
P ¼ 0.23; Fig. 5A and B). Interestingly, we detected a significant
increase in the proportion of cells with mTOR/PI3K signaling
pathway activity (Fig. 5A and B). Specifically, as compared with
matched Phase 0 samples, the posttreatment specimens exhibited
significant increases in pS6 (21.3% to 36.7%, P ¼ 0.009) and
p4EBP1 levels (2.8% to31.2%, P¼0.02; Fig. 5A andB). To further
examine mitogenic pathways in ribociclib-treated patients, we
performed semiquantitative protein analyses using the nCounter
Vantage 3D protein solid tumor panel (NanoString Technolo-
gies). The ratios of p4EBP-1/4EBP-1 in posttreatment samples
were significantly higher compared with historical controls and
accompanied by an upward trend in the ratio of pAKT/AKT
(Fig. 5C), suggesting that ribociclib therapy results in the upre-
gulation of themTOR/PI3K pathway. Furthermore, for the 3 post-
treatment samples, we continued to observe an upward trend in
p4EBP1 and pAKT levels (Fig. 5D), indicating that the mTOR/
PI3K pathway may serve as a resistance mechanism following
CDK4/6 inhibition. No significant changes were observed in
EGFR or MEK1/2 signaling pathways (Fig. 5C and D).

Discussion
This study provides the first clinical evidence of CNS pen-

etration of ribociclib and target modulation in patients with

recurrent glioblastoma. Ribociclib achieves therapeutic concen-
trations not only in contrast-enhancing tumor regions with a
disrupted BBB but also in nonenhancing tumor tissues with
largely intact BBB. Because nonenhancing regions of glioblas-
toma are often unresectable, good penetration of ribociclib into
these regions would represent a significant therapeutic advan-
tage for treating glioblastoma. Following the administration of
the last dose (900 mg), the median unbound concentrations
of ribociclib in nonenhancing region were 0.51, 0.6, and
0.35 mmol/kg (or mmol/L) at 2, 8, and 24 hours, respective-
ly—all exceeding the predefined threshold of 0.2 mmol/L (i.e.,
5-fold of the in vitro IC50 for inhibition of CDK4/6). Given the
linear pharmacokinetics of ribociclib, the median unbound
drug concentrations in nonenhancing tumor regions following
the therapeutic dose of 600 mg would be approximately two-
third of those observed at the 900-mg dose, which could be
adequate for target inhibition (>0.2 mmol/L). Despite this
predicted correlation, the direct pharmacokinetic and pharma-
codynamic effects of 600-mg dosing were not measured in this
study, and our understanding of this dose-level will be
enhanced by future tissue-based study. Nevertheless, evidence
of CDK4/6 pathway inhibition after 5 days of drug exposure
at 900 mg was suggested by significant reduction of RB
phosphorylation and tumor proliferation. The reliability of
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Figure 2.

CNS pharmacokinetics of ribociclib in patients with glioblastoma. A, Representative imaging indicating enhancing and nonenhancing region of the
tumor. B, Observed unbound ribociclib concentrations in plasma, CSF, nonenhancing, and enhancing glioblastoma tumor regions at 2 to 24 hours
after oral administration of the fifth dose of ribociclib. Patients were treated with a daily oral dose of 900 mg for 5 days, and all samples were
collected on day 5. Symbols represent observed concentrations, and dash lines represent the median concentration–time profiles. C, Summary of
pharmacokinetic characteristics of CNS ribociclib in patient with glioblastoma. Data are presented as the median (range). CSF/Pu, CSF-to-plasma
unbound drug concentration ratio; EN, enhancing; ENTu/CSF, enhancing tumor-to–CSF unbound drug concentration ratio; ENTu/Pu, enhancing
tumor-to–plasma unbound drug concentration ratio; NE, nonenhancing; NETu/CSF, nonenhancing tumor-to-CSF unbound drug concentration ratio;
NETu/Pu, nonenhancing tumor-to-plasma unbound drug concentration ratio.
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this observation is tempered by the study's need to employ
archival tissues as the comparator for phase 0-collected specimens.

Three orally bioavailable, highly-selective competitive inhibi-
tors of CDK4/6, including palbociclib, abemaciclib, and riboci-
clib, have been FDA-approved for the treatment of breast cancer
and are currently under clinical development for a variety of
cancers including glioblastomas (17, 18). In preclinical models,
all 3 CDK4/6 inhibitors demonstrated brain penetration and
antitumor activity against intracranial tumors (8, 19). Palbociclib
has been evaluated in 22 patients with recurrent RB-positive
glioblastoma in a phase II trial in which, despite evidence of
tumor penetration (assessed by total drug tumor concentrations),
it showed limited clinical efficacy in termsof prolonging PFS (20).
Abemaciclib is currently under investigation for the treatment
of patients with first recurrent glioblastoma [NCT02981940,
NCT03220646], and data are yet to be reported. Our present
study on ribociclib complements previous knowledge on the
therapeutic implications of modulating CDK4/6 signaling in
glioblastomas.

Compared with historical controls for recurrent glioblastoma,
the pharmacokinetic/pharmacodynamic-guided expansion

cohort study suggest a limited clinical impact of ribociclib as
monotherapy. Nevertheless, the accompanying longitudinal tis-
sue analysis raises the possibility that ribociclib-treated glioblas-
tomas utilize the PI3K/mTOR pathway for cellular resistance to
CDK4/6 inhibition. Interestingly, previous work using glioma
mouse models (18, 21), as well as reports from non-CNS can-
cers (18, 22), echo this observation. Taken together, these data
identify ribociclib as a potential component of a combinatorial
drug strategy for recurrent glioblastoma and suggests an mTOR
inhibitor as a candidate pairing. Although a regimen of ribociclib
plus an mTOR inhibitor has yet to be tested in patients with
glioblastoma, a phase I clinical trial for ribociclib plus everolimus
plus exemestane in patients with endocrine-resistance advanced
breast cancer was reported in 2017 (23). In that study, the
maximally tolerated dose was not reached, and ribo-
ciclib 300 mg/day þ everolimus 2.5 mg/day þ exemestane
25 mg/day was declared the recommended phase II dose.
Importantly, the ribociclib Ctrough was similar to expected
values, whereas the everolimus Ctrough was 2- to 3-fold greater
than expected, resulting in everolimus blood exposure levels
equivalent to 5 to 10 mg dosing of everolimus (23). Based on

Figure 3.

Pharmacodynamic analysis of surgical glioblastoma tissue after short-term ribociclib treatment. A, Representative pRB immunohistochemistry staining
for matched archival and surgical specimens from ribociclib treatment patients and historical control patients are shown. Scale bar, 100 mm.
B, Quantification of pRB, pFOXM1, MIB-1, and activated caspase-3 positive cells by Aperio imaging system from 8 matched archival and 12 surgical
specimens is shown. Three time-escalating cohorts (2-, 8-, and 24-hour) after the last dose of ribociclib are indicated. Nontreatment control samples
are in the left column, and the treatment group results and the normalized results are shown in the middle and right columns. P value of each marker
is indicated.
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these findings, a combinatorial ribociclib plus everolimus
phase 0/II study for recurrent glioblastoma is underway
(NCT03834740).

The study design used in this trial is an adaptation of
conventional phase 0 paradigms (10) to accommodate chal-
lenges associated with brain tumor patients, including the
high degree of risk surrounding tumor acquisition, the unsuit-
ability of microdosing when crossing the BBB, and the low
accrual rates of nontherapeutic trials. Nevertheless, a number
of important study design limitations exist. Conventional
phase 0 studies for non-CNS cancers often employ multiple
biopsies before and after drug exposure. In contrast, phase 0
trials such as this rely on archival tissue, instead, to serve as
the baseline comparator. Additionally, inadequate penetra-
tion of therapeutic agents across the BBB remains a central
obstacle for CNS drug development (24, 25). For brain tumor
patients, the utility of a microdosing strategy is limited by the
BBB. Specifically, drug microdoses (typically <1% of the
therapeutic dose) are often undetectable within the CNS, even
when using advanced bioanalytical methods. Consequently,
brain tumor phase 0 studies necessitate higher systemic drug
concentrations and higher risks of associated side effects.
Here, we used the maximally tolerated dose for a brief win-
dow of exposure prior to the planned resection. A final
challenge for brain tumor phase 0 studies is the dampening
effect that nontherapeutic trials have on patient accrual. A
phase 0 trial that incorporates a pharmacokinetic- and

pharmacodynamic-guided expansion cohort, graduating
phase 0 patients into a therapeutic continuous treatment
cohort is more compelling for potential study candidates as
it provides direct biological evidence supporting the decision
for therapeutic dosing. Although the expansion cohort study
is not a conventional phase II trial (26), it nevertheless
provides a view of preliminary clinical responses and con-
textualizes these responses to therapy against the backdrop of
detailed molecular and pharmacological analyses. Embracing
and expanding this strategy for brain tumor patients may
alleviate some of the challenges associated with conventional
phase II studies.

Conclusion
We conducted a phase 0 clinical trial with a pharmacokinetic/

pharmacodynamic-guided expansion cohort to assess plasmaand
tumor pharmacokinetic and pharmacodynamic endpoints in
recurrent glioblastoma patients. Ribociclib penetrated well into
not only human glioblastoma regions with disrupted BBB, but
also tumor regions with largely intact BBB. Drug exposure was
accompanied by a pharmacodynamic response, as indicated by
significant reduction in RB phosphorylation and tumor prolifer-
ation. However, preliminary analysis from the expansion cohort
suggests that ribociclib monotherapy showed limited clinical
efficacy in recurrent glioblastoma. Our data support further inves-
tigation of combination therapy with CDK4/6 and PI3K/mTOR
inhibitors for treating recurrent glioblastoma.

Figure 4.

PFS and OS of the expansion cohort. A, Kaplan–Meier plot of the PFS and the OS. B, Swimmer plot of the PFS for the 6 patients. Pharmacokinetic (mmol/L) and
pharmacodynamic characteristics of the patients are shown.
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