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INTRODUCTION

Bladder cancer is a major cause of cancer-related morbidity and mortality and is
characterized by significant molecular and histologic heterogeneity.? Despite exhibiting a
high rate of potentially actionable genomic alterations? (Figure 1), outside of FGFR3
inhibition, efforts to tailor therapy based on such biomarkers have had limited success. The
failure of many initially promising biomarkers to impact the clinical care of bladder cancer
patients thus far highlights the importance of thorough biomarker validation prior to
implementation in clinical practice. In this review, we will summarize precision medicine
efforts to date for patients with bladder cancer and review ongoing work in this area (Table
1). We will also review obstacles to the advancement of precision medicine and potential
solutions.

DISCUSSION

Early efforts: Personalizing treatment based on p53 status

Prior studies showed dysregulation of the tumor suppressor p53 to be a marker of poor
prognosis in bladder cancer? and that p53 inactivation may predict benefit from DNA-
damaging chemotherapy.3# In the first trial in bladder cancer to assign treatment based on
molecular alterations,® patients with p53 mutant tumors were randomized to adjuvant MVAC
(methotrexate, vinblastine, doxorubicin, and cisplatin) versus observation, while p53 wild-
type patients were observed. Accrual was stopped after a futility analysis demonstrated no
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difference in recurrence by p53 status. However, the study suffered from notable limitations,
including a low event rate, frequent patient refusal to receive adjuvant chemotherapy, and a
high number of patients who did not receive their assigned therapy. The trial also relied on
defining p53 expression by immunohistochemistry (IHC). While wildtype p53 is not
detectable by IHC due to rapid degradation, mutant p53 is stabilized and detectable in the
nucleus.® However, this method fails to detect p53 mutations that prevent expression of p53
and cannot differentiate between tumors with heterozygous versus homozygous loss of p53
function. These limitations can now be circumvented with genetic sequencing of 7P53°

Personalizing therapy based on FGFR alterations and expression

Deregulated fibroblast growth factor (FGF) signaling, often through gain-of-function
alterations of FGF receptor (FGFR) 3, contributes to tumorigenesis in multiple cancers,
including 32% of urothelial carcinomas (UC).” FGFR alterations occur in up to 37% of
patients with upper tract UC8 and are especially common in UC of the luminal | subtype.®
FGFR signaling is crucial to tissue homeostasis and angiogenesis.® Upon binding of
extracellular FGF ligands, the FGFR family of transmembrane receptor tyrosine kinases
(RTKs), consisting of FGFR1-4, trigger intracellular signaling via multiple pathways
including RAS/MAPK/ERK, PI3K/AKT, PLC+y and STAT.®

Early efforts to target FGFR3 using small molecule inhibitors included a phase Il trial of
dovitinib, a multi-targeted tyrosine kinase inhibitor (TKI), in advanced/metastatic UC
(mUC) patients with and without FGFR3 mutations detected using a mass spectrometry
assay.10 Dovitinib failed to show significant activity regardless of mutation status.1°
Moreover, only 12 FGFR3 mutant patients were enrolled, due in part to some false positive
results requiring reclassification as wild-type and because the rate of FGFR3 mutations is
15-20% in invasive disease.10 This study highlights the crucial importance of a reliable
assay to detect the biomarker of relevance as well as the need for drugs that effectively
inhibit the target of interest.

Other FGFR inhibitors are also being investigated in the context of FGFR alterations. In a
population of 67 patients with mUC and FGFR3 alterations who were platinum-refractory, -
intolerant, or -ineligible, the FGFR1-4 inhibitor infigratinib demonstrated modest activity,
with a response rate of 25.4%, median progression-free survival of 3.75 months, and overall
survival of 7.75 months.1! A randomized trial of adjuvant infigratinib versus placebo for
invasive UC with specific FGFR3alterations is now ongoing (PROOF 302; NCT04197986).
The FGFR1-3 inhibitor, pemigatinib, has been approved in cholangiocarcinoma with
FGFR2fusions2 and has shown clinical activity in UC with an ORR of 25%.13 Ongoing or
planned studies of pemigatinib for FGFR-altered UC include FIGHT-205, a trial of
pemigatinib with or without pembrolizumab for mUC (NCT04003610), and PEGASUS, a
study of adjuvant pemigatinib for high-risk UC (NCT04294277).

The phase 2 BLC2001 trial tested the pan-FGFR TKI erdafitinib in metastatic FGFR2/3
altered UC and demonstrated a confirmed objective response rate (ORR) of 40%.14 Median
progression-free and overall survival were 5.5 and 13.8 months, respectively.14 These results
led to FDA-approval of erdafitinib as the first targeted therapy for mUC with a specific
genetic alteration.1> A confirmatory phase 111 study (THOR) is currently open and
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randomizes patients with mUC and pre-specified FGFR alterations to erdafitinib versus
vinflunine, docetaxel or pembrolizumab following receipt of one to two prior lines of
therapy (NCT03390504).

FGFR inhibitors are also being explored in patients with FGFR mRNA over-expression. A
phase | dose-escalation and dose-expansion study explored the pan-FGFR inhibitor
rogaratinib for patients with advanced cancers, including 52 with UC, characterized by
FGFRI-3mRNA overexpression and activating mutations, and demonstrated that
rogaratinib had a favorable safety profile and promising anti-tumor activity.® In the cohort
of patients with UC, 24% (n = 11) had an objective response, including one complete
response; 49% had stable disease and 14% had progressive disease. All but one of the
patients with UC who experienced an objective response were positive for FGFR3 mRNA
expression. Of the 11 responders, six had no alterations of the FGFR gene. In the FORT-2
trial of first-line rogaratinib plus atezolizumab for cisplatin-ineligible patients with mUC and
FGFR1/3mRNA overexpression, the ORR in 23 evaluable patients was 39%, with a
complete response rate of 13%.17 Notably, most patients in FORT-2 were FGFR wildtype,
and 96% had little to no expression of programmed cell death ligand 1 (PD-L1).

Mechanisms of FGFR inhibitor resistance remain incompletely understood. Preclinical
studies have suggested the existence of both on-target mechanisms, such as mutations of the
tyrosine kinase domain and the ATP binding cleft, and off-target mechanisms, including
upregulation of parallel signaling pathways (RAS/PI3K).18 Cell-free DNA (cfDNA)
sequencing in patients treated with infigratinib identified ATP binding cleft mutations, or so-
called gatekeeper mutations, in four patients who ultimately progressed.!! Further
characterization of resistance mechanisms will be necessary to optimize patient selection for
FGFR-targeted therapies and to design means of overcoming FGFR inhibitor resistance.

A primary limitation of current FGFR TKIs is the spectrum of toxicity produced by
simultaneous inhibition of multiple FGFRs, resulting in hand-foot syndrome, nail toxicities,
hyperphosphatemia, gastrointestinal side effects, and central serous retinopathy,12:14.16.19
FGFR isoform-specific inhibitors, e.g. inhibitors specific to FGFR3, may substantially
reduce toxicity burden, allowing for increased dosing levels to enhance target inhibition.
Also, anti-FGFR3 antibody therapy may represent a less toxic means of signaling inhibition.
Vofatamab is a fully human monoclonal antibody to FGFR3 which blocks both wild-type
and mutant receptors.20 Preliminary results from the FIERCE-21 study indicated that
vofatamab with or without docetaxel in mUC with FGFR3 mutations/fusions was well-
tolerated, with only 1 patient discontinuing treatment due to an adverse event.29 However,
only 7 of 55 patients had an objective response, suggesting insufficient efficacy.20

HER2-Targeted Therapy in UC

The ErbB family of RTKs consists of EGFR, HER2, ErbB3, and ErbB4.21 Amplifications
and somatic alterations of the ErbB family occur in a significant percentage of UC,
including EGFR amplification (11%), ERBB2 amplification (7%), ERBBZ2 mutations (12%),
and ERBB3 mutations (10%).122 Trials targeting the ErbB family in UC have produced
mixed results, including two negative trials for gefitinib in chemotherapy-resistant UC23.24
and one trial of neoadjuvant erlotinib in muscle-invasive bladder cancer (MIBC) that showed
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pathologic downstaging in 12 of 20 patients.2> A single arm phase 11 trial of trastuzumab
plus chemotherapy for patients with mUC and HER2 positivity—defined as HER?2
overexpression by IHC, ERBB2 amplification, or elevated serum HER2—resulted in a
response rate of 70% but also grade 1 to 3 cardiotoxicity in 22.7% of patients (7% grade 3
toxicity).28 Notably, the trial’s primary endpoint was the rate of cardiotoxicity, and the trial
was not powered to detect differences in ORR or survival by HER?2 expression or
amplification subgroups. In the phase Ila basket study MyPathway, nine patients with
advanced refractory bladder cancer with £RBBZ2 amplification/overexpression were treated
with trastuzumab plus pertuzumab, resulting in one CR ongoing at 15 months, 2 PRs lasting
1 and 6 months, and two patients with stable disease lasting more than 4 months.2” A
separate multicenter, phase |1 trial randomized 61 patients with advanced/metastatic
urothelial cancer overexpressing HER2 to gemcitabine plus platinum with trastuzumab
versus without trastuzumab and found that the addition of trastuzumab was well-tolerated.28
However, there was no statistically significant difference in progression-free or overall
survival.28 A phase 111, double-blind, randomized trial of maintenance lapatinib versus
placebo after first-line chemotherapy in patients with EGFR or HER2 positive UC failed to
show a statistically significant difference in clinical outcomes, including in the subgroup of
patients with 3+ expression by IHC.2°

Promising findings were reported by a phase Il trial of afatinib for platinum-refractory UC.
30 The median progression-free survival of patients with ERBB2 and/or ERBB3 alterations
(n = 6) treated with afatinib was 6.6 months, a three-fold improvement over historical
controls.3%:31 One patient with both ERBB3 mutation and £RBBZ2 amplification never
progressed but did discontinue therapy at 10.3 months due to cardiac toxicity.3° Notably, all
patients without alterations of either ERBB2or ERBB3 (n = 15) progressed or died within 3
months, including patients with EGFR amplification and EGFR protein overexpression,
perhaps because the EGFR exon 19 and 21 alterations for which aftanitib is approved in
non-small cell lung cancer were not found in these patients.32

Notably, a consensus on the optimal method of measuring HER2 positivity in UC is lacking
due to the poor correlation between £RBB2 gene amplification and HER2 overexpression in
this disease.33 Moreover, studies regarding which method is of greater prognostic relevance
have yielded conflicting results.34-38 Though earlier trials of HER-targeted therapy
primarily used IHC for patient selection,23:26 the results of the aforementioned afatinib trial
suggested that £RBB2 amplification as measured by qPCR or FISH may be superior in UC.
30 While 75% of patients in the afatinib study with ££B8B2amplification reached a
progression-free survival of at least 3 months, this only occurred in 25% of patients with 2+
or 3+ HER2 overexpression by IHC.30

Promising trials of HER2-directed therapy for mUC continue, including a phase 1b study
(NCT03523572) of nivolumab plus the highly active antibody-drug conjugate trastuzumab
deruxtecan, which was recently FDA-approved for the treatment of metastatic HER2-
positive breast cancer.37:38 Trastuzumab deruxtecan has shown efficacy in HER2-positive
breast cancer even after treatment with the earlier HER2-directed antibody-drug conjugate,
ado-trastuzumab emtansine, likely due to trastuzumab deruxtecan’s higher cytotoxic payload
and its efficacy at lower levels of HER2 expression.3’
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Personalizing therapy based on alterations in PIK3CA

PIK3CA is altered in approximately 20% of MIBC.! Early stage trials of PI3K inhibitors in
bladder cancer have shown significant treatment-related toxicity but also occasional
treatment responses.3%-41 Some studies suggest that responses to PI3K inhibition in bladder
cancer do not always occur in the context of PI3K pathway alterations.3940 Recently, a
phase Il trial testing the pan-isoform class | PI3K inhibitor buparlisib for mUC with PI3K
pathway alterations reported modest activity in patients with somatic loss of function of
7SC1, achieving a partial response in one such patient and stable disease in three.*!
However, trial accrual was halted early after no evaluable patients achieved disease control
at 8 weeks. Treatment efficacy was likely impaired by dose-reductions for toxicity in 40% of
trial participants. The authors concluded that future trials should employ isoform-selective
PI3K inhibitors in genomically selected patients to increase on-target efficacy and minimize
off-target toxicity.41

Molecular subtypes based on gene expression profiling

The application of gene expression profiling to UC tumors defined discrete molecular
subtypes, broadly categorized as luminal and basal similar to breast cancer subtypes, which
are being intensely explored for correlation with response to various therapies.1:22:42-45
While basal tumors display aggressive behavior and expression patterns similar to less-
differentiated stem-like or mesenchymal cells, luminal tumors express FOXA1 and GATA3
in similar fashion to luminal-differentiated breast cancer cells and often display superficial
papillary growth patterns.#2:46-49 Additional neuronal or neuroendocrine-like subtypes of
UC are characterized by a gene expression profile consistent with neuronal and
neuroendocrine differentiation, often in the absence of neuroendocrine histopathologic
features.1:50

Multiple studies have reported that basal subtype tumors derive the greatest benefit from
neoadjuvant cisplatin-based chemotherapy, while tumors with a p53-like phenotype,
characterized by an activated wild-type p53 gene expression signature, are resistant to
neoadjuvant chemotherapy.#2:4351 The sensitivity of basal subtype UC to cisplatin-based
chemotherapy may be attributable to an inherently higher proliferation rate given its
aggressive natural history.>1

Studies investigating the capacity of molecular subtyping to predict response to
immunotherapy have generated conflicting results. In the phase Il trial IMvigor 210, ORR to
the anti-PD-L1 inhibitor atezolizumab was highest in patients with the TCGA luminal
cluster 11 subtype at 34%.%2 However, results from CheckMate 275 suggested that patients
with basal | subtype benefited most often from the anti-PD-1 inhibitor nivolumab with an
ORR of 30%.3 Both trials showed responses to anti-PD-1/PD-L1 therapy across all
subtypes and suggested that, compared to the luminal Il subtype, tumors of the luminal |
subtype respond less often to immunotherapy.52:°3 Notably, luminal | tumors are
characterized by absence of tumor-infiltrating immune cells, low expression of PD-L1, and
enrichment for FGFR3 mutations.52:53
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In IMvigor 210, patients with tumors of the neuronal molecular subtype experienced
impressive benefit from atezolizumab, with a partial response rate of 75% and complete
response rate of 25%, compared to 14% and 9% in the overall trial population, respectively,
54,55 even though these tumors lacked features otherwise associated with immunotherapy
response, such as high mutational burden and immune-inflammation.>* The response to
immunotherapy was especially noteworthy given the poor prognosis associated with the
neuroendocrine-like subtype in other contexts.%6

A recent publication described a consensus classification consisting of six molecular
subtypes of MIBC that will hopefully serve as a basis for prospective validation in future
clinical trials.>”

The predictive capacity of a different expression-based signature was tested in SWOG
S1314 (NCT02177695), a phase Il trial in which 237 patients with MIBC were randomized
to neoadjuvant dose dense MVAC versus gemcitabine and cisplatin. The investigators tested
for associations between pathologic response and the COXEN score, a dichotomized gene
expression model which accurately predicted sensitivity to cisplatin-based therapy in a prior
cohort of bladder cancer patients.>8 Preliminary results from S1314 indicated that the
COXEN scores were not significant predictors of response in the individual arms, though the
COXEN gemcitabine-cisplatin score did predict for pathologic downstaging in pooled arms.
59 No interaction between COXEN score and chemotherapy regimen as a predictor of
treatment response was identified.>9 Additional analyses focusing on genomic predictors of
response are planned from S1314 specimens.

Alterations in DNA Damage Response and Repair (DDR) Genes

While successive randomized trials have demonstrated a survival benefit with neoadjuvant
cisplatin-based chemotherapy for MIBC, uptake in community practice has been low given
regimen toxicity and inability to predict which patients are most likely to benefit.60-64
Subsequent investigations have attempted to identify biomarkers of chemotherapy response
to aid in patient selection. A study of whole-exome sequencing in patients with MIBC
treated with neoadjuvant cisplatin-based chemotherapy identified an association between
somatic £RCC2 mutations and cisplatin-sensitivity.6> £RCC2, a nucleotide excision repair
gene, is mutated in 10-18% of bladder cancers, higher than in any other cancer type.56
ERCCZ2helicase domain mutations appear to be especially critical markers of cisplatin
sensitivity.5” The association between alteration of ERCC2and platinum sensitivity was
validated in a later study58 and was followed by identification of defects in other DNA repair
genes as predictors of response to cisplatin-based therapy.6%70 In a study of patients enrolled
in clinical trials of neoadjuvant cisplatin-based chemotherapy, Plimack et al found that
alterations in any one of three DNA repair genes—ATM, RB1, and FANCC—predicted
pathologic response with 87% sensitivity and 100% specificity, as well as longer overall
survival.89.71 |n a subsequent analysis of patients with mUC, Teo et al found that the
presence of deleterious alterations in various DDR genes was associated with longer
progression-free and overall survival on platinum-based therapy (overall survival 23.7
months in DDR mutant patients versus 13 months among DDR wild-type patients).”°
Finally, a multicenter phase Il trial of neoadjuvant dose-dense gemcitabine plus cisplatin for
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MIBC found the presence of deleterious DDR gene alterations to have positive predictive
value for pathologic downstaging of 89%.72 At a median follow-up of 2 years, no patients
with deleterious DDR gene alterations had developed disease recurrence.

Two groups are currently testing a bladder-sparing approach following neoadjuvant
cisplatin-based chemotherapy for patients with DDR gene-altered MIBC. In Alliance
A031701 (NCT03609216), MIBC patients whose tumors harbor deleterious DDR alterations
who experience a clinical complete response or non-invasive residual disease after
neoadjuvant chemotherapy are offered bladder sparing surveillance in place of definitive
local therapy. The RETAIN trial (NCT02710734) is also investigating bladder preservation
for MIBC following neoadjuvant accelerated MVVAC in patients with alterations in ATM,
RB1, FANCC, or ERCC2 and no clinical evidence of disease following neoadjuvant
chemotherapy.”3 Other patients in the trial receive bladder-directed therapy in the form of
intravesical therapy, chemoradiation, or cystectomy. If proven effective, such biomarker-
driven bladder sparing approaches could substantially improve patient quality of life by
avoiding the morbidity of cystectomy or chemoradiation.

DDR gene alterations may also predict clinical benefit from immune checkpoint inhibitors.
4 1n a study of 60 patients with mUC treated with nivolumab or atezolizumab, the presence
of deleterious alterations in DDR genes proved superior to mutational load as a predictor of
treatment response, overall survival, and progression-free survival.”® Deleterious DDR
alterations were associated with a response rate of 80% versus 19% among DDR gene wild-
type patients.”> At a median follow-up of 19.6 months, median overall and progression-free
survival for patients with deleterious DDR alterations were not reached’® versus 9.3 months
and 2.9 months, respectively, in DDR gene wild-type patients.”® The association between
DDR alterations and immunotherapy response is thought to be related to an increased
frequency of immune-stimulating cancer neoantigens caused by defective DNA damage
repair, as supported by an association between DDR alterations and higher mutational load.
75 Alterations in DDR genes may also predict immunotherapy response in other cancer
types, such as esophagogastric and non-small-cell lung cancer.”6.77

Predictors of immune checkpoint response in clinical use: PD-L1, tumor mutational burden
(TMB), and microsatellite instability (MSI)

Five anti-PD-1/PD-L1 immune checkpoint inhibitors are now FDA approved for the
treatment of mUC in the second-line setting. However, approximately 80% of patients do not
respond to these agents, and the ability to predict response is limited.”® As in many solid
tumors, the most extensively studied biomarker in this context is expression of PD-L1.
While high levels of tumor and immune cell PD-L1 expression are more frequently found in
immune checkpoint inhibitor responders, responses have been observed in the absence of
PD-L1 expression. Therefore, PD-L1 is not used to guide treatment decisions in the second-
line setting.”® A significant barrier to defining the predictive capacity of PD-L1 is the lack of
standardization in PD-L1 assessment. This includes variations in PD-L1 assays, thresholds
for PDL1 positivity, and inclusion versus exclusion of PD-L1 expression on tumor-
infiltrating immune cells.”8 For example, while expression of PD-L1 is used to decide
between carboplatin-based chemotherapy versus checkpoint blockade with pembrolizumab
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or atezolizumab in cisplatin-ineligible patients with treatment-naive mUC, pembrolizumab
is only used if the combined positive score is =10, integrating PD-L1 expression on both
tumor and tumor-infiltrating immune cells as determined by the Dako 22C3 Assay, while
atezolizumab requires PD-L1 staining of immune cells covering =5% of the tumor area as
determined by the Ventana SP142 Assay.’9-81

As in other tumor types, high TMB has also been explored extensively as a predictor of
immunotherapy response in bladder cancer.”8:82 Elevated TMB is thought to correlate with
an increased frequency of neo-antigens that may prompt anti-tumor immune recognition and
response.’8 In IMvigor 210, patients treated with atezolizumab in the highest TMB quartile
experienced longer overall survival compared to the rest of the trial cohort.5® Patients treated
with nivolumab in Checkmate 275 with tumors in the highest tertile of TMB also
experienced a higher ORR of 31.9% compared to patients in the middle tertile (17.4%) and
lowest tertile (10.9%).83

Of note, the anti-PD-1 agent pembrolizumab was recently approved by the FDA for all
patients with advanced solid tumors with =10 mutations per megabase who have progressed
on prior treatment and have no satisfactory alternative therapies4 based on results from
KEYNOTE-158, which enrolled patients with high microsatellite instability/deficient
mismatch repair non-colorectal tumors.8485 While this approval does not impact the
management of mUC, it does apply to patients with advanced bladder cancers with high
TMB and non-urothelial histology.

Similar to TMB, MSI or mismatch repair deficiency is also a marker of immunotherapy
response.86 The FDA approved pembrolizumab for all solid tumors with MSI that have
already progressed on prior therapies without satisfactory alternative treatments options.86
MSI or mismatch repair deficiency occurs in 3-5% of UC, predominantly upper tract UC
tumors in patients with Lynch Syndrome or somatic MMR deficiency.”>87:88 A retrospective
study identified 13 of 424 UC patients with MSI. Of the 5 who received immune checkpoint
blockade for metastatic disease, all achieved near-complete or complete responses, and all
were alive at 27 months of follow-up.87

Innovative trial designs and associated limitations

Validation of biomarkers within single cancer types can prove challenging, especially given
that such biomarkers are typically found in the minority of tumors, robust preclinical data
confirming their biologic relevance and mechanism of action are often limited, and because
a standardized method to screen for these biomarkers may not be established. In response to
these limitations, innovative trial designs have been developed, including basket trials,
umbrella trials, and adaptive platform trials (Figure 2). Collectively, these have been referred
to as master protocols.89 Basket trials enroll patients with cancers of various types on the
basis of a shared targetable trait—e.g. alteration of a specific gene—to investigate a single
targeted therapy. Umbrella trials focus on a single cancer histology or lineage and match
patients by theoretically targetable alterations, such as FGFR alteration or HERZ2
amplification, to one of several rational targeted therapies. Adaptive platform trials feature
multiple interventions in a single disease that may enter or exit the platform over time as
directed by a decision algorithm (Figure 3). Such adaptive platform trials allow investigators
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to revise study designs in light of newly generated data in real-time.89 Potential limitations
of master protocols include the simultaneous testing of multiple hypotheses leading to
reduced statistical power, longer trial timelines that may suffer due to changes in standard of
care during the study period, and the increased planning required for trial complexity.8?
Examples of master protocols include NCI-MATCH (NCT02465060) and MPACT
(NCT01827384), ongoing NCI-funded, histology-agnostic, multicenter basket trials of
targeted therapies for patients with advanced cancers.

The phase 1b BISCAY study is a multi-drug, biomarker-directed, umbrella trial for patients
with muscle-invasive UC that has progressed on prior therapy.%0 Treatments investigated in
this study include the PD-L1 inhibitor durvalumab alone or in combination with various
targeted agents, including the FGFR1-3 inhibitor AZD4547 for patients with FGFR
alterations, the PARP inhibitor olaparib for patients with alterations in BRCA1/2, ATM, and
homologous recombination repair gene alterations, the mTOR inhibitor vistusertib, the Weel
inhibitor AZD1775, and the antisense oligonucleotide STAT3 inhibitor AZD9150.9 Patients
without targetable biomarkers received durvalumab monotherapy.%° Preliminary results from
BISCAY showed that the combinations of durvalumab with targeted therapies were
reasonably tolerated and that treatment responses occurred across all study arms, with ORRs
ranging from 20% to 35.7%.90 However ORRs in all arms reported to date have failed to
meet the prespecified efficacy endpoint of 50%. The trial is ongoing and will have additional
arms to report in the future.

The BISCAY trial’s failure to meet its prespecified endpoints despite the matching of
multiple targeted therapies to rationally selected biomarkers highlights an important obstacle
to precision oncology: differences in drug efficacy are often dependent on tumor lineage. For
example, while the PARP inhibitor olaparib is an effective standard agent in the management
of prostate and epithelial ovarian cancers with homologous recombination repair deficiency,
91.92 the BISCAY trial reported an ORR to olaparib plus durvalumab of 35.7% despite a PD-
L1 positivity rate in this cohort of 50%.9° Disappointing findings for PARP inhibition in
bladder cancer were also reported in preliminary results of the ATLAS trial, in which
rucaparib monotherapy failed to demonstrate significant activity in unselected patients with
previously treated mUC.93 Notably, 20.6% of the 66 patients were ultimately determined to
have homologous recombination deficiency. While additional trials of PARP inhibition in
bladder cancers with somatic DDR alterations are ongoing (NCT03448718, NCT03375307),
currently available findings suggest that PARP inhibition may not succeed in bladder cancer
even in genomically selected patients.

A possible explanation for the failure of PARP inhibitors and other targeted agents in
bladder cancer may lie in the results of a study by Jonsson et al.%* The study characterized
BRCA-mediated phenotypes across a variety of cancer lineages and found that BRCA1/2
mutations only conferred sensitivity to PARP inhibition in cancer types with increased
heritable risk in BRCA1/2 carriers.®* The authors concluded that BRCA1/2alterations in
non-BRCA associated cancers are often passenger mutations that play little role in tumor
pathogenesis, and therefore do not predict response to BRCA-targeted therapies.9 If these
findings prove generalizable to biomarkers beyond BRCA1/2, then targeted agents may only
succeed in specific tumor types where their respective targets are foundational drivers of
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oncogenesis. Basket trials are therefore needed to interrogate genomic alterations in the
context of multiple tumor lineages simultaneously. For example, while HERZ mutations are
prevalent in UC, a basket trial of the HER kinase inhibitor neratinib failed to achieve a
partial response in any of 16 patients with ££/BB2mutant UC.%°

Overcoming tumor heterogeneity

Inter- and intratumor genomic heterogeneity poses a major barrier to precision medicine in
bladder cancer.%6 Biopsy specimens from a single tumor site may miss informative
alterations present in synchronous metastases or even subclonal alterations within the
biopsied tumor.%8 Such heterogeneity can lead to proliferation of resistant subclones,
limiting the utility of targeted therapies. Application of cfDNA sequencing may complement
mutation data extracted from the primary tumor and encompass subclonal alterations missed
by single site sampling.%” By sampling tumor DNA from blood and urine, cfDNA
sequencing provides a noninvasive means to detect somatic alterations potentially shed by
any tumor site in the body.%” Such liquid biopsies also offer a means to non-invasively assess
the genomic evolution of tumors over time, which under selective pressures inevitably
generates mechanisms of resistance to precision cancer therapies.%” In mUC, cfDNA has
already proven useful in studies of FGFR inhibition, wherein plasma cfDNA sequencing
detected FGFR3alterations in 79% of patients with FGFR3altered tumors.%8 Plasma cfDNA
from patients on infigratinib also identified the emergence of putative resistance mutations
and tracked changes in plasma mutant FGFR3allele fractions that correlated with changes in
tumor volume.11

Multi-omic platforms and computational methods

Efforts to define biomarkers of treatment response in bladder cancer are ongoing. A key
example is the multi-omic investigation underway within the completed trial CALGB
90601.%9 This phase 111 trial of gemcitabine and cisplatin plus either bevacizumab or placebo
for mUC failed to demonstrate a significant improvement in overall survival with the
addition of bevacizumab. However, the large, well-annotated trial cohort of 506 patients
provides an opportunity to investigate biomarkers of response to cisplatin based and anti-
VEGF therapy. A multi-institutional endeavor is underway to define the predictive capacity
of DDR alterations, angiogenesis signatures and expression subtypes, germline single
nucleotide polymorphisms, circulating angiokines, and other alterations associated with
treatment sensitivity. Ultimately, this collaboration aims to develop composite biomarkers of
response for investigation in future studies. While many biomarkers investigated in bladder
cancer are enriched in responders, such as DDR alterations in the case of cisplatin-based
therapy or PD-L1 in immunotherapy, the positive and negative predictive value of most
individual biomarkers is limited. Composite biomarkers may allow prediction of response
with precision sufficient for clinical decision making. Historically, many bladder cancer
biomarker studies have been limited in size. Use of larger cohorts such as CALGB 90601
are critical to characterize definitive composite biomarkers of response, which may require
integration of larger datasets across multi-omic platforms.

Multi-omic analyses are essential to the development of successful precision medicine
approaches in bladder cancer, allowing for integration of aberrations at the genetic,
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trascriptomic, epigenetic, and proteomic levels that may all influence sensitivity to therapy.
For example, resistance to the antibody-drug conjugate enfortumab-vedotin may be
mediated in some cases by loss of surface expression of nectin-4, enfortumab-vedotin’s cell
surface target.190 Therefore, characterization of expression and localization of proteins such
as nectin-4 through transcriptomics and proteomics may be necessary to fully understand
response and resistance to oncologic therapies. The multi-omic platforms employed by
TCGA, PanCancer Atlas, and others offer role models for future endeavors.1:101

Such complex multi-omic analyses will only be feasible with increasingly sophisticated
computation methods.192 Machine-learning has already shown promise in precision
oncology as an investigatory means of improving central nervous system tumor
classification, a historically challenging task fraught with inter-observer variability.193 Such
advanced computational methods will allow rapid analysis of vast datasets, as demonstrated
by a PanSoftware analysis of 9,423 tumor exomes from the PanCancer Atlas that identified
59 novel likely oncodriver genes.104

SUMMARY

Ongoing efforts to implement precision medicine in bladder cancer have yielded pivotal
improvements in the care of patients with mUC through targeting FGFR2/3 alterations with
the pan-FGFR inhibitor, erdafitinb. Investigation of PD-L1 expression has also led to
improvements in patient selection for first-line immunotherapy for mUC. A variety of other
promising biomarkers to further advance precision medicine in bladder cancer remain
investigational. Such biomarkers offer the potential for personalization of care in both the
neoadjuvant and metastatic settings and include molecular subtypes of UC, DDR gene
alterations, and alterations of PIK3CA and genes encoding the ErbB family of RTKSs.
Barriers to the advancement of precision medicine in bladder cancer remain, but innovative
trial designs, cell-free DNA sequencing, multi-omic platforms, and increasingly
sophisticated computational methods offer promising solutions for future studies.
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CLINICS CARE POINTS

Alterations of FGFR2/3 are the only genetic feature of metastatic urothelial
cancer currently used to select patients for targeted therapy. Erdafitinib is the
only targeted therapy specifically approved for FGFR altered urothelial
cancer.

Selection of patients with metastatic urothelial carcinoma to receive first-line
immunotherapy is informed by expression of PD-L1. Such patients must also
be cisplatin-ineligible, but may be carboplatin-eligible if PD-L1 expression is
sufficiently high.

Patients with metastatic urothelial carcinoma who are ineligible for any
platinum-based chemotherapy may receive immunotherapy in the first-line
regardless of PD-L1 expression.

High tumor mutational burden and microsatellite instability may be used to
select patients for treatment with immunotherapy in cases of advanced
bladder cancer with some non-urothelial histologies in which patients have
already progressed on all other satisfactory alternatives. Such cases are rare.

Promising biomarkers may eventually lead to greater personalization of care
for patients with bladder cancer, but remain investigational. These include but
are not limited to: molecular subtypes of urothelial carcinoma; alterations of
DNA damage response and repair genes; FGFR amplifications; alterations/
amplifications of genes encoding ErbB receptor tyrosine kinases; and
alterations of PIK3CA.
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KEY POINTS

. Biomarkers such as alteration of FGFR3and expression of programmed death
ligand 1 have led to advances in precision medicine for bladder cancer

. Additional candidate biomarkers to personalize bladder cancer care are under
investigation, but significant obstacles must be overcome before they can be
implemented in clinical practice

. Promising innovations likely to advance precision medicine in bladder cancer
include multi-omic approaches, innovative trials designs, cell-free DNA, and
machine learning algorithms

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2022 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Guercio et al.

Page 20

SYNOPSIS

The hallmark of precision medicine involves tailoring treatment to patient and/or tumor-
specific biomarkers. Candidate biomarkers in bladder cancer are abundant, but few have
been validated in clinical practice. Significant obstacles to precision medicine in bladder
cancer include: limited predictive value of candidate biomarkers; lack of standardization
in biomarker assessment; heterogeneity in biomarker expression and function; and
limited insight into the biologic factors that influence biomarker expression and
predictive capacity. This review summarizes key biomarkers explored in bladder cancer
and outlines innovative trial designs to approach these obstacles.
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Oncoprint from The Cancer Genome Atlas (TCGA) depicting the distribution of potentially
predictive genomic biomarkers in muscle-invasive bladder cancer.1106.107 Each column

depicts the genomic profile of an individual patient. Y-axis labels include the percentage of
muscle-invasive bladder cancers in the TCGA with alterations in each gene. TCGA patients
without alterations in one or more of the selected genes are not shown.
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Figure 2.
Umbrella trials match patients with a single disease to one of multiple rational targeted

therapies based on the presence of informative biomarkers. Basket trials enroll patients with
various diseases based on a shared targetable trait to facilitate investigation of a single
targeted therapy.
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Figure 3.

Time

Example schema for an adaptive platform trial. The schema depicts evolution of a platform
trial’s design over time. In this example, patients are screened and matched to a trial stratum
based on the presence or absence of targetable biomarkers. Each stratum features one or
more investigational therapies personalized to patient biomarker status compared to a
standard of care. As evidence from the trial accrues, each stratum or arm within a stratum
can be individually stopped early for success or futility, while remaining strata and arms
may be left open for continued enroliment. New strata (e.g. Biomarker 3 stratum) and
treatment arms (e.g. investigational drug E) can be added as the trial proceeds. If a stratum
closes early, patients enrolled in that stratum can be enrolled in another (e.g. transition from
Biomarker 1 stratum to the Biomarker-negative stratum). The overall trial does not
necessarily feature a fixed stop date.
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Table 1.

Summary of notable biomarkers investigated in bladder cancer and associated study findings.

overexpression

Rosenberg et al.1”

Biomarker Studies Key findings
p53 Stadler et al.5 . p53 status did not predict recurrence after adjuvant MVAC
FGFR3 alterations Loriot et al.14 . Erdafitinib became the only targeted therapy approved for FGFR altered UC
f 10
M"OWSk}/let al. . Dovitinib failed to demonstrate significant activity in unselected patients with
Pal et al. muC
. Infigratinib demonstrated modest activity in FGFR3altered UC

FGFR3MRNA Schuler et al.16 . Rogaratinib is active in UC with FGFR3 mRNA overexpression

Seront et al.4
McPherson et al 41

HER2 Hussain et al.26 . Trastuzumab plus chemotherapy in HER2+ UC was active but toxic
Powles et al.?® L . .
Walfing et al 105 . Lapatinib failed as maintenance therapy in HER2+ mUC
Choudhury et al 3 . Afatinib showed promising activity in a subset of mUC patients with altered
HERZ/ERBB3
EGFR Petrylak et al.23 . Gefitinib was not active in unselected patients with UC
i 24
Ehlltlhps it Tlés . Neoadjuvant erlotinib showed promise in a small cohort of unselected patients
ruthi et al. with MIBC
PIK3CA Munster et al.3° . Pan-isoform PI3K inhibitors show minimal or modest activity in advanced mUC

with PI3K pathway alterations. Dosing was limited by significant toxicity

Galsky et al .81

Molecular subtypes/ | Choi et al.4? . Basal subtype tumors benefit most from neoadjuvant chemotherapy
ene expression 51
;g)rofiling g/lclc oni(e)ll f; al. . Activated wild-type p53 gene expression signature may confer resistance to
erler et al. neoadjuvant chemotherapy
Rosenberg et al.>2
Sharma et al.>3 . Luminal I subtype responds to immunotherapy less often than luminal subtype I
Kim et al.>* .
Flaig et al 5 . Neuronal subtype may respond well to immunotherapy
. The COXEN score may predict for pathologic downstaging after neoadjuvant
chemotherapy
DDR gene Van Allen et al.%5 . Sensitivity to platinum-based therapy is associated with alterations of DDR genes
alterations Plimack et al 69 such as ERCC2, ATM, FANCC, and RB1
i 71
'Il\'g(:oert] :; 3(! . DDR gene alterations are associated with benefit from immunotherapy
lyer et al.”
Teo etal.™®
PD-L1 Powles et al.80 . Low PD-L1 expression in mUC predicts inferior survival on PD-1/PD-L1

inhibitors compared to platinum-based chemotherapy in the first-line

Tumor mutational
burden

Balar et al.®
Galsky et al.8

High TMB is associated with high response rate and longer survival on
immunotherapy in mUC

Microsatellite
instability

lyer et al.&7

MSI is associated with excellent response to immunotherapy in muC

Abbreviations: DDR = DNA damage response and repair; EGFR = epidermal growth factor receptor; FGFR = fibroblast growth factor receptor;
MSI = microsatellite instability; mUC = metastatic or advanced urothelial carcinoma; adjuvant MVVAC = methotrexate, vinblastine, doxorubicin,
and cisplatin; PD-L1 = programmed cell death ligand 1; PI3K = phosphoinositide 3-kinase; TMB = tumor mutational burden; UC = urothelial

carcinoma.
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