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Abstract

The uncontrolled proliferation of cancer cells has led to the development of small molecule
inhibitors to target cell cycle progression. Palbociclib, ribociclib and abemaciclib are ATP-
competitive inhibitors of cyclin-dependent kinases 4/6 (CDK4/6), which function early within the
G1 phase of the cell cycle. Recently, CDK4/6 inhibitors have gained FDA approval in post-
menopausal ER-positive/lHER2-negative breast cancer and testing in other cancer types is
underway. However, resistance to CDK4/6 inhibitors frequently develops. In addition, targeting
CDK4/6 may augment the action of immune checkpoint blockade agents. Here, we review recent
studies that provide the preclinical rationale for treatment combinations and schedules that include
CDKA4/6 inhibitors. Furthermore, we discuss inhibitor effects on tumor infiltrating lymphocytes as
a preclinical rationale for targeting CDK4/6 in combination with anti-PD-1 or anti-CTLA4
antibodies.
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Introduction

Deregulated cell cycle progression is a hallmark feature of cancer cells. The cyclin-
dependent kinases, CDK4 and CDK6 (CDK4/6), govern progression through the early G1
phases of the cell cycle. CDK4/6 are positively regulated by association with cyclins
D1/D2/D3 (1) and negatively regulated by tumor suppressors, such as p16INK4A encoded
by CDKNZA, that prevents CDK4/6 interaction with D-type cyclins. In response to
stimulatory mitogens, cyclin D-CDK4/6 complexes hyper-phosphorylate retinoblastoma
protein (RB), thereby uncoupling the latter from E2F transcription factors. Release from RB
allows for E2F-driven transcription of genes important for cell cycle progression. Due to the
critical roles both p16INK4A and RB play in regulating cell proliferation, inactivating
mutations and deletions in the genes encoding these regulators are frequent across many
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tumor types (2—4). In addition to RB, CDK4/6 also phosphorylates FOXM1, NFAT4 and
SMAD3 (5-7).

Attempts to target the cell cycle began in the early 1990s with broad targeting CDK
inhibitors, flavopiridol (8) and dinaciclib (9,10). However, results from clinical trials were
disappointing due to issues concerning low specificity and poorly informed patient selection.
Efforts to synthesize more selective CDK inhibitory compounds resulted in the development
of the orally available CDK4/6 inhibitor, PD0332991/palbociclib from Pfizer (11).
Palbociclib entered clinical trials and received breakthrough therapy designation in May
2015 and subsequent FDA approval for estrogen receptor (ER)-positive, HER2-negative
post-menopausal breast cancer patients in combination with an aromatase inhibitor or the
selective ER degrader, fulvestrant (11). Additional selective inhibitors of CDK4/6, LEE0Q11/
ribociclib (Novartis) and LY 2835219/abemaciclib (Eli-Lily), have been developed with
slightly different properties in terms of their dosing and known toxicities in clinical
applications (Figure 1). More recently, G1T28/trilaciclib (G1 Therapeutics), a short-acting,
intravenously-administered CDK4/6 inhibitor was developed specifically to preserve
hematopoietic stem cells from DNA damaging agents such as those widely utilized in
chemotherapy (12,13).

Early phase clinical trials of palbociclib, ribociclib and abemaciclib demonstrated superior
progression free survival in hormonal therapy combinations (14). In concordance with pre-
clinical data, ER positivity is currently the only marker to predict response to CDK4/6
inhibitor in breast cancer patients (15). The correlation between ER and response in the
clinic is intriguing and should be further explored especially in other cancer types. Other
intuitive biomarkers for patient selection such as p16INK4A loss and cyclin D1
amplification have not accurately predicted clinical outcomes suggesting that more reliable
markers of response are required (14). A large cell line panel screen recently identified
cancer cells with D-cyclin activating features (DCAF) but not CDKN2A loss as
determinants of response to abemaciclib inhibition (16). These features include ubiquitin
ligase FBXO31 loss, cyclin D2/D3 amplification and cyclin D1 3’UTR loss and are frequent
events in cancers that have not been extensively explored with CDK4/6 inhibitors. Future
trials evaluating patients with DCAF will provide strategies for sensitizing non-responsive
tumor (ClinicalTrials.gov: NCT03310879). Nevertheless, the success of CDK4/6 inhibitors
in the clinic suggests a requirement for these kinases during breast cancer development and
maintenance that may be relevant to the treatment of other cancer types.

Mechanisms of acquired resistance

CDKA4/6 inhibitors delay tumor progression, at least in part, by arresting cells in the G1
phase of the cell cycle and inducing senescence. While the use of CDK4/6 inhibitors in
breast cancer is relatively advanced, it is becoming clear that clinical resistance frequently
occurs in treated patients (17). Thus, tumor cells can acquire the ability to escape CDK4/6
inhibitor action. Understanding potential mechanisms of acquired resistance to CDK4/6
inhibitors can be broadly categorized as: (i) increased activity of the target e.g. CDKG®; (ii)
hyper-activation of downstream kinases such as CDK2; and (iii) activation of alternate
pathways including mammalian target of rapamycin (mTOR) signaling (Figure 2).
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Importantly, studying mechanisms of resistance to CDK4/6 inhibitors in preclinical models
requires validation in patient samples.

Alterations in the cell cycle machinery including CDK6 amplification, cyclin E1
amplification and RB1 loss have been identified in multiple tumor types including breast and
ovarian cancer cell lines (18-20). Both amplification events bypass the dependency on
cyclin D1-CDK4 signaling, while RB1 loss provides intrinsic resistance to CDK4/6
inhibitors in preclinical studies (21). Overexpression of CDK®6 or cyclin E1 were sufficient
to confer resistance to CDK4/6 inhibitors /in vitro, however, it is unclear how frequent these
amplification events occur in patient samples. Pre-clinical evidence in pancreatic ductal
adenocarcinoma also points to metabolic functions tied to the cell cycle. Franco and
colleagues showed that CDK4/6 inhibition lead to the accumulation of ATP and
mitochondria and also stimulated glycolytic and oxidative metabolism associated with
mTORC1 activity (22). Metabolic reprogramming of cancer cells by CDK4/6 inhibitors has
significant implications since cells may be primed for division after cessation of treatment.
Additionally, reactive oxygen species generated by increased metabolic activity and
mitochondrial malfunction may contribute to aberrant mutations and autophagy, a stress
tolerance mechanism (23).

Other studies have linked by-pass pathways and mTOR signaling to acquired resistance to
CDKA4/6 inhibitors. In one study, the regulator of AGC kinases, 3-phosphoinositide-
dependent protein kinase 1/PDK1, and phosphorylation of ribosomal protein S6 (RPS6)
were shown to be upregulated by short term treatment of breast cancer ex vivo explants and
patient samples (24). CDK4/6 blockade or depletion of cyclin D also increased mTORC2-
mediated AKT activity in cancer cell lines (25). Mechanistically, Zhang and colleagues
demonstrated that inactive/hyper-phosphorylated RB restrains mTORC?2 activity by
interacting with Sinl, a component of the mMTORC2 complex. Both studies highlight not
only E2F-independent functions of RB but also the potential benefits of combining CDK4/6
inhibitor with AKT inhibitors in the RB-proficient setting.

Two complementary translational studies identified genetic mutations and aberrations
associated with resistance to CDK4/6 inhibitors in cutaneous melanoma patients. The first
study analyzed longitudinal biopsies of a mutant NRAS patient and identified a PI3KCA
E545K mutation associated with tumor progression on a MEK inhibitor and CDK4/6
inhibitor combination (26). Interestingly, multi-region analysis of the pre-treated tumor
uncovered a low frequency and non-uniform distribution of the PI3KCA E545K mutation
suggesting that a pre-existing resistant population had expanded following treatment. In a
parallel collaborative study, our group identified NRAS amplification in mutant NRAS
cutaneous melanoma in xenograft models and NRAS Q61H/L mutations in mutant BRAF
melanomas patient samples treated with CDK4/6 inhibitor-BRAF pathway inhibitor
combinations (27). Functional validation showed acquired PIK3CA E545K and NRAS Q61
mutations were sufficient to confer drug resistance (27). Thus, despite different mechanisms,
activation of the mTOR-S6K-S6 pathway appears to be a common node of resistance to
CDKA4/6 inhibitor-based combinations. Furthermore, activation of the S6 pathway may
reveal a therapeutic vulnerability since inhibition of S6K or mTORC1/2 re-sensitized
resistant cells to a MEK inhibitor plus CDK4/6 inhibitor combination.
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Overall, the current understanding of determinants of response and resistance to CDK4/6
inhibitors points to heterogeneous mechanisms linked to common targetable common nodes.
Moving forward, further biopsy sampling of pre-, on- and progression samples will uncover
a more detailed repertoire of resistance mechanisms. Analysis of patient-matched circulating
tumor DNA from the PALOMA 3 phase |11 trial has uncovered RB1 mutations in a minority
of patients that may be associated with CDK4/6 inhibitor resistance (28). Such findings will
inform salvage therapeutic options in resistant patients; however, further studies are required
to optimize doses and schedules to offset toxicities. For example, it is unclear whether
mTOR inhibitors have negative effects on the immune system since these inhibitors have
historically been utilized for prevention of transplant rejection.

Requirement of CDKs/cyclins for immune cell function

Immune checkpoint inhibitors are the standard of care in some cancer types and are being
evaluated in others; thus, an important question surrounding the use of targeted therapies is
whether these agents may positively or negatively affect immune cells. In mice, CDK4
knockout leads to insulin-dependent diabetes and female mice are sterile due to abnormal
development of pancreatic p-islet cells and pituitary lactotrophs, respectively (29). By
contrast, when CDKG® is disrupted, mice develop thymic and splenic hypoplasia with effects
on hematopoietic function (30,31). These findings likely explain why abemaciclib, which is
more selective for CDK4 compared to CDKS6, can be dosed continuously without adverse
events resulting in myelosuppression. Combined knockout of CDK4 and CDKG6 in mice
leads to late embryonic lethality due to impaired erythroid proliferation (32) indicating that
prolonged inhibition of both kinases may not be well tolerated.

The cyclin binding partners of CDK4 or CDK®6 have also been implicated in immune cell
roles. Cyclin D2 is required for B lymphocyte proliferation while cyclin D3 is important for
early B and T cell differentiation and granulocyte proliferation (33,34). Downstream of
CDKA4/6 in the cell cycle, CDK2 negatively regulates forkhead box P3 (FOXP3), a
transcription factor required for the development of regulatory T cells (Tregs) (35) and
cyclin A is essential for the proliferation of hematopoietic and embryonic stem cells (36).
Given the strong evidence that suggests CDKG6 and its cyclin partners play critical roles in
regulating hematopoiesis, it is imperative for future clinical trials to monitor the effects of
CDKA4/6 inhibition on immune cell populations and function. Particularly, development of
next generation CDK inhibitors that may target CDK2, as well as CDK4/6 to circumvent
cyclin E amplification will require close monitoring for effects on the immuno-suppressive
function of Tregs.

Effects of CDK4/6 inhibition on the tumor immune microenvironment

There is increasing awareness of the role of non-malignant cells in the tumor
microenvironment in regulating tumor response to therapies. Particular attention has focused
on the infiltration and activation of different T cell populations, tumor-associated
macrophages and myeloid-derived suppressor cells that may be associated with the durable
responses observed with antibodies targeting immune checkpoints in multiple cancer types
(reviewed in (37)). Anti-cytotoxic T lymphocyte-associated protein 4 (anti-CTLA4) and
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anti-program cell death 1 (anti-PD-1) antibodies release independent negative checkpoints
on immune cells, an action that has been linked to the presence of T cells within the tumor.
Recent studies have indicated that, in addition to serving a direct effect on the tumor,
CDKa4/6 inhibitors may influence cells in the tumor immune microenvironment. These
actions can be categorized into regulation of tumor-secreted cytokines, PD-L1, MHC-1 and
T cell activity (Figure 3).

Regulation of tumor-secreted cytokines

A recognized feature of CDK4/6 inhibitor treatment is the induction of cellular senescence.
Senescent cells are metabolically active and they still produce pro-inflammatory cytokines
and pro-migratory factors, collectively termed the senescence-associated secretory
phenotype (SASP) (38). Therefore, it is possible that CDK4/6 inhibitors may enhance
immune cell infiltration through SASP. Utilizing cytokine array analysis of conditioned
media from palbociclib-treated melanoma cells, Vilgelm and colleagues observed
upregulation of chemokine (C-C motif) ligand 5 (CCL5) (39). CCLJ5, also known as
RANTES (Regulated upon Activation, Normal T Cell Expressed and Secreted) is an
inflammatory chemokine ligand for CCR3, CCR5 and CCR1 and is thought to favor T cell
infiltration (40); although other studies have shown CCL5 to be involved in immune-evasion
(41). Mechanistically, the IKK-NFxB pathway mediates induction of CCL5 in palbociclib-
treated cells. TCGA analysis of melanoma showed a strong correlation between CCL5 and
T-cell markers (CD2, CD3, CD8A, CXCR3 and CCR5) and cytotoxic immune cells
(granzymes and FAS ligand). These findings indicate that CDK4/6 inhibitor-induced
senescence may enhance production of a functional chemoattractant for T cells. This idea
raises the possibility of utilizing CDK4/6 inhibitors as a priming approach to attract T cells
into cold, T cell-excluded tumors since pre-existing local CD8+ T cell infiltrates in tumors
are more likely to respond to anti-PD-1 (42).

Regulation of T cell activity

One mechanism of acquired resistance to immunotherapy is the loss of T cell cytotoxic
function (43). Small molecule inhibitors that enhance/maintain the activation status of T
cells may be used in combination to potentially enhance effects of immune checkpoint
agents. To this end, Deng et al. screened for compounds that may enhance T cell activity
utilizing IL-2 secretion as a readout (7). Interestingly, palbociclib and trilaciclib induced
IL-2 in immortalized, PD-1 over-expressing human T cells (Jurkat) in an NFAT-dependent
manner. Additionally, palbociclib and trilaciclib increased the secretion of Type 1 T-helper
(TH1) cytokines; CXCL9, CXCL10, IFNvy, IL16, and CXCL16 in patient-derived
organotypic tumor spheroids, which contain autologous tumor-infiltrating immune cells. In
genetically engineered mouse models of non-small cell lung cancer, palbociclib and
trilaciclib enhanced the proportion of CD4+ and CD8+ T cells within tumors. CDK4/6
inhibition also decreased the proportion of immunosuppressive CD11c+ myeloid cells in
tumors, an effect associated with decreased production of IL6, IL10 and IL23. Finally,
combination treatment of CDK4/6 inhibitor and PD-1 blockade led to enhanced tumor
inhibition which was highly dependent on both CD4+ and CD8+ T cells. Thus, CDK4/6
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inhibition de-represses NFAT to alter cytokine production and increase the trafficking and
activation of effector T cells.

In a distinct study, Goel et al. proposed two mechanisms by which abemaciclib may
overcome tumor immune evasion (44). Within tumor cells itself, CDK4/6 inhibition
increased endogenous retroviral gene/double stranded RNA response via inhibition of an
E2F-target, DNA methyltransferase 1. Ultimately, this effect led to enhanced type Il
interferon (IFN-A) production which typically activates STAT1/2 signaling to induce IFN-
stimulated genes which exert numerous antiviral effector functions (45). Additionally,
CDKA4/6 inhibitors decreased several immunosuppressive mechanisms within the tumor
immune microenvironment. The authors observed a marked decrease in CD4+ FOXP3+
regulatory T cells (Tregs) not only within the tumor periphery but also in the circulation. The
proliferation of CD8+ T cells was unaffected, possibly due to higher CDK6 expression in
Tregs compared to other T cell subtypes (46). T cell exhaustion markers such as PD-1,
Tim-3, CTLA-4 and LAG3 were also decreased within CD8+ T cells. In a pre-clinical model
of mammary carcinoma, 12 day treatment with abemaciclib led to modest tumor regressions
that were dependent upon CD8+ cytotoxic T cells. However, the combination of abemaciclib
with anti-PDL1 blockade led to more durable responses.

These studies demonstrate two distinct effects of CDK4/6 inhibition on anti-tumor immunity
that have important implications for its successful combination with immunotherapy. First,
CDKA4/6 inhibitors may modulate T cell activation and downregulate immunosuppressive
populations such as Tregs and myeloid populations. Second, CDK4/6 inhibitors mediate
increased tumor immunogenicity that allows for enhanced recognition and removal by
cytotoxic T lymphocytes. Overall, these findings illustrate that CDK4/6 inhibitors may elicit
effects on non-tumor cells within the microenvironment to enhance immune responses.

Regulation of PD-L1

One factor linked to the response to anti-PD1 checkpoint agents is the expression of PD-L1
on tumor cells; hence, understanding of mechanisms of PD-L1 regulation are paramount.
Important for the possible combination of CDK4/6 inhibitor with immunotherapies, Zhang
et. al. uncovered a potential link between CDK4/6 activity and PD-L1 protein stability (47).
PD-L1 expression fluctuated during the cell cycle and depletion/inhibition of cyclin D and
CDK4 increased levels of PD-L1 in breast cancer cells regardless of RB expression. These
data were validated /n vivoin MMTV-ErbB2 breast cancer, syngeneic colon cancer and
melanoma models with corresponding decreases in CD3-positive T cell populations. These
findings offer a rationale for the addition of CDK4/6 inhibitor to improve responses to anti-
PD-1/PD-L1 therapy. Indeed, the authors showed improved survival outcomes /n vivo in two
colorectal cancer models. Regulation of PD-L1 occurred via SPOP, a substrate-recruiting
adaptor protein of the E3 ligase, cullin 3 which physically interacts with PD-L1. Proof-of-
concept studies show that either knockdown of SPOP or SPOP mutants that ablate substrate
interaction led to stabilization of PD-L1, which further correlated with decreased CD3+
immune infiltrates. While SPOP mutations are infrequent events in many cancer types, they
have been detected in approximately 10-15% of human prostate cancers. It would be
interesting to determine whether SPOP mutations are associated with response to anti-
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PD-1/PD-L1 therapy. These findings highlight a tumor intrinsic mechanism whereby
CDKA4/6 inhibitors may alter the response to immunotherapies.

Combinatorial approaches utilizing CDK4/6 inhibitors

Combination therapies typically present challenges due to toxicities. As a result, suboptimal
doses often have to be utilized which limit drug exposure and activity (48). Palbociclib and
ribociclib have similar characteristics in that they both target CDK4 and CDK®6 with
comparable selectivity (Figure 1). Their toxicity profiles are also similar with neutropenia
(low neutrophil count) being the most common adverse event, an effect that is manageable
with most palbociclib/ribociclib clinical trials administering a 1 week drug holiday
following 2—-3 weeks of treatment (49). Although abemaciclib inhibits other kinases such as
CDK9 and GSK3, it is more selective for CDK4 versus CDKG6 (50), which may be a
contributing factor to its anti-tumor activity as a monotherapy although more studies are
required to clarify this point (15).

Toxicity and efficacy issues may be overcome with altered sequencing and scheduling.
Studies in preclinical /n vivo models of breast cancer and colorectal cancer have shown that
CDKA4/6 inhibitors may enhance the susceptibility of tumors to PD-1/PD-L1 blockade
(44,47). Interestingly, Schaer and colleagues observed that phased-in doses of anti-PD-L1
after CDK4/6 inhibitor treatment led to more complete responses (51). This schedule was
also more efficacious compared to a sequenced combination of CDKA4/6 inhibitor treatment
followed by anti-PD-L1 treatment suggesting a synergistic interaction between the drugs. A
phased-in option may also allow for better tolerability of full FDA-approved doses of
individual drugs; however, the mechanistic basis underlying this synergy should be further
explored to better inform future clinical trials.

Based on promising pre-clinical data, clinical trials are currently underway for all three
FDA-approved CDK4/6 inhibitors in combination with anti-PD-1/PD-L1 inhibitors plus
aromatase inhibitors/selective estrogen-receptor degraders (SERD) in ER+ breast cancer
patients (NCT03147287, NCT02778685, NCT03294694). Abemaciclib is currently being
investigated in combination with anti-PD-1/PD-L1 in advanced solid tumors
(NCT02791334). Since immune cells are reliant on CDKSs and cyclins, long term effects of
CDKA4/6 inhibitors on T cell propagation should be monitored closely to test for
compatibility with immunotherapy. Undesirable impacts on T cell function might potentially
be circumvented by agonist immunotherapy, such as OX-40 and 4-1BB (52).

Conclusions and Future Perspectives

The clinical efficacy of CDKA4/6 inhibitors in subsets of breast cancer have highlighted their
potential utilization across many cancer types. However, given the need for their use in
combination, the scheduling and/or sequencing of their use should be carefully considered.
Pre-clinical /n vivo reporter models provide an ideal system to optimize dosing schedules
(27,53). The effects of diet may also be considered especially given the preclinical evidence
that high fat diets fuel the growth of mutant BRAF melanoma xenografts (54). In this review,
we have highlighted strong data in support of CDK4/6 inhibitor use to alter the tumor
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immune microenvironment in a way that may enhance the effects of immuno-oncology
agents. In addition, other aspects of the tumor microenvironment may be involved.
Endothelial-mediated neovascularization supplies nutrients to growing tumors, adipocytes
supply fatty acids for tumor growth and growth factors and extracellular matrix produced by
stromal fibroblasts also modulate the growth response to targeted therapies. Furthermore,
recent evidence has shown that diversity of the gut microbiome is associated with immune
checkpoint responses (55-57). The effect of targeted therapies on the gut bacterial flora may
therefore need to be explored. These and other emerging discoveries underscore the
possibilities of future exciting developments for cell cycle inhibitors in cancer.
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Inhibitor Company Structure Targets Dose Major Toxicities References
source per day
Palbociclib | Pfizer CDK4: 11 nM 125mg p.o. | Neutropenia 11,14
CDK®6: 15 nM 21 days out | Thrombocytopenia
of a 28 day
Etiy cycle
MW: 447 543
Ribociclib Novartis CDK4: 10 nM 600mg p.o. | Neutropenia 48
: CDK®6: 39 nM 21 days out | Thrombocytopenia
b ] of a 28 day | QT prolongation
CasHaNgO cycle
MW: 434 548
Abemaciclib | Eli-Lily CDK4: 0.6-2 nM | 300mg- Diarrhea 15
i CDK6: 2.4-5 nM | 400mg p.o. | Fatigue
“r00- | cDK9:57nM | continuous
Vi 294 548
Trilaciclib G1 CDK4: 1 nM 200- Thrombocytopenia | 12
Therapeutics CDK®6: 4 nM 240mg/m?
CDKS: 50 nM intravenous
s 1o days
out of 21
days

Figure 1. Characteristics of CDK4/6 inhibitorsin theclinic.
Chemical structures were retrieved from National Center for Biotechnology Information.
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Figure 2. Acquired resistance mechanismsto CDK 4/6 tar geting.
Multiple resistance mechanisms have been identified and validated in human patient

samples. These include two separate NRAS mutations (Q61H/L) identified in a mutant
BRAF melanoma patient and a PI3BKCA E545K mutation found in a mutant NRAS
melanoma patient. PDK1 expression was also increased in post-palbociclib treated breast
cancer patient samples compared to naive tumors. In a mouse xenograft model, NRAS
amplification mediated MEK inhibitor plus CDK4/6 inhibitor resistance. Together, these
resistance mechanisms led to upregulation of mMTOR-S6 pathway and provided a therapeutic
window for mTOR/S6K targeting. In pre-clinical studies, other alterations were identified
within cell cycle components, such as CDK6 and cyclin E amplification. Next generation
CDK inhibitors are currently in development to concurrently target CDK2 to combat
resistance.
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Figure 3. Effects of CDK4/6 inhibition on the tumor immune microenvironment.
It is becoming apparent that CDK4/6 inhibitors may not only have tumor-specific functions

but could also affect the tumor microenvironment. Within tumor cells, CDK4/6 inhibitors
increase expression of PD-L1 through the E3 ligase adapter protein, SPOP and enhance
antigen presentation via reduced activity of the E2F target, DNA methyltransferase 1
(DNMT). Secretion of cytokines from both tumor and CD8 positive T cells is also enhanced
with CDK4/6 inhibitor treatment while proliferation of immunosuppressive regulatory T
cells is suppressed.
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