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Abstract

Purpose: Brain metastases are associated with high morbidity and often resistant to immune
checkpoint inhibitors. We evaluated whether CDK4/6 inhibitor (CDKi) abemaciclib can sensitize
intracranial tumors to PD-1 inhibition in mouse models of melanoma and breast cancer brain
metastasis.

Experimental Design: Treatment response was evaluated in vivo using immunocompetent
mouse models of brain metastasis bearing concurrent intracranial and extracranial tumors.
Treatment effect on intracranial and extracranial tumor immune microenvironments was evaluated
using immunofluorescence, multiplex immunoassays, high-parameter flow cytometry and T cell
receptor profiling. Mice with humanized immune systems were evaluated using flow cytometry to
study the effect of CDKi on human T cell development.

Results: We found that combining abemaciclib with PD-1 inhibition reduced tumor burden and
improved overall survival in mice. The tumor immune microenvironment, which differed based on
anatomical location of tumors, was altered with CDKi and PD-1 inhibition in an organ-specific
manner. Combination abemaciclib and anti-PD-1 treatment increased recruitment and expansion
of CD8" effector T cell subsets, depleted CD4™ regulatory T (Treg) cells, and reduced levels

of immunosuppressive cytokines in intracranial tumors. In immunodeficient mice engrafted with
human immune systems, abemaciclib treatment supported development and maintenance of CD8*
T cells and depleted Treg cells.
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Conclusions: Our results highlight the distinct properties of intracranial and extracranial tumors
and support clinical investigation of combination CDK4/6 and PD-1 inhibition in patients with
brain metastases.

INTRODUCTION

Therapies targeting immune regulatory receptors such as programmed death receptor 1
(PD-1) and cytotoxic T lymphocyte associate antigen 4 (CTLA-4) have transformed the
management of advanced cancers, generating long-term regression of tumors in some
patients (1). Response to immune checkpoint inhibitors (ICIs) in patients with central
nervous system (CNS) metastases is an active area of investigation. In patients with
parenchymal brain metastases, durable intracranial treatment responses are limited and a
subset of patients experience intracranial progression despite systemic disease control (2-5).
Studies of dual-agent ICI therapy combining PD-1 and CTLA-4 antagonists demonstrate
increased intracranial efficacy relative to single-agent ICI administration (2). However,
dual-agent ICl is associated with high toxicity; 55% of patients experience serious (grade

3 or higher) immune-related adverse events (irAEs) (2,6). The poor prognosis associated
with brain metastases, particularly amongst symptomatic lesions, and morbidity of current
treatment options necessitate development of more effective and less toxic combinatorial
therapeutic approaches that can sensitize intracranial tumors to immunotherapies and extend
survival.

Cyclin-dependent kinases 4 and 6 (CDK4/6) bind to D-type cyclins to integrate mitogenic
signals and drive cell cycle progression through G1 phase. Genomic alterations that result
in deregulation of CDK4/6 drive initiation and progression of cancers. CDK4/6 pathway
alterations are therefore prevalent in most cancers, occurring in up to 90% of melanomas
(7,8), and especially common in brain metastases (9,10). Studies have also linked aberrant
CDKA4/6 function with immune evasion, orchestrating an immunologically cold tumor
microenvironment and conferring resistance to immunotherapy (11-13). Selective, small-
molecule CDK4/6 inhibitors (CDKIi) such as abemaciclib, palbociclib and ribociclib have
shown promising results in the clinic, receiving FDA approval as first line therapy for
hormone receptor positive, HER2-negative breast cancers (14). Importantly, these inhibitors
have also demonstrated intracranial benefit in patients with brain metastases (15,16).
Abemaciclib specifically is known to be CNS penetrant, exhibiting improved delivery into
intracranial tumors compared to palbociclib in pre-clinical studies and exceeding therapeutic
concentrations in human brain metastases (16,17). However, investigation of rational drug
combination strategies is imperative to circumvent acquired resistance and enhance disease
control in patients.

In addition to tumor growth inhibition via cell cycle arrest, CDKi can enhance anti-tumor
immunity and induce tumor regression in preclinical as well as clinical studies (18,19).
CDKi-mediated inflammation of the tumor microenvironment increases antigen presentation
on tumor cells and T cell infiltration into tumors (19-21). CDK:i also acts on immune cells
directly, enhancing activation of antigen-experienced T cells and reducing proliferation of
immunosuppressive Treg cells (19,20). Importantly, CDK4 activity is inversely correlated
with PD-L1 levels, and CDK:i reportedly stabilizes PD-L1 expression on tumor cells,
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providing a strong rationale for combining CDKi with PD-1/PD-L1 antagonists. Several
studies have demonstrated the therapeutic efficacy of combined CDK and PD-1/PD-L1
inhibition in extracranial tumor models (11,19-22).

Whether the anti-tumor immunity elicited by CDKi extends to brain metastases remains
unexplored. In this study, we evaluated the efficacy of combining CDKi (abemaciclib) and
anti-PD-1 therapy (“combination therapy”) in mouse models of brain metastases, elucidated
how combination therapy remodeled the tumor immune microenvironment (TIME) and T
cell receptor (TCR) repertoires, and investigated the effects of CDKi on T cell development
and maintenance in NOD-scid //2rg™! (NSG) mice engrafted with human immune systems
(“humanized mice”). Our findings offer a strong rationale for the clinical evaluation of
combination CDKi and PD-1 blockade in patients with brain metastases.

MATERIALS AND METHODS

Cell culture.

YUMML.7, B16-F10 and 4T1 cells were obtained from American Type Culture Collection
(Cat#/RRID: CRL-3362/CVCL_JK16, CRL-6475/CVCL_0159, CRL-2539/ CVCL_0125).
YUMML.7 cells were cultured in DMEM/F12 media (Cat# 11-320-033, Gibco) with 1X
non-essential amino acids (Cat# 13-114E, Lonza), B16-F10 cells were cultured in DMEM
media (Cat# 10-013-CV, Gibco) and 4T1 cells were cultured in RPMI11640 media (RPMI,
Cat# 11875093, Gibco). All media were supplemented with 10% fetal bovine serum (Cat#
A3160402, Gibco) and 1X antibiotic/antimycotic (Cat# 15240062, Gibco) and cultured at
37°C with 5% CO». Cells were transduced with Firefly luciferase and mCherry expression
construct as previously described (10). Cell lines were tested for mycoplasma every few
months (most recently in October 2022) and passaged 2—4 times prior to use in experiments.

Animal Studies.

All in vivo experiments were approved by the Institutional Animal Care and Use
Committee at Massachusetts General Hospital or University of Massachusetts (UMass)
Chan Medical School. Experiments in immunocompetent mice involved 6-8 week old
female C57BL/6 and BALB/c mice sourced from Charles River Laboratories and housed in
a 12-hour light-dark cycle with free access to food and water. 5-week-old female NOD. Cg-
PrkdcSei@[2rg?™ WIS z) (NOD-scid IL.2ry™", NSG) mice were acquired from The Jackson
Laboratory and housed in a specific pathogen-free facility in microisolator cages with free
access to autoclaved food and acidified autoclaved water.

Subcutaneous tumor implantation.

Right flanks of mice were shaved and cleaned using alcohol prep pads. Tumor cells were
resuspended in HBSS (2x10° cells/50 uL) and injected subcutaneously using sterile 0.5
mL 28-gauge insulin syringes. Tumors were measured in two dimensions using electronic
calipers and tumor volumes were calculated as (length x width2)/2. Mice were monitored
daily for general health and ulceration of tumors and sacrificed if tumors reached 20 mm in
diameter or lost more than 30% of their body weight.
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Mammary fat pad tumor implantation.

Tumor cells were resuspended in HBSS (2x10° cells/50 uL) and injected into the inguinal
(fourth) mammary glands using sterile 0.5 mL 28-gauge insulin syringes. Mice were
monitored daily for general health and ulceration of tumors and sacrificed if tumors reached
20 mm in diameter or lost more than 30% of their body weight.

Intracranial tumor implantation.

3 days after subcutaneous or mammary fat pad injection, mice were anesthetized with 40-50
mg/kg of sodium pentobarbital (Nembutol) and placed in a stereotaxic frame (David Kopf
Instruments). Following disinfection of the incision site with betadine and 70% ethanol,
tumor cells suspended in 2 pL HBSS were injected into the right mid-striatum (2.5 mm
lateral from bregma and 2.5 mm deep) using a 26-gauge syringe (Hamilton Company).
1x10* YUMML.7 cells were used for abemaciclib and CD8-depletion experiment, 5x10%
YUMML.7 cells were used for experiments where tumor tissue was harvested for analysis,
1x10* YUMML.7-FmC cells, 5x108 B16-F10 cells and 2x10* 4T1-FmC cells were used
for combination therapy efficacy experiments. MediGel CPF cups (Cat# 74-05-5022,
ClearH20) or Rimadyl tablets (Cat# MD150-2, Bio-Serv) were administered for pain
management. Mice were monitored daily for general health and euthanized when severe
neurological symptoms developed or when they lost more than 30% of their body weight.
In animals with dual extracranial/intracranial tumors where no luciferase tag was used

to monitor intracranial tumor burden, overall survival calculations were based on animals
euthanized upon development of neurological symptoms.

Human HSC isolation and engraftment into NSG mice.

Human umbilical cord blood was provided by UMass Memorial Umbilical Cord Blood
Donation Program, in accordance with the Committee for the Protection of Human Subjects
in Research guidelines provided by UMass Chan Medical School. 5-week-old NSG mice
were irradiated with 100 cGy and 5x10% CD34+ HSCs derived from umbilical cord blood
from a single donor were injected via tail vein (23). Peripheral blood was collected from
submandibular (facial) veins of mice 15 weeks later and 19 weeks later and analyzed by
flow cytometry to confirm engraftment and development of the human immune system.
Mice with >10% hCD45+ cells and >2% human CD3+ T cells were considered successfully
engrafted and enrolled in study (Table S1).

In vivo administration of therapy and depletion antibodies.

Abemaciclib was dissolved in 1% HEC in 25 mM phosphate buffer at pH 2-2.2 at 20
mg/mL and stored at —20°C or at 4°C for up to 7 days. Immunocompetent mice were
dosed with 90 mg/kg abemaciclib and NSG mice were dosed with 75 mg/kg abemaciclib
daily by oral gavage for up to 14 days. Antibodies against PD-1 (Cat# BE0146; RRID:
AB_10949053), CTLA-4 (Cat# BE0131; RRID: AB_10950184) and CD8a (Cat# BE0061)
or isotype control antibodies (Cat# BE0089, BE0087, BE0090, respectively) were obtained
from BioXCell and diluted to 2 pg/mL in /nVivoPure pH 7.0 dilution buffer (Cat# IP0070).
Antibodies were dosed at 10 mg/kg by intraperitoneal injection every 3 days, except anti-
CD8a antibody which was administered every 4 days.
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Bioluminescence imaging.

Mice were anesthetized with 3% isoflurane in 100% oxygen, injected with 4.5 mg/kg

of D-luciferin in 300 pL saline, and imaged after 10 minutes using an optical imaging
platform (Spectral Instruments Imaging). Images were taken every 5 minutes until photon
counts peaked. Tumor burden was estimated by measuring the photon intensity above the
background signal in a region of interest and normalized by area.

Immunofluorescence staining and microscopy.

Formalin fixed paraffin embedded tumor samples were sectioned at 5 um thickness onto
glass slides, then deparaffinized in xylene for two 10-minute washes. They were then
rehydrated in 100%, 90%, and 70% ethanol for five minutes each, followed by a rinse

step in phosphate buffered saline. The slides were boiled in 1X Citrate Buffer pH 6.0
(Cat# 60493, Abcam) 20 minutes, cooled, and washed in hot tap water then PBS for 5
minutes. Slides were incubated for 10 minutes in 1X Tris Buffered Saline (TBS, Cat#
BM-300, Boston BioProducts) + 0.025% Triton-X with gentle agitation. Tissue was circled
on the slide with a PAP pen and incubated at 4°C overnight with rabbit anti-CD3 (Cat#
ab5690, Abcam; RRID: AB_305055) and rat anti-CD8a (Cat# 14-0808-82, eBioscience;
RRID: AB_2572861) primary antibodies diluted in TBS + 1% BSA in a dark humidity
chamber. After overnight incubation samples were washed in PBS and gently agitated in
TBS + 0.025% Triton-X for 10 minutes, then incubated for two hours at room temperature
in 1:1000 anti-Rabbit 1gG conjugated with Alexa Fluor 594 (Cat# A-21207, Invitrogen)
and anti-rat 1gG conjugated with Alexa Fluor 488 (Cat# A-21208, Invitrogen) diluted in
TBS + 1% BSA. Samples were stained for 5 minutes with DAPI (10 pg/mL, Cat# D3571,
Invitrogen) diluted in PBS and treated with TrueVVIEW autofluorescence quenching kit
(Cat# SP-8400, Vector Laboratories) according to manufacturer’s protocol. Slides were
coverslipped with 50 pL of Vectashield Vibrance Antifade Mounting Medium (Cat# H-1700,
Vector Laboratories) and imaged within 48 hours at 40X magnification using EVOS FL
Auto 2 (Invitrogen). CD3 and CD8 co-expressing cells were counted manually in 5-6
randomly selected high-powered fields from two independent tumor tissue sections.

Flow cytometry.

Blood samples were collected from submandibular (facial) veins of mice in heparin or
EDTA-coated tubes. Up to 125 pL of whole blood was washed in PBS, stained with live/
dead stain and then stained with surface antibodies diluted in FACS buffer (PBS with 0.1%
sodium azide and 1% fetal bovine serum) for 30 minutes each at 4°C. Red blood cells were
lysed with 1X BD FACS lysing solution (Cat# 349202, BD Biosciences) and processed for
intracellular staining as below. Spleens were harvested from mice, weighed, and dissociated
with a pestle in a 70 um strainer in 5 mL cold RPMI. Spleen cells were lysed with 1X

RBC lysis buffer (Cat #420301, BioLegend) and then resuspended in 1 mL cold RPMI

for cell counting. Bone marrow was harvested from both by flushing each with 2.5 mL
cold RPMI media with a 20g needle through a 70 um strainer and resuspended in 1 mL
cold RPMI for cell counting. Tumors were harvested from mice, weighed, and minced with
a scalpel. Tumor pieces were then transferred to a C-tube (Miltenyi Biotec) containing 5
mL RPMI, 100 pug/mL hyaluronidase (Cat# H3506, Sigma-Aldrich) and 10 pg/mL DNase |
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(Cat# 10104159001, Roche). Samples were dissociated using the 37C_m_TDK_2 program
on GentleMACS Octo dissociator with heaters (Cat# 130-096-427, Miltenyi Biotec), passed
through a 70 pm strainer then resuspended in 1 mL RPMI for counting. A small aliquot

of each sample (1-18 pL) was stained with live/dead stain and counted using Accuri (BD
Biosciences) or LUNA-FL cell counter (Logos Biosystems). 1x10° cells were transferred to
flow tubes, washed in PBS, and stained with live/dead stain and surface antibodies diluted

in FACS buffer for 30 minutes each at 4°C. After surface staining, cells were washed and
fixed with FoxP3/Transcription factor staining buffer kit (Cat #00-5523, eBioscience) for 45
minutes at 4°C, then stained with anti-FoxP3 antibody overnight, and with the remaining
intracellular stains for 1 hour at 4°C. Staining antibodies are listed in supplementary table
S2. Following incubation, cells were washed and resuspended in 150 uL FACS buffer and
stored covered at 4°C until acquisition. Single color controls were prepared with pooled cells
and UltraComp eBeads compensation beads (Cat# 01-2222-41) and fluorescence-minus-one
controls were prepared with pooled cells and healthy donor peripheral blood mononuclear
cells for the humanized mouse study. Samples were acquired on a 5-laser Aurora flow
cytometer (Cytek Biosciences) and data was analyzed using FlowJo v10 software (Tree Star;
RRID: SCR_008520).

Cytokine assay.

Snap-frozen tissue was digested and homogenized in Pierce RIPA lysis and extraction buffer
(Cat# 89900, Thermo Scientific) with 1X Halt Protease and Phosphatase Inhibitor cocktails
(Cat# 87786 and 78420, Thermo Scientific), incubated for 30 minutes at 4°C with agitation,
and sonicated at 40% amplitude for 30 seconds with pulsing (1 second on/2 seconds off).
The supernatant was collected after centrifugation at 10,000g for 10 minutes at 4°C, and
quantified using Pierce BCA Protein Assay Kit (Cat# 23225, Thermo Scientific). Protein
concentrations were normalized (910 ng/mL for intracranial tumor samples, 610 ng/mL

for subcutaneous tumor samples) and analyzed using multiplex immunoassays (Mouse
Cytokine/Chemokine 44-Plex Discovery Assay Array, TGFB 3-Plex Discovery Assay Multi
Species Array, and Mouse IFN 2-Plex Discovery Assay Array) by Eve Technologies. For
each analyte, the mean concentration across biological replicates was normalized to a
common scale (smallest value = minimum, largest value = maximum) and plotted as a
heatmap.

Genomic DNA (gDNA) and RNA extractions from fresh frozen tissue.

Intracranial and subcutaneous mouse tumors were harvested from mice, weighed, snap
frozen on dry ice and stored at —80°C before processing. Up to 35 mg of fresh frozen
tissue from each tumor was mechanically dissociated using an RNAse free homogenizer in
buffer RLT Plus containing 1% p-mercaptoethanol. RNA and gDNA were then extracted
using the AllPrep DNA/RNA/mIRNA Universal kit (Cat# 80224, QIAGEN) according to
the manufacturer’s guidelines. Samples were stored at —20°C until further studies. The
Quant-iT PicoGreen dsDNA assay (Cat# P11496, Invitrogen) was used according to the
manufacturer’s protocol to quantify DNA. RNA samples were assessed for quantity and
quality using Nanodrop spectrophotometer (Thermo Scientific).
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Quantitative polymerase chain reaction (qQPCR).

2 ug of RNA isolated from intracranial and subcutaneous mouse tumors was reverse
transcribed into cDNA using High-Capacity RNA-to-cDNA Kit (Cat# 4387406, Applied
Biosystems) according to manufacturer’s instructions. qPCR was then performed in a
96-well plate in triplicate with 150 ng of cDNA per reaction using Applied Biosystems
TagMan Fast Advanced Master mix (Cat# 44-445-57) and Tagman gene expression

assay probes (Cat# 4331182). The assay IDs for individual probes were as follows:

Gapdh (Mm99999915_g1), Stat1 (MmO01257286_m1), TapZ (Mm00443188_m1l) and BZ2m
(MmO00437762_m1). Amplification was according to manufacturer’s protocols using the
StepOnePlus real-time PCR system (Cat# 4376600, Applied Biosystems). Fold change in
gene expression relative to controls was calculated using the delta-delta Ct method.

TCR sequencing and analysis.

The Adaptive Biotechnologies immunoSEQ mouse T cell receptor beta (mmTCRB) service
was used to identify and quantify the frequency of specific T cell clones present in tumors.
DNA from fresh frozen intracranial and extracranial mouse tumors was diluted to 83 ng/ul
and shipped on dry ice to Adaptive Biotechnologies for TCR sequencing services. Data was
analyzed using immunoSEQ Analyzer software (Analyses 3.0; Adaptive Biotechnologies).

Statistical analyses.

Statistical analyses performed are described in the figure legend for each experiment.
Results are presented as mean + standard error of means (SEM). Comparisons involving
multiple groups were performed using one-way analysis of variance (ANOVA) with Tukey
or Dunnett’s multiple comparison tests. GraphPad Prism v.9 (RRID: SCR_002798) was used
for all statistical analyses and o values < 0.05 were considered statistically significant.

Data availability.

TCR sequencing data from the immunoSEQ assay is available through the immuneACCESS
portal (https://doi.org/10.21417/NN2023CCR). Representative and processed data are
presented within this article and its supplementary materials. All other reasonable data
including more detailed methods and materials (eg. cell line constructs) generated in this
study can be made available upon request from the corresponding author.

RESULTS

CDKi sensitizes intracranial tumors to PD-1 inhibition in preclinical models of CDK-mutant
melanoma brain metastasis

We evaluated intracranial and extracranial response to single- and dual-agent ICI targeting
PD-1 and CTLA4 in transplantable dual extracranial/intracranial models of melanoma
brain metastasis (24-26). We found that YUMML.7, a melanoma line derived from

Braf690E Cakn2a™~Pten™~ mice (27), exhibited resistance to single agent anti-PD-1 in
both tumor locations in mice bearing dual subcutaneous/intracranial YUMM1.7 tumors
(Fig. 1A-B). We also observed intracranial resistance to single-agent anti-CTLA-4 and
very limited sensitivity to dual-agent ICI despite extracranial sensitivity to both treatments
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(Fig. 1A-B). We used this model to investigate the role of CDK:i in potentiating anti-tumor
immune responses and sensitizing intracranial metastases to PD-1 inhibition.

In mice with intracranial and subcutaneous YUMM1.7 tumors, abemaciclib treatment
resulted in improved overall survival (dependent on intracranial tumor growth) and
decreased subcutaneous tumor growth (Fig. S1A, Fig. 1C-D). However, systemic depletion
of CD8™ T cells abrogated the therapeutic benefit, suggesting a role for cytotoxic T cell
mediated intracranial and extracranial tumor control following abemaciclib treatment (Fig.
1C-D, S1B).

Next, we investigated whether CDKi can sensitize intracranial tumors to PD-1 inhibition
using a phased combination strategy with ICI lead-in, which was previously shown to

have the greatest efficacy (11), in mice bearing dual subcutaneous/intracranial YUMM1.7
tumors (Fig. 1E). Based on bioluminescence imaging (BLI) of luciferase-tagged intracranial
tumors, the change in intracranial tumor burden was significantly lower with combination
abemaciclib and anti-PD-1 (“combination therapy”) (Fig. 1F). Overall survival improved
with anti-PD-1 monotherapy (median survival 35 days vs 29 days in controls) — likely due
to luciferase expression in tumor cells, which can elicit an anti-tumor immune response

in immunocompetent mouse models (28) — as well as with abemaciclib monotherapy
(median survival 33.5 days) (Fig. 1G). However, combination therapy resulted in the greatest
intracranial efficacy (median survival 44 days; Fig. 1G). Complete regression of intracranial
tumors was observed in 1 out of 6 animals treated with anti-PD-1 (17%) and 5 out of 6
animals treated with combination therapy (83%) (Fig S1C-D). We did not observe any
added benefit from combination therapy extracranially; subcutaneous tumor growth was
equally inhibited with abemaciclib monotherapy and combination therapy compared to
control mice (Fig. 1H).

Next, we evaluated efficacy of combination CDKi and anti-PD-1 in the aggressive B16-
F10 melanoma model. B16-F10 tumors harbor Cakn2aloss, are poorly immunogenic and
thus immunologically cold, and are resistant to single-agent ICI (29,30) (Fig. 1l, Fig.
S1E). Tumors were implanted subcutaneously then intracranially and treated as described
above (Fig. 1E). Intracranial and subcutaneous B16-F10 tumors were resistant to PD-1
inhibition, as expected, as well as abemaciclib monotherapy (Fig. 1J-K). Despite tumor
resistance to both monotherapies, combination therapy improved overall survival (dependent
on intracranial tumor growth; median survival 19 days vs 16 days with control) and
reduced subcutaneous tumor growth (Fig. 1J-K). Taken together, these data indicate

that combination CDKi and PD-1 inhibition can sensitize intracranial and extracranial
melanoma, reducing tumor growth and improving overall survival.

Combination CDK4/6 and PD-1 inhibition reduces tumor burden in preclinical model of
breast cancer brain metastasis

Triple-negative breast cancers (TNBCSs) lack effective therapies. They are commonly treated
with ICI with mixed efficacy and are often resistant to single-agent CDKi (14,31,32). We
asked whether combination therapy can sensitize a TNBC model of brain metastasis with
dual mammary/intracranial 4T1 tumors implanted into syngeneic BALB/c mice (33) (Fig.
2A). BLI revealed a significantly lower intracranial tumor burden with combination therapy

Clin Cancer Res. Author manuscript; available in PMC 2024 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nayyar et al.

Page 9

compared to controls and abemaciclib monotherapy groups (Fig. 2B). Mammary tumor
mass, measured at survival endpoint, was significantly reduced with combination therapy
compared to controls and anti-PD-1 treated groups (Fig. 2C). Despite lower tumor burden
with combination treatment, we did not find any differences in overall survival between
treatment groups in this model (Fig. 2D). Instead, we observed significant weight loss in
mice receiving daily abemaciclib treatments relative to vehicle-treated mice, suggesting
greater drug-related toxicity in this mouse strain (Fig. 2E, S2A). Abemaciclib treatment in
C57BL/6 mice produced a transient drop in body weights but the mice recovered after a
few days despite daily dosing (Fig. S2B). Overall, combination therapy reduced intracranial
and extracranial growth of 4T1 tumors compared to control-treated mice but did not extend
survival.

Combination CDK4/6 and PD-1 inhibition drives anti-tumor inflammation into ICl resistant
intracranial tumors

We investigated inflammatory response to single-agent and combination CDKi and
PD-1 inhibition in intracranial tumors. First, we quantified CD8* T cell densities in
intracranial YUMM1.7, B16-F10 and 4T1 tumors collected at survival endpoint using
immunofluorescence staining. We observed an increase in CD8* T cell density in
intracranial YUMML.7 tumors treated with single-agent anti-PD-1 compared to controls,
while combination therapy increased tumor infiltration by CD8* T cells compared to
controls and abemaciclib monotherapy (Fig. 3A). In the immunologically cold B16-F10
tumors, combination therapy resulted in a statistically significant increase in intracranial
tumor infiltrating CD8* T cells relative to control and abemaciclib monotherapy arms
(Fig. 3B). Lastly, compared to control 4T1 tumors, intracranial CD8* T cell densities
were unchanged with anti-PD-1 treatment alone, increased with abemaciclib monotherapy,
and highest in tumors from mice treated with combination therapy (Fig. 3C). Although
insufficient subcutaneous YUMML.7 tumor tissue was available for statistical analysis,
an increase in CD8* T cells similar to intracranial tumors was observed in subcutaneous
B16-F10 tumors treated with combination therapy (Fig. 3D-E). Mammary 4T1 tumors
demonstrated a similar trend of increased CD8" T cell densities with treatment as their
matched intracranial tumors although the results did not reach significance (Fig. 3F).

Multiplex immunoassays revealed that intracranial YUMML1.7 tumors treated with
abemaciclib alone (daily for 8 days starting on d8) or in combination with anti-PD-1 (4
doses starting on d5) had lower concentrations of anti-inflammatory and T 1-suppressive
cytokines such as L4, 1L10 and TGF-B (34-36) (Fig. S2C). Expression of these cytokines
was also reduced with abemaciclib treatment, but not combination therapy, in subcutaneous
tumors (Fig. S2D). Several chemokines implicated in recruitment of immunosuppressive
cell types (such as CCL12 and CCL21) and pleiotropic cytokines with mixed pro- and anti-
inflammatory effects (such as LIF, IL-6 and IL-11) were similarly reduced with abemaciclib
monotherapy or combination therapy in intracranial tumors and with abemaciclib alone

in subcutaneous tumors (34-36) (Fig. S2C-D). Chemokines that can recruit Treg cells
were expressed at lower levels in intracranial tumors treated with anti-PD-1 or combination
therapy, and in subcutaneous tumors treated with anti-PD-1 (Fig. S2C-D). Importantly,
several pro-inflammatory and Ty1-associated cytokines, including TNFa, IFN+y and IL-2,
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were lower in anti-PD-1 treated intracranial and subcutaneous tumors, but elevated with
either abemaciclib monotherapy or combination therapy in both tumor sites (Fig. S2C-D).

Together, these results indicate that combination CDKi and PD-1 inhibition can drive
cytotoxic T cell infiltration into both intracranial and subcutaneous tumors. In intracranial
tumors, combination therapy can reduce expression of immunosuppressive cytokines,
especially those that inhibit Ty1-type responses or recruit Treg cells, while increasing
pro-inflammatory and Ty 1-associated cytokines.

Combination CDK4/6 and PD-1 inhibition increases tumor immunogenicity in an organ-
specific manner

We performed flow cytometry on YUMML.7 tumors to characterize treatment-related
changes within the tumor microenvironment that confer survival benefit (Fig. 4A, Fig. S3A).
Intracranial tumors collected mid-treatment were of comparable size across all treatment
groups, while subcutaneous tumor burden was lower in mice receiving combination

therapy (Fig. 4B). Previous studies have shown that CDKi reduces proliferation and
increases antigen presentation and PD-L1 expression in tumor cells (19,22,37). We
observed decreased Ki-67 expression by CD45™ cells in subcutaneous tumors treated with
abemaciclib or combination therapy relative to control treatment and anti-PD-1 monotherapy
but not in intracranial tumors (Fig. 4C). Overall, Ki-67 expression was significantly

lower in intracranial tumors relative to their matched extracranial tumors (p<0.0001 for
control-treated intracranial vs subcutaneous tumors), which may account for the lack of
CDKi-mediated decrease in tumor cell proliferation intracranially. PD-L1 expression in
CD45™ cells was higher in intracranial tumors relative to subcutaneous tumors (p<0.0001
for control-treated intracranial vs subcutaneous tumors; Fig. 4D). Consistent with previous
studies, PD-L1 expression was upregulated with abemaciclib and combination treatment

in subcutaneous YUMML.7 tumors (Fig. 4D). However, in intracranial tumors, PD-L1
expression was elevated following single-agent anti-PD-1 or combination therapy, indicating
that distinct mechanisms regulate tumor cell PD-L1 expression in distinct anatomical
locations (Fig. 4D). We used expression of B2M, a component of major histocompatibility
complex (MHC) class I, to measure antigen presentation by tumor cells. The proportion

of B2M+ cells did not change with treatment in intracranial tumors and was lower in
subcutaneous tumors treated with abemaciclib and combination therapy (Fig. 4E). However,
average B2M expression by CD45- cells increased with anti-PD-1 alone or in combination
with abemaciclib in intracranial tumors (Fig. 4F). The proportion of tumor cells expressing
MHC class 11 was similarly decreased with abemaciclib and combination therapy in
subcutaneous tumors, and was lower with abemaciclib monotherapy (relative to other
treatment groups) in intracranial tumors (Fig. 4G).

We performed similar characterization of intracranial and subcutaneous B16-F10 tumors
(Fig. S4A). Tumors collected earlier in treatment were equivalent in size across treatment
arms and no difference in proliferation of CD45™ cells was observed (Fig. S4B-C). PD-
L1 expression on B16-F10 tumor cells was equivalent in both tumor locations (similar

to subcutaneous YUMM1.7 tumors) and did not change with treatment (Fig. S4D). B16-
F10 tumors are poorly immunogenic with very low MHC class | expression relative to
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YUMML.7 tumor cells (Fig. 4E-F, Fig. S4E-F). However, we observed a trend towards
higher percentage of B2M-expressing CD45™ cells in intracranial tumors treated with
combination therapy relative to control or anti-PD-1 monotherapy (Fig. S4E). Overall B2M
expression by CD45~ cells was significantly higher in intracranial tumors treated with
abemaciclib relative to control and with combination therapy relative to control or anti-PD-1
alone (Fig. S4F). No significant differences were noted in subcutaneous B16-F10 tumors
(Fig. S4E-F). MHC class Il expression did not change with treatment in either tumor
location (Fig. S4G).

To further explore changes in immunogenicity of tumor cells, we quantified B2m

(antigen presentation), 7gp (antigen processing) and Stat! (interferon signaling) gene
expression in intracranial and subcutaneous YUMML.7 tumors harvested on d16 (Fig. 4A).
Consistent with previously reports in extracranial tumor models, all 3 genes were strongly
upregulated in intracranial YUMM1.7 tumors following treatment with abemaciclib as well
as combination therapy, while PD-1 inhibition resulted in increased expression of B2mand
Stat1 (19,21) (Fig. 4H). No significant changes were observed in subcutaneous tumors at
this timepoint (Fig. 4l1).

Taken together, these data indicate differential response to treatment in the intracranial and
extracranial tumor compartments. Consistent with previous reports, we found decreased
proliferation and increased PD-L1 expression only in immunogenic extracranial tumors
following treatment with abemaciclib alone or in combination with anti-PD-1. While we
did not find similar changes in matched intracranial tumors, we observed increased antigen
presentation with combination treatment in intracranial tumors regardless of their baseline
immunogenicity.

CDKi and combination therapy remodels the tumor immune microenvironment

To understand how CDK4/6 and PD-1 inhibition enhance anti-tumor immunity, we
evaluated the immune component of intracranial and subcutaneous YUMM1.7 tumors

(Fig. S3A). We observed slightly elevated immune infiltration into intracranial, but not
subcutaneous, tumors with PD-1 inhibition relative to controls (Fig. 5A). No changes in
overall proportion of T cells were observed at this timepoint (Fig. S5A). However, ratio

of CD8":CD4" T cells was elevated with abemaciclib therapy among both intracranial and
subcutaneous YUMML.7 tumors (Fig. 5B). In intracranial tumors, CD8* T cell proliferation
(Ki-67%) increased with combination therapy, specifically among CD44*CD62L " effector
memory (Tgpm) and CD44~CD62L~ pre-effector-like subsets (Fig. 5C, Fig. S5B-C). As

a result, CD8* pre-effector-like cells, while rare, were more abundant in tumors treated
with combination therapy relative to control group (Fig. 5D). Pre-effector-like CD8™ cells
differentiate into Tgp cells, and together these subsets exhibit the greatest capacity for
tumor rejection and enhance efficacy of PD-1 blockade (38). Expression of cytolytic enzyme
granzyme B in CD8* T cells was also greatly enhanced with combination therapy in both
intracranial and subcutaneous tumors (Fig. 5E). While we did not discover any significant
changes in conventional CD4* T cells, immunosuppressive Treg (CD4*CD25*FOXP3*)
cells decreased in intracranial tumors with all treatments, and were lowest with combination
therapy (Fig. 5F). We also observed a trend towards reduced Trgg cell percentages, and
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a significant reduction in proliferation of Treg cells, in subcutaneous tumors treated with
abemaciclib and combination therapy (Fig. 5F, Fig S5D). The proportion of CD4", but not
CD8™", T cells co-expressing PD-1 and TIM3 — a marker of T cell dysfunction — decreased
following anti-PD-1 and combination therapy in intracranial tumors, with a similar trend
observed in subcutaneous tumors (Fig. 5G—-H). Notably, we found a higher percentage of
PD-1*TIM3™* T cells in intracranial tumors compared to their matched subcutaneous tumors
(p=0.005 for CD4" and p=0.02 for CD8* T cells among controls; Fig. 5G—H).

Treatment-induced changes among additional lymphocytic and myeloid infiltrates varied
by tumor location. In subcutaneous tumors, proportion of B cells (CD19™) present was
significantly lower with combination therapy, with a similar trend seen in intracranial
tumors, while PD-1 inhibition increased B cell proliferation intracranially (Fig. SSE-F).
Polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) and neutrophils
(CD11b*Ly6G*) were more common in control subcutaneous tumors compared to
intracranial tumors (p=0.002; Fig. S5G). Subcutaneous tumors treated with abemaciclib
or combination therapy had a lower proportion of PMN-MDSCs/neutrophils as well

as monocytic-MDSCs (M-MDSCs) and monocytes (CD11b*Ly6G~Ly6C*) compared to
anti-PD-1 treated tumors (Fig. S5G—H). Although overall proportion of macrophages
(CD11b*F4/80™) did not change significantly with treatment in either tumor location, we
observed a higher ratio of CD206"iNOS* M1-like macrophages to CD206*iNOS™ M2-
like macrophages in vehicle-treated subcutaneous tumors compared to intracranial tumors
(0<0.0001 for control-treated intracranial vs subcutaneous tumors; Fig. S51-J). This M1-
like:M2-like ratio was reduced with abemaciclib and combination therapy in subcutaneous
tumors, indicating a shift from pro-inflammatory to anti-inflammatory macrophages (Fig.
S5J).

Surface expression of PD-L1 on tumor immune infiltrates also increased with treatment in a
cell type and location-dependent manner. PD-L1 expressing proportions of CD45* cells, and
especially myeloid subsets, were elevated in intracranial tumors with PD-1 inhibition, alone
and in combination with abemaciclib, and in subcutaneous tumors with abemaciclib, alone
and in combination with anti-PD-1 (Fig. S6A-E). Treatment effect on lymphocytes was not
location-dependent, with B cells and natural killer (NK) cells upregulating PD-L1 similarly
in both tumor compartments following combination therapy (Fig. S6F-G).

Characterization of immune infiltrates among poorly immunogenic B16-F10 tumors
revealed distinct effects of CDKi and PD-1 inhibition on the TIME relative to YUMM1.7
tumors. As expected, the overall proportion of CD45" cells in intracranial and subcutaneous
B16-F10 tumors was significantly lower than YUMML1.7 tumors (4.1% vs 48.7% in
intracranial and 12.8% vs 66.0% in subcutaneous B16-F10 vs YUMML.7 tumors,
respectively; p<0.0001 for both; Fig. 5A, Fig. S7TA). As in YUMML.7 tumors, there were
no significant changes in immune infiltration of B16-F10 tumors with any treatment,
however abemaciclib treated subcutaneous tumors had a significantly higher proportion

of CD457 cells compared to their matched intracranial tumors suggesting the presence

of an inflammatory response extracranially (Fig. S7A). T cell infiltration into B16-F10
tumors was limited, with more CD4* than CD8" T cells and this ratio did not change with
abemaciclib or combination therapy in either location (Fig. S7C). Importantly, abemaciclib
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monotherapy reduced proliferation of both CD4* and CD8* T cells, especially CD8* Tgp
cells, in intracranial tumors relative to controls or anti-PD-1 monotherapy (Fig. STD-F). A
similar but less pronounced decrease in T cell proliferation was also observed in intracranial
tumors treated with combination therapy (Fig. S7TD-F). Treg cell proliferation, on the
other hand, did not change significantly with any treatment relative to controls, although
anti-PD-1-treated intracranial tumors had more Ki67* Trgg cells compared to combination
therapy group (Fig. S7G). We observed a trend towards fewer Trgg cells present in
subcutaneous tumors treated with abemaciclib or combination therapy (Fig. S7H). Notably,
abemaciclib monotherapy in intracranial tumors and combination therapy in subcutaneous
tumors reduced PD1*TIM3* proportion of both CD4* and CD8" T cells relative to control
or anti-PD-1 groups, suggesting less exhausted T cell phenotypes (Fig. S71-J). Unlike in
YUMML.7 tumors, no significant treatment-induced changes in proportion of B cells were
observed among B16-F10 tumors, although abemaciclib and combination therapy reduced
B cell proliferation in intracranial tumors (Fig. S8A—B). Similarly, no significant changes
were observed among myeloid cells aside from decreased ratio of M1-like to M2-like
macrophages in intracranial tumors treated with abemaciclib or combination therapy (Fig.
S8C-F). Finally, we did not observe any changes in surface PD-L1 expression among
immune cells overall, however PD-L1 expression on intracranial tumor-infiltrating B cells
increased with all treatments relative to controls (Fig. S8G—H).

Taken together, our findings highlight differences between the intracranial and extracranial
microenvironments. The results described above indicate that combined CDK4/6 and

PD-1 inhibition remodels the TIME in a location-specific manner and supports CD8*

T cell mediated anti-tumor immunity in immunogenic tumors through recruitment and
expansion of effector subsets coupled with depletion of immunosuppressive Treg cells. In
poorly immunogenic tumors, although CDK:i reduced proliferation of B and T cells, lower
proportions of Treg and exhausted effector T cells may be responsible for enhanced tumor
control observed with combined CDK4/6 and PD-1 inhibition.

CDKi and combination therapy associated with increased extracranial priming and clonal
expansion of T cells

We further explored how CDKi and anti-PD-1, alone or in combination, affect early adaptive
immune responses by evaluating T cell receptor (TCR) repertoires of intracranial and
subcutaneous YUMML.7 tumors treated as before (Fig. 4A). In intracranial tumors, no
treatment-related changes were observed in the total number of productive templates, which
represent TCRP sequences that code for a functional peptide (Fig. S9A). In subcutaneous
tumors, we detected more productive TCR templates with abemaciclib treatment compared
to control or anti-PD-1, or compared to their matched intracranial tumors (Fig. S9A). The
number of unique productive TCR rearrangements, which demonstrates the breadth of the
TCR repertoire, was elevated in subcutaneous tumors treated with abemaciclib, and a similar
trend was observed with combination therapy, relative to control or anti-PD-1 treatments
(Fig. S9B). Additionally, we detected more unique productive TCR rearrangements with
abemaciclib and combination treatment in extracranial tumors compared to matched
intracranial tumors, indicating a broadening of the TCR repertoire in the extracranial
compartment (Fig. S9B). Subcutaneous tumors were more polyclonal (higher sample
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clonality score) than intracranial tumors when treated with single-agent anti-PD-1 or
combination therapy, with a similar trend seen in abemaciclib-treated tumors (Fig. S9C).
Morisita indices were calculated to evaluate TCR overlap between tumors (39). We observed
considerable TCR overlap between matched intracranial and subcutaneous tumors across

all groups, but very little TCR overlap between individual animals, highlighting the distinct
TCR repertoire of each mouse (Fig. S10A).

Overall, we did not find any treatment-induced changes in the intracranial TCR repertoires,
but in extracranial tumors frequency of T cells was higher with abemaciclib treatment and

richness of the intratumoral TCR repertoire was elevated with abemaciclib and combination
therapy. This suggests that CDK:i facilitates T cell priming in the extracranial compartment.

CDK:i supports T cell development and depletes Trgg cells in humanized mouse models

To better understand the effects of CDKi on the immune system, we investigated the

effect of abemaciclib on human T cell proliferation, activation and maintenance in NSG
mice engrafted with human CD34" hematopoietic stem cells (Fig. 6A, Fig. S11A). Flow
cytometric analysis revealed a drop in human CD45* (hCD45™) cell fraction in peripheral
blood and bone marrow (BM), and significant splenic contraction without a shift in hCD45
proportion, after 2 weeks of daily abemaciclib (Fig. 6B—C; Fig. S12A-C). Proliferation of
human immune cells was unaffected in BM and peripheral blood but reduced in the spleen
with abemaciclib (Fig. 6D; Fig. S12D-E). Proliferation of lymphocytes was reduced in

BM and spleen, but unaffected in peripheral blood, after 2 weeks of abemaciclib treatment
(Fig. S12F-K). Despite reduced proliferation, the proportion of hCD45* cells comprised of
T cells, including both CD8* and CD4* T cells, increased with abemaciclib in peripheral
blood, and CD8* T cells were similarly elevated in the spleen (Fig. 6E-G; Fig S12L).
Conversely, CD4* Treg cells (CD4*CD127-CD25"FOXP3*) were decreased in proportion
in peripheral blood and spleen and exhibited reduced proliferative capacity in the blood (Fig.
6H-J). As a result, abemaciclib treatment increased the ratio of CD8* to regulatory T cells
in peripheral blood and spleen (Fig. S12M-N). This suggests a supportive role for CDKi in
proliferation and maintenance of CD8* cells and a negative effect on Treg cells.

Upon closer examination of activation status, we observed an increase in hCD45* proportion
of naive (CCR7*CD45RA*; Ty) CD8™ T cells in blood and spleen (Fig. 6K-L). In

contrast, CD8* Tgp subset (CCR7-CD45RA") was expanded in peripheral blood from
vehicle-treated mice (Fig. 6K). Consistent with an expanded Ty population in abemaciclib
treated mice, we found fewer CD8* T cells expressing Eomes, a master regulator of CD8*
Tem and Tem cells, and CD38, a marker of activation, as well as reduced expression of
costimulatory receptor CD28, in CD8" T cells across all compartments (Fig. 6M; Fig.
S$120-V). Proportion of CD8* T cells expressing granzyme B and exhaustion markers
TIGIT and PD-1 was also lower with abemaciclib treatment in all immune compartments
(Fig. 6N-P; Fig. S12W-AB). Similar but less pronounced phenotypic changes were
observed in CD4* T cells with abemaciclib treatment. CD4+ Ty subset was significantly
expanded in peripheral blood but not in the spleen (Fig. S13A, Fig. 6L). Fewer CD4+ T cells
were found to express CD38 in BM and spleen, and expression of CD28 was reduced across
all compartments (Fig. S13B-G). Proportion of CD4* T cells expressing PD-1 remain
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unchanged but TIGIT* proportion was lower in blood and spleens of abemaciclib treated
mice (Fig. S13H-M). Collectively, these data suggest that treatment with abemaciclib can
inhibit lymphocyte proliferation and specifically deplete regulatory T cells as previously
reported (19,40), but also plays a supportive role in development and maturation of CD4*
and CD8* T cells.

DISCUSSION

Given the poor prognosis associated with brain metastases, there is a critical need for
therapeutic strategies that augment anti-tumor immunity and produce durable regression

of intracranial metastases. In this study, we showed that combination CDKi and PD-1
inhibition resulted in reduced tumor burden in pre-clinical immunocompetent models of
brain metastasis and improved overall survival in the melanoma brain metastasis models.
Enhanced control of intracranial tumors was attributable to a less immunosuppressive TIME
coupled with increased immunogenicity and cytotoxic T cell infiltration of intracranial
tumors. Given the frequency of CDK4/6 pathway alterations in brain metastases (9,10), our
findings indicate that exploiting this genetic vulnerability in tandem with immunotherapy is
a promising approach for improving intracranial disease control.

CDKA4/6 dysregulation has been implicated in cancer immune evasion, orchestrating

an immunologically cold tumor microenvironment and circumventing immune-mediated
tumor cell senescence (11,41). As a result, CDK4/6 dysregulation is associated with

poor response to PD-1 blockade in some cancers (12,13). Conversely, the link between
CDK:i and anti-tumor immunity has been described in extracranial tumors. CDKi can
enhance tumor immunogenicity by increasing antigen presentation and activating interferon
response pathways in extracranial tumors (19,21,42). In our dual extracranial/intracranial
model of melanoma brain metastasis, we observed similar changes in intracranial, but

not subcutaneous, YUMML.7 tumors following abemaciclib treatment, consistent with the
improved intracranial, but not extracranial, efficacy of combined abemaciclib and anti-PD-1
relative to abemaciclib monotherapy in the YUMML1.7 model. CDKi also acts on T cells,
suppressing Treg proliferation while enhancing activation of antigen-experienced T cells
(19,20). We observed reduced intratumoral frequencies and proliferation of Treg cells

with abemaciclib and combination treatment, and similar effects were observed in tumor-
free humanized mice. CD8" effector subsets proliferated at a higher rate in intracranial
YUMML.7 tumors treated with combination therapy, consistent with the enhanced disease
control. In humanized mice, we observed reduced T cell dysfunction with abemaciclib
administration, and similarly, reduced expression of co-inhibitory receptors on intratumoral
CD4" and CD8™ T cells was associated with treatment efficacy in poorly immunogenic B16-
F10 tumors. Importantly, CDKi can reportedly increase PD-L1 expression on tumor cells
by stabilizing membranous localization of the protein, leading to immune escape (22). We
observed varied, location-dependent changes in tumor cell PD-L1 expression with treatment.
Our findings highlight the distinct microenvironments of intracranial and extracranial
tumors. These microenvironmental differences, together with baseline immunogenicity of
the cancer cells, likely drive discordant treatment responses in intracranial and extracranial
compartments, necessitating evaluation of intracranial efficacy of novel treatment strategies
as we have done in this study.
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We observed sustained weight loss in BALB/c mice, and transient weight loss in C57BL/6
mice, with daily abemaciclib dosed at 90 mg/kg, indicating some drug-related toxicity.
However, irAEs are uncommon in the wildtype mouse strains therefore we did not detect
irAEs with dual-agent ICI, which can be toxic in patients, or with combination abemaciclib
and anti-PD-1 treatment. Recent phase | studies discovered significant toxicity with
abemaciclib and the anti-PD-1 agent pembrolizumab in patients (43,44). The combination
of palbociclib and pembrolizumab is relatively well-tolerated, however, and is currently
being investigated for patients with extracranial metastases (45); this suggests different
drug-specific toxicity profiles with the combination therapy. The current safety profile does
not support the use of abemaciclib with anti-PD-1 outside of a clinical trial and these
combinations should be carefully evaluated in patients with brain metastases, including
determining the appropriate CDKi and anti-PD-1 agents and dosages.

In addition to safety concerns, the translational potential of our findings hinges on
identification of the patient population most likely to benefit from combination CDKi and
ICI and optimization of dosing regimens. In this study, we established efficacy of CDKi

and anti-PD-1 in intracranial metastases with CadknZaloss. However, data suggests that
genomic alterations in the CDK4/6 pathway may have differential sensitivity to CDKi (46),
and in the absence of these genomic alterations, CDK4/6 pathway can be activated as a
result of cyclin D1 upregulation downstream of aberrant mitogenic signaling (eg. hormone
receptor, PI3BK/AKT and MAPK signaling pathways) or epigenetic silencing of CDKNZ2A
(11,47-50). Importantly, clinical benefit of combined CDK4/6 and PD-1 inhibition has

been observed in advanced hormone receptor-positive breast cancers and KRAS-mutant
lung cancers in the extracranial setting (43-45). Additional studies are therefore needed to
determine which histologic and genetic features are associated with response to combination
CDK:i and ICI. Moreover, the pre-clinical models used in our study involve concurrent
extracranial and intracranial tumors to mimic immune responses in brain metastasis patients,
which differ from those seen in primary brain tumor patients. The presence of extracranial
tumors, however, obscures whether combination CDKi and ICI would be equally effective
in patients with intracranial metastases in the absence of active extracranial disease, a
translationally relevant question that should be investigated in future studies. Lastly, the
phased combination approach with ICI lead-in that we employed in our studies was shown
to be most effective in pre-clinical models (11). Human studies thus far have only tested
safety and efficacy of co-administering CDK4/6 and PD-1 inhibitors (43-45). Optimal
scheduling and dosing of drugs will need to be determined in patients with brain metastases.
A clinical trial is now planned to evaluate the efficacy and toxicity of the combination of
CDK:i and ICI for patients with brain metastases.
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STATEMENT OF TRANSLATIONAL RELEVANCE

Safe and effective therapies for patients with central nervous system metastases are
critically needed. We show that combination CDK4/6 and PD-1 inhibition can reduce
tumor burden and extend survival in immunocompetent mouse models of brain metastasis
by increasing tumor immunogenicity, recruiting CD8* effector T cell subsets, depleting
CD4" regulatory T cells and reducing immunosuppressive signals and T cell dysfunction.
Our findings suggest that combining CDK4/6 and PD-1 inhibition is a promising
therapeutic approach for enhancing immune control of intracranial metastases.

Clin Cancer Res. Author manuscript; available in PMC 2024 July 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nayyar et al.

>

Probability of Survival

n

Probability of Survival

-
o
-

Fold change in intracranial tumor burden
(luminescence from d9 to d25)

YUMM1.7

80
60
404

- lIsotypes
20« —~ Anti-CTLA4 + Isotype

=~ Anti-PD-1 + Isotype

=~ Anti-PD-1 + Anti-CTLA4

LI e e |
0 5 10 15 20 25

Days since intracranial tumor implant

Day -3 0 3

4 y A '\K

L,

Extracranial tumor Intracranial tumor

implantation implantation
(2x105 cells) (5x10%1x10* cells)
YUMM1.7
10000 *

1000

3
8
1
o
3
.

:
1
[
%o

3
1

o

(mm?)

2000+

1500

tumor
o
(=3
(=3
<

500

YUMM1.7

-&- [sotypes

<% Anti-CTLA4 + Isotype
-+ Anti-PD-1 + Isotype

=¥ Anti-PD-1 + Anti-CTLA4

Fkkk

!

A Ak A AR

0 5 10 15 20 25
Days since sub tumor i
9 12 15 18

AntiTPD- I V

or isotype control

Abemaciclib
or vehicle

Probability of Survival

YUMM1.7

-+ Vehicle + Isotype

*** Vehicle + Anti-PD-1
=~ Abemaciclib + Isotype
=~ Abemaciclib + Anti-| PD~1

@)

100

Page 21

YUMM1.7

80

601

404

Probability of Survival

20

+t+ Vehicle + Isotype ]*
*I: *** Vehicle + Anti-CD8a ]
-):["' Abemaciclib + Isotype = *

s Abemacnchb 22 Antl CD8a

0 5 10 15 20 25 30

500+

mms) O

400+

300+

tumor

200+

100+

1 - Abemaciclib + Anti-CD8a

Days since intracranial tumor implant

YUMM1.7
*@ Vehicle + Isotype

71:© Vehicle +Anti-CD8a

- Abemaciclib + Isotype

500}

Days since tumor implant

YUMM1.7
‘@ Vehicle + Isotype

-8 Abemaciclib + Isotype
-+ Abemaciclib + Anti-PD-1

] |:-x[~::r Vehicle + Anti-PD-1

Days since intracranial tumor implant

Days since intracranial tumor implant

Vehicle + Vehicle +  Abemaciclib Abemaciclib
Isotype Anti-PD-1 +lIsotype  +Anti-PD-1 0 15 20 25 30 35 40 45 50
Days since intracranial tumor implant
B16-F10 J B16-F10
g - Vehicle + Isotype
5 M Y Vehicle + Anti-PD-1
80 2 §[* -~ Abemaciclib + Isotype
g —— Abemaciclib + Anti-PD-1
60 @
- o
40 L 5 404 H
=~ |sotypes E .. :
20| Amf-CTLA4 + Isotype a_‘_’ 20
—~ Anti-PD-1 + Isotype i
=~ Anti-PD-1 + Anti-CTLA4 —|
0 T T J T 1 04— T T
0 5 10 15 20 10 15 20 25 30

tumor

10 15 20 25 30
Days since tumor implant

B16-F10

‘O Vehicle + Isotype
& Vehicle + Anti-PD-1

*L[O- Abemaciclib + Isotype %
-+ Abemaciclib + Anti-PD-1

T
10 15 20
Days since tumor implant

Figure 1: Combination abemaciclib and anti-PD-1 therapy reduces tumor growth and extends
survival in preclinical models of CDK-mutant melanoma brain metastasis

A, Kaplan-Meier survival curve of mice bearing intracranial and subcutaneous YUMM1.7
tumors treated with single-agent or dual-agent anti-CTLA-4 and anti-PD-1 inhibition (n=>5;
log-rank test). B, Volumes of subcutaneous YUMML.7 tumors in mice from A (n=5; mean
+ SEM; two-way ANOVA). C, Kaplan-Meier survival curve of YUMML.7 tumor-bearing
mice treated with vehicle and CD8a depletion (pink dotted) or isotype control antibody
(black dotted) or with abemaciclib and CD8a depletion (pink solid) or isotype control
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antibody (black solid) (n=6-10; log-rank test). D, Volumes of subcutaneous YUMMZ1.7
tumors in mice from C (n=6-10; mean + SEM; two-way ANOVA). E, Schematic of tumor
implantation and treatment schedule for melanoma brain metastasis models. F, Change in
luminescence signal of intracranial YUMMZ1.7 tumors 25 days after implantation (relative

to day 9) in mice treated with abemaciclib and anti-PD-1 antibody as single agents or in
combination (n=5-7; mean + SEM; Kruskal-Wallis test). G, Kaplan-Meier survival curve of
YUMML.7 tumor bearing mice from F. (n=5-7; log-rank test). H, Volumes of subcutaneous
YUMML.7 tumors in mice from F and G (n=5-7; mean + SEM; two-way ANOVA). I,
Kaplan-Meier survival curve of mice bearing intracranial and subcutaneous B16-F10 tumors
treated with single-agent or dual-agent anti-CTLA-4 and anti-PD-1 inhibition (n=5; log-rank
test). J, Kaplan-Meier survival curve of mice bearing intracranial and subcutaneous B16-F10
tumors treated as above (n=6-7; log-rank test). K, Subcutaneous tumor volumes in mice
from J (n=6-7; mean £ SEM; two-way ANOVA). *, p< 0.05; **, p<0.01; ***, p<0.001;
*xx* < 0.0001.
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Figure 2: Combination abemaciclib and anti-PD-1 therapy reduces tumor growth in a breast
cancer brain metastasis model

A, Schematic representing tumor implantation and treatment schedule for breast cancer
brain metastasis model. B, Change in luminescence signal from intracranial 4T1 tumors
treated with abemaciclib alone, anti-PD-1 alone, or combination between 5 days and 17
days after implantation (n=6-7; mean + SEM; Kruskal-Wallis test). C, Mass of mammary
4T1 tumors measured at survival end point (n=6- 7, mean + SEM; one-way ANOVA). D,
Kaplan-Meier survival curve of mice bearing intracranial and mammary 4T1 tumors from B
and C (n=6-7; log-rank test). E, Change in body weight of mice from B-D after 10 days of
daily abemaciclib dosed at 90 mg/kg (h=6-7; mean + SEM; one-way ANOVA). *, p< 0.05;
** p<0.01; *** p<0.001.
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Figure 3: Combination abemaciclib and anti-PD-1 therapy drives anti-tumor inflammation into
ICI resistant intracranial tumors

A-C, CD8* T cell densities in intracranial YUMM1.7 (A), B16-F10 (B) and 4T1 (C)
tumors harvested at survival endpoint (n=3-6; mean £ SEM of number of CD8+ T cells

in individual high-powered fields per tumor; nested one-way ANOVA). D-F, CD8* T cell
densities in subcutaneous YUMML.7 (D) and B16-F10 tumors (E) or mammary 4T1 tumors
(F) harvested at survival endpoint (n=2—6; mean + SEM of number of CD8+ T cells in
individual high-powered fields per tumor; nested one-way ANOVA).*, p< 0.05; **, p<
0.01; *** p<0.001.
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Figure 4: Combination abemaciclib and anti-PD-1 increases immunogenicity of intracranial
tumors

A, Schematic showing schedule of YUMML.7 tumor implantation, treatment and collection
for flow cytometry. B, Mass of intracranial and subcutaneous YUMM1.7 tumors treated

as indicated and harvested for flow cytometry on d15 (n=5-6; mean + SEM; one-way
ANOVA). C, Proportion of CD45- cells expressing Ki-67 in intracranial and subcutaneous
YUMML.7 tumors treated as indicated in A (n=5-6; mean + SEM; one-way ANOVA).
D-G, MFI of PD-L1 on CD45- cells (D), proportion of CD45- cells positive for B2M (E),
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and MFI of B2M (F) and MHC class Il (G) staining on CD45- cells from intracranial

and subcutaneous YUMML.7 tumors treated as indicated in A (n=5-6; mean = SEM,;
one-way ANOVA). H-1, Expression of antigen presentation and interferon responsive genes
in intracranial (H) and subcutaneous (I) YUMML.7 tumors treated as described relative to
vehicle treated controls (n=6; mean £ SEM; two-way ANOVA). TCR, T cell receptor; MFI,
mean fluorescence intensity. *, p< 0.05; **, p< 0.01; ***, p< 0.001; **** p<0.0001.
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Figure 5: Combination abemaciclib and anti-PD-1 remodels the tumor immune
microenvironment

A, Proportion of live cells expressing CD45 detected in intracranial and subcutaneous
YUMML.7 tumors treated as indicated (n=5-6; mean + SEM; Kruskal-Wallis test). B-E,
Ratio of CD8+ to CD4+ T cells (B), proportion of CD8+ T cells expressing Ki-67 (C),
pre-effector-like T cell proportion of all live cells (D), mean fluorescence intensity of
granzyme B on CD8™ T cells (E) in intracranial and subcutaneous YUMM1.7 tumors treated
as indicated in A (n=5-6; mean + SEM; one-way ANOVA or Kruskal-Wallis test). F-H,
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Regulatory T cell (Treg) proportion of live cells (F) and TIM-3 and PD-1 co-expressing
proportion of CD4+ (G) and CD8+ T cells (H) in intracranial and subcutaneous YUMM1.7
tumors treated as indicated in A (n=5-6; mean + SEM; one-way ANOVA or Kruskal-Wallis
test). I, Graphical summary showing the observed effects of combined CDK4/6 and PD-1
inhibition on tumor and immune cells that are associated with treatment efficacy in the
immunogenically inflamed YUMMZ1.7 or immunologically cold B16-F10 dual extracranial/
intracranial tumor models. 1, increased; {, reduced; IFN, interferon; Ty1, T helper 1 cells;
TCR, T cell receptor; Treg, regulatory T cells; MDSCs, myeloid-derived suppressor cells;
*, p<0.05; ** p<0.01; *** p<0.001.
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Figure 6: Abemaciclib treatment supports T cell maintenance in mice with humanized immune

systems

A, Schematic showing generation of humanized mice and schedule of treatment and sample
collection for flow cytometry. B, Relative change in frequency of hCD45+ cells detected

in peripheral blood following treatment with vehicle or abemaciclib (n=8; mean + SEM;
two-way ANOVA). C, Mass of spleens collected from mice after 2 weeks of treatment

with vehicle or abemaciclib (n=8; mean + SEM; Student’s two-tailed ftest). D, Proportion
of hCD45+ cells expressing Ki-67 in peripheral blood of mice treated with vehicle or
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abemaciclib (n=8; mean + SEM; two-way ANOVA). E-G, Relative change in CD3+ (E),
CD8+ (F) and CD4+ (G) T cell proportion of hCD45+ cells in peripheral blood of mice
treated with vehicle or abemaciclib (n=8; mean £ SEM; two-way ANOVA). H-I, Treg cell
proportion of hCD45+ cells in peripheral blood (H) or spleens (1) of mice treated with
vehicle or abemaciclib (n=8; mean £ SEM; two-way ANOVA (H) or Student’s two-tailed
ttest (1)). J, Proportion of Trgg cells expressing Ki-67 in peripheral blood following
treatment with vehicle or abemaciclib (n=8; mean + SEM; two-way ANOVA). K, CD8* T
cell subsets as a proportion of hCD45+ cells in peripheral blood following treatment with
vehicle or abemaciclib (n=8; mean + SEM; two-way ANOVA). L, CD8+ (left axis) and
CD4+ (right axis) T cell subsets as a proportion of hCD45+ cells in spleens collected after
2 weeks of treatment with vehicle or abemaciclib (n=8; mean £ SEM; two-way ANOVA).
M-P, Proportion of CD8+ T cells in peripheral blood expressing EOMES (M), Granzyme
B (N), TIGIT (O) or PD-1 (P) after treatment with vehicle or abemaciclib (n=8; mean

+ SEM; two-way ANOVA). HSC, hematopoietic stem cell; FC, flow cytometry; hCD45+,
human CD45+; Trgg, regulatory T; EM, effector/memory; CM, central memory; EMRA,
effector/memory re-expressing CD45RA; *, p< 0.05; **, p< 0.01; ***, p< 0.001; **** p
< 0.0001.
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