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Abstract

Pharmacologic inhibitors of cyclin-dependent kinases 4 and 6 (CDK4 and 6) are approved for the treatment of subsets of patients with hormone
receptor positive (HR+) breast cancer (BC). In metastatic disease, strategies involving endocrine therapy combined with CDK4 and 6 inhibitors
(CDK4 and 6i) improve clinical outcomes in HR+ BCs. CDK4 and 6i prevent retinoblastoma tumor suppressor protein phosphorylation, thereby
blocking the transcription of E2F target genes, which in turn inhibits both mitogen and estrogen-mediated cell proliferation. In this review, we
summarize preclinical data pertaining to the use of CDK4 and 6i in BC, with a particular focus on several of the unique chemical, pharmacologic,
and mechanistic properties of abemaciclib. As research efforts elucidate the novel mechanisms underlying abemaciclib activity, potential new
applications are being identified. For example, preclinical studies have demonstrated abemaciclib can exert antitumor activity against multiple
tumor types and can cross the blood-brain barrier. Abemaciclib has also demonstrated distinct activity as a monotherapeutic in the treatment of
BC. Accordingly, we also discuss how a greater understanding of mechanisms related to CDK4 and 6 blockade highlight abemaciclib’s unique
in-class properties, and could pave new avenues for enhancing its therapeutic efficacy.
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Implications for Practice

Three cyclin-dependent kinase 4 and 6 inhibitors (CDK4 and 6i) are approved for the treatment of hormone receptor positive (HR+) advanced
or metastatic breast cancer. Readers will be presented with a summary of recent preclinical data outlining molecular mechanisms by
which these agents exert their effects, with a focus on the unique attributes of abemaciclib. The data discussed provide a strong rationale
for exploring further development of these agents in breast and other cancers.

Introduction (HR+), human epidermal growth factor receptor 2-nega-
Background tive (HER2-) BC, consistent with its frequent dysregulation
in these tumors. Recently, three small molecule inhibitors
that inhibit cyclin-dependent kinases 4 and 6 (CDK4 and
6)—abemaciclib, palbociclib, and ribociclib—have been
approved for the treatment of advanced HR+ BC. Based
upon a variety of preclinical and translational insights, it has
become increasingly clear that abemaciclib has a several dis-
tinct chemical, pharmacologic, and clinical properties. This
article is designed to provide a comprehensive overview of
the preclinical data pertinent to these agents with a specific
focus on abemaciclib.

Treatment options for advanced breast cancer (ABC) have
improved in recent years, although it remains an incurable
disease.! The availability of targeted therapeutics has led to
better patient outcomes without the negative effects imparted
by chemotherapy. Understanding the molecular processes
and aberrations that drive the initiation and growth of breast
cancers (BC) has fostered the identification of new targets
and the development of related treatments. Of note, thera-
peutic targeting of the cell cycle machinery has proven to
be a highly effective strategy for hormone receptor-positive
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CDK4 and 6 and Cell Cycle Regulation

Cellular division requires a well-orchestrated transition
through the phases of the cell cycle.? A family of serine/thre-
onine kinases known as cyclin-dependent kinases (CDKs)
plays an important role in regulating cell cycle progression.
The catalytic activity of CDKs is controlled by their asso-
ciation with cyclins, which allows CDKs to act upon sub-
strates to trigger coordinated molecular events that drive
cellular proliferation. Transient expression of cyclins allows
for distinct roles of cyclin-CDK heterodimers during differ-
ent phases of the cell cycle. CDK4 and CDK6 operate during
the G1 to S phase transition,** and their enzymatic activi-
ties are governed by the D-type cyclins (Cyclin D1, D2, and
D3), which are expressed in response to extracellular signals
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including stimulatory mitogens, estrogen, cytokines, differ-
entiation inducers, cell-cell contacts, and other spatial cues.®
Once active, the cyclin D-CDK4/6 holoenzyme phosphory-
lates a wide range of substrates,” including the retinoblastoma
(Rb) tumor suppressor protein.®® Rb binds to and represses
the E2F group of transcription factors, which control the
expression of an array of genes involved in DNA replica-
tion, G1 to S phase progression, and mitosis. As a result of
phosphorylation of Rb by activated CDK4 and 6-D-cyclin
complexes, E2F is released, facilitating the transcription of
S phase genes (Figure 1).%° While Rb may be the most clin-
ically relevant substrate of CDK4 and 6, Anders et al per-
formed a comprehensive screening of CDK4 and CDKG6 in
vitro substrates in an effort to investigate the full spectrum
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Figure 1. Depiction of the CDK4 and 6 mechanism of action. Upstream signalling promotes the activation of the D-cyclin-CDK4 and 6 complex.
This complex phosphorylates Rb, releasing E2F, resulting in the transcription of genes required for transition into S Phase. Abemaciclib inhibits
the phosphorylation of Rb, inducing cell cycle arrest. Abbreviations: CDK4/6, cyclin-dependent kinase 4/6; ER, estrogen receptor; E2F, E2 factor;
Rb, retinoblastoma; MAPK, mitogen-activated protein kinase; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mechanistic target of

rapamycin protein.
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of molecules phosphorylated by CDK4 and 6.'° The analysis
revealed a considerable number of proteins which may have
potential clinical relevance across many tumor types.

The Importance of the CDK4 and 6-Cyclin D-Rb
pathway in BC

The CDK4/6-Rb pathway is a prominent mediator of prolif-
eration induced by estrogen signaling, making it an attractive
target in HR+ BC. Signaling from the estrogen receptor (ER)
induces expression of the CCND1 gene, which encodes cyclin
D1, thereby triggering CDK4 and 6-mediated phosphoryla-
tion of Rb and cell cycle progression.” High levels of cyclin D
and phosphorylated Rb have also been observed in endocrine
therapy (ET)-resistant, ER+ BC, suggesting that abnormali-
ties in the CDK4/6-cyclin D-Rb pathway may be involved in
developing resistance to ET.!"13

CDK4 and 6 Inhibitor Development

Given the critical role CDKs play in cell cycle progression,
they are highly attractive targets for therapeutic intervention.
At present, 3 selective inhibitors of CDK4 and 6 (palbociclib,
abemaciclib, and ribociclib) are approved by the US Food and
Drug Administration (FDA) for use in HR+, HER2—- ABC.’
Palbociclib (Ibrance, Pfizer) was the first of these agents to
be approved. Abemaciclib (Verzenio, Eli Lilly and Company)
and ribociclib (Kisqali, Novartis) were approved soon after.

Discovery and Clinical Development of CDK4 and 6
Inhibitors, with a Focus on Abemaciclib

Both palbociclib and ribociclib are fashioned on the pyrido
[2,3-d]pyrimidin-7-one scaffold which confers selective inhib-
itory activity against CDK4 and 6. In contrast, abemaciclib
is based upon a distinct 2-anilino-2,4-pyrimidine-[5-benzim-
idazole] scaffold.'* In a pivotal step, Gelbert et al’’ identi-
fied the pyrimidine-benzimidazole molecular structure as a
promising scaffold to develop a novel selective CDK4 and 6i.
Structure-activity relationship studies evaluated properties
such as potency, ligand efficiency, and selectivity to optimize
the design of the CDK4 and 6i known as LY2835219 (now
known as abemaciclib). During this development phase, sev-
eral modifications were made which retained potency, while
providing enhanced selectivity, specificity, and pharmacoki-
netic properties compared to the original pyrimidine-benzim-
idazole scaffold.>!s Preclinical studies using in vitro and in
vivo xenograft models demonstrated that abemaciclib inhib-
ited phosphorylation of Rb and induced a G1 cell cycle arrest,
resulting in antitumor activity in Rb-proficient malignan-
cies.’™?2 Abemaciclib was found to be effective at low doses
and suitable for prolonged administration.'>!6-20

In the following years, Phase 1 studies investigated the use
of palbociclib, ribociclib, and abemaciclib in malignancies
including BC.2*?” Dose-escalation and pharmacokinetic stud-
ies determined tolerable dosing and an optimal schedule.?325-28
Palbociclib and ribociclib require intermittent dosing, primar-
ily related to rates of cytopenia (primarily neutropenia).?®?” In
contrast, it was established that the safety profile (and in par-
ticular lower rates of therapy-induced neutropenia) of abe-
maciclib permits a continuous dosing schedule. Acceptable
toxicity profiles were observed in these early phase trials.
Based on findings from the MONARCH 1 (NCT02102490)
phase 2 single-arm study of abemaciclib monotherapy,®
the FDA designated abemaciclib as a breakthrough therapy
for patients with refractory HR+ ABC or metastatic breast
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cancer (MBC). Of note, abemaciclib is the only CDK4 and
6i approved for use as a monotherapy, based on the results
of this trial.

Pivotal Phase III studies demonstrated clinical efficacy for
palbociclib, ribociclib, and abemaciclib in combination with
an anti-estrogen in both the first-line and subsequent-line
metastatic setting. These clinical results have been exten-
sively reviewed elsewhere.” MONARCH 2 (abemaciclib plus
fulvestrant following progression on ET) and MONARCH
3 (abemaciclib plus aromatase inhibitor as initial therapy)
demonstrated that abemaciclib administered with ET is an
effective treatment for ABC. To date, palbociclib, abemac-
iclib, and ribociclib have been granted FDA approval in
combination with fulvestrant for adult patients with HR+,
HER2- ABC, or MBC with disease progression following
ET,*° in combination with an aromatase inhibitor as initial
endocrine-based therapy for postmenopausal women, and
men, with HR+, HER2- ABC, or MBC.3! As noted above,
abemaciclib has also been approved as monotherapy for
patients with HR+, HER2— ABC, or MBC with disease pro-
gression following ET and prior chemotherapy in the meta-
static setting,** and was recently approved by the FDA as the
only CDK4 and 6 inhibitor to be utilized in the adjuvant set-
ting, with ET for patients with HR+, HER2—-, node positive,
early BC at high risk of recurrence and a Ki67 index 220%.%
The clinical application of CDK4 and 6i has also been inves-
tigated in solid tumors other than breast, and many of these
trials are still ongoing.’*%

Selectivity

Palbociclib, ribociclib, and abemaciclib are all potent inhibi-
tors of CDK4 and 6. However, there are notable differences
in their selectivity profiles. Preclinical data have demonstrated
that all three agents have high selectivity, albeit with differ-
ent relative potencies, for both CDK4 and CDK6. While pal-
bociclib displays similar potency against CDK4 and CDK6
with respective binding affinities (Ki, ) of 0.26 = 0.03 nM
and 0.26 = 0.07 nM, and respective half maximal inhibitory
concentration (IC, ) values of 9 and 15 nmol/L, both riboci-
clib (Ki,, 0.53 = 0.08 nM and 2.3 = 0.3 nM, respectively;
IC,, = 10 and 39 nmol/L, respectively) and abemaciclib (Ki,,
0.6 = 0.3 nM vs 8.2 =+ 1.1 nM, respectively; IC, = 2 and
10 nmol/L, respectively) are noted to have greater potency
against CDK4 than CDK&6.!*3¢ Biochemical assays show abe-
maciclib to have 14-fold greater selectivity for CDK4/cyclin
D1 compared to CDKé6/cyclin D3 .2' Of note, the increased
CDK4:CDK6 inhibitory ratio noted for ribociclib and abe-
maciclib may be an advantage when treating cancers that are
primarily CDK4-dependent. The extent to which these tar-
gets influence the efficacy and toxicity profile of abemaciclib
is a key question for the field, and one which remains largely
unanswered, though some speculate that the CDK4:CDK6
inhibitory ratio or other potential targets may contribute to
differences in toxicity profiles of CDK4 and 6 inhibitors.3-
In addition to these primary targets, iz vitro kinase screens
have identified other potential targets of abemaciclib at higher
concentrations. The extent to which these targets influence
abemaciclib’s efficacy and toxicity profile is a key question
for the field, and one which remains unanswered. Specifically,
these targets include CDK9, PIM kinases and GSK3p."
Subsequent investigation revealed that while CDK9 appeared
to be inhibited in enzymatic assays (IC,; 57 nM), this did not
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translate to target inhibition in cell lines or xenograft mod-
els, as CDK9 targets (RNA polymerase I C-terminal domain
and MCL1) were not affected by abemaciclib treatment.?'
Both palbociclib (Ki,, = 150 = 10 nmol/L) and ribociclib
(Ki,;, = 190 = 20 nmol/L) have measurable affinity against
CDK9 though only abemaciclib achieves potent affinity
(Ki,, = 4.1 = 1.3 nmol/L) according to biochemical interac-
tion analyses.*

Interestingly, abemaciclib can inhibit the phosphorylation
of targets downstream of PIM kinases (including p70S6K, S6,
4EBP1, and BAD) in cell lines."** Another report suggested
GSK3p inhibition by abemaciclib resulted in activation of
f3-catenin-dependent WNT signaling, although these effects
were most evident at doses higher than those observed clin-
ically.** Another study reported inhibition of other kinases
such CDK2, at abemaciclib concentrations 0.3-1 pM and
above, which associated with cell cycle arrest in Rb-deficient
or palbociclib-resistant cell lines.*! These effects are likely
occurring at concentrations higher than can be achieved in
tumors clinically, based on the observed fraction unbound.*
Of note, it is not yet understood if some of these observa-
tions are mediated by additional roles of CDK4 and 6 (part
of the CDK4 and 6 mechanism of action), targeting other
downstream known or unknown targets. It has also yet to be
demonstrated if these targets are meaningfully impacted in
vivo. Kinome selectivity analysis of palbociclib has revealed
inhibition of MPSK1/STK 16, kinases involved in autophagy,
such as casein kinase 2 and PIK3R4, and other lipid kinases
including PIK3CD and PIP4K2A/B/C.3¢#

Markers of Sensitivity

Initially, Finn et al conducted an in vitro study to identify
biomarkers of sensitivity to palbociclib and demonstrated
HR+ luminal and HER2-amplified BC lines responded to
treatment with the CDK4 and 6i, while most basal subtypes
were resistant.** Analysis of differentially expressed genes
indicated that elevated expression of RB1 and CCND1, and
decreased CDKNZ2A (p16) expression were associated with
drug sensitivity. Interestingly, similar expression patterns
of RB1 and p16 reportedly predicted the antiproliferative
effect of ribociclib in vitro.** However, despite the associ-
ation between these genes and CDK4 and 6i sensitivity in
vitro, these alterations are not necessarily an indication of
sensitivity in patients, as indicated in the PALOMA-1 and
2 clinical trials of palbociclib plus letrozole as initial ther-
apy for ABC.46-48

To identify other potential CDK4 and 6i-sensitive tumor
types, Gong et al* conducted a comprehensive study of 560
cell lines treated with abemaciclib. Highly sensitive tumor
types were found to have “D-cyclin activating features”,
including CCND1 t(11; 14) translocation, CCND2 or
CCND3 amplification, CCND1-3 3’UTR loss, K-cyclin, or
FBXO31 loss. While the work of Finn et al* pointed to a
potential correlation between decreased p16 and sensitivity to
CDK4 and 6 inhibition with palbociclib in BC cells, Gong et
al* showed that sensitivity to CDK4 and 6 inhibition via abe-
maciclib was only transient in certain cell lines of other tumor
types with CDKN2A loss, as CDK2 likely compensated for
CDK4 and 6 inhibition. Interestingly, while the overall IC50
profile across a panel of cell lines treated with abemaciclib
and palbociclib was closely related, abemaciclib displayed
increased potency.

The Oncologist, 2022, Vol. 27, No. 10

O’Brien et al*® conducted exploratory genomic and pro-
teomic analyses of 44 BC cell lines to identify molecular
profiles that correspond with sensitivity to abemaciclib.
Drug sensitivity was observed in both ER+ and HER2+
cell lines, and of the HER2+ cell lines analyzed, those that
were Rb-proficient with elevated levels of ER demonstrated
greater response. Consistent with studies of palbociclib
described above, these findings suggested HR+, HER2+ BC
may be sensitive to CDK4 and 6 inhibition. Elevated levels of
androgen receptor (AR) and PIK3CA- activating mutations
were also associated with sensitivity, although these mark-
ers were detected in cell lines of the luminal BC subtype and
therefore may not be independent indicators of response.*
Though, Torres-Guzmidn et al’! did also observe antiprolif-
erative activity across a panel of AR-positive prostate cancer
cell lines, however while this finding is intriguing, the study
was not powered to support the utility of AR as a molecular
determinant of response to abemaciclib. Potential biomarkers
of sensitivity were also identified in BC xenograft models.*
Response to abemaciclib was characterized by down regu-
lation of 5 genes (RRM2, TOPO2A, MKI67, MCM?7, and
CDK2) in a dose-dependent manner. These 5 genes are regu-
lated by E2F indicating on-target inhibition with abemaciclib
consistent with other agents in-class. In addition to ER+ and
HER2+ cell lines, a subset of triple negative BC cell lines also
displayed sensitivity to abemaciclib, particularly those with
relatively high levels of Rb (and phosphorylated Rb) and low
levels of p16. Combination treatment in sensitive cells with
abemaciclib and cytotoxic chemotherapy also inhibited cell
proliferation and did not antagonize the apoptotic effect of
the cytotoxic chemotherapy.*

Tumor sensitivity to abemaciclib has also been observed
in human xenograft models of non-small cell lung cancer
(NSCLC) and glioblastoma.?? Although the subset of NSCLCs
that benefit the most is not yet known, research is ongoing to
identify biomarkers of interest. In a clinical study by Patnaik
et al,”> KRAS-mutant NSCLCs demonstrated greater degrees
of tumor regression in response to abemaciclib when com-
pared to KRAS-wild-type cancers. However, a subsequent
trial to confirm improved outcomes did not meet its primary
endpoint®?: in JUNIPER, a Phase 3, randomized, open-label
trial of abemaciclib versus erlotinib in patients with KRAS-
mutant advanced NSCLC with progression after prior
treatment, abemaciclib did not significantly prolong overall
survival (OS) compared with erlotinib (7.4 vs 7.8 months,
respectively; hazard ratio [HR], 0.968; 95% confidence inter-
val [CI], 0.768-1.219; P = .77). Notably, analyses of progres-
sion-free survival (PFS) and objective response rate (ORR)
suggested antitumor activity (median PFS: 3.6 vs 1.9 months;
HR, 0.583; 95% CI, 0.470-0.723; P < .000001; ORR: 8.9%
vs 2.7%; P = .01; abemaciclib vs erlotinib, respectively).’?
Subsequently, an i vitro study by Wu et al found that reduced
levels of CDK6 were associated with sensitivity to CDK4 and
6i in NSCLC cell lines.*® A retrospective analysis of tumor
RNA expression data from the JUNIPER trial found reduced
levels of CDK6 correlated with longer PFS and OS in patients
with KRAS-mutant NSCLC.*? Though positive results have
not been observed in clinical trials of CDK4 and 6i in patients
with NSCLC, combined treatment with biologically syner-
gistic therapies has demonstrated benefit in preclinical mod-
els. Combinations with inhibitors of molecules involved in
growth factor signaling including EGFR, mTOR, MEK and
PI3Ka, have been shown to enhance anticancer effects.’*
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Moreover, palbociclib has been shown to be an effective com-
bination partner with gefitinib in preclinical studies of lung
cancer,” and results from an in vitro study of palbociclib
and osimertinib suggested the combination may overcome
acquired resistance to osimertinib.’® A combinatorial benefit
was also observed in NSCLC cells treated with ribociclib and
nazartinib (not FDA approved).’” Given the preclinical data,
it is possible that the development of predictive biomarkers to
CDK4 and 6i and biologically synergistic combination ther-
apies may yield greater response rates to these agents in the
clinic in new tumor types beyond BC.

It is possible that the discovery and utilization of biomark-
ers of sensitivity to CDK4 and 6i could allow specific treat-
ment of these tumors and may yield greater response rates
to these agents in the clinic. Palbociclib and ribociclib have
also been shown to be effective combination partners with
tyrosine kinase inhibitors in preclinical models of lung cancer.

Despite the preliminary data outlined above, in BC and
other tumor types, specific molecular biomarkers that predict
unilateral resistance to a specific CDK inhibitor (eg, palboci-
clib) while retaining sensitivity to others (eg, ribociclib or abe-
maciclib), have not been identified. An overview of emerging
molecular resistance mediators is included below.

Continuous Inhibition, Senescence, Apoptosis,
and ET Combinations

Through measurement of mitotic markers, research efforts
have demonstrated that CDK4 and 6i decrease mitotic rate
and reduce the proportion of cells in S phase in sensitive can-
cer cells.!>215%¢0 [ yitro data for abemaciclib has shown that
very short periods of drug exposure (eg, 2 hours) can reduce
the percentage of cells in S phase measured 72 hours later,
although this may be due to ongoing intracellular retention
of drug products rather than a long-lasting drug-independent
state.?'*! Cell cycle analysis revealed comparable intracellular
effects with palbociclib and ribociclib, though to our knowl-
edge there are no published data pertaining to cell cycle arrest
with shorter exposure times.*%

Consistent with the role of Rb as a mediator of the senes-
cence program, several groups have reported the development
of a senescence-like state in cancer cells after CDK4 and 6i
treatment, characterized by cellular enlargement, flattening
of cells, and increased beta-galactosidase activity.?*° Of note,
abemaciclib has also been shown to induce epigenetic modi-
fications associated with classical senescence. Torres-Guzman
et al?! demonstrated that abemaciclib increased total cellular
levels of H3K9me3, a repressive chromatin marker associated
with in vitro senescence.?"*? Interestingly, this senescence-like
state can also be induced by active metabolites of abemaci-
clib, as reported by Burke et al.®3 Also, palbociclib and ribo-
ciclib have been found to promote a cytostatic response by
inducing cellular senescence after prolonged exposure in a
preclinical setting.’%6466

Whether or not CDK4 and 6i directly induce apoptosis in
luminal BC cells at physiologically relevant concentrations
remains debated. While only minor increases in apoptosis
have been detected after prolonged treatment times with pal-
bociclib and ribociclib, Torres-Guzman et al, reported a time
and dose-dependent increase in apoptosis in BC cells treated
with abemaciclib.?! Similarly, O’ Brien et al*® demonstrated
abemaciclib induced cell death in an iz vivo BC model. Using
the human epithelial marker protein keratin-19 (CK-19) as
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an indirect marker to identify loss of human epithelial tumor
cells, the authors observed cell death following treatment with
abemaciclib combined with ET. Furthermore, cell cycle arrest
and cytotoxicity have also been observed with abemaciclib,
albeit at high concentrations, even in the absence of Rb; as
such, the induction of apoptosis may be attributed to an alter-
native mechanism of action and/or drug target. Overlapping
transcriptional signatures between abemaciclib and the pan-
CDK inhibitor alvocidib in Rb-deficient cell lines suggest that
this activity may be linked to inhibition of CDKs other than
CDK4 and CDK6.' On a molecular level, the mechanisms
leading to apoptosis are not yet known, with some suggesting
it might be due to changes in lysosomal integrity.®” Conversely,
other studies have shown abemaciclib might reduce apopto-
sis, evident by reduced apoptotic indices (cleaved PARP and
caspase 3), reduced sensitivity to staurosporine, and consis-
tent with the notion that senescent cells are primed toward
avoidance of apoptosis.®0-62:68

As discussed earlier, the ER and CDK4 and 6 pathways inter-
act synergistically to drive tumorigenesis, making dual inhibi-
tion an attractive treatment strategy to further supress E2F
target transcription.™*® Initially, efficacy of dual inhibition
was demonstrated in several cell lines and xenograft models
with numerous CDK4 and 6i.2>* Palbociclib enhanced sensi-
tivity to tamoxifen in BC cell lines, while the addition of riboci-
clib to letrozole or fulvestrant increased the inhibition of tumor
growth compared to single agent treatment with ET in ER+ BC
mouse models and ER+ cell lines.?>** Consistent with results
from other agents in-class, Torres et al found that combinato-
rial treatment with abemaciclib and antiestrogens is synergistic,
leading to decreased phosphorylation of Rb and increased cell
cycle arrest in selected HR+ BC cells.” Additionally, this combi-
nation has been shown to induce an effective senescence response
as observed by SA-B-Gal. This acquired senescence phenotype
is dose and time dependent.”®” In the study by O’Brien et al,*
abemaciclib in combination with fulvestrant induced a signifi-
cant and durable arrest of the cell cycle which is maintained for
several days after compound removal. However, the optimal
and robust effects are observed with continuous exposure of
ER+ BC cells to the combination treatment. Increased apop-
tosis and cell death have also been observed after prolonged
treatment with the abemaciclib/fulvestrant combination in BC
cell lines.” The benefit of combining each approved CDK4 and
61 with ET has been demonstrated in MBC in a clinical setting
via the MONARCH, PALOMA, and MONALEESA clinical
trials.3%31477175 Exploration of the impact these agents might
have in the adjuvant setting is also ongoing. The PALLAS and
PENELOPE-B studies explored the utility of palbociclib in
patients with early stage BC, and respective findings of these
trials did not demonstrate a statistically meaningful impact or
improved invasive disease free survival with the additional of
palbociclib to adjuvant ET.”*”” Abemaciclib has demonstrated
efficacy in combination with ET in node-positive, high-risk,
early BC in the monarchE trial,® and was recently approved
by the FDA for use in this setting for patients with high-risk
clinical features and an elevated Ki67 score. Additional work
remains ongoing to explore the potential utility of ribociclib in
this patient population.”

Central Nervous System Activity

Despite improvements in treating extracranial metastatic dis-
ease, brain malignancies remain a challenge due to the unique



816

properties of the blood-brain barrier (BBB). By expressing an
array of active efflux transporters such as ATP-binding cas-
sette (ABC), P-glycoprotein (P-gp), and BC resistance protein
(BCRP), the BBB prevents passive diffusion and actively elimi-
nates drugs from the brain. Although the blood tumor barrier
is characteristically leakier to drugs, it tends to increase drug
concentration at the tumor core and not the leading mar-
gin,”>% highlighting the need for anticancer drugs that can
effectively cross the BBB to treat the whole brain.

To this end, it is critical to understand how the available
CDK4 and 6i interact with the BBB, and what clinical impact
they may have for patients with CNS metastatic disease.
Raub et al” conducted an exploratory preclinical investiga-
tion exploring CNS exposure levels and the antitumor activ-
ity of abemaciclib and palbociclib in cell line and xenograft
models. In mice, the maximum brain concentration of abe-
maciclib was observed 2 hours after a single dose, signifying
quick absorption and crossing of the BBB. For both agents,
unbound drug concentrations in the brain reportedly reached
exposure levels expected to produce potent enzyme inhibi-
tion in the rat and mice models.">”> Moreover, abemaciclib
significantly increased survival in a rat orthotopic model of
glioblastoma and combination treatment with temozolomide
had an additive effect, further increasing survival.”

Following the promising preclinical data, a phase I clini-
cal trial demonstrated that abemaciclib can enter the CNS
in meaningful concentrations.?> Consequently, a phase II,
open-label, multi-cohort study was conducted to evaluate
the intracranial objective response rate (iORR) in patients
receiving abemaciclib for brain or leptomeningeal metas-
tases secondary to HR+ MBC.®! The authors reported that
abemaciclib crossed the BBB with an average ratio between
unbound brain metastasis tissue and unbound plasma con-
centrations (Kp,uu) of 5.6. The unbound brain metastasis
tissue concentrations of active analytes were 96- and 19-fold
CDK4 and CDKG&, respectively, above historic in vitro 1C
values.® In addition, CSF concentrations were an average of
21- and 4.3-fold CDK4 and CDK6 IC,, values, respectively.
Consistent with the preclinical findings, these results indicate
that abemaciclib penetrates the BBB in humans and reaches
unbound levels in the brain expected to achieve enzyme inhi-
bition. Though limited antitumor activity was observed with
only 5.2% of patients reaching iORR, 38% of patients with
HR+, HER2- MBC showed some decrease in brain metastatic
lesion size. Abemaciclib was also associated with an intracra-
nial clinical benefit rate of 24% in heavily pretreated HR+,
HER2- MBC patients with secondary brain metastases. The
authors indicated that despite the limitations of small sample
size and a heavily pre-treated, heterogeneous patient popu-
lation, these findings warrant further investigation given the
treatment challenges among patients with MBC and CNS
involvement.®' For palbociclib, a basket trial gauged the intra-
cranial efficacy of the agent in 15 heavily pre-treated patients
with brain metastases and CDK pathway alterations. The
study met its primary endpoint with a 53% intracranial ben-
efit rate at 8 weeks, demonstrating that the agent penetrates
the CNS and may benefit those with molecularly character-
ized brain metastases from a range of primary tumor types.*

Immune Modulatory Effects

Another area of growing interest is the reported abil-
ity of abemaciclib, and other CDK inhibitors, to induce
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immunomodulatory effects to augment cytotoxicity against
cancer cells. Initially, it was thought that inhibition of prolif-
eration with CDK4 and 6i may disrupt clonal expansion of
tumor-specific T cells, causing intra-tumoral immune suppres-
sion. However, preclinical studies identified a link between
CDKSs, their inhibitors, and regulation of T-cell effector func-
tion, suggesting that CDK4 and 6 activity itself might play an
immunosuppressive role in lymphocytes.**% More recently,
preclinical studies have shown CDK4 and 6i can promote
T-cell activation.’¢*® The induced antitumor immunity
appears to be driven through enhancement of antigen presen-
tation in tumor cells as well as T-cell-intrinsic mechanisms. %3¢
The immunomodulatory mechanisms of CDK4 and 6i, such
as the tumor cell- and T-cell-intrinsic mechanisms modulated
by CDK4 and 6i are illustrated in a review by Goel et al.®

Tumor Cell-Intrinsic Mechanisms

Abemaciclib affects antigen presentation in tumor cells through
mechanisms that have been elucidated using in vitro and in vivo
models.?®#% The abemaciclib-induced increase in tumor cell
interferon (IFN)-signaling is due to an alteration in the DNA
methylation profile. The DNA methyltransferase (DNMT)
gene DNMTT1 is an E2F target gene, and thus is modulated
by CDK4 and 6. Abemaciclib-induced inhibition of DNMT
reduces methylation of endogenous retroviral genes, triggering
“viral mimicry” and a dsRNA response. This, in turn, increases
expression of a catalogue of IFN-driven genes, including those
in the antigen presentation and processing machinery such
as the major histocompatibility complex (MHC) class I mol-
ecules.*®878% Interestingly, MHC class I expression has been
shown to be inversely correlated with CCND1 amplification in
BC, suggesting potential CDK4/6-mediated immunosuppres-
sion.®®” Ultimately, enhanced antigen presentation increases
the capacity of tumor cells to stimulate antigen-specific cyto-
toxic T-cells, promoting tumor cell clearance.®® Enhanced
immunogenicity through increased expression of MHC class
I was also observed in BC cell lines treated with palbociclib.
Moreover, this may be due to modified epigenetic processes
as there has been a reported correlation between palbociclib
treatment and suppressed activity of E2F and DNMT1.°! The
epigenetic changes induced by CDK4 and 6i-mediated suppres-
sion of the RB-E2F-DNMTT1 pathway adds another layer of
complexity to how these drugs exert their effects in tumor cells.
Collectively, this mechanism is consistent with the enhanced,
senescence-induced immune cell clearance of tumor cells asso-
ciated with the secretory phenotype, which is also linked to
activation of IFN-driven genes.”>”3

In another study focused on human melanoma samples,
CDK4 and 6i was found to sensitize malignant cells to T-cell
mediated killing through the reversal of an immunothera-
py-resistant cell state.”® The resistance program, mediated
by CDK4 and 6, allows the malignant cells to evade immune
cells and desensitizes them to immunotherapies. Exposure
to abemaciclib augmented antitumor T-cell immunity and
increased response to subsequent immunotherapy. Although
these findings were observed in melanoma cells, the mecha-
nistic insights expand the potential utility of CDK4 and 6i to
a range of tumor types.

T-cell-Intrinsic Mechanisms

CDK4 and 6i-induced antitumor immunity is also driven
by the activation of T-cell-intrinsic mechanisms. As demon-
strated by Goel et al,®® the effects of CDK4 and 6i on T-cells
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are in part caused by alterations in cellular epigenetics. As
observed in tumor cells, abemaciclib reduces the activity of
DNMTT1 in regulatory T-cells (Treg cells). DNMT1 inhibition
in Treg cells impedes their proliferation through hypometh-
ylation of the CDKN1A promoter resulting in expression of
the p21 protein, a potent cell cycle inhibitor.”* Ultimately, this
markedly suppresses proliferation in Treg cells, significantly
decreasing the Treg:CD8+ T-cell ratio, altering the balance in
favour of antitumor immunity.®® The antiproliferative effect
on Treg cells appears to be selective compared to naive CD4+
or CD8+ T-cells, causing cytotoxic T lymphocyte (CTL)-
mediated clearance of tumor cells. Notably, this selective
impact on Treg proliferation has also been observed in murine
tumors treated a trilaciclib, a different CDK4/6 inhibitor.”

Interestingly, in abemaciclib-treated mice, CTLs displayed
a significant reduction of inhibitory receptors and mark-
ers associated with T-cell exhaustion, such as PD-1, Tim-3,
CTLA-4, and LAG3. The study demonstrated the significant
role of CTLs in inhibitor-induced antitumor immunity as
CTL depletion was shown to significantly attenuate abe-
maciclib-induced tumor regression.®® Further, levels of the
main effector cytokine of CTLs (IFNYy) were 4 times higher
in treated tumors. [FNy modulates immune response and is
often associated with increased tumor immunogenicity.®’

An in vivo study by Deng et al® showed an additional
T-cell pathway activated by exposure to CDK4 and 6i. The
enhanced T-cell response was caused by reduced phosphor-
ylation of members of the NFAT transcription factor family,
enhancing their nuclear retention and hence CTL effector
function. Importantly, certain NFATs appear to be CDK6 sub-
strates. Moreover, short-term treatment with palbociclib led to
elevated secretion of IFNYy from CTLs in the presence of Treg
cells. There is also some suggestion this effect is seen in human
BC. Through interrogation of a dataset from the neoMON-
ARCH neoadjuvant trial, Hurvitz et al®® indicated an upregu-
lation of IFNY signaling following combination treatment with
abemaciclib plus anastrozole. Similar data have been obtained
upon analysis of the NeoPalAna neoadjuvant trial using pal-
bociclib.®® Recently published data suggest CDK4 and 6i
might also promote differentiation of CD8+ T-cells towards a
memory phenotype, potentially expanding their application as
tools to bolster long-term antitumor immunity.*”*

Taken together, these studies imply immune activation
may be part of the mechanism of action for abemaciclib and
other CDK4 and 6i. In addition, the synergy demonstrated
with cancer immunotherapies indicates complementary
treatment with abemaciclib may potentiate the efficacy of
immune checkpoint inhibitors.®®87%° Several of these pro-im-
mune phenomena have also been reported for other CDK4
and 6i including palbociclib, ribociclib, and trilaciclib, and
it is likely that this is a class effect. To date, there has been
little comparison between each of the drugs in this regard. In
addition, certain mechanisms that have been outlined with
other agents in the class may also be seen with abemaciclib,
such as palbociclib-induced activation of the senescence-as-
sociated secretory phenotype and the resulting natural killer
cell-mediated cytotoxicity in lung cancer models.”

Markers and Mechanisms of Resistance to
CDK4 and 6 Inhibitors

As CDK4 and 6i have become the standard of care for
treatment of ABC, the need to understand mechanisms of
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resistance has grown into an important area of active inves-
tigation. Potential mechanisms of resistance have been iden-
tified through interrogation of clinical samples as well as
preclinical studies. Interestingly, to date, no clear mechanisms
have been identified that provoke unilateral resistance to spe-
cific CDK4 and 6i agents.

A biologically plausible mechanism of resistance is dis-
ruption of RB1, as intact Rb is hypothesized to be required
for dependence on CDK4 and 6 and, therefore, sensitiv-
ity to CDK4 and 6i. The acquisition of RB1 mutations on
CDK4 and 6-directed therapy was first noted in a case series
describing RB1 mutations in circulating tumor DNA from
3 patients after exposure to CDK4 and 6i (two of these
patients received palbociclib, while one received riboci-
clib).'° Subsequent analysis from the PALOMA-3 study of
palbociclib combined with fulvestrant revealed that, while
observed, RB1 mutations were relatively rare (4.7%), and
were exclusively enriched in the group receiving palboci-
clib compared to placebo.!"! Targeted sequencing of a large
cohort of tumors also revealed rare alterations in RB1 (n
= 9/348) with a clearly detrimental impact on CDK4 and
6i PFS.12 A separate study, the first to utilize whole-ex-
ome sequencing, confirmed rare biallelic loss of RB1 (4/59
samples) exclusively in resistant biopsies!®; the majority of
these patients received palbociclib, though a small subset
received ribociclib or abemaciclib. This study also demon-
strated diverse genomic mechanisms of RB1 disruption and
included the first example of convergent evolution toward
RB1 biallelic disruption in a patient with multiple tumor
biopsies. Overall, while genomic disruption of RB1 is rarely
associated with resistance to CDK4 and 6 inhibition, it is
likely that other mechanisms resulting in Rb loss-of-func-
tion may contribute.!**

Other cell cycle regulators have also been implicated,
including CDK6, which has been shown to be upregulated
in cells resistant to CDK4 and 6 inhibition via abemaci-
clib.’® Knockdown of CDK6 has also been shown to restore
CDK4 and 6i sensitivity in these cells. Interestingly, in a
large targeted-sequencing cohort, loss-of-function muta-
tions affecting the FAT1 tumor suppressor were linked to
CDK4 and 6i resistance; additional exploration in cellular
models suggested that FAT1 could regulate CDK6 expres-
sion via the Hippo signaling pathway.!”> CDK6 expression
may also be regulated by microRNAs; specifically, miR-
432-5p has been implicated in CDK4 and 6i resistance
(both in vitro and in patient samples), and has been linked
to CDK6 modulation via TGFp signaling.!° Despite these
lines of evidence implicating CDK6 in vitro and in tumor
specimens, direct genomic alterations in CDK6 have not
been demonstrated to date in CDK4 and 6i-sensitive or
resistant tumor specimens.

Compensatory activation of growth factor signaling path-
ways has also been observed in CDK4 and 6i-resistant tumors.
An in vitro screen identified fibroblast growth factor receptor
(FGFR) as a potential mediator of resistance to CDK4 and
6i therapy with ribociclib in combination with ET, which
was confirmed through FGFR1 overexpression.'”” A second
study also implicated FGFR1/2 in CDK4 and 6i resistance
through downstream MAPK pathway activation.'®® FGFR2
alterations, as well as AKT1, ERBB2, and RAS, were detected
in metastatic tumor biopsies from patients with HR+, HER2~
BC treated with CDK4 and 6i +/- ET, and were associated
with intrinsic or acquired resistance.'® In addition to AKT1
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alterations, PI3K/mTOR pathway activation (including upreg-
ulation of AKT phosphorylation and P70S6K and downreg-
ulation of PTEN) was identified in a BC cell line model with
acquired palbociclib resistance.'”

Preclinical research has also identified a potential correla-
tion between elevated cyclin-E expression and resistance
to CDK4 and 6i. Investigations using cell line models have
indicated overexpression of cyclin E and consequential acti-
vation of CDK2 may impair response to treatment with
CDK4 and 6i.'"%!"! Moreover, gene expression profiles from
HR+ BC cell lines with conditioned resistance to palbociclib
showed concurrent overexpression of cyclin E1 and down-
regulation of Rb were common molecular markers associ-
ated with resistance.!? Cyclin-E-driven therapy resistance
is further supported by clinical evidence, as observed in a
study analyzing patient tumor samples from the PALOMA-3
trial.'’® Thus, combined inhibition of CDK2 plus CDK4 and
6 may be an effective treatment strategy for a subset of resis-
tant tumors.

Conclusion

CDK4 and 6 inhibition has become an important therapeutic
strategy for patients with HR+ BC. Notably, there are import-
ant pharmacodynamic and clinical differences within this
class of compounds. Understanding these distinctions may
have important implications for patient care. Although anti-
cancer activity in Rb-proficient tumors is demonstrable, all of
the cellular processes affected by abemaciclib, and the other
CDK4 and 61, have yet to be elucidated. The preclinical and
clinical studies discussed in this review reveal the complexity
and wide range of cellular processes that are influenced by
these agents. As further knowledge of these molecular inter-
actions is elaborated, there is a greater potential to establish
novel biomarkers suggesting sensitivity, identify key mecha-
nisms of resistance, and improve treatment strategies across a
range of tumor types.
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