1
injection (MIh1™~ n = 7 mice, Msh2'>®/loxPTeTe(Vill=ere) jy _ 1
mice). Control mice were left untreated (MIh1™~ n = 6 mice,
Msh2!oxP/loxPTeTe(Vill=ere) 1 — 10 mice) or received the isotype
control antibody (i.p. 2.5 mg/kg bw, Mlh1”~ n = 7 mice,
Msh2;loxPloxiTgle(Vill=cre) , — 7 mice). The health status was
monitored daily using a score sheet. Reduction of suffering was
ensured by applying humane endpoints (weight loss >15%,
pain, changes in social behavior). All mice were sacrificed
before they became moribund to prevent pain and distress.
Mice were sacrificed due to human endpoints (as outlined
above + progressive disease, defined by tumor volume
>300 mm®), followed by removal of blood, spleen, and tumor.

PET/CT imaging

The tumor size was measured via PET/CT measurements on
a small animal PET/CT scanner (Inveon PET/CT, Siemens
Medical Solutions, Knoxville, TN, USA) in accordance to
a standard protocol as described before.>> Mice were anesthe-
tized using isoflurane and received FDG intravenously.
Evaluation of the images was performed as described before.®
Treatment outcome determined according to clinical staging as
follows: (I) progressive disease (PD) = tumor volume >25% vs.
baseline (= day 0); (II) stable disease (SD): tumor volume
similar to initial staging (<25% vs. day 0); (III) partial response
(PR): tumor volume 50% lower or more vs. baseline (=day 0).
Follow-up was done at day 30 (= short-term) and, in some
cases, at ~day 50 (= long-term follow-up).

Immune phenotyping

Blood was taken routinely from anesthetized mice (retrobulbar
venous plexus). Spleen and tumor tissues were dissociated. Single
cells were stained with a panel of conjugated monoclonal anti-
bodies (mAb, 0.125 pg to 1.5 pg each). Zombie NIR™ Fixable
Viability Kit by Biolegend (San Diego, United States) staining
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was performed following the protocol Zombie NIR™ Fixable
Viability Kit by Biolegend, extracellular staining was performed
following the protocol BD Horizon Briliant Stain Buffer (BD
Bioscience), followed by lysis and intracellular staining using the
protocol of True-Nuclear™ Transcription Factor Buffer Set by
Biolegend. Measurements were performed on a spectral flow
cytometer (Cytek™ Aurora). For extracellular stainings Grl
Alexa Fluor700, CD8 FITC, CD4 APC Fire, CD11b BV570, PD-
L1 BV421, NKI1.1 BV605, CD19 Spark Blue (Biolegend), CD25
PerCP-eFluor710 (Thermofisher), CD83 BV750, PD-1 BV650
(BD Bioscience) and for intracellular stainings CTLA-4 PE/Cy7,
CD3 PerCP, and Foxp3 Alexa Fluor 647 (Biolegend) were used.
Data were analyzed using SpectroFlow™ Version 2.2.0.3. and
FlowJo™ Version 10.6.1.

Multiplex cytokine assay

Cytokine levels of the plasma were measured using
a multi-analyte flow assay kit following the instructions
of the manufacturer (LEGENDplexTM, Biolegend).
Measurements were performed on a spectral flow cyt-
ometer (Cytek™ Aurora). Data were analyzed using the
manufacturer’s online Software. Absolute plasma cytokine
levels are presented [ng/ml].

Fragment length analysis

Tumor gDNA was isolated using the Wizard Genomic DNA
Purification Kit (Promega). An established panel of coding-
and non-coding MS marker was evaluated using the fragment
length analysis as described before.””

Nanostring targeted gene expression profiling

Tumor RNA was isolated from cryostat sections using the
RNeasy Mini Kit (Qiagen). Then, the RNA was analyzed
using Nanostring analysis as described before.®

Quantitative real-time PCR

RNA was isolated using the RNeasy Mini Kit (Qiagen). 1 pg
mRNA and 50 ng random Hexamer Primer were incubated for
10 min at 70°C. Sample-mixes were completed with 5x RT buffer
complete, AINTPs and 200 units reverase. cDONA was synthesized
using the PCR cycler 120 min at 45°C and for 10 min at 70°C. 25
ng cDNA was used for quantitative real-time PCR with the
SensiFAST Probe Lo-ROX Kit (Bioline, Memphis, Tennessee,
USA). Predesigned Tagman gene expression assays were used:
6-FAM-3BHQ-1 Mxd4 (Mm00487523_m1), 6-FAM-3'BHQ-1
cMyc (MmO00487804_m1), 5-VIC-3'BHQ-1 Agr2 (MmOl
291804_ml1), 6-FAM-3'BHQ-1 Tgfbl (Mmo01178820_m1l),
6-FAM-3'BHQ-1 Vimentin (MmO01333430_m1), 5-VIC-3'BHQ-
1 N-Cadherin (Mm01162497_m1l), 6-FAM-3'BHQ-1 Fpr2
(Mm00484464_s1), 5-VIC-3'BHQ-1 Csfl (Mm00432686_m1),
6-FAM-3BHQ-1 Csf2 (Mm01290062_m1), 5-VIC-3'BHQ-1
Tcf1/Pcbd2 (Mm01342270_m1), and 6-FAM-3'BHQ-1 Alox5
(MmO01182747_ml). Self-designed 5-VIC-3'BHQ-1 GAPDH
was applied as housekeeping gene. Reaction was performed in
the light cycler Viia7 (Applied Biosystems, Foster City, USA) with
the following PCR conditions: 95°C for 10 min, 40 cycles of 15
s at 95°C, and 1 min at 60°C. All reactions were run in triplicates.
The mRNA levels of target genes were normalized to GAPDH.
Reactions were performed in triplicate wells. The expression level

of each sample was considered by calculating 274"

—AACT .
(ACt = Ctyarget — Cliiousekeeping gene)s followed by 2 quanti-
fication, taking values of untreated controls as calibrator.

Immunofiuorescence

Cryostat sections of 4 um were fixed in cold pure methanol for
8 min, air-dried and unspecific binding site blocked (2% BSA, 2
h) followed by staining with Alexa Fluor 488, Alexa Fluor 594
and Alexa Fluor 647 labeled antibodies CD3, CD4, CD8, CD206,
F4/80, CD11b, Gr1, PD-L1, PD-1, and Irf5 (Biolegend). Sections
were washed and embedded in Roti Mount Fluor Care DAPI
(Roth, Karlsruhe). Visualization was performed on a confocal
laser scanning microscope (ZEISS Elyra 7 Confocal Laser
Microscope, Zeiss, Jena, Germany). The infiltration pattern was
quantified. For infiltrating CD3*CD4" T helper cells and
CD3"CD8" cytotoxic T cells, numbers were counted in 2-3
high power fields (HPFs)/slide. For regulatory granulocytes
and tumor-associated macrophages (TAM), the infiltration pat-
tern was semi-quantitatively analyzed using a scoring system.
0 = no; 1 = mild (1-20 cells/HPF); 2 = moderate (21-40 cells/
HPF); 3 = strong (>40 cells/HPF).

Statistics

GraphPad PRISM software, version 8.0.2 (GraphPad
Software, San Diego, CA, USA) was used to perform sta-
tistical evaluation. All data are presented as mean + SEM.
Data are depicted as scatter plots and bar charts, with
individual values representing a single value of an indivi-
dual mouse. Data showing baseline and follow-up are given
as dots connected with a line. The value of significance was
set to p < .05. The data were first tested for normality
conducting Shapiro-Wilk test. Then, in case of normality,
one-way ANOVA (Tukey’s multiple comparison) or
unpaired T-Test was accomplished or in case of non-
parametric data Kruskal-Wallis or U-Test was performed.
Kaplan Meyer survival curves were analyzed using the log
rank (Mantel Cox) test. In case of blood phenotyping, out-
liers were eliminated, when they were above or below the
average plus/minus two times the standard deviation.

Dimensionality Reduction Analysis (t-SNE)

Individual fcs files were imported into FlowJo software (ver-
sion 10.6.1) (FlowJo, Ashland, Oregon). Ten thousand cells per
file (six files per treatment group concerning tumor data, and
eight files per treatment group concerning blood and spleen
data) were randomly selected and merged into one concate-
nated file. T-SNE algorithm provided by Flow]Jo software was
performed only on gated live cells. The output was a t-SNE
map which we show as a dot-plot. The t-SNE dimensions were
used on the original gates to create the overlay t-SNE maps.

Results
In vitro effects of CDK blockade and a-PD-L1 treatment

Before performing animal experiments, the two murine Mlh1~/
~ tumor cell lines A7450 T1 M1 and 328 were used to evaluate
the effects of different CDK inhibitors on cell cycle,
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Figure 1. In vitro analysis on MIh1~'~ tumor cells. (a) Apoptosis/necrosis quantification. MIh1™~ A7450 T1 M1 tumor cells were treated with CDKIs for 72 h and

apoptosis/necrosis was quantified from Yo-Pro1/Pl-stained cells. n = 3 independent experiments, *p < .05; ** p > .01; ***p < .001; two-way ANOVA (Tukey’s multiple
comparisons test). (b) Cell cycle analysis after 48 h of treatment with abemaciclib. n = 4 independent experiments, *p < .05; t-test. (c) Colony formation assay after
treatment with abemaciclib or dinaciclib. Two experimental conditions were studied: (i) 6 days treatment and direct analysis and (Il) 6 days treatment + 6 days re-culture
without (w/0) treatment (= reconvalescence). Thereafter, colonies were counted using ImageJ software. n = 3 independent experiments, *p < .05; ***p < .001;
***%p < .0001; two-way ANOVA (Tukey’s multiple comparisons test). (d) Detection of ROS (RosBrite), cytoskeleton (Phalloidin) and mitochondria (mitolite) after 48 h of
treatment with abemaciclib. Representative images are shown out of n = 3 independent experiments. Read out was done with the ZEISS Elyra 7 Confocal Laser
Microscope (Zeiss). Original magnification 400 x. (e) Flow cytometric measurement of CalR-positive cells after 48 h and 72 h of treatment. n = 3-4 independent
experiments. (f) HMGB1 secretion after 72 h of treatment. HMGB1 levels were determined from supernatants of MLH1~"~ tumor cells. Control cells were left untreated.
Experiments were repeated three times each of them performed in duplicates. *p < .05. (g) Co-culture of tumor and immune cells. Tumor and immune cells were
simultaneously treated for 1 x 72 h with abemaciclib, a-PD-L1 antibody or a combination. The effector to target ratio was 1:10. Residual tumor cells were counted by
adding fluorescent beads. Read out was done via flow cytometry. Representative dot plots of tumor cells treated with immune cells and drugs are shown. n = 3
independent experiments, *p < .05; **p < .01, ***p < .001; ****p < .0001, One-way ANOVA (Tukey's multiple comparisons test). (a-g) All data are given as mean + SEM.
Doses used in each experiment are as follows: abemaciclib: 1 uM, dinaciclib: 0.1 uM, THZ-1: 0.83 pM; a-PD-L1 antibody: 10 pg/ml.
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proliferation, morphology, and immunogenic cell death
(Figure la-e). In some experiments, the a-PD-L1 antibody
was added and combinations were tested (Figure le, f).

The selective CDK4/6 inhibitor abemaciclib and the global
CDK1/2/5/9 inhibitor dinaciclib significantly increased the
number of necrotic cells. By contrast, selective CDK?7 inhibi-
tion by THZ-1 did not induce significant cell death (Figure 1a).
Abemaciclib led to a Gl-arrest in A7450 T1 M1 cells, whereas
in 328, the number of cells in the Gl-phase was slightly
reduced (Figure 1b). Upon dinaciclib, the number of cells in
S-phase increased in both cell lines. Using a classical colony
formation assay, the number of A7450 T1 M1 colonies was
reduced after abemaciclib and even more pronounced after
dinaciclib treatment (Figure 1c), both after 6 days of treatment
and significantly after additional 6 days of rest.

Then, we focused on abemaciclib for further studies. This
agent affected the cytoskeleton and reduced mitochondria of
A7450 T1 MI cells. By contrast, reactive oxygen species
remained unchanged (Figure 1d). In 328, we did not observe
such strong changes in colony formation, cytoskeleton, and
mitochondria, but reactive oxygen species were slightly
decreased. The amount of CalR" A7450 T1 M1 cells was com-
parable to controls, while in 328 cells, surface-bound CalR was
more abundant after 72 hours of abemaciclib treatment
(Figure le). Likewise, HMGBI levels significantly increased,
indicative for induction of immunogenic cell death (figure 1f).

In a subsequent co-culture assay, the impact of immune
cells on the tumor cell viability was investigated (Figure 1g).
Abemaciclib alone and its combination with a-PD-L1 reduced
tumor cell numbers significantly.

Taken together, CDKIs have individual effects on MMR-D
tumor cells. The immune-stimulating potential of abemaciclib
may interact with immune-checkpoint blockade. To address
this further, we initiated a proof-of-concept in vivo therapy trial.

Prolonged survival and effective tumor growth control
under mono- and combination therapy

We included two preclinical mouse models of spontaneous,
dMMR-driven tumorigenesis. MIh1™/~ mice harbor
a constitutional knock out, whereas in Msh2!ox*/loxPiTgTg(Vill
=) mice, a conditional knock out in the gut is the driver for
tumor formation.”>*>?® These mice share some features com-
monly related to dMMR, such as a high tumor mutational
burden, and an inflamed tumor microenvironment. However,
the infiltration pattern of specific immunological subtypes
differs, nicely reflecting the clinical presentation of dAMMR-
related cancer (Table 1). Hence, these models are ideal tools
for preclinical response analysis.

Treatment with abemaciclib was given weekly at a dose of
75 mg/kg bw because of its therapeutic activity in vitro even after
drug removal and its capacity to stimulate the immune
system.'*'*!'®?? The treatment schedule of the a-PD-L1 antibody
was adopted to our previous study® with a biweekly application
route at a dose of 2.5 mg/kg bw. Tumor growth was monitored
in both mouse models before and after treatment using'*F-FDG
PET/CT (please see Figure 2a for experimental protocol).

Monotherapy with a-PD-L1 and abemaciclib reduced
tumor sizes in Mlh1™~~ mice (Figure 2b, p < .05 abemaciclib
vs. control). The combination approach, in which abemaciclib
was given as lead-in, had comparable effects. Control and
isotype-treated mice showed the expected increased tumor
sizes. By dissecting the response rates in more detail, we iden-
tified partial response or stable disease in all mice receiving
abemaciclib or the combination. By contrast, partial response
was only seen in one case after a-PD-L1 monotherapy and in
neither mouse of the control groups (Figure 2b, d).

The response pattern of Msh2!@F/loxPTTe(Vill=ere) jce yyag
comparable to those of MIh1™" mice (Figure 2c, e). Short-term
follow-up was available for all mice receiving treatment,
whereas, in the controls, only half of them underwent follow-
up because of disease progression. 66.0% of mice had partial
response or stable disease under abemaciclib and 44.4% mice
under combination therapy (vs. 37.5% in the a -PD-L1 and
neither in the control groups).

Long-term follow-up (> day 50) principally confirmed the
good response toward abemaciclib in both mouse strains (fig-
ure 2f, g). Fifty percent of mice showed partial response. The a-
PD-L1 primarily induced stable disease. The response pattern
toward monotherapy was not confirmed in the combination.
Here, 50% of Mlh1™'~ mice had partial response, while all
Msh2!oxP/loxBTeTs(Vill=cre) ice suffered from progressive dis-
ease (figure 2f, g).

All three therapies significantly improved the outcome in both
mouse strains (MIh1™/™; p < .001, Msh2:loxP/loxPsTgTg(Vill—cre)
p < .001, Figure 2h,i). Median overall survival of Mlh1™"~ mice
receiving abemaciclib alone was 14.5 weeks and thus even better
than under a-PD-L1 monotherapy (9.0 weeks). In Msh2'oxP/lox®s
TeTgtVill=ere) mice, both monotherapies yielded comparable out-
comes (abemaciclib vs. a-PD-L1: 11.7 vs. 9.6 wks). Still, the
combination was not superior to either monotherapy.

To check whether potential hepatotoxic effects of the
applied regimens may account for treatment failure in the
combination group, routine histology was done. This analysis
revealed massive focal lymphocytic and granulocytic infiltra-
tion in livers from mice treated with abemaciclib or a-PD-L1
monotherapy (supplementary Figure S1, 63x magnification of
single lymphocytes and granulocytes in the left corner, infil-
trates are marked with a black arrow). While this was a likely
result of the systemic immune stimulation, such strong lym-
phocytic infiltration was only partially preserved in the combi-
nation treatment, with single necrotic areas arising (black
arrow). We conclude antagonistic instead of synergistic effects
of combined CDK4/6 - immune-checkpoint blockade in these
two preclinical AMMR tumor models.

Treatment-related immunological changes in the
periphery and spleen

To get an idea on the mechanisms underlying this individual
response pattern in vivo, plasma samples were taken from control
and treatment groups at baseline (=before treatment) and after
therapy (= experimental endpoint). A panel of cytokine markers
was studied to cover the most relevant Thl and Th2-specific
cytokines and to track the changes under therapy (Figure 3).
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Figure 2. Treatment schedule, longitudinal '®F-FDG PET/CT imaging in vivo and overall survival of MIh1~'~ and Msh2'®/lexP:TaTalVill=cre) 300 (3) Experimental
protocol. Mice with gastrointestinal tumors were conducted to mono- or combination therapy. Abemaciclib: 1x/week, 8 times in total (q1wx8); a-PD-L1: biweekly, 3
times in total (q2wx3); combination: abemaciclib first (=lead-in), followed by a-PD-L1 injection. (b — g) Baseline and follow-up PET/CT imaging of individual mice. (b, c)
Data are presented in column (each dot stands for an individual mouse). (D, E, F, G) data are presented as best % change from baseline according to clinical definitions
and depicted for each individual mouse either after short-term (day 30) (d, e) or long-term follow-up (~day 50) (f, g); PD — progressive disease (tumor volume > 25% vs.
baseline), SD - stable disease (tumor volume similar to initial staging (< 25% vs. day 0); PR — partial response (tumor volume 50% lower or more vs. baseline). (h, i)
Kaplan-Meier survival curve. Mlh1™: isotype vs. a-PD-L1: p < .05; control vs. abemaciclib: p < .01; control vs. combination: p < .01; ctrl: n = 6, isotype: n = 7, a-PD-L1
n = 7, abemaciclib: n = 6, combination n = 6. Msh2'@/1xF VillinCre: jo oty na vs. o-PD-L1: p < .05; control vs. abemaciclib: p < .01; control vs. combination: p < .001. ctrl:
n =10, isotype: n = 7, a-PD-L1 n = 10, abemaciclib: n = 9, combination n = 9. Log-rank analysis (Mantel Cox).
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Figure 3. Cytokine levels of plasma from MIh1~'~ and Msh2'®/1oxPTaTalVill=cre) yica (a) MIh1~/~ and (b) Msh2, /1P TaTaVil=cre) pagma samples were collected
before treatment (= baseline) and at the experimental endpoint. Cytokine levels were determined as described in material and methods. Given is the x-fold chan?e of
d

the indicated marker in comparison to day 0 (= baseline). MIn1™~: ctrl: n = 3, isotype: n = 3, a-PD-L1 n = 7, abemaciclib: n = 6, combination n = 5. Msh2'>®/10x? Vi

inCre,

ctrl: n =4, isotype: n = 7, a-PD-L1 n = 6, abemaciclib: n = 9, combination n = 8. *p < .05; ***p < .001, Kruskal-Wallis test (Dunn’s multiple comparisons test). (a-b) All data

are given as mean + SEM.

Monotherapy with abemaciclib induced IL-2 secretion in
MIh1™"~ mice, while the a-PD-L1 antibody evoked TNF-a and
IL-6 release (Figure 3a). However, this did not reach statistical
significance. In mice receiving the combination, we detected
increased levels of IL-4 and IL-22. IL-10 was not altered under
therapy. In Msh2'o®/1oxPsTeTe(Vill=cre) pice 1.2, TNF-q, IL-6,
and IL-10 level were higher under abemaciclib treatment
(Figure 3b). The a-PD-L1 monotherapy led to a strong increase
of IL-6 and IL-22 (Figure 3b and supplementary Figure S2A).
The combination triggered the release of IL-6 and IL-22 secre-
tion, but not to a degree comparable to either monotherapy.

While these data already hinted toward individual effects on
the immune system, we then focused on blood phenotyping to
dissect the immunological changes in detail. Therefore, a panel of
specific antibodies was used to quantify numbers of circulating
T cell subpopulations (including exhausted and activated T cells),
NK cells, B cells, and myeloid-derived suppressor cells (MDSC)
via flow cytometry (Figure 4, supplementary Figure S2B, C).

This analysis identified decreased levels of regulatory T cells
(Tregs) in Mlh1™~ and Msh2!oxF/loxPTeTe(Vill-cre) 1ice and in
all treatment groups (Figure 4a, b). In Mlh1~'~ mice, CTLA-4"
cells showed only reduced levels under a-PD-L1 mono- and
combination therapy (Figure 4c). This was additionally seen
for CD19" cells (supplementary Figure S2B). In contrast, the
percentage of MDSCs was highly increased in the combination.
NK cells remained unchanged (supplementary Figure S2B).

Comparable effects on Tregs and exhaustion markers were
evident in Mgh2!O¥/loxPiTgle(Vill-cre) - piqq (Figure 4b, d).
Exemplarily shown for CTLA-4" T cells, the percentage of circu-
lating cells was reduced under all three treatments (Figure 4d).
Notably, both monotherapies reduced the amounts of exhausted
PD-1" T cells (not shown). The MDSCs, B cells, and NK cells
showed diverging results, with the former showing treatment-
related increases (supplementary Figure S2C).
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Figure 4. Spectral flow cytometry of peripheral blood and spleens from Mih1~'~ and Msh2'o®/loxPTaTeVill=cre) pica (3 — d) Blood phenotyping. Given is the
number of % immune cells before treatment (= baseline) and at the experimental endpoint resulting from 100,000 events measured on a flow cytometer. Mih1™/~
n = 3-8 mice/group, Msh2'@F/1xPTaTatill=cre) 1y — 7_9 mice/group. *p < .05 endpoint vs. day 0 a-PD-L1; *p < .05 endpoint vs. day 0 abemaciclib; **p < .01 endpoint
vs. day 0 abemaciclib, °****p < .0001 endpoint vs. day 0 combination. Kruskal-Wallis test (Dunn’s multiple comparisons test). (e — h) Spleen phenotyping. Given is the
number of % immune cells at the experimental endpoint resulting from 100,000 events measured on a flow cytometer. *p < .05; Kruskal-Wallis test (Dunn’s multiple
comparisons test). (g, h) tSNE plots showing single T cell subpopulations of spleens from Msh2!/1oxPTaTavill=cre) pica The expression profile of the exhaustion marker
CTLA-4 as well as Tregs were illustrated for the treatment and control groups, respectively.

Next, we focused on splenic T cells (Figure 4e, f). In MIh1™~  change the amount of Tregs. Also, exhausted T cells remained
mice, Tregs were only reduced under a-PD-L1 mono - and unchanged under therapy. In Msh2!o*P/loxPsTeTe(Vill=cre) e
combination treatment (Figure 4e). Abemaciclib alone did not  abemaciclib alone and in combination with a-PD-L1 reduced
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Figure 5. Immunofluorescence of tumor specimens from MIh1™~ and Msh2!xP/loxP:TaTalVill—cre) ppica Rasidual tumor slides were fixed, stained and embedded.
Confocal laser scanning microscopy was done on a Zeiss Elyra 7 microscope. The infiltration pattern of T cells, regulatory and tumor-associated macrophages differed
between individual treatment groups. In most cases, the differences reached statistical significance. Upper panel: representative images of tumor slides; lower panel:
quantitative analysis of tumor-infiltrating immune cells. (a, d) Given is the number of infiltrating CD3*CD4™ T helper cells, CD3"CD8" cytotoxic T cells and IRF5*
macrophages counted in 2-3 HPFs/slide with n = 3-10 mice/group. (b, ¢) The infiltration pattern was semi-quantitatively analyzed using a scoring system. 0 = no;
1 = mild; 2 = moderate; 3 = strong. Each symbol represents one case. *p < .05; **p < .01, Two-way ANOVA (Tukey's multiple comparisons test).

the numbers of Tregs and CTLA-4" T cells (figure 4f), which is  the Tregs are highlighted. As expected, they are all located very
additionally illustrated as tSNE plot in Figure 4g,h Every dot close in one cluster. Larger distances might be due to other
represents one cell. Cells with similar surface markers are expressed surface markers, which were not relevant for our
located next to each other. In the left upper part of the plot gating of Tregs.
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Figure 5. (Continued)

Treatment-related changes in the tumor
microenvironment

The individual effects of either treatment on circulating
immune cells were then studied in the local tumor microenvir-
onment. Here, we quantified infiltrating T cells, regulatory
CD11b"Gr1*PD-L1" granulocytes, tumor-associated macro-
phages (TAMs), and IRF5" M1 macrophages (Figure 5).

Abemaciclib and a-PD-L1 monotherapy triggered focal
CD3"CD4" and CD3"CD8" T-cell infiltration, especially in
MIh1™"~ mice (Figure 5a). Cytotoxic T cell numbers were
even significantly elevated under abemaciclib and a-PD-L1
monotherapy in MLH1~~ mice, whereas in the combination
treatment, this massive immune stimulation was partially abro-
gated (Figure 5a). In Msh2!*/1oxPsTeTelVill=ere) iice infiltrat-
ing T cell numbers increased upon treatment (Figure 5a). The
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Figure 6. Nanostring gene expression analysis of tumors from MIh1~'~ and Msh2'o?/1oxPTaTalVill—cre) ica The PanCancer 10 360 Gene Expression Panel was
applied. Relative abundances measuring various contrasts between cell types reported for each group. Data result from n = 3 samples/group.

overall higher infiltration with T cells was accompanied by
decreased numbers of regulatory granulocytes and TAMs in
both mouse strains (Figure 5b, ¢). Quite in line, IRF5, which
leads to M1 polarization, was more abundant in abemaciclib-
treated tumors and additionally slightly higher upon a-PD-L1
blockade (Figure 5d). This positive immunomodulatory effect
was negated almost completely in both mouse strains receiving
the combination.

Supplemental flow cytometric assessment of MLH1 ™~ and
Mgh2!oxP/loxPTeTe(Vill=ere) 41y iy o1 identified decreased numbers
of Tregs in the combination groups (supplementary Figure S3).

The amount of CTLA-4" T cells increased in tumors of Mlh1~’/
" mice upon abemaciclib mono- and combination therapy, but
remained unchanged in Msh2'©*F/loxPTeTe(Vill=ere) 1y g,

To get a detailed overview of the tumor-infiltrating leuko-
cyte (TIL) compartments and identify treatment-related path-
way alterations in-depth, the PanCancer IO 360 Gene
Expression Panel was applied (Figure 6 and supplementary
Figure S4). B cell levels decreased under all therapies in both
mouse strains. In MIh1™~ mice, abemaciclib increased the level
of cytotoxic T cells within the TIL compartment. Dendritic cell
(DC) and neutrophil levels were contrary between the two
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mouse strains. Abemaciclib mono- and combination therapy
increased the level of both cell types in Mlh1™~ mice, while in
Msh2!oxP/loxPTeTe(Vill=ere) mpice it was the other way round.
DNA damage repair genes, such as Rad51, MGMT, and
Exol were higher expressed under abemaciclib mono- and
combination therapy in both mouse lines (Figure 6).
A comparable effect was seen on Wnt signaling, which
was highly activated in these two treatment groups, espe-
cially in MIh1™’~ mice. Vice versa, the myeloid compart-
ment score as well as genes related to PI3K/Akt or Jak/
STAT signaling were reduced (Figure 6, and supplemen-
tary Figure S4). Additionally altered genes included those
involved in epigenetic regulation and hypoxia. Here again,
Mlh1™”~ and Msh2!oxP/loxPsTeTe(Vill=ere) pnyice responded
contrarily (supplementary Figure S4A,C). In the combina-
tion, these strong immune-modulatory effects were almost
completely neutralized as illustrated in a heatmap (supple-
mentary Figure S4B, D). Here, the contradictory effects of
both monotherapies (abemaciclib, a-PD-L1) on cellular
pathways are shown. In Mlh1™~/~ mice, abemaciclib led to
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a significant downregulation of most pathways (depicted
in blue), but the a-PD-L1 antibody activated them
(depicted in red). In the combination, these opposite
effects were blunted. In Msh2loxP/loxP;TgTg(Vill-cre)
mice, the differences were weaker, still, a comparable
trend was seen for most pathway alterations, providing
a likely explanation for the missing benefit in vivo.

Treatment-associated gene expression changes in the
tumor microenvironment and spleen

The above findings indicated Wnt activation by abemaci-
clib as well as epigenetic modulation by either treatment.
Since these mechanisms are drivers of epithelial-
mesenchymal transition (EMT), we determined whether
this may also play a role here and provide another expla-
nation for the different treatment responses seen under
mono- and combination therapy. Therefore, the expres-
sion levels of the EMT markers Tgfbl, Vimentin,
N-Cadherin, and Fpr2 were studied by qPCR (Figure 7).
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Figure 7. Expression levels of selected genes and functional immunological analysis. (a-f) Total RNA from tumors (A-F) and spleens (g, h) was reverse transcribed
into cDNA and qPCR was done as described in material and methods. All data are given as 2-*2<T values + SEM. Analysis was done in triplicates with n = 3 mice/group,
respectively, * p < .05; *** p < .001; **** p < .0001; # p < .05; ** p < .01; *** p < 0001 vs. control. One-way ANOVA (Tukey’s multiple comparisons test) or Kruskal-Wallis

test (Dunn’s multiple comparisons test).
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Figure 7. (Continued)

Monotherapy with abemaciclib upregulated Tgfbl,
Vimentin, and N-Cadherin, but effectively suppressed Fpr2 in
MIh1™"~ mice (Figure 7a). The a-PD-L1 antibody had no or
opposite effects on gene expression. In mice receiving the
combination, Vimentin, N-Cadherin, and Fpr2 were highly
upregulated in  residual tumors. The latter s
a chemoattractant receptor of G-protein-coupled receptors,
which, in conjunction with the EMT effectors Vimentin and
N-Cadherin, triggers cancer invasion.>
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In Msh2'OP1oxPTeTeVIl=a®) mice no such clear correlations
were seen. Abemaciclib alone had no impact on EMT markers
(Figure 7b). By contrast, a-PD-L1 treatment upregulated
N-Cadherin and Fpr2. Heterogenous effects were seen in the
combination group, showing slightly elevated expression levels
of Vimentin, N-Cadherin, and Fpr2.

Then, the impact on macrophages was studied (Figure 7c,
d). Csfl and Csf2 were used as markers for macrophage polar-
ization. Although statistical significance was not reached, we
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observed a trend toward a higher expression of Csf2 vs. CsfI in
both mouse strains treated with abemaciclib or a-PD-L1. Csf2
is associated with an MI-like phenotype, which supports our
above findings on M1l-polarization upon monotherapy.
Notably, in both mouse models receiving the combination,
Csfl and Csf2 were comparable to controls.

Next, we checked genes related to cancer immunity and
T cell activation (cMyc, Mxd4, Agr2, Tcf-1)."*" Abemaciclib
induced a significant upregulation of Myc and Mxd4 in Mlh1~/
=, but not Msh2!oxP/loxPiTeTe(Vill—ere) 1 1mors. Also, Tcfl,
a transcription factor of the Wnt signaling pathway and Treg
suppressor,”> was highly upregulated. Tcf-I was recently iden-
tified in intratumoral memory CD8" T cells with stem cell-like
properties.’’ Notably, no such changes were seen upon a-PD-
L1 mono- or combination therapy (Figure 7e). The tumor-
promoting anterior gradient-2 (Agr2) was found reduced in
all mice (MIh1™/~ and Msh2'oxF/loxPTeTs(Vill=ere)y poceiving abe-
maciclib alone or in combination with a-PD-L1 (figure 7f).

These results prompted us to check for the expression
of immunologically and functionally relevant genes in the
spleen (Figure 7g, h). Abemaciclib, but not the other
treatment regimens, induced Mxd4 and Tcfl in spleens
of Mlh1™~ mice. As anticipated, no significant alterations
were detectable in Msh2!>F/1oxPTeTe(Vill=ere) 1jce in ejther
treatment. By contrast, Alox5, a neutrophil and macro-
phage marker with pro-inflammatory and tumor-
promoting activity,”> was highly elevated in both mouse
lines receiving the combination.

Finally, mutations in dMMR-specific target genes were
examined (supplementary Figure S5). The overall mutation
frequency in the tumor compared to normal tissue was slightly
elevated under abemaciclib therapy in Mlh1™~ mice (supple-
mentary Figure S5). In addition, abemaciclib was the only
treatment that led to mutations in Mdm2 and Ncapd2 and
also in combination therapy to mutations in Spen and FAS.
For Taflb, Kcnmal, and Rfc3 nearly all treatments triggered
mutations. In Msh2!OxP/1oxPsTeTg(Vill—cre) 1 e o PD-L1 mono-
and combination therapy led to slightly decreased mutation
frequency, whereas for the displayed genes, all treatments
induced mutations.

Discussion

Using two clinically relevant mouse models of spontaneous
dMMR-driven tumorigeneses, we report that low-dose abema-
ciclib treatment is as effective as immune-checkpoint blockade,
while the combination is not superior to either monotherapy.

Abemaciclib is approved for high-risk early and advanced/
metastatic breast cancer.”® The underlying mode of action
includes decreased cell proliferation and induction of
senescence.'>*>*° Here, we also found increased numbers of
apoptotic and necrotic cells, a Gl-arrest, and impaired colony
formation abilities of murine dMMR tumor cells. The latter
effect was evident after several days of treatment rest, which is
in line with abemaciclibs’ ability to suppress DNA synthesis
even after drug removal."? In a co-culture system of Mlh1 ™/~
tumor and semi-autologous immune cells, abemaciclib boosted
cytotoxic effects to an amount much higher than the

therapeutic a-PD-L1 antibody. Hence, we confirm the strong
immune-stimulating potential of this CDKI.'*'>*” This find-
ing may expand the spectrum of tumors eligible for CDK
inhibition.*®

In a proof-of-concept in vivo trial, abemaciclib was given
therapeutically to tumor-bearing Mlh1~'~ and Msh2loxP/loxP;
TgTg(Vill-cre) mice. While both mouse strains responded to
CDK4/6 inhibition, disease control was better in the former.
Notably, 80% of mice underwent partial remission, finally
resulting in significantly prolonged overall survival. In
Msh2!oxP/loxBTeTg(Vill=cre) ice the overall survival was simi-
larly extended, but longitudinal PET/CT imaging yielded het-
erogeneous effects on tumor sizes. The survival benefit was
comparable to PD-L1 blockade, which improved the outcome
by several weeks. Noteworthy, in this context, is the fact that
treatment was given once a week as opposed to most preclinical
studies in which a daily treatment regimen is applied.'>>**"*°
The rationale for this dose reduction is based on the fact that
dMMR tumors are highly immunogenic per se and pre-formed
immune responses may exist.'”*>** Accordingly, the primary
aim was to re-activate the immune system rather than inducing
de novo T cell immune responses.'*'*'®** With this reduced
dosing schedule, abemaciclib still triggered immune modula-
tion, characterized by enhanced secretion of Thl and Th2-
specific cytokines. This was accompanied by reduced numbers
of circulating, and to some degree also splenic,
CD4"CD25"FOXP3" regulatory T cells - likely due to the
CDKI-mediated repression of DNA methyltransferase 1'°.
Tregs express CDK6 at higher levels than effector T cells,
making them more vulnerable to CDK inhibition."*' This
fact explains why abemaciclib does not impair effector T cell
functions. Although these immunological changes emerged in
both models, we identified striking differences in the response
profile between MIh1™~ and Msh2'oxF/loxP-TeTe(Vill=ere) pyjce
Given the fact that both strains develop dMMR-related tumors
in the gastrointestinal tract (jejunum) spontaneously, this find-
ing is intriguing. However, the mutational driver (Mlhl vs.
Msh2) and the resulting tumor microenvironment (T cells vs.
TAMs vs. MDSCs vs. PD-L1 positivity) varies. This is consis-
tent with the human counterpart, e.g. in the tumor mutational
burden.*

Recent studies describe the restoration of the T cell function
by CDK4/6 blockade.'>'®*7*%* By dissecting the local
immune response in detail, we found significantly increased
numbers of cytotoxic T cells and DCs within the TIL compart-
ment, especially in MIlh1~/~ mice. Vice versa, numbers of TAMs
decreased, accompanied by rising numbers of IRF5" cells,
reduced levels of the myeloid compartment as well as genes
related to PI3K/Akt signaling. Higher expression of IRF5 leads
to M1 polarization and the formation of a pro-inflammatory,
antitumoral phenotype.** Comparable positive immune-
modulating side-effects were recently reported for dinaciclib,
turning the microenvironment of immunologically ‘cold” pan-
creatic cancers into a ‘hot’ one.* Yet, the plasticity of macro-
phages may result in dual activation or a mixed M1/M2-like
phenotype®® as seen here upon abemaciclib treatment via
upregulation of CSFI and CSF2. The latter supports the differ-
entiation of hematopoietic myeloid cells*” and plays an impor-
tant role in macrophage polarization by enhancing antigen



presentation and DC formation.*® Here, abemaciclib-treated
MIlh1™"~ tumors had elevated numbers of DCs, likely because of
CSF2-driven M1 polarization. In the combination, the benefi-
cial effects of the monotherapies were blunted by suppressing
activated pathways. Such striking differences in specific sub-
populations were primarily detectable in tumors from Mlh1 ™/~
mice, while Mgh2!oxP/1loxPsTgTg(Vill—cre) 10 responded differ-
ently and effects were often weaker. The exact underlying
reason for this model-individual response is not known.
A recent study classified inherited and sporadic human
dMMR endometrial tumors into distinct immunological
entities.* Apart from this, dMMR-related malignancies are
often grouped together and responses compared to proficient
MMR-tumors, without MMR-subclassification, i.e. MLHI,
MSH2, MSH6, or PMS2.”° Hence, we can only speculate on
the cause for the different responses seen here, such as: (I) these
two dMMR models were created by different methods (Cre-lox
System vs. constitutional knock out), the impact of either
method on antitumoral immune function is inestimable; (II)
Msh2!oxPloxPTeTeVill=cre) mice are bred homozygous, while
MIh1™"~ mice are offsprings of heterozygous littermates; (IIT)
the mutational load within coding microsatellites and the loci
affected by a specific mutation within tumors differs; and (IV)
the tumor microenvironment is heterogeneous.

When looking at regulatory granulocytes, another immune-
suppressive subpopulation, only marginal changes were seen.
Likewise, circulating and splenic MDSCs increased during
after-care and may eventually have contributed to relapse. In
support of this, gene expression analysis identified higher
amounts of neutrophils within MLH1™~ and Msh2'*xF/lox
TeTs(Vill=ere) tymors, together with high levels of DNA damage
repair genes as part of the global stress-response. Another
interesting finding of our preclinical in vivo trial is the activa-
tion of the Wnt pathway, which was again higher in MLH1™~
mice. This effect has been described before as a result of GSK3(
inhibition by abemaciclib.”" GSK3 is an integral kinase within
the B-catenin destruction complex. Its specific inhibition by
abemaciclib does not apply to other CDK4/6 inhibitors and
prospective studies will have to show whether WNT/S-catenin
activation constitutes a potentially harmful side effect. One of
the conceivable effector mechanisms is the induction of epithe-
lial-mesenchymal transformation (EMT), characterized by
invasion and enhanced motility.”® Indeed, abemaciclib trig-
gered vimentin and N-cadherin expression, especially in
MIh1™~ mice, but effectively suppressed Fpr2, which is also
involved in invasion and metastasis.”>>* We, therefore, con-
clude a compensatory mechanism to counteract abemaciclib-
driven EMT. In the combination, no such “protective” effects
were seen, with expression levels of EMT-markers being equal
to or higher than in either monotherapy. Therefore, we pro-
pose EMT-driven tumor progression as one of the mechanisms
that contribute to treatment failure. This hypothesis is sup-
ported by comparable findings in Msh2!ox/loxPsTgTg(Vill=ere)
mice. Although the effects were weaker, we observed a trend
toward a higher expression of EMT markers in the combina-
tion group.

Another positive effect of CDK4/6 inhibition was recently
described on the transcription factor Mxd4, a negative regulator
of MYC."® Interestingly, we also found the upregulation of Mxd4
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after abemaciclib therapy in tumors and spleens of MIh1™/~
mice, but in contrast to Heckler et al.,'® we additionally detected
higher expression levels of cMyc. Furthermore, the previously
described formation of CD8" effector memory cells'® was not
confirmed by us (not shown). Despite effective anti-tumor treat-
ment, we conclude a missing long-term immunity, quite possi-
bly attributable to the low-dose and short-term therapy. The fact
that neither tumors nor spleens from Msh2!oxF/loxPTgTg(Vill ~cre)
mice showed any changes in these two genes confirm the better
outcome of MIh1™'~ mice functionally.

Considering the effectiveness of PD-L1 blockade, overall
survival was comparable between both mouse strains.
Msh2!oxP/loxPTeTe(Vill=cre) 1ice tended to benefit more from
ICI, likely because of the higher PD-L1 abundance within the
tumor stroma. The immunological effects of PD-L1 blockade
can be summarized as follows: ICI-monotherapy triggered IL-6
release in both mouse strains, accompanied by reduced levels
of exhausted T cells in the blood and slightly elevated levels of
tumor-infiltrating T helper and cytotoxic cells. In the TIL
compartment, regulatory granulocytes and TAMs faintly
decreased. Tregs were only lower in the circulation of both
mouse strains. Vice versa, splenic or tumor-infiltrating Treg
numbers marginally changed. Although we detected higher
expression levels of genes involved in antigen presentation,
apoptosis, and interferon signaling in tumors of Msh2'*/1ox
TeTe(Vill=ere) mice, the overall immune stimulation was lower as
seen for abemaciclib and the beneficial effects were consistently
attenuated in the combination. With regard to EMT, ICIs are
thought to have a minor direct impact.” This is in line with our
findings, in which N-cadherin was the only elevated gene after
a-PD-L1 blockade in Msh2'oF/loxPsTeTe(Villmere) ice - Apart
from this, no impact was seen on either marker, suggesting
no interference with EMT at least in these models.

Finally, the question remains why the combination failed to
surpass the respective monotherapy. Preexisting effector T cell
levels and dynamic changes in circulating myeloid cells were
previously identified as decisive factors for response to com-
bined CDK4/6-immune-checkpoint inhibition (palbociclib +
pembrolizumab) in metastatic breast cancer.*® Here, we did
not see such beneficial effects under combination therapy.
Tumor growth control and overall survival were not better
than in the respective monotherapy. Immunologically, both
mouse strains responded with elevated levels of IL-4 in the
plasma. IL-4 activates T helper cells, indicating at least partial
maintenance of immune stimulation. In support of this, circu-
lating, splenic, and tumor-infiltrating numbers of exhausted
T cells were reduced to a degree comparable to abemaciclib
monotherapy. In contrast, Mlh1~'~ tumors had reduced cyto-
toxic T cell levels, which were replaced by TAMs. The latter
may have stimulated EMT, characterized by high vimentin,
N-cadherin, and Fpr2 expression. In Msh2'ox"/loxPsTgTg(Vill=cre)
mice, overall effects were weaker, still, a comparable trend
toward neutralizing beneficial effects of either monotherapy,
such as apoptosis, co-stimulation, immune cell adhesion, and
migration, was seen. Although this finding is somehow under-
whelming, it supports recent findings, in which no significant
difference in the anti-tumor response was seen compared with
the activity of abemaciclib monotherapy.””*” By applying
a simultaneous setting, the strong immune-modulatory effects
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of abemaciclib are not boosted and in some cases, they are even
dismantled. This finding complies with results from the phase
Ia/Ib PACT study in which patients with advanced, refractory
solid tumors received an a-PD-L1 inhibitor as monotherapy or
in combination with abemaciclib.”® Lead-in CDK inhibition
was not feasible due to hepatotoxicity.”® Detailed immunolo-
gical analyses were not done in this clinical trial leaving the
impact on the immune system unanswered.

To the best of our knowledge, this is the first comprehensive
preclinical study reporting the immune-modulatory and ther-
apeutic activity of abemaciclib on dMMR tumors. We not only
provide another piece of evidence for the broad entity-
overlapping potential of this selective CDKI but additionally
propose an interesting option for dMMR patients not eligible
for ICI treatment. However, caution is given when abemaciclib
is used as lead-in therapy in combination with a-PD-L1, and
follow-up studies are warranted to identify ideal combination
partners for CDKI as an immunotherapy backbone.
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abema - abemaciclib

cMS - coding microsatellite

combi - combination

ctrl - control
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dMMR - Mismatch repair-deficient
ICI - immune checkpoint inhibitors
MDSC - myeloid-derived suppressor cell
ROS - reactive oxygen species

TAM - tumor-associated macrophages
Treg - regulatory T cells
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