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Abstract

Objective—This study exploits the intersection between molecular-targeted therapies and 

immune-checkpoint inhibition to define new means to treat pancreatic cancer.

Design—Patient-derived cell lines and xenograft models were used to define the response to 

CDK4/6 and MEK inhibition in the tumour compartment. Impacts relative to immunotherapy were 

performed using subcutaneous and orthotopic syngeneic models. Single-cell RNA sequencing and 
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multispectral imaging were employed to delineate effects on the immunological milieu in the 

tumour microenvironment.

Results—We found that combination treatment with MEK and CDK4/6 inhibitors was effective 

across a broad range of PDX models in delaying tumour progression. These effects were 

associated with stable cell-cycle arrest, as well as the induction of multiple genes associated with 

interferon response and antigen presentation in an RB-dependent fashion. Using single-cell 

sequencing and complementary approaches, we found that the combination of CDK4/6 and MEK 

inhibition had a significant impact on increasing T-cell infiltration and altering myeloid 

populations, while potently cooperating with immune checkpoint inhibitors.

Conclusions—Together, these data indicate that there are canonical and non-canonical features 

of CDK4/6 and MEK inhibition that impact on the tumour and immune microenvironment. This 

combination-targeted treatment can promote robust tumour control in combination with immune 

checkpoint inhibitor therapy.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a universally poor prognosis that has proven 

resistant to multiple-targeted interventions.12 KRAS mutations dominate the genetic 

landscape of pancreatic cancer and exist in concert with a number of high-potency genetic 

events (eg, CDKN2A loss, TP53 mutation and SMAD4 loss) that contribute to the 

aggressive nature of PDAC.3–5 Clinical trials of agents targeting RAS pathway in pancreatic 

cancer via MEK or other effector pathway inhibitors have largely failed to demonstrate 

improved outcome.67 Additionally, even genetic strategies to ablate KRAS in preclinical 

models of pancreatic cancer only lead to transient remission.8 Thus, targeting multiple 

pathways to control oncogenic signalling is likely important for limiting adaptation that 

emerge after inhibiting critical genetic nodes in PDAC.

Many oncogenes, including KRAS, impinge on the cell cycle through the activation of 

CDK4 and CDK6 kinases.9–11 In PDAC, deletion or mutation of the CDKN2A gene leads to 

the loss of p16ink4a that is an endogenous CDK4/6 inhibitor. In the context of KRAS-driven 

tumourigenesis, loss of p16ink4a is critical for the bypassing oncogene-induced 

senescence12 and thus effective suppression of CDK4/6 activity could be particularly 

relevant in the context of pancreatic cancer.13 Interestingly, in preclinical studies, PDAC 

models are surprisingly resistant to CDK4/6 inhibition.1415 However, combination with 

MTOR or MEK inhibitors have been reported to enhance response to CDK4/6 inhibition in 

PDAC and other RAS-driven tumour types.15–17 In spite of the potency of such 

combinations in enforcing cell-cycle withdrawal, tumour cells continue to survive and, as a 

result, acquired resistance represents a significant challenge with such cytostatic 

combinations.

Immunotherapy has emerged as an important treatment modality in a number of tumour 

types including those harbouring RAS mutation (eg, lung cancer and melanoma).1819 

However, single-agent immunotherapy treatments have generally not been successful in 

pancreatic cancer.20–22 This lack of response may in part be attributed to the presence of 

dense desmoplastic stroma, the relatively low level of quality neoepitopes and the activation 
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of multiple immune suppressive features of the tumour microenvironment.21–25 

Understanding the complex interplay between tumour cell and stromal compartment and 

agents that target these components have been utilised in combination with immune 

modulating treatments and have shown promising results.2627 Rationally combining targeted 

and immune-modulatory agents for the treatment of PDAC could represent an important 

advance in yielding long-term disease control for pancreatic cancer patients.

METHODS

Cell culture

Pancreatic ductal adenocarcinoma cells were grown in Keratinocyte SFM with 0.2 ng/mL 

EFG, 30 μg/mL bovine pituitary extract (Life Technologies, 10744019), and 2% foetal 

bovine serum on collagen coated (Millipore 08–115), tissue culture-treated plates as we 

published.2428 The 4662 model was provided by Dr Robert Vonderheide, and cultured in 

DMEM+10% FBS as reported.2930

Immunoblot analysis

Primary antibodies for immunoblot analysis were purchased from Cell Signaling 

Technology include p-RB (S807/S811) (8516S), RB (9313S) (pAkt (S473) (4070S), Akt 

(4691), pS6 (S235/236) (2211), S6 (2217), cyclin E1 (4129S) and p27 (2552S). Actin 

(SC-47778), pERK (Y204) (SC-7383), ERK (SC-514302), cyclin D1 (SC-20044) and cyclin 

A (SC-271682) antibodies were purchased from Santa Cruz Biotechnology. The whole-cell 

extracts were prepared by lysing the cells with RIPA lysis buffer (Santa Cruz Biotechnology, 

SC-24948A) in the presence of 1X Halt protease inhibitor (Thermo Fisher) and 1 mM PMSF 

(Sigma). The extracted proteins (20 μg) were resolved by SDS-PAGE and transferred to 

PVDF membranes, which were then incubated with primary antibodies at 4°C overnight, 

followed by incubation with HRP-tagged antimouse or antirabbit secondary antibodies at 

room temperature up to 1 hour. An enhanced chemiluminescence kit (Thermo Fisher, 34076) 

was used to detect the immunoreactive bands.

CDK2 kinase assay

To analyse the CDK2 kinase activity, primary PDAC cells were lysed using the kinase lysis 

buffer (50 mM HEPES-KOH pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1% 

Tween-20) in the presence of 1X Halt protease inhibitor (Thermo Fisher) and 1 mM PMSF 

(Sigma). Active CDK2 complex was immunoprecipitated by incubating 300 μg of the lysate 

with 5 μg of anti-CDK2 (Santa Cruz Biotechnology, SC-6248) overnight at 4°C. Normal 

mouse IgG1 (Cell Signaling Technology, 5415) was used as a control. Protein G agarose-

beads were added to each IP samples and incubated up to 4 hour at 4°C. Protein immuno-

complexes were washed three times with the kinase lysis buffer and two times with kinase 

reaction buffer (40 mM Tris-HCl pH 8, 20 mM MgCl2, 0.1 mg/mL BSA, 50 μM DTT). 

Kinase reactions were carried out in 100 μL of kinase buffer in the presence of 100 μM ATP 

and 0.5 μg of RB protein as substrate by gently shaking at room temperature up to 30 min. 

The resulting phosphorylated RB protein was detected by immunoblotting using anti-p-Rb 

(S807/S811) antibody (Cell Signaling Technology, 8516S).
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Cell proliferation assay

Cell proliferation following different treatments was determined using chemiluminescent 

BrdU ELISA kit (Roche, 11669915001) as described by the manufacturer. Luminescence 

was read on a Biotek Synergy 2 plate reader.

FuCCI (fluorescent, ubiquitination-based cell-cycle indicator) analyses

ES-FUCCI, a gift from Pierre Neveu (Addgene plasmid #62451), was transfected into 226 

cell line using Lipofectamine 3000 Reagent (Invitrogen, LSL3000001) by manufacturer’s 

protocol. Transfected cells were selected using Hygromycin and sorted with FACSAria to 

generate a homogeneous population. The FUCCI activity was determined by flow-cytometry 

detecting the GFP and RFP signals simultaneously.

Drug screen

IncuCyte S3 Live-Cell Analysis System (Essen Biosciences) was utilised for live cell 

analysis. Primary PDAC cells were labelled with H2B-GFP and seeded in 384-well 

collagen-coated plates. Cells were treated with DMSO or palbociclib (100 nM) for 24 hours 

prior to library screen of over 300 cancer drugs at 100 nM. Two phase and fluorescent 

images per well were captured hourly for 72 hours at 10× magnification. Essen Bioscience 

software was used to quantify number of cells per well and normalised to DMSO-treated cell 

proliferation. Data were exported to Prism 7 (GraphPad) for statistical analyses.

Gene expression analysis

RNA was isolated from cells or snap frozen tumour tissue using RNeasy Plus Kit (Qiagen). 

Resultant RNA was employed for RNA sequencing using previously described procedures.
31 To selectively evaluate the expression within the PDX tumour tissue and exclude reads 

from the mouse genome, the alignment of reads was performed over a combined genome, so 

that human selective reads were captured. Triplicate reads were grouped by cell lines or 

respective PDX model, then normalised using the package edgeR. Log fold-changes and 

Student two-tailed t-test p-values (assuming equal variance) were calculated for each 

treatment from the normalised reads. Volcano plots used cut-offs for log fold change as 

specified in the figure legends. Genes that were upregulated and downregulated in the palbo-

ciclib+tramentinib condition were used for gene ontology analysis using ENRICHR 

(amp.pharm.mssm.edu/Enrichr/). Gene set enrichment analysis was performed as previously 

published. For the analysis of TCGA analyses, expressed genes in palboci-clib+tramentinib 

related to immune function and cell cycle were applied to the pancreatic cohort and clustered 

based on k-means. Kaplan-Meier analysis for overall survival comparing the clusters was 

performed using the survival package in R.

Immunohistochemical, multispectral imaging

Immunohistochemistry on mouse tissues was performed using standard procedures with 

antibodies and dilutions indicated CD8 (ab209775–1:1000) opal 540 nm 1:300, CD163 

(ab182422–1:250) opal 620 nm 1:300 and Ki67 (RM-9106S1–1:150) opal 690 nm 1:100. 

Staining was performed on a Leica auto-stainer. Multispectral panels including the above 

antibodies were developed and images captured on a Vectra Polaris Instrument (Perkin 
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Elmer). Phenotype counts were determined using InFORM software (Perkin Elmer) 

according to the manufacture’s protocol.

Mice and patient-derived xenografts

NSG (Jackson Laboratories) mice were maintained in the University of Arizona animal care 

facility. Mice were both male and female and used between 10 and 20 weeks of age for 

engraftment. All animal care, treatment and sacrifice were approved by the University of 

Arizona Institutional Animal Care and Use Committee (IACUC) in accordance with the 

National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. 

Mice were implanted subcutaneously with early passage PDX tumour fragments that have 

never been placed into culture as we have published.2831 When tumours reached a volume of 

~200 mm3, they were randomised to treatment cohorts such that the starting volume across 

the cohorts was similar. Mice were treated for 3 weeks by gastric gavage with single agent or 

a combination. Palbociclib (PD-0332991, 100 mg/kg) diluted in 50 mM lactate buffer at pH 

4.0, trametinib (0.5 mg/kg) diluted in 0.5% hydroxypropyl cellulose and 0.2% tween 80. 

Mice were treated daily for 5 days, followed by a 2-day break during first week, and then 

every other day during second and third weeks for a total treatment time of 3 weeks as 

previously published.32 Tumour size was assessed every 2 days using digital callipers. 

Tumour measures were carried out independently by multiple laboratory members. 

Progression on therapy was indicated by a 50% increase in tumour volume while on 

treatment. Progression-free survival was analysed in Prism (Graph-Pad).

Syngeneic tumour model

C57BL/6J mice were subcutaneously injected with 4662 cells (3×106/mouse). All animal 

care, treatment and sacrifice were approved by the University of Arizona and Roswell Park 

Cancer Center IACUC in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals. When tumour volumes reached 150 mm3, mice were randomised to the 

following treatment groups that include (a) palbociclib (100 mg/kg) diluted in 50 mM lactate 

buffer, pH 4.0 was administered orally for 5 days during the first week followed by a 2-day 

break and then administered orally (75 mg/kg) during the second and third weeks; (b) 

trametinib (0.5 mg/kg) was diluted in in 0.5% hydroxypropyl cellulose and 0.2% tween 80, 

was administered orally for 5 days per week and the treatment continued up to 3 weeks; (c) 

in the combination arm palbociclib (100 mg/kg) and trametinib (0.5 mg/kg) were diluted in 

50 mM lactate buffer, pH 4.0 and administered orally for 5 days during the first week 

followed by a 2-day break and then palbociclib (75 mg/kg) in combination with trametinib 

(0.5 mg/kg) was administered every other day orally during the second and third weeks. The 

anti-PD-L1 Clone 10F.9G2 (BioX-Cell, BE0101) was prepared in the dilution buffer (pH 

6.5) (BioXcell, IP0065) and administered by intraperitoneal injection for every other day 

(200 μg/mouse, 3 times/week) up to 3 weeks. In vivo MAB rat IgG2b isotype (Bioxcell, 

BE0090) was used as a negative control. Tumours were measured every other day with 

calliper and volume was calculated with the following equation: V=0.5 ((greatest diameter) 

x (shortest diameter)2). Body weight was measured every other day. All the treatments lasted 

for 21 days or until tumour volumes reached 2000 mm3. In mice where the tumour 

completely regressed, treatment was ceased and the mice were monitored up to 30 days for 

tumour outgrowth. At the end of 30th day, mice were rechallenged with 3×105 4662 cells 
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and the tumour growth were monitored up to 45 days. Orthotopic models were performed as 

previously published,33 mice were randomised at ~100 mm3 as determined by MRI.34

Replicates and mouse numbers

All mouse studies involved at least five tumour-bearing mice, unless otherwise specified (eg, 

exceptional responders). The RNA sequencing analysis is from at least three independent 

cell culture or at least three independent PDX models. All biochemical studies have been 

replicated and include internal controls for the validation of results. Immunohistochemical 

staining was confirmed on multiple tissue sections and independent regions of interest 

employed for quantification.

Single-cell sequencing and analysis

C57BL/6J mice harbouring 4662 tumours were sacrificed on treatment and dissociated by 

mincing and digestions with liberase (Sigma # 541020001) (2×15’). Resultant cells were 

stained with antimouse CD45 BUV395-conjugated antibody (BD Biosciences, 564616) and 

viability dye eFluor780 (Thermo Fisher,65–0865-14) and subjected to sorting. Single-cell 

libraries were generated using the 10X Genomics platform. Cell suspensions were first 

assessed with Trypan Blue using a Countess FL automated cell counter (ThermoFisher), to 

determine concentration, viability and the absence of clumps and debris that could interfere 

with single-cell capture. Cells were loaded into the Chromium Controller (10X Genomics) 

where they were partitioned into nanoliter-scale Gel Beads-in-emulsion with a single 

barcode per cell. Reverse transcription was performed and the resulting cDNA amplified. 

The full-length amplified cDNA was used to generate gene expression libraries by 

enzymatic fragmentation, end-repair, a-tailing, adapter ligation and PCR to add Illumina 

compatible sequencing adapters. The resulting libraries were evaluated on D1000 screentape 

using a TapeStation 4200 (Agilent Technologies), and quantitated using Kapa Biosystems 

qPCR quantitation kit for Illumina. They were then pooled, denatured and diluted to 300pM 

with 1% PhiX control library added. The resulting pool was then loaded into the appropriate 

NovaSeq Reagent cartridge and sequenced on a NovaSeq6000 following the manufacturer’s 

recommended protocol (Illumina). The raw sequencing data were processed using Cell 

Ranger software with mouse mm10 reference genome.35 The filtered gene-barcode matrices 

which contain barcodes with the Unique Molecular Identifier counts that passed the cell 

detection algorithm were used for Seurat single-cell data analysis R package.36 Cells with 

low RNA features (<200) or high RNA feature (>5000) or high mitochondrial RNA contents 

(10%) were filtered out from the analysis. These filters resulted in the following cell counts 

for each treatment: vehicle control (n=8509 cells), palbociclib+trametinib (n=1065 cells) and 

palbociclib+trametinib+anti-PD-L1 (n=8639 cells). Data from all samples were merged and 

normalised using the SCTransform. Dimension reductions (PCA and UMAP) using the 

highly variable genes were calculated for clustering analysis using the first 30 principal 

components resulting in 12 clusters. The SingleR package was utilised to identify the 

predominant cell types. The Seurat soft-ware package was used to generate gene expression 

analysis based on treatment conditions. RNA velocity analysis were carried out using 

velocyto R package.3738
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RESULTS

In spite of genetic features that would be expected to yield sensitivity to CDK4/6 inhibitors, 

pancreatic cancer cell lines are surprisingly resistant to this treatment.1632 To systematically 

define cooperating agents, we carried out live cell imaging-based drug screens where the 

suppression of proliferation is directly monitored by evaluating cell number (online 

supplementary figure 1A and S1). In this screen, MEK inhibitors were highly enriched for 

cooperating with the CDK4/6 inhibitor palbociclib. Validation studies with the MEK 

inhibitor trametinib demonstrated that these effects are due to cooperation relative to cell-

cycle inhibition as determined by BrdU incorporation (figure 1B). Furthermore, dose 

response analysis showed that the drug interaction is synergistic as determined by Bliss 

analysis in multiple patient-derived cell models2431 that reflect genetic variability of 

pancreatic cancer (figure 1C and D, and S1). To interrogate the mechanisms related to 

response, initially we evaluated how CDK4/6 inhibition may impact on features of signalling 

downstream from KRAS (online supplementary figure S1). These data showed that CDK4/6 

inhibition had no effect related to canonical signalling through ERK, AKT or MTOR 

pathways as determined by phosphorylation of ERK, AKT and S6, respectively (online 

supplementary figure S1). However, treatment with trametinib resulted in expected 

suppression of ERK activity and in several models also suppressed activity through the 

MTOR and AKT pathways (online supplementary figure S1), as has been recently reported 

in other RAS-driven tumours.17 To determine the features of therapeutic cooperation, we 

interrogated canonical determinants of cell-cycle control. Treatment with CDK4/6 inhibitors 

lead to the adaptive upregulation of cyclin D1 and cyclin E in the pancreatic cancer cell lines 

(figure 1E), consistent with prior findings.3239 These adaptive features of CDK4/6 inhibition 

were ameliorated with the combined treatment with trametinib that yielded potent blockade 

of RB phosphorylation and suppression of cyclin A expression (figure 1E). Flow cytometry 

analysis using an FUCCI reporter for APC/CDH1 and SCF/SKP2 activity was used to 

determine the action of drug treatment on cell-cycle regulatory activities. These data showed 

that the combination of CDK4/6 and MEK inhibition yielded a potent suppression of SCF/

SKP2, yet APC/CDH1 remained active during the G1 arrest (online supplementary figure 1F 

and S2). In parallel with these results, we found that MEK inhibition induced p27Kip1 

(online supplementary figure S2), which is an important determinant of response to CDK4/6 

inhibition.10 While CDK4/6 inhibition had a modest effect on CDK2 activity, MEK 

inhibition cooperated with CDK4/6 inhibition to decrease CDK2 kinase activity (figure 1G 

and online supplementary figure S2). The coordination between CDK4/6 inhibition and the 

suppression of CDK2 activity is critically important for the cytostatic action of CDK4/6 

inhibitors.4041 Consistent with the effects on CDK2 and RB activity, gene expression 

analysis illustrated significant suppression of E2F-target genes in multiple cell models with 

the combination treatment (figure 1H). Thus, these data support the impact of 

simultaneously targeting both a KRAS effector pathway (MEK1/2) and cell cycle (CDK4/6) 

to elicit pronounced cell-cycle exit.

We utilised a panel of pancreatic cancer PDX models to delineate in vivo response to 

CDK4/6 and MEK inhibition. These models have been sequenced2831 and exhibit genetic 

drivers consistent with the clinical diversity of PDAC (figure 2). In specific models, 
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treatment with single-agent MEK or CDK4/6 inhibitor had a transient impact on tumour 

growth (figure 2A and B). However, the combination significantly reduced tumour growth. 

Across the panel of individual 10 PDX models (n=368 individual tumours), we found that 

the combination significantly increased progression-free survival relative to CDK4/6 

inhibition alone (figure 2C). However, with the cessation of therapy at 21 days, tumours 

progressed indicating the reversible cytostatic nature of the treatment. These responses were 

associated with enhanced suppression of the Ki67 proliferation marker by 

immunohistochemistry, and the repression of E2F-target genes by RNA sequencing (figure 

2D and E). Notably, in the PDX models (as in the cell models), the combination treatment 

limited phosphorylation of RB, and the expression of cyclin D1 and E (online supplementary 

figure S3). Together, this work shows that the combination with CDK4/6 and MEK 

inhibition provides a putative therapeutic opportunity for the treatment of PDAC that is 

associated with profound cell-cycle exit.

In order to understand means to expand on the cytostatic efficacy of the CDK4/6 and MEK 

inhibitor combination, we evaluated RNA sequencing data from treated PDAC models. In 

cell culture models, we found that the combination of CDK4/6 and MEK inhibition elicited 

both the consistent suppression of genes, and also induced an equivalent number of genes 

(figure 3A). While the suppressed genes were strongly associated with cell cycle, the 

upregulated genes were associated with antigen presentation and features of interferon 

signalling (figure 3A and B and online supplementary figure S4). This signature of immune 

response is similar to that observed either with single-agent MEK or CDK4/6 inhibition in 

other models.264243 In particular, we observed that the combination induced the expression 

of multiple MHC genes (eg, HLA-A, HLA-C) and genes involved in interferon signalling 

(eg, STAT2 and IRF9) (online supplementary figure 3C and S4). The induction of immune-

related proteins was dependent on the presence of RB, as the 7310 cell line which is RB-

deficient31 failed to elicit this response (online supplementary figure S4). These findings 

were further supported through the use of CRISPR-mediated deletion of RB in the 3226 cell 

line. In this context, both the transcriptional repression and gene activation observed with 

palbociclib and trametinib treatment are mitigated (figure 3D). Further evaluating 

independent treatments illustrated that MEK inhibition suppresses canonical target genes 

(eg, DUSP6 and ETV1), as well as cell cycle (eg, CCNA2 and PLK1), while eliciting the 

induction of the genes associated with interferon response and antigen presentation (figure 

3E). In this context, the suppression of MEK genes is RB independent, while cell cycle and 

induced genes require RB, as noted by the RB-deficient cell line 7310 (online supplementary 

figure 3E and S4). The observed changes in gene expression induce secretion of CCL5 and 

CXCL10 that are downstream from interferon signalling and associated with enhanced T-

cell infiltration (online supplementary figure S5). Gene expression findings were also 

recapitulated in PDX models (online supplementary figure 3F and S5), where tumour 

selective transcripts were evaluated through the use of a hybrid mouse/human genome.44 

The interferon-like response has been suggested to represent a senescence-associated 

secretory phenotype (SASP). However, in our data, there was no induction of IL6, IL8 and 

IL1β and little positive enrichment for the classical SASP signature (online supplementary 

figure S6). In addition to MEK inhibition, MTOR inhibitors can cooperate with CDK4/6 

inhibitors in driving cell-cycle exit.32 The TORC1/2 inhibitor TAK228 results in potent 

Knudsen et al. Page 8

Gut. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cooperation with CDK4/6 inhibition in the suppression of cell-cycle-regulated genes in PDX 

models and cell lines (online supplementary figure S7). However, the combination of 

palbociclib and TAK228 did not recapitulate the induction of the antigen-presentation genes 

(online supplementary figure S7). These data validate that the combination of CDK4/6 and 

MEK inhibition is distinct in mediating both profound cell-cycle exit and immunological 

response features in pancreatic cancer models. It has been reported in several tumour types 

that there is an inverse relationship between cell cycle and interferon-related gene expression 

signatures.45 Using TCGA data, we found that those tumours with high-index for 

proliferation, but low for immune response are associated with poor prognosis (figure 3G 

and H and online supplementary figure S8). Thus, in principle, shifting the transcriptional 

programme toward that induced by MEK and CDK4/6 inhibition would be associated with 

improved survival coupling dual biological effects.

To functionally assess how the combination of CDK4/6 and MEK inhibition impacts on the 

immune system, we employed a syngeneic pancreatic cancer model derived from the KPC 

mouse model (the 4662 model).29 This model is highly aggressive and neither CDK4/6 

inhibition nor MEK inhibition alone had a significant impact on either cell growth or tumour 

growth in C57BL/6J mice (figure 4A and B). However, consistent with the findings in the 

patient-derived models, the combination treatment with MEK and CDK4/6 inhibition 

delayed the progression of this model, although even within 14 days there was tumour 

growth on treatment (figure 4B). To define how CDK4/6 and MEK inhibition impacts on the 

immunological tumour microenvironment and immune-checkpoint inhibitor therapy, single-

cell sequencing was performed. Mice bearing established 4662 tumours were treated with 

palbociclib and trametinib, or a triple combination with anti-PD-L1. The triple combination 

was well-tolerated based on mouse weight (online supplementary figure S9) and minimal 

systemic effects on the bone-marrow of the mice (not shown). Tumours from all treatment 

groups were dissociated and the CD45+ fraction was isolated by fluorescent-activated cell 

sorting (figure 4C). Single-cell RNA sequencing was performed using the 10x chromium 

method. Consistent with the enrichment approach, all cells were positive for the CD45 gene 

(PTPRC) irrespective of treatment (figure 4C). Dimensional clustering algorithms were 

applied to all cells that passed quality-control metrics (n=27 784) and defined 12 populations 

of cells that capture lymphoid, myeloid, monocytic and B-cell components of the tumour 

(figure 4D and online supplementary S10). The myeloid compartment was defined by 

classical phenotyping markers (CD33, S100A8 and ITGAM), with two dominant myeloid-

macrophage populations (clusters 0 and 2) (figure 4E). Treatment with palbociclib and 

trametinib lead to a switch in the dominant myeloid-macrophage population present in the 

control tumours (figure 4F and G). Specifically, the myeloid-macrophages were suppressed 

for immediate early genes (eg, EGR1, JUNB, ETS2 and FOS) that are downstream from 

MEK/ ERK signalling.46 These findings were accompanied by downregulation of PTGS2, 

VEGFA and MMP9 that are associated with immune-suppressive M2-like macrophages 

(figure 4H and online supplementary S10).47 The observed changes were also apparent 

when all cells were interrogated based on treatment (online supplementary figure S11). 

Concordantly, with treatment there was induction of genes associated with iron-metabolism 

(FTL1 and FLH1) and macrophage functions (BNIP3L and CTSD) that are typically 

associated with immune-activating M1-like macrophages (figure 4H).47 Additionally, top-
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induced genes included CCL3, CCL4 and CCL6 that are involved in T-cell, dendritic cell, B-

cell and NK-cell infiltration (figure 4H). This shift in macrophage populations was also 

observed in tumours treated with the triplet that includes anti-PD-L1 (figure 4G and H and 

online supplementary figure S10). Across treatments, there was only a modest alteration in 

the neutrophil population (cluster 3).

The lymphoid compartment of the tumour encompassed multiple subtypes of T-cells and NK 

cells (cluster 8) as indicated by conventional markers (figure 5A and B, online 

supplementary figure S12). The lymphoid populations were clearly enhanced with both 

CDK4/6 and MEK inhibition as well as the triplet combining these inhibitors with anti-PD-

L1 (figure 5C). The most common CD8+ T-cell population (cluster 1) almost doubled with 

treatment of palbociclib and trametinib and was further enhanced with anti-PD-L1. This T-

cell population is GZMB and PRF1 positive, indicative of cytotoxic function. Interestingly, 

other populations were more modestly induced or did not change with the doublet (figure 

5D). This increase in T-cell infiltrate could also be clearly detected by differential expression 

analysis based on treatment (online supplementary figure S13). The inclusion of anti-PD-L1 

treatment further enhanced the T-cell infiltrate with significant increases in veritably all 

populations, most notably the NK-cell population which is also positive for TCF7 that is a 

mediator of NK activity/ survival48 (online supplementary figure 5D and S12). It is known 

that a subset of active T-cells are proliferative, and this cluster (cluster 9) did not diminish 

with treatment, but in fact increased with combined treatment (figure 5D). This was 

confirmed by multispectral imaging and single-cell feature analysis (online supplementary 

figure 5D and S14).

In the control tumours, there was a significant skewing toward myeloid infiltration, while 

treatment with CDK4/6 and MEK inhibitors increased the lymphoid infiltrate which, was 

further enhanced with anti-PD-L1 (online supplementary figure 5E and S13). To confirm 

these findings, orthotopic 4662 tumours were employed, wherein tumour burden was 

assessed by MRI. Combined anti-CD8 and CD163 multispectral imaging was employed to 

quantify T-cells versus M2-like macrophages (figure 5F). These data largely mirrored the 

findings from the single-cell sequencing of subcutaneous tumours. The monocytic 

populations were more limited in the treatment-naïve tumours, but augmented with 

treatment, as were relatively rare BATF3+ dendritic cell populations (online supplementary 

figure S15). Velocity analysis suggests that the monocytic pools were transiting towards the 

dendritic cell populations as would be expected based on the differentiation paradigm 

(online supplementary figure S14). In addition, while limited, the number of B-cells within 

the tumour increased with the triple combination. Together, these data suggest an overall 

enhancement of immune response with CDK4/6 and MEK inhibition, which is further 

stimulated with immune checkpoint inhibition.

The 4662 syngeneic model is largely resistant to single-agent anti-PD-L1 treatment 

consistent with other studies;29 however, the combination of CDK4/6 and MEK inhibition 

with anti-PD-L1 was highly effective yielding regression of the tumour (online 

supplementary figure 5G and S16). The combination of both CDK4/6 and MEK inhibitor 

was required for the cooperation with anti-PD-L1, as neither treatment alone provided 

pronounced disease control (online supplementary figure S16). In exceptional cases, 
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tumours became undetectable and were followed for long-term tumour and resistance to 

subsequent challenge was also observed (online supplementary figure S16). To confirm the 

antitumour activity, orthotopic models where also employed (figure 5H). Mice were 

randomised to treatment groups, and as in the subcutaneous models, there was more 

profound disease control with the triplet combining CDK4/6 and MEK inhibitors and anti-

PD-L1 (figure 5H). To interrogate the significance of the CD8+T cells for this therapeutic 

response, mice were coordinately treated with anti-CD8, which depleted CD8+ cells in the 

tumour microenvironment (online supplementary figure S16), and reversed the impact of 

anti-PD-L1 (figure 5H). Together, these studies underscore the potency of combining 

targeted and immunotherapy for the treatment of PDAC and illuminate previously 

unrecognised contributions of targeted therapies on the tumour-immune microenvironment.

DISCUSSION

As pancreatic cancer represents a therapy recalcitrant disease, combinatorial means to cancer 

treatment will assuredly be required. While CDK4/6 inhibitors have been found to be 

effective in ER+breast cancer and FDA-approved for that indication, clinical advances in 

additional indications have yet to mature.40 Pancreatic cancer is driven by activated KRAS 

and CDKN2A loss; thus, it would be expected that CDK4/6-inhibition would have dominant 

effects. The data herein reinforce the finding that cell-cycle plasticity enables escape from 

CDK4/6 inhibitors. However, in unbiased drug screens, MEK inhibitors emerged as key 

cooperative agents to block that plasticity and couple CDK4/6 inhibition to the activation of 

RB, suppression of CDK2 and repression of E2F target genes. These interactions are 

synergistic in cell culture and highly potent in all PDX models tested derived from 10 

different patients. While the combination is highly effective, with cessation of treatment 

cells re-enter the cell cycle (not shown) and tumours ultimately progress. Additionally, in 

very fast-growing tumours for example, 4662 model, progression occurs on therapy and 

reinforces the need for an adjuvant strategies to complement the cell-cycle inhibition.

In evaluating the effect of CDK4/6 and MEK inhibition on gene expression, we observed a 

large number of genes that are repressed or activated and could yield a specific vulnerability 

beyond the cell cycle. For example, there is potent suppression of EZH2 and additional 

chromatin modifiers as well as inhibition of DNA repair mechanisms that could confer 

sensitivity to diverse therapeutics. A noted feature of the response to CDK4/6 and MEK 

inhibition is the upregulation of interferon and antigen presentation that has been observed 

in other tumour types.2749 This signature is related to cell-cycle arrest and is RB dependent; 

however, whether it is related to senescence is unclear in this setting. The gene expression 

analysis of cell lines occurred at 48–72 hours before the morphological changes associated 

with senescence, additionally the signature defined here shares little similarity with the 

classical SASP signature defined in replicative senescence.2650 Additionally, while the 

combination of CDK4/6 and MTOR inhibitors induces potent cell-cycle arrest, the induction 

of immune-related pathways is not present. We favour the model that aberrant chromatin/

transcripts elicited as a consequence of RB activation in the presence of oncogenic signals 

drive the interferon-like response, which is highly related to that mediated by knockdown of 

EZH2 or loss of DNMT1 which are both repressed with MEK and CDK4/6 inhibition.2651 

Irrespective of these mechanistic nuances, the induction of immunological gene expression 
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and cell-cycle inhibition are dependent on RB. From genetic analysis in both resected and 

metastatic pancreatic cancer, RB loss is relatively infrequent (<3%).5253 Therefore, the 

treatments herein could be relevant to the majority of PDAC cases and potentially germane 

to a number of RAS-driven tumours that retain the RB tumour suppressor (eg, lung 

adenocarcinoma and colorectal cancer).

The impact of targeted agents on the immune system is becoming progressively important 

with the success of immune-checkpoint therapies. Since both MEK and CDK4/6 have 

important roles in hematopoiesis understanding the intersection with the immunological 

milieu within the tumour is clearly significant.54 Using single-cell sequencing of CD45+ 

cells provided a highly detailed analysis of the immune repertoire in a KPC-based tumour 

model. These tumours are dominated by myeloid populations, which is consistent with data 

from mouse models and clinical pancreatic cancer cases.2455 Treatment with CDK4/6 and 

MEK inhibition had a pronounced effect on the immune cells within the tumour with the 

most notable changes occurring within the myeloid-macrophage population. In this context, 

the combinatorial treatment limited immediate early genes that are associated with 

angiogenesis and protumourigenic elements of M2-macrophages. These changes were 

linked to the acquisition of a macrophage population that exhibited enhanced iron-

metabolism and chemokine secretion promoting recruitment of lymphocytes and antigen-

presenting cells. These proximal alterations on immediate early signalling were associated 

with increased recruitment of selected T-cell populations. Importantly, the combination 

treatment with CDK4/6 and MEK inhibitors did not suppress the proliferative T-cell 

population within the tumour microenvironment. This finding is consistent with the 

observation that CDK4/6 inhibition can stimulate NFAT activity to promote as opposed to 

inhibit T-cell activation and yield limited effects on proliferation;56 in this cellular context 

p38 or other kinases could be initiating RB-phosphorylation which remains poorly 

understood.57 However, anti-PD-L1 was required for potent engagement of NK populations 

into the tumour. These data are consistent with the cooperative effect of CDK4/6-MEK 

inhibition with anti-PD-L1. This cooperation was T-cell mediated as anti-CD8 treatment 

limits the effectiveness of therapy. Furthermore, in mice that were cured by the triplet 

therapy, there was subsequent antitumour immunity. These data suggest that the targeted 

therapies utilised herein can serve as a significant adjunct to immune-checkpoint inhibition 

in RAS-driven tumours.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance of this study

What is already known on this subject?

• Pancreatic cancer is a therapy recalcitrant disease largely resistant to the 

effects of CDK4/6 and MEK inhibitors.

• Combination therapies can elicit more potent effects to limit therapeutic 

resistance that emerge commonly in pancreatic cancer.

• Immune checkpoint inhibitors are largely ineffective in the context of 

pancreatic cancer.

What are the new findings?

• MEK inhibition cooperates with CDK4/6 inhibition to limit cell-cycle 

plasticity and invoke stable cell-cycle arrest in patient-derived models of 

pancreatic cancer.

• The combination of MEK and CDK4/6 inhibition induces interferon and 

antigen presentation genes in a cell autonomous fashion in the tumour 

compartment.

• The treatment with MEK and CDK4/6 inhibitors has a profound impact on 

the myeloid and T-cell populations within the tumour compartment.

• The combined targeting of signalling pathways elicits sensitivity to anti-PD-

L1 therapy in immune competent models.

How might it impact on clinical practice in the foreseeable future?

• These studies support the use of MEK and CDK4/6 inhibitors to change the 

tumour microenvironment to drive sensitivity to anti-PD-L1 therapy that can 

be tested in clinical trials.
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Figure 1. 
Cooperation between MEK and CDK4/6 inhibition in PDAC cell model. (A) The 3226 

pancreatic cancer cell line, expressing H2B-GFP was treated with palbociclib (100 nM)±the 

indicated MEK inhibitors (250 nM) and relative proliferation was determined by live cell 

imaging. Representative data from the screen is shown in the growth curve. Statistical 

significance was determined by Student t-test (two-sided) ***p<0.001, mean and SD are 

shown. (B) Relative BrdU incorporation was determined following 48 hours exposure to 

palbociclib±trametinib at the indicated concentrations in the 3226 cell line. Statistical 
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significance was determined by Student t-test (two-sided) ***p<0.001 relative to the single 

agents, mean and SD are shown. (C) The genetics of the employed cell models are 

summarised in the oncoprint (somatic single nucleotide variant: green, homozygous 

deletion: blue, small insertion/deletion: orange, amplification: red). (D) Isobologram 

analyses were performed as indicated in the heatmaps of relatively CDK4/6 inhibitor 

sensitive (519) and resistant (3226) models. Heatmaps represent relative BrdU incorporation 

after 48 hours treatment and synergy was determined by the BLISS method. (E) Immunoblot 

analysis of the indicated cell-cycle proteins in 519, 3226, 827 and 1222 cell lines that were 

treated with palbociclib (100 nM)±trametinib (100 nM) for 48 hours. Data representative of 

multiple experiments is shown. (F) 226 cells were labelled with FUCCI and treated with 

DMSO, palbociclib (200 nM), trametinib (50 nM) and combination for 48 hours prior to 

flow cytometry analysis. Cells were counter stained with DAPI for DNA content. Panel 

shows GFP (APC/CDH1-inhibition) on Y-axis and RFP (SCF/ SKP2-inhibition) on X-axis. 

Graph shows quantitation of RFP to GFP ratio of indicated treatments. *P-value<0.05, **p-

value<0.01 Student t-test (two-sided), mean and SD are shown. (G) In vitro CDK2 kinase 

assays were performed in 519, 1222 and 3226 cell lines following the treatment with 

palbociclib (100 nM)±trametinib (100 nM). Specific kinase activity was determined based 

on the phosphorylation of an exogenous RB substrate at S807/811 and the band intensities 

were quantified. Representative blot images (interspersed lanes have been cropped as 

indicated) and mean and SD are shown (*p<0.5, **p<0.01, as determined by Student t-test 

two-sided). (G) Heatmap showing the log-fold change of the indicated cell-cycle regulatory 

genes from cells treated with palbociclib alone or the combination with trametinib. The RNA 

sequencing was performed in triplicate. PDAC, pancreatic ductal adenocarcinoma.
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Figure 2. 
Cooperation between MEK and CDK4/6 inhibition in PDX models of pancreatic cancer. (A) 

The indicated PDX models were treated with vehicle, palbociclib or trametinib and the 

combination. The tumour volume was measured by calliper and the relative tumour volume 

for the cohorts is plotted as a function of time (*p<0.05, **p<0.01, ***p<0.001, Student t-

test two-sided). There are at least five mice per condition. (B) Additional PDX models were 

treated with vehicle, palbociclib or palbociclb+trametinib combination. The relative tumour 

volume for the cohorts is plotted as a function of time (*p<0.05, **p<0.01, ***p<0.001, 

Student t-test two-sided). There are at least five mice per condition. (C) 10 different PDX 

models with the genetic features summarised in the oncoprint were treated with vehicle 
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(n=90), palbociclib (n=101) or palbociclib+trametinib (n=97). Progression-free survival 

(where progression represents a 50% change in tumour volume) is plotted. Treatment was 

for 21 days (marked by dashed line), and subsets of animals were followed with the 

cessation of therapy (***p<0.001 determined by log-rank test). (D) Immunohistochemical 

staining for Ki67 in three different PDX models treated with palbociclib or the combination 

with trametinib. Representative fields are shown (scale bar=100 μm) (E) Expression of the 

indicated cell-cycle regulatory genes is shown from the panel of treated 10 PDX models. For 

each PDX model, RNA sequencing was performed in triplicate and the Log2FC was 

determined. The average Log2FC is graphed for each of the indicated genes involved in 

DNA replication (top panel) or mitosis (bottom panel). The box and whisker plot shows 

minimum, first quartile, median, third quartile and maximum.
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Figure 3. 
Induction of immunological genes in an RB-dependent manner in PDAC models treated 

with MEK and CDK4/6 inhibitors. (A) Common genes significantly induced or repressed in 

palbociclib and trametinib-treated cell lines were determined using an average log 2 fold-

change greater than 1 and a false-discovery rate less than 5% were considered to be 

differentially expressed. The blue symbols denote repressed cell-cycle genes and the red 

symbols denote induced genes associated with the immune system. (right panel) Heatmap 

comparing the log 2 fold change of genes related to immune function (red-colour bar) and 
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cell cycle (blue-colour bar) in palbociclib+trametinib-treated cell PDAC cell line models. 

(B) Top gene ontology terms related to the immune system and cell cycle ranked based on p-

value. (C) Relative mRNA expression of palbociclib (green) and palbociclib+trametinib 

(orange) treated cells for a subset of genes related to antigen presentation and Interferon 

signalling (*p≤0.05,**p≤0.01, ***p≤0.001,****p≤0.0001, determined by Student t-test two-

sided, the average and SD are shown). (D) qRT-PCR for the immune-related genes were 

performed in 3226 cell line with CRISPR-mediated deletion of RB treated with palbociclib

+trametinib (*p<=0.05,**p<=0.01,***p<=0.001, determined by Student t-test two-sided, the 

average and SD are shown). (E) Heatmap showing the log fold change of representative 

MEK target genes (red colour-bar), cell cycle (blue colour-bar) and immune function (green 

colour-bar) with the indicated treatments across cell line models. (F) Heatmap showing the 

log fold change of representative MEK target genes (red colour-bar), cell cycle (blue colour-

bar) and immune function (green colour-bar) with the indicated treatments across PDX 

models. (G) Heatmap showing K-means clustering of TCGA pancreatic cancer cohort based 

on significant genes altered with palbociclib+trametinib treatment related to immune 

function (red colour-bar) or cell cycle (blue colour-bar). Pearson correlation between cluster 

1 and cluster 2 with a negative correlation of −0.48 and significance p<2.2e−16. (H) Kaplan-

Meier analysis for overall survival comparing cluster 1 and cluster 2 from the heatmap. 

PDAC, pancreatic ductal adenocarcinoma.
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Figure 4. 
Impact of CDK4/6 and MEK inhibition on the tumour microenvironment. (A) The KPC-

derived 4662 cell line labelled with H2B-GFP was treated with palbociclib, trametinib or the 

combination. Cellular proliferation was determined using IncuCyte live cell imaging over 

the indicated time frame (***p<0.001, by Student t-test relative to the single-agent controls). 

(B) The 4662 model was introduced into C57BL/6J mice subcutaneously, mice were 

randomised at approximately 200 mm3 and tumour volume was measured by callipers with 

mice on treatment (***p<0.001 for the combination relative to vehicle control by Student t-
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test). (C) Schematic workflow for the single-cell sequencing. Feature plots denote the 

expression of PTPRC (CD45 gene) in all of the captured cells with treatment. (D) All of the 

cells from the treated mice were filtered for quality and clustered using Seurat software in 

the dimension plot. The general clustering of different immunological subtypes is indicated. 

(E) The violin plots denote gene markers associated with myeloid, neutrophil and 

macrophage populations. (F) Seurat heatmap identifying top differences between the 

myeloid clusters (0, 2 and and representative feature plots are shown). (G) Distribution of 

cells in the indicated myeloid clusters, changes in clusters 0 and 2 with treatments are highly 

significant by χ2statistic (***p<1E−100). (H) Genes differentially expressed in cells 

between clusters 2 and 0 are highlighted in the violin plot (all genes are highly significant 

between the clusters p<1E−5).
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Figure 5. 
Cooperation between CDK4/6-MEK inhibition and immune-checkpoint inhibition. (A) 

Predominant T-cell clusters were defined using feature plots of classical markers. (B) Violin 

plots demonstrating the expression of the indicated markers across the lymphoid clusters. 

(C) Dimension cluster plots illustrating the accumulation of T-cell (clusters 1, 5, 6, 9, 10) 

and NK (cluster 8) populations with the indicated treatments. (D) Quantitation of cells 

present in each of the T-cell and NK cell clusters is shown. Changes indicated are 

statistically significant as determined by χ2 analysis (p<1E−10). (E) Myeloid to lymphoid 

Knudsen et al. Page 25

Gut. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relationship as determined by single-cell sequencing analysis is presented in the pie-charts. 

(F) Orthotopic tumours were monitored by MRI with representative axial T2-weighted 

magnetic resonance image showing engrafted 4662 tumour model (outlined in yellow) in the 

pancreas. Representative multispectral staining of orthotopic tumours treated with the 

indicated regimens (CD8-yellow, CD163-red). The percent of CD8+ cells in multiple 

independent regions of interest is displayed in the inset. CD163 to CD8 relationship as 

determined by multispectral imaging of orthotoopic tumours is presented in the pie-charts. 

(G) Mice harbouring subcutaneous tumours were treated as indicated. The mean and SD are 

shown with at least five mice per treatment group. (H) Orthotopic tumours were treated with 

the indicated regimens where anti-CD8 was employed to neutralise the T-cell response in the 

triplet combination. Mice were sacrificed with 21 days of treatment. The mean and SD are 

shown for tumour volume. Statistical analysis is by Student t-test, **p<0.01, *p<0.05.
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