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Abstract

Background Perturbation of the CDK4/6 pathway is frequently observed in advanced bladder cancer. We investigated the
potential of targeting this pathway alone or in combination with chemotherapy or immunotherapy as a therapeutic approach
for the treatment of bladder cancer

Methods The genetic alterations of the CDK4/6 pathway in bladder cancer were first analyzed with The Cancer Genome
Atlas database and validated in our bladder cancer patient-derived tumor xenografts (PDXs). Bladder cancer cell lines and
mice carrying PDXs with the CDK4/6 pathway perturbations were treated with a CDK4/6 inhibitor palbociclib to determine
its anticancer activity and the underlying mechanisms. The combination index method was performed to assess palbociclib
and gemcitabine drug—drug interactions. Syngeneic mouse bladder cancer model BBN963 was used to assess whether pal-
bociclib could potentiate anti-PD1 immunotherapy.

Results Of the 413 bladder cancer specimens, 79.2% harbored pertubations along the CDK4/6 pathway. Palbociclib induced
GO/G1 cell cycle arrest but with minimal apoptosis in vitro. In mice carrying PDXs, palbociclib treatment reduced tumor
growth and prolonged survival from 14 to 32 days compared to vehicle only controls (p =0.0001). Palbociclib treatment
was associated with a decrease in Rb phosphorylation in both cell lines and PDXs. Palbociclib and gemcitabine exhibited
antagonistic cytotoxicity in vitro (CI> 3) and in vivo, but palbociclib significantly enhanced the treatment efficacy of anti-
PD1 immunotherapy and induced CD8+ T lymphocyte infiltration in syngeneic mouse models.

Conclusions The CDK4/6 pathway is feasible as a potential target for the treatment of bladder cancer, especially in combina-
tion with immunotherapy. A CDK4/6 inhibitor should not be combined with gemcitabine.
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Background

Cell cycle deregulation is a common characteristic of many
cancers, resulting in uncontrolled cell proliferation [1].
Cyclin-dependent kinases (CDKs) play key roles in regu-
lating cell cycle progression by cooperating with cyclins
[2, 3]. Many members of the CDK and cyclin families have
been identified as drivers of the cell cycle [1]. The cyclin
D-CDK4/6 complex is a major checkpoint in the pathway,
and has been shown to phosphorylate the retinoblastoma
protein (Rb), leading to gene transcription that releases
the cell cycle checkpoint and drives cell cycle progres-
sion from the GO/GI1 to S phase and allows cell division
[3-5]. In addition, the cyclin D-CDK4/6 pathway exert
its pro-tumorigenic effects through the Rb-independent
pathways, such as MYC, SMAD3, FOXM1, and MEP50/
PRMTS [6]. The cyclin D-CDK4/6 pathway is frequently
altered in bladder cancers. Based on The Cancer Genome
Atlas (TCGA) database, approximately 90% of bladder
cancers have alterations in cell cycle regulators, making
this pathway the most affected one among all pathways
[7]. Cyclin D1 is overexpressed in about 67% of bladder
cancers and correlates with disease progression [8—10].
The CCNDI1 gene, encoding cyclin D1, is amplified in
about 10% of bladder cancer specimens, while expression
of its inhibitory gene CDKN2A, encoding p16™%42 is Jost
in 47% of specimens [11, 12]. Therefore, the CDK4/6-RB
pathway is a reasonable target for the treatment of bladder
cancer [13, 14].

Several CDK4/6 small molecule inhibitors have been
developed [3, 14, 15]. So far, three CDK4/6 inhibitors, pal-
bociclib, abemaciclib, and ribociclib, have been approved
by the Food and Drug Administration (FDA) for the treat-
ment of hormone receptor-positive, human epidermal
growth factor receptor 2 (HER2)-negative advanced or
metastatic breast cancer with disease progression follow-
ing endocrine therapy [16—18]. Palbociclib is a highly
selective CDK4/6 inhibitor and shows strong anti-prolif-
erative activity in a number of in vitro and in vivo tumor
models, including breast cancer, colon cancer, osteosar-
coma, glioblastoma, and mantle cell lymphoma [4, 19-22].

Bladder cancer is the second most common genitou-
rinary malignancy after prostate cancer and the tenth
most frequent cancer globally, leading to approximately
199,922 deaths in 2018 worldwide [23]. In the USA, it
is estimated 80,470 people were diagnosed with bladder
cancer and 17,670 deaths occurred from bladder cancer
in 2019 [24]. Currently, the standard first-line treatment
for metastatic bladder cancer is cisplatin-based chemo-
therapy, which is associated with median overall survival
(OS) of only 13—15 months [25, 26]. Carboplatin-based
chemotherapy yields a median OS of only 8-9 months in
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cisplatin-ineligible patients [27]. The treatment and prog-
nosis for bladder cancer has not changed significantly over
the last few decades until the first anti-programmed cell
death ligand 1 (PD-L1) atezolizumab immunotherapy
was approved by the FDA in 2017 [28]. So far, five anti-
programmed cell death 1 (PD1) or anti-PD-L1 immune
checkpoint antibodies have been approved by the US
FDA for post-platinum patients, but the median OS is less
than a year despite responses in~ 15 to 20% of patients.
Atezolizumab and pembrolizumab are also approved for
cisplatin-ineligible patients whose cancer specimens have
high PD-L1 expression [29, 30]. Recurrent genetic or epi-
genetic alterations have been identified in bladder cancer
[7, 12, 31-33]. But so far only one targeted agent, the
fibroblast growth factor receptor (FGFR) inhibitor erdafi-
tinib, has been approved by the FDA for post-platinum
metastatic bladder cancers with FGFR, mainly FGFR3,
activation mutations, or translocations, which occur in less
than 20% of advanced bladder cancer [34, 35]. Enfortumab
vedotin was recently approved by the FDA for those blad-
der cancer patients who have disease progression after
platinum-based chemotherapy and immunotherapy but has
a duration of response of around 7.6 months. Therefore,
there is a clearly unmet medical need in developing novel
therapy to improve bladder cancer care. Here, we deter-
mined whether targeting the CDK4/6 pathway, either alone
or in combination with chemotherapy or immunotherapy,
can be used to treat bladder cancer.

Methods
Analysis of the TCGA bladder cancer database

The TCGA bladder cancer database, which include 413
cancer specimens, was analyzed through the cBioPortal for
Cancer Genomics (www.cbioportal.org) Web site. Mutation,
putative copy number alterations, mRNA expression, and
protein expression of CDK4, CDK®6, cyclin D1 (CCND1),
cyclin D3 (CCND3), CDKN2A, CDKN2B, and RB1 were
analyzed as a whole group and of individual genes.

Cell lines and other materials

Human bladder cancer cell lines (T24, J82, 5637, TCCSUP)
were obtained from the American Type Culture Collection
(Manassas, VA) and were cultured with the recommended
medium at 37 °C with 5% CO,. Mouse bladder cancer cell
line BBN963 was a generous gift from Dr. William Kim at
University of North Carolina. Palbociclib (LC Laboratories,
Woburn, MA) was dissolved in dimethyl sulfoxide (DMSO)
to 10 mM stock concentrations for cell culture experiments
and in phosphate-buffered solution (PBS) at 4 mg/ml for
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in vivo experiments. Gemcitabine (Eli Lilly, Indianapolis,
IN) was diluted in PBS to 15 mg/ml stock concentrations.
Anti-mouse PD1(CD279) antibody was purchased from
BioXCell (West Lebanon, NH). MTS reagent was pur-
chased from Promega (Madison, WI). Propidium iodide and
Annexin V were purchased from BioLegend (San Diego,
CA). The following antibodies were used for this paper:
CDK4, GAPDH, total AKT, p-AKT, total ERK, p-ERK,
E2F1, total RB, p-RB(Ser780), cyclin D3, cleaved caspase3,
Ki-67, and CD8 (Cell Signaling Technology, Danvers, MA);
Cyclin D1 (NeoMarkers, Fremont, CA); and actin (Sigma-
Aldrich, St. Louis, MO). THC kits were purchased from Bio-
Genex (Fremont, CA).

Cell viability, cell cycle, and apoptosis assays

For cell viability, cells were seeded at 2000-5000 cells in
150 pl of medium per well in 96-well plates and incubated
with different concentrations of palbociclib (0.001-10 pM),
gemcitabine (0.0001-5 pM), or in combination for 72 h. For
cell cycle analysis, cells were seeded at 60,000-90,000 cells/
well in 6-well plates and treated with 0.1, 0.5, or 2 pM pal-
bociclib for 48 h. Apoptosis in cell culture was measured by
annexin-V-fluorescein isothiocyanate (FITC) and propidium
iodide (PI) staining using the T24 cell line in which plates
were seeded at 60,000 cells/well in 6-well plates and treated
with 1 pM palbociclib for 48 h.

Patient-derived xenografts (PDXs) and animal
studies

All animal studies were approved by the University of
California Davis Institutional Animal Care and Use Com-
mittee (IACUC #17794) as previously described [36].
PDX BL0382 (passage 3) and PDX0293 (passage 3) were
provided by The Jackson Laboratory (JAX, West Sacra-
mento, CA). BL0382 was developed from an 88-year-
old female patient diagnosed with cT2NxMx high-grade
bladder urothelial carcinoma with lymphovascular inva-
sion. BL0293 was developed from a 77-year-old female
patient diagnosed with high-grade sarcomatoid transitional
cell carcinoma. Fresh PDX specimens (3-5 mm?) were
implanted subcutaneously into the flanks of 6—8-week-old
NOD scid gamma (NSG) mice (JAX, West Sacramento,
CA). For immunotherapy, C57BL6 albino mice (Charles
River Laboratories, Hollister, CA) at 8 weeks old were
implanted subcutaneously at the flanks with 5x 10°
BBN963 cells. When the tumors achieved average volumes
of 150-300 mm?, mice with tumor implants were rand-
omized to four groups (n= 10 per group) and treated with
palbociclib twice weekly at 40 mg/kg, gemcitabine weekly
at 150 mg/kg, or in combination, all through intraperito-
neal injection. Gemcitabine was given for 4 weeks, and

palbociclib was given until mice were killed. For immu-
notherapy, mice with BBN963 tumors were randomized to
four groups (n=10 per group) and treated with palboci-
clib twice weekly at 40 mg/kg, anti-PD1 twice weekly at
10 mg/kg, or in combination, all through intraperitoneal
injection. Anti-PD1 was given for 4 weeks, and palbo-
ciclib was given until mice were killed. Animal weight
and tumor size were measured twice a week. The tumor
volume was calculated with the following formula: length
(mm) X width (mm) X width (mm) X 0.5. GraphPad Prism
5.0 was used to calculate the percentage of tumor growth
inhibition.

Western blotting and immunohistochemistry

Whole cells or tissue were lysed with RIPA buffer (1%
NP40, 0.5% DOC, 0.1% SDS, 150 mM NaCl, and 50 mM
Tris pH 8.0) containing a phosphatase inhibitor cocktail
PhoStop and Complete protease inhibitor cocktail [Roche
Diagnostics, Indianapolis, IN)]. Samples were spun down
at 12,000 rpm at 4 °C for 20 min. The concentration of the
supernatant was determined by BCA Protein Assay Kit
according to the manufacturer’s instruction. Protein lysates
were mixed with 4 X Laemmli loading buffer (AMRESCO,
Solon, OH) and heated to 95 °C for 5 min. Proteins were
separated on a 10% polyacrylamide gel and transferred
to PVDF membranes (Millipore). The membranes were
blocked for one hour with 5% nonfat milk and incubated
with primary antibodies at a 1:1000 dilution overnight at
4 °C. Membranes were incubated with secondary antibodies
at a 1:3000 dilution for 1 h at room temperature. Signal was
detected by ECL reagents [SuperSignal West Pico, Thermo
Scientific, Rockford, IL)] followed by exposure in a Bio-
Rad Chemidoc Imaging System. Membranes incubated with
phosphor-protein were washed with stripping buffer (Restore
Plus Western, Thermo Scientific, Rockford, IL) before incu-
bating for the total-protein analysis. IHC staining with anti-
Ki-67 and CD8 antibodies (Cell Signaling, Danvers, MA)
were performed according to the manufacturer’s protocol.

Flow cytometry analysis

Cells were plated in 6-well plates and incubated overnight.
Drugs were added the next day, and cells were incubated for
an additional 48 h. Cell apoptosis was measured by Annexin-
V fluorescein isothiocyanate (FITC) and propidium iodide
(PI) staining according to the manufacturer’s protocol. Cell
cycle analysis was performed as described previously (24).
Flow cytometry was performed at the UC Davis Compre-
hensive Cancer Center Flow Cytometry Shared Resource,
and data were analyzed using FlowJo software (FlowJo).
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Statistics

Data are presented as mean + standard deviation (SD).
Group comparisons were carried out using one-way analysis
of variance or Student’s ¢ test. Survival analysis was per-
formed using the Kaplan—-Meier method. The ICs, values
and linear regression analyses were computed by GraphPad
Prism 7 program (GraphPad Software Inc., San Diego, CA,
USA). The combination index (CI) value of the palbociclib
and gemcitabine interaction was calculated by CompuSyn
program (Compusyn Inc., Paramus, NJ, USA). A p value of
less than 0.05 was considered statistically significant.

Results

Alteration frequency of the CDK4/6 pathway
in bladder cancer

First, we analyzed the TCGA database and determined
the alterations of the CDK4/6 pathways in bladder cancer.
We studied the following genes, CDK4, CDK®6, cyclin D1
(CCND1), cyclin D3 (CCND3), CDKN2A, CDKN2B,
and RB1. Of the 413 samples, 327 (79.2%) samples had at
least one of the following alterations in at least one of the
genes: mutation, putative copy number alterations, mRNA
expression, and protein expression (Fig. 1a, b; Supplemental
Figure 1). These alterations were consistent with the cor-
responding functionalities as cell cycle regulators (Fig. 1c).
For example, for four cell cycle promoters, CDK4, CDK®6,
CCNDI1, and CCND3, their alterations were mainly high
mRNA expression (CDK4, CDK6, and CCND3), amplifi-
cation (CCND1), or activation mutation (CCND3). For the

A m Alteration frequencies B Alteration category | Alteration frequency

CDK4 9%
CDK6 9%
CCND1  21%
CCND3 9%
CDKN2A 44%
CDKN2B 37%
RB1 29%
c All 7
genes CDK4  CDK6 CCND1

80% 14% 14%

6%+ 12%4 12%

60%

8% 8%

40%

6% 6%

Aeration Frequency

20% 2%

2% 2%

® Mutation

® Amplification

© mRNA Low
Fig. 1 Alteration landscape of the cyclin-CDK4/6 pathway in bladder
cancer. The genomic information of 413 bladder cancer specimens

was analyzed for alterations of seven genes along the cyclin-CDK4/6
pathway: CDK4, CDK6, CCND1, CCND3, CDKN2A, CDKN2B,
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Mutation 11.81%
Amplification 7.87%
Deep deletion 25.98%
High mRNA 10.24%
Low mRNA 0.79%
High protein 0.79%
Multiple alterations  23.62%
CCND3 CDKN2A  CDKN2B RB1
8% 30%
40% 40%+
25%4
6%
30% 30% 20%
4% 15%
20%+4 20%4
10%
2% 10% 10%
5%
® Deep Deletion © mRNA High

© Protein High

® Multiple Alterations

and RB1. a Alteration frequencies of 7 genes in bladder cancer; b the
alteration frequencies of each alteration subcategories; ¢ the alteration
frequencies of each gene
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two cell cycle negative regulators, CDKN2A and CDKN2B,
their alterations were usually deep deletion. Alterations in
RB1 were mainly inactivation mutations and deep deletion.
Interestingly, alterations in RB1 and those of CDKN2A/
CDKN2B were mutually exclusive (p <0.05 both cases),
while alterations of CCND1 and those of CDKN2A/
CDKNZ2B were highly concurrent (p < 0.05 in both cases)
(Supplemental Table 1).

Cytotoxic effects of palbociclib in bladder cancer cell
lines

Considering the widespread alterations of cell cycle regula-
tors in bladder cancer, we next determined whether target-
ing this pathway could be used for the treatment of bladder
cancer. We first determined the efficacy of one of the three

A
R - S
2\:100
»n
@
(5]
g s0
s ® 5637
- J82 b
= - 124 Q
w 4 TCCSUP
0
0.0001 0.001 0.01 0.1 1 10 100
Palbociclib (pM)
C D

a1 [ @ | T @
m‘]ooso\ 6.33% losss\ 6.67%

10t i

vl |

1 *‘ '
0404 Qo Q4 7 3]
|u1\ 5.53% | 187.4% 7 5.57%
. I S ... .1 L_ﬁ-._......... —~—v——
0 10 10 10! 10 0 107 10 10! 10
FITC-A: AnnexinV
Palbociclib

Control

Fig.2 Effect of CDK4/6 inhibitor palbociclib on bladder cancer cell
lines. a Dose response curves of bladder cancer cell lines treated
with palbociclib. T24, J82, TCCSUP, and 5637 cells were grown in
96-well plates and incubated for 72 h at 37 °C with increasing con-
centrations of palbociclib (1-10,000 nmol/L). The number of viable
cells were determined by the MTS cell viability assay. b Cell cycle
analysis of bladder cancer cell lines treated with palbociclib. Cells
were treated with different concentrations of palbociclib (0.1, 0.5,
2 puM) or DMSO (Ctrl) for 48 h. Cell cycle progression was deter-
mined by flow cytometry. Columns mean; bars SD; n=3. *p <0.05.
The percentage of S-phase was significantly decreased, and G1-phase
was significantly increased in a dose-dependent manner in T24 and

Percent of Total Cells (%)

CDK4/6 inhibitors, palbociclib in four bladder cancer cell
lines. T24 cells were highly sensitive to inhibition with an
ICs, of 0.4 pM; J82 cells showed a moderate response with
an ICs, of 1.0 pM; while TCCSUP and 5637 cells were
resistant to palbociclib treatment with IC, values of 97.7
and 58.1 pM, respectively (Fig. 2a). Cell cycle analysis dem-
onstrated cell cycle arrest at the GO/G1 phase and decreased
proportion at the S phase following 48 h of exposure to pal-
bociclib in T24 cells, while no significant cell cycle dis-
turbance was observed with resistant 5637 and TCCSUP
cell lines at concentrations up to 2 uM (Fig. 2b). No sig-
nificant increase in early (annexin V+ PI-) or late (annexin
V+ PI+) apoptosis was detected in sensitive T24 cells after
1 uM palbociclib treatment (Fig. 2¢). Consistent with this
finding that palbociclib did not induce apoptosis, a large
portion of sensitive T24 cells were alive and the survival
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J82 cells; no significant change of cell cycle was detected in 5627
and TCCSUP cells. ¢ Apoptosis analysis in T24 cells. Cells were
treated with 2 pM palbociclib or DMSO (Ctrl) for 48 h and stained
with Annexin V and propidium iodide (PI). One representative flow
cytometry result was presented. Percentages of early (Annexin V+4/
PI-, Q3) and late apoptoses (Annexin V+/PI+, Q2) were indicated.
No significant changes were observed, suggesting that palbociclib
rarely induces apoptosis even in the sensitive T24 cells. d Western
blot analysis of phospho-Rb protein in bladder cancer cell line T24.
Cells were treated with palbociclib for 48 h with indicated palbociclib
concentrations. p-Rb protein was inhibited in a dose-dependent man-
ner
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«Fig. 3 Palbociclib inhibited tumor growth in bladder cancer PDX
models. a Validation of CDK4 and RB1 expression in bladder cancer
PDXs. b—d Studies in PDX BL0382 which expresses wild-type Rb. b
Tumor growth curve of PDX BLO0382 treated with palbociclib. The
tumor in treatment group grew much slower than the control group. ¢
Survival curves of control and palbociclib-treated mice. Median sur-
vival of control and palbociclib groups were 14 and 32 days, respec-
tively, showing that treatment group had longer lifespan than the con-
trol group (p <0.0001). d Body weight change in PDX BL0382 mice
treated with palbociclib. Treatment group had slightly lower body
weight than the control group, but not statistically significant. e, f
Studies in PDX BL0293 which has no Rb expression. e Efficacy study
in the parental PDX BL0293. Parental BL0293 was gemcitabine-
sensitive and did not express RB1 as shown in a; f efficacy study in
gemcitabine-resistant BL0293-subclones. Palbociclib significantly
delayed tumor growth in both models. g, h Palbociclib-affected cell
growth-related proteins in bladder PDX BLO0382 model. g Western
blot analysis of tumors obtained three days after palbociclib treat-
ment. The expression of p-Rb and p-Akt were suppressed in treatment
group. h Immunohistochemical staining of Ki-67 in tumor of BL0382
model. Palbociclib treatment reduced Ki67 expression compared to
control group

curve did not go below 40% after 72 h of treatment (Fig. 2a).
Palbociclib’s effects on CDK4/6-RB pathway were evaluated
by Western blot. As shown in Fig. 2d, palbociclib decreased
the phospho-RB. These data suggest that palbociclib could
induce cell cycle arrest and inhibit cell proliferation in blad-
der cancer cells through the CDK4/6-RB pathway, but barely
cause apoptosis.

Antitumor activity of palbociclib in bladder cancer
PDXs

Next, we determined whether inhibition of the CDK4 path-
way could inhibit tumor growth in PDXs. We previously
showed that our bladder cancer PDXs retained the mor-
phology fidelity and 92-97% genetic alterations of paren-
tal patient cancers [36]. It has been reported that there is a
high concordance (15/17) of response between PDXs and
patient tumors to treatment [37]. Therefore, findings in these
PDXs can be better translated into clinical applications. We
selected four PDXs and performed Western blots to deter-
mine the expression of some of the cell cycle regulators.
CDK4 expression was detected in three out of four PDXs,
while RB1 protein was detected in only one PDX (Fig. 3a).

We then selected PDX BL0382 for the efficacy study
because it expressed CDK4, CDK®6, cyclin D1, and their
downstream factor Rb (Fig. 3a, Supplement Figure 2A and
B) as some studies showed presence of functional RB is
required for the antitumor activity of a CDK4/6 inhibitor
[19, 21, 38, 39]. NSG mice bearing PDX BL0382 tumors
were randomly divided into 2 groups (10 mice per treat-
ment group). When the tumor volume reached approxi-
mately 200 mm?>, mice were treated with vehicle control or
palbociclib at 40 mg/kg twice per week via intraperitoneal
injection until disease progression. As shown in Fig. 3b,

tumor growth was significantly inhibited by palbociclib as
compared to the control group. Consistent with the finding
that palbociclib was cytostatic and did not induce apoptosis
(Fig. 2c¢), the xenografts in mice treated with palbociclib
grew much slower than those xenografts in control mice,
but no tumor shrinkage was observed. We used the tumor
volume of 7.5 X the baseline (approximately 1.5 cm®) as the
study point for treatment response. Compared to 15 days
in the control arm, the median time from the starting time
to 7.5 X the baseline was 37 days (p <0.0001) for the pal-
bociclib treatment group (Fig. 3b). Compared to the over-
all survival (OS) of 14 days in the control arm, OS for the
palbociclib group was 32 days (p <0.0001) (Fig. 3c). Mice
treated with palbociclib showed no adverse effects and main-
tained body weight comparable to mice in the control group
(Fig. 3d). These data demonstrate that palbociclib effectively
inhibits tumor growth and prolongs the overall survival in
bladder cancer PDX model BL0O382.

As shown in the TCGA data, approximately 29% blad-
der cancers have alterations of RB1, a downstream factor of
cyclin/CDK, which may affect the efficacy of the CDK4/6
inhibitors. We next determined whether palbociclib was also
effective in PDXs that lack Rb expression. For this experi-
ment, we used PDX BL0293 which lacked the Rb expression
(Fig. 3a). In addition, we used another PDX BL0293 sub-line
BL0293-GemR that is resistant to gemcitabine. Palbociclib
delayed tumor growth of both parental BL0293 and BL0293-
GemR. At day 15, tumor sizes are significantly smaller in
palbociclib group compared to control group (p=0.037 in
BL0293; p=0.031in BL0293-GemR) (Fig. 3e, f). Overall,
palbociclib treatment inhibited 60% of tumor growth in RB-
positive PDX0382 and 47% in Rb negative PDX0293.

Palbociclib-affected proteins related to cell growth
in bladder PDXs

Palbociclib treatment resulted in reduced p-RB levels
(Fig. 3g), but it did not affect the expression of CDK4,
CDKa®6, cyclin D1, and cyclin D3 (Supplement Figure 2). No
significant change in cleaved caspase 3 was observed (Sup-
plement Figure 2). As the MAPK/ERK pathway and PI3K/
AKT/mTOR pathway are two major common pathways
essential for tumor growth and survival, we investigated the
effect of palbociclib on these pathways in the PDXs. Treat-
ment with palbociclib resulted in significant downregula-
tion of p-Akt compared to untreated controls, but it did not
affect p-Erk levels (Fig. 3g). Inmunohistochemical analysis
of BL0382 xenograft tumor tissue revealed that palbociclib
treatment reduced Ki-67 expression compared to control
groups (Fig. 3h), suggesting decrease in cell proliferation.
In summary, palbociclib treatment reduced p-Rb and p-Akt,
which likely contributed to decreased cell proliferation.
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Antagonistic drug-drug interaction
between palbociclib and gemcitabine

Like most other targeted therapies, response to palbociclib
is usually transient. Gemcitabine is a nucleotide analog
that is commonly used as a first-line therapeutic agent in
the treatment of advanced bladder cancer. Here, we deter-
mined whether the antitumor activity could be improved
with the combination of palbociclib and gemcitabine which

targets cancer cells with different underlying mechanisms.
First, we determined the combination index (CI) to assess
the potential for drug—drug interactions between palboci-
clib and gemcitabine in cell culture with T24 cells [40]. As
shown in Table 1, a strong antagonistic drug—drug interac-
tion was observed with CI above 3 in all studies. The MTS
assay showed the cytotoxicity curve of the gemcitabine and
palbociclib combination shifted to the right compared to
gemcitabine treatment alone. The ICs, values of gemcitabine

Table 1 Combination index of

o 1dex o Gem (um) 0.01 0.05 0.1 0.2 0.5 2
gemcitabine and palbociclib in
T24 cells Palbo (um) 0.1
CI value 5.397 9.723 8.865 24.746 3.421 9.8
Palbo (um) 0.5
CI value 8.243 15.544 39.977 12.916 14.6374 15.0219
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Fig.4 Effect of the palbociclib and gemcitabine combination in blad-
der cancer cells and PDX model. a Dose response curve of T24 blad-
der cancer cells treated with gemcitabine and gemcitabine + palbo-
ciclib. Cells were grown in 96-well plates and incubated with drugs
for 72 h at 37 °C. Concentration of gemcitabine was 0.1-10,000 nM
and palbociclib was 100 and 500 nM. b Tumor growth curve of PDX
BLO0382 treated with gemcitabine and gemcitabine+ palbociclib.
The combination treatment group grew faster after day 40 than the
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control group. ¢ Survival curve of mice treated with gemcitabine or
gemcitabine plus palbociclib. Mice treated with the combination lived
shorter than those treated with gemcitabine alone (»p =0.016). d Body
weight change in PDX BL0382 mice treated with gem and gem + pal-
bociclib. No significant difference of body weight between the gem-
citabine and gemcitabine + palbociclib groups, suggesting that the
shorter survival of the combination group was not secondary to the
toxicity
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was 0.02 uM, while the IC50s for gemcitabine + 0.5 uM pal-
bociclib and gemcitabine + 0.1 uM palbociclib were 0.2 uM
and 0.1 uM, respectively (Fig. 4a).

Next, we determined the antitumor activity of palboci-
clib plus gemcitabine in combination in vivo. The BL0382
PDX model was chosen for this study since our previous
work showed that BL0382 was sensitive to gemcitabine
and expressed CDK4 and Rb [36]. NSG mice bearing PDX
BL0382 tumors were randomly divided into two groups
(8-10 mice per treatment group). The gemcitabine plus pal-
bociclib combination therapy had reduced antitumor activity
when compared to gemcitabine as a single therapy. In con-
trast to the cytostatic effect in vitro (Fig. 2a) and no tumor
shrinkage in vivo of palbociclib (Fig. 3b), gemcitabine
killed cancer cells and induced tumor shrinkage (Fig. 4b).
Tumor xenografts recurred much sooner when mice were
treated with the gemcitabine plus palbociclib combination.
Compared to 51 days in the gemcitabine treatment group,

the median time from the start time to disease progression
(above the baseline volume) was 44 days (p=0.017) for the
palbociclib plus gemcitabine combination group (Fig. 4b).
Compared to the overall survival (OS) of 51.4 days in the
gemcitabine arm, OS for the palbociclib plus gemcitabine
group was 42.7 days (p=0.016) (Fig. 4c). These data
demonstrate that gemcitabine and palbociclib exhibit an
antagonistic antitumor activity in vivo. Mice treated with
combination therapy showed no more adverse effects and
maintained body weight compared to mice with gemcitabine
alone group (Fig. 4d).

Synergistic anti-tumor effect between palbociclib
and anti-PD1-immunotherapy

There is a great unmet need in improving the efficacy of immu-
notherapy in bladder cancer as the overall response rate of anti-
PD1/PD-L1 immunotherapy is around 20% (Supplemental
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Fig.5 Effect of the palbociclib and anti-PD1 antibody combination
in a syngeneic mouse bladder cancer model. a Palbociclib potentiates
immunotherapy in the BBN963 syngraft model. Tumor growth curve
of BBN963 treated with palbociclib, anti-PD1 antibody, and combi-
nation of palbociclib plus anti-PD1 antibody. The tumor in the com-
bination treatment group grew much slower than the other groups. b
Spider map of tumor growth. ¢ Survival curve of mice treated with
palbociclib, anti-PD1 antibody, or combination. Mice with palbo-
ciclib, anti-PD1 antibody, or combination lived much longer than
those with monotherapy. d The palbociclib plus anti-PD1 antibody
combination decreased proliferation and induced T cell infiltration

as determined by immunohistochemical analysis in mouse BBN963
models. Formalin-fixed paraffin-embedded BBN963 tumor sections
were stained for Ki-67 and CDS8. More Ki-67 positive cells were
observed in the control group, but significantly decreased in the pal-
bociclib plus anti PD1 combination group. Compared with the con-
trol group, increasing numbers of cells stained positive for CD8 were
observed in the palbociclib, anti-PD1, and palbociclib plus anti PD1
combination groups. Quantitative data of Ki67 and CDS8 staining in
each group were generated from randomly selected 10 fields and are
shown along with the images
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Table 2). It has been shown that CDK4/6 inhibitors could
modulate the expression of antigen presentation genes [41].
Here, we determined whether palbociclib could potentiate
immunotherapy in bladder cancer. A syngeneic immune-
competent mouse model with a mouse bladder cancer cell line
BBNO963 was used for this study [42]. First, we determined and
confirmed the expression of CDK4 and 6 in BBN963 (data
not shown). As shown in Fig. 5a, treatment with single-agent
palbociclib or anti-mouse PD1(CD279) exhibited moderate
antitumor activity in mice bearing BBN963 tumors. The vehi-
cle only control had a median time to a tenfold increase in
tumor volume of 14 days, whereas the median times to this
endpoint were 22.5 days (p=0.04) and 29 days (»p=0.0001) for
the palbociclib and anti-PD1 monotherapy groups. However,
the palbociclib plus anti-PD1 combination group did not reach
tenfold increase in tumor volume at the end of the experiment.
The spider map of tumor growth is shown in Fig. 5b. Even
though palbociclib potentiated the antitumor efficacy of anti-
PD1, we did not observe any significant increase in toxicity
based on the body weight measurement. Moreover, compared
to the overall survival (OS) of 18.5 days in the control arm, OS
for the palbociclib group and anti-PD1 monotherapy groups
are 31 days (p=0.04) and 33 days (p=0.002), respectively
(Fig. 5¢). The median survival of mice treated with the pal-
bociclib plus anti-PD1 combination did not reach when we
terminated the experiment at day 60 (Fig. 5c). These data dem-
onstrate that combination of palbociclib and PD1 effectively
inhibits tumor growth and significantly prolongs the overall
survival in the bladder cancer model.

Next, we examined if treatment of palbociclib and anti-
PD1 could induce cytotoxic T cell infiltration in tumor tis-
sue. CD8 is a T cell marker used to evaluate cytotoxic T
cell expression. As shown in Fig. 5d, immunohistochemical
analysis of the tumor tissue revealed a substantial increase
in CD8-positive cells in the anti-PD1 antibody, palbociclib,
and combination treatments compared to control group.
Furthermore, Ki-67, a nuclear nonhistone protein that is
preferentially expressed in dividing cells and is frequently
used to assess the proliferation state of tissues, was signifi-
cantly decreased in these three treatments groups compared
to control group. These data demonstrate that the antitumor
activity of the combination treatment with palbociclib and
anti-PD1 antibody was, at least in part, due to decreased
cell proliferation with increased immune response as dem-
onstrated by cytotoxic T cell infiltration in tumor tissue and
inhibited tumor proliferation in mouse bladder cancer model.

Discussion
Novel targeted therapies have revolutionized the manage-

ment of some cancers, but have not had a significant impact
for the majority of patients with advanced bladder cancer.
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Recent data from The Cancer Genome Atlas (TCGA) show
that various molecules involved in cell cycle regulation are
altered in 93% of muscle invasive bladder cancer [12]. The
cyclin D-CDK4/6 pathway is frequently altered in bladder
cancer [10, 43], making CDK4/6 a promising cancer drug
target. Several CDK inhibitors have been approved by the
FDA. In this study, we analyzed the TCGA database and
gave a comprehensive overview of the landscape of altera-
tions along the cyclin-CDK4/6 pathway in bladder cancer.
We found that approximately 80% of bladder cancers have
alterations along this pathway, making it potentially the most
actionable pathway in bladder cancer. We then evaluated
the antitumor effect of a CDK4/6 inhibitor palbociclib, as a
single agent or in combination with chemotherapy or immu-
notherapy, in several bladder cancer models from cell lines,
PDXs, and a syngeneic mouse model. Our results clearly
showed that palbociclib, especially in combination with
immunotherapy, was effective in suppressing tumor growth
and prolonging overall survival of mice carrying bladder
PDXs. The antitumor activity of palbociclib was achieved
through downregulation of p-Rb and p-AKT, resulting in
a GO/G1 cell cycle arrest without significant increase in
apoptosis. Based on our study, palbociclib should not be
combined with gemcitabine as this combination achieved
antagonistic cytotoxic and antitumor effects. More impor-
tantly, palbociclib synergizes with anti-PD1 immunotherapy.

Considering the frequent alteration of the cyclin/CDK
pathway in bladder cancer, our data strongly suggest that
this pathway can be targeted for the treatment of bladder
cancer. Unlike the FGFR3 alterations which occurs in less
than 20% of advanced bladder cancer, alterations along the
CDK4/6 pathway are very common, accounting for approx-
imately 80% of all bladder cancers. Most alterations are
overexpression and/or amplification of CDK4, CDK®6, and
cyclin Ds, or loss of CDKN2A and CDKN2B expression by
DNA methylation. We used multiple models from cell lines
to PDXs to show that a CDK4/6 inhibitor palbociclib can
target this pathway and treat bladder cancer. One phase II
trial evaluated palbociclib for metastatic platinum-refractory
bladder cancer molecularly selected for p16 loss and intact
Rb by tumor immunohistochemistry [44]. However, only
12 patients were enrolled and two patients (17%) achieved
progression-free survival at 4 months with insufficient activ-
ity to advance to the next phase clinical trial. The findings
from this trial suggest that CDK4/6 inhibitors, as single
agents, may not induce long-term remission. Therefore,
we proposed combination therapies to combine a CDK4/6
inhibitor with other agents.

Though CDK4/6 inhibitors have shown great antitumor
effects in combination with endocrine therapy in breast
cancer [45, 46], combining CDK4/6 inhibitors with chem-
otherapy has revealed controversial results. One study in
bladder cancer cell lines showed a synergistic effect of
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palbociclib plus cisplatin when compared to cisplatin
alone [47]. In contrast, an antagonistic effect was found
for other cancer drugs. In an in vivo study in breast cancer,
palbociclib as a single agent had antitumor activity, but
the combination of palbociclib with carboplatin resulted
in reduced antitumor activity compared with carbopl-
atin alone [48]. Here, we clearly showed the antagonistic
drug—drug interaction in both cell line and PDX studies
when palbociclib was combined with gemcitabine. From
a mechanistic standpoint, the combination of palbociclib
and gemcitabine is more likely to be antagonistic. Gem-
citabine is a nucleotide analog. Among several anticancer
mechanisms, it kills cancer cells mainly through incorpo-
ration into DNA and termination of DNA replication and
by modulating the availability of deoxynuceloside triphos-
phates (ANTPs) in the nucleotide pool during replication.
Therefore, it is a cell cycle-specific chemotherapeutic drug
that is more active in rapidly dividing cancer cells. Pal-
bociclib inhibits CDK4/6, arrests cell cycles at GO/G1,
and likely decreases the incorporation of gemcitabine into
DNA and decreases the need for ANTPs. Therefore, based
on these findings, combination of a CDK4/6 inhibitor with
cell cycle-specific chemotherapeutic drugs, especially
gemcitabine, should not be used.

Immunotherapy with immune checkpoint inhibitor anti-
PD1/PD-L1 antibodies has emerged as a very promising
therapeutic modality in bladder cancer and many other
cancers. In most cancer types, however, only a minority
of patients respond to immunotherapy. In bladder cancer,
the response rates for five FDA-approved anti-PD1/PD-L1
antibodies are around 20% (Supplemental Table 2). Novel
approaches are needed to improve the efficacy of immu-
notherapy. Here we showed that palbociclib significantly
improved the efficacy of an anti-PD1 antibody in a syngeneic
bladder cancer mouse model. Many mechanisms of resist-
ance to immunotherapy have been proposed alone the anti-
cancer immunity pathway [49]. We believe that the enhance-
ment of antitumor activity with this combination is achieved
at least through the following two mechanisms. First, palbo-
ciclib directly exerts its antitumor activity through cell cycle
arrest and inhibition of tumor growth. This is evidenced by a
decrease in Ki67 staining. Arrest of cancer growth provides
the immune system more time and opportunity to exert its
anticancer activity. Second, palbociclib potentiates immu-
notherapy. It has been shown that CDK4/6 inhibitors induce
expression of antigen presentation genes [41]. Our findings
support this observation. When tumor antigens are better
presented, more immune cells are attracted to the cancer
sites. As shown in our study, much more CD8+ T cells were
observed when the syngeneic mice were treated with the
combination of palbociclib and anti-PD1 antibody, com-
pared to the control group or groups treated with palbociclib
or anti-PD1 antibody alone.

Conclusions

The cyclin-CDK4/6 pathway is altered in approximately 80%
of bladder cancers. Studies in cell lines, PDXs, and synge-
neic animal models suggest that targeting the CDK4/6 path-
way, alone or in combination with anti-PD1 immunotherapy,
can potentially serve as a therapeutic approach in bladder
cancer. The antitumor activity of palbociclib is observed in
both Rb-positive and Rb-negative tumors, suggesting a wide
range of bladder cancers may respond to the treatment. A
CDKA4/6 inhibitor should not be combined with gemcitabine.
Given the strong antitumor effect of the CDK4/6 inhibitors
in multiple models, these inhibitors, in combination with
immunotherapy, should be considered for bladder cancer
clinical trials and further investigated for potential use in
combination with immunotherapy.
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