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Javier González, Jeffrey J. Gaynor and Gaetano Ciancio
Renal Cell Carcinoma with or without Tumor Thrombus Invading the Liver, Pancreas and
Duodenum
Reprinted from: Cancers 2021, 13, 1695, doi:10.3390/cancers13071695 . . . . . . . . . . . . . . . . 17

Laure Grelier, Michael Baboudjian, Bastien Gondran-Tellier, Anne-Laure Couderc, Robin
McManus, Jean-Laurent Deville, Ana Carballeira, Raphaelle Delonca, Veronique Delaporte,
Laetitia Padovani, Romain Boissier, Eric Lechevallier and Xavier Muracciole
Stereotactic Body Radiotherapy for Frail Patients with Primary Renal Cell Carcinoma:
Preliminary Results after 4 Years of Experience
Reprinted from: Cancers 2021, 13, 3129, doi:10.3390/cancers13133129 . . . . . . . . . . . . . . . . 31

Eileen Shiuan, Anupama Reddy, Stephanie O. Dudzinski, Aaron R. Lim, Ayaka
Sugiura, Rachel Hongo, Kirsten Young, Xian-De Liu, Christof C. Smith, Jamye O’Neal,
Kimberly B. Dahlman, Renee McAlister, Beiru Chen, Kristen Ruma, Nathan Roscoe,
Jehovana Bender, Joolz Ward, Ju Young Kim, Christine Vaupel, Jennifer Bordeaux,
Shridar Ganesan, Tina M. Mayer, Gregory M. Riedlinger, Benjamin G. Vincent, Nancy B.
Davis, Scott M. Haake, Jeffrey C. Rathmell, Eric Jonasch, Brian I. Rini, W. Kimryn Rathmell
and Kathryn E. Beckermann
Clinical Features and Multiplatform Molecular Analysis Assist in Understanding Patient
Response to Anti-PD-1/PD-L1 in Renal Cell Carcinoma
Reprinted from: Cancers 2021, 13, 1475, doi:10.3390/cancers13061475 . . . . . . . . . . . . . . . . 39

Mathilda Jing Chow, Yan Gu, Lizhi He, Xiaozeng Lin, Ying Dong, Wenjuan Mei, Anil Kapoor
and Damu Tang
Prognostic and Therapeutic Potential of the OIP5 Network in Papillary Renal Cell Carcinoma
Reprinted from: Cancers 2021, 13, 4483, doi:10.3390/cancers13174483 . . . . . . . . . . . . . . . . 55

Annick Laruelle, Claudia Manini, Elena Iñarra and José I. López
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A total of 22 contributions conforms this Special Issue that covers a wide spectrum of
contemporary issues in urological cancer, a group of neoplasms with high incidence, preva-
lence, and mortality rates, especially in the male population of Western countries [1]. Renal
cancer, with five contributions (three articles, one communication, and one perspective),
prostate cancer and allied conditions, with ten (eight articles, one communication, and
one review), and urinary bladder, with seven (five articles and two reviews), provide a
comprehensive panorama of what has occurred in Urologic Oncology during 2021, the
second year of the COVID-19 pandemic. Most papers in this collection deal with different
aspects of cancer therapy, but diagnostic and prognostic subjects, migration-related topics,
reviews, and preneoplastic lesions are also considered. Overall, this translational compila-
tion of viewpoints around urological cancer will enrich multidisciplinary interactions for
patient benefit.

1. Renal Cancer

Three papers analyze three different approaches to face against renal cancer, that
is, surgery, radiotherapy, and immune checkpoint inhibition, thus reflecting the broad
diversity of therapeutic possibilities available in this complex disease. In a context of
different treatments, a precise definition of strict criteria for a rationale patient selection
would be advisable.

Gonzalez et al. [2] analyze the post-surgical complications and survival benefit of
radical surgery in a series of 18 locally advanced clear cell renal cell carcinomas (CCRCC)
invading the inferior vena cava, pancreas, duodenum, and liver, establishing the technical
feasibility of a radical resection that includes complex procedures derived from transplant
surgery. A deep surgical experience seems, however, mandatory for a successful implemen-
tation of this therapeutic option. The usefulness of the stereotactic body radiotherapy as
an alternative treatment to surgery has been explored by Grelier et al. [3]. Twenty-three
patients have been treated with this option during a 4-year period. All the cases had a
biopsy for pathological confirmation or renal cell carcinoma (RCC) prior to the procedure.
All were organ-confined tumors (T1/2) and, as expected, CCRCC was the most frequently
found neoplasm (73.9%). The dose administered oscillated between 24 Gy and 35 Gy and
fractions from 3 and 5. The obtained results indicate that this technique could be seriously
considered as a promising therapeutic alternative for patients with poor physical health.
However, further studies are necessary to support the exact role of this treatment in RCC.

Cancers 2022, 14, 493. https://doi.org/10.3390/cancers14030493 https://www.mdpi.com/journal/cancers

1



Cancers 2022, 14, 493

PD-1/PD-L1 axis blockade drugs, alone or in combination with other drugs, are being intro-
duced in the therapeutic armamentarium in several neoplasms, advanced CCRCC included.
However, its benefit to patients is far from being generalized and some controversies still
exist in patient selection [4]. Shiuan et al. [5] have analyzed the patient characteristics,
clinical correlates, and molecular parameters (multiplexed immunofluorescence, whole
exome sequencing, T-cell receptor sequencing, RNA sequencing) in a series of RCC (clear
cell, papillary, sarcomatoid, chromophobe, and undifferentiated) treated with nivolumab
(84%) and atezolizumab (16%) in first (8.5%), second (29.8%), third (34%) and fourth (27.7%)
lines. The authors conclude that PD-L1 immunostaining alone does not provide enough
information to predict response in these patients.

Chow et al. [6] have analyzed the role of OPA interacting protein 5 (OIP5) in 20 papillary
renal cell carcinomas (PRCC) and 37 (CCRCC). OIP5 up-regulation has been associated with
biological aggressiveness in a broad spectrum of malignant neoplasms, PRCC included.
For such a purpose, the authors have constructed a 66-gene multigene panel (Overlap66),
including PLK1 gene, which effectively stratifies high-risk PRCC thus allowing to treat them
with PLK1 inhibitors. The authors conclude that Overlap66 analysis and PLK1 inhibitors
should be added to the list of personalized therapies in PRCC.

In a perspective, Laruelle et al. [7] analyze the metastatic process of CCRCC as an
example of tumor evolvability, where a sociological perspective to the problem provided
by Game Theory may shed some additional light to our knowledge of cancer evolutionary
mechanisms. The authors hypothesize that the development of metastases in malignant
tumors respond to the necessity of a subset of tumor cells to achieve Nash equilibria and
friendlier environments far away from the primary tumor.

2. Prostate Cancer

Three out of 10 papers in this section deal with advanced prostate cancer. Fourquet et al. [8]
evaluate the role of [68Ga]Ga-PSMA-11 PET/CT in predicting therapy efficacy, diagnostic
usefulness, and patient management in 294 patients with biochemical recurrence. The
authors conclude that this technique shows a high performance in locating prostate cancer
recurrence sites. Additionally, [68Ga]Ga-PSMA-11 PET/CT impacts therapeutic manage-
ment in two out of three patients studied. The use of PSMA radioligands with PET/CT
should be considered as a first line imaging in patients with biochemical recurrence. Patient
outcomes and hormonal therapy patterns have been retrospectively studied in a large
observational real-world database of patients with metastatic prostate cancer in the USA by
Swami et al. [9]. The authors conclude that novel hormonal therapies and doxetacel were
underutilized in the series analyzed. In the third contribution within this subheading, Rasul
et al. [10] analyze the response and toxicity of three cycles of 177Lu-PSMA in patients with
castration-resistant prostate cancers. The authors conclude on their study that an intensive
PSMA-radioligand therapy is well tolerated by patients with metastatic castration-resistant
prostate cancers and is associated with promising overall survivals.

Four contributions analyze different aspects of the diagnostic process in prostate
cancer. For example, Fulco et al. [11] evaluate the diagnostic accuracy of multiparametric
magnetic resonance imaging-ultrasound fusion trans-perineal prostate biopsy. This single
center retrospective study of 272 patients shows that a total of 16.7% of clinically significant
tumors would have been undetected with standard biopsy methods. The authors conclude
that the combined targeted and standard biopsy methodology is advisable to minimize
the risk of missing clinically significant prostate cancer. Myint et al. [12] analyze the
immunohistochemical expression of glutaminase in a series of 154 cancer and 41 benign
prostate samples. RNA-Seq data of 246 prostate cancer samples are also obtained from
The Cancer Genome Atlas. The authors conclude that although glutaminase expression
is higher in prostate cancer than in benign prostate tissue this difference does not seem to
be statistically significant. Connell et al. [13] develop a multivariable risk model termed
ExoGrail for the non-invasive detection of prostate cancer prior to biopsy. They have
observed that this model is able to reduce the number of unnecessary biopsies by 35%
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when compared with current standards of care. Selvaggio et al. [14] use a fluorescent
confocal microscope to intraoperatively analyze the ablation margins in 10 patients to
improve partial prostate gland cryoablation outcomes. They conclude that this technique
is feasible and reliable to reduce disease recurrence and functional complications of focal
therapy in prostate cancer.

Neupane et al. [15] have developed a full prognostic index for predicting the survival
of localized prostate cancer up to 15 to 20 years using a multivariable complementary
log-log regression model. Age at diagnosis, trial arm, PSA at diagnosis, European Associa-
tion Urology (EAU) risk group, treatment modality, mode of detection, and biochemical
recurrence are taken into account in the study but not co-morbidity as it has not got a
great impact on prostate cancer-specific survival. A simplified risk score tool has also
been developed for early diagnosis and to predict survival at 10 years considering the
three parameters commonly used in daily clinical practice (age, PSA, and EAU risk group).
Both the full and simplified prognostic index have shown a superior performance than the
EAU risk group, being the latest also more accurate in risk estimation than D’Amico risk
classification and the cancer of prostate risk assessment (CAPRA) risk score. The authors
conclude that further validations of both prognostic indexes are needed.

Kimura et al. [16] review the global trends of latent prostate cancer in Western and
Asian countries considering variables such as step-sectioning versus random and/or single-
sectioning, thickness, age, and race. The increased prevalence observed over time in
Asia, as compared to the stable numbers among Western countries, could be explained
due to PSA screening strategies and changes to Westernized lifestyles. The authors con-
clude that it is mandatory to agree in the diagnostic methods and molecular analyses to
obtain homogeneous data that could even reconsider the nowadays definition of latent
prostate cancer.

De Godoy Fernandes et al. [17] analyze the proliferative inflammatory atrophy in
canine prostatic samples as a preneoplastic lesion with potential progression to prostate
cancer. Proliferative atrophy shows a high proliferative rate in concordance with the
overexpression observed in Ki67, CK5, high molecular weight cytokeratins, and p63. On
the other hand, p53 and MDM2 are not deregulated as they are in advanced stages of
prostatic carcinogenesis. Androgen receptor and PTEN are both downregulated activating
the anti-apoptotic pathway. The authors conclude that high proliferative indexes and
low levels of androgen receptor and PTEN are useful biomarkers to predict potential
preneoplastic lesions even though more studies should be conducted.

3. Bladder Cancer

Two out of seven papers in this section are reviews. Rebuzzi et al. [18] evaluate the
prognostic and predictive factors of advanced urothelial carcinoma treated with immune
checkpoints inhibitors (ICIs), with the intention to identify biomarkers to select the patients
at higher chances of responding to ICI treatment that may merit further prospective investi-
gation. Their main conclusions are that current evidence on the predictive and prognostic
value of PD-L1 expression is limited by the different assays used for each anti-PD1 or
anti-PD-L1 agent in the clinical trials evaluated, and thereof their clinical value remains
inconclusive. On the other hand, the authors position towards the value of sequencing
of the tumor fraction of the cell-free DNA (ctDNA) is an interesting method to detect
residual disease and anticipate disease relapse after treatment using different biomarkers
that include FGFR3, XPD, HER2, and TMB. What is more, the serial monitoring of ctDNA
as a tumor tissue surrogate could be of value to stratify metastatic urothelial carcinoma
and could act as a treatment response marker [18,19].

Silina et al. [20] reviews bladder sparing strategies with the use of radiotherapy and
chemotherapy combined, a very interesting therapeutic approach for invasive bladder
cancer, that is emerging also as a therapeutic possibility in the context of medical system
collapse for scheduled surgeries suffered by the COVID-19 health crisis. Based on the
issue that strategies to radio-sensitize tumors and spare normal bladder tissue to improve
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treatment safety, a systematic search and literature review is performed. The conclusion
is that a long way remains ahead before experimental research with cell lines and animal
models regarding the combination of radiation with different agents can be optimized.

Five additional articles present original investigations regarding invasive bladder
cancer. Miyake et al. [21] present a retrospective study of a very large series of patients
with T1 high-grade urothelial carcinoma and evaluate the prognostic role of divergent dif-
ferentiation and variant morphologies when Bacillus Calmette-Guérin (BCG) endovesical
treatment is used. This topic presents the clinical implications of urothelial cancer hetero-
geneity and is of particular interest in this era of BCG shortage, where new treat modalities
such as chemo-hyperthermia to optimize adjuvant treatment after transurethral resection
are being investigated [22,23] or even early cystectomy [24] are controversial. With the
limitations of the study design using inverse probability of treatment weighting analysis,
the authors found that not only recurrence-free or progression-free rates are affected, but
also cancer-specific mortality was affected by variant morphologies (nested, microcystic,
micropapillary, lympho-epithelioma-like, plasmacytoid, giant cell, sarcomatoid, lipid-rich
and clear cell variants), but not for urothelial cancer with divergent (squamous, glandular
and trophoblastic) differentiation. This analysis is very interesting to optimize BCG therapy
and promote a radical treatment once variant morphologies are identified.

The remining four original articles on invasive bladder cancer in the Issue deal the
eternal dilemma to find the optimal prognostic marker in patients with invasive bladder
cancer treated with radical cystectomy. It is still surprising that despite decades of intensive
research the optimal tissue markers for urothelial cancer remains undetermined. Recent
developments regarding basal/luminal phenotype markers are consolidating to predict
disease prognosis, but other new immunohistochemical evaluations such as fibroblast
activating protein (FAP) or pro-renin receptor (PRR) are also newly discovered [25,26].

Two very interesting novel pathways and their prognostic implications are investigated
in the Special Issue. Koguchi et al. 2021 [27] evaluate the expression of AHNAK2 (AHNAK
Nucleoprotein 2), a protein coding gene, that has been identified as a possible tumor
marker and therapeutic target in different malignancies including clear cell renal cell
carcinoma, papillary thyroid carcinoma, lung and pancreatic duct adenocarcinoma, and
others. Their study of 120 patients with bladder cancer undergoing radical cystectomy
finds an association between high AHNAK2 expression and classical aggressive pathologic
findings, but also as an independent prognostic marker for recurrence-free survival and
disease-specific mortality in this set of patients [27]. Chen et al. [28] investigate S1PR1
expression, a G protein-coupled receptor in vascular endothelial and immune cells. Their
experimental cell-line and human tissue approach using transurethral resection specimens,
and also the search in gene expression database collection NCBI-GEO, has evidenced that
high S1PR1 expression in neoplasia inversely correlates with cell motility; thus, targeting
S1PR1 may result in the enhanced migration of bladder cancer cells. The implications of
this finding merit further research to inhibit the progression of metastases.

The development of bladder cancer diagnostic markers is an unmet need in current
Urologic Oncology. Shimura et al. [29] use a micro-dot blot array to evaluate EPPK1
(epiplakin) expression in patients with bladder neoplasia and controls. Their results are
very stimulating because this cytoskeletal linker protein, that connects to intermediate
filaments and controls their reorganization, is a promising molecule to act as diagnostic
biomarkers for patients with urothelial carcinoma of the bladder. As revealed, the area
under the curve is 78%. Immunohistochemical evaluation in a series of 127 patients with a
bladder tumor treated with radical cystectomy did not confirm the role of this marker with
cancer prognosis. Of course, validation and large-scale studies are needed to confirm these
very promising results.

Finally, Sugino et al. [30] have evaluated another impressive prognosticator for bladder
cancer, based on imaging studies alone. The preoperative non-contrast CT-scan evaluation
axial image at the third lumbar vertebral level of psoas muscle Hounsfield unit before radi-
cal cystectomy correlates with the clinical prognosis. This factor, assessed in 177 consecutive
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surgically treated patients, behaves as a major predictor of overall survival, together with
patient age, patient sex, and clinical staging of the disease. Of course, this is not a specific tu-
mor marker as it probably reflects patient frailty before surgery. Tentatively, this prognostic
factor can be used to predict overall survival, regardless of the condition of bladder cancer
itself. Therefore, its use in Urologic Oncology can be deemed spurious. However, based
on the fact that imaging modalities for preoperative assessment of patients undergoing
cystectomy are universally used, its potential to be incorporated in preoperative assessment
tools merits validation.

4. Conclusions

Patients with urological cancer are at a higher risk to be more severely affected by
the infection than the general population due to their inherent immunosuppression status
either related directly to the disease or secondarily induced by chemotherapy, radiotherapy,
immune checkpoint inhibition, or other oncologic treatments. The global shut-down
provoked by the SARS-CoV-2 pandemic in 2020 forced the urologists to reorganize their
routine activity prioritizing the surgical activity and deferring non-urgent pathologies
in the wake of the limited operating room capacities and hospital beds occupied by, or
reserved for, the avalanche of patients with severe respiratory symptoms needing urgent
medical care. Unfortunately, the high mutational capacity of the virus makes the resolution
of this global problem a pending issue.
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Simple Summary: Radical cystectomy (RC) is the standard treatment for patients with advanced
bladder cancer. Since RC is a highly invasive procedure, it is necessary to carefully predict the
prognosis before surgery and to determine the surgical indication. According to the results of the
retrospective analysis of our 177 RC cases, we found the Hounsfield units of the psoas muscle at the
third lumbar vertebral level to be a prognostic factor. Univariate and multivariate analyses revealed
that age, sex, clinical T stage, and psoas muscle Hounsfield units were significant preoperative factors
for overall survival. Furthermore, risk classification using these four factors was useful for predicting
the prognosis of patients with RC.

Abstract: Radical cystectomy (RC) is the standard treatment for patients with advanced bladder
cancer. Since RC is a highly invasive procedure, the surgical indications in an aging society must be
carefully judged. In recent years, the concept of “frailty” has been attracting attention as a term used
to describe fragility due to aging. We focused on the psoas muscle Hounsfield unit (PMHU) and
analyzed its appropriateness as a prognostic factor together with other clinical factors in patients after
RC. We retrospectively analyzed the preoperative prognostic factors in 177 patients with bladder
cancer who underwent RC between 2008 and 2020. Preoperative non-contrast computed tomography
axial image at the third lumbar vertebral level was used to measure the mean Hounsfield unit (HU)
and cross-sectional area (mm2) of the psoas muscle. Univariate analysis showed significant differ-
ences in age, sex, clinical T stage, and PMHU. In multivariate analysis using the Cox proportional
hazards model, age (hazard ratio (HR) = 1.734), sex (HR = 2.116), cT stage (HR = 1.665), and PMHU
(HR = 1.758) were significant predictors for overall survival. Furthermore, using these four predictors,
it was possible to stratify the prognosis of patients after RC. Finally, PMHU was useful as a simple
and significant preoperative factor that correlated with prognosis after RC.

Keywords: bladder cancer; urothelial carcinoma; radical cystectomy; frailty; prognostic factor; psoas
muscle; Hounsfield units

1. Introduction

Radical cystectomy (RC) is the gold standard treatment for patients with muscle
invasive bladder cancer, patients with selected T1 high-grade non-muscle invasive bladder
cancer, and patients with carcinoma in situ resistant to Bacillus Calmette–Guérin treat-
ment [1]. RC remains one of the most invasive urological procedures, and its surgical

Cancers 2021, 13, 5629. https://doi.org/10.3390/cancers13225629 https://www.mdpi.com/journal/cancers
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indication needs to be carefully assessed in an aging society. According to the “Annual
Report on the Aging Society 2020” from the Cabinet Office of Japan, the total population
of Japan is 126.17 million as of 2019, of which 35.89 million are aged 65 years or older.
Japan is facing an aging society ahead of the rest of the world. A systematic review has
reported that perioperative mortality within 90 days after RC significantly increases in the
elderly, and overall survival (OS) and cancer-specific survival (CSS) also decrease with
age [2]. Aging is clearly a risk factor for RC. In recent years, the concept of “frailty” has
been attracting attention as a term that expresses fragility due to aging [3]. If the prognosis
can be predicted more accurately by assessing not only the clinical stage and age of the
patient but also malnutrition and muscle weakness associated with decreased physical
activity, it can help in deciding whether to perform surgery. Although few established
definitions with regard to the elderly or frailty have been reported, there have been some
attempts to define them with various assessments [3–5]. Several reports linking frailty and
sarcopenia to predict prognosis in patients with bladder cancer have been reported [3,6–10].
As an indicator that may objectively represent frailty, we focused on the psoas muscle
Hounsfield unit (PMHU), which is defined as the mean computed tomographic attenuation
value of the psoas muscle. The main aim of this study is to assess the utility of PMHU as a
preoperative prognostic marker in patients receiving RC for bladder cancer.

2. Materials and Methods
2.1. Study Design and Patients

We retrospectively reviewed the records of consecutive patients who underwent
open radical cystectomy (ORC), laparoscopic radical cystectomy (LRC), or robot-assisted
laparoscopic radical cystectomy (RARC) for bladder cancer at Mie University Hospi-
tal, Ise Red Cross Hospital, and Mie Prefectural General Medical Center. A total of
177 patients (113 patients at Mie University Hospital, 42 patients at Ise Red Cross Hos-
pital, and 23 patients at Mie Prefectural General Medical Center) were enrolled.

2.2. Image Analyses

Abdominal non-contrast computed tomography (NCCT) images (1–5 mm-thick slices)
taken within 3 months before RC were used to measure the imaging factors related to
the psoas muscle. Four urologists (Y.S., S.K., T.O., and S.T.) freehand outlined each psoas
muscle at the third lumbar vertebral level in the axial NCCT image (Figure 1).

The right and left total areas were used for the psoas muscle area (PMA) (mm2). The
mean value of the mean computed tomographic attenuation value of the right and left
psoas muscle was used for the PMHU (HU). The psoas mass index (PMI) (cm2/m2) was
calculated by normalizing the cross-sectional area by height [11].
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Figure 1. Measurement of the psoas muscle area (PMA) and the mean psoas muscle Hounsfield unit
(PMHU) on the preoperative axial non-contrast computed tomography image at the third lumbar
vertebral level.

2.3. Statistical Analyses

All statistical analyses were performed using EZR version 1.33 [12]. Student’s t-test
or Mann–Whitney U test was performed for comparisons between groups of continuous
variables. Categorical variables were analyzed using the chi-squared test or Fisher’s exact
test. The survival curve was estimated using the Kaplan–Meier method and analyzed
using the log-rank test. Cox proportional hazards analysis was used to calculate the hazard
ratio (HR) and 95% confidence interval (CI) in univariate and multivariate analyses. In all
tests, p < 0.05 was considered statistically significant.

3. Results

Of the 177 patients, 26 (14.7%) were women and 151 (85.3%) were men. The median
age was 70 (quartile: 66–76) years, and the median follow-up period was 1002 (quartile:
358–1989) days. The 5-year OS, CSS, and recurrence-free survival (RFS) rates were 59.7%,
71.3%, and 48.7%, respectively. The median OS, CSS, and RFS were 8.86 years (95% CI,
5.00 years to not reached), not reached (95% CI, not reached to not reached), and 4.70 years
(95% CI, 2.66 to 9.24 years), respectively. Platinum-based neoadjuvant and adjuvant
chemotherapy were performed in 75 (42.4%) and 22 (12.4%) patients, respectively. The
surgical procedures were ORC, LRC, and RARC in 119 (67.2%), 38 (21.5%), and 20 (11.3%)
patients, respectively. There were 114 (64.4%) and 29 (16.4%) perioperative complications
of Clavien–Dindo grade ≥2 and ≥3, respectively. The median length of hospital stay after
RC was 26 (quartile: 22–41) days. The histopathological diagnosis after RC was urothelial
carcinoma in 138 (77.8%) patients, and some histological variants were found in 39 (22.0%)
patients. There were 71 (40.1%) patients with pT ≥3, 33 (18.6%) patients with pN positivity,
and 89 (50.3%) patients with LVI positivity, all of which were significant prognostic factors
for OS (p < 0.01, log-rank test). Body mass index, PMI, PMA, and PMHU were significantly
different between men and women (Table 1).
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Table 1. Patient characteristics.

Variables Total Cases
(n = 177)

Men
(n = 151)

Women
(n = 26) p-Value

Median age at RC (IQR) 70 (66–76) 70 (66–76) 72.5 (65–76) 0.687

Median BMI (IQR) 22.92 (20.94–24.95) 23.11 (21.20–25.07) 21.22 (19.03–22.68) <0.01

ASA-PS 1 21 (12%) 17 (11%) 4 (15%) 0.755

2 120 (68%) 103 (68%) 17 (65%)

3 36 (20%) 31 (21%) 5 (19%)

Clinical T stage, n (%) NMIBC 51 (29%) 45 (30%) 6 (23%) 0.163

2 70 (40%) 61 (40%) 9 (35%)

3 27 (15%) 19 (13%) 8 (31%)

4 29 (16%) 26 (17%) 3 (12%)

Clinical N stage, n (%) 0 154 (87%) 132 (87%) 22 (85%) 0.752

≥1 23 (13%) 19 (13%) 4 (15%)

Neoadjuvant
chemotherapy, n (%) No 102 (58%) 90 (60%) 12 (46%) 0.207

Yes 75 (42%) 61 (40%) 14 (54%)

Median PMA (mm2)
(IQR)

1129 (894–1455) 1242 (983–1510) 679 (521–887) <0.01

Median PMI (cm2/m2)
(IQR)

4.31 (3.41–5.41) 4.66 (3.66–5.60) 2.88 (2.34–3.89) <0.01

Median PMHU (HU)
(IQR) 43.14 (39.26–47.54) 43.40 (39.56–47.75) 40.93 (34.56–45.16) 0.043

IQR = interquartile range, BMI = body mass index, ASA-PS; American Society of Anesthesiologists physical status, NMIBC = non-muscle
invasive bladder cancer, PMA = psoas muscle area, PMI = psoas mass index, PMHU = psoas muscle Hounsfield unit.

For variables related to the psoas muscle, it was considered inappropriate to apply
the same cutoff value for men and women; thus, the lower limit of the interquartile range
for each sex (25 percentile) was used as the cutoff value.

The results of Cox proportional hazards analysis for OS were shown in Table 2.
Univariate analysis showed significant differences in age, sex, cT stage, and PMHU

(p < 0.05). The median OS stratified by PMHU alone in the not-low and low PMHU groups
were 9.24 years (95% CI, 6.40 years to not reached) and 2.78 years (2.06 years to not reached),
respectively, and there was a significant difference among them (p = 0.014). Multivariate
analysis using the four factors that were significantly different in the univariate analysis
showed significant differences in all factors (p < 0.05).

We focused on these four factors to develop a risk classification for predicting OS in
patients with bladder cancer after RC (Table 3). The Kaplan–Meier curve for OS according
to the number of risks was shown in Figure 2.

Table 2. Cox proportional hazards analysis of overall survival in patients undergoing radical cystectomy.

Univariate Multivariate

Variables Category HR 95% CI p Value HR 95% CI p Value

Age <70 Reference Reference

≥70 2.093 1.239–3.533 0.006 1.734 1.010–2.977 0.046

Sex Men Reference Reference

Women 2.210 1.189–4.109 0.012 2.116 1.132–3.954 0.019
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Table 2. Cont.

Univariate Multivariate

Variables Category HR 95% CI p Value HR 95% CI p Value

ASA-PS 1,2 Reference

3 1.624 0.926–2.849 0.091

Clinical T stage <3 Reference Reference

≥3 1.782 1.705–2.956 0.025 1.665 1.001–2.769 0.049

Clinical N stage 0 Reference

≥1 0.659 0.283–1.530 0.33

Neoadjuvant
chemotherapy No Reference

Yes 0.877 0.512–1.502 0.633

BMI Not low Reference

Low 0.909 0.507–1.631 0.749

PMA Not low Reference

Low 1.332 0.692–2.564 0.391

PMI Not low Reference

Low 1.019 0.530–1.959 0.954

PMHU Not low Reference Reference

Low 1.924 1.132–3.270 0.016 1.758 1.014–3.048 0.044

HR = hazard ratio, CI = confidence interval, ASA-PS = American Society of Anesthesiologists physical status, BMI = body mass index,
PMA = psoas muscle area, PMI = psoas mass index, PMHU = psoas muscle Hounsfield unit.

Table 3. Risk factors and risk category.

Risk Factors 0 1

1. Age <70 ≥70

2. Sex Men Women

3. Clinical T stage <3 ≥3

4. PMHU Men: ≥39.56 HU
Women: ≥34.56 HU

Men: <39.56 HU
Women: <34.56 HU

Risk Category

Low-risk If <2 risk factors present

Intermediate-risk If 2 risk factors present

High-risk If ≥3 risk factors present
PMHU = psoas muscle Hounsfield unit.

Based on this result, we defined a group with one or fewer risk factors as a low-risk
group, a group with two risk factors as an intermediate-risk group, and a group with three
or more risk factors as a high-risk group (Table 3). The Kaplan–Meier curve and HR for
each risk category were shown in Figure 3 and Table 4, respectively.

The median OS by our risk category in the low-risk, intermediate-risk, and high-risk
groups (Table 3) were not reached (95% CI, 8.86 years to not reached), 6.40 years (95% CI,
2.67 years to not reached), and 2.06 years (95% CI, 0.94 to 2.78 years), respectively (p < 0.01).
There were no significant differences among the risk groups in terms of postoperative
hospital stay and the incidence of complications.
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Figure 2. Kaplan–Meier curves for overall survival according to the number of risks.

Figure 3. Kaplan–Meier curves for overall survival according to risk category.
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Table 4. Hazard ratio for each risk category.

Risk Category n HR 95% CI p Value

Low-risk 101 Reference

Intermediate-risk 57 1.902 1.061–3.411 0.031

High-risk 19 4.597 2.408–8.775 <0.01
HR = hazard ratio, CI = confidence interval.

4. Discussion

In the present study, we investigated the significance of preoperative PMHU on the
prognosis after RC in patients with bladder cancer. We showed that PMHU is a new
prognostic marker along with sex, age, and cT stage, and that these predictors could be
used to preoperatively stratify the prognosis of patients with bladder cancer after RC.

In recent years, medical technology innovations have led to minimally invasive
surgery, but RC remains highly invasive because of the long operation time and high
incidence of perioperative complication rates [2]. Elderly people had a higher 90-day
mortality rate and more early complications after RC than younger people [2], and it is
often discussed whether RC should be performed, especially for elderly patients.

In order to judge the indication for RC, it is required not only to evaluate the surgical
tolerance such as cardiac function and respiratory function, but also to predict the post-
operative prognosis to some extent. LVI and pN positivity and pT3 or higher grade have
already been reported as postoperative factors related to prognosis [13], and similar results
were obtained with our cases. However, pathological factors are the information that can
only be known after RC. There are few reports on prognostic markers that are useful in
deciding whether or not to perform RC itself.

In an aging society, the concept of frailty is drawing attention. Especially in the
elderly, comprehensive assessment of patients’ frailty as well as their age may be useful for
treating diseases and improving their quality of life [14,15]. Diagnosis of frailty requires
the measurement of grip strength and walking speed [4,5], but there are few facilities that
can be incorporated into the daily practice of treating patients with urological malignancies.
In particular, it is not desirable to impose a heavy preoperative evaluation on patients with
their malignancies.

Regarding the assessment of frailty, NCCT images are easy to acquire and non-invasive.
PMA [16], psoas muscle volume (PMV) [9,17,18], PMI [9,11], mean PMHU [19], skeletal
muscle index (SMI) [6,8,20], intramuscular adipose tissue content (IMAC) [21], and so on,
have been reported as representative imaging factors for frailty. According to a systematic
review by Cao et al., SMI, PMI, muscle attenuation, and IMAC were useful for assessing
the risk of postoperative complications as NCCT-assessed sarcopenia indices [22]. Analysis
of our data did not reveal significant results for PMA and PMI, but PMHU correlated with
the prognosis of patients with bladder cancer after RC.

PMHU can be measured very simply and easily. No special training or software is
required. NCCT images are always acquired in patients before RC, without the burden of
adding new special tests to the patients. Low PMHU reflects skeletal muscle fat infiltration
and may indirectly be used to assess frailty [23]. Increase in fat infiltration within skeletal
muscle might precede loss of skeletal muscle volume during the progression of cancer
cachexia [24].

PMHU is a factor that reflects muscle quality, while PMA and PMI are factors that
reflect muscle mass [20,22]. In our data, this may be one of the reasons why only PMHU,
not PMA and PMI, showed a significant correlation with OS. Assessing psoas muscle mass
with an NCCT image at the L3 level is very simple but may not necessarily reflect systemic
skeletal muscle mass [25]. PMV and SMI may reflect systemic muscle mass better than
PMA and PMI, but at the expense of ease of measurement [18]. We consider PMHU to be a
more practical predictor because of its ease of measurement and its accuracy for prognosis.
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Frailty was also evaluated as a risk factor for perioperative complications in patients
with bladder cancer [9,26]. Prediction of patients’ prognosis preoperatively may avoid
surgical invasive procedures which would cause more harm than benefit in patients.
According to our results, the median OS of high-risk patients who have three or more
preoperative poor prognosis factors defined by age, sex, cT stage, and PMHU was only
2.06 years. Although our data would not give definitive prediction of perioperative
complication, high-risk patients with poor prognosis in our risk classification might not
recommend RC. Bladder sparing therapy combined with transurethral resection of the
bladder tumor, chemotherapy, and radiation therapy are controversial, but they may be a
good treatment option for patients with an apparently poor prognosis [9,27].

By preoperatively diagnosing frailty, it may be possible to improve the prognosis of
cancer patients if interventions such as exercise therapy and nutritional guidance can be
performed earlier [17,28]. Exercise therapy and essential amino acid supplement drinks
have been shown to be useful in recovery from serious illnesses [29] and vitamin D supple-
mentation was useful in improving sarcopenia in the elderly [30]. It goes without saying
that treatment of the bladder cancer itself is important for improving the OS. However, in
an aging society, we must understand the physical function and nutritional status of each
patient before intervening with diverse treatments. To that end, the role of the rehabilitation
team, which includes registered dietitians and physiotherapists, is also important, and
more than ever it is necessary to deepen cooperation within the team.

There are several limitations of our study. The present study is a small retrospective
study. Our results need to be prospectively validated in a larger cohort. In addition, the
subjects of this study were limited to the Japanese population, and there is room for con-
sideration of differences between races, especially regarding the cutoff value. Furthermore,
the present study did not directly investigate the relationship between PMHU and frailty.
In the future, the direct relationship between the already reported diagnostic factors of
frailty and PMHU must be investigated [4,5]. In addition we believe that it should be
examined in more detail whether perioperative nutrition therapy and physiotherapy for
patients with low PMHU can improve the bladder cancer patients’ survival and quality
of life.

5. Conclusions

PMHU was a preoperative predictor of prognosis in patients with bladder cancer
who were about to undergo RC. The prognosis of patients could be stratified before RC
using age, sex, cT stage, and PMHU. Not only can PMHU be measured without burdening
patients and clinicians, but also this risk classification helps determine whether to perform
RC in patients with bladder cancer before surgery.
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Simple Summary: Renal cell carcinoma rarely invades the surrounding visceral structures. While
surgical extirpation has been the mainstay of treatment for the localized disease, the role of surgery
in cases of venous involvement, adjacent invasion or distant metastasis remains controversial. Fur-
thermore, the surgical option may represent a challenge. A large series of locally advanced renal
cancer with involvement of the liver, pancreas, and/or duodenum, sometimes in conjunction with
tumor thrombus extending inside the inferior vena cava is herein reported. Our series establishes
the technical feasibility of this complex surgical procedure with acceptable complication rates, no
perioperative death, and potential for durable response. With the use of new systemic therapy
schedules, these patients will probably have a better opportunity of survival extension.

Abstract: Background: The purpose of this study is to report the outcomes of a series of patients
with locally advanced renal cell carcinoma (RCC) who underwent radical nephrectomy, tumor
thrombectomy, and visceral resection. Patients and methods: 18 consecutive patients who underwent
surgical treatment in the period 2003-2019 were included. Neoplastic extension was found extending
into the pancreas, duodenum, and liver in 9(50%), 2(11.1%), and 7(38.8%) patients, respectively. Seven
patients (38.8%) presented also inferior vena cava tumor thrombus level I (n = 3), II (n = 2), or III
(n = 2). The resection was tailored according to the degree of invasiveness. Demographics, clinical
presentation, disease characteristics, surgical details, 30-day postoperative complications, and overall
survival (OS) were analyzed. Results: Median age was 56 years (range: 40–76). Median tumor size
was 14.5 cm (range, 8.8–22), and 10 cm (range: 4–15) for those cases with pancreatico-duodenal and
liver involvement, respectively. Median estimated blood loss (EBL) was 475 mL (range: 100–4000)
and resulted higher for those cases requiring thrombectomy (300 mL vs. 750 mL). Nine patients
(50%) required transfusions with a median requirement of 4 units (range: 2–8). No perioperative
deaths were registered in the first 30 days. Overall complication rate was 44.4%. Major complications
were detected in 6/18 patients (33.3%). Overall median follow-up was 24 months (range: 0–108).
Five-year OS (actuarial) rate was 89.9% and 75%, for 9/11 patients with pancreatico-duodenal
involvement and 6/7 patients with liver invasion, respectively. Conclusion: Our series establishes
the technical feasibility of this procedure with acceptable complication rates, no deaths, and potential
for durable response.

Keywords: renal cell carcinoma; tumor thrombus; metastasectomy; postoperative complications;
oncological outcomes

1. Introduction

Renal cell carcinoma (RCC) is the most common malignant tumor of the kidney. Over
73,750 new cases will be diagnosed in 2020 [1–3]. RCC has a myriad of presentations, infre-
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quently extends into the inferior vena cava (IVC) [4,5] and approximately one third of RCC
are diagnosed in advanced stages of the disease [6]. Most of the 14,830 estimated deaths
from RCC for 2020, will be associated with these stages [1]. While surgical extirpation has
been the mainstay of treatment for the localized disease [3], the role of surgery in cases of
venous involvement, adjacent invasion or distant metastasis remains controversial and the
surgical option may represent a challenge [4,5,7–9].

There are to date no clear guidelines for the surgical management of large renal masses
with contiguous extension and/or synchronous metastases to surrounding organs such
as the pancreas, duodenum or liver at the time of initial nephrectomy due in part to still
insufficient data and the lack of prospective randomized trials. However, resection for
metastatic RCC disease has increasingly been performed with acceptable morbidity and
mortality rates in the last few years [8,9]. The use of surgical strategy as a first line of
treatment in this context would serve a multiple purpose: (i) it provides a psychological
benefit to the patient who may feel “treated”, (ii) it provides symptomatic relief in the event
of the presence of symptoms (rather frequent in this subgroup) (iii) it provides enough
tissue sample to be used for assessment on the heterogeneity of the disease (usually present)
and on the morphological, immunohistochemical and molecular variants involved, serving
commonly as a guide for subsequent systemic treatment (type of agent/s and treatment
sequence among the many currently available), (iv) reduces the burden of disease, thus
avoiding the immunological sink generated by the overwhelming amount of malignancy
and enabling an effective immune response in the patient against it, and (v) such an
aggressive resection has revealed a modest survival benefit in favor of this approach in
opposition to observation or systemic treatment alone [10].

We present a contemporary series of 18 patients with locally advanced renal masses
invading adjacent visceral structures in which complete removal of gross disease was
achieved by means of radical nephrectomy in conjunction with thrombectomy, resection
of pancreas, duodenum and/or liver with low morbidity and mortality rates by using
the surgical techniques derived from the field of transplantation applied to these complex
cases. With this approach in the front line, we provide for symptomatic relief in most our
patients, obtain enough sample of tissue to guide further systemic treatment, and observe
durable responses.

2. Materials and Methods

After obtaining Institutional Review Board approval and following the ethical prin-
ciples of the Helsinki Declaration (as revised in 2013), a retrospective chart review was
performed on 18 consecutive patients who underwent surgical treatment for large, aggres-
sive, locally advanced RCC cases between June 2003 and November 2019 at our institution.
All relevant data on demographics, clinical presentation, disease characteristics, surgical
details, and postoperative complications were collected and analyzed. Postoperative com-
plications were assessed using the Clavien-Dindo Classification System [11], and defined
as occurring within a 30-days period of the intervention date. Overall survival (OS) was
ascertained by the review of medical records or using the Social Security Death Index
(SSDI) database [12] when necessary. Abdominal computed tomography and/or magnetic
resonance imaging were used to diagnose the renal tumor, delineate the tumor thrombus
inside the inferior vena cava, and depict the extent of the invasion to adjacent organs
(Figure 1).

Surgical Technique

Our transplant techniques for piggy-back liver mobilization and en-bloc mobilization
of spleen and pancreas in order to facilitate the resection of large renal tumors have been
previously described [4,5,7,13]. Briefly, the renal artery was ligated early during the
surgery by medially mobilizing the involved kidney [14]. The goal of early renal artery
ligation was to decompress collateral circulation and decrease blood loss during the
procedure. The use of the maneuvers derived from transplantation surgery for either
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side, allowed wide exposure of the retroperitoneal space thus facilitating the removal
of the renal mass and the resection of variable segments of other organs involved. All
visceral resections were performed by a single surgeon and with curative intention, and
tailored according to the particular degree of tumor invasiveness. Intracaval involvement
required IVC exploration, thrombus withdrawal, and IVC resection/reconstruction as
previously described [13–15].
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Figure 1. Computed tomography (CT) and magnetic resonance imaging (MRI) of two different
patients with large renal mass. (A): CT of a large left renal mass with lack of soft tissue planes
between pancreas, spleen, and splenic flexure; (B): MRI of a right large solid and cystic enhancing
mass replacing the right renal parenchyma with mass effect and compression of proximal duodenum.
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At the time of resection, neoplastic extension was found extending outside the
perirenal tissue into the pancreas in 9/18 patients (50%), mostly coming from the left
side. The second portion of duodenum was affected in two right-sided tumors (18%),
a left side tumor invaded the third and four portions of the duodenum in one patient
(9%), and the remaining case (9%) showed tumor invasion extended into both pancreas
and duodenum.

These 9 patients underwent variable pancreatic resections that included pancreatico-
duodenectomy (i.e., Whipple procedure) (9%), partial or subtotal pancreatectomy (63%),
and combined body and tail pancreatectomy (9%). One patient underwent spleen preser-
vation along with distal pancreatectomy. However, the spleen and the ipsilateral adrenal
were also excised en-bloc in 7 (63%) and 9 (100%) cases, respectively. The duodenum was
preserved whenever possible, although partial resection was considered necessary in cases
of exclusive serosal involvement (27%). Intracaval extension was additionally detected in
3 of the patients (27%); one case of level II tumor thrombus(TT) according to Neves and
Zincke [16] (showing concomitant invasion of the left colon, thus requiring additional left
hemicolectomy), and two cases of level III TT (i.e., IIIa and IIIb tumor thrombi according to
our classification) [17].

Partially occluding (level I or II) thrombi were managed by tangential cavectomy
and primary closure. Completely occluding (level II and III) tumor thrombi required
circumferential cavectomy (i.e., segment located between the caval bifurcation and the
inferior border of the major hepatic veins entrance) without vascular reconstruction. The
level IIIb tumor thrombus was “milked” and controlled below the major hepatic veins
before the cavectomy was attempted (Figure 2) [18].

RCC was infiltrating the right lobe in three patients. Partial right lobectomy was
performed en-bloc with the renal tumor and adrenal gland in three patients, resection of
segments two and three in one patient, and wedge-resection of the liver mass in other three
patients. Four of these patients harbored also an IVC tumor thrombus (level I in n = 3,
and level II in n = 1) that required additional thrombectomy, tangential cavectomy, and
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primary closure. Of note, one of the patients that underwent a partial right lobectomy had
two previous unsuccessful ipsilateral renal artery embolization attempts complicated by
massive bleeding before referred to our institution (Figure 3).
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Figure 2. Renal tumor involving adjacent organs. (A): Head of the pancreas resected along with a
portion of duodenum; (B): Left radical nephrectomy specimen with resection of IVC tumor thrombus,
pancreas and spleen; (C): Left kidney tumor resected with adjacent organs, the distal pancreas was
not visualized. P: Head of pancreas; D: 2nd portion of duodenum; TT: Tumor thrombus inside the
second portion of the duodenum; A: Spleen; B: Pancreas; C: Pancreatic metastatic mass; D: Tumor
Thrombus going inside the inferior vena cava; E: Kidney Tumor; S: Spleen; LC: Left Colon.
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Figure 3. (A): Computed tomography of large right renal mass with collaterals from the liver; (B):
Right renal mass with renal artery and vein ligated but still with blood flow from the liver; (C): The
resected specimens of right renal mass with right lobe of the liver; (D): Right renal mass infiltrating
the right lobe of the liver; (E): Remaining liver after almost complete right lobectomy.

Extended lymph node dissection (including all the potentially affected palpable lymph
nodes, and paracaval, inter aortocaval and paraaortic templates depending on the particular
features of the case) completed the procedure in all cases.

3. Results
3.1. Patient Demographics

Over a period of 16 years, a total of 18 patients underwent radical nephrectomy, tumor
thrombectomy (when present), and resection of visceral structures invaded by disease.
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Table 1 lists pertinent demographic information. The median age at the time of resection
was 56 years (range: 40–76 years). There were seven males (38.9%) and 11 females (61.1%).
Except for four cases (22%) in which an incidental mass was found on imaging, all the
remaining cases were symptomatic (78%). Complaints in symptomatic patients ranged
from abdominal pain (44%) to gastrointestinal (GI) bleeding (5.5%) due to tumor erosion
into duodenum. One patient presented with collapsed lung due to endobronchial RCC
metastases and required left upper lobe resection prior to the abdominal intervention [15].
None of the patients had obstructive jaundice. Median tumor size was 14.5 cm (range,
8.8–22 cm), and 10 cm (range: 4–15 cm) for those cases with pancreatico-duodenal and liver
involvement, respectively.

Table 1. Demographic information.

Parameter Value

No. of patients 18
Male, n (%) 7 (38.9%)

Female, n (%) 11 (61.1%)
Age, median (years) 56 (40–76)

Follow up, median (months) 24 months (0–108); 3 deaths at 13, 24, and 108 months
post-surgery, respectively

Asymptomatic, n (%) 4 (22%)
Symptomatic, n (%) 14 (78%)

Abdominal pain 8 (42%)
Hematuria 3 (16.6%)

Fatigue 3 (16.6%)
GI bleeding 1 (5.5%)

Collapsed lung 1 (5.5%)
GI: gastrointestinal.

3.2. Intra-Operative Outcomes

Overall median estimated blood loss (EBL) was 475 mL (range: 100–4000 mL). Median
EBL for those requiring pancreatic (n = 11) and liver (n = 7) resections was 300 mL (range,
100–2500 mL) and 500 mL (range 200–4000), respectively; while median EBL for those
having (n = 7) vs. not having (n = 11) IVC exploration (along with either liver resection,
duodenal resection or pancreatectomy) was 750 mL (range, 200–4000 mL) and 300 mL
(range 100–600), respectively. Nine of the 18 patients required blood transfusions during
surgery or in the immediate postoperative period; the median transfusion requirement
for the nine patients who required transfusions was four units of packed red blood cells
(range: 2–8 units).

3.3. Surgical Outcomes

The intervention provided complete or partial symptomatic relief in 12/14 cases (85%)
and 2/14 cases (15%), respectively. Fatigue improved considerably in all patients present-
ing it, but remained after the intervention in two of them (66%). No perioperative deaths
were registered in this series during the first 30 days after the intervention. Overall compli-
cation rate was 44.4% (8/18 patients). Major complications (Clavien-Dindo grade ≥ III)
were detected in 6 of the 18 patients (33.3%); 45% (5/11) of the patients with pancreatico-
duodenal involvement and 14% (1/7) of the patients showing liver invasion. Postoperative
complications included isolated intra-abdominal collection (2), wound infection (1), pan-
creatitis (1), pancreatic leak (1), and atrial fibrillation with pulmonary embolization that
required prolonged intubation (1) for those patients with pancreatico-duodenal invasion,
and postoperative intra-abdominal collection associated to pulmonary embolization that
required prolonged intubation in one of the patients with liver involvement. Tables 2 and 3
list operative outcomes and classified complications, respectively.
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Table 2. Operative details and outcomes.

Parameter Value

Side of lesion, n (%)
Left 8 (38.8%)

Right 11 (61.2%)
IVC involvement 1, n (%)

Level I 3 (16.6%)
Level II 2 (11.1%)

Level III 2 2 (11.1%)
Tumor size (cm)

Pancreatico-duodenal involvement 14.5 (8.8–22)
Liver involvement 10 (4–15)
EBL, median (mL) 475

Pancreatico-duodenal involvement 300 (100–2500)
Liver involvement 500 (200–4000)

IVC exploration 750 (200–4000)
No IVC exploration 300 (100–600)

Transfusion, median (PRBC units) 1U for the total group of 18 patients; 4U among
the 9 patients who required transfusions

Liver resection 3, n (%) 7 (38.8%)
Pancreaticoduodenectomy, n (%) 1 (5.5%)

Partial/subtotal pancreatectomy, n (%) 7 (38.8%)
Distal pancreatectomy, n (%) 1 (5.5%)
Other organs removed, n (%) 2 (11%)

Partial duodenum 3 (16.6%)
Spleen 7 (38.8%)

Adrenal gland 18 (100%)
Left colon 1 (5.5%)

IVC: inferior vena cava; PRBC: packed red blood cells; U: units; 1 Acoording to the Neves-Zincke Classification
System; 2 One of the patients presented a level IIIa tumor thrombus (below the major hepatic veins), while the
other presented a level IIIb tumor thrombus (at the level of the major hepatic veins); 3 Partial right lobectomy in 3
patients, resection of segments 2 and 3 in 1 patient, and wedge resection in 3 patients.

Table 3. Postoperative complications according to the Clavien-Dindo Classification System.

Complication n (%) Grade

Collection 3 (16.6%) IIIa
Pulmonary 1 2 (11.1%) Iva

Atrial fibrillation 1 (5.5%) II
Wound infection 1 (5.5%) II

Deep venous thrombosis 1 (5.5%) IIIa
Pancreatitis 1 (5.5%) II

Pancreatic leak 1 (5.5%) IIIa
1 Pulmonary embolization with prolonged intubation.

All tumors were classified as T4 according to the American Joint Committee on
Cancer (AJCC) 2009 TNM staging system [19]. Table 4 lists pathological characteristics
for all specimens. Among the specimens showing pancreatico-duodenal involvement,
histological examination revealed no positive margins, and RCC conventional type in 9
(81%), chromophobe type in 1 (9%), and metastatic poorly differentiated carcinoma from
the adrenal in 1 (9%). Specimens presenting liver involvement showed RCC conventional
type in 5 patients (57%), chromophobe type in 1 (14%) and poorly differentiated squamous
cell carcinoma in 1 (14%). Median tumor grade was higher (IV vs. III) for those tumors
invading the pancreas or duodenum than for those presenting liver infiltration. However,
neither categorization of Fuhrman grade nor identification of the source was possible in
the case showing the squamous cell carcinoma invading the liver.
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Table 4. Pathological characteristics and survival outcomes.

Variable Value

AJCC pT4, n (%) 18 (100%)
RCC conventional type, n (%) 14 (77.7%)

Fuhrman Grade, median
Pancreatico-duodenal involvement IV

Liver involvement III
Lymph node metastases, n (%)

Pacreatico-duodenal involvement 1 (9%)
Liver involvement 2 (28.5%)

Median survival from time of resection (months)
Pancreatico-duodenal involvement 36 (13–108)

Liver involvement 24 (12–96)
Actuarial 5-yr OS (%)

Pancreatico-duodenal involvement 84.6%
Liver involvement 75%

RCC: Renal cell carcinoma; yr: years; OS: overall survival.

A total of 50 lymph nodes were removed from the 11 patients showing pancreatico-
duodenal involvement. Only one of the patients showed invasion by RCC (conventional
type). Twenty lymph nodes were removed from the seven patients showing liver involve-
ment. Pathologic examination of these specimens resulted positive in two of these patients
(RCC clear cell type and poorly differentiated squamous cell carcinoma, respectively).

3.4. Oncological Outcomes

Overall median follow-up was 24 months (range: 0–108 months). Two of the 11 pa-
tients with pancreatico-duodenal involvement returned to their local community physicians
and were lost for further follow-up. Overall survival (OS) was ascertained in the remaining
nine patients showing a five-year (actuarial) rate of 89.9%. Excluding the two patients
with no post-surgical follow-up, the median survival time from the date of resection was
36 months (range: 13–108 months). One patient (9%) lived for nine years but developed
multiple metastases during the follow-up (87 months) requiring additional resection and
adjuvant systemic therapy (sunitinib); another patient (9%) remained alive after seven
years but need systemic chemotherapy for the treatment of lymphoma at the time of last
follow-up. The remaining six patients (66.7%) had no evidence of disease as of last visit.

One of the seven patients with liver involvement returned to his local community
physician for follow-up. OS was ascertained in the remaining six patients showing a
five-year (actuarial) OS rate of 75%. Excluding the single patient with no post-surgical
follow-up, the median survival time from the date of resection was 24 months (range:
12–96 months). One patient died after two years of multiple metastases.

4. Discussion

The main purpose of this study was to review our experience in the removal of
renal tumors in conjunction or not with tumor thrombus that required additional liver,
pancreas and/or duodenum. We described the surgical outcomes of a contemporary series
including a total of 18 consecutive patients. Eleven of these patients, underwent radical
nephrectomy and resection of the pancreas and/or duodenum. Three of them presented a
TT inside the IVC, making their surgical management even more complex. We also included
seven patients with renal tumors invading the liver (four of them with TT involving the
IVC) in whom simultaneous radical nephrectomy, removal of TT if necessary, and liver
resection was performed. Our series of multiorgan resection was associated with a major
complication rate of 33.3% (n = 6/18) in the absence of post-operative mortality. These
outcomes confirm again the technical feasibility already established by other series [20,21].
More importantly, this study reconfirms that in experience hands and properly performed,
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this approach is worth the effort since shows curative intent and provides better quality of
life by means of symptomatic relief.

In this regard, Yezhelyev et al. reported their experience of 25 patients that underwent
simultaneous radical nephrectomy and major hepatectomy for RCC [20]. Eight of those
patients presented a TT in the IVC. Direct liver invasion by contiguity was the most common
indication for hepatectomy. Ten patients in these series (40%) presented postoperative
complications including one death in the perioperative period. Karellas et al. also described
their experience of 38 patients with pT4 RCC invading adjacent organs. The liver was
the most commonly visceral structure resected en-bloc with RCC (n = 10), but they also
reported pancreatic resection in six patients. They recorded two perioperative deaths, but
no report of post-operative complications was provided. Only 1 patient was alive and
free of disease at five years. The median time from surgical resection to death was 11.7
months. Their conclusion was that once advanced RCC involved the adjacent structures
the prognosis was poor [21].

Eleven patients in our series showed either pancreatico-duodenal (n = 9) or isolated
duodenal involvement (n = 2) at the time of the radical nephrectomy. Although the
involvement of the pancreas from RCC is rare, is still more frequent that isolated duodenal
involvement. In this regard, Margulis et al. reported their experience in the management of
these cases [22], which resulted quite similar to the Karellas et al. [21] in terms of morbidity
and perioperative mortality. They reported 12 out of 30 patients (40%) presenting pT4
disease at debut with direct invasion into adjacent organs demonstrated by preoperative
imaging. The pancreas was involved in only three of these patients, none of them invading
the duodenum. Despite the aggressive surgical approach, the disease recurred in 10 of
those 12 patients (83.3%) at a median time of 2.3 months, and only five (41.6%) were alive
at the time of the report [22].

Resection of RCC metastasizing into the duodenum has been rarely described in
a number of case reports. Most of these metastases were metachronous and frequently
coursed with upper GI bleeding, in the same way that one of the patients included in
our series [23–25]. Conversely, duodenal resection at the time of the radical nephrectomy
has been only reported once [26]. In our series, four of the patients had the duodenum
resected at the time of the radical nephrectomy; including a Whipple procedure, two partial
duodenal resections, and an excision of the third and fourth portions of the duodenum in
conjunction with distal pancreatectomy and splenectomy.

RCC represents an entity with high potential for metastatic spreading. Recent epidemi-
ological datasets report that approximately 17% of patients debut with metastases, and
almost one third of the remaining patients will develop local recurrences or distant metas-
tases during the follow-up [1]. Although metastasectomy in locally advanced or metastatic
RCC has been used since the 1930s, to date no prospective randomized controlled trials
have evaluated the clinical benefit of this approach. Conversely, surgical tumor debulking
is currently supported by retrospective experiences showing rather favorable overall and
progression free survival rates [27]. Actually, two recent systematic reviews suggested that
complete metastasectomy is associated with better survival (range, 36.5–142 months vs.
8.4–27 months) and/or symptomatic control when compared to no or incomplete metas-
tasectomy [28]. Comparable outcomes have been reported in the context of the resection
of multiple metastatic sites, local/distant lymph nodes, and local recurrences [29]. In fact,
disease-free intervals after complete resection may be notable, thus avoiding systemic
treatment requirements at least in the first instance [30]. These observations are in the
line of our experience with actuarial five-year OS rates reaching 89.9% and 75% for those
patients showing pancreatico-duodenal and liver involvement, respectively.

The difference in terms of survival between these two subgroups seems notable in
favor of the subgroup with exclusive pancreatico-duodenal involvement. Although in cases
of pancreatico-duodenal involvement postoperative complications are more frequent, the
actuarial five-year OS is approximately 15% higher. A possible explanation for these results
would rely on differences in the pattern of disease dissemination between the subgroups.
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While pancreatic-duodenal involvement occurs mainly by direct contiguity, liver involve-
ment may result from the coexistence of direct invasion or hematogenous dissemination.
Probably, the latter would impact negatively the prognosis. Conversely, in cases in which
pancreatic resection affected the cephalic region, surgical reconstruction after removal is
technically more demanding and, with no doubt, more subject to complications than the
resection of a portion of the liver parenchyma. Nevertheless, intraoperative bleeding in
these cases is commonly more exuberant and difficult to manage intraoperatively.

Although there are no current clear guidelines regarding patient selection in order to
determine who will benefit most from surgery, the decision-making regarding the resection
of synchronous neighboring visceral metastases seems to rely on different factors such as
comorbid patient conditions, performance status, a number of different prognostic risk
factors, as well as number and location of the sites involved. According to the National
Comprehensive Cancer Network guidelines, metastasectomy should be considered in those
patients with clear or non-clear cell variants who initially present with primary RCC in
conjunction with oligometastatic involvement or develop metastases after a prolonged
free-disease interval from initial nephrectomy [31]. In addition, the European Society
for Medical Oncology recommends that the decision-making process should be upon
a multidisciplinary team trying to identify patients with adequate performance status,
resectable oligometastatic disease, or low/intermediate risk in which complete resection is
achievable [32], given that the best outcomes after metastasectomy have been reported in
such cases. Only one of our patients showed a solitary lung metastasis that was resected
before attempting the abdominal intervention.

All of them were considered suitable for surgery in terms of performance status
and comorbidity, and the decision-making regarding the extent of the local resection was
commonly made upon the direct vision of the operative field. Nevertheless, considering
this possibility, extensive counseling was made in a particular basis upon the findings
provided by preoperative cross-sectional imaging.

Doubts regarding complete resection predicting short-term failure for disease control
has led to concepts combining surgery either with presurgical or adjuvant systemic therapy.
The neoadjuvant approach followed by complete surgical excision has been evaluated
in small retrospective series during the cytokine era [33]. The greater effect in terms of
efficacy in response or downsizing the tumor burden (reaching a median reduction of
9–14% in primary tumor diameter) obtained with targeted therapies opened the gates
for further multimodality treatment schedules in this context. Surgery following tyrosine
kinase inhibitors is overall safe [34], making candidates initially unsuitable for complete
resection amenable for surgical approach reconsideration if downsizing or significant
response is confirmed after at least one cycle of targeted therapy [35,36]. Although not
prospectively studied, acceptable outcomes have been reported with this approach in small
retrospective series [34]. The largest experience is based on a 22-patient series from three
different institutions in which primary excision associated with concomitant or deferred
metastasectomy was performed after at least one cycle of tyrosine kinase inhibitors [37].
However, most of the patients included continued systemic treatment once recovered from
surgery, making the evaluation of the long-term free-relapse survival periods observed
difficult to attribute to either surgery or systemic treatment alone, or the combination of
both treatment modalities acting synergically.

Currently, no role for systemic adjuvant therapy after metastasectomy has been es-
tablished. A randomized, double-blinded, placebo-controlled multicenter phase-III trial
conducted by the Eastern Cooperative Oncology Group-American College of Radiology
Imaging Network group assessed the role of adjuvant pazopanib vs. placebo in patients
with no evidence of disease after metastasectomy [38]. The patients received treatment for
a year and were stratified according to the number of sites of resected disease as well as
disease-free interval. The study was unable to meet a primary end-point for disease-free
survival (HR 0.85; CI95% 0.55–1.31; p = 0.47), actually showing a trend to worse overall
survival with pazopanib. Comparable results have been reported with sorafenib in the
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postmetastasectomy setting [39]. Currently, different ongoing trials are evaluating the use
of sunitinib and a number of immune checkpoint inhibitors in this context, but there is not
enough evidence to date to support their use over observation.

It remains unclear what role metastasectomy or surgical consolidation will play in the
next future, given the morphing landscape of systemic immunotherapy combined with
targeted therapy, and new data on different tumor molecular features acting as potential
biomarkers for response to treatment. So far, the clinical experience should guide the
recommendations for metastasectomy in these patients. Therefore, our surgical outcomes
allow us to advocate in favor of a surgical approach if considered feasible and indicated.
However, this study is not without limitations. The series herein reported is retrospective
in nature and reflects the experience of a single high-volume surgeon from a referral center.
Hence, these outcomes should be evaluated accordingly, given that may be not reproduced
by teams of lower experience or working in different clinical settings.

5. Conclusions

We reported a large series of locally advanced RCC with involvement of the liver, pan-
creas, and/or duodenum, sometimes in conjunction with TT extending inside the IVC. Our
series establishes the technical feasibility of this complex surgical procedure by means of the
application of the techniques derived from transplant surgery with acceptable complication
rates, no perioperative death, and potential for durable response. In addition, by using this
strategy in the front line we obtain symptomatic relief in most of the patients and provide
for an optimal tissue sample that may be used to guide the further systemic therapeutic
approach required. With the use of new systemic therapy schedules, these patients will
probably have a better opportunity of survival extension. In our opinion, the management
of these rare cases should be safely entrusted to an experienced surgeon/surgical team, but
exclusively in high volume referral centers, where complex procedures, such as the ones
reported, can be successfully performed.
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Simple Summary: Surgical therapy is currently the standard of care for the treatment of primary
renal cell carcinoma (RCC). Alternative strategies such as stereotactic body radiotherapy (SBRT)
have emerged as potentially curative treatment approaches. In this study, we show a promising
short-term local control effect of SBRT in the management of primary RCC. The treatment was well
tolerated with no high-grade side effects. The main advantages are the outpatient management
without anesthesia and the non-invasive approach. Thus, SBRT appears to be a promising alternative
to surgery, or ablative therapy, to treat primary RCC in patients with poor physical health. Future
studies are needed to definitively assess the place of SBRT in the RCC treatment portfolio.

Abstract: Introduction: The aim of this study was to report the oncological outcomes and toxicity of
stereotactic body radiotherapy (SBRT) to treat primary renal cell carcinoma (RCC) in frail patients
unfit for surgery or standard alternative ablative therapies. Methods: We retrospectively enrolled
23 patients who had SBRT for primary, biopsy-proven RCC at our tertiary center between October
2016 and March 2020. Treatment-related toxicities were defined using CTCAE, version 4.0. The
primary outcome was local control which was defined using the Response Evaluation Criteria in
Solid Tumors. Results: The median age, Charlson score and tumor size were 81 (IQR 79–85) years,
7 (IQR 5–8) and 40 (IQR 28–48) mm, respectively. The most used dose fractionation schedule was
35 Gy (78.3%) in five or seven fractions. The median duration of follow-up for all living patients was
22 (IQR 10–39) months. Local recurrence-free survival, event-free survival, cancer-specific survival
and overall survival were 96 (22/23), 74 (18/23), 96 (22/23) and 83% (19/23), respectively. There were
no grade 3–4 side effects. No patients required dialysis during the study period. No treatment-related
deaths or late complications were reported. Conclusion: SBRT appears to be a promising alternative
to surgery or ablative therapy to treat primary RCC in frail patients.

Keywords: stereotactic body radiotherapy; renal cell carcinoma; frail patients; oncological outcomes
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1. Introduction

Renal cell carcinoma (RCC) represents around 3% of all cancers, with the highest
incidence occurring in Western countries [1]. Surgical therapy is currently the standard
of care for the treatment of primary RCC in fit patients with adequate renal function [2].
Given the demographics of patients with RCC, many older patients have comorbidities
which may preclude them from major surgery. Alternative strategies such as cryotherapy
and radiofrequency ablation have emerged as potentially curative treatment approaches
for patients who refuse or are unsuitable for surgery [3–5]. However, these minimally
invasive therapies are limited to small renal masses, distant from vascular structures and
the upper urinary tract [6,7]. By contrast, stereotactic body radiotherapy (SBRT) is an
emerging noninvasive treatment and does not necessitate inpatient hospital treatment.
SBRT is delivered in single or multiple treatment sessions, and is typically associated with
low toxicity and excellent local control rates in a variety of malignancies [8].

RCC is usually considered resistant to radiation delivered using conventional fraction-
ation schedules (1.8–2 Gy per fraction). The current literature reports encouraging results
of SBRT on primary RCC in terms of local control and acceptable toxicity [9]. However,
there is still insufficient evidence to recommend this therapy.

The aim of our study was to report the oncological outcomes and toxicity of SBRT for
frail patients with primary RCC unfit for surgery or standard alternative ablative therapies.

2. Materials and Methods
2.1. Population Study

The study was approved by the Ethics Committee of the French Urological Association
(CERU_2020/014). We retrospectively reviewed the charts of all patients who had SBRT
for primary RCC at our tertiary center between October 2016 and March 2020. Data were
extracted from medical files and collected in a pseudo-anonymized database in accordance
with GDPR regulations. Eligible patients were included who were medically unfit for
surgery and were poor candidates for cryotherapy and radiofrequency ablation (tumor
size > 4 cm, near from vascular pedicle or upper urinary tract). Patients who could not
tolerate the prolonged supine positioning necessary for successful treatment, or with a
history of abdominal or pelvic radiotherapy were excluded. No restrictions were applied
regarding the histological subtype, size or stage of the tumor. All patients had a proven
histological diagnosis of RCC by percutaneous tumor biopsy under computed tomography
(CT) guidance and all indications for radiotherapy were confirmed by our multidisciplinary
team (MDT).

2.2. Stereotactic Body Radiotherapy

Patients were positioned with a TomoTherapy™ (Accuray, Madison, WI, USA) device,
which delivered arc x-ray therapy of 6 MV. Prior to CT, patients were immobilized with
the BlueBAG™ (Elekta, Stockholm, Sweden) BodyFIX Vacuum Cushions system and the
abdominal compression plate (ACP) to minimize breathing motion. The gross tumor
volume (GTV) was contoured on different reconstructions of the simulation CT with breath-
phased 3D CT scan to encompass the motion and to create an internal target volume (ITV).
For the last patients included, the GTV was contoured on the different respiratory phases
of a 4D simulation scan. A 5 mm expansion was given to derive the planning target volume
(PTV). The dosimetry was evaluated on Accuray’s VOLO™ (Accuray, Madison, WI, USA)
software. The objective prescription isodose was 90%. Sessions were spaced 48 h apart and
were delivered on non-consecutive days (one day interval). SBRT procedures were adapted
from consensus statements from the International Radiosurgery Oncology Consortium for
primary renal cell carcinoma [10,11]. The total dose administered was in accordance with
De Meerleer’s guidelines [12].
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2.3. Follow-up and Endpoints

Patients were followed up with every 3 months for the first two years, and twice
annually thereafter. The follow-up included physical examination, glomerular filtration rate
(eGFR) which was estimated by the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation, and radiological examination with CT-scan, MRI or ultrasound.
Treatment-related toxicities were defined using Common Terminology Criteria for Adverse
Events, version 4.0. The primary outcome was local control, which was defined using
Response Evaluation Criteria in Solid Tumors, version 1.1 [13]. Secondary outcomes
included treatment-related toxicities, evolution of renal function, event-free survival, cancer-
specific survival and overall survival.

2.4. Statistical Analysis

Descriptive statistics were delineated for the available variables. Quantitative variables
were reported as median and interquartile range (IQR) and analyzed by Mann–Whitney U
Test. Categorical variables were described as numbers and percentages and were analyzed
by Chi-squared test. Kaplan–Meier curves were generated for all time-to-event endpoints.
Statistical analyses were performed using R Version 4.0.2 (Foundation for Statistical Com-
puting, Vienna, Austria). A p-value of ≤ 0.05 was considered statistically significant.

3. Results

Between October 2016 and March 2020, 24 patients underwent SBRT for primary RCC
in our center and were assessed for eligibility. One patient declined to continue radiation
therapy after initial sessions and was excluded. Twenty-three patients were included in the
final analysis.

3.1. Baseline Characteristics

Patient and tumor characteristics are summarized in Table 1. The median age in the
study cohort was 81 (IQR 79–85) years. Eight female patients (34.8%) were included and
the median Charlson Comorbidity score was 7 (IQR 5–8). Pathologic confirmation before
treatment was achieved in all cases. Overall, 73.9% (17/23) of patients harbored clear cell
RCC. Stages T1a, T1b and T2 were recorded in 56.5, 39.1 and 4.4% of cases, respectively. A
high Fuhrman grade (G3–4) was recorded in 30.4% of all patients. Four patients (17.4%)
had M1 disease. The median maximal tumor size was 40 (IQR 28–48) mm.

Table 2 shows dose fractionation schedules. The most used dose schedule was 35 Gy
(78.3%) in five fractions (43.5%, 10/23) or seven fractions (34.8%, 8/23). No complications
or technical difficulties were recorded during sessions.

3.2. Recurrence and Survival

The median duration of follow-up for all living patients was 22 (IQR 10–39) months.
At the time of most recent follow-up, we did not reach 50% recurrence, events or death in
the study group. One patient experienced local recurrence after 36 months of follow-up.
We observed a significant correlation between time of follow-up and decreased size of
primary tumor (Figure 1).

Lymph node and metastatic recurrences were recorded in one and four cases, re-
spectively, including two cases in patients who were already M1 before SBRT. A total of
four deaths were observed: one case related to disease progression and three deaths from
another cause. Thus, after a median follow-up of 22 months, local recurrence-free survival,
event-free survival, cancer-specific survival and overall survival were 96, 74, 96 and 83%,
respectively (Figure 2).
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Table 1. Baseline characteristics.

Variables Overall Cohort
(n = 23)

Gender, n (%)
Male 15 (65.2)

Female 8 (34.8)

Median (IQR) age, years 81 (79–85)

ECOG performance score, n (%)
0 10 (43.5)
1 11 (47.8)
≥2 2 (8.7)

Median (IQR) Charlson score 7 (5–8)

Comorbidities, n (%)
Diabetes mellitus 8 (34.8)

Arterial hypertension 14 (60.9)

Median (IQR) creatinine clearance, mL/mn/1.73 m2 57 (34–75)

Tumor stage, n (%)
T1a 13 (56.5)
T1b 9 (39.1)
T2 1 (4.4)

Metastatic stage, n (%)
M0 19 (82.6)
M1 4 (17.4)

Tumor side, n (%)
Right 13 (56.5)
Left 10 (43.5)

Fuhrman grade, n (%)
Low grade (1–2) 14 (60.9)
High grade (3–4) 7 (30.4)

Unknown 2 (8.7)

RCC type, n (%)
Clear cell 17 (73.9)
Papillary 2 (8.7)

Other 4 (17.4)

Median (IQR) tumor size, mm 40 (28–48)
Legend: ECOG: Eastern Cooperative Oncology Group; RCC: renal cell carcinoma.

Table 2. Dose fractionation schedules.

Dose (Gy)/Fraction (Fr) n (%)

35 Gy/5 Fr 10 (43.5)
35 Gy/7 Fr 8 (34.8)
36 Gy/3 Fr 4 (17.4)
24 Gy/3 Fr 1 (4.3)

Legend: Gy: gray; Fr: fraction.
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3.3. Evolution of Renal Function

The median baseline eGFR was 57 (IQR 34–75) mL per minute. The median change
in eGFR at the most recent follow-up was −7 (IQR −17; 0) mL per minute (p = 0.15). No
patients required dialysis during the study period.

3.4. Toxicity

A total of five side effects (21.7%) were recorded. Grade 2 asthenia was observed
in two cases. One grade 2 epigastralgia and two grade 1 episodes of nausea were also
recorded. There were no grade 3–4 side effects recorded. No treatment-related deaths or
late complications were recorded.

4. Discussion

Over the past decade, SBRT has emerged as a potential treatment option for primary
RCC [4]. Defining a potential target population for SBRT is a major challenge. The
main advantages are the outpatient management without anesthesia and the non-invasive
approach. The majority of patients were either old patients with multiple comorbidities, or
patients with tumors inaccessible to standard focal therapies. SBRT has been implemented
in our practices from 2016 to treat primary RCC in patients with poor physical health who
were medically inoperable and unfit for cryotherapy and radiofrequency ablation. To our
knowledge and following a review of the literature, we report the first series of SBRT in
this patient population.

Our study reports the promising short-term local control effects of SBRT with a To-
moTherapy™ (Accuray, Madison, WI, USA) device. After a median follow-up of 22 months,
only one patient (4%) experienced local recurrence. In this case, a percutaneous biopsy of
the tumor was performed because intratumoral hypermetabolic foci increased and was
positive without an increase in tumor size. Our results correlate with previous data from
Chang et al. who reported no local recurrence after a median follow-up of 19 months in
their series of 16 patients treated with 30 to 40 Gy in five fractions [14]. In a prospective
cohort of 37 patients receiving either a single fraction of 26 Gy or three fractions of 14 Gy
for inoperable renal cell carcinoma, Siva et al. reported a freedom from local progression
at 2 years of 100% [15]. Additionally, our results support those of a meta-analysis which
enrolled 126 patients from 10 studies [9]. The most commonly employed fractionation
schedule was 40 Gy, delivered over five fractions, and a local control was reported of 93.91%
(range: 84–100%) [9]. A pooled multi-institutional analysis of IROCK focused on a cohort of
223 patients treated for primary RCC by stereotaxic ablative radiotherapy [11]. The patients
were divided into two groups: those receiving a single fraction with an average dose of
25 Gy (14–26 Gy), and those receiving multiple fractions with an average total dose of 40 Gy
(2 to 10 fractions). The local control rate at five years was 97.8% and was similar between
both groups. The authors reported in the group of patients treated with a multifractional
regimen a significantly lower rate of nausea but a poorer progression-free survival and
cancer-specific survival. The authors raised the possibility of an abscopal effect in the
monofraction group. The immunosensitive nature of CCR was also mentioned in the study
by Siva et al. [15]. The possibility of SBRT-mediated immunomodulation is based on pre-
clinical in vivo data and then on reported cases of patients with an abscopal effect [16,17].
Our team modeled the synergy between SBRT and checkpoint inhibitor therapies, empha-
sizing the advantage of delivering these two treatments concomitantly [18]. In addition,
we developed a new concept of immunologically effective dose (IED) varying with the
radiotherapy regimen used, complementary to the classic linear–quadratic formula [19]. In
our series, some patients presented with an increase in tumor size 12–15 months after SBRT
sessions no greater than 20%, but decrease after that time, as reported by Ponski et al. [20]
and Chang J.H. [14]. This initial, and temporary, increase in tumor size could be explained
by an immunological stimulating effect of SBRT.

The safety of SBRT was confirmed in the present study; 21.7% grade 1–2 side effects
with no grade 3 or higher event occurring. Our results are very similar to previous data from
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Siva et al. [15] and Correa et al. [21], which reported 3 and 1.5% occurrence, respectively, of
grade ≥3 side effects. Furthermore, SBRT had a modest impact on renal function, with a
mean reduction in eGFR at last follow-up of −7 mL/min. These outcomes are in agreement
with previous data [22] and comparable to those of nephron-sparing approaches such as
PN or ablative therapies [23–25].

The present study has several limitations that should be acknowledged. The main
limitations concern its retrospective design, the small cohort included and the short follow-
up. Conversely, the main strength of this preliminary study was to report the outcomes of
SBRT in a cohort of frail patients which has not previously been reported in the literature.
All patients presented with a progressive tumor after active surveillance and/or a tumor
with high histological grade. Future studies are essential to determine the place of SBRT in
the therapeutic arsenal of RCC. An ongoing clinical trial will provide additional important
findings on the subject [26]. To date, there is no prospective randomized study comparing
SBRT to standard ablative therapies. The meta-analysis by Kunkle et al. [5] that included
1375 primary RCC patients treated with radiofrequency ablation or cryoablation reported a
local control rate of 87.1 and 94.8%, respectively, with a median follow-up of 18.7 months.
In addition, the average tumor diameter was 26 mm, against 40mm in our study.

5. Conclusions

SBRT appears to be a promising alternative to surgery or ablative therapy to treat
primary RCC in patients with poor physical health. Future studies are needed to definitively
assess the place of SBRT in the RCC treatment portfolio.
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Simple Summary: Immune checkpoint inhibitor (ICI) therapy has proven effective for many cancer
patients, but predicting which patients with renal cell carcinoma (RCC) will respond has been
challenging. We analyzed clinical characteristics and molecular parameters of a cohort of patients
with RCC treated with anti-programmed death 1 (PD-1)/PD-L1 therapy to determine factors that
correlate with patient outcome. We found that the composition of circulating immune cells in the
blood, development of immune-related toxicities, and gene expression patterns within the tumor
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correlate with patient response. In addition, we see that high expression of PD-L1 and lower numbers
of unique T cell clones in RCC tumors are associated with improved survival. In summary, our
findings corroborate previously published work and introduce new potential factors impacting
response to ICI therapy that deserve further investigation.

Abstract: Predicting response to ICI therapy among patients with renal cell carcinoma (RCC) has been
uniquely challenging. We analyzed patient characteristics and clinical correlates from a retrospective
single-site cohort of advanced RCC patients receiving anti-PD-1/PD-L1 monotherapy (N = 97), as
well as molecular parameters in a subset of patients, including multiplexed immunofluorescence
(mIF), whole exome sequencing (WES), T cell receptor (TCR) sequencing, and RNA sequencing
(RNA-seq). Clinical factors such as the development of immune-related adverse events (odds ratio
(OR) = 2.50, 95% confidence interval (CI) = 1.05–5.91) and immunological prognostic parameters,
including a higher percentage of circulating lymphocytes (23.4% vs. 17.4%, p = 0.0015) and a
lower percentage of circulating neutrophils (61.8% vs. 68.5%, p = 0.0045), correlated with response.
Previously identified gene expression signatures representing pathways of angiogenesis, myeloid
inflammation, T effector presence, and clear cell signatures also correlated with response. High
PD-L1 expression (>10% cells) as well as low TCR diversity (≤644 clonotypes) were associated with
improved progression-free survival (PFS). We corroborate previously published findings and provide
preliminary evidence of T cell clonality impacting the outcome of RCC patients. To further biomarker
development in RCC, future studies will benefit from integrated analysis of multiple molecular
platforms and prospective validation.

Keywords: renal cell carcinoma; PD-1; PD-L1; biomarkers; immune checkpoint inhibitors

1. Introduction

Over the past decade, immune checkpoint inhibitors (ICIs), including antibodies
against the programmed death 1 (PD-1) receptor, its ligand (PD-L1), and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), have become a mainstay of treatment against
cancer. Patients with metastatic renal cell carcinoma (RCC) have overall response rates
(ORRs) to single-agent PD-1/PD-L1 blockade in the first- and second-line setting of approx-
imately 16–34% [1–4]. The current standard of care in the frontline setting is combination
therapy using anti-PD-1/PD-L1 with either anti-CTLA-4 or a vascular endothelial growth
factor (VEGF)-targeting agent, which yields ORRs of 40–60% [4–9].

Predicting response to ICI therapy in patients with RCC has proven to be difficult. The
predictive value of tumor PD-L1 expression and mutational burden (TMB), which are used
as companion diagnostic biomarkers for other tumor types, remains equivocal in RCC, with
a number of studies demonstrating no correlation with response [2,3,6,7,9–11]. Results of
standard clinical tests on peripheral blood, including elevated absolute lymphocyte count
(ALC) [12], or lower absolute neutrophil count (ANC) [12,13], neutrophil-to-lymphocyte
ratio (NLR) [12–15], and monocyte-to-lymphocyte ratio (MLR) [14], have been associated
with better response in solid tumors but not prospectively validated. In addition, the
relationship between body mass index (BMI) and response is still disputable, with studies
demonstrating improved response and survival in RCC patients with higher BMI [16,17]
and others showing the opposite [18].

Molecular studies have shed light on the biological response behind anti-PD-1 monother-
apy, such as the presence of endogenous retroviruses [19,20] and differential expression
of gene signatures, including T cell effector function [10], interferon (IFN) or tumor necro-
sis factor (TNFα) signaling [21], and metabolic gene signatures [22]. In the randomized
trials IMmotion150 and IMmotion151, molecular signatures of response were assessed in
treatment-naïve patients who received sunitinib, the combination of atezolizumab (PD-L1
antibody) and bevacizumab (vascular endothelial growth factor (VEGF) antibody), or,
in the case of IMmotion150, atezolizumab monotherapy [10,23]. A T effector signature
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correlated with response in both ICI monotherapy and combination therapy arms, while
the angiogenic signature correlated with response in anti-VEGF monotherapy and combina-
tion therapy. Furthermore, responders to atezolizumab monotherapy generally had lower
inflammatory myeloid signatures and higher T effector signatures, while patients with high
suppressive myeloid signatures were more likely to achieve response if VEGF inhibition
was combined with checkpoint inhibition [10]. More in-depth analysis from IMmotion150
further categorized RCC patients based on integration of various molecular parameters
into seven molecular subsets, which appeared to have differential clinical outcomes to
sunitinib versus atezolizumab plus bevacizumab [23].

Other investigations have attempted to correlate genetic drivers of RCC with response
to ICI. The role of PBRM1, the second most commonly mutated gene in clear cell RCC
(ccRCC) and a component of the chromatin remodeling complex, is heavily contested,
with several studies yielding mixed results [11,24–27]. Recently, Braun et al. analyzed
592 ccRCC samples from patients in prospective trials of PD-1 blockade using whole exome
sequencing (WES), RNA-sequencing (RNA-seq), and immunofluorescence (IF) analysis [11].
The authors found that although TMB and CD8+ T cell infiltration do not correlate with
response, additional chromosomal abnormalities are specifically associated with response
or resistance to anti-PD-1 monotherapy. For example, chromosomal loss of 9p21.3 was
associated with decreased response among tumors with high CD8+ T cell infiltration.
In addition, truncating mutations in PBRM1 were associated with higher angiogenesis
gene expression and lower IL6-JAK-STAT3 signaling, as well as improved survival with
anti-PD-1 monotherapy [11,24,25].

In this study, we evaluated an institutional cohort of patients with RCC who received
single-agent anti-PD-1/PD-L1 to study both clinical and molecular correlates of response.
In our cohort of 94 patients, we analyzed clinical characteristics and laboratory data
during the course of ICI treatment. Our study shows the feasibility of performing multiple
molecular analyses, including mIF, WES, TCR sequencing, and RNA-seq, on a biomarker
cohort created from available archived tumor samples.

2. Materials and Methods
2.1. Patient Population and Data Collection

Patients with RCC who had been treated with single-agent anti-PD-1/PD-L1 at Van-
derbilt University Medical Center (VUMC) between 2007 and 2017 were identified under
an investigator review board (IRB)-approved protocol and verified to have sufficient
documentation to assess response to therapy, defined by a minimum of a baseline and
three-month computed tomography (CT) scan after initiating ICI therapy (Figure 1A).
Objective response was evaluated by investigators. Of the 94 patients, 18 had available
archived formalin-fixed, paraffin-embedded (FFPE) tumor tissue specimens at VUMC.
These specimens and their matched normal samples, when available, combined with eight
external tumor specimens from Rutgers University, were used for molecular studies in the
biomarker cohort. A total of 26 patients were represented by 21 primary and 16 metastatic
tumor samples.

2.2. DNA and RNA Extraction

DNA and RNA were extracted from FFPE RCC and normal tissue using the Maxwell
16 FFPE Plus LEV DNA Purification Kit (Promega (Madison, WI, USA) #AS1135) and RNA
Purification Kit (Promega #AS1260) respectively, on the Promega Maxwell 16 instrument.

2.3. mIF Immunohistochemistry
2.3.1. Immunofluorescence Staining

Antibody validation for the PD-1, PD-L1, and cytokeratin panel was performed as
previously indicated in Johnson et al. [28] and can be found in Table S1. The CD4, CD8,
CD25, FoxP3, Ki67, cytokeratin panel was performed using a fully automated staining
protocol on the Bond Rx (Leica). Slides were dewaxed using the Bond Rx followed by
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antigen retrieval in Epitope Retrieval Solution 2 (Leica) buffer at 95 ◦C for 20 min. Primary
antibodies were incubated for 1 h, detected with either EnVision+ HRP Mouse or EnVision+
HRP Rabbit for 30 min and slides were heat-cycled in ER1 (Leica) buffer for 20 min at 95 ◦C
after each round of primary, secondary, and Opal fluorophore staining. Slides were stained
with 1:100 dilution of mouse anti-CD4 (4B12, Agilent, Santa Clara, CA, USA), detected with
Opal 520 (Akoya Biosciences, Marlborough, MA, USA), 1:400 dilution of mouse anti-CD8
(C8/144B, Agilent), detected with Opal 620 (Akoya Biosciences), 1:100 dilution of rabbit
anti-FoxP3 (D2W8E, Cell Signaling Technology, Danvers, MA, USA), detected with Opal
540 (Akoya Biosciences), 1:400 dilution of rabbit anti-CD25 (SP176, Sigma Aldrich, St. Louis,
MO, USA), detected with Opal 570 (Akoya Biosciences), 1:1000 dilution of mouse anti-Ki67
(MIB-1, Agilent), detected with Opal 650 (Akoya Biosciences), and 1:400 dilution of mouse
anti-cytokeratin (AE1/AE3, Agilent), detected with Opal 690, and finally, incubated for
10 min with spectral 4′,6-diamidino-2-phenylindole (DAPI) (Akoya Biosciences).
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Figure 1. Clinical correlates and response to single-agent anti-PD-1/PD-L1. (A) Flow diagram depicting subdivision of 
primary and biomarker patient cohorts. (B) Number of immune-related adverse events (irAEs) experienced by responders 
and non-responders. Data shown are averages ± standard deviation (SD). * p < 0.05, unpaired Mann–Whitney U-test (n = 
38, 56). (C) Stage at diagnosis, International Metastatic RCC Database Consortium (IMDC) risk score, and number of met-
astatic lesions of at initiation of ICI therapy. (D) Prior lines of therapy before ICI therapy, as well as concurrent radiation 
during ICI therapy. (E) Percentage of lymphocytes (two-way analysis of variance (ANOVA): response effect, p < 0.0001; 
time effect, p = 0.012; interaction, p = 0.44) and neutrophils (response effect, p = 0.0002; time effect, p = 0.063; interaction, p 
= 0.55) in peripheral blood of responders compared to non-responders at baseline, 4 to 10 weeks of therapy, and end of 
therapy (n = 37, 53). Data shown are averages ± SEM. * p < 0.05, ** p < 0.01, post-hoc two-tailed unpaired Welch’s t test, 
uncorrected for multiple comparisons. (F) Monocyte-to-lymphocyte ratio (MLR) (response effect, p < 0.0001; time effect, p 
= 0.047; interaction, p = 0.91) in responders compared to non-responders (n = 36, 52). 
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Figure 1. Clinical correlates and response to single-agent anti-PD-1/PD-L1. (A) Flow diagram depicting subdivision of
primary and biomarker patient cohorts. (B) Number of immune-related adverse events (irAEs) experienced by responders
and non-responders. Data shown are averages ± standard deviation (SD). * p < 0.05, unpaired Mann–Whitney U-test
(n = 38, 56). (C) Stage at diagnosis, International Metastatic RCC Database Consortium (IMDC) risk score, and number of
metastatic lesions of at initiation of ICI therapy. (D) Prior lines of therapy before ICI therapy, as well as concurrent radiation
during ICI therapy. (E) Percentage of lymphocytes (two-way analysis of variance (ANOVA): response effect, p < 0.0001;
time effect, p = 0.012; interaction, p = 0.44) and neutrophils (response effect, p = 0.0002; time effect, p = 0.063; interaction,
p = 0.55) in peripheral blood of responders compared to non-responders at baseline, 4 to 10 weeks of therapy, and end of
therapy (n = 37, 53). Data shown are averages ± SEM. * p < 0.05, ** p < 0.01, post-hoc two-tailed unpaired Welch’s t test,
uncorrected for multiple comparisons. (F) Monocyte-to-lymphocyte ratio (MLR) (response effect, p < 0.0001; time effect,
p = 0.047; interaction, p = 0.91) in responders compared to non-responders (n = 36, 52).

2.3.2. Sample Imaging

Fluorescence imaging was obtained as indicated in Johnson et al. [28]. The CD4/CD8/
CD25/FoxP3/Ki67/CK assay was imaged using Vectra 3 software (Akoya Biosciences),
where the whole slide was scanned at 4× for DAPI, fluorescein isothiocyanate (FITC), CY3,
Texas Red, and Cy5, and an automated algorithm was used to enrich for areas with CD25
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and FoxP3 staining. The images were then reviewed by a pathologist and adjusted to
ensure tumor areas were included in the imaging before 20×multispectral images were
acquired of up to 40 fields of view. Accepted images were processed with AQUA import
tool (Navigate) to generate spectrally unmixed images for analysis.

2.4. WES and Analysis

Raw sequencing data, paired fastq files, were processed using Genome Analysis
Toolkit (GATK) [29]. Briefly, reads were aligned using Burrows-Wheeler Aligner Maximum
Exact Match (BWA-MEM) [30] against the hg38 human reference and duplicate reads were
marked. Joint variant calling was performed using Haplotype Caller [31]. Analysis was
performed using Terra [32] on Google Cloud Platform. Variants were annotated using
Annotate Variation (ANNOVAR) [33] and filtered using standard filtering criteria to obtain
high quality, likely somatic variants, and variant classification. The following filters were
used: (1) quality filters: quality by depth, read position bias, (2) exclusion of non-exonic
variants, (3) exclusion of variants with missing genotypes found in >25% of the samples,
(4) exclusion of variants found in matched normal samples, (5) exclusion of synonymous
variants or variants of unknown function, and (6) max population frequency < 0.001 using
the following population datasets: ExAC [34], gnomAD [35], 1000 G [36], and ESP6500 [37].

Driver gene-filtering was performed as follows. Genes implicated in prior studies [38]
and implicated in OncoKB [39] were retained. For the remaining genes, we applied the
following filters for downstream analysis: (1) non-synonymous/synonymous ratio >2.5 or
frequency of frameshifts >33%, (2) transcript size <15,000 amino acids, and (3) variability
≤0.06 (number of variants as a function of variant size in the ESP6500 database [37]). For the
mutation heatmap, genes were sorted based on frequency, and variants were color-coded
based on their effect.

2.5. TCR Sequencing and Analysis

Analysis of TCR sequencing data was performed using MIGEC and VDJtools [40].
Briefly, unique molecular barcodes (UMIs) were used to create consensus reads associated
with each molecule, reducing polymerase chain reaction (PCR) and sequencing errors.
Hierarchical clustering was performed on TCR genes to verify that samples from the same
patient clustered together and to detect cross-contamination. TCR diversity was correlated
with clinical variables, and median diversity was used as a cutoff for PFS curves.

2.6. RNA-seq and Analysis

RNA-seq libraries were generated with the Illumina TruSeq RNA Access kit, according
to the manufacturer’s protocol. Sequencing was performed using 2 × 100 read chemistry
on an Illumina HiSeq 2500 system. Alignment of FASTQ files was performed using STAR
v2.4.2a with default arguments, with downstream quantification performed using Salmon
v0.8.2 in quantification mode. Quality control of BAM files was performed using Picard
Tools v1.86 “CollectRnaSeqMetrics”. Gene count matrices were analyzed using DESeq2 [41],
and normalized gene expression counts were obtained. We performed principal compo-
nent analysis (PCA) to identify groupings or outliers from the data and compared them
to clinical covariates. Differential analysis was performed to identify differential genes
between responders and non-responders (adjusted p-value (Benjamini–Hochberg) < 0.1).
Angiogenic, T effector, inflammatory myeloid signatures, and the expanded immune and
antigen-presenting gene panel were defined as previously published [10]. The contri-
bution of immune cell types in each of the samples was identified using deconvolution
methods [42]. Clear cell subtypes ccA and ccB were defined by the ClearCode34 gene [43].

2.7. Statistical Analysis

Analyses of clinical characteristics were performed using GraphPad Prism v6. Com-
parisons of clinical characteristics between responders and non-responders were carried
out using two-way analysis of variance (ANOVA) with post-hoc unpaired Welch’s t test
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at individual time points for laboratory data, Mann–Whitney U-tests for continuous and
ordinal variables with non-normal distributions (i.e., number of irAEs), and Pearson χ2 or
Fisher’s exact tests for categorical variables (i.e., previous nephrectomy). Survival analysis
was performed using Kaplan–Meier estimation of survival functions followed by log-rank
testing. All tests were two-sided, and a p-value less than 0.05 was statistically significant.
Statistical analysis did not correct for multiple comparisons.

Analyses using molecular platforms and clinical variables were performed using R
v3.6.1 (https://www.r-project.org/, accessed on 13 May 2020) and GraphPad Prism v6
(San Diego, CA, USA). For mIF, only primary clear cell RCC samples were included in
comparative analyses to prevent confounding due to tissue or tumor type, and comparison
of mIF data was evaluated by Mann–Whitney U-tests. Gene-level mutations obtained from
WES and gene expression data were used to identify associations with clinical covariates.
Survival analysis was used to identify associations with PFS, and differential analysis was
used to identify associations with clinical response.

3. Results
3.1. Study Population

Of the 212 patients who were verified to have RCC and treated with any ICI therapy, 94
patients had sufficient electronic medical record (EMR) documentation and treatment with
single-agent anti-PD-1 or PD-L1 therapy to assess response (Figure 1A). The demographic
and treatment information for these patients are summarized in Table 1 (Table S6). Clinical
characteristics were similar to those reported in trials investigating single-agent anti-
PD-1/PD-L1, though our cohort had a considerably lower proportion of patients in the
favorable International Metastatic RCC Database Consortium (IMDC) risk group [2,15].
Thirty-eight patients (40.4%) were considered as responders (complete response (CR),
partial response (PR), mixed response), and 56 (59.6%) as non-responders (stable disease
(SD) and progressive disease (PD)). Median PFS and overall survival (OS) of all patients was
6.6 months (95% confidence interval (CI): 4.4–8.7) and 23.5 months (20.4–34.1), respectively.
The clinical characteristics for the biomarker cohort are detailed in Table S2 and were
enriched for responders (50%) compared to the primary cohort.

3.2. Clinical Correlates and Response to Anti-PD-1/PD-L1

Consistent with previous reports, the number of irAEs experienced while on ICI
therapy was higher in responders than non-responders (n = 38, 56; p = 0.012) (Figure 1B),
and the odds of response were increased in patients who experienced at least one irAE
compared to those who experienced none (odds ratio (OR) = 2.50, 95% CI = 1.057–5.911)
(Table S3). Among patients who experienced an irAE, the type of irAE that occurred, the
highest grade of irAE experienced, and the percentage of patients requiring oral and/or
intravenous steroid administration did not differ significantly between responders and
non-responders (Table S3). Stage at diagnosis, IMDC risk score, number of metastatic
lesions at initiation of ICI therapy, number of previous lines of systemic therapy, and
concurrent radiation with ICI therapy were not associated with the probability of objective
response (Figure 1C, D). Although the number of metastatic sites did not differ between
responders and non-responders, the presence of pancreatic metastasis correlated with
decreased likelihood of response (OR = 0.257, 95% CI = 0.0683–0.968) (Table S4). Other
demographic (age, gender, BMI), and treatment characteristics (previous nephrectomy,
radiation, antiangiogenic agent, mammalian target of rapamycin (mTOR) inhibitor, or IL-2
therapy) were not significantly different between groups (Figure S1A,B).

Evaluation of patient laboratory values showed that while no difference in percentage
of lymphocytes (n = 37, 53; 24.8% vs. 21.3%, p = 0.10) or neutrophils (n = 37, 53; 62.5%
vs. 65.7%, p = 0.18) of total leukocytes was seen at time of ICI initiation, there was a
significantly higher percentage of lymphocytes (23.4% vs. 17.4, p = 0.0015) and lower
percentage of neutrophils (61.8% vs. 68.5%, p = 0.0045) in responders compared to non-
responders early during the course of ICI therapy that was sustained until the end of
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therapy (p = 0.0030, p = 0.038) (Figure 1E). Additionally, MLR was lower in responders
compared to non-responders throughout all measured timepoints (n = 36, 52; two-way
ANOVA; response effect p < 0.0001, time effect p = 0.047, interaction p = 0.91) (Figure 1F).

Table 1. Clinical characteristics of primary cohort of patients with RCC.

Clinical Characteristic Primary Cohort, n = 94 Responders (CR, PR, Mixed),
n = 38

Non-Responders (PD, SD),
n = 56

Best response to ICI therapy
(%)
CR 2 (2.1) 2 (5.3) 0 (0.0)
PR 23 (24.5) 23 (60.5) 0 (0.0)
SD 18 (19.1) 0 (0.0) 18 (32.1)
PD 38 (40.4) 0 (0.0) 38 (67.9)

Mixed 13 (13.8) 13 (34.2) 0 (0.0)

Median age at initiation of ICI
(range), year 63 (27–82) 62 (27–79) 63 (31–82)

Sex (%)
Male 71 (75.5) 30 (78.9) 41 (73.2)

Female 23 (24.5) 8 (21.1) 15 (26.8)

Stage at diagnosis (%)
I 15 (16.0) 6 (15.8) 9 (16.1)
II 13 (13.8) 4 (10.5) 9 (16.1)
III 22 (23.4) 11 (28.9) 11 (19.6)
IV 44 (46.8) 17 (44.7) 27 (48.2)

Histology
Clear cell 79 (84.0) 32 (84.2) 47 (83.9)
Papillary 4 (4.3) 1 (2.6) 3 (5.4)

Sarcomatoid 2 (2.1) 1 (2.6) 1 (1.8)
Chromophobe 2 (2.1) 0 (0.0) 2 (3.6)

Undifferentiated 7 (7.4) 4 (10.5) 3 (5.4)

IMDC risk group (%)
Favorable 9 (9.6) 5 (13.2) 4 (7.1)

Intermediate 63 (67.0) 28 (73.7) 35 (62.5)
Poor 22 (23.4) 5 (13.2) 17 (30.4)

Previous therapies (%)
Nephrectomy 90 (95.7) 35 (92.1) 55 (98.2)

Radiation 32 (34.0) 13 (34.2) 19 (33.9)
Anti-angiogenic agent 81 (86.2) 30 (78.9) 51 (91.1)

mTOR inhibitor 25 (26.6) 10 (26.3) 15 (26.8)
High-dose IL-2 22 (23.4) 11 (28.9) 11 (19.6)

ICI agent (%)
Nivolumab 79 (84.0) 28 (73.7) 51 (91.1)

Atezolizumab 15 (16.0) 10 (26.3) 5 (8.9)

ICI line of therapy (%)
First-line 8 (8.5) 5 (13.2) 3 (5.4)

Second-line 28 (29.8) 11 (28.9) 17 (30.4)
Third-line 32 (34.0) 13 (34.2) 19 (33.9)

Fourth-line+ 26 (27.7) 9 (23.7) 17 (30.4)

Median duration of ICI
therapy (range), days 189 (12–1637) 329 (28–1637) **** 98 (12–769) ****

Median survival (95% CI),
months

PFS 6.6 (4.4–8.7) 11.1 (9.0–23.6) #### 3.1 (2.7–5.7) ####

OS 23.5 (20.4–34.1) 43.6 (29.4–not reached) #### 16.4 (10.6–23.0) ####

**** p < 0.0001, two-tailed Mann-Whitney U test. #### p < 0.0001, log-rank test, Abbreviations: CR, complete response; PR, partial response;
SD, stable disease; PD, progression of disease; ICI, immune checkpoint inhibitor; IMDC, International Metastatic RCC Database Consortium;
irAE, immune-related adverse event; CI, confidence interval; PFS, progression-free survival; OS, overall survival.

3.3. PD-L1 Expression and Immune Milieu

To further our understanding of the biology underlying response to PD-1/PD-L1
blockade in patients with RCC, we performed multiplatform molecular profiling in the
biomarker cohort (Table S7). PD-L1 expression was assessed on tumor, non-tumor, and
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all cells. The percentage of PD-L1-expressing cells was increased in responders com-
pared to non-responders, most significantly among non-tumor cells (n = 7, 11; p = 0.0058)
(Figure 2A,B). Prior work in melanoma suggests that the density of both PD-1 and PD-L1
expression, quantified by the interaction score, is a stronger predictor than PD-L1 alone [28].
Although PD-1 expression in non-tumor cells was not different between responders and
non-responders (Figure S2A), the PD-1/PD-L1 interaction score was non-significantly
higher in responders (n = 7, 11; p = 0.055) (Figure 2C) and a score over 200 correlated with
improved PFS (n = 6, 12; hazard ratio (HR) = 0.38, 95% CI = 0.11–0.70) (Figure 2D). Regard-
less of cell type measured, PD-L1 expression correlated with PFS when using a threshold
of >5% when measured on either tumor cells (n = 10, 8; HR = 0.31, 95% CI = 0.047–0.48) or
non-tumor cells (n = 7, 11; HR = 0.36, 95% CI = 0.098–0.67) (Figure 2E). When looking across
all cells, higher overall PD-L1 expression correlated with improved survival, which was
significant when using a cutoff of 10% of all cells (n = 6, 12; HR = 0.30, 95% CI = 0.079–0.53)
(Figure S2B).
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To better understand the presence and impact of other cells in the tumor immune
microenvironment in RCC and response to immunotherapy, mIF measured both immune
stimulatory and suppressive components. The amount of total, CD4+, and CD8+ T cell
infiltration did not correlate with response (Figure S2C). Immune-suppressive components
in the RCC microenvironment such as T regulatory cells (Tregs), macrophages, myeloid-
derived suppressor cells (MDSCs), and cells expressing indoleamine 2,3-dioxygenase
(IDO1) were lower in responders, though not significantly (n = 7, 10; p = 0.16, 0.29, 0.39,
0.41) (Figure S2D).
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3.4. TMB and Driver Mutations Do Not Correlate with ICI Response

WES was performed in patients who had matched primary tumor, metastasis, and/or
adjacent normal tissue. Matched samples from the same patient showed a high degree of
similarity quantified by the Jaccard index and clustered together as expected (Table S8).
Consistent with previous reports, the classical driver mutations associated with ccRCC,
including alterations in VHL, PBRM1, BAP1, and SETD2, were identified in tumor samples.
Truncating mutations were the most common, followed by missense and synonymous
mutations (Figure 3A). However, responders and non-responders did not cluster based
on WES analysis, and no single gene or mutation significantly correlated with response.
Non-synonymous PBRM1 mutations trended towards response (OR = 15.00) but were not
statistically significant (p = 0.10). Additionally, TMB calculated based on all unfiltered
variants did not correlate with response to therapy (Figure 3B). Thus, tumor mutational
profile did not predict likelihood of response to ICI.
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3.5. TCR Clonal Diversity Does Not Correlate with Response but May Impact Survival

Lower TCR diversity may represent purposeful expansion of specific tumor antigen-
driven TCR clones, indicating an existing anti-tumor T cell response that can be further
enhanced with immunotherapy. Previous studies in ccRCC have demonstrated that a
polyclonal infiltrating T cell population is indicative of an exhausted, poorly cytotoxic T
cell phenotype compared to an oligoclonal population [44]. As expected, unsupervised
clustering of TCR clones in our samples showed that TCRs were not generally shared across
patients, and multiple samples from a single individual clustered together (Figure 4A,
Table S9). Although TCR diversity was not significantly different in objective response
(n = 5, 7) (Figure 4B), a lower TCR diversity (<644 clonotypes) among tumor-infiltrating
lymphocytes suggested improved survival (n = 6, 6; PFS HR = 0.49, 95% CI = 0.13–1.6; OS
HR = 0.32, 95% CI = 0.055–0.98) (Figure 4C).
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3.6. Gene Expression Patterns in RCC Suggest Response to Single-Agent Immunotherapy

Prior work has suggested that gene expression signatures correlate with response to
anti-PD-1/PD-L1 therapy [10,21,22]. Differential gene expression analysis in our study
demonstrated genes that were significantly differentially expressed between responders
and non-responders (n = 8, 7) (Figure 5A, Table S10) and gene set variation analysis revealed
differentially expressed pathways, including immune and metabolic pathways, between
responders and non-responders (Table S5). Furthermore, deconvolution analysis revealed a
non-significantly higher proportion of tumor-infiltrating immune cells (p = 0.34), including
M1 macrophages (p = 0.094), among responders compared to non-responders (Figure 5B).
Consistent with mIF results, proportions of other immune cell types, including CD8+ T
cells, were not different between responders and non-responders (Figure S3A). Evaluation
using the previously published ClearCode34 gene set [43] showed that responders to
PD-1/PD-L1 blockade tended to cluster together with a ccB profile, while non-responders
were largely grouped under the ccA profile (Figure S3B).

Unsupervised clustering analysis showed that responders and non-responders tended
to cluster separately based on key gene expression pathways, including angiogenesis,
myeloid, and T effector signature scores previously defined by McDermott et al. [10] and
shown in Figure 5C. Responders in this cohort tended to have a lower angiogenic and
higher T effector signature. Expression of the expanded immune and antigen-presenting
gene panel [10], which includes other stimulatory cytokines and immune checkpoint
proteins in addition to the T effector signature, was upregulated in responders compared to
non-responders (Figure 5D). In summary, previously identified gene expression signatures
including angiogenic, T effector, expanded immune, and clear cell subtype (ClearCode34)
gene signatures correlated with response to anti-PD-1/PD-L1 monotherapy.
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4. Discussion

The results of this retrospective study identify clinical and laboratory characteristics
associated with response to ICI in patients with RCC and explore how these characteristics
relate to novel biomarker platforms. Patients who experienced at least one irAE were
more likely to respond to ICI. These results replicate prior associations between irAE
and patient response to ICI [16,17] and suggest that immune reactivity occurs not only at
the site of the tumor but also at non-tumor tissue sites. While such association requires
large-scale validation, irAE in patients with mixed response on imaging or concerns for
pseudoprogression may aid in decision-making for clinicians. Patients with pancreatic
metastases were less likely to respond to anti-PD-1/PD-L1. This is consistent with results
reported by Singla et al., who have shown that pancreatic metastases of RCC are typically
VEGF-driven and refractory to ICI treatment [45].

Patients with response to ICI commonly had higher lymphocyte and lower neutrophil
percentages, corroborating work that has shown NLR at baseline and after several weeks
on treatment as a predictor of response in RCC. Patients with higher NLR have lower ORR,
PFS, and OS on ICI therapy [12]. These findings suggest that higher levels of suppressive
myeloid cells induced by the tumor and lower levels of activated circulating lymphocytes
contribute to the correlation between high NLR and poor response to ICI therapy. The
clinical application of NLR awaits further prospective study.

PD-L1 testing has been fraught with challenges, including tumor heterogeneity, dif-
fering antibodies, varying percent expression cutoff, and differing target cell populations
of the analysis. PD-L1 in this mIF assay showed correlation with response across cell
types assessed, but, similar to prior studies [2,3,6,7,10], not all patients with response had
expression of PD-L1 at the protein level. Unlike our findings, prior studies generally did
not find an association between overall PD-L1 expression and response to ICI therapy.
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Potential reasons for these discrepant results include the fact that the PD-L1 antibody in
our assay does not share the same clonality or manufacturer as those used in clinical trials
and our staining and detection methods differ from traditional immunohistochemistry
(IHC). The novelty of this study was the ability to look not only at PD-L1 but at other cells
in the tumor immune microenvironment. In non-responders, there were higher immune
suppressive components such as Tregs and macrophages, while in responders, higher total
T cell infiltration was found. These data suggest that, in addition to PD-L1, the presence
and function of cells in the microenvironment are associated with response to ICI. Larger
validation studies incorporating additional cell types covering both immune effector as
well as suppressive functions are likely to add to the understanding of response to ICI
in RCC.

Braun et al. recently used WES, RNA-seq, IF, and copy number analysis to study
response in a similar clinical context as this study for patients with ccRCC receiving ICI
therapy [11]. They utilized clinical correlates from patients enrolled on Checkmate010
and Checkmate025, with the majority of this group receiving nivolumab following VEGF-
targeted therapy. Our biomarker cohort differs in that the majority of patients received
anti-PD-1/PD-L1 monotherapy in the third or later line of treatment and that responses
were durable in the responders (median PFS, 13.4 months) compared to non-responders
(median PFS, 2.76 months). Similar to Braun et al., we found that TMB and CD8+ T cell
infiltration were not associated with clinical response. We did not observe a significant
correlation between PBRM1 mutations and response as Braun et al. did, and this may in
part be due to differences in cohorts and inclusion of non-truncating PBRM1 mutations
in correlative analyses. Additionally, Braun et al. performed copy number variation
analysis that we did not, which showed that additional chromosomal aberrations can help
discriminate response.

Based on data from studies using ClearCode34 [43] and IMmotion150 [10], we re-
viewed gene expression patterns to determine if specific pathways or previously established
signatures could be differentially enriched in this study. In our small cohort, patients with
response demonstrated differentially expressed genes involved in inflammatory signaling
and metabolic pathways. Response tended to correlate more with the ccB subtype, as well
as lower angiogenic, higher T effector, and higher expanded immune gene signatures. This
is the first study to date suggesting an association between clear cell subtype and response
to ICI therapy. Previous studies utilizing patient cohorts not treated with checkpoint
inhibitors demonstrated that ccB tumors tend to have a worse prognosis compared to ccA
tumors [43]. Thus, our work suggests that ICI therapy may provide greater clinical benefit,
specifically in patients with ccB tumors.

Compared to IMotion150, we observed similar patterns in responders with high T ef-
fector signature and high expanded immune infiltrate signature. In IMotion150, treatment-
naïve patients with high T effector combined with high myeloid-suppressive signatures
tended not to do as well with single-agent PD-L1 blockade [10]. In this cohort, low an-
giogenesis and high T effector signatures were more likely to respond, consistent with
previously published studies [10,23]. While results between this study and IMotion150
were discrepant regarding ability to respond with a high myeloid signature, this may be due
to differences in patient population and line of therapy. While the patients in IMotion150
were treatment-naïve, patients in this study had several lines of therapy between sample
collection and ICI treatment. Standard of care treatments in RCC such as VEGF inhibition
have been shown to alter the tumor immune microenvironment and enhance response to
anti-PD-1/PD-L1 monotherapy [46]. Samples were from archival FFPE tissue, including
prior nephrectomy samples when the biology of a patient’s response may have been very
different. Sequential biopsy while on therapy and at time of progression would improve
our understanding of the changes in the tumor microenvironment and immune milieu that
we hypothesize may occur after treatment with VEGF inhibition or other therapies.

New data from this study are preliminary results suggesting that the presence of lower
TCR clonality should be investigated further for its potential to distinguish patient outcome.
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This analysis suggests that having a lower TCR diversity may correlate with improved
PFS and OS and specific tumor clonotypes may drive the response to anti-PD-1/PD-L1
monotherapy. Future directions include identifying the tumor antigens associated with
these clonotypes. In our cohort, we did not find overall TMB and alterations in commonly
mutated genes like PBRM1 to be associated with response. Thus, neoantigens derived from
these common mutations may not be the primary drivers of the adaptive T cell response in
RCC; instead, the role of other factors such as endogenous retroviral genes [19,20] or larger
chromosomal abnormalities [11] should be studied in shaping the TCR repertoire.

We note that this study has limitations, including being conducted at a single site in
a retrospective manner. The use of archival FFPE specimens may skew analyses due to
suboptimal molecular quality, though many others have similarly utilized this preservation
method for their studies. RCC is also characterized by intratumoral heterogeneity and thus
a single tissue sample analyses likely underestimated the complex biology of response.
Similarly, future studies would benefit from focused analyses of varying histologies in-
cluding non-ccRCC such as papillary. Although we demonstrate patterns and further our
understanding of the biology that correlate with response to ICI in RCC, we are unable
to definitively classify responders and non-responders based on these data. The clinical
and biomarker cohorts were both limited by number of patients and samples included in
each. In the future, more rigorous analyses will benefit from larger cohorts and accounting
for multiplicity of testing. While limited, ultimately, this study independently confirms
gene expression data from previously published work while also showing the feasibility to
study more than one biomarker in order to improve understanding behind the complex
biology underlying response to ICI treatment in RCC.

5. Conclusions

Response to ICI therapy remains challenging to predict in RCC, but these data build
upon previous work and suggest that PD-L1 staining alone does not give sufficient infor-
mation to predict response [11,24]. Checkpoint inhibitors elicit a complex biology that will
require a combination of biomarkers to predict response. Platforms analyzing TCR diver-
sity, gene expression, multiplex IHC or IF, and chromosomal alterations or endogenous
retroviruses will need to be assessed in large prospective clinical trials moving forward
with the goals of developing sensitive and specific biomarkers that can be used in the clinic.
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Simple Summary: Papillary renal cell carcinoma (pRCC) is an aggressive kidney cancer. Currently,
there are no effective prognostic biomarkers and lack of efficacious therapies in treating pRCC. We
report a novel and critical pRCC oncogenic factor OIP5. Its expression is increased in pRCC and
the upregulation is associated with adverse features. High levels of OIP5 effectively predict pRCC
recurrence and fatality. OIP5 promotes pRCC cell proliferation and tumor formation through complex
processes. A 66-gene multigene panel (Overlap66) was constructed. Overlap66 is novel and robustly
predicts pRCC recurrence and fatality. High risk pRCCs stratified by Overlap66 are associated
with immune suppression. Furthermore, PLK1 is a component gene of Overlap66; PLK1 inhibitor
significantly reduced OIP5-promoted pRCC cell proliferation in vitro and tumor growth in vivo.
Collectively, Overlap66 can effectively stratifies high-risk pRCCs and these tumors can be treated
with PLK1 inhibitors. Our findings can be explored for personalized therapy in pRCC patients.

Abstract: Papillary renal cell carcinoma (pRCC) is an aggressive but minor type of RCC. The current
understanding and management of pRCC remain poor. We report here OIP5 being a novel oncogenic
factor and possessing robust prognostic values and therapeutic potential. OIP5 upregulation is
observed in pRCC. The upregulation is associated with pRCC adverse features (T1P < T2P < CIMP,
Stage1 + 2 < Stage 3 < Stage 4, and N0 < N1) and effectively stratifies the fatality risk. OIP5
promotes ACHN pRCC cell proliferation and xenograft formation; the latter is correlated with
network alterations related to immune regulation, metabolism, and hypoxia. A set of differentially
expressed genes (DEFs) was derived from ACHN OIP5 xenografts and primary pRCCs (n = 282)
contingent to OIP5 upregulation; both DEG sets share 66 overlap genes. Overlap66 effectively
predicts overall survival (p < 2 × 10−16) and relapse (p < 2 × 10−16) possibilities. High-risk tumors
stratified by Overlap66 risk score possess an immune suppressive environment, evident by elevations
in Treg cells and PD1 in CD8 T cells. Upregulation of PLK1 occurs in both xenografts and primary
pRCC tumors with OIP5 elevations. PLK1 displays a synthetic lethality relationship with OIP5. PLK1
inhibitor BI2356 inhibits the growth of xenografts formed by ACHN OIP5 cells. Collectively, the
OIP5 network can be explored for personalized therapies in management of pRCC patients.
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1. Introduction

Renal cell carcinoma (RCC) accounts for approximately 85% of kidney cancer cases.
RCC can be classified as clear cell RCC (ccRCC, 75%) and non-ccRCC (nccRCC, 25%) [1].
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In the latter group, papillary RCC (pRCC) constitutes 50–64% of total incidence [2,3].
Morphologically, pRCC consists of two subtypes: type 1 pRCC (T1P) and type 2 pRCC
(T2P) [4]. T1P and T2P are often associated with low nuclear grade (Fuhrman 1–2) and
high nuclear grade (Fuhrman 3–4) tumors respectively [4,5], providing a clinical basis for
T2P tumors having poor prognosis [6–9]. Genetically, while T1P tumors typically have
alterations in the MET gene leading to abnormal MET activation [10], T2P tumors are
heterogenous and contains: (1) mutations in the FH (fumarate hydratase) [11], CDKN2A,
SETD2, BAP1, and PBRM1 genes [12], (2) CpG island methylator phenotype (CIMP), and
(3) activation of the NFR2-ARE (antioxidant response element) pathway [12]. Among the
T2P tumors, CIMP subtype show a particularly low possibility of overall survival [12].

While these morphological and molecular subtyping offers a primary prognostic
assessment of pRCC, significant improvement is needed to enhance patient counselling
and management. Effective prediction of the risk of pRCC relapse is essential in offering
personalized treatments; this risk assessment is particularly important in the light that
surgery remains the primary treatment for localized pRCC with a relapse rate of nearly
40% [13]. Furthermore, therapeutic options for recurrent and metastatic pRCCs are limited
and non-effective, which was partly a result of treatments being extrapolated from ccRCC
studies. For instance, sunitinib is a standard of care for patients with metastatic pRCC [14],
despite the therapeutic benefits being low and not as effective as for ccRCC [15]. The lack
of effective prognostic biomarkers and therapeutic options highlight the unmet need for a
more thorough investigation of the critical factors regulating pRCC progression.

Opa interacting protein 5 (OIP5) was discovered as an Opa (Neisseria gonorrhoeae
opacity- associated) interacting protein [16]. The protein is highly enriched in human testis
(https://www.proteinatlas.org/ENSG00000104147-OIP5/tissue, accessed on 1 August
2021) [17]; its upregulation is associated with adverse clinical features in multiple cancer
types, including leukemia [18], ccRCC [19], glioma [20], and the cancers of the liver [21,22],
lung [23], breast [24], gastric [25,26], and bladder [27–30]. Functionally, knockdown of
OIP5 was reported to attenuate the proliferation of bladder cancer cells [29], as well as
colorectal and gastric cells in vitro [25]. Building on these limited studies (n = 17 articles in
PubMed on 5 April 2021) reporting a relevance of OIP5 in oncogenic events, much more
remains unanswered for OIP5-facilitated oncogenesis, particular in the context of pRCC, as
OIP5 has yet to be reported in studies related to pRCC.

We provide the first comprehensive analysis of OIP5’s oncogenic contributions in
pRCC. OIP5 expression is significantly upregulated in pRCC; high levels of OIP5 correlate
with adverse clinical characteristics of the disease, including stage, histological subtype
(T2P), molecular subtype (CIMP), and lymph node metastasis. OIP5 expression robustly
stratifies the risk of pRCC progression (progression-free survival) and fatality (overall
survival and disease-specific survival). Functionally, OIP5 promotes pRCC cell proliferation
in vitro and xenograft growth in vivo. Mechanistically, OIP5 facilitates pRCC progression
along with network alterations; these changes show robust prognostic efficacies for rapid
pRCC progression and fatality risk. Those of high-risk tumors display alterations in
immune cell subsets including increases in the regulatory T (Treg) cell population. Treg
cells are a major contributor to tumor-associated immune suppression [31]. Additionally,
we identified polo-like kinase 1 (PLK1) as an OIP5-related gene in pRCC; the inhibition of
PLK1 reduced OIP5-derived promotion of pRCC xenograft growth in vivo. Collectively, we
report here (1) novel multigene sets derived from the OIP5 network that effectively predict
the shortening of progression-free survival (PFS), overall survival (OS), and disease-specific
survival (DSS) of pRCC, (2) an immune suppressive environment in pRCC tumors with
OIP5 upregulation, and (3) inhibition of PLK1 as a potentially effective therapy in pRCC
harboring OIP5 upregulation.
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2. Materials and Methods
2.1. Cell Lines, Plasmid, and Retrovirus Infection

ACHN pRCC cell line and 786-O ccRCC cell line were purchased from ATCC and
cultured in MEM and RPMI1640 respectively (Gibco, Carlsbad, CA, USA), both supple-
mented with 1% Penicillin-Streptomycin (Gibco, Carlsbad, CA, USA) and 10% fetal bovine
serum (Life Technologies, Burlington, ON, USA). Cell lines were routinely checked for
Mycoplasma contamination using a PCR kit (Abm, Cat#: G238). OIP5 cDNA plasmid
was obtained from Origene (Cat: RG202255, Rockville, MD, USA) and subcloned into
pBABE-puro retroviral plasmid (From Dr. Tak Mak at University of Toronto). Packing
of retrovirus and the subsequent transfection were performed following our published
conditions [32].

2.2. Invasion and Soft Agar Assay

Insert chambers with a control or matrigel membrane (8 µM pore size) for 24-well
plates (Life sciences Corning® BioCoat™, Glendale, AZ, USA) was used for invasion assay
following manufacturer’s instructions. Cells (104) were seeded into the top chamber;
serum-free medium and 10% serum medium was added to the top and bottom chamber,
respectively. Cells passing through the membrane were stained with crystal violet (0.5%).
Soft agar assay was performed following our published conditions [32].

2.3. Colony Formation Assay and Proliferation Assay

Growth curves were generated by seeding 105 cells/per well into 6-well tissue culture
plates. Cell numbers were counted every 2 days. Colony formation assay was conducted
by seeding cells in six-well plates with 100, 500, 1000 cells for ACHN, and 100, 300, 500 for
786-O. Colonies were fixed by fixation buffer (2% formaldehyde) and stained by crystal
violet (0.5%) after cultured for 2 weeks. Colony numbers were counted and analyzed.

2.4. Western Blot

Cell lysates were prepared, and western blot was carried out as we have previously
published [32]. Antibodies used included Anti-Flag M2 (1:1500, Sigma-Aldrich, Oakville,
ON, Canada) and Anti-OIP5 (1:500, Sigma-Aldrich, Oakville, ON, Canada).

2.5. Immunohistochemistry (IHC)

Kidney cancer TMA (KD29602) was purchased from US Biomax (Dervood, MD, USA).
Slide was baked at 60 ◦C for 1 h, then de-paraffinized in 100% xylene and 70% EtOH
series. Antigen retrieval buffer was prepared with sodium citrate buffer (PH = 6) in the
steamer for 20 min. OIP5 (1:50, Sigma-Aldrich, Oakville, ON, Canada) antibodies were
incubated at 4 ◦C overnight. Secondary anti-rabbit antibodies (Vector Laboratories, 1:200),
VECTASTAIN ABC and DAB solution (Vector Laboratories) were subsequently added
to the slides and incubated following our IHC protocol. Washes were performed by
1× PBS and distilled water. Slides were counterstained by haematoxylin (Sigma Aldrich,
Oakville, ON, Canada) and image analysis was conducted with ImageScope software (Leica
Microsystems Inc., Richmond Hill, ON, Canada). Staining intensity scores were calculated
into HScore by the formula [HScore = (%Positive) × (Intensity) + 1]. Statistical analysis
was performed by student t-test, and p < 0.05 was considered statistically significant.

Xenograft tumors were paraffin embedded and cut serially by microtome. OIP5 (1:50,
Sigma-Aldrich), Anti-Phospho-Histone H3 (Ser 10) (1:200, Upstate Biotechnology Inc.,
Lake Placid, NY, USA), CDK2 (1:200, Santa Cruz, Dallas, TX, USA), and PLK1 (1:300,
Novus Biologicals, Toronto, ON, Canada) antibodies were used in the analyses for the
xenograft tumors.

2.6. Xenograft Tumor Formation and Treatment with PLK1 Inhibitor

ACHN OIP5 and ACHN EV were suspended in 0.1 mL MEM/Matrigel (BD) mixture
with 1:1 volume and implanted subcutaneously into the left flank of 8-week-old non-
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obese diabetic/severe combined immunodeficiency (NOD/SCID) male mice (The Jackson
Laboratory). The mice were monitored post-injection of cancer cells through observation
and palpation. The size of the tumors was measured every two days by caliper. Tumor
volume was calculated based on the formula V = L × W2 × 0.52. BI2536 PLK1 inhibitor
(Selleckchem, Burlington, ON, Canada) was dissolved in 0.1 N HCl and diluted by 0.9%
NaCl. Diluted BI2536 or 0.9% NaCl (negative control) was injected to mice intravenously
via tail vein with a dosage of 50 mg/kg. The mice were euthanized when the tumor
volume reached 1000 mm3. The xenograft tumor, together with all the major organs,
were photographed and collected. All tumors were cut in half, with one half fixed with
10% formalin (VWR, Mississauga, ON, Canada) and the other half stored in −80 ◦C. The
formalin-fixed tissue was processed by department of Histology (St. Joseph’s Health care,
Hamilton, ON, Canada) and embedded in paraffin. All the animal works were performed
according to the protocols approved by McMaster University Animal Research Ethics
Board (16-06-23).

2.7. RNA Sequencing Analysis

RNA sequencing analysis was carried out following our established conditions [33].
RNA was extracted from ACHN EV (n = 3) and ACHN OIP5 (n = 3) xenografts using a
miRNeasy Mini Kit (Qiagen, No. 217004) according to the manufacturer’s instructions.
RNA-seq libraries were generated with TruSeq Ribo Profile Mammalian Kit (Illumina,
RPHMR12126) according to manufacturer’s instruction. These libraries were sequenced
in a paired end setting by Harvard Bauer Core Facility using Nextseq 500/550. RNA-seq
reads were processed and analyzed using Galaxy (https://usegalaxy.org/, accessed on 31
May 2020). Specifically, low quality reads and adaptor sequences (AGATCGGAAGAG-
CACACGTCTGAACTCCAGTCA: forward strand and AGATCGGAAGAGCGTCGTG-
TAGGGAAAGAGTGT: reverse strand) were first removed. Alignment and read counts
were performed using HISAT2 and Featurecounts respectively. Differential gene ex-
pression was determined using DESeq2. KEGG analysis and GSEA (Gene Set Enrich-
ment Analysis) were also performed using Galaxy; the FGSEA (fast preranked GSEA)
was used for GSEA analysis. Enrichment analyses were carried out using Metascape
(https://metascape.org/gp/index.html#/main/step1, accessed on 1 September 2020) [34].

2.8. RNA Sequencing Analysis

Cox proportional hazards (Cox PH) regression analyses were performed using the
R survival package. The PH assumption was tested. Cutoff points were estimated using
Maximally Selected Rank Statistics (the Maxstat package, https://cran.r-project.org/web/
packages/maxstat/maxstat.pdf, accessed on 8 August 2020). The TCGA PanCancer Atlas
pRCC dataset available from cBioPortal [35,36] was used.

2.9. Examination of Gene Expression

Gene expressions were determined using the UALCAN platform (ualcan.path.uab.
edu/home, accessed on 31 March 2021) [37].

2.10. Statistical Analysis

Kaplan-Meier survival analyses and logrank test were conducted by R Survival pack-
age and tools provided by cBioPortal. Cox regression analyses were performed using
R survival package. Time-dependent receiver operating characteristic (tROC) analyses
were carried out with R timeROC package. ROC and precision-recall (PR) profiles were
constructed using the PRROC package in R. Two-tailed Student t-test, one-way ANOVA,
and two-way ANOVA were performed for statistical analysis of two and more than two
groups respectively, with p < 0.05 to be considered statistically significant. Tukey’s test
was performed for post-hoc analysis. Statistical analysis was conducted by GraphPad
Prism 7 and data were presented as mean ± SEM/SD. A value of p < 0.05 was considered
statistically significant.
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3. Results
3.1. Association of OIP5 Upregulation with pRCC Tumorigenesis and Progression

OIP5 was reported to be a component gene in a multigene set predicting the risk of
prostate cancer recurrence [38]; its upregulation associates with adverse features in ccRCC
and bladder cancer [19,29], supporting a general involvement of OIP5 in urogenital cancers.
To investigate this possibility, we examined OIP5 expression in pRCC using a tissue microar-
ray (TMA) containing 40 pairs of pRCC and 74 pairs of ccRCC tumors with the adjacent
non-tumor kidney (AJK) tissues from 20 and 37 patients, respectively. The pRCC patient
population (n = 20) consists of 11 men and 9 women with most tumors being at T1 stage
(Table 1). In comparison to AJK tissues, pRCC tumor tissues expressed a significant OIP5
upregulation (Figure 1A,B). OIP5 expression was further increased in advanced T stage tu-
mors (Figure 1B). Consistent with a previous report, OIP5 upregulation occurred in Grade
2–3 ccRCC tumors compared to the AJK tissues; nonetheless, we could not demonstrate
OIP5 upregulation in Grade 1 ccRCC compared to the AJK tissues (Figure S1), suggesting
a role of OIP5 in ccRCC progression. By using the TCGA RNA-sequencing data organized
by UALCAN (ualcan.path.uab.edu/home, 31 March 2021) [37], OIP5 upregulation at the
mRNA level in pRCC tissues was observed (Figure 1c); the upregulations reflects the level
of severity and the order of unfavorable outcome of pRCC with higher expression levels in
T2P over T1P tumors, CIMP tumors over other subtypes (Figure 1D), stage 3 tumors over
stages 1–2 tumors, stage 4 over stage 3 tumors (Figure 1E), and N1 (lymph node metastasis)
over N0 tumors (Figure 1F). Consistent with its associations with adverse tumor features,
OIP5 expression robustly stratifies pRCC tumors into a high- and low-risk group based
on overall survival possibility (Figure 1G). Among the 10 patients in the OIP5-high group,
seven died in a rapid time course (Figure 1G). Collectively, these observations support a
strong association of OIP5 with pRCC tumorigenesis and progression.

Table 1. The clinical parameters of pRCC patients included in TMA.

Parameter Age (Year) Male (n) Female (n) T1 (n) T2 (n) T3 (n)

Details 49.5
(39.8–61) 11 9 13 6 1

Age: median (Q1/quartile 1–Q3) n: number of cases. All patients were without lymph node metastasis (N0) and
distant metastasis (M0).

3.2. OIP5-Mediated Enhancement of pRCC Tumorigenesis along with Network Alterations

Attributed to the uncommon status of pRCC, there are only limited number of con-
firmed pRCC cell lines available. ACHN is the most widely used and confirmed metastatic
pRCC cell line; the cells have the typical feature of c-MET polymorphism detected in
pRCC [39,40]. ACHN is likely the only confirmed metastatic pRCC cell line [39]. To
analyze the functional impact of OIP5 on pRCC tumorigenesis, we stably expressed
OIP5 in ACHN cells (Figure 2A). In comparison to ACHN EV (empty vector) cells,
ACHN OIP5 cells displayed elevated abilities for proliferation (Figure 2B), colony for-
mation (Figure 2C; Figure S2A), invasion (Figure 2D; Figure S2B), and growth in soft agar
(Figure 2E; Figure S2C). We have also established the EV and OIP5 stable lines in the
commonly used 786-O ccRCC cells, and OIP5 overexpression did not affect all of the above
oncogenic events observed in ACHN cells in vitro (data not shown), which suggests a
certain level of specificity of OIP5 in promoting pRCC. In vivo, OIP5 enhanced the growth
of ACHN cell-produced xenografts compared to tumors produced by ACHN EV cells
(Figure 2F); mice bearing ACHN OIP5 tumors reached endpoint faster compared to animals
with ACHN EV cell-produced tumors (Figure 2G). The overexpression of OIP5 in ACHN
OIP5 tumors was confirmed (Figure S3A). The ACHN OIP5 tumors show a significant
increase of CDK2 expression largely in the nuclei (Figure S3B); the functions of this are not
clear as no upregulations of the relevant cyclins (cyclin A and cyclin E) was observed (data
not shown).
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Figure 1. Upregulation of OIP5 associates with adverse features of pRCC and predicts poor overall survival. (A) IHC 
staining for OIP5 was performed using a RCC TMA; typical images of OIP5 staining in the adjacent kidney (AJK) and 
pRCC tumor tissues are presented. (B) Quantification of OIP5 IHC staining by H-score in the indicated tissues; means ± 
standard deviations (SDs) are graphed. Statistical analyses were performed using 2-tailed Student’s t-test; ***: p < 0.001 
compared to the respective AJK tissues, $$$: p < 0.001 compared to T1 tumors. (C–F) OIP5 mRNA expressions in the 
indicated setting were analyzed using the TCGA dataset organized by UALCAN [37]. Student’s t-test (C) and other indi-
cated paired statistics were provided by UALCAN. *: p < 0.05, **: p < 0.01, ***: p < 0.001 compared to normal kidney tissues; 
$: p < 0.05, $$: p < 0.01 compared to T1P (D), Stage 2 (E), and N0 (F); ##: p < 0.01, ###: p < 0.001 compared to T2P (D) and 
Stage 3 (E). (G) Survival analysis was performed using the TCGA Pancancer pRCC dataset within cBioPortal. Logrank test 
was performed. Cutoff point used to separate the high- and low-OIP5 expression groups was ≥ 2 z-score or 2SD. The graph 
was produced using tools provided by cBioPortal. The median months overall survival for patients in the high-OIP5 group 
was 15.48 months. 
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OIP5 stable lines. Western blot was carried out using anti-OIP5 and Actin antibodies. OIP5 expression was normalized 
to Actin and presented at fold changes to OIP5 expression in EV cells. (B) ACHN EV and ACHN OIP5 cells were seeded 
in 6-well plate at 105 cell/well; cell numbers were recorded at the indicated days. Experiments were repeated three times; 
means ± SDs are graphed. Statistical analysis was performed using 2-way ANOVA. ***: p < 0.001 between the two curves. 
(C) The indicated cells were seeded at the indicated number in 6-well plates. Colonies were formed following 2 weeks 
culture. Experiments were repeated three times; means ± SDs are graphed. **: p < 0.01 compared to the respective EV 
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Figure 2. OIP5 promotes oncogenic processes of ACHN cells in vitro and in vivo. (A) ACHN empty vector (EV) and
OIP5 stable lines. Western blot was carried out using anti-OIP5 and Actin antibodies. OIP5 expression was normalized to
Actin and presented at fold changes to OIP5 expression in EV cells. (B) ACHN EV and ACHN OIP5 cells were seeded in
6-well plate at 105 cell/well; cell numbers were recorded at the indicated days. Experiments were repeated three times;
means ± SDs are graphed. Statistical analysis was performed using 2-way ANOVA. ***: p < 0.001 between the two curves.
(C) The indicated cells were seeded at the indicated number in 6-well plates. Colonies were formed following 2 weeks
culture. Experiments were repeated three times; means ± SDs are graphed. **: p < 0.01 compared to the respective
EV by Student’s t-test (2-way). (D,E) Invasion and soft agar assays were repeated 3 times; means ± SDs are graphed.
**: p < 0.01, ***: p < 0.001 compared to the respective EV control by Student’s t-test (2-way). (F,G) Xenografts were produced
in NOS/SCID mice (5 mice per group) using ACHN EV cells and ACHN OIP5 cells. Means ± SEM (standard error of the
mean) are graphed; ***: p < 0.001 between the two curved by two-way ANOVA (F). Kaplan-Meier curve; statistical analysis
was performed using logrank test (G).

To further analyze factors and networks utilized by OIP5 in enhancing ACHN cell-
produced xenografts, RNA-sequencing (RNA-seq) was performed on ACHN EV and
ACHN OIP5 tumors at three per group. Gene set enrichment analysis (GSEA) was con-
ducted on differentially expressed genes obtained in the setting of OIP5 vs. EV. When
enrichment in the oncogenic gene sets (C6) collection was analyzed using FGSEA (fast
gene set enrichment analysis), we observed that genes downregulated (DN) in cells with
activation (UP) of ERB2, MEK, and mTOR were also downregulated in ACHN OIP5 tumors
compared to ACHN EV tumors (Figure 3A), suggesting OIP5 suppressing those genes that
are downregulated by ERB2, MEK, and mTOR. Similarly, ACHN OIP5 tumors also display
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downregulation of EGFR-downregulated genes (Table S1). The serine/threonine kinase
33 (STK33) is a synthetic lethal interacting protein of KRAS mutant, i.e., cells expressing
KRAS mutant rely on STK33 for survival [41]. Knockdown of STK33 in acute myeloid
leukemia cells led to upregulation of a set of genes (STK33-UP) [41], suggesting a potential
inhibition of these genes by STK33. These gene expressions were also reduced in ACHN
OIP5 tumors (Figure 3A; Table S1). To test the reliability of the enrichment obtained by
FGSEA, GSEA was further conducted using a more stringent platform: EGSEA. Ensemble
gene set enrichment analysis produces a consensus gene set ranking (enrichment) with
the combination of multiple (up to n = 12) algorithms [42]. With the maximal stringent
condition using all 12 algorithms, EGSEA revealed within the top 12 ranks the down-
regulation of the ERB2- and MEK-suppressed gene sets in ACHN OIP5 tumors (Figure
S4); downregulation of genes in cells with STK33 knockdown was observed in multiple
setting (Figure S4) which is consistent with the enrichments derived from using FGSEA
(Table S1). All top 12 ranked gene sets obtained by EGSA (Figure S4) are also included
in those produced by FGSEA (Table S1). It is intriguing that VEGFA-suppressed genes in
HUVEC (human umbilical vein endothelial cell) cells were also downregulated in ACHN
OIP5 tumors (Figure S4; Table S1). Based on the overall gene set enrichment within the
oncogenic gene set (C6, MSigDB) collection (Table S1), we can summarize that in ACHN
OIP5 xenografts, the RB pathway is inhibited and the signaling processes of STK33, BMI1,
EZH2, MYC, WNT, VEGFA, and EGFR/ERB2 are enhanced (Figure 3B).

We further examined gene set enrichment within the Hallmark gene set collection us-
ing FGSEA. The analyses revealed downregulations of inflammatory response, TNFα_via_
NFκB signaling (NFκB-regulated genes in response to TNFα), and complement gene ex-
pression (Hallmark_Component, normalized enrichment score/NES: −1.48, padj 0.013)
(Figure S5A; Table S2). Additionally, ACHN OIP5 xenografts exhibited upregulations
in gene sets regulating fatty acid metabolism and cholesterol homeostasis (Figure 3C;
Table S2). These enrichments were also produced by EGSEA (Figure S5B,C). Several pro-
cesses are enhanced in ACHN OIP5 tumors, which include oxidative phosphorylation, the
expression of E2F and MYC targets, EMT (epithelial mesenchymal transition), mTORC1
signaling, and adipogenesis (Table S2). Enrichment in glycolysis in ACHN OIP5 tumors
was obtained by FGSEA (Table S2), which was also confirmed by KEGG pathway anal-
ysis using EGSEA (Figure S6). Evidence thus suggests a metabolic switch to Warburg
metabolism in ACHN OIP5 tumors.

3.3. Association of OIP5-Related Differentially Expressed Genes with CIMP Subtype

In comparison to other pRCC subtypes, CIMP tumors have a Warburg metabolic
shift [12], indicating an association between OIP5-affected genes and CIMP. This notion
is supported by the elevation of OIP5 expression in CIPM pRCC tumors (Figure 1D). To
investigate this possibility, we firstly defined the differentially expressed genes (DEGs)
in ACHN OIP5 tumors vs. ACHN EV tumors as those with p.adj < 0.05 and fold change
> |1.5|; a total of 1128 DEGs were derived (Table S3). In these DEGs, the top upregulated
genes include WNT7A, FGF1, CNTN1 [43], SOX2, and others, which are known for their
facilitative roles in tumorigenesis. The top 20 clusters enriched in these DEGs contain
those that regulate urogenital system development, blood vessel morphogenesis, hippo
pathway, cell surface receptor signaling, pathway in cancer, epithelial cell proliferation, and
others (Figure 4A; Table S4). Individual terms in these enriched clusters form a network
connection (Figure S7A). These pathways are clearly relevant to tumorigenesis. DEGs are
clustered in ACHN OIP5 tumors vs. ACHN EV tumors (Figure 4B).
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Figure 3. OIP5 induces network alterations during pRCC tumorigenesis. (A) GSEA (gene set enrichment analysis) on
differentially expressed genes derived from the comparison of ACHN OIP5 tumors to ACHN EV tumors was performed
with FGSEA within the Galaxy platform. The MSigDB oncogenic gene sets (C6) collection was used. (B) Summary of the
major oncogenic gene sets affected in ACHN OIP5 tumors (see Table S1 for individual gene sets affected). (C) Enrichment of
the indicated gene set within the MSigDB hallmark gene sets collection (see Table S2 for individual gene sets affected).
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Table 2. Characterization of Overlap66 genes.

Gene OS 1 p Value CIMP 2 p Value Tumor 3 p Value

SLC7A11 + 0.0135 * Up 8.4 × 10−5 *** Up 1.68 × 10−5 ***

PCSK5 4 + 6.73 × 10−10 *** Up 0.0085 ** Down 0.011 *

STC2 4 + 1.72 × 10−6 *** Up 2.03 × 10−5 *** None NS

TEX15 4 + 0.00101 ** Up 0.074 Down 1.55 × 10−5 ***

ESCO2 5 + 6.89 × 10−10 *** Up 0.0149 * Up 1.67 × 10−12 ***

OIP5 4 + 7.41 × 10−12 *** Up 8.07 × 10−5 *** Up 1.44 × 10−15 ***

PLK1 5 + 5.58 × 10−15 *** Up 0.0241 * Up <1 × 10−12 ***

ELOVL2 5 + 4.36 × 10−8 *** Up 0.0197 * Up 4.34 × 10−7 ***

LYPD6 4 N NS Up 0.0236 * Down 4.82 × 10−8 ***

ATAD2 5 + 1.84 × 10−13 *** Up 0.00446 ** Up 3.80 × 10−8 ***

ISM1 4 + 0.00237 ** N NS None NS

TK1 5 + 1.51 × 10−10 *** Up 0.0126 * Up 5.97 × 10−8 ***

TRIB3 5 + 2.26 × 10−6 *** Up 6.19 × 10−9 *** Up 3.23 × 10−13 ***

KIAA1324L 4 N NS Up 0.0346 * None NS

SLIT3 5 + 0.000677 *** N NS Down 6.05 × 10−9 ***

COL14A1 + 0.00114 ** N NS Down 3.21 × 10−7 ***

FAM40B N NS Up 0.0203 * None NS

STOX1 N NS N NS Down 1.89 × 10−14 ***

ABCA12 5 + 9.87 × 10−5 *** Up 0.0182 * Up <1 × 10−12 ***

RGS20 N NS Up 0.0377 * Up 1.63 × 10−12 ***

ACCN2 + 0.0105 * Up 1.57 × 10−4 *** None NS

DPYSL3 5 + 2.18 × 10−6 *** Up 3.37 × 10−4 *** Down 7.92 × 10−5 ***

STAT4 5 + 0.024 * N NS Up 7.34 × 10−8 ***

CALCRL 4 + 0.0378 * Up 0.0024 ** Down 7.29 × 10−11 ***

SRXN1 + 0.0258 * Up 0.0102 * Up 3.39 × 10−10 ***

FAR2 N NS Down2a 0.0049 ** Down 0.0165 *

TPD52 5 + 8.63 × 10−7 *** Up 8.08 × 10−4 *** Down 1.62 × 10−12 ***

ZNF239 4 + 8.96 × 10−6 *** Up 0.00488 ** None NS

C16orf75 5 + 1.3 × 10−10 *** Up 2.56 × 10−12 *** Up 6.13 × 10−10 ***

HEYL 5 + 0.000855 *** Up 0.0312 * Down 2.52 × 10−6 ***

F2R 4 + 7.34 × 10−7 *** Up 1.89 × 10−5 *** Down 2.81 × 10−9 ***

KCNJ8 4 + 0.000334 *** N NS Down 4.02 × 10−5 ***

RAD54B 5 + 0.000931 *** Up 0.0197 * Up 1.14 × 10−9 ***

KCNK1 4 + 4.35 × 10−6 *** Up 0.00816 ** Down 0.00236 **

ZNF391 5 + 0.00543 ** N NS Down 4.24 × 10−4 ***

POLR3G 5 + 0.000266 *** N NS Up 1.74 × 10−5 ***

MEIS1 N NS Up 0.0046 ** Down 9.44 × 10−12 ***

MCM8 5 + 0.00612 ** N NS None NS

SNX16 5 + 2.29 × 10−7 *** Up 3.51 × 10−5 *** None NS
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Table 2. Cont.

Gene OS 1 p Value CIMP 2 p Value Tumor 3 p Value

SPAG1 5 + 0.000246 *** Up 5.15 × 10−4 *** None NS

CX3CL1 5 − 0.000679 *** Down 1.98 × 10−6 *** Up 4.47 × 10−8 ***

DYNC2LI1 − 0.00415 ** Down 2.01 × 10−4 *** Up 1.62 × 10−12 ***

ACSS2 4 − 0.0214 * Down 1.62 × 10−12 *** Down 1.73 × 10−5 ***

HS3ST5 4 N NS Down 6.1 × 10−5 *** None NS

DPF3 4 N NS Down 2a 0.0027 ** Down 3.98 × 10−5 ***

ZNF862 N NS Down 1.83 × 10−11 *** Up 7.87 × 10−12 ***

LHPP 5 − 0.00907 ** N NS Down 0.0496 *

PITPNM3 − 0.0391 * N NS Down 7.08 × 10−11 ***

GNG7 5 − 0.000249 *** N NS Down 3.30 × 10−9 ***

CHD5 4 N NS Down 6.26 × 10−5 *** None NS

CCDC106 5 − 0.000256 *** Down 1.01 × 10−6 *** None NS

NBL1 - 0.0211 * Down 4.47 × 10−5 *** Up <1 × 10−12 ***

LYNX1 5 − 0.00675 ** Down 2.29 × 10−5 *** Down 2.29 × 10−8 ***

PHYHIP N NS Down 4.79 × 10−4 *** None NS

NRXN3 N NS N NS Down 1.87 × 10−9 ***

TMEM130 4 N NS Down 2.25 × 10−12 *** Down 4.59 × 10−12 ***

EREG 4 N NS Down 0.00318 ** Up 1.70 × 10−12 ***

C2orf62 − 0.00479 ** Down 1.97 × 10−4 *** Up 1.62 × 10−12 ***

CCDC135 − 0.0478 * Down <1 × 10−12 *** Up 1.62 × 10−12 ***

SYCE1L N NS Down 2.56 × 10−12 *** Up <1 × 10−12 ***

GAL3ST3 N NS Down 1.63 × 10−12 *** Down 7.38 × 10−4 ***

SPATA18 5 − 1.82 × 10−7 *** Down 1.62 × 10−12 *** Up 1.62 × 10−12 ***

C6orf138 4 N NS Down 0.026 * Up 1.62 × 10−12 ***

ABI3BP N NS Down 5.83 × 10−11 *** Up <1 × 10−12 ***

CNTN6 4 N NS Down 5.07 × 10−11 *** Up <1 × 10−12 ***

SCEL 4 − 0.0331 * Down 1.66 × 10−12 *** Up <1 × 10−12 ***

1: prediction of overall survival determined by univariate Cox analysis; +, −, and N: gene expression positively, negatively, and not
predicting OS, respectively. NS: not significant. 2: expression status in CIMP tumors, “Up”: upregulation compared to T2P, “Down”:
downregulation compared to T1P, 2a: in comparison to T2P as the comparison to T1P being not significant, N: no changes. 3: tumor
(n = 290) in comparison to normal tissues (n = 30). 4: these genes are in Overlap21. 5: these genes are in Overlap21plus. Expression analysis
in “CIMP” and “Tumor” using the TCGA data (UALCAN). *: p < 0.5, **: p < 0.01, ***: p < 0.001.

To confirm the relevance of these DEGs derived from ACHN cell-produced xenografts
in pRCC pathogenesis, we analyzed their relationship to DEGs derived from primary
pRCCs relative to OIP5 expression. In the TCGA Pancancer pRCC dataset within cBioPortal,
high OIP5 expression robustly separates pRCC tumors into a high and low risk group
based on their overall survival (OS) possibilities (Figure 1G). From these two groups, we
obtained 873 DEGs defined by q < 0.05 and fold change ≥ |2| (Table S5). These primary
pRCC-derived DEGs share 66 overlap DEGs (Overlap66) with the xenograft-derived DEGs
(Table 2; Figure 4C). The alterations in their expressions in normal kidney tissues (n = 30)
and pRCC tumors (n = 290) at different stages are presented in Figure S8. The genes with
further elevations in Stage 3–4 tumors include SLC7A11, PCSK5, STC2, PLK1, TK1, TRIB3,
and SRXN1 (Figure S8).
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Figure 4. Pathway enrichment of OIP5 DEGs. DEGs were first defined as p.adj < 0.05 and fold changes > |1.5| in the 
comparison of ACHN OIP5 tumors (n = 3) vs. ACHN EV tumors (n = 3). (A) Pathway enrichment in these DEGs (Table 
S3) was then performed using the Metascape [34] platform. (B) Clustering of DEGs in ACHN OIP5 tumors and ACHN EV 

Figure 4. Pathway enrichment of OIP5 DEGs. DEGs were first defined as p.adj < 0.05 and fold changes > |1.5| in the
comparison of ACHN OIP5 tumors (n = 3) vs. ACHN EV tumors (n = 3). (A) Pathway enrichment in these DEGs (Table S3)
was then performed using the Metascape [34] platform. (B) Clustering of DEGs in ACHN OIP5 tumors and ACHN EV
tumors. (C) The number of overlapping genes between primary (patient) pRCC-derived DEGs and DEGs obtained from
xenografts at fold change > |1.5|. (D,E) The indicated DEGs were analyzed for expression in the histological subtypes of
pRCC using the UALCAN platform [37]. DEGs positively (D) and negatively (E) predict shortening of OS (see Table 2 for
details). **: p < 0.01, ***: p < 0.001 in comparison to normal kidney tissues.
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Among these 66 DEGs, 8 and 41 genes are not known for associations with cancer
and ccRCC respectively (Table S6A); only PLK1 was reported to be a component gene in a
prognostic multigene of pRCC (Table S6A). Overlap66 is novel to pRCC. Forty-six out of
66 DEGs significantly predict overall survival (OS) possibility with some being individually
efficacious based on their p values: 6.73 × 10−10 for PCSK5, 1.3 × 10−10 for C116orf75
(RMI2), 1.84 × 10−13 for ATAD2, and others (Table S6A). Furthermore, 33 DEGs retain their
predictive significance after adjusting for age at diagnosis, sex, and T stage (Table S6A).

The potentials of the 33 DEGs as prognostic biomarkers are in accordance with their
expression status in CIMP. C116orf75, SRXN1, TK1, and TRIB3 positively predict poor OS
(Table 2; Table S6A); they are notably upregulated in CIMP tumors (Figure 4D). In reverse,
CCDC106, CX3CL1, LYNX1, and SPATA18 are negatively associated with poor OS (Table 2;
Table S6A); their expressions are particularly downregulated in CIMP tumors (Figure 4E).
In all 46 genes with their expression associated with OS shortening, 11 show no alterations
in gene expression in CIMP tumors (Table 2); for the remaining 35 genes, their positive
and negative predictions of OS shortening correlate with their respective upregulation and
downregulation in CIMP tumors (Table 2). This correlation of expression was not observed
in tumors vs. non-tumor tissues (Table 2). In view of CIMP tumors having the poorest OS
possibility [12], the association of these gene expression with CIMP tumors supports their
potential as prognostic biomarkers.

3.4. Robust Prognostic Biomarker Potential of Overlap66 and Its Sub-Multigene Panels

Following the above analyses, we examined the OS-related prognostic potential of
Overlap66 as a multigene panel. The expression data for these DEGs along with the
relevant clinical data were retrieved from the Pancancer pRCC dataset within cBioPortal.
Risk scores for individual tumors were calculated as ∑(coefi × Geneiexp)n (coefi: Cox
coefficient of genei, Geneiexp: expression of Genei, n = 66). Coefs were obtained using the
multivariate Cox model. Overlap66 risk scores efficiently predict OS shortening using both
univariate (UV) and multivariate (MV) Cox models (Figure S7B). The MV model consists
of the risk scores, age at diagnosis, sex, and T stage (Figure S7B). With the cutoff point
optimized using the Maximally Selected Rank Statistics (Figure S9), Overlap66 effectively
stratifies the risk of fatality (possibility of OS) and relapse (progression-free survival/PFS)
(Figure 5A,B). The discriminations of OS and PFS are with time-dependent area under the
curve (tAUC) value of 94.6–91.3% in the time frame of 12.4 month (M) to 57.2 M (Figure 5A)
and 93.7–86.7% for 10.8 M to 50.6 M (Figure 5B), respectively. Collective evidence supports
Overlap66 being a novel and robust prognostic multigene panel for pRCC.

We further validated Overlap66 risk score in stratification of pRCC fatality risk us-
ing a recently developed R package: contpointr (https://github.com/thie1e/cutpointr,
accessed on 1 May 2021). An optimal cutoff point was obtained with Kernel smoothing
model coupled with 1000 bootstrapping. This cutoff point classifies pRCC fatality risk at
0.78 sensitivity and 0.84 specificity or the sum of sensitivity and specificity (sum_sens_spec)
value of 1.62 (Figure 6A). Risk stratifications of out-of-bag bootstrap samples (n = 1000)
occurred most frequently at sum_sens_spec 1.6 (Figure 6B), which closely approximates
sum_sens_spec 1.62 associated with the optimal cutoff point on the full cohort (Figure 6A).
The fatality risk stratifications of the in-bag samples (n = 1000, average 63.2% of full sam-
ples) and the out-of-bag samples (n = 1000) were at the median sum_sens_spec values
of 1.62 and 1.60 respectively. Taken together, these bootstrap analyses reveal a good out-
of-sample performance of Overlap66 in classification of pRCC fatality risk, supporting
Overlap66’s application in real world. This potential is strengthened by the effectiveness of
the risk classification with a range of cutoff points (Figure 6B,C).
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Figure 5. Stratification of the possibilities of overall survival (OS) and progression-free survival (PFS) by Overlap66 and
Overlap21. (A,B) Cutoff points were determined by Maximally Selected Rank Statistics for the risk scores of Overlap66
(see Figure S9) and Overlap21. Kaplan Meier curves for OS (A) and PFS (B) are constructed, using the R survival package,
with the populations at risk in the indicated follow-up period included. Statistical analyses were performed using logrank
test. The median months of OS and PFS are indicated. Time-dependent ROC (receiver operating characteristic; tROC)
curves were generated using the R timeROC package; time-dependent area under the curve (AUC) values for the indicated
multigene sets are shown. (C,D) ROC and precision-recall (PR) curves for Overlap66 and Overlap21 in predicting OS and
PFS possibilities were produced using the R PRROC.
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stratify the fatality risk with high accuracy. The red dot represents a sum_sens_sepc value 1.55. (C) 
Classification of pRCC tumors into a high- and low-risk group using two indicated cutpoints; the 
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We subsequently optimized Overlap66. As OIP5 expression was at 1.9 folds in 
ACHN OIP5 tumors compared to ACHN EV tumors (Table S3), we defined a subgroup 
of DEGs as those with p.adj < 0.05 and fold ≥ |1.9| in ACHN OIP5 tumors compared to 
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Figure 6. Validation of Overlap66 risk score in stratification of pRCC fatality risk. Cutoff points were estimated using
Kernel smoothing method coupled with bootstrapping (n = 1000). The average in-bag and out-of-bag (OOB) bootstrap
samples are 63.2% and 36.8% of the full sample size respectively. The analysis was performed using the cutpointr R package
(https://github.com/thie1e/cutpointr, accessed on 21 July 2021). (A) ROC curve with the optimal cutoff point indicated
(arrow); sens: sensitivity, spec: specificity, and the sum_sens_spec: 1.62. (B) Distribution of out-of-bag (OOB) metric values.
The most predictions occur in these OOB samples (n = 1000) at the sum_sens_sepc value 1.6. The region marked by the
2 dotted lines includes a range of sum_sens_sepc values that frequently stratify the fatality risk with high accuracy. The red
dot represents a sum_sens_sepc value 1.55. (C) Classification of pRCC tumors into a high- and low-risk group using two
indicated cutpoints; the sum_sens_sepc 1.62 cutoff point was obtained using Kernel method and the sum_sens_sepc 1.55
cutoff point (see the red dot in panel (B)) was derived using Maximally selected LogRank statistics (see Figure S9). The
p value is for both separations.

We subsequently optimized Overlap66. As OIP5 expression was at 1.9 folds in ACHN
OIP5 tumors compared to ACHN EV tumors (Table S3), we defined a subgroup of DEGs as
those with p.adj < 0.05 and fold ≥ |1.9| in ACHN OIP5 tumors compared to ACHN EV
tumors. These DEGs (n = 298) share 21 overlap genes (Overlap21) with primary pRCC-
derived DEGs (Figure S7C, Table S6B). As expected, Overlap21 is a subgroup of Overlap66
(Table 2). Overlap21 risk scores predict OS possibility under both UV and MV Cox models
with comparable efficiency as Overlap66, evident by Hazard ratio (HR) and 95% confident
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interval (CI) (Figure S7B). Similar prediction efficiencies for PFS between Overlap21 and
Overlap66 were also observed (Figure S7B). Overlap21 effectively stratifies the risk of mor-
tality and PFS; the discriminations possess high tAUC values (Figure 5A,B). In comparison,
Overlap21 seems marginally less effective compared to Overlap66 in the discriminations of
OS and PFS (Figure 5A,B). Nonetheless, the Overlap21-mediated predictions are clearly
effective. Similar to Overlap66, Overlap 21 risk score is an independent predictor of poor
OS after adjusting age at diagnosis, sex, and T stage (Table 3).

Table 3. Univariate and multivariate Cox analysis of Overlap66 and Overlap21 risk scores for pRCC OS.

Factors
Univariate Cox Analysis Multivariate Cox Analysis

HR 95% CI p-Value HR 95% CI p-Value

Overlap66 2.72 2.14–3.46 3.82 × 10−16 *** 3.03 2.29–4.01 1.15 × 10−14 ***

Overlap21 2.72 2.19–3.38 <2 × 10−16 *** 2.71 2.1–3.5 2.81 × 10−14 ***

Age 1.01 0.98–1.04 0.504 1.04 i

1.03 ii
1.01–1.08

1.003–1.064
0.0119 *
0.0333 *

Sex 0.67 0.34–1.36 0.268 0.80 i

1.45 ii
0.36–1.76
0.67–3.13

0.576
0.346

Tstage 1 5.13 2.73–9.62 3.53 × 10−7 *** 1.75 i

3.28 ii
0.81–3.76
1.61–6.65

0.154
0.001 **

Analyses were performed using the TCGA PanCancer pRCC dataset. Age: at diagnosis. Sex: male vs. female. Tstage 1: T stage 3 + 4 vs.
Tstage 0: T stage 1 + 2. i and ii: in analysis with Overlap66 (i) and Overlap21 (ii). *, **, and ***: p < 0.05, p < 0.01, and p < 0.001 respectively

The utility of Overlap21 in assessing pRCC fatality risk is further illustrated by its
impressive separation of disease-specific survival (DSS) risk (Figure 7A,C). DSS is more spe-
cific compared to OS in addressing factors contributing to cancer-caused deaths. Overlap66
did not perform well in DSS estimation (data not shown), which might be attributable to
the small number of events (disease-specific death n = 27) in the context of the large number
of variables (n = 66 in Overlap66). We thus generated Overlap21plus by using Overlap21
as the basis, and the rest of DEGs within Overlap66 were added if they remain risk factors
for decreased OS after adjusting age at diagnosis, sex, and T stages (Table S6A). However,
Overlap21plus was not superior to Overlap21 in the estimation of OS and PFS (data not
shown). Nonetheless, the risk score of Overlap21plus predicts DSS risk in a comparable
efficiency as Overlap21 (Figure S7B); its ability to classify DSS possibility was marginally
superior to Overlap21 (Figure 7A–C).

Instead of using time-dependent ROC (receiver-operating characteristic) in evaluating
the performance of Overlap66, Overlap21, and Overlap21plus for their prognostic pre-
diction, we further examined their prediction performance using the intact population
(i.e., without the time component) by both ROC-AUC and PR-AUC curves. The precision-
recall (PR) curve is used to account for the imbalance nature of dataset; the event rates
are 14.6% (41/280) for OS, 18.9% (53/280) for PFS, and 9.6% (27/280) for DSS, which
are much less than 50%. PR-curve was suggested to evaluate biomarker’s discriminative
performance [44]. According to both ROC-AUC and PR-AUC curves, Overlap66 predicts
OS and PFS possibilities better than Overlap21 (Figure 5C,D), while Overlap21plus holds a
slight edge over Overlap21 in estimating DSS possibility (Figure 7D,E).

3.5. Alterations in Immune Cell Subsets in High-Risk pRCC Tumors

Tumor-associated immune cells play critical role in tumor initiation and progres-
sion [45,46], suggesting alterations of immune components in Overlap66-stratified high-risk
pRCC tumors compared to those of low-risk. To examine this possibility, we profiled all
22 leukocyte subsets in 280 primary pRCC tumors within the TCGA Pancancer dataset using
CIBERSORTx (https://cibersortx.stanford.edu/index.php, accessed on 21 July 2021) [47].
Significant alterations in several immune cell subsets between high-risk (n = 32) and low-risk
tumors (n = 248) were detected (Figure 8). Increases in B naïve cells, T follicular helper
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cells (Tfh), CD4 T memory (activated) cells, and CD8 T (p = 0.075) cells were detected in
high-risk local pRCC tumors (Figure 8A), indicating persistent immune reactions towards
tumors; this scenario is not uncommon, evident by the co-existence of ATM-derived tumor
surveillance (antioncogenic actions) with oncogenic actions during cancer initiation and
progression [48]. However, CD8 T cells expressed an upregulation of programmed cell
death protein 1 (PDCD1 or PD1) (Figure 8B), a major mechanism contributing to CD8
T cell exhaustion in cancer [49]. Additionally, T regulatory (Treg) cells suppress T cells
activation via downregulation of CD80/86 in antigen-presenting dendritic cells [50] and
a significant elevation of Treg cells was observed in high-risk pRCC tumors (Figure 8A).
Alterations in M1 and M2 composition in high-risk pRCCs (Figure 8A) are consistent with
the contributions of tumor-associated macrophages in cancer progression [51]. Decreases
in macrophages M2 in high risk pRCC tumors is supported by a downregulation of β-
2-adrenergic receptor (ADRB2) in these tumors (Figure 8C); the receptor was associated
with M2 macrophages [52]. Reductions of activated mast cells in high-risk pRCC tumors
(Figure 8A) suggest a downregulation of immune reactions in facilitating pRCC progression.
While B naïve cells, CD8 T cells, M2 macrophages, and activated master cells are similarly
clustered in both Overlap66 stratified high- and low-risk pRCCs (Figure S10), activated CD4
T memory cells, Tfh, Treg, and M1 macrophages in the high-risk tumors display different
clustering patterns from their counterparts in the low-risk pRCCs (Figure 8D–G). Collec-
tively, changes in immune components in high-risk pRCC tumors stratified by Overlap66
risk scores favor the development of an immune suppressive microenvironment, which
might be a mechanism underpinning pRCC progression. This concept provides additional
evidence supporting Overlap66 being a novel and effective prognostic biomarker for pRCC.
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3.6. Critical Contributions of PLK1 to OIP5-Promoted Growth of pRCC Tumors

PLK1 (Polo-like kinase 1) is one of the upregulated DEGs identified in relation to
OIP5 upregulation in both xenograft tumors and primary pRCC, i.e., a component gene
of Overlap66 (Table 2). In the same manner, both LYPD6 and PCSK5 were upregulated
in primary pRCC tumors with elevated OIP5 expression and in ACHN OIP5 xenografts
determined by RNA-seq (Table 2). By using real-time PCR, we confirmed LYPD6 (fold
2.32 ± 0.2/SD, p < 0.5) and PCSK5 (fold 2.6 ± 0.1, p < 0.05) upregulations in ACHN OIP5
tumors (n = 4) compared to ACHN EV tumors (n = 6). PLK1 upregulation in xenografts
produced by ACHN OIP5 cells compared to those derived from ACHN EV cells was
demonstrated by RNA-seq and real-time PCR (Figure 9A,B)). In primary pRCC tumors,
OIP5 expression correlates with PLK1 expression with a Pearson correlation value of
0.7 (UALCAN, ualcan.path.uab.edu/home, 1 March, 2021). OIP5, which is also known as
Mis18β, is an essential component of the Mis18 complex that is required to load a histone
H3 variant CENP-A (centromere protein A) to centromere of newly synthesized DNA
strand in early G1 phase [53,54]. PLK1 contributes to CENP-A loading via phosphorylation
of M18BP1, a component of the Mis18 complex [55]. In line with this knowledge, we
examined whether PLK1 kinase activity plays a role in OIP5-promoted pRCC growth.

PLK1 inhibitors have been developed and approved by FDA as Orpha Drug Desig-
nation for cancer therapy [56,57]. The PLK1 inhibitor BI2536 caused G2/M arrest with
concurrent reduction in G1 phase in ACHN OIP5 cells without apparent effects on cell
cycle distributions of ACHN EV cells at the conditions used (Figure 9C). We then treated
mice bearing ACHN EV or ACHN OIP5 cell-produced xenograft tumors with BI2536
when tumors reached 100 mm3. In the vehicle treatment group, the OIP5 tumors grew
significantly faster compared to the EV tumor (Figure 9D). Administration of BI2536 had
no effects on the growth of ACHN EV tumors but significantly inhibited the growth of
ACHN OIP5 tumors (Figure 9E,F). In the presence of BI2536, ACHN OIP5 tumor showed
marginally slower growth compared to ACHN EV tumors (Figure 9G). Inhibition of PLK1
significantly increases the survival of mice bearing ACHN OIP5 tumor (Figure 9H). As
ACHN is a metastatic pRCC cell line [39], evidence supports inhibition of PLK1 being
an option in treating metastatic pRCCs with OIP5 upregulation. Collectively, the above
observations indicate synthetic lethality between OIP5 and PLK1 in metastatic pRCCs.
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Figure 8. Changes in immune cells in pRCC tumors with high risk of fatality. RNA-seq profiles for 280 pRCC tumors were
retrieved from cBioPortal and analyzed for immune cell profiles using the LM22 signature matrix and the CIBERSORTx
program (https://cibersortx.stanford.edu/index.php, accessed on 21 July 2021) [47]. The analysis setting was with B-mode
batch correction and 500 permutations (https://cibersortx.stanford.edu/index.php, accessed on 21 July 2021). (A) The
abundance of the indicated immune cell subsets was determined by their immune fraction scores. Means ± SEMs in
high-risk and low-risk tumors stratified by Overlap66 risk score are graphed; *: p < 0.05; **: p < 0.01; and ***: p < 0.001 in
comparison to low-risk tumors by 2-tailed t-test. (B,C) Boxplots for the expression of PDCD1 and ADRB2 in low- and high-
risk pRCC tumors; statistical analyses were conducted using Welch t-test with p-value adjusted with the Holm–Bonferroni
(Holm) method. (D–G) Clustering of the indicated immune cell types associated with low risk (Overlap66−) and high
risk (Overlap66+) tumors by tSNE (t-distributed stochastic neighbor embedding); the marked clusters are enriched with
high-risk tumors. The graph was produced using CIBERSORTx (https://cibersortx.stanford.edu/index.php, accessed on
21 July 2021).
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Figure 9. PLK1 inhibitor reduces OIP5-mediated pRCC tumorigenesis. (A,B) RNA-seq and real-time PCR analyses of
PLK1 expression in ACHN EV and ACHN OIP5 tumors. RNA-seq was performed in 3 each from ACHN EV and ACHN
OIP5 tumors. (C) ACHN EV and ACHN OIP5 cells were treated with DMSO (−) or the PLK1 inhibitor (BI2536) in 40 nM
PLK1 inhibitor for 72 h, followed by quantification of cell cycle distributions. Experiments were repeated 3 times; means
± SEMs are graphed. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 in the indicated comparisons by 2-tailed Student’s test.
(D–G) Mice bearing ACHN EV or ACHN OIP5 tumors were treated with vehicle or BI2536 (50 mg/kg) intravenously. The
overall profiles of tumor growth in the vehicle treated setting (D); tumor volumes were recorded following treatments
(E–G). Statistical analyses were performed using 2-tailed Student’s t-test; *: p < 0.05, ***: p < 0.001. (H) Kaplan Meier curve
for the indicated mice reaching endpoints. Statistical analysis was performed using logrank test.

4. Discussion

Papillary RCC is a minor type of RCC compared to ccRCC which composes 75–80% of
RCC cases. Nonetheless, pRCC can be as aggressive as ccRCC, particularly the T2P tumors
which usually have more aggressive potential than ccRCC. As a minor RCC type, research
on pRCC falls short compared to ccRCC. Therefore, the current understanding on pRCC
remains limited, which presents a major concern particularly considering pRCC being
associated with poor prognosis. The situation calls for improvement in risk assessment
and personalized therapies in managing pRCC.

We provide here the first evidence for OIP5 being an important oncogenic factor of
pRCC. This concept is supported by multiple pieces of evidence with respect to the impact
of OIP5 upregulation on the tumorigenesis of pRCC cells in vitro and in vivo as well as the
association of OIP5 upregulation with primary pRCC. Although we have made extensive
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efforts to knockdown OIP5 in ACHN cells, the attempts were not successful, suggesting
OIP5 being essential for ACHN cell survival. This plausibility is in accordance with OIP5
initiating multiple processes critical for pRCC tumorigenesis, including those regulating
urogenital system development, immune reaction, and others. Among these features is
the expression status of OIP5 and its related DEGs within Overlap66 in CIMP. Although it
remains to be determined whether OIP5 and these DEGs contribute to CIMP, this possibility
seems likely. Among the pRCC subtypes, CIPM tumors are associated with a metabolic
shift towards Warburg metabolism, which include enhancement of glycolysis, fatty acid
and lipid metabolism, and hypoxia [12]. These are typical pathways enriched in ACHN
OIP5 tumors (Figure 3; Figure S4–S6; Table S2).

OIP5 may also utilize other pathways in promoting pRCC. As an essential component
(Mis18β) in the Mis18 complex, OIP5 is required for CENP-A loading and thus centromere
formation [53,54]. This process is essential for genome stability, evident by the centromere-
mediated chromosome segregation. In line with this concept, genes with function in
maintaining genome stability are overrepresented in Overlap66; RMI2 (RecQmediated
genome instability 2; C16ORF75) [58], RAD54B (RAD54 homolog B) [59], and PLK1 [60] all
play roles in genome stability. Furthermore, pathway enrichment analysis of Overlap66
DEGs revealed the top pathways enriched being GO:0071168: protein localization to
chromatin (p < 0.0001), GO:0140013: meiotic nuclear division (p < 0.0001), GO:0006790:
sulfur compound metabolic process (p < 0.001), and GO:0000724: double-strand break
repair via homologous recombination (p < 0.001).

One of the neighboring genes to OIP5 is OIP5-AS1 (OIP5 antisense RNA 1). Accord-
ing to GRCh38.p13 (Genome Reference Consortium Human Build 38 patch release 13)
released in Feb 28, 2019, the OIP5 genes runs from 41,332,591 to 41,309,273 on chromosome
15 (https://www.ncbi.nlm.nih.gov/gene/11339, accessed on 29 August 2021), while the
OIP5-AS1 gene runs from 41,282,697 to 41,313,338 on chromosome 15 (https://www.ncbi.
nlm.nih.gov/gene/729082, accessed on 29 August 2021). While both genes have an over-
lap region of 4065 nucleotides, there is no evidence suggesting a regulatory relationship
between OIP5 and OIP5-AS1 [61]. OIP5-AS1 encodes a long non-coding RNA (lnRNA) and
possesses oncogenic activities via regulating a set of microRNAs [61]. For instance, OIP5-
AS1 was reported to sponge miR-143-3P to enhance cervical cancer [62] and miR-186a-5p
to facilitate hepatoblastoma [63]. However, the involvement of OIP5-AS1 in pRCC remains
unknown. In view of both OIP5 and OIP5-AS1 being pro-oncogenesis and their adjacent
genetic locations, potential functional connections between both in pRCC pathogenesis
and progression is worthy of future investigation. In supporting this possibility, we noticed
OIP5-AS1 being upregulated (1.37 folds, p = 0.00464 and q = 0.0459) in pRCC tumors
expressing high levels of OIP5 compared to those with low levels of OIP5 expression
(Figure 1G).

OIP5 is a tumor-associated antigen (TAA), owning to its largely restricted expression
in human testis and its upregulation in multiple cancers [64,65]. We noticed that testis-
associated proteins are also enriched in Overlap66, including OIP5, TEX15 (testis expressed
15, meiosis, and synapsis associated), SPAG1 (sperm associated antigen 1), and SPATA18
(spermatogenesis associated 18) (Table 2). It is thus tempting to propose an involvement of
some testis events in pRCC tumorigenesis. OIP5 possesses a robust prognostic potential
(Figure 1G). This predictive power is significantly strengthened in OIP5-derived multigene
sets: Overlap66, Overlap21, and Overlap21plus. Because of the small number of component
genes and its effectiveness in predicting OS, PFS, and DSS, Overlap21 may offer primary
clinical application with the other two provide assisting roles. These multigene sets
possess great potential to be implemented into clinical applications. This possibility is
supported by a very good out-of-sample performance of Overlap66 in stratification of
pRCC fatality risk (Figure 6) and these stratifications can be effective using a range of cutoff
points (Figure 6B,C). Clinical applications of Overlap66 and its-related multigene panels
may significantly improve our ability in predicting prognosis and potentially even the
development of personalized therapies.
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Although a recent phase 2 clinical trial suggests the MET inhibitor cabozantinib im-
proves PFS and OS in patients with metastatic pRCC compared to a current standard of care
with sunitinib [66], much more needs to be done to confirm its efficacy. The dependence
on MET signaling is likely much less in T2P compared to T1P, which needs to be consid-
ered in using MET inhibitors in treating patients with T2P tumors. Our finding of PLK1
inhibitor being effective in inhibition of ACHN OIP5 tumor growth may have significant
clinical applications in treating metastatic pRCC with OIP5 upregulation; this will offer
a venue for potential utilization of personalized therapy in pRCC. This possibility can be
readily explored as volasertib, a PLK1 inhibitor, has been granted Orpha Drug Designa-
tion status in treating AML (acute myeloid leukemia) in 2014 and rhabdomyosarcoma in
2020 (https://oncoheroes.com/press-releases-content/2020/10/14/volasertib-a-potential-
new-treatment-for-rhabdomyosarcoma-receives-orphan-drug-designation-from-the-us-fda,
accessed on 31 May 2021) by FDA. Even for BI2356 used in this study, its clinical safety was
deemed acceptable based on multiple phase II clinical trials (NCT00701766, NCT00376623,
and NCT00526149) on solid cancer. Intriguingly, we observed changes in immune cells in
pRCC tumors stratified by Overlap66, an OIP5-derived multigene panel, including increases
of Treg cells and PD1 upregulation in CD8 T cells (Figure 8). This suggests that these patients
might benefit from rescuing of CD8 T cell exhaustion via PD1-based immune therapies.
Treg action can be suppressed via CTLA-4 immune therapy. In this regard, combinations of
PLK1 inhibitor and PD1 or CTLA-4 immune therapies might optimize personalized treat-
ment. Collectively, this research enhances our understanding of pRCC and suggests novel
means in predicting pRCC prognosis and in developing personalized therapy. Nonetheless,
additional work is required to realize these potentials.

5. Conclusions

We report here a novel and thorough investigation of OIP5’s contributions to pRCC.
OIP5 upregulations robustly predict the survival possibility of pRCC patients. The multi-
gene panel Overlap66, a portion of the OIP5 network, possesses an impressive prognostic
potential in predicting pRCC progression, disease-specific survival, and overall survival;
the predictions are associated with an excellent out-of-sample performance, indicating
its potential clinical applications. Furthermore, PLK1 is among Overlap66 and displays
synthetic lethality with OIP5; inhibition of PLK1 using BI2356 only suppresses the growth
of xenograft tumors generated by ACHN OIP5 cells but not the growth of tumor produced
by ACHN EV cells, supporting a targeted and personalized therapy for pRCCs with OIP5
elevations. Collectively, combinational use of Overlap66 and PLK1 inhibitors may open an
era of personalized therapy in pRCC.

6. Patents

A US provisional patent (63/202,616) has been filed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13174483/s1, Figure S1: OIP5 upregulation in ccRCC; Figure S2: OIP5 enhances ACHN
cell proliferation, colony formation, and growth in soft agar; Figure S3: Increases in OIP5 and CDK2
expression in ACHN OIP5 tumors; Figure S4: Gene set enrichment in ACHN OIP5 tumors; Figure S5:
Enrichment of h-Hallmarks Gene Set collection in ACHN OIP5 tumors; Figure S6: Enhancement of
the glycolysis pathway in ACHN OIP5 tumors; Figure S7: Prediction of OS, PFS, and DSS possibilities
by Overlaop66; Figure S8: Heatmap of Overlap66 gene expressions in the indicated tissues; Figure S9:
Cutoff point of Overlap66 risk score in the estimation of OS shortening; Figure S10: Clustering of
the indicated immune cell subsets with tSNE; Table S1: Enrichment of the C6 oncogenic gene sets
collection within OIP5-related DEGs; Table S2: Enrichment of the Hallmark gene sets collection
within OIP5-related DEGs; Table S3: Differentially expressed genes derived from the comparison
between ACHN OIP5 xenografts and ACHN EV tumors; Table S4: Pathway enrichment in OIP5
related DEGs (p.adj < 0.05 and fold change > |1.5|) derived from the comparison between ACHN
OIP5 xenografts and ACHN EV tumors; Table S5: DEGs derived from primary pRCC with respect to
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OIP5 expression; Table S6A: Overlap66 genes’ association with OS possibility and their oncogenic
functions; Table S6B: Overlap21 and Overlap21plus gene lists.
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Simple Summary: Cancer is a complex disease. Modern molecular technologies are progressively
unveiling its genetic and epigenetic complexity, but still many key issues remain unknown. Consid-
ering cancer as a social dysfunction in a community of individuals has provided new perspectives
of analysis with promising results. This narrative considers both approaches with respect to the
metastatic process, the final cause of death in most patients affected by this disease.

Abstract: This overview focuses on two different perspectives to analyze the metastatic process
taking clear cell renal cell carcinoma as a model, molecular and ecological. On the one hand, genomic
analyses have demonstrated up to seven different constrained routes of tumor evolution and two
different metastatic patterns. On the other hand, game theory applied to cell encounters within
a tumor provides a sociological perspective of the possible behaviors of individuals (cells) in a
collectivity. This combined approach provides a more comprehensive understanding of the complex
rules governing a neoplasm.

Keywords: cancer; metastasis; genomic analysis; microenvironment; tumor ecology; game theory

1. Introduction

Modern treatment modalities are obtaining longer survivals and even cure in a sig-
nificant percentage of patients with cancer, transforming the disease into a chronic-like
condition. However, cancer still remains today the leading cause of death in Western
countries. Metastatic dissemination is responsible for more than 90% of tumor deaths and
is a challenge for modern oncology. However, metastasis is an extremely inefficient process.
It has been estimated that only 0.01% of circulating tumor cells succeed in developing
it [1]. The acquisition of motility by tumor cells involves a complex self-organized and
self-regulated systemic cellular organization emerging from Hopfield-like dynamics [2].
These dynamics tightly regulate cell migration and other critical functions like associative
memory in the cell, as it has been demonstrated very recently in unicellular organisms like
amoebae [3].

The initialization of the metastatic process is possible only under regulated cellular
metabolic conditions. These particular conditions allow the occurrence of epithelial-to-
mesenchymal transition processes that enable epithelial cells to acquire amoeboid motility
through the development of a cascade of molecular events. Unveiling the intricate inter-
actions between tumor cells themselves on the one hand, and between tumor and host
cells on the other is not totally understood and remains one of the main next frontiers in
oncology. Such an approach will benefit from an ecological perspective, a viewpoint that
will be considered later in this narrative.
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Evolvability is an ecological term that reflects the adaptive ability of a species to
generate and maintain a heritable phenotypic diversification to prevent extinction [4].
At least theoretically, metastasis may be conceived as an example of tumor evolvability
achieved by genetic and epigenetic modifications that confer migratory abilities to cells
to escape to more “favorable” ecosystems. A significant amount of studies are being
published focusing on the intricate genomic/epigenomic complexity of this issue, unveiling
the multiple routes that enable malignant cells to acquire locomotion capacities. However,
very few studies have analyzed the collective pressures and cell-to-cell interactions that
may explain the reasons for which malignant cells decide to migrate far away. This new
approach implies considering tumors as a sort of social dysfunction [5] and analyzing
malignant cells and their microenvironment from an ecological viewpoint [6].

In this perspective, we approach the metastatic process from genomic/epigenomic,
ecological, and sociological perspectives. On the one hand, we review some of the last
salient genomic/epigenomic findings related to the acquisition of metastatic capacities
focusing on a paradigmatic example of intratumor heterogeneity and metastatic selec-
tion: The clear cell renal cell carcinoma (CCRCC). Tumor/non-tumor cell interactions
(endothelial cells, tumor-infiltrating lymphocytes, and cancer-associated fibroblasts) are
also mentioned as a substantial part of the adaptive processes leading to tumor migration.
Finally, we analyze cell-to-cell interactions using a game theory approach and hypothesize
that metastasis may be simply a specific response of a subset of tumor cells. Such response
would consist of searching for collective stability far away from the primary tumor to
improve their collective wellness and prevent extinction.

2. Molecular Approach

The molecular characterization of CCRCC has been largely analyzed [7]. Clonal and
sub-clonal evolutions generate in some of these carcinomas a high variability of metastatic
patterns. While some tumors typically develop only one metastatic clone, others are able
to develop several ones with specific capacities and topographic affinities [8]. CCRCC is a
paradigmatic example of intratumor heterogeneity (ITH) [9]. Actually, some deterministic
constraints with prognostic impact [10] and two different metastatic patterns [11] have been
identified in this tumor. A rule-based classification system supported by unsupervised
clustering comparing different genomic, histological, and clinical data has shown up to
seven evolutionary subtypes [10]. Multiple clonal drivers, BAP-1 driven, and VHL wild
type displayed a punctuated evolution and accelerated clinical progression. On the other
hand, CCRCC related to PBRM-1 gene dysfunction (PBRM-1→ SETD2, PBRM-1→ PI3K,
PBRM-1→ SCNA) pursued a less aggressive clinical progression and a branched evolution.
The seventh subtype detected, the VHL mono-driver, showed a monoclonal structure
without additional driver mutations.

Losses of 9p and 14q are molecular alterations linked with metastatic ability in
CCRCC [11]. Tumors that follow a punctuated model of evolution display high chro-
mosomal complexity but low ITH. Here, a single clone with high fitness fixes early in its
evolution and occupies a significant percentage of the tumor mass following a Darwinian
pattern. These cases develop multiple metastases early in their evolution (rapid progres-
sion). The branching pattern, however, is also a Darwinian example of tumor evolution, but
in this case, there is high clonal and sub-clonal diversification. As a result, chromosomal
complexity is low, but ITH is high. Branching-type tumors develop few metastases late in
their evolution (attenuated progression).

Hypoxia promotes metastases, but this factor is not homogeneously distributed across
the tumor. Actually, a tumor spatial specialization pattern has been very recently detected
in CCRCC. Tumor areas with metastatic abilities are located in the tumor interior in a
multi-regional analysis of 79 cases [12]. Tumor necrosis and higher Ki-67 index, histological
grade, and chromosomal complexity were detected in the tumor center, where microen-
vironmental pressures and the struggle for survival are supposedly higher due to higher
levels of hypoxia.

82



Cancers 2021, 13, 3653

The metastatic capacity is associated with the acquisition of a stem cell-like phenotype
because of the evolvability of a subset of tumor cells, the so-called metastasis-initiating
cells [13]. Metastatic dissemination (local invasion, intravasation, blood and/or lymphatic
circulation, extravasation and extravascular spread), dormancy, immune evasion, organ
colonization, and local tropism development conform to the stepwise process followed by
this special subset of traveling tumor cells. This concatenated sequence of events needs a
dynamic epigenetic remodeling to adapt these cells to the ever-changing environments.
Abnormal DNA methylation (methyl-binding proteins, post-translational histone modifi-
cations, miRNAs, lncRNAs, RNA methylation) is one of the epigenetic mechanisms most
extensively studied and an actionable target for future treatments [14].

3. Microenvironmental Context

A question arises at this point: How many times can tumor cells migrate? In other
words, can a metastasis metastasize? The answer is yes, as it has been demonstrated
in genomic studies analyzing the clonality patterns of the widespread tumor seeding in
renal, prostate, breast, pancreatic, and colo-rectal cancers [15,16]. Such complex polyclonal
dissemination seems a cornerstone in the development of prostate cancer clones resistant
to castration, as demonstrated by Gundem et al. [15].

The relationship between tumor cells and their microenvironment is crucial in cancer
progression and metastatic process. Immune cells, neovascular endothelia, and fibroblasts
are the best-studied tumor-associated cells. These stromal elements dynamically interact
between and with tumor cells. In addition, this interplay is becoming a promising therapeu-
tic target, with immune checkpoint blockade (PD-1, PD-L1, CTLA-4) and anti-angiogenesis
as two of the most representative examples of precision therapies in CCRCC [17] and other
neoplasms. In fact, the combination of both treatments in a subset of these patients has a
positive effect based on the synergic actions of antiangiogenic and checkpoint blockers [17].

PD-1 and its ligand PD-L1 (B7-H1) blockade has been implemented in clinical practice
as a promising therapeutic strategy in CCRCC and other tumors, but the immunohistochem-
ical selection of candidates, with different antibodies and cut-offs, is still controversial [18].
By contrast, the soluble fraction of PD-L1 has been associated with prognosis and metastatic
status in these tumors [19]. Immune checkpoint blockade seems especially useful in the
so-called inflamed tumors, a group of aggressive CCRCC with abundant tumor-infiltrating
lymphocytes linked to BAP-1 gene inactivation and tendency to early metastases [20].
On the other hand, B7-H3, another immune regulator of the B7 family, has been directly
implicated in the metastatic process [21], expanding the list of candidates for checkpoint
blockade in the clinical practice.

CCRCC is a neoplasm associated with VHL gene malfunction that creates a pseudo-
hypoxic status in neoplastic cells. This condition induces the initialization of the VEGF
cascade [9], ending in neoangiogenesis. A new definition of microvessel density in CCRCC
has been recently published [22]. These authors consider the sum of classical microvessel
density and vasculogenic mimicry as the total microvessel density and correlate this sum
with prognosis [22]. Since these neoplasms are highly vascularized, the antiangiogenic
tyrosine-kinase inhibitors have had a relevant role in the therapeutic armamentarium,
particularly in metastatic patients [23].

Not all CCRCC, however, display the same degree of angiogenesis. Predominantly
angiogenic examples are typically associated with PBRM-1 gene inactivation [20] and
show a pancreatic tropism [24]. Interestingly, pancreatic metastases in angiogenic-type
low-grade CCRCC have been detected significantly later in the tumor evolution compared
with metastases in the rest of the sites [11].

Cancer-associated fibroblasts (CAF) are essential elements in the tumor microenvi-
ronment [25]. The interplay between tumor cells and CAF activates the epithelial-to-
mesenchymal transition process providing a stem cell phenotype to epithelial tumor cells,
thus enabling tumor cell migration [26]. In this interaction, CAF produce fibroblast acti-
vation protein-α (FAP), a protein associated with biological aggressiveness [27] and early
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metastases [28] in CCRCC. Other proteins produced by CAF, however, also contribute to
tumor progression [29]. Coercive feedback signaling from cancer cells to CAF does exist,
thus assuring the maintenance of FAP production and perpetuating the loop [26].

4. Sociological Approach

Game theory [30] is a branch of applied mathematics initially applied to economics
that investigates interactions between individuals. It has been used to examine complex
problems in biology [31] and, more recently, in oncology [32]. Considering cancer as a
social dysfunction [5] in which cells interact following different strategies, game theory has
opened up new perspectives to understand cancer dynamics.

The Hawk–Dove game (Figure 1) is a classical model in biology [31]. It assumes a
population whose members have bilateral encounters to divide a resource (v), with some
cost (c) associated with fight (c > v). In every encounter, each individual can behave as a
“hawk” and escalate to a fight or as a “dove” and back down. Therefore, if one individual
acts as a hawk while the other acts as a dove, the “hawk” gets the resource (v) and the dove
gets nothing (0). If two “hawks” meet, there is a fight, the winner receives the resource (v)
and the other faces the cost of the fight (−c). On average, the two hawks receive (v − c)/2.
If two individuals act as dove, they share the resource. On average, the two doves get v/2.
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Figure 1. Hawk–Dove game matrix. Each of the two individuals chooses one strategy. The matrix summarizes the payoffs
of the four possible results for the individual choosing the row strategy playing against an individual choosing the column
strategy (v = resource, c = cost).

The concept of evolutionarily stable strategy (ESS) is used to solve the game. ESS in
game theory captures the resilience of a strategy against another in the sense that it assumes
that most members of the population play the ESS but a small proportion of members, here
termed mutants, chooses a different strategy. In this context, each mutant’s expected payoff
is smaller than the expected payoff of an individual who plays the ESS. Consequently,
mutants are driven out of the population. As a consequence, the Hawk–Dove game has a
unique ESS, which consists of a fraction, v/c, of the population which plays hawk while
the remaining population plays dove.

This description is appropriate for analyzing the interactions between cancer cells and
cancer-associated fibroblasts in CCRCC [25] that we have previously mentioned in this
narrative. The resource, in this case, is the diffusible factor fibroblast activation protein-α
(FAP) that improves cancer fitness, while the cost is the effort of producing and excreting it
to the medium.

It is thus theoretically possible to predict that a homogeneous neoplasm will achieve
its ESS. However, there is no such thing as a perfectly homogeneous tumor in real life,
so a heterogeneous population must be considered. In the heterogeneous Hawk–Dove
game [33], the population is divided into two types. In consequence, each individual
conditions his/her action depending on his/her opponent’s type. In the heterogeneous
game, the previously described ESS is not stable any longer. Therefore, the game will
have two ESSs. Each ESS is characterized by one of the two types of individuals being
discriminated. In such a context, one type of individual receives a higher payoff than the
other. Furthermore, the payoff of the discriminated individuals in the heterogeneous game
is smaller than the payoff obtained in the homogeneous one.

However, there is an unanswered question in oncology: Why does a malignant tumor
metastasize? From an ecological viewpoint, the goal of cell migration is tumor survival.
From a sociological perspective, however, it can be hypothesized that the ultimate common
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endpoint of neoplastic cells that migrate far away is to achieve a higher payoff elsewhere.
Here, the set of discriminated cells in the heterogeneous population that governs the
primary tumor might develop metastatic abilities just to escape to a friendlier environment
where a higher payoff is initially possible, at least theoretically.

5. Conclusions

Tumor spatial specialization with metastasizing subclones located in the tumor interior,
the demonstrated ability of metastases to metastasize, and the sociological tumor cell
interactions unveiled by the Hawk–Dove game reinforce the storyline of this perspective
in the sense that the search for a better environment by tumor cells is a constant event in
malignant tumors.
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Simple Summary: We aimed to evaluate the diagnostic performance, impact on patient disease
management, and therapy efficacy prediction of [68Ga]Ga-PSMA-11 PET/CT on 294 patients with
biochemical recurrence of prostate cancer. We established a composite standard of truth for the
imaging based on all clinical data available collected during the follow-up period with a median
duration of follow-up of 17 months. Using this methodology, we found that the overall per-patient
sensitivity and specificity were both 70%, the patient disease management was changed in 68% of
patients, and that [68Ga]Ga-PSMA-11 PET/CT impacted this change in 86% of patients. The treatment
carried out on the patient was considered effective in 78% of patients; in 89% of patients when guided
by [68Ga]Ga-PSMA-11 PET/CT versus 61% of patients when not guided by [68Ga]Ga-PSMA-11
PET/CT.

Abstract: Background: Detection rates of [68Ga]Ga-PSMA-11 PET/CT on the restaging of prostate
cancer (PCa) patients presenting with biochemical recurrence (BCR) have been well documented, but
its performance and impact on patient management have not been evaluated as extensively. Methods:
Retrospective analysis of PCa patients presenting with BCR and referred for [68Ga]Ga-PSMA-11
PET/CT. Pathological foci were classified according to six anatomical sites and evaluated with a three-
point scale according to the uptake intensity. The impact of [68Ga]Ga-PSMA-11 PET/CT was defined
as any change in management that was triggered by [68Ga]Ga-PSMA-11 PET/CT. The existence of
a PCa lesion was established according to a composite standard of truth based on all clinical data
available collected during the follow-up period. Results: We included 294 patients. The detection
rate was 69%. Per-patient sensitivity and specificity were both 70%. Patient disease management was
changed in 68% of patients, and [68Ga]Ga-PSMA-11 PET/CT impacted this change in 86% of patients.
The treatment carried out on patient was considered effective in 89% of patients when guided by
[68Ga]Ga-PSMA-11 PET/CT versus 61% of patients when not guided by [68Ga]Ga-PSMA-11 PET/CT
(p < 0.001). Conclusions: [68Ga]Ga-PSMA-11 PET/CT demonstrated high performance in locating
PCa recurrence sites and impacted therapeutic management in nearly two out of three patients.
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1. Introduction

Prostate cancer (PCa) is the most prevalent cancer in men worldwide, accounting
for approximately 21% of all diagnosed cancers [1]. Up to 40% of patients with PCa
initially treated with curative intent will experience biochemical recurrence (BCR) [2,3],
which is defined following radical prostatectomy by two consecutive rising prostate-
specific antigen (PSA) values >0.2 ng/mL, or after primary radiation therapy by any PSA
increase ≥2 ng/mL higher than the PSA nadir value, regardless of the serum concentration
of the nadir [4,5]. Accurately locating the recurrence site(s) is essential for optimizing
patient management, as localized or oligometastatic recurrences could be eligible for
salvage targeted treatments with curative intent, such as local therapy [6] or stereotactic
radiation therapy [7]. Conventional imaging modalities, such as bone scan and computed
tomography (CT), have limited utility in this setting, especially when PSA serum levels
are below 10 ng/mL [8]. [18F]fluorocholine positron emission tomography associated
with computed tomography (PET/CT) was demonstrated to have better performance than
conventional imaging but may also fail to locate recurrence at low PSA levels [9].

The prostate-specific membrane antigen (PSMA) is a transmembrane protein that is
over-expressed by up to 1000-fold in almost all PCa cells [10,11]. The recent introduction of
PET/CT using a PSMA radioligand for imaging of PCa BCR has shown promising results
due to its performance in detecting lesions, even at very low PSA levels, impacting on the
therapeutic management of PCa patients [12–14].

Although the detection rates of 68Ga-PSMA PET/CT have been well documented, its
sensitivity, specificity, impact on patient management, and therapy efficacy prediction have
not been evaluated as extensively.

The purpose of this study was to evaluate the diagnostic performance, impact on
patient disease management, and therapy efficacy prediction of PET/CT using a PSMA
ligand radiolabelled with gallium-68, the [68Ga]Ga-PSMA-11, on the restaging of PCa
patients presenting with BCR.

2. Materials and Methods
2.1. Population

Patients presenting with BCR of PCa who were addressed to our department for
[68Ga]Ga-PSMA-11 PET/CT were consecutively included and retrospectively analyzed.
These patients had shown no sign of distant metastases at [18F]fluorocholine PET/CT;
for this reason, they were referred to [68Ga]Ga-PSMA-11 PET/CT, based on the French
regulation for compassionate use of pharmaceutical, which is authorized on an individual
basis by the National Medicine Agency.

Inclusion criteria for patients were as follows: 1—histologically confirmed PCa previ-
ously treated with curative intent; 2—no known history of PCa distant metastases (invaded
locoregional pelvic lymph node at diagnosis was not considered as metastatic according to
the 2009 TNM classification for staging PCa [15]); 3—currently presenting a biochemical
recurrence defined as two consecutive rising PSA values above 0.2 ng/mL following radical
prostatectomy or any PSA increase greater than or equal to 2 ng/mL higher than the PSA
nadir value, regardless of the nadir value, for non-surgical first-line definitive treatments [4].

Exclusion criteria were as follows: 1—PCa with known distant metastases; 2—patients
with persistent PSA after prostatectomy (PSA ≥ 0.1 ng/mL) [15] or radiation therapy
(nadir PSA < 2 ng/mL with testosterone recovered if previous androgen deprivation
therapy (ADT) [5]); 3—patients who were never treated with curative intent for PCa;
4—the presence of a second active neoplasm other than PCa.

This research implied no intervention on the patient. According to French regulations,
the approval of an institutional review board was not necessary for performing this retro-
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spective analysis of already available data. Patients were informed that their data collected
for the [68Ga]Ga-PSMA-11 PET/CT would be analyzed and published anonymously, and
did not object.

2.2. [68Ga]Ga-PSMA-11 PET/CT Imaging Procedure

Gallium-68 was obtained from a [68Ge]Ge/ [68Ga]Ga radionuclide generator (Galli-
aPharm, Eckert & Ziegler Radiopharma GmBH, Berlin, Germany) and used for radiola-
belling of PSMA-11 according to the manufacturer’s instructions (IASON GmbH). Patients
did not require specific preparation before the injection. Patients received 1–2 MBq/kg of
the radiotracer injected in saline via an infusion line.

Images were acquired using a Gemini TF16 (Philips Medical Systems, Cleveland, OH,
USA) or a Biograph mCTflow (Siemens Healthcare, Erlangen, Germany) PET/CT. Both
PET/CT scanners included time-of-flight technology. Dynamic images were acquired on
the pelvis immediately after [68Ga]Ga-PSMA-11 injection (10 images of one-minute dura-
tion each) and from vertex to mid-thigh 60 to 90 min after injection. On the Gemini TF16
PET/CT, the pelvis was imaged for 3 min, and every other bed position was imaged for 2
min in 3D mode with a 576 mm FOV and a 144 × 144 matrix. Images were reconstructed
from 3 iterations and 33 subsets using the OSEM weighted method. Low-dose CT without
contrast-enhancement was performed prior to PET acquisition (120 kVp, 80 mA.s, slice
thickness 2.5 mm, pitch 0.813, rotation time 0.5 s, FOV 600 mm). On the Biograph mCTflow
PET/CT, the scanning speed was set to 0.7 cm/min over the pelvis and 0.9 cm/min for the
rest of the acquisition field. Images were taken in 3D mode with a 780 mm FOV and a 200
× 200 matrix. Images were reconstructed from 2 iterations and 21 subsets using the OSEM
weighted method. Low-dose CT without contrast-enhancement was performed prior to
PET acquisition (CareDose® automatic modulation for keV and mA.s, slice thickness 2 mm,
pitch 0.813, rotation time 0.5 s, FOV 500 mm). A harmonization in PET images between
the two scanners by using EQ.PET, a NEMA-referenced SUV across technologies was
performed [16].

2.3. [68Ga]Ga-PSMA-11 PET/CT Image Analysis

[68Ga]Ga-PSMA-11 PET/CTs were read on-site on the day of image acquisition (rou-
tine unmasked reading) by local nuclear physicians with at least 4 years of experience in
reading PET/CT and 6 months of experience in reading [68Ga]Ga-PSMA-11 PET/CT. An ex-
pert nuclear medicine physician with 10 years of experience in reading PET/CT and 4 years
of experience in reading [68Ga]Ga-PSMA-11 PET/CT, who was blinded to all clinical data,
performed a retrospective reading of the [68Ga]Ga-PSMA-11 PET/CTs of the patients who
met the inclusion criteria (masked retrospective reading). Anonymized images presented
in a random order were independently reviewed on a dedicated workstation (Syngo.via,
Siemens Healthcare).

The expert reader assessed uptakes across six anatomical sites and attributed them
value on a 3-point qualitative scale according their intensity: 0—no suspicious uptake (at
best equal to muscle background); 1—equivocal uptake (between background in muscles
and vessels); 2—malignant uptake (higher than background in vessels) [17]. CT images
were used for anatomic allocation of a suspicious focus and to facilitate diagnosis. We
considered six anatomical sites: prostate/prostatic lodge, pelvic lymph nodes (up to the
common iliac lymph nodes), paraaortic lymph nodes, lymph nodes above the diaphragm,
bone, and viscera. If at least one suspicious uptake (equivocal or malignant) was detected in
an anatomical site, the entire areas was quoted as equivocal or malignant. The intensity of
the most intense abnormal uptake was determined by the maximum standardized uptake
value (SUVmax) for each anatomical site during the retrospective reading. Based on the
results of [68Ga]Ga-PSMA-11 PET/CT, we categorized patients as oligometastatic if they
present between 1 and 3, 4, or 5 distant malignant uptakes excluding the prostate/prostatic
lodge (oligo-3, oligo-4, and oligo-5, respectively); polymetastatic if more than 5 distant
malignant uptakes were detected [18].
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2.4. Follow-Up and Evaluation of [68Ga]Ga-PSMA-11 PET/CT Impact on Patient Disease
Management

After imaging, the clinical follow-up was performed for each patient by his referring
physician. Clinicians decided for each patient management plan during multidisciplinary
meetings dedicated to urological cancers. These multidisciplinary meeting boards were
constituted by a urologist, a radiation oncologist, a medical oncologist, a pathologist, a
radiologist, and a nuclear medicine physician. They analyzed all clinical data available
before and after [68Ga]Ga-PSMA-11 PET/CT and then decided the management of the pa-
tients. We defined the impact of [68Ga]Ga-PSMA-11 PET/CT as any change in management
decided by clinicians during the multidisciplinary meeting triggered by [68Ga]Ga-PSMA-11
PET/CT.

The treatment carried out on the patient was considered to be effective if the PSA
declined by more than 50% (compared to the baseline value) following treatment modifica-
tion or if the PSA remained stable (maximum variation of 10% compared to baseline) on at
least 2 assays performed at least 3 weeks apart when surveillance was decided [19].

2.5. Standard of Truth

Existence of a PCa lesion was established for each patient according to a composite
standard of truth (SOT) based on all clinical data that were available during the follow-
up period: histological findings, results of other imaging, follow-up imaging and PSA
evolution. Histological findings when available were considered as the strongest criteria.
When histological confirmation was not available, SOT criteria were as follows:

1. True-positive if at least 3 criteria were met: the imaging was positive for a location; the patient
received targeted treatment for imaging findings; the PSA decreased in response to the targeted
treatment; the number or the size of the lesions decreased on follow-up imaging;

2. True-negative if at least 3 criteria were met: the imaging was negative for a location; the
patient received targeted treatment on another location; the PSA decreased in response to the
targeted treatment; no evolution on follow-up imaging;

3. False-positive if at least 3 criteria were met: the imaging was positive for a location; the
location was atypical for a PCa metastasis; the patient received targeted treatment for atypical
imaging findings leading to an absence of PSA decrease in response to treatment; the patient
received targeted treatment on another location leading to a PSA decrease in response to
treatment; persistence and stability of the abnormality on follow-up imaging;

4. False-negative if at least 3 criteria were met: the imaging was negative for a location; the
patient received targeted treatment on that location leading (as PCa patients presenting
with first BCR after prostatectomy and in whom there is no evidence of distant metastatic
disease can be offered salvage radiation therapy according to guidelines [20]); PSA decrease
in response to treatment; appearance of a typical abnormality in that location on follow-up
imaging.

2.6. Statistical Analysis

Data were analyzed using the IBM SPSS software. We considered a p-value less than
0.05 to be statistically significant. We performed logistic regression to search for a relation-
ship between [68Ga]Ga-PSMA-11 PET/CT positivity (patient-based and per anatomical
site) and initial ISUP grade group, initial d’Amico group risk, PSA in surgical patients
(closest assay to the [68Ga]Ga-PSMA-11 PET/CT), PSA doubling time in months, and PSA
velocity in ng/mL/year in all patients. Receiver operating characteristic (ROC) analysis
was used to determine area under the curve and cut-off values of PSA parameters in
relation to [68Ga]Ga-PSMA-11 PET/CT positivity. Comparisons of [68Ga]Ga-PSMA-11
PET/CT detection rates (at least one suspicious abnormality suggestive of PCa) and impact
on patient management to parameters in relation with [68Ga]Ga-PSMA-11 PET/CT positiv-
ity were performed by chi-squared test, a Fisher’s exact test, or a Student’s t-test according
to the type of variable. Detection rates and accuracies between the two PET/CT scanners
were compared by chi-squared test. Therapy efficacies when guided or not by [68Ga]Ga-
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PSMA-11 PET/CT imaging were compared via Fisher’s exact test. The agreement between
retrospective masked and routine unmasked [68Ga]Ga-PSMA-11 PET/CT readings, overall
and per anatomical site, were assessed using Cohen’s kappa coefficient (0–0.20: very weak;
0.21–0.40: weak; 0.41–0.60: moderate; 0.61–0.80: strong; 0.81–1.0: very strong).

3. Results
3.1. BCR Patient Characteristics

Between June 2016 and November 2018, 294 consecutive patients who met the in-
clusion criteria were retrospectively included (Table 1). No eligible patient was excluded.
One-hundred and ninety-three patients were presenting with first PCa BCR among whom
159 had prostatectomy.

Table 1. Patient characteristics.

Parameter

n 294
Mean age in years

At prostate cancer diagnosis (range) 61 (42–83)
The day of [68Ga]Ga-PSMA-11 PET/CT (range) 68 (43–88)

Initial group according to d’Amico classification
Low risk 32 (11%)
Intermediate risk 170 (58%)
High risk 70 (24%)
Unknown 22 (7%)

International Society of Urological Pathologists (ISUP) 2014 grade group
1 47 (16%)
2 106 (36%)
3 98 (33%)
4 23 (8%)
5 17 (6%)
Unknown 2 (1%)

Initial treatment
Surgery (prostatectomy ± lymph node dissection) 210 (71.5%)
Surgery + adjuvant radiation therapy 42 (14%)
Definitive radiation therapy ± androgen deprivation therapy 27 (9%)
Brachytherapy 14 (5%)
High Intensity Focused Ultrasound 1 (0.5%)

PSA parameters at [68Ga]Ga-PSMA-11 PET/CT (closest assay to the examination)
Mean delay between PSA assay and [68Ga]Ga-PSMA-11 PET/CT in weeks 10.5 [9.7–11.3]
Mean serum level in ng/mL in operated patients (n = 252) 2.97 [1.96–3.98]

0.20–0.49 57 (23%)
0.50–0.99 45 (18%)
1–1.99 59 (23%)
Greater than 2 91 (36%)

Mean serum level in ng/mL in non-operated patients (n = 42) 4.96 [3.60–6.31]
Mean doubling time in months* 12.9 [11.4–14.7]

Under 6 102 (36%)
Between 6 and 12 80 (28%)
Above 12 103 (36%)

Mean velocity in ng/mL/year * 2.95 [2.17–3.74]
* Evaluated on 285 patients; 95% confidence intervals are presented between brackets.

The mean time from PCa diagnosis to the first BCR was 42 months [95%CI: 37–46],
longer for ISUP 1–2 patients (49 months [95%CI: 43–56]) than for ISUP 3–5 patients
(33 months [95%CI: 28–39]) (p < 0.001; Student t test).

Sixteen patients were considered lost to follow-up (no follow-up data available). The
median duration of follow up after [68Ga]Ga-PSMA-11 PET/CT for the 278 assessable
patients was 17 months [95%CI: 14–19]. A patient-based SOT was feasible in 176 patients
(60%) among whom histological confirmation was available in 27 patients.
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3.2. [68Ga]Ga-PSMA-11 PET/CT Positivity Rates and Performance

On the 294 patients, 140 (48%) where scanned on the Gemini TF16 and 154 (52%) on
the Biograph CTflow.

At least one abnormal focus was found in 237 patients (81%) on routine unmasked
reading and in 229 patients (78%) on masked retrospective reading. The overall and per
anatomical site detection rates, irrespective of PSA, for readings, as well as the SUVmax of
detected foci, are presented in Table 2.

Table 2. [68Ga]Ga-PSMA-11 PET/CT positivity rates in prostate cancer patients investigated due to a biochemical recurrence
(irrespective of total prostate-specific antigen serum values). Results of routine unmasked and retrospective masked
readings, both by anatomical site and overall, are presented. Median maximum standard uptake values (SUVmax) per
anatomical site are presented with their range brackets. Agreement was evaluated with Cohen’s kappa coefficient κ.

n = 294 Malignant Equivocal Negative SUVmax [Range] κ

Overall
Routine unmasked 202 (69%) 35 (12%) 57 (19%)
Retrospective masked 202 (69%) 27 (9%) 65 (22%) - 0.68

Prostate/prostatic lodge
Routine unmasked 60 (20%) 18 (6%) 216 (74%)
Retrospective masked 60 (20%) 8 (3%) 226 (77%) 5.3 [1.7–20.9] 0.54

Pelvic lymph nodes
Routine unmasked 110 (38%) 6 (2%) 178 (61%)
Retrospective masked 111 (38%) 5 (2%) 178 (61%) 5.9 [1.7–58.3] 0.90

Paraaortic lymph nodes
Routine unmasked 47 (16%) 3 (1%) 244 (83%)
Retrospective masked 47 (16%) 2 (1%) 245 (83%) 5.5 [1.8–71.7] 0.84

Lymph nodes above the diaphragm
Routine unmasked 17 (6%) 12 (4%) 265 (90%)
Retrospective masked 25 (9%) 7 (2%) 262 (89%) 3.9 [2–19.6] 0.73

Bone
Routine unmasked 53 (18%) 14 (5%) 227 (77%)
Retrospective masked 57 (19%) 26 (9%) 211 (72%) 3.4 [1.1–38.6] 0.74

Viscera
Routine unmasked 18 (6%) 9 (3%) 267 (91%)
Retrospective masked 20 * (7%) 12 ** (4%) 262 (89%) 6.2 [2.2–18.6] 0.56

*: 7 carcinomatosis, 7 pleura/lung, 2 testis, 1 liver, 1 penile, 1 intramedullary spinal, 1 rectal. **: 4 carcinomatosis, 3 liver, 3 testis, 1 penile,
1 pancreas.

Based on the masked retrospective reading results, we identified a relationship be-
tween [68Ga]Ga-PSMA-11 PET/CT detection rates and PSA serum level in surgical patients:
37%, 56%, 71%, and 87% for PSA serum levels of 0.20–0.49 ng/mL (n = 57), 0.50–0.99 ng/mL
(n = 45); 1.00–1.99 ng/mL (n = 59), and ≥2.00 ng/mL (n = 91), respectively, if equivocal find-
ings were considered negative for malignancy; and 59%, 67%, 81%, and 88%, respectively,
if equivocal findings were considered positive for malignancy.

From the ROC analysis, the best cut-off value of PSA to perform a [68Ga]Ga-PSMA-11
PET/CT in surgical patients (n = 252) was 1 ng/mL (area under curve of 0.59), whether
considering equivocal findings as positive or negative for malignancy.

Overall, the mean PSA serum value of patients with negative [68Ga]Ga-PSMA-11
PET/CT was significantly lower than that of the patients with positive examinations,
whether considering equivocal findings as positive for malignancy (1.4 vs. 3.8 ng/mL:
p = 0.03) or negative for malignancy (1.8 vs. 3.9 ng/mL; p = 0.03).

A relationship was found between [68Ga]Ga-PSMA-11 PET/CT positivity on bone
and initial ISUP grade group. However, the rate of bone foci positive was statistically
higher for ISUP 3–5 patients than for ISUP 1–2 patients only when considering equivocal
findings as negative for malignancy (14% vs. 25%; p = 0.03 ).

We did not find any relationship between [68Ga]Ga-PSMA-11 PET/CT positivity and
the other tested parameters.
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Furthermore, we did not identify a difference in [68Ga]Ga-PSMA-11 PET/CT positivity
between patients presenting with a first BCR and patients presenting with a second or third
episode of BCR (p = 0.1).

According to [68Ga]Ga-PSMA-11 PET/CT results (retrospective masked reading re-
sults, equivocal findings considered positive for malignancy), 65 patients (22%) had no
detectable disease (60 surgeries), 34 patients (12%) presented an isolated focus in the
prostate/prostatic lodge (24 surgeries), 132 patients (45%) were categorized oligo-3 (116
surgeries), 142 (48%) oligo-4 (125 surgeries), 149 (51%) oligo-5 (130 surgeries), and 46 (16%)
had more than five distant malignant foci (37 surgeries).

The dynamic images acquired on the pelvis provided an additional diagnostic infor-
mation in 6/294 patients (2%), all of whom had surgery, since an abnormal focus in the
prostatic lodge was detected on this acquisition but masked by the physiologic urinary
uptake in the bladder on the 60 to 90 min after injection PET acquisition.

The overall and per anatomical site diagnostic performances of [68Ga]Ga-PSMA-11
PET/CT based on the 176 patients on whom a SOT was feasible are presented in Table 3.

Table 3. [68Ga]Ga-PSMA-11 PET/CT performances in prostate cancer patients investigated due
to a biochemical recurrence (irrespective of total prostate-specific antigen serum values). Results
with equivocal findings considered positive for malignancy and with equivocal results negative for
malignancy are both presented. Patient-based and region-based analyses with the number of cases
on which the standard of truth was feasible.

Se Sp Acc

Overall (n = 176)
Equivocal positive for malignancy 73% 57% 71%
Equivocal negative for malignancy 70% 70% 70%

Prostate/prostatic lodge (n = 121)
Equivocal positive for malignancy 76% 91% 85%
Equivocal negative for malignancy 69% 94% 87%

Pelvic lymph nodes (n = 116)
Equivocal positive for malignancy 90% 98% 94%
Equivocal negative for malignancy 88% 100% 95%

Paraaortic lymph nodes (n = 103)
Equivocal positive for malignancy 100% 99% 99%
Equivocal negative for malignancy 100% 100% 100%

Lymph nodes above the diaphragm (n = 101)
Equivocal positive for malignancy 78% 97% 95%
Equivocal negative for malignancy 56% 98% 94%

Bone (n = 109)
Equivocal positive for malignancy 88% 92% 91%
Equivocal negative for malignancy 88% 95% 94%

Viscera (n = 101)
Equivocal positive for malignancy 78% 97% 95%
Equivocal negative for malignancy 56% 98% 94%

We found no differences in detection rates or in accuracies between the two scanners.

3.3. Impact of [68Ga]Ga-PSMA-11 PET/CT on BCR Patient Management and Therapy Efficacy
Prediction

The impact of [68Ga]Ga-PSMA-11 PET/CT was assessable for the 278 patients for
whom follow-up data were available. Patient disease management changed in 189/278
(68%) cases, and [68Ga]Ga-PSMA-11 PET/CT impacted this change in 162 cases (86%), 21
being minor changes (Table 4).

93



Cancers 2021, 13, 1594

Ta
bl

e
4.

Im
pa

ct
on

pa
tie

nt
m

an
ag

em
en

t.
M

an
ag

em
en

ts
ch

ed
ul

ed
be

fo
re

an
d

in
vi

ew
of

[68
G

a]
G

a-
PS

M
A

-1
1

PE
T/

C
T,

ov
er

al
l,

fo
rs

ur
gi

ca
lp

at
ie

nt
s

an
d

fo
rn

on
-o

pe
ra

te
d

pa
ti

en
ts

.C
ha

ng
es

in
du

ce
d

by
[68

G
a]

G
a-

PS
M

A
-1

1
PE

T/
C

T
re

su
lt

s
ar

e
hi

gh
lig

ht
ed

in
bo

ld
an

d
un

de
rl

in
ed

.

O
ve

ra
ll

M
an

ag
em

en
t

Sc
he

du
le

d
(n

=
27

8)

U
nd

ec
id

ed
n

=
82

Tr
ea

tm
en

tw
it

h
C

ur
at

iv
e

In
te

nt
n

=
50

A
D

T
n

=
23

Su
rv

ei
ll

an
ce

n
=

12
3

In
di

ca
te

d
af

te
r

[68
G

a]
G

a-
PS

M
A

-1
1

PE
T/

C
T

Tr
ea

tm
en

tw
it

h
cu

ra
ti

ve
in

te
nt

n
=

14
0

48
+

3
#

18
+

19
*

4
45

+
3

A
D

T
n

=
68

15
+

3
##

11
+

1
1

+
17

**
18

+
2

Su
rv

ei
lla

nc
e

n
=

70
13

1
1

2
+

53
**

*

Su
rg

ic
al

Pa
ti

en
ts

M
an

ag
em

en
t

Sc
he

du
le

d
(n

=
24

0)

U
nd

ec
id

ed
n

=
71

Tr
ea

tm
en

tw
it

h
C

ur
at

iv
e

In
te

nt
n

=
48

A
D

T
n

=
18

Su
rv

ei
ll

an
ce

n
=

10
3

In
di

ca
te

d
af

te
r

[68
G

a]
G

a-
PS

M
A

-1
1

PE
T/

C
T

Tr
ea

tm
en

tw
it

h
cu

ra
ti

ve
in

te
nt

n
=

12
7

41
+

3
18

+
19

3
40

+
3

A
D

T
n

=
57

14
+

3
10

+
1

1
+

14
13

+
1

Su
rv

ei
lla

nc
e

n
=

56
10

0
0

46

N
on

-O
pe

ra
te

d
Pa

ti
en

ts
M

an
ag

em
en

t

Sc
he

du
le

d
(n

=
38

)

U
nd

ec
id

ed
n

=
11

Tr
ea

tm
en

tw
it

h
C

ur
at

iv
e

In
te

nt
n

=
2

A
D

T
n

=
5

Su
rv

ei
ll

an
ce

n
=

20

In
di

ca
te

d
af

te
r

[68
G

a]
G

a-
PS

M
A

-1
1

PE
T/

C
T

Tr
ea

tm
en

tw
it

h
cu

ra
ti

ve
in

te
nt

n
=

13
7

0
1

5
A

D
T

n
=

11
1

1
3

5
+

1
Su

rv
ei

lla
nc

e
n

=
14

3
1

1
2

+
7

A
D

T:
an

d
ro

ge
n-

d
ep

ri
va

ti
on

th
er

ap
y;

#:
in

3
ca

se
s

im
ag

in
g

w
as

ne
ga

ti
ve

an
d

p
at

ie
nt

s
w

er
e

tr
ea

te
d

by
sa

lv
ag

e
ra

d
ia

ti
on

th
er

ap
y

ac
co

rd
in

g
to

gu
id

el
in

es
;#

#:
in

3
ca

se
s

im
ag

in
g

w
as

ne
ga

ti
ve

an
d

pa
ti

en
ts

w
er

e
tr

ea
te

d
by

A
D

T
be

ca
us

e
of

a
ra

pi
d

PS
A

do
ub

lin
g

ti
m

e
(l

es
s

th
an

3
m

on
th

s)
;*

:i
n

18
ca

se
s,

im
ag

in
g

tr
ig

ge
re

d
a

m
od

ifi
ca

ti
on

of
ra

di
ot

he
ra

py
fie

ld
s

by
fin

di
ng

ly
m

ph
no

d
e

m
et

as
ta

se
s

(n
=

17
)o

r
an

is
ol

at
ed

bo
ne

m
et

as
ta

si
s

(n
=

1)
;*

*:
in

1
ca

se
,i

m
ag

in
g

fo
un

d
m

ul
ti

pl
e

bo
ne

m
et

as
ta

si
s

an
d

tr
ig

ge
re

d
a

m
od

ifi
ca

ti
on

of
th

e
pl

an
ne

d
A

D
T

re
gi

m
en

(s
w

it
ch

fo
r

a
se

co
nd

-g
en

er
at

io
n

A
D

T)
;*

**
:i

n
2

ca
se

s,
im

ag
in

g
tr

ig
ge

re
d

a
bi

op
sy

of
an

ab
no

rm
al

up
ta

ke
,f

or
w

hi
ch

pa
th

ol
og

y
de

m
on

st
ra

te
d

no
rm

al
pr

os
ta

ti
c

ti
ss

ue
(f

al
se

po
si

ti
ve

of
th

e
im

ag
in

g
on

th
e

pr
os

ta
te

)a
nd

a
so

lit
ar

y
fib

ro
us

tu
m

or
(f

al
se

po
si

ti
ve

of
im

ag
in

g
on

vi
sc

er
a)

.

94



Cancers 2021, 13, 1594

This impact was statistically higher when PSA was greater than 1 ng/mL in surgical
patients (97/145 = 67% vs. 43/95 = 45%; p < 0.001), but only when PSA was superior to
2 ng/mL in non-surgical patients (21/31 = 68% vs. 1/7 = 14%). Overall, the impact was
statistically higher when PSA doubling time was less than one year (113/176 = 65% vs.
46/95 = 48%: p = 0.01), and tended to be higher for ISUP 3–5 patients (83/131 = 63% vs.
77/145 = 53%; p = 0.08).

The therapy efficacy was assessable for 257 patients (87%) for whom sufficient follow-
up data were available. Treatments with curative intent consisted in 107 radiation thera-
pies focused on abnormalities detected by [68Ga]Ga-PSMA-11 PET/CT, 12 salvage lym-
phadenectomies, two focal irreversible electroporations, one cryosurgery, and one left
orchidectomy (isolated CaP metastasis of the testis histologically proven). Eleven pa-
tients with negative [68Ga]Ga-PSMA-11 PET/CT were treated by radiation therapy of
the prostatic lodge in accordance with the guidelines for salvage radiation therapy after
prostatectomy [20]. ADT was started for 67 patients among whom three benefited from
novel androgen axis drugs (such abiraterone or enzalutamide). Surveillance was finally
decided for 75 patients, while it was only indicated in 70 after multidisciplinary meeting, as
five patients, in whom PSA presented a long doubling time, refused the offered treatment.

The treatment carried out on the patient was considered effective according to the
defined criteria in 78% (200/257) of patients overall, 89% (138/155) when guided by
[68Ga]Ga-PSMA-11 PET/CT versus 61% (62/102) when not guided by [68Ga]Ga-PSMA-11
PET/CT (p < 0.001). It was considered effective in 84% (112/133) when a treatment with
curative intent was performed, 94% (60/64) when ADT was started, and 47% (28/60) when
surveillance was decided. The treatment carried out on the patient was considered effective
in 85%, 86%, and 87% when a treatment with curative intent was performed in oligo-3,
oligo-4, and oligo-5 patients, respectively.

3.4. Agreement between Routine Unmasked and Retrospective Masked [68Ga]Ga-PSMA-11
PET/CT Readings

The agreements between routine unmasked and retrospective masked readings are
presented in Table 2. Overall agreement was strong (k = 0.68). The agreement was moderate
for the prostate/prostatic lodge (k = 0.54) and viscera (k = 0.56), strong for lymph nodes
above the diaphragm (k = 0.73) and bone (k = 0.74), and very strong for pelvic lymph
nodes (k = 0.90) and paraaortic lymph nodes (k = 0.84). Both readings were similar in
92% (272/294) of cases. In the 22 cases for which readings were different, the findings on
masked readings were considered more accurate according to the follow-up in 6% (17/294:
10 on prostate/prostatic lodge, 2two on bone, two on lymph nodes above the diaphragm,
one on pelvic lymph nodes, one on paraaortic lymph nodes, and one on lung) versus 2%
(5/294: three on the prostate/prostatic lodge and two on pelvic lymph nodes) for routine
reading findings.

4. Discussion

4.1. [68Ga]Ga-PSMA-11 PET/CT Performances

PSMA-11 labelled with gallium-68 a is the most studied ligand for imaging of PCa,
especially patients with BCR, for whom detection rates were largely reported, but this
study is one of the largest series presenting [68Ga]Ga-PSMA-11 PET/CT performances
(i.e., sensitivity, specificity, and accuracy), based on a composite SOT. In the present study,
[68Ga]Ga-PSMA-11 PET/CT demonstrated an overall positivity rate of 78% for restaging
PCa patients with BCR, which is consistent with that of 76% reported in a recent meta-
analysis [21]. Our per anatomical site positivity rates were also in agreement with an
updated version of this meta-analysis [13], except for the extrapelvic lymph nodes positivity
rate as we chose to analyze this location in two separate areas (paraarotic lymph nodes and
lymph nodes above the diaphragm). We decided to do this because patient management
may significantly differ for PCa recurrence between these locations. We also confirmed the
relationship between [68Ga]Ga-PSMA-11 PET/CT positivity rate and PSA serum levels
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that has already been reported several times [22–24], observing positivity rates in surgical
patients comparable to those reported by Perera et al. [13].

In our study, we established a composite SOT for PCa on 176 patients overall and at
least a hundred patients for each anatomical area. As a histological confirmation of the
detected abnormalities was only available in 27 patients, the SOT was primarily based on
clinical follow-up including the PSA response to targeted treatment for imaging findings
during a median follow-up period of 17 months. Using those criteria, we found overall
sensitivity and specificity of both 70%, lower than that of 86% reported by Perera et al. [21],
which were only based on histopathologic correlation with 68Ga-PSMA PET/CT abnormal
findings and, therefore, did not take into account anatomical areas without abnormal
PSMA uptake. [68Ga]Ga-PSMA-11 PET/CT accuracies for anatomical areas were above
90%, except for the prostate/prostatic lodge area, for which image reading was impaired
by the urinary physiologic uptake in the bladder. To improve reading in this location, we
performed dynamic PET acquisition over the pelvis immediately after [68Ga]Ga-PSMA-11
injection as it was published that this imaging sequence increases the detection rate of local
recurrence [25]. In our study these early images provided additional information in 2%
(6/294) of patients, all of whom received surgery, by detecting pathological foci in prostate
lodge that were then masked by the urinary physiologic uptake in the bladder during the
60 min post-IV PET images. Considering these results, adding dynamic PET images to
[68Ga]Ga-PSMA-11 PET/CT imaging protocol should be considered for surgical patients.

4.2. [68Ga]Ga-PSMA-11 PET/CT’s Impact on PCa Management and Therapy Efficacy Prediction

We found that [68Ga]Ga-PSMA-11 PET/CT impacted patient disease management in
58% of cases, resulting in an increased proportion of treatments with curative intent. These
findings are consistent with the 54% reported by a recent meta-analysis [14]. Moreover, we
found that [68Ga]Ga-PSMA-11 PET/CT’s impact was significantly higher when PSA was
greater than 1 ng/mL in surgical patients but only when PSA was greater than 2 ng/mL in
non-surgical patients. All patients considered, the impact was significantly higher when
PSA doubling time was less than one year and tended to be higher for ISUP 3–5 patients.

In this study, the treatment carried out on patient was considered effective in 91%
of cases when guided by [68Ga]Ga-PSMA-11 PET/CT versus 40% when not guided by
[68Ga]Ga-PSMA-11 PET/CT (p < 0.001). We previously reported similar findings in a small
cohort of 30 castration-resistant PCa patients restaged by [68Ga]Ga-PSMA-11 PET/CT [26].

4.3. [68Ga]Ga-PSMA-11 PET/CT Reading Agreement

In our study we analyzed [68Ga]Ga-PSMA-11 PET/CTs according to a three-point
scale to introduce diagnostic uncertainty in imaging reading, as pitfalls and equivocal
findings are inseparable from any diagnostic procedure. Thus, we found equivocal results
in approximately 10% for both routine unmasked and retrospective masked readings,
which is relatively low. We also noted that the proportion of equivocal findings decreased
when PSA increased. Systematic approaches to the interpretation of PSMA imaging studies,
using a five-point scale, were recently proposed to classify imaging findings and better
reflects the likelihood of the presence of PCa [27,28]. However, we could not use those
approaches for the routine readings that were already performed and chose not to use it for
the retrospective readings as we wanted to ensure that evaluation between readings would
be comparable. Furthermore, we could not use the 2021 EANM standardized guidelines
for PSMA-PET as we conducted this research in 2019–2020.

We found an overall strong agreement between [68Ga]Ga-PSMA-11 PET/CT rou-
tine unmasked and retrospective masked readings (k = 0.68), which is comparable to a
previously report on a more heterogeneous series of 50 patients (k = 0.62) [29].

Agreement was moderate (k = 0.54) for the prostate/prostatic lodge, slightly lower
than previously reported (k = 0.62) [29], likely because our series reports a large proportion
of surgical patients. The reading in the prostate/prostate bed is impaired by the physiologi-
cal uptake of the urine in the bladder, especially in operated patients. Dynamic images aim
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to improve the reading in the prostate/prostatic lodge. The unmasked reader may look less
attentively at the dynamic images because he relies on the clinical data, such as mpMRI
or PSA serum value or doubling time that may influence its diagnosis (more equivocal
findings in the prostate/prostatic lodge). The experienced masked reader relies only on
the dynamic images to improve its reading in the prostate bed.

We found that agreement was strong to very strong for all lymph nodes areas (k = 0.73
for lymph nodes above the diaphragm, k = 0.84 for paraaortic lymph nodes, and k = 0.90
for pelvic lymph nodes), similar to previously reported values of k = 0.74, considering
all lymph node areas [29]. However, we distinguished invasion of the lymph nodes
between pelvic and paraaortic regions and above the diaphragm, as we assumed that
therapeutic management for involved lymph nodes differed between these areas. We
found a strong agreement in readings for bone (k = 0.74), which is comparable to that
previously reported [29]. Finally, we found a moderate agreement in readings for viscera
(k = 0.56), likely due to the low incidence of visceral metastases in patients with BCR [30]
and to atypical locations (like penile, testis, intramedullary spinal cord) or challenging
location for imaging (30% of visceral lesions were peritoneal carcinomatosis) [31,32].

We assumed that the disagreements between readings might be explain by the higher
number of equivocal foci found by the routine unmasked reading. Indeed, the knowledge
of clinical parameters such as PSA serum level or doubling time may influence the reading.

4.4. Limitations

This study has several limitations. The primary one, shared by most imaging studies
addressing the search for metastatic disease, is the lack of sufficient histological proof for
most of the suspected metastases, which were primarily characterized based on follow-up
data. Indeed, obtaining a histopathological evidence for asymptomatic and possibly benign
lesions, or locations that are negative on imaging, is ethically questionable and hardly
feasible in practice. We chose to base our SOT on the variation of PSA, excluding patients
with a change in their ADT regimen after [68Ga]Ga-PSMA-11 PET/CT and on histological
findings, if available. In this work, a SOT was feasible for 60% of patients, with a 17-month
median duration of follow-up, which allowed us to calculate overall performances of
[68Ga]Ga-PSMA-11 PET/CT, as well as performances per anatomical areas. Furthermore,
we were able to determine from the ROC analysis that the best cut-off values of PSA level to
perform a [68Ga]Ga-PSMA-11 PET/CT in operated patients was 1 ng/mL. These findings
need to be confirmed by other large studies, as most available data report 68Ga-PSMA
PET/CT detection rates [30,33,34].

The second major limitation of this work was its retrospective design. However,
this study is one of the larger homogenous cohorts of BCR patients which has evaluated
imaging performance based on a composite SOT.

In this work, we reported [68Ga]Ga-PSMA-11 PET/CT performance according to PSA
serum levels which were not evaluated the day of the PET, in the same laboratory, but
corresponded to the value of the closet assays to the examinations. Thus, we assume that
we may have overestimated detection rates, especially for low PSA levels.

In this work, [68Ga]Ga-PSMA-11 PET/CT acquisition time varied from 60 to 90 min
after [68Ga]Ga-PSMA-11 injection, which may be important as increased lesion detection
was reported with delayed imaging times up to four hours [35]. However, acquisition times
were within the acceptable range of 50 to 100 min that is recommended by the current
guidelines for 68Ga-PSMA PET/CT [35]. Thus, we assume that the limited variation in
acquisition times in our study did not significantly affect the results.

Finally, another notable feature is that all patients in our study who underwent
[68Ga]Ga-PSMA-11 PET/CT had previously show no sign of distant metastases
at [18F]fluorocholine PET/CT and were referred for this reason to [68Ga]Ga-PSMA-11
PET/CT based on the French regulation for compassionate use of pharmaceutical, which is
authorized on an individual basis by the National Medicine Agency. Therefore, our study
population may not reflect that of other international studies, and results may differ due to
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this selection method. However, we found comparable positivity rates than that reported
on larger series and metanalyses [13,36].

Because of these limitations, the promising performances and impact rate on patient
disease management of [68Ga]Ga-PSMA-11 PET/CT need to be confirmed in a larger
prospective study.

5. Conclusions

In conclusion, [68Ga]Ga-PSMA-11 PET/CT demonstrated reliable performance in
locating recurrence sites of prostate cancer and motivated disease management changes in
almost two out of three patients. Those performances and impact rates were better when
PSA serum level were above 1 ng/mL.

Comparison between routine unmasked and retrospective masked readings demon-
strated that this imaging modality is highly reproducible, especially for the detection of
pelvic and paraaortic lymph nodes.

The use of PSMA radioligands with PET/CT should be considered, when available,
as a first line imaging modality for biochemical recurrence of prostate cancer.
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Simple Summary: Novel hormonal therapies (such as abiraterone and enzalutamide) and docetaxel
are approved treatments for metastatic prostate cancer. Upfront use of these agents has been shown
to improve overall survival. However, we do not know the real-world treatment patterns of these
agents or the comparative effectiveness of these agents after treatment with a prior novel hormonal
therapy in patients with metastatic prostate cancer. In this large study, we found that most patients
with metastatic prostate cancer received only androgen deprivation therapy as upfront therapy
without novel hormonal therapies or docetaxel. In patients treated with one novel hormonal therapy,
alternate novel hormonal therapy was the most common next therapy and was associated with
improved overall survival over docetaxel with the caveat of this being a non-randomized comparison.
The study’s limitations also include its retrospective design.

Abstract: Background: Both novel hormonal therapies and docetaxel are approved for treatment of
metastatic prostate cancer (mPC; in castration sensitive or refractory settings). Present knowledge
gaps include lack of real-world data on treatment patterns in patients with newly diagnosed mPC,
and comparative effectiveness of novel hormonal therapies (NHT) versus docetaxel after treatment
with a prior NHT. Methods: Herein we extracted patient-level data from a large real-world database
of patients with mPC in United States. Utilization of NHT or docetaxel for mPC and comparative
effectiveness of an alternate NHT versus docetaxel after one prior NHT was evaluated. Comparative
effectiveness was examined via Cox proportional hazards model with propensity score matching
weights. Each patient’s propensity for treatment was modeled via random forest based on 22 factors
potentially driving treatment selection. Results: The majority of patients (54%) received only andro-
gen deprivation therapy for mPC. In patients treated with an NHT, alternate NHT was the most
common next therapy and was associated with improved median overall survival over docetaxel
(abiraterone followed by docetaxel vs. enzalutamide (8.7 vs. 15.6 months; adjusted hazards ratio;
aHR 1.32; p = 0.009; and enzalutamide followed by docetaxel vs. abiraterone (9.7 vs. 13.2 months
aHR 1.40; p = 0.009). Limitations of the study include retrospective design.
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1. Introduction

Based on significant improvement in overall survival in randomized controlled trials,
docetaxel and novel hormonal therapies (NHTs) such as abiraterone or enzalutamide,
were first approved for metastatic castration-resistant prostate cancer (mCRPC), and sub-
sequently for men with metastatic castration-sensitive prostate cancer (mCSPC) [1–5].
However, contemporary data of treatment patterns are lacking to demonstrate whether
these successes are reaching the real-world patients with metastatic prostate cancer (mPC)
in the United States.

Another knowledge gap pertains to treatment selection in the real world after the
progression of mPC on one NHT. In this setting, both NHTs and docetaxel are available
and considered standard of care [6]. However, the efficacy of docetaxel and NHT after
prior NHT use in mPC has not been compared in a randomized controlled trial, and/or
in any large real-world patient-level dataset. In clinical trials, the time on alternate NHT
after disease progression on one NHT has been 3.6 to 5.7 months [7,8]. Clinical trials
have not evaluated the efficacy of docetaxel after one prior NHT but the median duration
of docetaxel as the first subsequent therapy in the registration trial of abiraterone in
chemotherapy-naïve mCRPC setting (COU-AA-302 trial) was 3.02 months (interquartile
range 0.95–5.72) [9].

The current lack of real-world treatment patterns and treatment-related outcomes
hamper efforts on improving patients’ access to these therapeutic agents as well as design-
ing of clinical trials in these men. Furthermore, a lack of comparative effectiveness data
prevents patients from making best-informed treatment decisions. Drug development is
hindered, due to lack of information on estimates of progression-free survival and overall
survival (OS) on subsequent therapies after treatment with one NHT, as well as due to
challenges in terms of selection of the best control arm in the randomized trials in this
setting. In this study, our objective was to fill in these knowledge gaps by evaluating the
treatment patterns in patients with new mPC and comparing the efficacy of an alternate
NHT (abiraterone or enzalutamide) versus docetaxel after prior therapy with only one
NHT (abiraterone or enzalutamide) in real-world patients with mPC.

2. Materials and Methods
2.1. Study Population

De-identified patient-level data from patients with mPC were extracted from the
Flatiron Health Electronic Health Record database. The Flatiron database consists of
nationally representative real-world data from community practices and academic medical
centers from 2011 through the present and contains structured and unstructured data
curated via technology-enabled abstraction and supplemented with third-party death
information. Details of the Flatiron database and its comparison with other real-world
databases have been discussed elsewhere [10]. This study was approved by the Institutional
Review Board at the University of Utah (IRB_00067518, last approved 9 July 2021).

Eligibility criteria: patients with mPC diagnosed from January 2011 and treated
through 30 September 2019; the patient had some evidence of contact within 180 days of
diagnosis of metastatic disease to ensure that the patient was actively engaged in care at the
data providing institution, and availability of treatment data after diagnosis of metastatic
disease. For comparative effectiveness analysis, patients also needed to receive one NHT
for mPC followed by an alternate NHT or docetaxel. Patients with systemic therapy with
any anti-cancer drug (except ADT) prior to first NHT were excluded. For the purpose of
comparative effectiveness analysis use of first NHT was considered first line (1L) therapy.
Receipt of a second NHT or docetaxel after one prior NHT was considered second-line (2L)
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treatment. The follow-up period was until 9 September 2019. All patients were required to
have begun 2L therapy at least 6 months before the end of the follow-up period. Patients
were excluded if they received any other anti-cancer agent in 1L or 2L, or if they had prior
exposure to NHT or docetaxel in the non-metastatic setting.

2.2. Outcome Definitions for Comparative Effective Analysis

OS was defined as the time from the start of 2L therapy to death from any cause.
Among men who did not die during follow-up, censoring time was defined as the time
of most recent contact in the data, which could have been a therapy end date or a visit,
drug episode, or medication order. Time to initiation of 3L therapy or death (TTTTD) was
defined as the time from the start of 2L therapy to the start of third-line (3L) therapy, or
death. Among men who did not initiate a 3L therapy and died, death within 180 days
after the end of 2L therapy was considered an event. Patients who died after the 180-day
window were censored at the time of the last contact since we would anticipate that many
of these patients were pursuing a 3L treatment at a different institution. Among men not
pursuing 3L who did not die, censoring time was defined as the time of most recent contact
in the data.

2.3. Statistical Analysis

Receipt of systemic therapy at the time of diagnosis of metastatic prostate cancer,
and subsequent therapies and treatment patterns from 2011 to 2019 were summarized de-
scriptively. For a comparative effectiveness study, the analyses were performed separately
among 1L abiraterone and 1L enzalutamide patients. Patients treated with 2L NHT and
docetaxel were compared at baseline and pre-2L characteristics using Wilcoxon rank-sum
tests for quantitative variables and chi-squared tests for categorical variables. The survival
outcomes of interest (TTTTD and OS) were compared visually without any adjustment
using Kaplan–Meier survival curve estimates, and median survival times were estimated
overall and in groups defined by time on 1L therapy. To account for patient characteristics
that may affect both treatment selection and outcomes, Cox proportional hazards models
with propensity score weighting were used. The probability of receiving docetaxel vs.
alternate NHT was estimated using a random forest approach [11], with candidate vari-
ables including: Gleason score at initial diagnosis; prostate-specific antigen (PSA) at the
diagnosis of metastatic disease and at start of 1L (an indirect measure of disease volume);
insurance status, which may influence the selection of 2L therapy (most recent reported
payer prior to the 2L start date, including commercial health plan, Medicaid, Medicare,
other government, other payer, and patient assistance program); age and year at the time
of starting 2L; race; time on ADT-only therapy after metastasis; time on 1L therapy and
whether the patient was considered hormone sensitive at time of 1L initiation; the number
of diagnoses in the medical records; indicators for diagnosis codes for visceral metastasis,
any other specific metastasis, diabetes, heart failure, or neuropathy; Eastern Cooperative
Oncology Group (ECOG) performance status in the 3 months prior to 2L start; and PSA,
lactate dehydrogenase (LDH), alkaline phosphatase, and hemoglobin in the 3 months prior
to starting 2L therapy. In all cases, a separate category was coded for missing values. The
propensity scores were used to calculate matching weights, targeting the same estimand as
1:1 matching of treatment groups on combinations of potential confounders [11]. Covariate
balance was assessed via weighted tests and by examining standardized mean differences.
The weights were then used in Cox proportional hazards models to evaluate the effect of
docetaxel compared with other NHT, balanced on potential confounders.

In addition to the main analyses, subgroup analyses were performed based on age,
Gleason score, time on 1L therapy, performance status, alkaline phosphatase, PSA, LDH,
and hemoglobin at 2L initiation. Propensity scores were recalculated within each subgroup.
Additionally, selected post-2L characteristics, including post-2L ECOG and numbers of
post-2L therapies, were compared across the groups. All analyses were performed in R
version 4.0.2, using packages ggplot2, randomForest, survey, survival, and tableone.
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3. Results

A flow diagram illustrating the selection of patients for both the full cohort and 2L
analyses is presented in Figure 1.
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Figure 1. Flow diagram depicting stepwise patient selection.

3.1. Treatment Patterns in Patients with Metastatic Prostate Cancer

Table S1 summarizes patient characteristics for the full cohort of mPC patients (N = 9747
after exclusions from initial N = 11,503) and Figure 2 summarizes treatment patterns
after diagnosis of mPC. After the diagnosis of new mPC disease, 54.2% of patients were
treated with ADT only. Abiraterone (15.5%) was the most frequently used intensifying
agent, followed by docetaxel (13.8%) and enzalutamide (8.3%). The yearly trend of use of
therapeutic agents for new diagnosis of mPC is presented in Figure 3 which demonstrates
a gradual but encouraging increase in the use of NHTs at the time of onset of metastatic
prostate cancer.
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Figure 3. First Treatment After Metastatic Diagnosis, By Year (N = 9747).

The predominant subsequent treatments in the entire cohort of these men with mPC
consisted of NHTs, although other approved life-prolonging therapies were also utilized.
These treatment patterns are summarized in Figures 4 and 5.
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3.2. Comparison of Effectiveness of NHT Versus Docetaxel after a Prior NHT

Thereafter we aimed to evaluate the comparative effectiveness of alternate NHTs
vs. docetaxel after treatment with an NHT in this real-world patient population. Out
of the 9747 patients with mPC in the dataset, 1117 patients met all eligibility criteria for
this analysis. The most common reason for exclusion were lack of information on any
treatment other than ADT (N = 2733), 1L treatment other than abiraterone or enzalutamide
(including N = 1588 1L docetaxel and N = 329 combination therapy), lack of information on
2L treatment (N = 2219) or 2L treatment other than abiraterone, enzalutamide, or docetaxel.
Of these 1117 included patients, in the 1L therapy setting, 695 men received abiraterone,
and 422 men received enzalutamide. In the 1L abiraterone group, 2L treatment consisted
of enzalutamide in 508 and docetaxel in 187 patients. In the 1L enzalutamide group, 2L
treatment consisted of abiraterone in 290 and docetaxel in 132 patients. Median follow-up
for the study cohort was 9.8 months (range 0.1–64.4) and median follow-up among patients
alive at the cutoff date for analysis was 12.5 months (range 0.2–64.4 months).

Table S2 presents an extensive comparison of patient characteristics in alternate NHT
and docetaxel groups in 2L. Propensity scores were estimated and used to calculate match-
ing weights, and propensity score overlap (evaluated graphically Figure S1) and covariate
balance (evaluated by standardized mean differences) were deemed satisfactory; more
details are in the supplementary material. This suggests that analyses adjusted by using
weighting based on the propensity score should largely eliminate potential confounding
from the measured variables.

3.3. Primary TTTTD and OS Analysis

Figure 6 displays Kaplan–Meier curves for the two survival outcomes of interest,
TTTTD, and OS, for 2L NHT vs. docetaxel, separately for the 1L abiraterone (Figure 6a) and
1L enzalutamide (Figure 6b) patient groups. In both groups, 2L NHT showed evidence of
superior survival experiences as compared with 2L docetaxel. Table 1 presents (unadjusted)
median survival in all groups, as well as groups defined by time on 1L therapy (< or
≥6 months; < or ≥12 months). Median TTTTD was between 4.4 and 8.5 months across the
2L sub-groups and was longer in nearly all alternate NHT subgroups as compared with
docetaxel. Median OS from the start of 2L therapy was consistently longer with alternate
NHT as compared to docetaxel in both groups. In the 1L abiraterone group, the median OS
with enzalutamide was 15.6 months as compared to 8.7 months with docetaxel. Similarly, in
the 1L enzalutamide group, the median OS with abiraterone was 13.2 months as compared
to 9.7 months with docetaxel.

Table 2 presents HRs from the Cox proportional hazards model adjusted using match-
ing weights from the propensity score model for the overall population, and the results are
consistent with the unadjusted results. The TTTTD HR for 2L docetaxel vs. alternate NHT
was 1.26 (95% CI 1.04, 1.53) in the 1L abiraterone group and 1.32 (95% CI 1.07, 1.64) in the
1L enzalutamide group. The analogous HRs for OS were 1.36 (95% CI 1.09, 1.70) in the 1L
abiraterone group and 1.40 (95% CI 1.09, 1.80) in the 1L enzalutamide group.
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Table 1. Median TTTTD and OS times, starting from the initiation of second-line (2L) therapy, overall and in subgroups
defined by time on first-line (1L) therapy. Median survival estimates and 95% confidence intervals (CIs) are estimated using
the Kaplan–Meier method, and are not adjusted for any covariates. Confidence limits that could not be estimated due to
limited sample size are denoted by “-”. TTTTD is time to third-line treatment or death, and OS is overall survival.

1L Therapy Population Outcome 2L Therapy N Events Median Survival,
Months (95% CI)

Abiraterone

Overall
TTTTD

Enzalutamide 508 422 5.9 (5.6, 6.7)
Docetaxel 187 161 5.1 (4.7, 5.7)

OS
Enzalutamide 508 352 15.6 (12.7, 16.7)

Docetaxel 187 144 8.7 (7.7, 11.6)

1L NHT < 6 months
TTTTD

Enzalutamide 184 154 5.9 (5.4, 7.1)
Docetaxel 115 104 5.0 (4.7, 5.7)

OS
Enzalutamide 184 128 15.1 (11.0, 18.4)

Docetaxel 115 91 9.1 (7.7, 12.1)

1L NHT ≥ 6 months
TTTTD

Enzalutamide 324 268 6.0 (5.5, 7.0)
Docetaxel 72 57 5.5 (4.3, 6.6)

OS
Enzalutamide 324 224 15.6 (12.8, 16.7)

Docetaxel 72 53 8.4 (6.3, 13.2)

1L NHT < 12 months
TTTTD

Enzalutamide 362 306 5.6 (5.3, 6.4)
Docetaxel 164 148 5.0 (4.6, 5.5)

OS
Enzalutamide 362 263 12.5 (10.9, 15.6)

Docetaxel 164 132 8.1 (7.3, 10.3)

1L NHT ≥ 12 months
TTTTD

Enzalutamide 146 116 8.2 (5.9, 10.1)
Docetaxel 23 13 8.5 (4.7, -)

OS
Enzalutamide 146 89 18.9 (16.5, 24.6)

Docetaxel 23 12 16.0 (12.4, -)

Enzalutamide

Overall
TTTTD

Abiraterone 290 226 6.3 (5.5, 7.0)
Docetaxel 132 117 4.7 (4.4, 5.4)

OS
Abiraterone 290 182 13.2 (11.4, 15.0)
Docetaxel 132 103 9.7 (8.6, 12.6)

1L NHT < 6 months
TTTTD

Abiraterone 92 72 4.8 (4.2, 6.3)
Docetaxel 69 63 4.4 (3.7, 5.3)

OS
Abiraterone 92 66 9.8 (6.7, 13.5)
Docetaxel 69 58 7.0 (6.3, 9.3)

1L NHT ≥ 6 months
TTTTD

Abiraterone 198 154 6.8 (6.2, 8.0)
Docetaxel 63 54 5.3 (4.4, 8.2)

OS
Abiraterone 198 116 14.0 (11.9, 17.6)
Docetaxel 63 45 12.8 (10.9, 16.6)

1L NHT < 12 months
TTTTD

Abiraterone 184 140 5.7 (5.0, 7.0)
Docetaxel 107 96 4.5 (4.1, 5.3)

OS
Abiraterone 184 125 10.4 (8.4, 12.0)
Docetaxel 107 87 8.8 (7.7, 11.5)

1L NHT ≥ 12 months
TTTTD

Abiraterone 106 86 6.9 (5.9, 8.5)
Docetaxel 25 21 7.2 (4.9, 14.8)

OS
Abiraterone 106 57 19.1 (14.7, 24.2)
Docetaxel 25 16 15.1 (10.0, -)
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Table 2. Hazard ratios (HRs) and 95% confidence intervals (CIs) comparing survival outcomes on second-line (2L) docetaxel
vs. 2L alternate NHT. The HRs are from Cox proportional hazards models weighted using matching weights from propensity
scores to adjust for potential confounding.

1L Therapy Outcome 2L Therapy N HR (95% CI) p

Abiraterone
TTTTD

Enzalutamide 508 1.00 (ref)
Docetaxel 187 1.26 (1.04, 1.53) 0.018

OS
Enzalutamide 508 1.00 (ref)

Docetaxel 187 1.32 (1.07, 1.64) 0.009

Enzalutamide
TTTTD

Abiraterone 290 1.00 (ref)
Docetaxel 132 1.36 (1.09, 1.70) 0.008

OS
Abiraterone 290 1.00 (ref)
Docetaxel 132 1.40 (1.09, 1.80) 0.009

3.4. Subgroup Analyses

In addition to the main analyses, subgroup analyses based on characteristics of interest
were performed. Results from these are presented visually in Figure 7a,b and numeri-
cally in Table S3. With only a few exceptions, the HR point estimates for docetaxel vs.
NHT were above 1 across subgroups and are not significantly less than 1 for any sub-
group. Some subgroups with OS HRs significantly above 1 (at the 0.05 level) included age
≤ 70 (1L abiraterone); age 70–75 (1L enzalutamide); and ECOG 0–1 (1L abiraterone and
1L enzalutamide).

3.5. Post-2L Characteristics

Finally, we investigated selected post-2L characteristics, to evaluate whether any
differences in these could help elucidate the main associations. Comparisons of these
characteristics are presented in Table S4 and should be interpreted with some caution
because the end of follow-up due to death or censoring could potentially impact the
observed summaries. First, the median number of docetaxel cycles among patients in 2L
docetaxel groups was 6 in both groups considered, which is lower than the recommended
dose of docetaxel in men with mCRPC. Second, we evaluated ECOG after 4 months on 2L
therapy, and before the end of 2L therapy; this was available for 35.8–40.0% patients across
the arms. There was no evidence suggesting differences in this post-2L ECOG between 2L
NHT and 2L docetaxel groups.

The rates of 3L initiation were similar among the two arms in the 1L abiraterone
group, but differed in the 1L enzalutamide group with 42.4% patients in the 2L abiraterone
subgroup starting a 3L therapy as compared to 57.6% in the 2L docetaxel subgroup, despite
a similar follow-up time between the groups. The total number of post-2L lines of treatment,
the number of post-2L lines of treatment that include at least one of the approved life-
extending drugs [6], and the number of unique post-2L life-extending drugs used [6] were
similar among the 1L abiraterone patients, though nominally lower in the 2L docetaxel
patients; these metrics were also similar among the 1L enzalutamide patients, though they
tended to be nominally higher among 2L docetaxel patients.
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4. Discussion

Once metastatic, prostate cancer is traditionally described either as mCSPC during
which it can be treated by depleting the serum testosterone to castrate levels (<50 ng/dl),
and mCRPC when prostate cancer continues to progress even in the presence of castrate
levels of testosterone [12]. However, this difference is now losing its significance as the
therapies which were utilized for mCRPC have been also approved for mCSPC. Upfront
utilization of these therapies (NHT and docetaxel) has shown to improve OS and are
recommended by current guidelines [6,12]. However, as discussed above, the real-world
adaptation of these life-prolonging therapies in clinical practice, or the survival outcomes
with docetaxel versus a NHT after treatment with one NHT are not well characterized.
There has not been a randomized controlled trial in this setting either.

There are four main contributions of this paper. First is the data on treatment patterns
and utilization of systemic therapies in the real-world men with mPC in the United States.
Until now, there are only a few published studies that have investigated the treatment pat-
terns and use of upfront intensification in a real-world population. Upfront intensification
with NHTs or docetaxel is currently recommended as initial treatment for patients with mC-
SPC [6]. Upfront intensification not only prolongs life but does so without compromising
quality-of-life as observed in randomized clinical trials [13]. However, retrospective studies
(mostly as abstracts) from multiple different databases including Optum, Medicare and
ConcertAI Oncology Dataset have shown a consistent underutilization of intensification
ranging from <10% to up to 30% of mCSPC patients and even those with visceral disease
and in those with insurance [14–17]. In our dataset, we confirm that upfront intensifica-
tion was low but a gradual and encouraging trend towards increased intensification was
observed over the last 5 years (Figure 3).

Second, we observe that in a large real-world dataset, more than two-thirds of patients
with mPC treated with an NHT subsequently received an alternate NHT, and <30% of
patients received docetaxel as a subsequent therapy. This suggests that an alternate NHT is
widely used and is the preferred therapy over docetaxel in this real-world population in
the United States.

Third, we provide estimates of TTTTD and OS after disease progression on one
NHT. These data are not currently available from prospective datasets. In our view, these
estimates may be useful in the counseling of patients and for clinical trial design.

Fourth, with the caveat of a non-randomized comparison and the retrospective nature
of the study, we observed that the alternate NHT, when compared to docetaxel, was
associated with superior OS after treatment with a prior NHT in mPC setting. It should be
noted that efficacy data comparing docetaxel to alternate NHT after treatment with one
NHT either from a clinical trial or a retrospective experience are currently non-existent.

Abiraterone, enzalutamide, and docetaxel have been shown to improve survival
in men with metastatic castration-resistant prostate cancer [18–23]. Abiraterone is an ir-
reversible inhibitor of 17 α-hydroxylase/17, 20-lyase (cytochrome P450c17 [CYP17A1]),
blocks intratumoral production of testosterone, and one of its metabolites, ∆4-abiraterone is
a direct androgen receptor (AR) inhibitor AR [24–27]. Enzalutamide impairs androgen bind-
ing to the AR, AR nuclear translocation, DNA binding, and coactivator recruitment [28].
Docetaxel exerts its anticancer effect at least in part by impairing AR signaling by inhibit-
ing its nuclear translocation by stabilizing microtubules [29]. Preclinical studies have
shown cross-resistance between these agents despite apparently differing mechanisms of
action [8,30–32].

In a prospective single-arm trial (n = 215) in men with progressive mCRPC on abi-
raterone, the median time to PSA progression and radiographic progression with enza-
lutamide was 5.7 months and 8.1 months, respectively [7]. In a prospective, randomized,
cross-over trial (n = 212) of abiraterone versus enzalutamide followed by cross-over to enza-
lutamide or abiraterone in progressive mCRPC, the median time to PSA progression with
enzalutamide after abiraterone was 3.5 months while with abiraterone after enzalutamide
was 1.7 months. This trial did not report radiographic progression-free survival with 2L
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NHT [7,8]. While the efficacy of an alternate NHT has been tested after a prior NHT in
mCRPC in the two above-mentioned prospective trials, such prospective evaluation of the
efficacy of docetaxel after prior treatment on an NHT has not yet been reported. However,
in a post hoc analysis of the COU-AA-302 trial, the median duration of docetaxel treatment
was ~3 months in men who had prior disease progression on abiraterone which is similar to
that seen in our study [9]. Multiple other studies in this setting have shown similar results
and are summarized in Table S5. At present, no evidence exists based on a randomized
trial to support the use of an alternate NHT over docetaxel or vice versa after prior disease
progression on one NHT for mPC. Furthermore, the estimates for TTTTD and OS are not
available with 2L NHT or docetaxel after a prior 1L NHT as these agents have never been
tested in any prospective clinical trial. Recent data from the CARD trial, which was con-
ducted in the 3L systemic therapy setting, demonstrated significant improvement in clinical
outcomes with cabazitaxel as compared to an alternate NHT in men with mCRPC who had
previously received docetaxel and experienced disease progression within 12 months of
being on the treatment of an NHT [33]. However, these data may not apply to 2L systemic
therapy setting, i.e., to the patients who only received treatment with only one NHT in
1L, and a 2L therapy selection needs to be made between docetaxel and an alternate NHT.
This lack of evidence on the comparative efficacy of alternate NHT versus docetaxel and
survival estimates with these agents in the 2L setting poses serious challenges to treating
providers on treatment selection, prognostication, and patient counseling. It is unlikely
that we will have these data available from a randomized trial of 2L NHT or docetaxel in
the near future, though the results of this study suggest that such a trial is warranted.

To better explain the lower OS with docetaxel, we evaluated multiple hypotheses. We
investigated whether patients in the real-world were receiving fewer cycles of docetaxel,
whether receipt of docetaxel was leading to early deterioration of performance status, or if
there were differences in 3L therapies. In this real-world population, 2L docetaxel patients
were indeed receiving fewer than recommended cycles of docetaxel (medians 5.5–6 cycles
in the 2 groups) as opposed to ~10 cycles generally recommended in the clinical trial
setting based on the results from the seminal TAX327 study which led to the approval of
docetaxel in the mCRPC setting [23]. The proportions of patients initiating 3L treatment in
the docetaxel and alternate NHT arms were similar in the 1L abiraterone group but greater
for docetaxel vs. alternate NHT in the 1L enzalutamide group (Table S4). Similarly, the
metrics comparing the number of life-extending agents were similar between docetaxel
and alternate NHT in the 1L abiraterone group, but greater for docetaxel than alternate
NHT in the 1L enzalutamide group. These findings may be a reflection of an earlier switch
to subsequent therapy in those receiving 2L docetaxel possibly due to poor tolerability or
earlier disease progression.

The strengths of our study include real-world patient-level data from a large cohort of
patients with the propensity-weighted matching of multiple potential confounders. We
report both TTTTD and OS with 2L docetaxel or alternate NHT, along with comprehensive
subgroup analyses.

The central weakness of this study is that our data are observational, and associations
in observational data may be impacted by confounding. A priori, we would expect that
physicians were selecting docetaxel for men whose cancer appeared to be more severe,
in which case we would expect unadjusted estimates of TTTTD and OS to be shorter in
that group, which we do indeed observe. If docetaxel was superior to alternate NHT after
treatment with one NHT, we would expect that docetaxel would show similar or better
performance than alternate NHT in the analyses where we adjust for measures of disease
severity and treatment applicability; however, we did not observe this. Our approach
to adjustment is designed to essentially match men based on key covariates that capture
disease severity and the rapidity of progression, such as PSA, time on ADT, time on the
first NHT, and key comorbidities. We did indeed see some indication of an imbalance in
covariates between the treatment arms on some of these variables, but when using matching
weights based on the propensity scores, the treatment arms became balanced, suggesting
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that confounding by the variables we have measured does not have a major impact on our
results. However, our results may be impacted by confounding by variables we do not
have measured, such as patient treatment preferences, healthcare access information, or
genetic phenotypes that are not available to us. They may also be impacted by missingness,
particularly if that missingness is differential—e.g., if patients in one treatment arm are
typically missing PSA values only if they are very high, and that is not true of patients in the
other treatment arm. Although these concerns are significant and urge caution in relying
too strongly on results from this observational study, if docetaxel is in fact superior to
alternate NHT in all men, it would require fairly strong effects of the unmeasured variables
on both treatment selection and outcomes. Our results showing improvement in survival
outcomes in the alternate NHT arms vs. docetaxel were very consistent across adjusted
analyses and within subgroups. We therefore think it is worthwhile to share the results
from this observational study, and strongly advocate for further studies investigating these
treatment regimens to understand whether alternate NHT may be a better alternative than
docetaxel for some patients. If a randomized clinical trial is unlikely, further observational
studies with more careful annotation of potential confounders could better elucidate which
treatment plan is superior and for which patients.

5. Conclusions

In this large observational real-world study, most men with new mPC did not receive
NHT or docetaxel despite large, randomized trials showing significantly improved survival
outcomes with these agents. The next step needs to be understanding the reasons for
underutilization including lack of patient and physician awareness, barriers to access to
these life-prolonging therapies including insurance/cost/access, fear of toxicities (drug
or financial), or other reasons including co-morbidities, age, social, demographic or racial
disparities. Once the causes are identified a combined and cohesive effort can be undertaken
by various stakeholders to resolve them. In patients with mPC with prior treatment with
only one NHT, the use of alternate NHT was more common and associated with superior
survival compared to docetaxel in this retrospective dataset, which warrants a randomized
controlled trial in this setting. These data also show survival estimates on NHT and
docetaxel after progression on one NHT which may assist with designing clinical trials in
this setting, as well as counseling and prognostication in the clinic.
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Simple Summary: The [177Lu]Lu-PSMA radioligand therapy (PSMA-RLT) has emerged as a suc-
cessful treatment option in patients with metastatic castration-resistant prostate cancer (mCRPC).
Nevertheless, the therapeutic protocol of this treatment is still heterogeneous in many centers, in
terms of the number of cycles and the interval between the cycles. Recently, we published the clinical
impact of a homogeneous PSMA-RLT protocol that has been applied in our clinic since we started
offering this treatment to patients with mCRPC. The outcomes were supportive and promising for
analyzing the efficacy and toxicity of using the same treatment regimen in patients who benefited
from the first treatment course. Based on the results, we concluded that a second course of three
cycles of standardized PSMA-RLT with only a 4-week interval between the cycles is safe and offers
favorable tolerability, response rates, overall survival, and progression-free survival, rendering it a
promising alternative for the retreatment of mCRPC patients who have formerly responded well
to PSMA-RLT.

Abstract: Background: We investigated the response rate and degree of toxicity of a second course
of three cycles of [177Lu]Lu-PSMA radioligand therapy (PSMA-RLT) every 4 weeks in mCRPC
patients. Methods: Forty-three men (71.5 ± 6.6 years, median PSA 40.8 (0.87–1358 µg/L)) were
studied. The response was based on the PSA level 4 weeks after the third cycle. The laboratory
parameters before and one month after the last cycle were compared. Kaplan–Meier methods were
used to estimate the progression-free survival (PFS) and overall survival (OS), and the Cox regression
model was performed to find predictors of survival. Results: Twenty-six patients (60.5%) exhibited a
PSA reduction (median PSA declined from 40.8 to 20.2, range 0.6–1926 µg/L, p = 0.002); 18 (42%)
and 8 (19%) patients showed a PSA decline of ≥50% and ≥80%, respectively. The median OS and
PFS were 136 and 31 weeks, respectively. The patients with only lymph node metastases survived
longer (p = 0.02), whereas the patients with bone metastases had a shorter survival (p = 0.03). In
the multivariate analysis, only the levels of PSA prior to the therapy remained significant for OS
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(p < 0.05, hazard ratio 2.43, 95% CI 1.01–5.87). The levels of hemoglobin (11.5 ± 1.7 g/dL vs. xm,
p = 0.006) and platelets (208 ± 63 g/L vs. 185 ± 63 g/L, p = 0.002) significantly decreased one
month after cycle three, though only two grade 3 anemia and one grade 3 thrombocytopenia were
recorded. Conclusion: A further intensive PSMA-RLT course is well tolerated in mCRPC patients
and associated with promising response rates and OS.

Keywords: PSMA-RLT; 177Lu-PSMA; PSA; mCRPC; prostate cancer

1. Introduction

Prostate cancer is one of the most common cancers and one of the leading oncologic
causes of death in men in western countries. In these patients, particularly in those with
aggressive, metastatic or castration-resistant prostate cancer (mCRPC), the levels of prostate-
specific membrane antigen, also called glutamate carboxypeptidase type II and abbreviated
as PSMA, are elevated up to 1000 times the normal value and are inversely correlated with
the levels of androgens [1]. These receptors are a highly potent target in the diagnosis
and treatment of patients with prostate tumors. Therefore, radionuclides targeting these
peptides, such as [68Ga]Ga-PSMA-11 ligand positron emission tomography (68Ga-PSMA
PET), which is widely applied as a non-invasive molecular method for imaging prostate
cancer, and [177Lu]Lu-PSMA-617 radio-ligand therapy (PSMA-RLT), which has emerged as
a valuable treatment in patients with mCRPC, are currently available. Although this novel
therapy has not yet been approved for clinical use, it has been successfully administered to
patients with mCRPC, based on the results of numerous studies [2–5]. Despite encouraging
favorable outcomes of these trials on the efficacy and safety of PSMA-RLT [2,6], this therapy
is presently used in mCRPC patients only as a last therapy option when other available
standard medical procedures have failed to show clinical improvement. The therapeutic
protocol in many centers, however, is quite heterogenous with treatments differing between
two to six cycles of 3.7–9.3 GBq PSMA-RLT every 6 to 8 weeks [7]. Most recently, the TheraP
study, a multicenter, unblinded, randomized phase 2 trial involving 11 centers in Australia,
demonstrated a more frequent PSA response in mCRPC men treated with PSMA-RLT than
in patients receiving cabazitaxel at the same stage of the disease. In addition, the results of
this study reported fewer serious adverse events in men treated with PSMA-RLT than with
cabazitaxel [8].

We lately published the clinical impact of a homogeneous PSMA-RLT protocol consist-
ing of three cycles of 7400 MBq PSMA-RLT with 4-week intervals, which has been used in
our clinic since we started offering this treatment to patients with mCRPC [2]. The results
of this standardized treatment protocol were very favorable concerning the rate of response,
overall survival (OS) as well as progression-free survival (PFS) and therapy-related toxicity,
also in comparison to the findings of previous studies [4,6,9,10]. These observations and
outcomes were highly supportive to analyze the efficacy and toxicity of applying the same
treatment regimen in patients who gained benefit from the first treatment course. Hence,
in this study, we aimed to elucidate the response rate and toxicity in mCRPC patients who
underwent a second course consisting of three cycles of highly standardized PSMA-RLT
every 4 weeks.

2. Patients and Methods
2.1. Patients

This retrospective study included data from all mCRPC patients being referred to the
Department of Nuclear Medicine, Medical University of Vienna, Vienna General Hospital,
between September 2015 and May 2020 who were eligible and scheduled for the second
course of PSMA-RLT. The median distance between the 1st and the 2nd therapy course was
16 weeks (range 4–96 weeks) and the median duration of follow-up of these patients was
30 months (ranged 4–50). In an interdisciplinary tumor board, the initiation of PSMA-RLT
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was endorsed for all the mCRPC patients studied. The decisive requirements for applying
a second course of treatment were a sufficient response rate, high tumor burden, and
good tolerability of the first PSMA-RLT course in the absence of clinical and laboratory
signs of severe therapy toxicities among the treated patients. Furthermore, the presence
of PSMA-positive lesions in a 68Ga-PSMA PET scan conducted for each patient before the
start of the 2nd treatment course was mandatory for receiving the therapy. The protocol of
the performed 68Ga-PSMA PET/computed tomography (CT) or PET/magnetic resonance
imaging (MRI) scan for these patients was previously described in the study by Grubmüller
et al. [11].

2.2. Medical Care of the Patients and the Applied PSMA-RLT Protocol

As described previously [2,12], each therapy course routinely applied in our clinic was
composed of 3 cycles of PSMA-RLT acquired from ABX GmbH (Radeberg, Germany) with
4-week intervals between every cycle. For each of them, every patient was hospitalized,
received medical care and was monitored for at least 72 h. Their Karnofsky performance
score, and Eastern Cooperative Oncology Group (ECOG) index were then determined
by an experienced medical doctor. Laboratory parameters such as complete blood count,
biochemistry, and PSA levels were assessed for each patient at each this visit and 1 month
after the last 3rd cycle. Based on the laboratory results, the common terminology criteria
for adverse events (CTCAE), version 4.0, were considered to evaluate treatment toxicities.
The therapy was intravenously administered following paragraph § 8 of the Austrian
Medicinal Products Act (AMG). Thirty minutes prior to the application of the PSMA-RL,
every patient obtained 1 liter of normal saline infusion at 300 mL/h. Subsequently, in
order to enable imaging assessments of treatment responses, all patients received a second
[68Ga]Ga-PSMA-11 whole-body PET scan 4–6 weeks after the last cycle of the therapy.

2.3. Statistical Analysis

All statistical methods mentioned in this study were performed using IBM SPSS
Statistics for Windows, version 24.0 (IBM Corp., Armonk, NY, USA). The Kolmogorov–
Smirnov test was conducted to estimate the distribution of all data used in this study.
Normally distributed data were shown as mean ± standard deviation, whereas non-
normally distributed data were displayed as median and range, and log-10 transformed for
analysis. All categorical variables were presented in percentages and number of recorded
cases, and the comparison of laboratory parameters before and 1 month after acquiring
the last 3rd cycle of the PSMA-RLT was conducted using the paired t-test. In all patients,
PFS and OS were estimated using Kaplan–Meier estimates and a Cox proportional hazard
model. Additionally, log-rank analyses (Mantel–Cox test) were performed to examine the
impact of factors such as type and location of metastasis and history of previously receiving
other therapies like hormonal as well as chemo- and Ra-223 (Xofigo®) therapy before the
start of PSMA RLT on the survival and PFS in this studied cohort. The PFS was defined
as the time from the first cycle of the second course of therapy until the detection of PSA
progression. OS was ascertained from the date of the first cycle of the first course of therapy
as well as from the date of the first cycle of the second course of therapy until the date of
death or until the date of the last hospital follow-up. For all results, a p-value < 0.05 was
considered statistically significant.

3. Results

Collectively, 43 mCRPC patients (aged 71.4 ± 6.6 years) were valid to acquire the sec-
ond course of PSMA-RLT, which was composed of three cycles of standardized [177Lu]Lu-
PSMA-617 (7351 ± 647 MBq) every 4 weeks. The clinical characteristics of these patients
prior receiving the second PSMA-RLT therapy are presented in Table 1. Among this cohort,
26 patients (60.5%) responded to the first PSMA-RLT course with a PSA reduction of more
than 50%. The Karnofsky score was lower than 80% in only 16 (37.2%) patients, and equal
and higher than 80% in 27 (62.8%) patients. The ECOG index was 0 in 8 (18.6%), 1 in
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26 (60.5%) and 2 in 9 (20.9%) patients. Twenty-seven (62.8%) patients had a history of
enzalutamide or abiraterone therapy, while 30 (69.7%) patients were previously treated
with chemotherapy (docetaxel and/or cabazitaxel) and only 12 (27.9%) patients were
treated with Ra-223 (Xofigo®). Between the first and second therapy courses, the patients
did not obtain newly initiated treatments with chemo- and Ra-223 therapies. However,
in the men already treated with abiraterone or enzalutamide, these therapies were con-
tinued in individual patients between the two PSMA-RLT courses without starting new
antiandrogenic therapies.

Table 1. Clinical characteristics of the studied mCRPC patients prior to obtaining the second PSMA-
RLT therapy.

Parameters Values

Patients (n) 43

Age (mean ± SD) years 71.4 ± 6.6

Weight (mean ± SD) kilogram 83.1 ± 11.4

[177Lu]Lu-PSMA-617 MBq 7351 ± 647

≥50% PSA decline after 1st PSMA-RLT (n) % (26) 60.5

Karnofsky score (n) %

<80% (16) 37.2

≥80% (27) 62.8

ECOG index (n) %

0 (8) 18.6

1 (26) 60.5

2 (9) 20.9

Previous treatments (n) %

Enzalutamide/abiraterone (27) 62.8

Docetaxel/cabazitaxel (30) 69.7

Ra-223 (Xofigo®) (12) 27.9

Metastatic lesions (n) %

M1a (8) 18.6

M1b (27) 62.8

M1c (8) 18.6
(n): number; MBq: megabecquerel; ECOG: Eastern Cooperative Oncology Group. M1a: lymph node only;
M1b: bone ± lymph node without visceral metastasis; M1c: visceral metastasis.

The distributions of metastatic lesions on the basis of the [68Ga]Ga-PSMA-11 scan
were as follows: lymph node only (M1a) in 8 (18.6%), bone ± lymph node without visceral
metastasis (M1b) in 27 (62.8%), and any visceral metastasis (M1c) in 8 (18.6%) patients, all
shown in Table 1.

3.1. Response Rate and Clinical Effects of Second PSMA-RLT Course

In Table 2, the laboratory parameters of the entire studied mCRPC patients before
and 1 month after the third last cycle of the second course of PSMA-RLT applied every
4 weeks have been compared. The PSA levels of the treated patients decreased signifi-
cantly after three cycles of PSMA-RLT compared with baseline, median PSA 40.8 (range
0.87–1358 µg/L) vs. 20.2 (range 0.6–1926 µg/L), p = 0.002. Overall, 26 out of 43 (60.5%)
patients demonstrated any decrease in PSA levels, 18 out of 43 (42%) had a PSA decline of
≥50%, and 8 of 43 (19%) patients showed a PSA decrease of ≥80%. The percentage of the
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PSA decline after both treatment courses of highly standardized PSMA-RLT, each three
cycles with a 4-week interval, in all patients studied are depicted in Figure 1.

Table 2. Comparison of laboratory parameters of the studied mCRPC patients before and after the
second course of three cycles of PSMA-RLT every 4 weeks.

Parameters Before Therapy After Therapy q -Value

* PSA µg/L 40.8 (0.87–1358) 20.2 (0.60–1962) 0.002
Hemoglobin g/dL (mean ± SD) 11.5 ± 1.7 11 ± 1.6 0.006
Thrombocyte g/L (mean ± SD) 208 ± 63 185 ± 63 0.002

* Leucocyte g/L 5.4 (1.17–14.3) 4.8 (2.1–14.1) n.s.
* Creatinine mg/dL 0.96 (0.54–2.24) 0.94 (0.61–2.6) n.s.

* Alkaline phosphatase U/L 78 (42–995) 84 (47–1345) n.s.
* LDH U/L 205 (96–278) 194 (86–551) n.s.

PSA: prostate-specific antigen; LDH: lactate dehydrogenase; n.s.: not significant; (*) data not normally distributed,
presented in median and range and log10 transferred for analysis.
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Moreover, levels of hemoglobin (Hb) (11.5 ± 1.7 g/dL vs. 11 ± 1.6 g/dL, p = 0.006)
and platelets (208 ± 63 g/L vs. 185 ± 63 g/L, p = 0.002) one month after the third cycle
were significantly lower compared to the baseline (Table 2). However, only two cases of
grade 3 anemia and one case of grade 3 thrombocytopenia were observed among all the
treated patients (Table 3). In addition, no statistically significant changes in the levels of
leukocyte, creatinine, alkaline phosphatase, and lactate dehydrogenase were observed
when we compared their basal values with those one month after treatment with three
cycles of PSMA-RLT (Table 2). No patients with severe gastrointestinal adverse events,
as well as no patients with acute parotitis and myelodysplastic syndrome, were reported
during the second PSMA-RLT course.

Table 3. Evaluation of treatment toxicities based on CTCAE version 4.0.

Parameters

Before Therapy After Therapy

Toxicity (n) Toxicity (n)

Grade 1 Grade 2 Grade 3 Grade 1 Grade 2 Grade 3

Hemoglobin g/dL 18 7 0 15 9 2

Thrombocyte g/L 8 0 0 8 0 1

Leucocyte g/L 2 0 1 3 1 0

Creatinine mg/dL 3 0 0 1 0 0
(n): number of reported cases.

3.2. Overall Survival of Patients Treated with Second PSMA-RLT Course

Kaplan–Meier plots of the entire treated patients revealed a median OS of 188 weeks
from the beginning of the first cycle of the first course, and a median OS of 136 weeks
from the start of the first cycle of the second course of the treatment, shown in Figure 2.
Among the collective populations studied, the median PFS from the time of the beginning
of the second therapy course was 31 weeks (95% CI 26–36), while from the first cycle of
the first course to the PSA progression was 27 weeks (95% CI 22–32). In Table 4, we have
presented the OS as well as the PFS calculated from the time of the first cycles of both
PSMA-RLT courses depending on the type of metastases present in the treated patients.
As shown in that table, after receiving the first and second therapy courses, the shortest
OS was observed among the patients with M1c, whereas the shortest PFS was seen in the
patients with M1b.

The results of log-rank analyses to ascertain the overall survival of the patients by
the type of metastasis indicated a significantly shorter survival of the patients who had
metastatic bone lesions (M1b) compared with those with other types of metastases (M1a or
M1c), they had a median survival of 123 weeks vs. not reached, p = 0.03, 95% CI 2.42–243,
shown in Figure 3. Additionally, the existence of only lymph node metastases (M1a) was
significantly associated with a longer survival compared with the availability of prostate
metastatic lesions of other types (147 weeks vs. median survival not reached, p = 0.02).
Figure 4 illustrates the 68Ga-PSMA-11 PET scan images of a patient with M1a demonstrated
a highly favorable response to two courses of PSMA-RLT.
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Figure 2. Kaplan–Meier plots of the treated patients received collectively two courses of PSMA-RLT,
each course composed of three cycles of 7400 MBq PSMA-RLT every 4 weeks. The median overall
survival from the time of the first cycle of the first PSMA-RTL course was 188 weeks, whereas the
median survival from the time of the first cycle of the second PSMA-RLT course was 136 weeks.

Table 4. Median overall survival and median progression-free survival in weeks calculated from the time of the first and
second PSMA-RLT course in relation to the type of metastases present.

Type of Metastasis OS Calculated from
1st Course (Weeks)

OS Calculated from
2nd Course (Weeks)

PFS after 1st Course
(Weeks)

PFS after 2nd Course
(Weeks)

Total population 188 136 27 31

M1a >169 * >147 * 41 32

M1b 176 123 25 24

M1c 119 106 44 40
M1a: patients with lymph node metastasis; M1b: patients with bone ± lymph node without visceral metastasis; M1c: patients with visceral metastasis;
OS: overall survival; PFS: progression-free survival; (*): no patient died in this group during follow-up.
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Figure 3. Kaplan–Meier plots using log-rank (Mantel–Cox) test illustrate overall survival of mCRPC
patients treated with a second course of three cycles of PSMA-RLT. Male patients with bone metastasis
(M1b) had significantly shorter survival compared to patients with lymph node (M1a) or visceral
metastases (M1c), median survival 123 weeks vs. not reached, p = 0.03, 95% CI 2.42–243.
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Figure 4. The [68Ga]-Ga-PSMA PET examination of an mCRPC patient with only lymph node metastasis who received two
courses (each three cycles with 4-week interval) of PSMA-RLT. The [68Ga]GaPSMA-11 PET images of a 76-year-old mCRPC
patient. (A): prior the first cycle of first course of PSMA-RLT with clearly PSMA-overexpressed lymph node (LN) metastases
in upper and lower diaphragm and a PSA value of 597 ng/mL. (B): one month after the third cycle of the first course of
PSMA-RLT the metastatic LN were measured smaller with computed tomography (CT) and the PSA level declined to
81.2 ng/mL (reduction of 85%). (C): One month after the third cycle of the second course of PSMA-RLT, these LN were
either tiny or completely disappeared in the CT and the PSA level dropped further to 0.93 ng/mL (reduction of >95%). The
overall survival of this patient was 263 weeks from the beginning of the first cycle of first course and 227 weeks from the
beginning of the first cycle of second course of the PSMA-RLT.
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While the results of the univariate analysis with the Cox regression model showed
levels of Hb as well as serum alkaline phosphatase and PSA prior to the first cycle of the
second PSMA-RLT course as predictors for OS in these retreated patients (all p < 0.05),
in multivariate analysis, only the PSA levels remained significant for survival (p < 0.05,
hazard ratio 2.43, 95% CI 1.01–5.87). Nevertheless, we did not observe a significant impact
of other therapies, such as hormonal as well as chemo- and Ra-223 (Xofigo®) therapies,
before the start of PSMA-RLT on the survival and PFS in our investigated cohort.

4. Discussion

Owing to the poor prognosis of the patients with mCRPC, and their low survival
rate of less than 2 years from the time of their diagnosis, new therapeutic approaches
and strategies are constantly striven to improve the survival and quality of life of these
subjects [13].

In this study, we presented data of a rather selected mCRPC population, who previ-
ously benefited from PSMA-RLT and was retreated with another course consisting of three
cycles of a standardized radionuclide therapy every 4 weeks, with a median interval of
16 weeks (range 4–96 weeks) between the first and the second therapy courses. Most of
these patients were pretreated with enzalutamide and/or abiraterone as well as docetaxel
and/or cabazitaxel therapy and the majority exhibited a good response rate and tolera-
bility without having clinical and laboratory signs of severe therapy toxicities to the first
PSMA-RLT course.

Consistent with the outcomes of other previous studies where patients were retreated
with PSMA-RLT [14,15], approximately 42% of the treated patients who responded to ther-
apy showed a PSA reduction of greater than 50%. Indeed, the levels of PSMA expression
in prostatic tumors, their related metastases and levels of serum PSA might not correlate
with each other, as the expression of PSA, unlike PSMA, is mainly promoted by androgens
and regulated by the androgen receptor [16]. In the prospective TheraP study by Hofman
et al., PSA was used as the primary endpoint to evaluate the therapy response to both
PSMA-RLT and cabazitaxel in mCRPC patients [8]. Consistently, response assessment
based on PSA levels was one of the main endpoints of a single-center phase II prospective
trial by Violet et al. [14], which included 50 mCRPC patients retreated with PSMA-RLT. In
a study by Grubmüller et al., which involved patients who underwent the first PSMA-RLT
course, treatment response was assessed in these mCRPC patients by comparing PSMA
uptake in tumors and metastases before and one month after the third cycle of therapy
using 68Ga-PSMA PET scan examinations. The results revealed a significant association of
changes in the total tumor volume on the PSMA PET scan, but not in the RECIST (response
criteria in solid tumors) evaluation with the PSA response [11]. Although it was not the
focus of this current study, the PSMA PET parameters were a strong predictor of survival
in men treated with PSMA-RLT in a study by Ferdinandus et al. [17].

In addition, the report of only two cases of grade 3 anemia and one case of severe
thrombocytopenia suggests that the rate of treatment-related toxicity remained good and
consistent with the results of previous studies [15,18,19]. These results, thus, indicated that
a further therapy course with an additional three cycles of PSMA-RLT every 4 weeks is
well tolerated and accompanied by satisfactory response rates to the treatment. Likewise,
a second course of treatment for 30 mCRPC patients was also performed in a study by
Yordanova et al. [20], and the outcomes have similarly demonstrated safety and efficacy
of rechallenge PSMA-RLT. However, unlike our study, the first and second rechallenge
therapy in that study were heterogenous regarding the injected activity (ranged 3.8–6.7
GBq) as well as the number of cycles in each course (ranged 1–6 cycles), and the interval
between these cycles was ambiguous. In this respect, the diversity of the patients treated,
and the differences in their tumor burden and comorbidities in our study and the study by
Yordanova et al. should be taken into consideration.

Furthermore, a median OS of approximately 4 years from the onset of the first cycle of
the first course and a median OS of approximately 3 years from the date of initiation of the
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first cycle of the second therapy course were observed in our studied cohort. The median
PFS with 31 weeks after the second therapy course was slightly superior to the median
PFS from the last cycle of the first course until PSA progress (= 27 weeks). These findings
are not unexpected given the growing recognition of the therapeutic efficacy and, thus,
the prolonged survival of patients with advanced mCRPC who have acquired PSMA-RLT,
as a PSA decrease of only ≥20% is predictive of prolonged survival [2,6,20]. The shortest
OS was found in patients with M1c and the shortest time from the last treatment cycle to
disease progression was identified in patients with M1b. Moreover, the patients who had
only metastatic bone lesions lived significantly shorter than the patients with other types
of metastases (median survival not reached vs. 123 weeks, p = 0.03). Although the type
and distribution of metastases did not influence patient survival in the results of previous
studies [10,12,21], the results of this current analysis indicated an association between the
presence of lymph node metastases and longer survival, whereas the presence of bone
metastases was significantly linked to a shorter survival in patients retreated with three
cycles of PSMA-RLT every 4 weeks. In agreement with these findings, Ahmadzadehfar
et al. have shown a negative impact of bone metastasis on the survival of patients treated
with PSMA-RLT in 11 different clinics in a multicenter study, including data from more
than 400 mCRPC patients [22]. Furthermore, the results of the same study showed 30
patients with only lymph node metastases that had the longest median OS among all
other patients studied. In fact, at this advanced tumor stage with bone involvement, they
often have diffused bone marrow metastasis, which limits the effectiveness of the therapy.
Hence, patients with only lymph node metastasis might have a better outcome and a higher
response rate to PSMA-RLT than patients with bone ± lymph node metastases. This has
also been demonstrated in other studies [23,24], particularly in a study by von Eyben et al.
in 45 patients with predominant lymph node metastatic prostate cancer [25].

Firstly, the retrospective design is the major limitation of the study. Secondly, the small
sample of the included patients with different tumor burdens and diverse pretreatments
will restrict the results of this investigation. However, this treated cohort represents the
patient population referred to PSMA-RLT in clinical routine quite well. Additionally,
although we have previously published part of our dosimetric data in a subgroup of
patients who obtained the first PSMA-RLT course [26], the lack of such information in
this current study could limit its outcomes. The reason lies in the crucial role of radiation
dosimetry in estimating the therapy response and level of absorbed radiation dose, not
only for each individual metastasis but also for the organs physiologically exhibiting an
uptake of PSMA-RLT [27] and thereby evaluating their degree of therapy toxicity [28].
Moreover, no comparison has been conducted between PSMA-RLT and other hormonal or
chemotherapies that might be optioned for these mCRPC patients at this stage of the tumor.
Thus, the results of larger prospective studies such as VISION [29], comparing survival
outcomes of patients receiving PSMA-RLT with those acquiring the best standard medical
care, as well as the interesting results of the multicenter TheraP trial [8], should help to
support the forthcoming implementation of this radionuclide therapy into the clinical
treatment routine of patients with prostate cancer.

5. Conclusions

A second course of three cycles of standardized PSMA-RLT with only a 4-week interval
between the cycles is safe and yields favorable tolerability, response rates, OS and PFS,
thereby making it a promising option for the retreatment of mCRPC patients who have
previously responded well to PSMA-RLT.
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Simple Summary: The introduction of imaging techniques has improved the diagnostic pathway
for prostate cancer. In this study we compared the diagnostic accuracy of multiparametric MRI
with fusion ultrasound-guided prostate biopsy and standard biopsy, both performed through the
transperineal route. Our results support the combined targeted and standard biopsy pathway to
reduce the risk of missing clinically significant prostate cancer.

Abstract: The management of prostate biopsy in men with clinical suspicion of prostate cancer has
changed in the last few years, especially with the introduction of imaging techniques, to overcome
the low efficacy of risk stratification based on PSA levels. Here, we aimed to compare the diagnostic
accuracy of multiparametric MRI with fusion ultrasound-guided prostate biopsy and standard
biopsy, both performed through the transperineal route. To this end, we retrospectively analyzed
272 patients who underwent combined transperineal targeted and standard biopsy during the same
session. The primary outcome was to compare the cancer detection rate between targeted and
standard biopsy. The secondary outcome was to evaluate the added value of combined targeted and
standard biopsy approach as compared to only targeted or standard biopsy. Results showed that a
rate of 16.7% clinically significant tumors (International Society of Urological Pathology (ISUP) grade
≥ 2) would have been lost if only the standard biopsy had been used. The combined targeted and
standard biopsy showed an added value of 10.3% and 9.9% in reducing the risk of prostate cancer
missing after targeted or standard biopsy alone, respectively. The combined targeted and standard
biopsy pathway is recommended to reduce the risk of missing clinically significant prostate cancer.

Keywords: image-guided; magnetic resonance imaging; ultrasonography; prostatic neoplasms; biopsy

1. Introduction

Prostate cancer (PCa) is a leading cause of cancer death in men. The diagnostic
pathway of PCa in men presenting with symptoms referable to a possible prostate disease
includes the combined use of digital rectal examination (DRE), serum biomarkers, imaging
techniques, and biopsy. The introduction of robust prostate-specific antigen (PSA) assay
has long fostered the possibility of screening for early disease prediction in asymptomatic
men. In addition to PSA, other serum and urinary biomarkers (reviewed in [1]) have
been identified and approved by the Food and Drug Administration (FDA) and Clinical
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Laboratory Improvement Amendments (CLIA) for improving PCa diagnosis and prognosis,
and helping in biopsy decision.

Over the past decade, the introduction of multiparametric magnetic resonance imag-
ing (mpMRI) and mpMRI-Ultrasound Fusion-Targeted (TBx) has raised great expectations
about the diagnostic pathway of PCa. The large-scale Patient-Reported Outcomes Mea-
surement Information System (PROMIS) multicenter study indicated that mpMRI, when
performed as a triage test prior to biopsy, has a two-fold advantage: on the one hand, it
significantly reduces overdiagnosis and overtreatment of clinically indolent tumors; on the
other hand, it significantly increases the diagnosis of clinically significant tumors compared
to ultrasound (US)-guided random biopsy [2]. Many studies comparing the diagnostic
accuracy between TBx and standard biopsy (SBx) in detecting clinically significant PCa
(ISUP grade ≥ 2) demonstrated the superiority of TBx in the repeat-biopsy setting [3]. Even
in biopsy-naïve patients, TBx out-performed SBx, but the difference appears to be less
pronounced and insignificant [2,4]. Furthermore, TBx appeared to detect fewer patients
with clinically insignificant PCa (ISUP grade 1, maximum core length < 6 mm) than SBx. In
consequence, TBx was superior to SBx in reducing overdiagnosis of low-risk disease [3–6].

Many studies have evaluated the combined diagnostic pathway, in which SBx and
TBx biopsy was performed in the same patients with a positive mpMRI. The data from the
Cochrane meta-analysis of these studies indicated that the absolute added value of TBx for
detecting ISUP grade > 2 cancers is higher than that of SBx [3].

Prostate lesions found on mpMRI are graded from 1 to 5, according to the Prostate
Imaging-Reporting and Data System (PIRADS) version 2, where higher imaging suspicion
scores are associated with a higher risk of clinically significant PCs (csPCa) [7]. A score of
“3” indicates equivocal results, “4” results are likely to be prostate cancer, and “5” results
are highly likely to be prostate cancer.

The TBx can be achieved through a transrectal or transperineal route. Both approaches
are equivalent for patient tolerability and PCa detection rates in an SBx setting, with slight
differences in infectious and retention complications [8–10]. However, the comparison in
cancer detection rate (CDR) in a TBx configuration remains unclear.

The purpose of this study was to compare the CDR of TBx and SBx, both performed
through the transperineal route. An additional outcome was to evaluate the added value
of the combined TBx and SBx approach as compared to only TBx or SBx biopsy.

2. Materials and Methods

We analyzed data from a database of 272 patients who underwent primary or repeated
prostate biopsy at a single institution in the period from December 2017 to February 2020.
All patients gave their informed consent to use the data obtained from medical records;
biopsies were performed according to standard procedures, and no additional biopsy was
performed for this study; in addition, patient identification information was anonymized
before analysis. All procedures performed in this study were in accordance with the
Helsinki declaration and its later amendments for comparable ethical standards.

Data were from men aged at least 18 years, referred with a clinical suspicion of
prostate cancer based on elevated levels of prostate-specific antigen (PSA, ≥4 ng/mL)
and/or suspicious DRE results or family history of prostate cancer that were fit to undergo
all protocol procedures, including a transrectal ultrasound. Patients were excluded if they
used 5-alpha-reductase inhibitors during the previous six months, had a history of prostate
cancer, or had evidence of urinary tract infection or acute prostatitis. All patients had
a recent prostate-mpMRI (<45 days) with at least one lesion with PIRADS v2 score ≥ 3
(Study Flow Chart, Figure S1).

The mpMRI was performed with a 1.5-T MRI scanner using a 32-channel phased-array
coil combined with an endorectal coil and included three orthogonal triplanar T2-weighted
(T2w), diffusion-weighted imaging (DWI) with calculated b-value images, axial apparent
diffusion coefficient (ADC) map, and dynamic contrast-enhanced (DCE) image sequences.
All patients were scanned with the same MRI protocol, MRI scanner, and software version.
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Details of the MRI protocol are provided in Supplemental Materials. The MRIs were
reviewed by two experienced uro-radiologists and scored according to the PIRADS v2.

Each participant underwent TBx and SBx during the same session, with TBx taking
place prior to SBx. The same person performed both TBx and SBx. The number of biopsies
on targeted areas of the mpMRI-US and random biopsies were performed according to
guidelines [11]. For SBx, a total of 10 biopsy cores were obtained from the peripheral zone
of the prostate at the base, mid gland, and apex. For TBx, three to five biopsy cores per
target were obtained for participant; the transition zone was not subjected to routine biopsy,
except in the case of positive mpMRI. All biopsies were performed using the transperineal
approach under monitored anesthesia, or local anesthesia, by two operators with experience
of more than 1000 procedures. Biopsies performed during the learning curve were excluded
from the analysis. Fusion biopsies were carried out with the Koelis Trinity system (Koelis,
Meylan, France). Koelis Trinity system creates a precise and highly detailed 3D map of the
prostate, showing the biopsy cores locations and suspicious areas delineated on mpMRI
sequences. Trinity integrates 3D ultrasound, multimodal elastic fusion, and Organ-Based
Tracking, which allows the device to follow the prostate’s position and not that of the probe,
automatically compensating for patient movement and prostate deformation.

All biopsy cores were analyzed by a centralized pathological anatomy laboratory and
by a single operator with experience in uropathology and reported according to ISUP 2014
criteria [12,13]. Clinically significant (csPCa) was defined as having an ISUP score ≥ 2, and
clinically insignificant (ciPCa) prostate cancer was defined as having an ISUP score < 1.

Descriptive statistics was evaluated using GraphPad Prism version 9.0.0 (GraphPad
Software, San Diego, CA, USA). Difference of detection rates between TBx snd SBx was
evaluated by McNemar’s test, Chi-square, and Fisher’ exact test. Statistical significance
was established for p < 0.05. The added values were calculated by considering the cancer
prevalence in the entire cohort.

3. Results

Our cohort consisted of 272 patients who had a mpMRI result suggestive of prostate
cancer (PIRADS v2 score, ≥3), and underwent TBx and SBx during the investigated period.
Eighty-two patients (30.1%) had at least one prior negative biopsy, whereas 190 (69.9%)
were biopsy-naïve. Our cohort included 115 cases (42.3%) with areas of the prostate clas-
sified as PIRADS 3, 129 cases (47.4%) as PIRADS 4, and 28 cases (10.3%) as PIRADS 5.
Our cohort consisted of 272 patients who had a mpMRI result suggestive of prostate can-
cer (PIRADS v2 score, ≥3), and underwent TBx and SBx during the investigated period.
In total, 82 patients (30.1%) had at least one prior negative biopsy, whereas 190 (69.9%)
were biopsy-naïve. Patients’ characteristics and PIRADS classification are summarized in
Table 1.

Table 1. Characteristics of the participants. 1 IQR, Inter-Quartile Range.

Characteristics All (n = 272) Biopsy Naïve (n = 190) Prior Negative Biopsy (n = 82)

Age (years), median (IQR 1) 68 (62–74) 68 (62–74) 68 (63–72)
PSA (ng/mL), median (IQR) 7.2 (4.8–10.1) 7.1 (4.8–9.6) 7.3 (4.9–11.7)

PIRADS n, (%)
3 115 (42.3%) 73 (26.8%) 42 (15.4%)
4 129 (47.4%) 96 (35.3%) 33 (12.1%)
5 28 (10.3%) 21 (7.7%) 7 (2.6%)

Overall, prostate cancer was detected in 117 of 272 men (43.0%), including 74 csPCa
(27.2%) and 43 ciPCa (15.8%). The highest rate of csPCa was observed in PIRADS 5 index
lesions, while the highest rate of negative biopsies was observed in PIRADS 3 (Figure 1).
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PCa was detected more frequently in biopsy-naïve patients than in patients under-
going prior biopsy, while negative biopsies were more frequent in prior biopsy patients
(p = 0.0162; Table 2). The amount of csPCa was also more frequent in biopsy-naïve patients
than in patients undergoing previous biopsy (31.6% versus 17.1% of all PCa, p = 0.0136),
the latter showing a comparable frequency of csPca and ciPCa (Table 2). There was no
significant difference between TBx and SBx biopsy in the detection rate of any PCa (32.7%
vs. 33.1%), csPCa (22.4% vs. 22.4.0%), ciPCa (10.3% vs. 10.7%), or negative biopsy (67.3%
vs. 66.9%, p = 1), as assessed by McNemar’s test (Table 3).

Table 2. Overall cancer detection rate in naïve and prior biopsy cases. For each diagnosis, the number of cases and, in
brackets, the percentage and 95% confidence interval are reported.

Cases Biopsy Negative csPCa (ISUP ≥ 2) ciPCa (ISUP < 1)

Biopsy naïve 190/272 (69.9%) 99 (52.1%; 59.1–45.0) 60 (31.6%; 38.5–25.4) 31 (16.3%; 22.2–11.7)
Prior biopsy 82/272 (30.1%) 56 (68.3%; 77.4–57.6) 14 (17.1%; 26.6–10.4) 12 (14.6%; 23.9–8.6)

Table 3. Detection rate, diagnostic sensitivity, and specificity of TBx and SBx.

Cases All n (%) TBx n (%) SBx n (%) TBx/SBx n (%)
1 Biopsy negative 155 (57.0%) 183 (67.3%) 182 (66.9%) 155 (57.0%)
1 CDR for ciPCa 43 (15.8%) 28 (10.3%) 29 (10.7%) 43 (15.8%)
1 CDR for csPCa 74 (27.2%) 61 (22.4%) 61 (22.4%) 74 (27.2%)

1 False negative PCa 28 (10.3%) 27 (9.9%) 0 (0%)
2 Sensitivity for csPCa 82.4% 82.4% 100%
Specificity for csPCa 85.% 85.8% 78.3%

1 Percentage refers to the entire cohort (n = 272). 2 False negative includes biopsy negative plus ciPCa; since all diagnosed csPCa are derived
from either TBx or SBx, the sensitivity of the combined TBx/SBx is 100%.

Notably, we observed a comparable number of patients showing either TBx-negative
and SBx-positive results, or SBx-negative and TBx-positive results (27 and 28, respectively,
Table 3), indicating that the combined TBx and SBX biopsy has an added value of 10.3%
and 9.9% in reducing the risk of PCa missing after TBx or SBx alone, respectively (examples
of mpMRI image for each clinical scenario are provided as Supplemental Figures S2–S4).
Furthermore, only 62/117 PCas (53.0%) were positive for both biopsy approaches, meaning
that 12/43 ciPCa and 26/74 csPCa would not have been diagnosed if patients had under-
gone TBx alone, or SBx; these data demonstrate an added value of 10.3% and 9.6% of the
combined biopsy in the detection of ciPCa and csPCA, respectively.

The CDRs of TBx and SBx according to PIRADS subgroups were not significantly
different (Figure 2A). For PIRADS 3 lesions, only one csPCa was detected by both TBx and
SBx, while three out of seven csPCa were detected by TBx or SBx alone (Figure 2B).
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Similarly, in PIRADS 4 and 5 lesions, a certain number of csPCa were detected either
only after TBx, or only after SBx, although most of them were detected by both biopsy
approaches. Overall, 13/74 (17.6%) of csPCa would not have been diagnosed if patients had
undergone TBx alone, and 13/74 (17.6%) of csPCa would not have been diagnosed if pa-
tients had undergone SBx alone. These results further emphasize the non-redundant value
for the two approaches in detecting csPCa. No major complications (Clavien Grade 3–4)
were observed after 272 biopsies, but only minor complications that did not require hospi-
talization, such as hematospermia (38%), hematuria (8%), and fever > 38 ◦C (0.01%).

4. Discussion

The management of prostate biopsy in men with clinical suspicion of PCa has changed
in the last 10 years, especially with the introduction of imaging techniques, in order to
overcome the low efficacy of risk stratification based on PSA levels [5]. To implement
proper treatment, extensive efforts have been made to identify csPCa. Several studies have
reported the superiority of targeted and systematic biopsy based on mpMRI compared
to US-guided transrectal biopsy [2,4,5]. The ideal detection method for diagnosing csPCa
should be minimally invasive, have fewer complications and provide a higher detection
rate for diagnosis. In recent years, interest in the transperineal biopsy approach has been
growing [14–17], as the benefit appears to be not only in terms of reduced complications
but also in terms of cancer characterization [9].

In our retrospective analysis, the detection rate of any PCa on mpMRI-positive cases
was similar to the one observed by others [8,14–17]. Overall, PCa was detected more
significantly in biopsy-naïve patients than in patients undergoing prior biopsy, while
negative biopsies were more frequent in prior biopsy.
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The CDR between targeted and standard biopsy were not significantly different and
in line with experiences already reported in the literature [8–10]. We did not observe an
advantage of CDR by using only one biopsy technique; instead, the combination of the TBx
and SBx approaches has shown a significant 9.6% added value in csPCa detection. Our
results confirm previous studies showing that 13–16% of csPCa were missed by TBx in
comparison with a combination of SBx and TBx [18,19]. The CDR of targeted biopsy has
shown superior performance for detection of prostate cancer, but the role of systematic
biopsy should not be overlooked, and the combination of targeted and systematic biopsy is
essential [9]. Similarly, the combined TBx and SBx approach showed an added value of
10.3% and 9.9% in reducing the risk of any PCa missing after TBx or SBx alone, respectively.
Obviously, the advantage of a reduced risk must be weighed with the corresponding
increase in biopsy cores and the consequent increase in possible complications related to
the biopsy. From this point of view, the transperineal approach has the advantage of a
lower risk of sepsis than the transrectal route [8,9], thus representing a good alternative to
conventional US-guided transrectal biopsy, which is the current gold standard [11].

Our study highlighted a significant number of negative or indolent tumor biopsies,
which could be reduced by a diagnostic pathway that includes more effective risk in-
dicators. Although this area has benefited from mpMRI, the problem of overdiagnosis
and the excessive number of unnecessary biopsies is still debated. In addition to PSA
and its derivatives, a large number of new blood and urinary biomarkers to assist in
biopsy decisions have appeared in clinical trials, largely thanks to advances in genomic
technologies, among which the Prostate cancer antigen 3 (PCA3) [20,21], the SelectMDx
multiplex biomarker [22–24], the ExoDx prostate Intelliscore [25,26], the Prostarix Risk
Score [27,28], and the Prostate-specific G-protein coupled receptor (PSGR) [29,30]. However,
their contribution in predicting biopsy outcomes needs to be more rigorously weighed.

Our study is affected by several limitations, and primarily by its retrospective and
non-randomized nature. The small size of our single study center in a heterogeneous study
population is hampered by potential biases, among which the use of a single fusion-system,
and a limited number of surgeons. Another factor that weakens the accuracy analysis
is the variable number of cores (three to five) per lesion. Moreover, we do not have a
quality review of mpMRI classification. These limitations could benefit from a multicentric,
prospective, and randomized study using a combination of biomarkers for a more rigorous
evaluation of a diagnostic pathway of csPCa that makes use of transperineal biopsy.

5. Conclusions

The transperineal TBx proved a detection rate of overall PCa and csPca consistent with
the literature. The transperineal approach is feasible and can be performed under local
anesthesia as conventional US-guided transrectal biopsy. All patients had no complication
and no impact on erectile or urinary function. The combined TBx and SBx pathway in
patients with a positive MRI is recommended to reduce the risk of csPCa missing. Future
prospective larger-scale studies are needed to confirm our findings.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13194833/s1, Supplemental Methods: MRI Protocol and sequence parameters;
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Author Contributions: Study concept, design and supervision: S.A.; Data collection: L.A. and V.A.;
Analysis and data interpretation: A.G. and M.S.; Drafting of the manuscript: A.F. and F.C.; Critical
revision of the manuscript for important intellectual content: M.C., G.M.L., and V.P.; Statistical
analysis: C.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki; all patients gave their informed consent to use the data obtained from
medical records; biopsies were performed according to standard procedures, and no additional

136



Cancers 2021, 13, 4833

biopsy was performed for this study; in addition, patient identification information was anonymized
before analysis.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We acknowledge Mariantonietta Rota, Maristella Genevose, and Vincenzo Aiello
for data collection, and Anna Varano and Costanzo Battista for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kohaar, I.; Petrovics, G.; Srivastava, S. A Rich Array of Prostate Cancer Molecular Biomarkers: Opportunities and Challenges.

Int. J. Mol. Sci. 2019, 20, 1813. [CrossRef]
2. Ahmed, H.U.; El-Shater Bosaily, A.; Brown, L.C.; Gabe, R.; Kaplan, R.; Parmar, M.K.; Collaco-Moraes, Y.; Ward, K.; Hindley,

R.G.; Freeman, A.; et al. Diagnostic accuracy of multi-parametric MRI and TRUS biopsy in prostate cancer (PROMIS): A paired
validating confirmatory study. Lancet 2017, 389, 815–822. [CrossRef]

3. Drost, F.H.; Osses, D.F.; Nieboer, D.; Steyerberg, E.W.; Bangma, C.H.; Roobol, M.J.; Schoots, I.G. Prostate MRI, with or without
MRI-targeted biopsy, and systematic biopsy for detecting prostate cancer. Cochrane Database Syst. Rev. 2019, 4, CD012663.
[CrossRef] [PubMed]

4. Kasivisvanathan, V.; Rannikko, A.S.; Borghi, M.; Panebianco, V.; Mynderse, L.A.; Vaarala, M.H.; Briganti, A.; Budaus, L.; Hellawell,
G.; Hindley, R.G.; et al. MRI-Targeted or Standard Biopsy for Prostate-Cancer Diagnosis. N. Engl. J. Med. 2018, 378, 1767–1777.
[CrossRef] [PubMed]

5. Rouviere, O.; Puech, P.; Renard-Penna, R.; Claudon, M.; Roy, C.; Mege-Lechevallier, F.; Decaussin-Petrucci, M.; Dubreuil-Chambardel,
M.; Magaud, L.; Remontet, L.; et al. Use of prostate systematic and targeted biopsy on the basis of multiparametric MRI in
biopsy-naive patients (MRI-FIRST): A prospective, multicentre, paired diagnostic study. Lancet. Oncol. 2019, 20, 100–109. [CrossRef]

6. van der Leest, M.; Cornel, E.; Israel, B.; Hendriks, R.; Padhani, A.R.; Hoogenboom, M.; Zamecnik, P.; Bakker, D.; Setiasti, A.Y.;
Veltman, J.; et al. Head-to-head Comparison of Transrectal Ultrasound-guided Prostate Biopsy Versus Multiparametric Prostate
Resonance Imaging with Subsequent Magnetic Resonance-guided Biopsy in Biopsy-naive Men with Elevated Prostate-specific
Antigen: A Large Prospective Multicenter Clinical Study. Eur. Urol. 2019, 75, 570–578. [CrossRef] [PubMed]

7. Weinreb, J.C.; Barentsz, J.O.; Choyke, P.L.; Cornud, F.; Haider, M.A.; Macura, K.J.; Margolis, D.; Schnall, M.D.; Shtern, F.; Tempany,
C.M.; et al. PI-RADS Prostate Imaging—Reporting and Data System: 2015, Version 2. Eur. Urol. 2016, 69, 16–40. [CrossRef]
[PubMed]

8. Marra, G.; Marquis, A.; Tappero, S.; D’Agate, D.; Oderda, M.; Calleris, G.; Falcone, M.; Faletti, R.; Molinaro, L.; Zitella, A.;
et al. Transperineal Free-hand mpMRI Fusion-targeted Biopsies Under Local Anesthesia: Technique and Feasibility From a
Single-center Prospective Study. Urology 2020, 140, 122–131. [CrossRef] [PubMed]

9. Marra, G.; Ploussard, G.; Futterer, J.; Valerio, M.; Party, E.-Y.P.C.W. Controversies in MR targeted biopsy: Alone or combined,
cognitive versus software-based fusion, transrectal versus transperineal approach? World J. Urol. 2019, 37, 277–287. [CrossRef]

10. Marra, G.; Zhuang, J.; Beltrami, M.; Calleris, G.; Zhao, X.; Marquis, A.; Kan, Y.; Oderda, M.; Huang, H.; Faletti, R.; et al.
Transperineal freehand multiparametric MRI fusion targeted biopsies under local anaesthesia for prostate cancer diagnosis: A
multicentre prospective study of 1014 cases. BJU Int. 2021, 127, 122–130. [CrossRef]

11. Mottet, N.; van den Bergh, R.C.N.; Briers, E.; Van den Broeck, T.; Cumberbatch, M.G.; De Santis, M.; Fanti, S.; Fossati, N.;
Gandaglia, G.; Gillessen, S.; et al. EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer-2020 Update. Part 1: Screening,
Diagnosis, and Local Treatment with Curative Intent. Eur. Urol. 2021, 79, 243–262. [CrossRef]

12. Epstein, J.I.; Egevad, L.; Amin, M.B.; Delahunt, B.; Srigley, J.R.; Humphrey, P.A.; Grading, C. The 2014 International Society of
Urological Pathology (ISUP) Consensus Conference on Gleason Grading of Prostatic Carcinoma: Definition of Grading Patterns
and Proposal for a New Grading System. Am. J. Surg. Pathol. 2016, 40, 244–252. [CrossRef]

13. Epstein, J.I.; Zelefsky, M.J.; Sjoberg, D.D.; Nelson, J.B.; Egevad, L.; Magi-Galluzzi, C.; Vickers, A.J.; Parwani, A.V.; Reuter, V.E.;
Fine, S.W.; et al. A Contemporary Prostate Cancer Grading System: A Validated Alternative to the Gleason Score. Eur. Urol. 2016,
69, 428–435. [CrossRef] [PubMed]

14. Mischinger, J.; Kaufmann, S.; Russo, G.I.; Harland, N.; Rausch, S.; Amend, B.; Scharpf, M.; Loewe, L.; Todenhoefer, T.; Noto-
hamiprodjo, M.; et al. Targeted vs systematic robot-assisted transperineal magnetic resonance imaging-transrectal ultrasonogra-
phy fusion prostate biopsy. BJU Int. 2018, 121, 791–798. [CrossRef]

15. Borkowetz, A.; Hadaschik, B.; Platzek, I.; Toma, M.; Torsev, G.; Renner, T.; Herout, R.; Baunacke, M.; Laniado, M.; Baretton,
G.; et al. Prospective comparison of transperineal magnetic resonance imaging/ultrasonography fusion biopsy and transrectal
systematic biopsy in biopsy-naive patients. BJU Int. 2018, 121, 53–60. [CrossRef] [PubMed]

16. Hakozaki, Y.; Matsushima, H.; Murata, T.; Masuda, T.; Hirai, Y.; Oda, M.; Kawauchi, N.; Yokoyama, M.; Kume, H. Detection rate
of clinically significant prostate cancer in magnetic resonance imaging and ultrasonography-fusion transperineal targeted biopsy
for lesions with a prostate imaging reporting and data system version 2 score of 3–5. Int. J. Urol. Off. J. Jpn. Urol. Assoc. 2019, 26,
217–222. [CrossRef]

137



Cancers 2021, 13, 4833

17. Hansen, N.L.; Barrett, T.; Kesch, C.; Pepdjonovic, L.; Bonekamp, D.; O’Sullivan, R.; Distler, F.; Warren, A.; Samel, C.; Hadaschik,
B.; et al. Multicentre evaluation of magnetic resonance imaging supported transperineal prostate biopsy in biopsy-naive men
with suspicion of prostate cancer. BJU Int. 2018, 122, 40–49. [CrossRef]

18. Baco, E.; Rud, E.; Eri, L.M.; Moen, G.; Vlatkovic, L.; Svindland, A.; Eggesbo, H.B.; Ukimura, O. A Randomized Controlled
Trial To Assess and Compare the Outcomes of Two-core Prostate Biopsy Guided by Fused Magnetic Resonance and Transrectal
Ultrasound Images and Traditional 12-core Systematic Biopsy. Eur. Urol. 2016, 69, 149–156. [CrossRef]

19. Maxeiner, A.; Kittner, B.; Blobel, C.; Wiemer, L.; Hofbauer, S.L.; Fischer, T.; Asbach, P.; Haas, M.; Penzkofer, T.; Fuller, F.; et al.
Primary magnetic resonance imaging/ultrasonography fusion-guided biopsy of the prostate. BJU Int. 2018, 122, 211–218.
[CrossRef] [PubMed]

20. Leyten, G.H.; Hessels, D.; Jannink, S.A.; Smit, F.P.; de Jong, H.; Cornel, E.B.; de Reijke, T.M.; Vergunst, H.; Kil, P.; Knipscheer,
B.C.; et al. Prospective multicentre evaluation of PCA3 and TMPRSS2-ERG gene fusions as diagnostic and prognostic urinary
biomarkers for prostate cancer. Eur. Urol. 2014, 65, 534–542. [CrossRef]

21. Marks, L.S.; Fradet, Y.; Deras, I.L.; Blase, A.; Mathis, J.; Aubin, S.M.; Cancio, A.T.; Desaulniers, M.; Ellis, W.J.; Rittenhouse, H.;
et al. PCA3 molecular urine assay for prostate cancer in men undergoing repeat biopsy. Urology 2007, 69, 532–535. [CrossRef]
[PubMed]

22. Van Neste, L.; Hendriks, R.J.; Dijkstra, S.; Trooskens, G.; Cornel, E.B.; Jannink, S.A.; de Jong, H.; Hessels, D.; Smit, F.P.; Melchers,
W.J.; et al. Detection of High-grade Prostate Cancer Using a Urinary Molecular Biomarker-Based Risk Score. Eur. Urol. 2016, 70,
740–748. [CrossRef] [PubMed]

23. Busetto, G.M.; Del Giudice, F.; Maggi, M.; De Marco, F.; Porreca, A.; Sperduti, I.; Magliocca, F.M.; Salciccia, S.; Chung, B.I.; De
Berardinis, E.; et al. Prospective assessment of two-gene urinary test with multiparametric magnetic resonance imaging of the
prostate for men undergoing primary prostate biopsy. World J. Urol. 2021, 39, 1869–1877. [CrossRef] [PubMed]

24. Maggi, M.; Salciccia, S.; Del Giudice, F.; Busetto, G.M.; Falagario, U.G.; Carrieri, G.; Ferro, M.; Porreca, A.; Di Pierro, G.B.;
Fasulo, V.; et al. A Systematic Review and Meta-Analysis of Randomized Controlled Trials With Novel Hormonal Therapies
for Non-Metastatic Castration-Resistant Prostate Cancer: An Update From Mature Overall Survival Data. Front. Oncol. 2021,
11, 700258. [CrossRef]

25. McKiernan, J.; Donovan, M.J.; O’Neill, V.; Bentink, S.; Noerholm, M.; Belzer, S.; Skog, J.; Kattan, M.W.; Partin, A.; Andriole, G.;
et al. A Novel Urine Exosome Gene Expression Assay to Predict High-grade Prostate Cancer at Initial Biopsy. Jama Oncol. 2016, 2,
882–889. [CrossRef] [PubMed]

26. McKiernan, J.; Donovan, M.J.; Margolis, E.; Partin, A.; Carter, B.; Brown, G.; Torkler, P.; Noerholm, M.; Skog, J.; Shore, N.; et al.
A Prospective Adaptive Utility Trial to Validate Performance of a Novel Urine Exosome Gene Expression Assay to Predict
High-grade Prostate Cancer in Patients with Prostate-specific Antigen 2–10 ng/mL at Initial Biopsy. Eur. Urol. 2018, 74, 731–738.
[CrossRef]

27. Sartori, D.A.; Chan, D.W. Biomarkers in prostate cancer: What’s new? Curr. Opin. Oncol. 2014, 26, 259–264. [CrossRef]
28. Eifler, J.B.; Feng, Z.; Lin, B.M.; Partin, M.T.; Humphreys, E.B.; Han, M.; Epstein, J.I.; Walsh, P.C.; Trock, B.J.; Partin, A.W. An

updated prostate cancer staging nomogram (Partin tables) based on cases from 2006 to 2011. BJU Int. 2013, 111, 22–29. [CrossRef]
29. Rigau, M.; Morote, J.; Mir, M.C.; Ballesteros, C.; Ortega, I.; Sanchez, A.; Colas, E.; Garcia, M.; Ruiz, A.; Abal, M.; et al. PSGR and

PCA3 as biomarkers for the detection of prostate cancer in urine. Prostate 2010, 70, 1760–1767. [CrossRef]
30. Rigau, M.; Ortega, I.; Mir, M.C.; Ballesteros, C.; Garcia, M.; Llaurado, M.; Colas, E.; Pedrola, N.; Montes, M.; Sequeiros, T.; et al. A

three-gene panel on urine increases PSA specificity in the detection of prostate cancer. Prostate 2011, 71, 1736–1745. [CrossRef]

138



cancers

Article

Evaluation of Glutaminase Expression in Prostate
Adenocarcinoma and Correlation with Clinicopathologic
Parameters

Zin W. Myint 1,2,*, Ramon C. Sun 2,3, Patrick J. Hensley 4, Andrew C. James 2,5, Peng Wang 1,2, Stephen E. Strup 2,5,
Robert J. McDonald 6, Donglin Yan 2,7, William H. St. Clair 2,8 and Derek B. Allison 2,5,6

Citation: Myint, Z.W.; Sun, R.C.;

Hensley, P.J.; James, A.C.; Wang, P.;

Strup, S.E.; McDonald, R.J.; Yan, D.;

St. Clair, W.H.; Allison, D.B.

Evaluation of Glutaminase

Expression in Prostate

Adenocarcinoma and Correlation

with Clinicopathologic Parameters.

Cancers 2021, 13, 2157. https://

doi.org/10.3390/cancers13092157

Academic Editor: José I. López

Received: 23 March 2021

Accepted: 28 April 2021

Published: 29 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Internal Medicine, Division of Medical Oncology, University of Kentucky,
Lexington, KY 40536, USA; p.wang@uky.edu

2 Markey Cancer Center, University of Kentucky, Lexington, KY 40536, USA; ramon.sun@uky.edu (R.C.S.);
andrew.james@uky.edu (A.C.J.); Stephen.Strup@uky.edu (S.E.S.); donglin.yan@uky.edu (D.Y.);
stclair@email.uky.edu (W.H.S.C.); Derek.Allison@uky.edu (D.B.A.)

3 Department of Neuroscience, University of Kentucky College of Medicine, Lexington, KY 40536, USA
4 Department of Urology, University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA;

hpatrick1@mdanderson.org
5 Department of Urology, University of Kentucky, Lexington, KY 40536, USA
6 Department of Pathology and Laboratory Medicine, University of Kentucky, Lexington KY 40536, USA;

rmcdonald@uky.edu
7 Department of Internal Medicine-Health Services Research, University of Kentucky, Lexington,

KY 40536, USA
8 Department of Radiation Medicine, University of Kentucky, Lexington, KY 40536, USA
* Correspondence: zin.myint@uky.edu; Tel.: +1-859-323-3964

Simple Summary: High expression levels of glutaminase (GLS1) are reported for several cancers,
and correlate with parameters of disease status. GLS1, the rate-limiting enzyme in the glutamine
pathway, is involved in DNA/RNA and amino acid synthesis and contributes to other pathways (e.g.,
TCA cycle). Inhibition of GLS1 has shown anti-tumor activity in both solid tumors and hematological
malignancies. The CB-839 agent, a novel GLS1 inhibitor, has been under investigation clinically.
GLS1 expression by immunohistochemical (IHC) staining in prostate has not been definitively
demonstrated. We present a retrospective study evaluating GLS1 expression utilizing The Cancer
Genome Atlas (TCGA) RNA-Seq data and by IHC in formalin-fixed paraffin embedded radical
prostatectomy samples. The study showed a significant difference in GLS1 levels between cancer and
non-cancer, but fell short as a prognostic marker. As the study cohort was skewed to less aggressive
localized prostate cancer, we support further studies that incorporate high-risk and very high-risk
localized and metastatic prostate cancers.

Abstract: High Glutaminase (GLS1) expression may have prognostic implications in colorectal
and breast cancers; however, high quality data for expression in prostate cancer (PCa) are lacking.
The purpose of this study is to investigate the status of GLS1 expression in PCa and correlated
expression levels with clinicopathologic parameters. This study was conducted in two phases: an
exploratory cohort analyzing RNA-Seq data for GLS1 from The Cancer Genome Atlas (TCGA) data
portal (246 PCa samples) and a GLS1 immunohistochemical protein expression cohort utilizing a
tissue microarray (TMA) (154 PCa samples; 41 benign samples) for correlation with clinicopathologic
parameters. In the TCGA cohort, GLS1 mRNA expression did not show a statistically significant
difference in disease-free survival (DFS) but did show a small significant difference in overall survival
(OS). In the TMA cohort, there was no correlation between GLS1 expression and stage, Gleason score,
DFS and OS. GLS1 expression did not significantly correlate with the clinical outcomes measured;
however, GLS1 expression was higher in PCa cells compared to benign epithelium. Future studies are
warranted to evaluate expression levels in greater numbers of high-grade and advanced PCa samples
to investigate whether there is a rational basis for GLS1 targeted therapy in a subset of patients with
prostate cancer.
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1. Introduction

The essential role of dysregulated glucose metabolism, also known as “aerobic gly-
colysis”, in cancer was first discovered by Otto Warburg and colleagues in the 1920s [1–3].
Glucose and glutamine are essential nutrients for cell growth and survival [4]. Glutamine
supplies nitrogen for purine and pyrimidine synthesis and nonessential amino acids for
protein synthesis through glutaminolysis, which converts glutamine to glutamate by the
rate-limiting enzyme, glutaminase (GLS). Subsequently, metabolic reactions produce alpha-
ketoglutarate that contributes to the tricarboxylic acid (TCA) cycle and energy production
in cancer cells through oxidative phosphorylation [5]. As such, glutaminolysis plays a
significant role in the metabolic reprogramming of cancer cell growth and proliferation. It
is now believed that glutaminolysis is associated with either activation of oncogenes (such
as MYC) [6,7] and/or loss of tumor suppressor genes (such as TP53) [8,9].

Cancer associated fibroblasts (CAFs) are associated with prostate cancer (PCa) growth,
progression to metastasis, and the development of castration resistance [10–13]. Glutamine
metabolism may play a role in CAFs by providing enhanced secretion of glutamine from
the tumor stromal cells as demonstrated in an ovarian cancer animal model [14]. Several
studies have shown that androgen receptor signaling increases the utilization of glycolysis
and alters glutamine metabolism in prostate cancer (PCa) [15,16]. Thus, it was hypothe-
sized that blocking glutamine metabolism would deprive cancer cells of needed nutrients
and lead to cell death. Furthermore, a new first-in-class orally bioavailable glutaminase
inhibitor (CB-839), which inhibits glutathione production and blocks tumor glutamine
consumption, is in early phase clinical trials as monotherapy or in combination for select
tumors; examples include colorectal cancer (ClinicalTrials.gov Identifier: NCT02861300),
non-small cell lung cancer (ClinicalTrials.gov Identifier: NCT04250545), hematological
malignancy (ClinicalTrials.gov Identifier: NCT03047993), brain cancer (ClinicalTrials.gov
Identifier: NCT03528642), and so on. However, there are no current ongoing clinical trials
for PCa at the time of this writing.

Several studies reported that increased GLS1 expression was associated with disease
aggressiveness and could be used as a prognostic marker in select solid tumors [17–20].
However, there is a lack of high-quality studies analyzing GLS1 expression in PCa. As a result,
in the present study, we report an exploratory cohort correlating mRNA GLS1 expression with
disease-free and overall survival, followed by a tissue microarray (TMA) cohort comparing
GLS1 immunohistochemical (IHC) protein expression in PCa tissue and benign prostatic tissue,
as well as a correlation with a more in-depth set of clinicopathologic parameters.

2. Results

In the TCGA cohort, we analyzed mRNA expression levels for GLS1 from 246 prostate
cancer specimens. GLS1 mRNA expression barely showed a statistically significant differ-
ence in overall survival (Figure 1A,B) and did not show a statistically significant difference
in disease-free survival; however, there was a trend toward a worse disease-free survival
with high GLS1 expression (Figure 1C,D).

To further analyze GLS1 expression and to validate these findings, we studied a cohort
of 154 patients with localized prostate adenocarcinoma and performed GLS1 IHC, an in situ
method, to specifically measure GLS1 protein expression in tumor cells and to correlate the
expression with a larger number of clinicopathologic parameters. The clinicopathological
features of prostate cancer cases in this cohort are presented in Table 1. Briefly, the ages
ranged from 43 to 73 years with a mean range of 58 years. Most patients (78%) were
Caucasian and 20% were Black. Half of the patients (52.9%) were stage T2; 43.1% were
stage T3, and the majority (94.7%) were node negative. Regarding Gleason grade group,
42.2% had grade group 2, 18.8% grade group 3, 5.2% grade group 4, and 13.4% grade
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group 5. In this cohort, 53% were negative for GLS1 expression, 21.5% had low GLS1
expression, and 25.5% had high GLS1 expression. Ten patients had androgen deprivation
therapy (ADT) exposure prior to definitive prostatectomy. Among them, 5 out of 10 were
GLS1 0, 4 were GLS1 low, and 1 was GLS1 high. Essentially, 50% were GLS negative and
50% were GLS1 positive. There was no statistical difference in GLS1 expression in patients
with prior ADT exposure prior to definitive prostatectomy.

Figure 1. Impact of glutaminase (GLS1) mRNA on survivals using The Cancer Genome Atlas (TCGA) data portal cohort.
(A) GLS1 mRNA expression and overall survival with a medium cutoff, (B) GLS1 mRNA expression and overall survival
with a quartile cutoff, (C) mRNA expression and disease-free survival with a medium cutoff and (D) GLS1 mRNA expression
and disease-free survival with a quartile cutoff. Dotted lines represent 95% confidence interval (CI).
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Table 1. Clinicopathological characteristics of prostrate adenocarcinoma cases in tissue microarray
(TMA) cohort.

Clinicopathological Characteristics Number of Prostate Cancer Cases, n (%)

Total n = 154

Age

<60 84 (55%)
≥60 65 (45%)

Race

White 121 (78.6%)
Black 31 (20.1%)
Other 2 (1.3%)

Smoking

Yes 56 (36.4%)
No 50 (32.5%)

Unknown 48 (31.2%)

Pathological Tumor (pT) stage

2 81 (52.9%)
3 66 (43.1%)
4 6 (3.9%)

Missing 1

Pathological Node (pN) status

Yes 7 (5.3%)
No 124 (94.7%)

Missing 23

Gleason Grade Group

Grade Group 1 21(13.6%)
Grade Group 2 65(42.2%)
Grade Group 3 29(18.8%)
Grade Group 4 8(5.2%)
Grade Group 5 21(13.6%)

Missing 10 (6.4%)

GLS1 Score

High expression 38 (25.5%)
Low expression 32 (21.5%)

Negative 79 (53%)
Missing * 5

* Missing means there was no remaining tumor cells available for scoring in the prostate cancer (PCa) sample.

To evaluate the clinical significance of GLS1 IHC protein expression in PCa, we
compared the expression levels to benign glandular prostatic cells. A total of 41 cases
of benign prostate cases were included; 17 out of 41 (41%) cases had low GLS1 protein
expression and the remaining 24 cases (59%) had no observable GLS1 protein expression.
IHC staining for GLS1 expression for both groups is shown in Figure 2. Additionally, we
used the t test to compare the difference in GLS1 protein expression between malignant
and benign prostate cases. We saw a statistically significant difference in GLS1 protein
expression between PCa cells and benign glandular epithelium (p < 0.003) by the t test
(Figure 3).

Furthermore, we compared the correlation between GLS1 expression and clinico-
pathological parameters as an indication of prognostic value in this cohort. There was no
difference between GLS1 low vs. high protein expression for age, race, Gleason score, stage,
node status, and smoking status by univariate analysis (Table 2).

In the TMA cohort, 55 out of 154 (36%) patients had biochemical progression, 65%
underwent salvage radiation, and 35% had long-term hormonal therapy. Five patients
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(3%) had systemic chemotherapy in addition to hormonal therapy. The estimated 5-year
biochemical recurrence-free survival rate for high, low, and no GLS1 expression was 67.2%,
64.0%, and 74.1%, respectively (p = 0.8). The median overall survival (OS) was 12 years
(0–23 years). The median OS time for high, low, and no GLS1 expression were 10.8, 11.8,
14.5 years, respectively (p = 0.76). There was no biochemical PFS difference between no,
low, and high GLS1 expression (p = 0.48) (Figure 4A). No statistically significant between
GLS1 expression and OS (p = 0.76) was found (Figure 4B).

Figure 2. Immunohistochemical Analysis of GLS1 in Prostate Tissues. (A) Benign central zone of the prostate with no
glutaminase (GLS1) staining, 40× magnification. (B) Grade Group 1 Prostate Adenocarcinoma showing no staining with
GLS1, 40× magnification. (C) Grade Group 3 Prostate Adenocarcinoma showing no GLS1 expression, 40× magnification.
(D) Benign Central zone of the prostate with faint but diffuse granular cytoplasmic staining (low expression) with GLS1,
40× magnification. (E) Grade Group 2 Prostate Adenocarcinoma showing faint but diffuse granular cytoplasmic staining
(low expression) with GLS1, 40× magnification. (F) Grade Group 5 prostate adenocarcinoma showing moderate but focal
granular cytoplasmic staining (low expression) with GLS1, 40× magnification. (G) Grade Group 1 Prostate Adenocarcinoma
showing strong and diffuse granular cytoplasmic staining (high expression) with GLS1, 40×. (H) Grade Group 3 Prostate
Adenocarcinoma showing variably strong but diffuse cytoplasmic granular staining (high expression) with GLS1, 40×.
(I) Grade Group 5 Prostate Adenocarcinoma showing single infiltrating tumor cells and poorly formed glands with strong,
diffuse granular cytoplasmic staining (high expression) with GLS1, 40×.
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Figure 3. Distribution of glutaminase (GLS1) expression: Comparison of GLS1 protein expression
between malignant prostate cancer vs. benign prostate tissue (control) by t-test.

Table 2. Glutaminase (GLS1) immunohistochemistry protein expression and clinicopathological
parameters of prostate adenocarcinoma cases in TMA cohort.

Variables GLS1 Score p-Value

High Expression
(n = 38)

Low Expression
(n = 32)

No
(n = 79)

Missing
(n = 5)

Age
0.29<60 20 (24%) 17 (20%) 47 (56%)

≥60 18 (28%) 15 (23%) 32 (49%)

Race

0.3White 33 (86.8%) 27 (84.4%) 57 (72.2%) 4
Black 5 (13.2%) 5 (15.6%) 20 (25.3%) 1
Other 0 0 2 (2.5%)

pT stage

0.6pT2 19 (50%) 18 (56.3%) 40 (51.3%) 4
pT3 19 (50%) 12 (37.5%) 34 (43.6%) 1
pT4 0 2 (6.3%) 4 (5.1%) 0

Missing 0 0 1

pN
0.2Yes 1 (2.9%) 0 5 (7.9%) 1

No 34 (97.1%) 29 (100%) 58 (92.1%) 3

Gleason Grade Group

0.5
1 9 (23.6%) 6 (18%) 5 (6.3%) 1
2 16 (42%) 11 (34%) 37 (46.8%) 1
3 4 (10.5%) 6 (18.7%) 18 (22.8) 1
4 3 (7.8%) 1 (3%) 4 (5%)
5 5 (13%) 5 (15.6%) 11(13.9%)

Unknown 1(2.6%) 3 (9.3%) 4 (5%) 2

Smoking

0.9Yes 12 (31.6%) 13 (40.6%) 28 (35.4%) 3
No 13 (34.2%) 10 (31.3%) 27 (34.2%) 0

Unknown 13 (34.2%) 9 (28.1%) 24 (30.4%) 2

pT = pathological stage, pN = pathological node.
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3. Discussion

High GLS1 expression has been reported as a potential prognostic marker for poor
response in solid tumors such as colorectal and triple negative breast cancers [17,18]. In
prostate cancer, previously published studies have reported that high GLS1 expression
was associated with a higher Gleason score and higher tumor stage [21,22]. In order to
explore whether GLS1 is a negative prognostic marker, we analyzed GLS1 RNA-Seq data
from TCGA database. In this cohort, GLS1 mRNA expression did not show a statistically
significant difference in disease-free survival but did show a small statistically significant
difference in overall survival. We next sought to further validate these findings utilizing
GLS1 IHC to restrict the analysis of GLS1 expression more specifically to tumor cells, and
to study the relationship with a wider range of clinicopathologic parameters from our
patient population. In summary, we found a lack of correlation between GLS1 protein
expression by IHC and various clinicopathological parameters. However, we did find a sta-
tistically significant difference between GLS1 protein expression in PCa cells versus benign
glands, with high GLS1 protein expression limited to prostate cancer. There are important
differences between our study and previous investigations: (1) techniques/methods of
measuring GLS1 expression; (2) tissue sample types (preclinical cell lines vs. patient radical
prostatectomy samples); (3) patients’ baseline characteristics.

With respect to the first difference, Zhang et al. demonstrated that high expression of
GLS mRNA was significantly associated with high Gleason score (≥8) and higher tumor
stage (≥T3) [22]. They utilized qRT-PCR and Western blot analyses to measure GLS mRNA
while we analyzed RNA-Seq data. Furthermore, no in situ methods were performed, such
as IHC, which is important for prostate cancer considering tumors are often rich in stroma
and intimately associated with benign glands. In contrast, Dorai et al. studied GLS IHC
on FFPE samples of PCa [23]. However, a careful examination of their GLS IHC figures
shows that staining was primarily localized to the stroma and not the actual tumor cells,
which questions the reliability of the data [23]. Prior to the present study, a high-quality in
situ investigation that localizes GLS1 expression to tumor cells, the biologically relevant
compartment, has been lacking. In our study, we used a combination of RNA-Seq data, as
well as a high quality in situ IHC protein method, to study GLS1 expression (Figure 3).
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With respect to the second difference, the Zhang et al. study also reported that the
expression of GLS1 mRNA levels by qRT-PCR and Western blot methods were higher in
different prostate cancer cell lines (DU145, PC-3 and LNCaP) compared with a normal
prostate epithelial cell line (RWPE-1) [22]. This finding is consistent with our IHC results,
which showed a statistically significant difference in GLS1 protein expression in prostate
cancer cells versus benign glandular epithelium.

Finally, with respect to the third difference, many of our samples in the TMA cohort
were from patients with low/intermediate risk, localized prostate cancer: T2 (52.9%), Glea-
son grade group 2 (42.2%), Gleason grade group 5 (13.4%) and N0 (94.7%). Furthermore,
the TCGA cohort is similarly enriched for localized, low-to-intermediate grade PCa. In
contrast to our study, the Zhang et al. study included more high-risk patients; Gleason score
≥8 (63%), ≥T3 (56%) and PSA ≥10 ng/mL (59%) [22]. Given the smaller sample size for
aggressive disease, our cohorts may not be sufficiently powered to detect a difference in this
population. Furthermore, the cell lines DU145, PC-3, and LNCap are all derived from Stage
IV metastatic prostate cancer. As a result, it is not surprising that GLS1 expression may
be different in these aggressive tumors than in our cohorts. To this point, Zacharias et al.
evaluated the metabolic differences between the aggressive prostate cancer cell line (PC3)
and the even more aggressive metastatic cell line (P3M) by using hyperpolarized in vivo
pyruvate studies, nuclear magnetic resonance spectroscopy, and carbo-13 feeding studies,
showing that the P3M cell line utilized a higher amount of glutamine than PC3 [24]. These
findings are interesting, and more studies are warranted in high-risk and aggressive PCa.

In addition, GLS exists in two major isoforms, kidney-type glutaminase (KGA) and
glutaminase C (GAC) [25], which are collectively referred to as GLS1; the antibody used
for these analyses detects both isoforms [26]. Since GAC may be more active than KGA,
further studies that utilize in situ methods of detection with these two splice variants may
be warranted. However, interestingly, Zacharias et al. performed Western blot analyses of
KGA and GAC and showed similar expression levels in all prostate cancer cell lysates for
both the PC3 and PC3M cell lines [24]. As a result, since our antibody detects both KGA and
GAC, it is unclear that additional IHC would provide any further information. To this point,
GLS1 expression (detecting both KGA and GAC) was found to be undetectable in 53% of
our prostate cancer samples. This finding suggests that KGA specific and GAC specific
IHC would be negative in the majority of our samples. Despite lack of any additional IHC
markers, our data suggest that the glutaminolysis pathway may not play a major role in
many clinically encountered, localized prostate cancers. However, additional studies are
warranted, particularly in more high-risk and advanced prostate cancer cohorts.

Another limitation in our TMA cohort is related to the age of the FFPE samples, which
ranged from 4–18 years old. Antigenicity (antibody to antigen specificity) can change over
time; however, it is crucial to include samples from patients for whom long-term follow-up
is available. This factor may result in less intense staining; however, in comparison to
the published literature, our rate of GLS1 protein expression in prostate cancer is not
dramatically dissimilar from mRNA data. One study reported that GLS1 expression was
found in 64% (68 out of 107 patients) in the malignant prostate specimens by mRNA
analysis [21], while in our study, GLS1 IHC protein expression was found in 47% (70 out of
154 patients) malignant prostate specimens.

Despite the lack of support for GLS1 IHC protein expression as a prognostic marker in
early stage prostate cancer in our study, the findings from preclinical models and the trend
in our TCGA analysis warrant further investigation into whether GLS1 expression could
be a predictive marker for response to the CB-839, a small molecule allosteric inhibitor of
GLS. Furthermore, the fact that high protein expression by IHC was restricted to cancer
specimens may indicate that this pathway could be a potential target for a subset of patients.
Importantly, pre-clinical studies have shown anti-tumor activity in PCa cell lines treated
with CB-839 as monotherapy [24], and it showed synergistic activity in combination with
the PARP inhibitors in multiple solid tumors including PCa cells [27], in combination
with metformin in osteosarcoma [28] in vitro, in combination with cabozantinib in renal
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cell carcinoma [29], in combination of CDK4/6 inhibitor in colorectal, and breast cancers
preclinical models [27] as well as CB-839 could be utilized as a radiosensitizer in lung
cancer shown in vivo and vitro [30].These encouraging in vitro results support the confir-
mation of CB-839 anti-tumor activity in xenograft models, but these findings need to be
further translated. Essentially, additional studies enriched for high-risk and aggressive
PCa are warranted.

4. Materials and Methods

This study was conducted in two phases: an exploratory cohort analyzing RNA-Seq
data for GLS1 from The Cancer Genome Atlas (TCGA) data portal and a GLS1 immunohis-
tochemical (IHC) protein expression cohort utilizing a TMA for correlation with additional
clinicopathologic parameters.

4.1. TCGA Cohort

246 PCa samples with RNA-Seq data available for GLS1 were identified from TCGA
(https://cancergenome.nih.gov/, accessed on 4 March 2021) and included in an exploratory
phase of this study.

4.2. TMA Cohort

A TMA was constructed from formalin-fixed paraffin-embedded tissue from 154 patients
who underwent radical prostatectomy for localized prostate adenocarcinoma between 2002 and
2016 at University of Kentucky Markey Cancer Center. Survival intervals were calculated from
the time of prostate surgery until death or last clinic follow-up. Clinicopathological information
including age, race, tumor stage, histology, grade, lymph node status, Gleason score, smoking
status, subsequent treatment history (radiation therapy and or hormonal therapy), and survival
data were collected using the Kentucky Cancer Registry. The study was approved by the local
Institutional Review Boards (IRBs) at University of Kentucky (53854).

The TMAs were used to evaluate GLS1 protein expression by IHC. Slides were sec-
tioned at 4 microns and baked at 58 ◦C for a minimum of one hour. Staining was conducted
on the Ventana Discovery Ultra using Standard CC2 (Roche, Tucson, AZ, USA) antigen re-
trieval, followed by incubation with an anti-GLS1 antibody (ab156876, abcam, Cambridge,
MA, USA) at 1:400 for 1 h at 37 ◦C and then incubation with OmniMap anti-Rabbit-HRP
(Roche, Tucson, AZ, USA) and visualization with DAB (Roche), according to the manu-
facturer’s recommendations. Slides were lightly counterstained in Mayer’s hematoxylin
before permanent mounting. Two board-certified anatomic pathologists participated in this
study (Derek B. Allison and Robert J. McDonald) and worked together to optimize the IHC
staining conditions and agree upon staining thresholds. Cases where there was a question
about scoring were reviewed by both pathologists. The expression scores were calculated
as intensity score (0 = no staining; 1 = weak granular cytoplasmic staining; 2 = moderate
granular cytoplasmic staining; 3 = strong granular cytoplasmic staining) X proportion score
(0 = no positive cells; 1= <10% positive cells; 2= 10–40% positive cells; 3 = 40–70% positive
cells; 4 = >70% positive cells, as modified from Xiang et al [31]. For the PCa samples,
interpretation was restricted to the PCa tumor cells while interpretation in the benign tissue
samples was restricted to the benign glandular epithelium. Based on the distribution of the
scores, the cases were then classified into one of three tiers: no expression, low expression,
or high expression. Forty-one benign prostate samples were included for comparison and
scored using the same method. Associations between GLS1 levels and clinicopathological
parameters and survival were analyzed by Pearson’s chi-squared and Log-rank tests.

4.3. Statistical Analysis
4.3.1. TCGA Cohort

Kaplan–Meier estimate or survival analysis was performed using the publicly avail-
able software GEPIA (http://gepia.cancer-pku.cn, accessed on 4 March 2021) that utilizes
RNA sequencing expression data from tumor and normal samples from the TCGA database
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using a standard processing pipeline. For both disease-free survival and overall survival,
upper and lower quartile were used for high and low expression cut-offs and the nonpara-
metric Mantel-Cox test was used for the calculation of Log-rank score.

4.3.2. TMA Cohort

A total of 154 patients were included in the TMA cohort IHC analysis. Basic char-
acteristics, including age, race, smoking history, pathological tumor stage, pathological
node status, Gleason grade, and GLS expression were summarized by descriptive statistics.
Univariate analysis was conducted to examine differences in age, race, Gleason score, stage,
node status, and smoking status by GLS expression (no expression, low expression, or high
expression). Associations between categorical endpoints were examined by Chi-square
test, and continuous endpoints were compared by Student’s t-test. Disease-free (biochem-
ical recurrence-free) survival and overall survival were estimated and plotted using the
Kaplan–Meier method. Log-rank tests were performed to detect survival differences by
GLS expression. Analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC,
USA) and R Studio 1.4 (RStudio, PBC, Boston, MA, USA). All hypotheses testing and
confidence intervals were conducted at 95% significance level.

5. Conclusions

In our study, PCa cells were more likely to have increased GLS1 protein expression
compared to benign glandular epithelium. Although GLS1 protein expression did not
appear to be a statistically significant prognostic marker, high GLS1 mRNA expression
showed a trend toward worse disease-free and overall survival. Our cohorts, however, were
enriched for cases with localized disease and low-to-intermediate grade PCa. As a result,
future studies are warranted to evaluate GLS1 expression in high grade and advanced PCa
cases to determine whether there is a rational basis for GLS1 targeted therapy with CB-839
in a subset of patients with PCa.
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Simple Summary: Prostate cancer is a disease responsible for a large proportion of all male cancer
deaths but there is a high chance that a patient will die with the disease rather than from. Therefore,
there is a desperate need for improvements in diagnosing and predicting outcomes for prostate
cancer patients to minimise overdiagnosis and overtreatment whilst appropriately treating men with
aggressive disease, especially if this can be done without taking an invasive biopsy. In this work we
develop a test that predicts whether a patient has prostate cancer and how aggressive the disease is
from a urine sample. This model combines the measurement of a protein-marker called EN2 and
the levels of 10 genes measured in urine and proves that integration of information from multiple,
non-invasive biomarker sources has the potential to greatly improve how patients with a clinical
suspicion of prostate cancer are risk-assessed prior to an invasive biopsy.

Abstract: The objective is to develop a multivariable risk model for the non-invasive detection
of prostate cancer prior to biopsy by integrating information from clinically available parameters,
Engrailed-2 (EN2) whole-urine protein levels and data from urinary cell-free RNA. Post-digital-rectal
examination urine samples collected as part of the Movember Global Action Plan 1 study which
has been analysed for both cell-free-RNA and EN2 protein levels were chosen to be integrated
with clinical parameters (n = 207). A previously described robust feature selection framework
incorporating bootstrap resampling and permutation was applied to the data to generate an optimal
feature set for use in Random Forest models for prediction. The fully integrated model was named
ExoGrail, and the out-of-bag predictions were used to evaluate the diagnostic potential of the
risk model. ExoGrail risk (range 0–1) was able to determine the outcome of an initial trans-rectal
ultrasound guided (TRUS) biopsy more accurately than clinical standards of care, predicting the
presence of any cancer with an area under the receiver operator curve (AUC) = 0.89 (95% confidence
interval(CI): 0.85–0.94), and discriminating more aggressive Gleason ≥ 3 + 4 disease returning an
AUC = 0.84 (95% CI: 0.78–0.89). The likelihood of more aggressive disease being detected significantly
increased as ExoGrail risk score increased (Odds Ratio (OR) = 2.21 per 0.1 ExoGrail increase, 95% CI:
1.91–2.59). Decision curve analysis of the net benefit of ExoGrail showed the potential to reduce the
numbers of unnecessary biopsies by 35% when compared to current standards of care. Integration of
information from multiple, non-invasive biomarker sources has the potential to greatly improve how
patients with a clinical suspicion of prostate cancer are risk-assessed prior to an invasive biopsy.
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1. Introduction

Prostate cancer is responsible for 13% of all male cancer deaths in the UK, yet this is
contrasted by 10-year survival rates approaching 84% [1]. This dichotomy has led to uncer-
tainty for clinicians in how best to diagnose and predict the outcome for prostate cancer
patients to minimise overdiagnosis and overtreatment whilst appropriately treating men
with aggressive disease [2]. More accurate discrimination of disease state in biopsy naïve
men would mark a significant development compared to current standards and impact
large numbers of patients suspected of harbouring prostate cancer. The development of
such a pre-biopsy screening test would provide a convenient checkpoint along the clinical
pathway for patients to exit without the need for further invasive and stressful follow-up.

Under current guidelines patients are selected for further clinical investigations for
prostate cancer if they have an elevated prostate specific antigen (PSA) (≥4 ng/mL) and/or
an adverse finding on digital rectal examination (DRE) or lower urinary tract symptoms,
whilst other factors such as age and ethnicity are also considered alongside patient pref-
erence [3–5]. More recently multiparametric MRI (mpMRI) has been used as a triage
tool to reduce negative biopsy rates since its validation in the PROMIS clinical trial [6].
However, as it has gained more widespread adoption, mpMRI has shown a higher rate of
inter-operator and inter-machine variability than reported in controlled clinical trials; up to
28% of clinically significant disease is missed in practice [5,7–9]. Coupled with the relative
expense, time and expertise required to undertake an mpMRI meeting the current clinical
guidelines, there is a need to improve on current clinical practices.

Biomarkers utilising tissue samples taken at the time of diagnosis for the detection of
aggressive or significant prostate cancer requiring clinical attention are relatively plenti-
ful [10–13]. Many of these markers are good tests, whether that be for discerning the most
aggressive disease [11,14], or for predicting disease-free survival following radical prostate-
ctomy [15]. However, requiring tissue means a biopsy must already have been performed,
making these tests incompatible with reducing the rates of unnecessary biopsy that come at
considerable economic, psychological and societal cost to patients and healthcare systems
alike [2,16,17].

As a secretory organ directly interacting with the male urinary tract, the prostate is
well-placed as a candidate for non-invasive liquid biopsy from urine samples [18]. Single- or
few-biomarker panels such as Engrailed-2 (EN2) protein expression [19], the SelectMDx [20]
and ExoDx Prostate (IntelliScore) [21] tests have published promising results for the non-
invasive detection of significant disease (Gleason score (Gs) ≥ 7). However, they are
in various stages of clinical validation and none are currently implemented in the UK
healthcare system [5]. Most urinary biomarkers developed to date for the prediction of
biopsy outcome are unimodal; considering a singular fraction of urine (such as the cell-
pellet or cell-free fractions) or biological aspect of cancer to appraise disease status. Whilst
these tests have shown promising clinical use and accuracy, for the majority it has not yet
been explored whether extra predictive value could be derived by integrating multiple
streams of information from other sources.

Since initial development, the SelectMDx model has been updated to include clinically
available parameters of serum PSA, patient age and DRE alongside urinary HOXC6 and
DLX1 mRNA, adding significant predictive ability for patients with a PSA < 10 ng/mL [22].
We have also recently shown the benefit of such a holistic approach, presenting the devel-
opment of the multivariable ExoMeth risk prediction model integrating clinical parameters,
hypermethylation within the urinary cell pellet and urinary cell-free RNA expression data
that displayed improved clinical utility over any single mode [23].

EN2 is a homeodomain-containing transcription factor that has an essential function in
early development, which in mammals includes the delineation of the midbrain/hindbrain
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border [24]. For a transcription factor it has a number of unusual properties, including
the ability to be secreted from cells and taken up by others [25]. Indeed, a recent study
indicated that prostate cancer cells can secrete EN2 protein through vesicles which are then
taken up by other non-EN2 expressing cells, where it can directly influence the transcription
of target genes [25].

This secretory behaviour of EN2 makes it a potential biomarker for prostate cancer,
and indeed EN2 protein can be detected in the urine of men with prostate tumours [19]. The
original and subsequent studies have generally supported a diagnostic role for urinary EN2,
including a relationship between urinary EN2 concentration and tumour volume [19,26].
More recently, a lateral flow-based test for EN2 has been described that could potentially
allow point-of-care testing [27].

In this study, we report the utility of a predictive model produced by the integration
of clinically available parameters, urinary EN2 protein levels and targeted cell-free RNA
transcriptomics. The data were collected within the Movember Global Action Plan 1
(GAP1) study that explored a range of biomarkers in urine for PCa diagnosis and prognosis.
The clinical utility of this model is determined by the ability to predict the presence of
Gs ≥ 7 and Gs ≥ 4 + 3 disease on biopsy, both critical distinctions in clinical settings, where
patients with Gs ≥ 7 are recommended radical therapy [5], whilst patients with Gs 4 + 3
have significantly worse outcomes than Gs 3 + 4 patients [28]. Aware that most cancer
biomarkers and predictive models fail to reach clinical adoption, we have adhered to the
guidelines for the transparent reporting of a multivariable prediction model for individual
prognosis or diagnosis (TRIPOD) whilst developing the models and results presented
here [29].

2. Materials and Methods
2.1. Patient Population and Characteristics

The full Movember GAP1 urine cohort comprises 1257 first-catch post-DRE urine
samples collected between 2009 and 2015 from urology clinics at multiple sites, as described
in Connell et al. (2019). As a diverse range of techniques was applied to samples from
this cohort and restricted amounts of urine, the number of experiments that could be
performed on any one sample was limited. Samples within the Movember cohort that
were quantified for both EN2 levels by ELISA and cell-free-RNA (cf-RNA) expression by
NanoString (Seattle, WA, USA) were eligible for selection for model development in the
current study (n = 218).

Exclusion criteria for model development included a recent prostate biopsy or trans-
urethral resection of the prostate (<6 weeks) and metastatic disease (confirmed by a positive
bone-scan or PSA > 100 ng/mL), resulting in a cohort of 207 samples, deemed the ExoGrail
cohort (Table 1). All samples analysed in the ExoGrail cohort were collected from the
Norfolk and Norwich University Hospital (NNUH, Norwich, UK). Sample collections and
processing were ethically approved by the East of England REC.

2.2. Sample Processing and Analysis

Urine samples were processed according to the Movember GAP1 standard operating
procedure (Supplementary Methods). In brief, within 30 min of collection, urine was
centrifuged (1200× g 10 min, 6 ◦C) to remove cellular material. Supernatant extracellular
vesicles were harvested by microfiltration and cell-free mRNA extracted (RNeasy micro kit,
#74004, Qiagen, Hilden, Germany) on the same day that they were provided by the patient.
RNA was amplified as cDNA with an Ovation PicoSL WTA system V2 (Nugen, Redwood
City, CA, USA, #3312-48). Urinary EN2 protein concentration was quantified by ELISA
from whole urine using a monoclonal anti-mouse EN2 antibody, as described by Morgan
et al. (2011) [19]. Cell-free mRNA was quantified from urinary extracellular vesicles
using NanoString technology, with 167 gene-probes (Table S1), as described in Connell
et al. (2019), with the modification that NanoString data were normalised according to
NanoString guidelines using NanoString internal positive controls, and log2 transformed.
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Clinical variables serum PSA, age at sample collection, DRE finding, and urine volume
collected were considered.

Table 1. Characteristics of the ExoGrail development cohort, stratified according to a record of cancer
or not, either on an initial biopsy or for a no cancer finding if a biopsy was not performed.

No Cancer Finding: Biopsy Positive Cancer Finding

Collection Centre:
NNUH, n (%) 77 (100) 130 (100)

Age:
minimum 45.00 53.00

median (IQR) 65.00 (59.00, 71.00) 68.50 (65.00, 76.00)
mean (sd) 65.22 ± 8.10 69.71 ± 7.67
maximum 82.00 91.00

PSA:
minimum 0.30 4.10

median (IQR) 6.10 (3.70, 8.80) 10.35 (6.82, 16.48)
mean (sd) 7.89 ± 8.72 17.08 ± 18.33
maximum 63.80 95.90

Prostate Size (DRE Estimate):
Small, n (%) 13 (17) 13 (10)

Medium, n (%) 34 (44) 64 (49)
Large, n (%) 21 (27) 38 (29)

Unknown, n (%) 9 (12) 15 (12)
Gleason Score:

0, n (%) 77 (100) 0 (0)
6, n (%) 0 (0) 30 (23)

3 + 4, n (%) 0 (0) 48 (37)
4 + 3, n (%) 0 (0) 24 (18)
≥8, n (%) 0 (0) 28 (22)

Biopsy Outcome:
No Biopsy, n (%) 25 (32) 0 (0)

Biopsy Negative, n (%) 52 (68) 0 (0)
Biopsy Positive, n (%) 0 (0) 130 (100)

2.3. Statistical Analysis

All analyses, model construction and data preparation were undertaken in R ver-
sion 3.5.3 [30], and unless otherwise stated, utilised base R and default parameters. All data
and code required to reproduce these analyses can be found at the UEA Cancer Genetic
GitHub repository [31].

2.4. Feature Selection

In total, 172 variables were available for prediction (cf-RNA (n = 167), clinical variables
(n = 4) and urinary EN2 (n = 1); for full list see Table S1), making feature selection a key task
for minimising model overfitting and increasing the robustness of trained models. To avoid
dataset-specific features being positively selected [32], we implemented a robust feature
selection workflow utilising the Boruta algorithm [33] and bootstrap resampling. Boruta
is a random forest-based algorithm that iteratively compares feature importance against
random predictors, deemed “shadow features.” Features that perform significantly worse
compared to the maximally performing shadow feature at each permutation, (p ≤ 0.01,
calculated by Z-score difference in mean accuracy decrease) are consecutively dropped
until only confirmed, stable features remain.

Boruta was applied on 1000 datasets generated by resampling with replacement.
Features were only positively selected for model construction when confirmed as stable
features in ≥90% of resampled Boruta runs.
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2.5. Comparator Models

To evaluate potential clinical utility, additional models were trained as comparators
using subsets of the available variables across the patient population: a clinical standard
of care (SoC) model was trained by incorporating age, PSA, T-staging and clinician DRE
impression; a model using only the values from the EN2 ELISA (EN2, n = 1); and a model
only using NanoString gene-probe information (NanoString, n = 167). The fully integrated
ExoGrail model was trained by incorporating information from all of the above variables
(n = 177). Each set of variables for comparator models were independently selected via the
bootstrapped Boruta feature selection process described above to select the most optimal
subset of variables possible for each predictive model.

2.6. Model Construction

All models were trained via the random forest algorithm [34], using the randomForest
package [35] with default parameters except for resampling without replacement and
401 trees being grown per model. Risk scores from trained models are presented as the
out-of-bag predictions; the aggregated outputs from decision trees within the forest where
the sample in question has not been included within the resampled dataset [34]. Bootstrap
resamples were identical for feature selection and model training for all models and used
the same seed for random number generator.

Models were trained on a modified continuous label, based on biopsy outcome and
constructed as follows: samples were scored on a continuous scale (range: 0–1) according
to the dominant Gleason pattern: where 0 represented no evidence of cancer, Gleason
scores 6 & 3 + 4 were assigned to 0.5 and Gleason scores ≥ 4 + 3 are set to 1. Following
this categorisation, the score is treated as a continuous variable by the Random Forest
algorithm described above. This process was designed to recognise that two patients with
the same TRUS-biopsy Gleason score will not share the exact same proportions of tumour
pattern, or overall disease burden. This scale was solely used for model training and was
not represented in any endpoint measurements, or for determining the predictive ability
and clinical utility.

2.7. Statistical Evaluation of Models

Area Under the Receiver-Operator Characteristic curve (AUC) metrics were produced
using the pROC package [36], with confidence intervals calculated via 1000 stratified
bootstrap resamples. Density plots of model risk scores, and all other plots were created
using the ggplot2 package [37]. Partial dependency plots were calculated using the pdp
package [38]. Cumming estimation plots and calculations were produced using the dabe-
str package [39] and 1000 bootstrap resamples were used to visualise robust effect size
estimates of model predictions.

Decision curve analysis (DCA) [40] examined the potential net benefit of using PUR-
signatures in the clinic. Standardised net benefit (sNB) was calculated with the rmda
package [41] and presented throughout our decision curve analyses as it is a more directly
interpretable metric compared to net benefit [42]. In order to ensure DCA was representa-
tive of a more general population, the prevalence of Gleason scores within the ExoGrail
cohort were adjusted via bootstrap resampling to match those observed in a population of
219,439 men that were in the control arm of the Cluster Randomised Trial of PSA Testing
for Prostate Cancer (CAP) Trial [43], as described in Connell et al. (2019). Briefly, of the
biopsied men within this CAP cohort, 23.6% were Gs 6, 8.7% Gs 7 and 7.1% Gs ≥ 8, with
60.6% of biopsies showing no evidence of cancer. These ratios were used to perform
stratified bootstrap sampling with a replacement of the Movember cohort to produce a
“new” dataset of 197 samples with risk scores from each comparator model. sNB was then
calculated for this resampled dataset, and the process repeated for a total of 1000 resamples
with replacement. The mean sNB for each risk score and the “treat-all” options over all
of the iterations were used to produce the presented figures to account for variance in
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resampling. Net reduction in biopsies, based on the adoption of models versus the default
treatment option of undertaking biopsy in all men with PSA ≥ 4 ng/mL was calculated as:

BiopsyNetReduction = (NBModel − NBAll)×
1 − Threshold

Threshold
(1)

where the decision threshold (Threshold) is determined by accepted patient/clinician
risk [40]. For example, a clinician may accept up to a 25% perceived risk of cancer before
recommending biopsy to a patient, equating to a decision threshold of 0.25.

3. Results
3.1. The ExoGrail Development Cohort

Urinary EN2 protein and cf-RNA data were available for 207 patients within the
Movember GAP1 cohort, with all samples originating from the NNUH to form the ExoGrail
development cohort (Table 1). The proportion of Gleason ≥ 7 disease in the ExoGrail
cohort was 48%, whilst 25 patients were deemed to have no evidence of cancer (NEC,
PSA < 4 ng/mL), and did not receive a biopsy.

3.2. Feature Selection and Model Development

Using the robust feature selection framework, four models were produced in total: a
standard of care (SoC) model incorporating only clinically available parameters (age and
PSA), a model using urinary EN2 protein levels as the sole predictor variable (Engrailed),
a model using only cf-RNA information (ExoRNA, 11 gene-probes) and the integrated
model, named ExoGrail that incorporated variables from all three sources (12 variables)
(Table 2). The ExoGrail model is a multivariable risk prediction model incorporating clinical
parameters, urinary EN2 protein levels and cf-RNA expression information. When the
resampling strategy was applied for feature reduction using Boruta, 12 variables were
selected for the ExoGrail model. Each of the retained variables were positively selected in
every resample and notably included information from clinical and cf-RNA variables, as
well as urinary EN2 (Figure 1; full resample-derived Boruta variable importance for the SoC,
Engrailed and ExoRNA comparator models can be seen in Figures S1–S3, respectively).

Table 2. Features positively selected for each model by bootstrap resampling and the Boruta algo-
rithm. Features are selected for each model by being confirmed as important for predicting biopsy
outcome, categorised as a modified ordinal variable (see Methods) by Boruta in ≥90% of bootstrap
resamples.

SoC Engrailed ExoRNA ExoGrail

Clinical
Parameters

Serum PSA - - Serum PSA
Age - - -

ELISA Targets EN2 (ELISA) - EN2 (ELISA)

NanoString
cf-RNA targets

ERG exons 4-5 ERG exons 4-5
ERG exons 6-7 ERG exons 6-7

GJB1 GJB1
HOXC6 HOXC6

HPN HPN
NKAIN1 -

PCA3 PCA3
PPFIA2 PPFIA2
RPLP2 -

- SLC12A1
TMEM45B TMEM45B

TMPRSS2/ERG fusion TMPRSS2/ERG fusion
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Figure 1. Analysis of variables available for the training of the ExoGrail model through the appli-
cation of the Boruta algorithm via bootstrap resampling. 1000 resamples with replacement of the 
available data were made, with the normalised permutation importance of each variable recorded 
at each iteration, along with the decision of Boruta within that resample. Fill colour shows the pro-
portion of resamples that a feature was positively retained by Boruta. Those features selected in 
≥90% of resamples were selected for fitting predictive models. Variables rejected in all of the 1000 
resamples are not shown here but are fully detailed in Table S1. 

Figure 1. Analysis of variables available for the training of the ExoGrail model through the application of the Boruta
algorithm via bootstrap resampling. 1000 resamples with replacement of the available data were made, with the normalised
permutation importance of each variable recorded at each iteration, along with the decision of Boruta within that resample.
Fill colour shows the proportion of resamples that a feature was positively retained by Boruta. Those features selected in
≥90% of resamples were selected for fitting predictive models. Variables rejected in all of the 1000 resamples are not shown
here but are fully detailed in Table S1.

In the SoC comparator model, only PSA and age were selected as important predictors.
Urinary EN2 levels were confirmed as important in the independent Engrailed model as
the sole variable, and also within the ExoGrail model (Table 2). For the cf-RNA model,
ExoRNA, 11 transcripts were selected, notably including both variants of the ERG gene-
probe and TMPRSS2/ERG fusion gene-probe. ExoGrail incorporated an additional cf-RNA
transctript, SLC12A1, which was not previously selected in the ExoRNA comparator model.
When this was examined by partial dependency plots, an additive interaction effect was
observed between quantified levels of urinary EN2 and counts of SLC12A1 on the predicted
ExoGrail risk signature output (Figure S4).
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3.3. ExoGrail Predictive Ability

As ExoGrail Risk Score (range 0–1) increased, the likelihood of high-grade disease
detection on TRUS-biopsy was significantly greater (Proportional odds ratio = 2.21 per
0.1 ExoGrail increase, 95% CI: 1.91–2.59; ordinal logistic regression, Figure 2). The median
ExoGrail risk score for metastatic patients was 0.76 (n = 11). These patients were excluded
from model training and can be considered as a positive control for model calibration.
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Figure 2. Representation of the ExoGrail risk score for each patient within a waterfall plot, where each coloured bar
represents an individual’s biopsy outcome (fill colour) and predicted ExoGrail risk score (bar height). Green—No evidence
of cancer, Blue—Gs 6, Orange—Gs 3 + 4, Red—Gs ≥ 4 + 3.

ExoGrail was superior to all other models for the detection of Gleason ≥ 3 + 4
(AUC = 0.90 (95% CI: 0.86–0.94), p < 0.001, bootstrap test with 1000 resamples) and for
any cancer (AUC = 0.89 (95% CI: 0.85–0.94), p < 0.001, bootstrap test with 1000 resamples)
(Table 3). When Gleason ≥ 4 + 3 was considered, ExoGrail returned an AUC = 0.84 (95% CI:
0.78–0.89), outperforming the SoC and cf-RNA models (p < 0.001, bootstrap test with 1000
resamples), whilst the Engrailed model displayed similar performance by AUC metrics
(Table 3). A model consisting of the combination of EN2 and PSA showed a similar ability
in the detection of Gleason ≥ 4 + 3 compared to ExoGrail (AUCs of 0.85 compared to 0.84),
whilst ExoGrail showed a small improvement in the detection of Gleason ≥ 3 + 4 disease
and any cancer (Table S2).

Table 3. Area under the receiver operator curve (AUC) of all trained models for detecting outcomes
of an initial biopsy for varying clinically significant thresholds. Numbers within brackets detail 95%
confidence intervals of the AUC, calculated from 1000 stratified bootstrap resamples. Input variables
for each model are detailed in Table 1.

Initial Biopsy
Outcome: SoC Engrailed ExoRNA ExoGrail

Gleason ≥ 4 + 3: 0.77 (0.69–0.84) 0.81 (0.74–0.88) 0.67 (0.59–0.75) 0.84 (0.78–0.89)
Gleason ≥ 3 + 4: 0.72 (0.65–0.79) 0.83 (0.77–0.88) 0.77 (0.70–0.83) 0.90 (0.86–0.94)

Any Cancer 0.75 (0.68–0.82) 0.81 (0.74–0.86) 0.81 (0.74–0.87) 0.89 (0.85–0.94)
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As revealed by the distributions of risk scores and AUC, ExoGrail achieved clearer
discrimination of disease status Gleason ≥ 3 + 4 disease from other biopsy outcomes when
compared to any of the other models (ExoGrail all comparisons p < 0.01 bootstrap test,
1000 resamples, Figure 3).
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Figure 3. Risk score distributions of the four trained models, calculated as the out-of-bag predictions and represented as
density plots. Area under the receiver operator curves (AUCs) for each model’s predictive ability for clinically relevant
outcomes are detailed underneath each panel. Each random forest model was fit using different input variables; (A) SoC
clinical risk model, including Age and serum prostate specific antigen (PSA), (B) Engrailed model, (C) ExoRNA model
and (D) ExoGrail model, combining predictors from all three modes of analysis. The full list of variables in each model is
available in Table 1. Fill colour shows the risk score distribution of patients with respect to biopsy outcome: No evidence of
cancer (Green), Gleason 6 (Blue), Gleason 3 + 4 (Orange), Gleason ≥ 4 + 3 (Red).

Investigation of risk score distributions found that whilst the SoC model returned
respectable AUCs and detection of the higher grade disease (Gleason ≥ 3 + 4), it displayed
a relative inability to clearly stratify intermediate disease states. This uncertainty would
cause large numbers of patients to be inappropriately selected for further investigation
(Figure 3A). For example, to classify 90% of patients with Gleason 7 disease correctly, an SoC
risk score of 0.251 would misclassify 64.5% of men with less significant, or no disease. The
Engrailed model detailed clearer discrimination, though featured a bimodal distribution
of patients without prostate cancer (Figure 3B, green density plot), misidentifying 51.4%
of patients with low-grade disease as similar to those with more clinically significant
disease (Figure 3B). A similar bimodal distribution was seen for the EN2 plus PSA model
(Figure S5). Whilst the AUCs returned for the ExoRNA model were lower, the distribution
of risk scores shows that ExoRNA could more accurately discriminate cancer from non-
cancer than either the SoC or EN2 models, a key clinical step in the triage of patients prior
to biopsy (Figure 3C).
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Examination of ExoGrail scores displayed similar distributions for NEC patients
as the ExoRNA model whilst also being able to more accurately separate different can-
cer outcomes from biopsy, resulting in fewer misclassifications of patients without can-
cer if binary detection of 95% of Gleason ≥ 3 + 4 were considered (28% of NEC pa-
tients misclassified). The greater discriminatory ability of the ExoGrail model when
biopsy outcomes are considered as a binary Gleason ≥ 3 + 4 threshold can also be seen
in Figure S6.

Comparisons of mean ExoGrail scores between groups were performed with re-
sampling and Cumming estimation plots (1000 bias-corrected and accelerated bootstrap
resamples, Figure 4). The mean ExoGrail differences between patients with no evidence of
cancer on biopsy were: Gleason 6 = 0.3 (95% CI: 0.22–0.37), Gleason 3 + 4 = 0.48 (95% CI:
0.41–0.53) and Gleason ≥ 4 + 3 = 0.56 (95% CI: 0.51–0.61). Of note, patients with no evidence
of cancer had a lower ExoGrail risk score (mean difference = 0.17 (95% CI: 0.11–0.24)) than
those with a raised PSA but no findings of cancer on biopsy (Figure 4).
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Decision curve analyses examined the net benefit of ExoGrail adoption in a popula-
tion of patients with a clinical suspicion of prostate cancer and a PSA level suitable to 
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Figure 4. Mean ExoGrail risk score differences between biopsy outcomes, as represented by Cumming
estimation plots. Individual patient risk scores (y-axis) are presented as points in the top panel,
separated according to Gleason score (x-axis) with gapped vertical lines detailing the mean and
standard deviation of each clinical group’s ExoGrail risk score. Mean ExoGrail risk score differences
relative to the no evidence of cancer (NEC) group are shown in the bottom panel. Mean difference
and 95% confidence intervals are shown as a point estimate and vertical bar, respectively, with density
plots generated from 1000 bias-corrected and accelerated bootstrap resamples.

Decision curve analyses examined the net benefit of ExoGrail adoption in a population
of patients with a clinical suspicion of prostate cancer and a PSA level suitable to trigger
biopsy (≥4 ng/mL). The biopsy of men based upon their ExoGrail risk score provided a
net benefit over current standards of care across all decision thresholds examined and was
the most consistent amongst all comparator models across a range of clinically relevant
endpoints for biopsy (Figure 5).
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Figure 5. Exploration of the standardised net benefit (sNB) by decision curve analysis (DCA) for adopting risk models
to aid the decision to undertake an initial biopsy for patients presenting with a serum PSA ≥ 4 ng/mL, where current
clinical practice is to biopsy all patients. The accepted patient/clinician risk threshold for accepting biopsy is detailed on the
x-axis. Different biopsy outcomes are shown in each of the three panels; (A) detection of Gleason ≥ 4 + 3, (B) detection of
Gleason ≥ 3 + 4, (C) any cancer; Blue—biopsy all patients with a PSA >4 ng/mL, Orange—biopsy patients according to the
SoC model, Green—biopsy patients based on the Engrailed model, Purple—biopsy patients based on the exoRNA model,
Red—biopsy patients based on a the ExoGrail model. To assess the benefit of adopting these risk models in a clinically
relevant population, we used data available from the control arm of the The Cluster Randomized Trial of PSA Testing for
Prostate Cancer (CAP) study [42] for proportionally resampling the ExoGrail cohort. DCA curves were calculated from
1000 bootstrap resamples of the available data to match the distribution of disease reported in the CAP trial population.
Mean sNB from these resampled DCA results are plotted here. See Methods for full details.

Using the SoC model as the baseline with which to compare the potential for biopsy
reduction of each model, we found that ExoGrail could reduce unnecessary biopsy rates by
upwards of 40%, depending on accepted patient-clinician risk. For example, if a decision
threshold of 0.1 were accepted, representing a perceived risk of 1 in 10 for Gleason ≥ 3 + 4
on biopsy, ExoGrail could result in up to a 35% reduction in unnecessary biopsies of men
presenting with a suspicion of prostate cancer, whilst also correctly identifying patients
with more aggressive disease. If Gleason ≥ 4 + 3 were considered the threshold of clinical
significance, a more conservative decision threshold of 0.05 could save 32% of men from
receiving an unnecessary biopsy (Figure 6).
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Figure 6. Estimation of biopsy reduction, as calculated by comparing the DCA-calculated net benefit of each risk model to
the net benefit of the standard of care (SoC) model. The accepted patient/clinician risk threshold for accepting biopsy is
detailed on the x-axis. Different biopsy outcomes are shown in each of the three panels: (A) detection of Gleason ≥ 4 + 3,
(B) detection of Gleason ≥ 3 + 4 and (C) any cancer. Coloured lines show differing comparator models; Orange—biopsy
patients according to the SoC model, Green—biopsy patients based on the Engrailed model, Purple—biopsy patients
based on the ExoRNA model, Red—biopsy patients based on the ExoGrail model. To assess the benefit of adopting these
risk models in a clinically relevant population we used data available from the control arm of the CAP study [42] for
proportionally resampling the ExoGrail cohort. DCA curves were calculated from 1000 bootstrap resamples of the available
data to match the distribution of disease reported in the CAP trial population. Net benefit averaged over all resamples was
used to calculate the potential reductions in biopsy rates here. See Methods for full details.

4. Discussion

Discriminating disease status in patients before a diagnostic biopsy with higher accu-
racy than current standards could bring about a sizeable change in treatment pathways
and reduce the number of men sent forward for ultimately unnecessary biopsy. Given
that up to 75% of patients are negative for prostate cancer when presenting with serum
PSA levels ≥ 4 ng/mL [5,43,44], a concentration of research efforts has been made to
address this problem. To date, several biomarker panels have been successfully developed
to non-invasively detect prostate cancer using urine samples, Gleason ≥ 3 + 4 disease
with superior accuracy to current clinically implemented methods, including the PUR
model developed by ourselves [20,21,45,46]. However, as only a single aspect of urine,
assay method or biological process are assessed by these examples, the heterogeneity of
prostate cancer may not be entirely accounted for [47], requiring an approach to be taken
that provides a more holistic insight into disease status.

Recent analyses, including those presented here, have demonstrated the added value
of integrating multiple prognostic biomarkers within the process of fitting risk models for
determining patient risk upon an initial biopsy [23,48]. Urine clearly contains a wealth of
useful information concerning the disease status of the prostate through the quantification
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of cf-RNA transcripts, circulating and cell-free DNA, hypermethylation of DNA, and
protein biomarker levels [19,46,49–52].

Our results show that an improved multivariable risk prediction model can be devel-
oped from the careful consideration of information from multiple different urine fractions
in men suspected to have prostate cancer. Urinary levels of EN2 protein were quanti-
fied by ELISA, whilst the transcript levels of 167 cell-free mRNAs were quantified using
NanoString technology. The final model integrating information from those assays with
serum PSA levels was deemed ExoGrail. Markers selected for the model include well-
known genes associated with prostate cancer and proven in other diagnostic tests, such as
PCA3 [45], HOXC6 [20], and the TMPRSS2/ERG gene fusion [53]. An interaction between
urinary EN2 protein levels and quantified transcripts of SLC12A1 was observed, further
demonstrating the benefit of considering information from multiple biological sources
(Figure S4).

ExoGrail was able to accurately predict the presence of significant (Gs ≥ 7) prostate
cancer on biopsy with an AUC of 0.89, comparing favourably to other published tests
(AUCs for Gs ≥ 7: PUR = 0.77 [46], ExoMeth = 0.89 [23], ExoDX Prostate IntelliScore =
0.77 [21], SelectMDX = 0.78 [20], epiCaPture Gs ≥ 4 + 3 AUC = 0.73 [49]). Furthermore,
ExoGrail resulted in accurate predictions even when serum PSA levels alone proved
inaccurate; patients with a raised PSA but negative biopsy result possessed ExoGrail
scores significantly different from both clinically benign patients and those with low-grade
Gleason 6 disease, whilst still able to discriminate between more clinically significant
Gleason ≥ 7 cancers (Figure 4). The adoption of ExoGrail into current clinical pathways
for reducing unnecessary biopsies was considered, showing the potential for up to 32% of
patients to safely forgo an invasive biopsy without incurring excessive risk (Figure 6).

ExoGrail was developed with the explicit goal of being robust to potential overfitting
and bias, using strong internal validation methods in bootstrap resampling and out-of-bag
predictions. Nonetheless, ExoGrail was developed in a relatively small dataset and so
requires external validation in an independent cohort before it can be considered for use as
a clinical risk model. To this end, we are currently collecting samples from multiple sites in
the UK, EU and Canada using an updated ‘At-Home’ Collection system [54]. The At-Home
collection system enables biomarker analysis to be performed on urine samples provided by
patients at home, which they send in the post to a centralised laboratory. This collection and
analysis system will sidestep the need for a visit to the clinic and lead to a postal screening
system for prostate cancer diagnosis and prognosis. In this study, we will also assess the
potential utility of supplementing MP-MRI with ExoGrail, as MP-MRI can misrepresent
disease status, even with rigorous controls in place [6]. The NanoString expression analysis
system used in the ExoGrail signature is a rapid and cost-effective analysis system that is
also used in the FDA-approved Prosigna Pam50 test for breast cancer aggressiveness [55],
making ExoGrail well-positioned for implementation for patient benefit.

5. Conclusions

ExoGrail was able to accurately predict the presence of significant (Gs ≥ 7) prostate
cancer on biopsy and showed the potential for an important number of patients to safely
forgo an invasive biopsy. If validated in future studies, ExoGrail has the potential to
positively impact the clinical experience of patients being investigated for prostate cancer
that ultimately have no disease or indolent prostate cancer.

6. Patents

A patent application has been filed by the authors for the present work and work
related to this.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13092102/s1, Figure S1: Boruta analysis of variables available for the training of the
SoC model, Figure S2: Boruta analysis of variables available for the training of the Engrailed model,
Figure S3: Boruta analysis of variables available for the training of the ExoRNA model, Figure S4:
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Partial dependency plots detailing the marginal effects and interactions of SLC12A1 and urinary EN2
on predicted ExoGrail Risk Score, Figure S5: Risk score distributions of the trained models including
the EN2 and PSA model, Figure S6: Density plots detailing risk score distributions generated from
four trained models. Table S1: List of all features available for selection as input variables for each
model prior to bootstrapped Boruta feature selection, Table S2: AUC of all trained models, including
a combination of EN2 and PSA, for detecting outcomes of an initial biopsy for varying clinically
significant thresholds. Supplementary Methods.
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Simple Summary: This study tested the feasibility and reliability of a novel digital microscopy tech-
nique in assessing ablation margins during partial prostate gland cryoablation. Though preliminary,
findings suggest that this novel technique may increase the efficacy of focal treatments, by reducing
the risk of untreated prostate cancer areas not visible to an MRI, as well as safety, by more precisely
sparing uninvolved areas and surrounding structures.

Abstract: Partial gland cryoablation (PGC) aims at destroying prostate cancer (PCa) foci while
sparing the unaffected prostate tissue and the functionally relevant structures around the prostate.
Magnetic Resonance Imaging (MRI) has boosted PGC, but available evidence suggests that ablation
margins may be positive due to MRI-invisible lesions. This study aimed at determining the potential
role of intraoperative digital analysis of ablation margins (DAAM) by fluoresce confocal microscopy
(FCM) of biopsy cores taken during prostate PGC. Ten patients with low to intermediate risk PCa
scheduled for PGC were enrolled. After cryo-needles placement, 76 biopsy cores were taken from
the ablation margins and stained by the urologist for FCM analysis. Digital images were sent for
“real-time” pathology review. DAAM, always completed within the frame of PGC treatment (median
time 25 min), pointed out PCa in 1/10 cores taken from 1 patient, thus prompting placement of
another cryo-needle to treat this area. Standard HE evaluation confirmed 75 cores to be cancer-free
while displayed a GG 4 PCa in 7% of the core positive at FCM. Our data point out that IDAAM is
feasible and reliable, thus representing a potentially useful tool to reduce the risk of missing areas of
PCa during PGC.

Keywords: prostate cancer; fluorescence confocal microscopy; prostate biopsy; ablation margins;
focal therapy
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1. Introduction

EAU guidelines mention partial gland cryoablation (PGC) as a minimally invasive
investigational option for the management of organ-confined prostate cancer (PCa) [1].
One of the technical challenges during PGC is to deploy multiple cryo-needles to form an
ablation zone sufficiently covering the target volume while sparing surrounding critical
structures. Historically, physicians relied on digital rectal examination (DRE) and template
prostate biopsy results to plan the cryo-needles placement. The multifocal nature of PCa
and the suboptimal prostate sampling obtained using template biopsies, however, limited
the widespread use of PGC and supported treatment of the entire gland or at least half
of it (hemigland ablation) to achieve wide safety margins. Even so, up to 15% of patients
having undergone hemigland cryoablation experienced treatment failure at 5 years of
follow-up [2]. The availability of multiparametric Magnetic Resonance Imaging (MRI) has
boosted PGC. Indeed, the combination of MRI and target biopsy have been proved to be
superior to template prostate biopsy alone in identifying lobes with significant PCa for the
application of hemi-ablative focal therapies [3].

Recent studies reported encouraging mid-term results in cohorts of patients undergo-
ing MRI-guided focal therapies [4,5]. Still, MRI reader experience [6], MRI-invisible lesions,
and targeting errors in placing the cryo-needles [7] can lead to positive ablation margins
impacting PGC outcomes.

Recently, a novel technology has shown promise for the real-time microscopic evalua-
tion of prostate tissue [8]. Fluorescent confocal microscopy (FCM) allows the immediate
acquisition of digital images in a hematoxylin-eosin (HE)-like fashion without conventional
processing and its attendant time and resource requirements. In the preliminary stud-
ies, FCM provided an excellent discrimination performance compared to HE for prostate
biopsy cores and peri-prostatic tissue evaluation [9,10].

This pilot study aimed at determining feasibility and reliability of intraoperative FCM
in assessing ablation margins during PGC.

2. Materials and Methods
2.1. Study Population

Following ethics committee approval (University of Foggia, approval number 143/CE/
2020), ten patients with clinically localized low to intermediate risk PCa (PSA ≤ 20.0 ng/mL,
Gleason Group (GG) ≤ 3) scheduled for PGC between September and November 2020 were
enrolled in this prospective study evaluating intraoperative digital analysis of ablation
margins (DAAM) by FCM. Patients with high-risk PCa (PSA > 20.0 ng/mL, GG > 3)
and those who received any prior treatments for malign and benign prostatic disease
were excluded.

All patients meeting inclusion and exclusion criteria signed an informed consent form.

2.2. Multiparametric Magnetic Resonance Imaging and Prostate Biopsy Technique

A prebiopsy mpMRI was performed and interpreted by a single dedicated radiologist
(7 years’ experience in prostate MRI) according to PIRADS V2.1 recommendation [11].
Specifically, the mpMRI protocol consisted of: (a) Turbo-Spin-Echo (TSE) T2-weighed
imaging in axial, coronal, and sagittal planes (repetition time (TR) 5300, echo time (TE)
150 ms, slice thickness 3 mm, field of view (FOV) 180 × 180, number of signals averaged
(NSA 8); (b) TSE T1-weighed imaging in the axial plane (TR/TE 400–650/12 ms, thickness
3 mm, FOV 180×180, NSA 3); (c) Diffusion-weighted imaging sequence (DWI) in the axial
plane (TR/TE 3481/92 ms, slice thickness 3 mm, FOV 180 × 220, NSA 4, b-values 0–500–
1000–1500/2000 sec/mm2); (d) Dynamic contrast enhanced prostate MRI was performed
using a T1-weighted high-resolution isotropic volume examination (THRIVE) on the axial
plane (TR/TE 4.5/2.2 ms, slice thickness 3 mm, FOV 184 × 220, NSA 1) following injection
of 0.1 mL/kg of gadobutrol followed by 20 mL of saline solution using an automatic
injector at a rate of 2 mL/s. All patients underwent prostate biopsy at our institution with
2 to 4 target cores to any MRI suspicious lesion in addition to our 18 cores systematic
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template [12]. An Electromagnetically Tracked MRI/US Fusion system (Navigo, UC-Care,
Tampa, FL, USA) was used to performed target sampling.

2.3. Prostate Gland Cryoablation with Intraoperative Digital Analysis of Ablation Margins
(DAAM)

Based on mpMRI findings and biopsy results, two to four 2.4 mm cryo-needles were
inserted transperineally using a template grid and with the help of an Electromagnetically
Tracked MRI/US Fusion system (Navigo, UC-Care, Tampa, FL, USA). Prostate Cryoablation
was performed using an argon/helium gas-based system (Endocare, HeathTonics Inc.,
Austin, TX, USA). After the creation of the ice balls, 7 to 10 biopsy cores, depending on
prostate volume, were taken transperineally from ablation margins and untreated areas of
the prostate (Figure 1). In order to avoid potential tissue damage, cores were taken outside
ice balls. A single surgeon performed PGC and intraoperative prostate biopsies (OS).
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Figure 1. Graph representation of treatment plan and biopsy core template for patients undergoing focal or
hemigland cryoablation.

The cores were prepared for FMC (VivaScope® 2500 M-G4, VivaScope GmbH, Munich,
Germany) in the operating room by a urologist (UF) following the manufacturer guidelines.
A glass slide is loaded with three biopsy cores and then scanned within a maximum time of
2 min. Sample preparation and image acquisition do not require special training. Samples
are first cleaned using 70% Ethanol solution and then colored using Acridine Orange
(1/50 solution in distilled water for 20–30 seconds). There are no specific requirements for
the cores (e.g., length, diameter, thickness, integrity); however, to reduce acquisition time,
care needs to be taken to place each biopsy core parallel or perpendicular to the slide axis.
The FCM device combines two different lasers that enable tissue examination according
to reflectance (785 nm) and fluorescence (488 nm) modalities. Images are rendered by the
microscope software as pseudo-Hematoxylin-eosin (HE) images, relying on the combina-
tion of two images acquired at each wavelength. Specifically, nuclei appear purple, and
collagen and cytoplasm appear pink.

The obtained digital FCM images were sent for “real-time” pathology review to a
dedicated uropathologist (FS). Prostate Cryoablation was completed with no adjustments
in patients with negative ablation margins. Conversely, if one or more cores were positive
at FCM evaluation, the surgical plan was modified in order to ensure treatment of all
cancer areas.
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2.4. Final Pathology Examination

Biopsy cores were then fixed, stained using standard hematoxylin & eosin (HE), and
sent to the pathology department for final diagnosis. A second dedicated uropathologist,
blinded to clinical information and digital biopsy results, reported all PB specimens ac-
cording to the 2019 ISUP recommendations [13] and diagnostic criteria for high-grade
prostatic intraepithelial neoplasia and atypical small acinar proliferation of prostate [14].
ISUP Gleason-grade groups (ISUP GG) were reported per each core.

2.5. Study Endpoints and Statistical Analysis

The primary endpoint of the present study was time for FCM diagnosis. The secondary
endpoint was the efficacy of FCM as measured by the agreement between digital biopsies
and standard HE evaluation in the assessment of PCa. Surgical and intraoperative biopsy
complications were reported using the Clavien-Dindo Classification [15]. Finally, PSA
values at three months after therapy were used to compute the percentage of PSA reduction
(derived from the ratio between PSA at three months and preoperative PSA) [16].

Descriptive statistics were performed using Stata 14 (StataCorp LP, College Station,
TX, USA).

3. Results

Descriptive characteristics of the study population are listed in Table 1. Four patients
with biopsy-proven MRI-visible GG1-2 PCa were treated with focal Cryoablation. The
remaining patients with unilateral non-MRI-visible PCa underwent prostate hemiablation
according to the SPARED guidelines [17]. In total, 76 cores were taken and analyzed using
FCM (Figure 2). The median time for FCM diagnosis was 25 (IQR: 25, 27) min, with DAAM
being always completed before the conclusion of the two treatment cycles. DAAM was
negative in 9 patients, whereas in one patient with a preoperative diagnosis of low volume
(two cores) GG 2 PCa, it pointed out PCa in 1 of 10 cores from the ablation margin area (left
medial posterior core). A third cryo-needle was then placed to treat this positive core. The
post-operative stay was uneventful, and all patients were discharged on post-operative
day 1 with a urethral catheter removed on post-operative day 7. The median PSA drop at
three months was 5.7 (IQR: 4.7, 6.6) ng/mL. The median percentage of PSA reduction was
79.0 (78.0, 85.0).

Table 1. Descriptive characteristics of the study population.

Study Population
(N = 10)

Age, years 70 (68, 73)
PSA, ng/mL 6.9 (6.2, 8.9)
DRE, n (%)
Negative 4 (40.0%)
Positive 6 (60.0%)

PIRADS, n (%)
2 2 (20.0%)
3 2 (20.0%)
4 4 (40.0%)
5 2 (20.0%)

Prostate Volume, cc 41.5 (40.0, 50.0)
Positive cores 3.5 (3.0, 5.0)
Bx GG, n (%)

1 4 (40.0%)
2 4 (40.0%)
3 2 (20.0%)
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Table 1. Cont.

Study Population
(N = 10)

EAU risk, n (%)
Low risk 3 (30.0%)

Intermediate Risk 7 (70.0%)
Treatment, n (%)

Focal ablation 4 (40.0%)
Hemigland Ablation 6 (60.0%)

N of Probes 3.5 (2.0, 4.0)
Intraoperative cores, n (%)

7 8 (80.0%)
10 2 (20.0%)

Time to FCM diagnosis 25 (25, 27)
3-month PSA, ng/mL 1.4 (1.0, 1.6)

PSA drop, ng/mL 5.7 (4.7, 6.6)
Percentage of PSA reduction 79.0 (78.0, 85.0)
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Standard HE evaluation confirmed 75 cores to be cancer-free while displayed a GG 4
PCa in 7% of the core positive at FCM.

4. Discussion

To our knowledge, this is the first study testing the potential role of intraoperative
digital analysis of ablation margins (DAAM) by fluorescence confocal microscopy during
prostate PGC. This novel technique holds promises to revolutionize PCa diagnosis and
treatment by potentially replacing traditional frozen sections.

Other optical technologies allowing real-time microscopic evaluation of cancer tissue
have been recently described and can be divided into two main groups. Conventional
confocal microscopy is the most cost-effective option. UV light-emitting diode and other
lasers with different wavelengths have been tested for real-time microscopic examination of
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fresh tissue taken from different cancers (mainly skin, prostate, and breast cancer) [18–21].
The technical process for image acquisition is the same; all light sources provided optimal
quality images; however, comparative studies are lacking.

On the other hand, multiphoton microscopy involves an ultrafast (typically femtosec-
ond pulse duration) laser source to achieve the extremely high photon density at the focal
plane needed to excite two-photon absorption-based fluorescence [22,23]. This technique
achieves a considerably higher imaging depth (using near-infrared wavelengths) with
comparable image resolution, but it is limited by longer acquisition times and much higher
costs of the microscope.

While the best technique for image acquisition is still a matter of debate, the relevance
of the intraoperative analysis of prostatic tissue was clearly pointed out by the NeuroSAFE
dissection technique, which was developed to maximize the preservation of periprostatic
tissue during nerve-sparing radical prostatectomies [24]. While the patient is still under
general anesthesia, the posterolateral aspect of the prostate is prepared using a cryostat,
stained with HE, and analyzed under the microscope by a dedicated pathologist on-site.
If persisting malignant glands are noted, a secondary resection of the ipsilateral bundle
is performed. Though promising, it required a dedicated setup to obtain a diagnosis in a
reasonable time [25].

To overcome these limitations, Rocco et al. proposed using FCM for real-time assess-
ment of surgical margins during radical prostatectomy, reporting excellent results [10].
Indeed, the pathologist provided results from remote in less than 25 min, and there was
perfect agreement between FCM and subsequent HE findings.

FCM may be even more crucial in the context of focal therapies. Indeed, frozen
sections are not a viable option, and FCM is the fastest technique allowing the preservation
of biopsy cores for further HE staining, immunohistochemistry/genomic studies.

The two studies tested the feasibility and diagnostic accuracy of FCM onto prostate
biopsy cores rather than surgical margins. Rocco et al. obtained digital images of biopsy
cores in 54 patients; perfect agreement between FCM and HE diagnosis was obtained for
95.1% of the 427 tested cores [9]. Similarly, Marenco et al. tested by FCM 182 MRI-targeted
biopsy cores obtained in 57 biopsy-naive patients. The median time for FCM processing
and analysis was 5 minutes; the positive and negative predictive values were 85% and 95%,
respectively [26].

The present study confirmed the perfect agreement between FCM and standard HE
findings, with FCM not affecting at all the quality of HE images in all 76 taken cores.

Our findings open novel perspectives on focal therapies since real-time detection of
PCa in the ablation margins is likely to dramatically reduce the risk of undertreatment and,
therefore, of disease recurrence. All patients included in the present study had a reduction
of PSA > 75% at three months of follow-up. Even if the percentage of PSA reduction
represents only a surrogate of the oncological outcome, Stabile et al. recently showed it is
inversely associated with disease recurrence and the need for additional treatment, thus
potentially useful as a proxy of treatment efficacy [16].

The small sample size and short-term follow-up are obvious limitations of this pilot
study which, however, provides solid grounds for further evaluation of DAAM in the
setting of focal PCa treatments.

5. Conclusions

Intraoperative DAAM by FCM proved to be feasible and reliable. This strategy poten-
tially allows to reduce disease recurrence by extending treatment to previously unsuspected
areas of PCa as well as to reduce functional complications by limiting treatment to the
affected areas while sparing surrounding structures.
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Simple Summary: A prognostic index for predicting survival of localized prostate cancer (PCa) up
to 15 and 20 years was developed. The prognostic index performed well for predicting PCa survival
among screened and non-screened men. The performance of the prediction model was superior to
the European Association of Urology (EAU) risk groups as well as a modified cancer of prostate
risk assessment (CAPRA) risk score. We further constructed a simplified risk score in an unscreened
population, using the three most relevant predictors. The simplified risk score was applied to predict
PCa survival at 10 years from diagnosis to provide more accurate risk estimation as the basis for
decision making.

Abstract: We developed and validated a prognostic index to predict survival from prostate cancer
(PCa) based on the Finnish randomized screening trial (FinRSPC). Men diagnosed with localized PCa
(N = 7042) were included. European Association of Urology risk groups were defined. The follow-up
was divided into three periods (0–3, 3–9 and 9–20 years) for development and two corresponding
validation periods (3–6 and 9–15 years). A multivariable complementary log–log regression model
was used to calculate the full prognostic index. Predicted cause-specific survival at 10 years from
diagnosis was calculated for the control arm using a simplified risk score at diagnosis. The full
prognostic index discriminates well men with PCa with different survival. The area under the curve
(AUC) was 0.83 for both the 3–6 year and 9–15 year validation periods. In the simplified risk score,
patients with a low risk score at diagnosis had the most favorable survival, while the outcome was
poorest for the patients with high risk scores. The prognostic index was able to distinguish well
between men with higher and lower survival, and the simplified risk score can be used as a basis for
decision making.

Keywords: prognostic index; prediction model; prostate cancer; mortality; screening trial

1. Introduction

Prostate cancer (PCa) presents a wide spectrum of behavior, from indolent to highly
aggressive [1]. Treatment decisions are required at several phases during the course of
the disease [2]. Optimal disease management should avoid both excessively aggressive
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175



Cancers 2021, 13, 435

treatment in patients who are not at high risk of disease progression and ineffective man-
agement of aggressive disease leading to treatment failure and development of metastatic
disease. However, the dilemma expressed by Dr. Willet Whitmore persists for PCa: “Is
cure possible in those for whom it is necessary—and is cure necessary in those for whom it
is possible”.

Several prediction methods for the prognosis of localized PCa have been presented as
tabulations [3–5], nomograms [6–8], risk groups [9,10] and decision trees [11,12]. However,
these methods have mainly divided patients into 3–4 broad risk groups and used biochemi-
cal recurrence (BCR) as the end-point rather than PCa death [3,4,9,13,14]; furthermore, few
are based on a modern setting with largely prostate-specific antigen (PSA)-detected cases.
Prognostic prediction models based on a limited number of relevant clinical characteristics
can offer evidence-based input to inform medical practice [15].

We developed and validated a full prognostic index for predicting survival of localized
PCa up to 15 and 20 years. We also developed a simplified risk score tool for use at diagnosis
and applied it to predict survival at 10 years.

2. Results

Prognostic factors associated with PCa death included age at diagnosis, trial arm, PSA
at diagnosis, European Association of Urology (EAU) risk group, treatment modality, mode
of detection and biochemical recurrence (Table 1). All prognostic factors except comorbidity
index showed a statistically significant difference between men who died from PCa and
others.

Older age at diagnosis was marginally associated with lower PCa mortality at
9–20 years (Table S1). PSA at diagnosis was associated with higher PCa mortality in
the first and the last development periods. PCa mortality was higher in the intermediate-
to high-risk groups compared to the low-risk group in all three follow-up periods. Men
treated with radical prostatectomy had the most favorable survival, with the exceptions of
radiotherapy and observation in the early follow-up. Biochemical recurrence also predicted
increased probability of PCa death, with the largest effect after the first three years.

The distributions of the prognostic index differed markedly across the development
periods (Figure 1a–c). The graphs illustrate lower prognostic index (PI) values (indicating
worse survival) for men who died from PCa than those who did not die from PCa (cumula-
tive frequency for the former group shown as the dotted blue line above the latter group,
shown as the solid red line). PCa mortality increased with increasing values of prognostic
index in the initial follow-up, but after 9 years, a clear excess mortality was limited to the
two highest quintiles.

The prognostic indices were associated with PCa mortality in all EAU risk groups,
though the difference was not obvious in the initial three-year period with low mortality
(Figure S1a–c). The prognostic index provided incremental information, especially in the
intermediate- and high-risk groups, and its contribution was accentuated with follow-up.
Furthermore, the prognostic index also predicted survival within the low-risk group in the
longer follow-up.
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Table 1. Demographic and clinical characteristics of 7042 localized prostate cancer (PCa) patients in the cohort stratified by
survival status at 20-year follow-up from the date of diagnosis.

Characteristic Total
(N = 7042)

No PCa Death †

(n = 6737)
PCa Death
(n = 305) p-Value ‡

Age at entry (years) <0.001

55 1844 1806 (97.9%) 38 (2.1%)
59 1898 1840 (96.9%) 58 (3.1%)
63 1782 1681 (94.3%) 101(5.7%)
67 1518 1410 (92.9%) 108 (7.1%)

Age at diagnosis
(years) <0.001

Median (IQR) 69 (65–73) 69 (65–73) 68 (64–71)

Study arm

Control 3823 3667 (95.9%) 156 (4.1%)
Screening 3219 3070 (95.4%) 149 (4.6%)

PSA at diagnosis
(ng/mL) <0.001

Median (IQR) 7.8 (5.2–11.7) 7.7 (5.2–11.5) 10.3 (6.4–18.6)

Biopsy Gleason sum <0.001

2–6 4031 3913 (97.1%) 118 (2.9%)
7 2249 2148 (95.5%) 101 (4.5%)

8–10 705 630 (89.4%) 75 (10.6%)
Missing 57 46 (80.7%) 11 (19.3%)

EAU risk group <0.001

Low 2769 2712 (97.9%) 57 (2.1%)
Intermediate 2988 2864 (95.9%) 124 (4.2%)

High 1285 1161 (90.4%) 124 (9.7%)
Missing 236 225 (95.3%) 11 (4.7%)

Comorbidity index 0.309

0 6320 6041 (95.6%) 279 (4.4%)
1+ 722 696 (96.4%) 26 (3.6%)

Primary treatment <0.001

Radical Prostatectomy 1812 1751 (96.6%) 61 (3.4%)
Radiation 2718 2583 (95.0%) 135 (5.0%)
Endocrine 643 570 (88.7%) 73 (11.4%)

Observation 1788 1756 (98.2%) 32 (1.8%)
No treatment 78 74 (94.9.6%) 4 (5.1%)

Missing 3 3 (100.0%) 0

Method of
presentation 0.011

Screen-detected 1462 1381 (94.5%) 181 (5.5%)
Not screen-detected 5578 5354 (96.0%) 224 (4.0%)

Missing 2 2 (100.0%) 0

Biochemical
recurrence <0.001

No 4749 4672 (98.4%) 77 (1.6%)
Yes 2212 1988 (89.9%) 224 (10.1%)

Missing 81 77 (95.1%) 4 (4.9%)

IQR: Interquartile range. † Includes men alive and deaths due to causes other than PCa. ‡ p-values for categorical variables were derived
from a chi-square test, whereas for continuous variable, using ANOVA test.
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Figure 1. Cumulative distribution of prognostic index (PI) values for men who died due to prostate cancer (PCa) and those 
who did not during (a) the development period of 0–3 year (b) the development period of 3–9 years and (c) the develop-
ment period of 9–20 years. The distribution of men is described as a cumulative frequency across values of the PI from 
low (indicating worse survival) to high (indicating favorable survival). 

The prognostic indices were associated with PCa mortality in all EAU risk groups, 
though the difference was not obvious in the initial three-year period with low mortality 
(Figure S1a–c). The prognostic index provided incremental information, especially in the 
intermediate- and high-risk groups, and its contribution was accentuated with follow-up. 
Furthermore, the prognostic index also predicted survival within the low-risk group in 
the longer follow-up. 

The observed mortality matched the expected one very well at all levels of the PI 
during each development and validation period (Table 2). In all follow-up periods, in-
cluding the validation periods, the highest quintiles of the PI showed the highest observed 
and expected PCa mortalities. The differences between the lower quintiles were, however, 
relatively small. 

Less than one third of the patients remained in the initial quintile from the 0–3-year 
development period to the 3–6-year validation period; particularly, progression from Q1 
to Q2 and Q4 to Q5 was common (Table S2). The most frequent transition was by one step 
up, likely due to biochemical recurrence. However, downward transitions also occurred, 
reflecting changes in the regression coefficients of the variables used in the model. 

The predictive ability of the prognostic indices (Figure 2) did not substantially differ 
between the development and validation periods: area under the curve (AUC) 0.84 (95% 
confidence interval, CI 0.77–0.90) for the initial development period (0–3 years) and 0.83 
(0.79–0.88) for the corresponding validation period (3–6 years). Similarly, for the second 

Figure 1. Cumulative distribution of prognostic index (PI) values for men who died due to prostate cancer (PCa) and those
who did not during (a) the development period of 0–3 year (b) the development period of 3–9 years and (c) the development
period of 9–20 years. The distribution of men is described as a cumulative frequency across values of the PI from low
(indicating worse survival) to high (indicating favorable survival).

The observed mortality matched the expected one very well at all levels of the PI
during each development and validation period (Table 2). In all follow-up periods, includ-
ing the validation periods, the highest quintiles of the PI showed the highest observed
and expected PCa mortalities. The differences between the lower quintiles were, however,
relatively small.

Less than one third of the patients remained in the initial quintile from the 0–3-year
development period to the 3–6-year validation period; particularly, progression from Q1 to
Q2 and Q4 to Q5 was common (Table S2). The most frequent transition was by one step
up, likely due to biochemical recurrence. However, downward transitions also occurred,
reflecting changes in the regression coefficients of the variables used in the model.

The predictive ability of the prognostic indices (Figure 2) did not substantially dif-
fer between the development and validation periods: area under the curve (AUC) 0.84
(95% confidence interval, CI 0.77–0.90) for the initial development period (0–3 years) and
0.83 (0.79–0.88) for the corresponding validation period (3–6 years). Similarly, for the
second development period, the AUC was 0.84 (0.81–0.88), and it was 0.83 (0.79–0.88)
for the subsequent validation period. For the 9–20-year development period, the AUC
was 0.83 (0.79–0.86).
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Figure 2. (a) Receiver operating characteristic (ROC) curves for the development period of 0–3 year and validation period
of 3–6 years and the (b) development period of 3–9 years and validation period of 9–15 years.

A simplified risk score at diagnosis was calculated among patients in the control arm
based on the regression coefficients of three categorical parameters (age at diagnosis, PSA
at diagnosis and EAU risk group) to allow easy clinical application. The simplified risk
score uses a granular scale of 0 to 100, with higher score indicating increasing risk. The
predictive ability of the simplified risk score at diagnosis was 0.68 (0.63–0.73) (Figure S2).

The full prognostic model displayed superior discrimination (p < 0.001) compared to
the EAU risk group alone in all three periods (AUC for EAU risk group: 0.61, 0.53 and 0.39
during the follow-up periods of 0–3, 3–9 and 9–20 years, respectively). The simplified risk
score showed superior discrimination only in the 9–20-year period (p < 0.001).

The simplified risk score at diagnosis (Table 3) was used to calculate the predicted
PCa survival at 10 years (Figure 3). Overall, men with a high-risk score at diagnosis had
poorer survival.
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Table 3. Scoring rules for constructing the simplified risk score at diagnosis for PCa survival based
on the complementary log–log regression model among PCa-diagnosed cases in the control arm.

Characteristics Categories β † Risk Score §

Age at diagnosis (years)

≤60 1.12 40
61–70 1.00 35
71–75 0.72 25
≥76 Ref 0

PSA at diagnosis (ng/mL)

≤19.9 Ref 0
≥20.0 0.22 10

EAU risk group

Low Ref 0
Intermediate 0.75 30

High 1.46 50
† Regression coefficients from complementary log–log model. § Risk score at baseline calculated by divid-
ing each beta coefficient by the sum of the highest beta coefficient of each variable and then multiplied by
100 (scores are rounded).
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Figure 3. Predicted probability of PCa survival at 10 years from diagnosis among controls in the Finnish randomized
screening trial.
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We calculated the risk score at diagnosis and 10-year survival probability among
patients in both study arms, as well as performing a complete case analysis in the control
arm only as a sensitivity analysis (Tables S3 and S4 and Figure S3), with no substantial
difference in the results.

The decision curve analysis for simplified risk score at diagnosis is presented in
Figure 4. The graph gives the expected net benefit per patient relative to no PCa mortality
in any patient (Treat None). The risk prediction model is of benefit for a reasonable range
of 3–25%: the curve diverges only at the threshold probability of about 3%. However, the
net benefit of the model is about the same as the net benefit of Treat All below 3%.
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Figure 4. Decision curve analysis for the simplified risk score at diagnosis. The dotted green line is
the simplified risk score (prediction model), the blue solid line assumes PCa mortality in all patients
and red solid line assume no patient deaths due to PCa. Threshold probability on the x-axis is the
level of diagnostic certainty above which the patient would choose to be treated.

3. Discussion

The full prognostic index with seven variables predicted PCa mortality with a perfor-
mance superior to that of the EAU risk group (AUC 0.83–0.84 vs. 0.61). The robustness of
the results was confirmed by sensitivity analyses including both trial arms and omitting
patients with missing data.

Our model correctly predicted the 3-year survival of 99% for the patients in the lowest
quintile and 97% for those in the highest quintile of the prognostic index. We divided
the follow-up time into several segments due to lack of proportionality across the entire
follow-up. In the second development period, 6-year survival was 99% among men in the
lowest quintile, while it was 89% among men in the highest quintile.

Primary treatment predicted PCa mortality already in the early follow-up. The effect
of biochemical recurrence increased with follow-up. Other factors did not show clear
changes over the follow-up. Similar to earlier findings [16,17], we found no strong impact
of comorbidity at baseline on PCa-specific survival. No earlier PCa survival prediction
models have utilized the context of a randomized screening trial. Our approach enhances
the applicability of the prognostic index to the current setting with widespread PSA testing.

A simplified risk score at diagnosis was developed using three predictors selected
based on their importance and interpretability in the prognostic index model. The sim-
plified risk score is based on a granular scale ranging from 0 to 100 with three categorical
variables and can be adopted in daily clinical practice with minimal data entry.
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PSA was used as a component of our prognostic index, despite being a part of the
EAU risk group, because the analysis revealed that its impact was not fully captured in the
EAU classification.

Our findings are mainly in line with earlier prediction models, although patient popu-
lations, outcomes and methodological approaches differ between studies. The performance
of our simplified risk score tool at diagnosis was superior to that of the D’Amico risk
classification and EAU risk group (AUC 0.68 vs. 0.59 and 0.61, respectively). The simplified
risk score also outperformed an abridged version of the cancer of prostate risk assessment
(CAPRA) risk score (AUC 0.59), though we were unable to incorporate percentage cancer
in biopsy for estimating the CAPRA score in our analysis due to lack of data. Furthermore,
all patients in our study were aged > 50 years at diagnosis [7].

An earlier study presented a clinical–genomic risk group classification for localized
prostate cancer that showed a 10-year rate for distant metastases of 3.5% for a low-risk
group, while it was 58% in a high-risk group in the training cohort, and the corresponding
values for the validation cohort were 0% and 63%, respectively [9]. That risk group required
extensive genomic data, restricting its applicability. Peters et al. [18] developed a prediction
model for recurrent disease with three categories, which showed 60% biochemical disease-
free survival and 40% composite end-point-free survival at 4 years for a low-risk group,
while the corresponding figures for a high-risk group were 7% and 0%, respectively.

Decision curve analysis shows the benefit of use of the prediction model (simplified
risk score at diagnosis). A net benefit was found for a reasonable range of 3–25%: the curve
diverged only at the threshold probability of about 3%.

Our study had also some limitations. The patients were treated during a period
spanning from the 1990s into the 2010s and treatment modalities have evolved over time.
However, long follow-up is required due to the favorable prognosis to capture the full
natural course of the disease and accrue a sufficient number of PCa deaths. Completeness
of data was high, with the highest proportion of missing data for PSA, at 3%. However, we
used imputation in the main analysis, and sensitivity analyses of complete cases yielded
comparable results, suggesting that this did not affect our findings. We incorporated
biochemical relapse in the prognostic index, even though in the clinical setting, it is not
available at diagnosis. On the other hand, its inclusion enhances the applicability of our
results in prognostic prediction after the initial phase and post-primary treatment.

4. Material and Methods

We used data from the Finnish Randomized Study of Screening for Prostate Cancer
(FinRSPC). The trial protocol and main results have been described elsewhere [19]. In
brief, a random sample of 8000 men aged 55–67 years were allocated to the screening arm
(SA) annually in 1996–1999 and the remaining men (48,278 in total) formed the control
arm that received no intervention. Men in the screening arm were invited for screening
based on serum PSA. Screen-positive men (defined as those with PSA ≥ 4.0 ng/mL or
PSA 3.0–3.9 ng/mL with free–total PSA ratio < 0.16) were referred to a local urological
clinic for diagnostic examinations including transrectal ultrasound-guided biopsy. The
second screening round was conducted four years later, and the final one after 8 years.
Men aged > 71 years, those diagnosed with prostate cancer and men who had emigrated
from the study area were no longer invited.

All men diagnosed with localized prostate cancer between randomization and the
end of 2015 were included in this analysis (N = 7042). The follow-up for the primary
analysis started at diagnosis and ended at death, emigration or the common closing
(31 December 2015). Death from prostate cancer was the end-point in the analysis, with
underlying causes of death obtained from Statistics Finland.

Information on tumor, lymph node, and metastasis (TNM) stage and Gleason score
were abstracted from medical records. For previous cases, Gleason scores were revised
according to the 2002 system by two pathologists. PSA at diagnosis was used for all
men. Information on biochemical recurrence was obtained from laboratory databases.
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Biochemical recurrence (BCR) was defined as PSA reaching at least 0.2 ng/mL in two
measurements after prostatectomy, while BCR after radiotherapy was defined as a rise
in PSA by at least 2.0 ng/mL above the lowest level (nadir). A modified version of the
Charlson comorbidity index [20] was constructed based on hospital inpatient episodes
obtained from the nationwide hospital discharge registry and categorized into no versus
any comorbidity (score 0 versus 1 to 8) [21]. Prognostic risk group for PCa survival at
diagnosis was classified as low, moderate and high, according to the European Association
of Urology (EAU) criteria [10]. Low-risk PCa was defined as stage T1–T2a with Gleason
score < 7 and PSA < 10 ng/mL; intermediate risk as T1–T2b with either Gleason 7 or PSA
10–20; high risk was stage T1–T2c with either Gleason > 7 or PSA 20–100, or T2c.

Primary treatment was retrieved from medical records and classified as radical prosta-
tectomy, curative radiation therapy (external beam or brachytherapy), endocrine therapy
(luteinizing hormone-releasing hormone agonist/antagonist, anti-androgen, or both or
surgical castration), observation (watchful waiting or active surveillance) or no treatment.

4.1. Ethical Issues

Helsinki and Tampere University Hospital Ethics committees reviewed the study
protocol (tracking number R10167). Cancer registry data were obtained with permission
from the National Institute for Health and Welfare (Dnro THL/1601/5.05.00/2015). Written
informed consent was obtained from the men participating in the screening arm.

4.2. Statistical Analysis

For the preliminary investigation, the proportional hazards assumption of the factors
in the Cox regression was evaluated by graphical examination in log–log plots. These plots
formed approximate parallel straight lines as required, except those for primary treatment
which crossed each other. For this reason, we divided the follow-up time into three periods
(0–3, 3–9 and 9–20 years) to model the effect of the full prognostic index separately during
each period.

We used a same set of variables (age at diagnosis, study arm, PSA at diagnosis,
EAU risk group, comorbidity index, primary treatment and biochemical recurrence) in a
complementary log–log regression model, identified by a stepwise forward selection with
p = 0.10 as the cut-off, in each of the three periods. Only statistically significant interaction
terms (5% level) were included in the final model. The prognostic index (PI) was then
derived as a linear combination of the variables, including interaction terms and their
coefficients from the regression model. We generated prognostic indices separately for the
three follow-up periods, hereafter called development periods, using regression coefficients
estimated from the complementary log–log models. The probabilities of PCa death during
each development period using prognostic indices were calculated.

Missing values (3.1% in PSA and 2.6% in the EAU risk group) were imputed using
a multiple imputation by chained equations (MICE) algorithm, assigning multiple likely
values from a predicted distribution based on association with other variables [22]. Multiple
imputation creates multiple copies of the dataset, which are analyzed separately. Finally,
the results were appropriately combined [23].

To avoid overfitting and overestimation of the predictive ability, we validated the
results by applying them to a subsequent follow-up period for the first two development
periods (i.e., prognostic index derived from the development period of 0–3 years from
diagnosis to predict survival during the validation period of 3–6 years, and the index de-
rived from the development period of 3–9 years to predict survival during years 9–15) [24].
Expected and observed probabilities and numbers of PCa deaths were calculated for each
development and validation period. Expected probability of PCa death for the validation
period was calculated as the inverse of the complementary log–log transformation.

Reclassification probabilities of men in the quintiles of prognostic index for the first de-
velopment period (0–3 years) and validation period (3–6 years) were calculated. Moreover,
we presented the distribution and the mean values of full prognostic indices by risk group
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for all development periods. Cumulative distribution of prognostic index values according
to the survival status of the patients for all three development periods was plotted.

Receiver operating characteristic (ROC) was calculated for the test and validation
periods to illustrate sensitivity and specificity. The area under the curve (AUC) was calcu-
lated to assess the discriminative power of the prediction models. We further developed a
simplified risk score at diagnosis using the information at diagnosis (age at diagnosis, PSA
at diagnosis and EAU risk group) for the control arm only to avoid lead-time by screening.
Only three variables were selected based on their importance and interpretability in the
prognostic index model. The simplified risk score was then used to calculate the predicted
probability of 10-year PCa survival and was presented graphically. We further developed
the decision curve analysis to determine the clinical usefulness of a simplified risk score at
diagnosis by quantifying the net benefits at different threshold probabilities.

As a sensitivity analysis, we calculated the risk score at diagnosis based on data in
both study arms. Furthermore, we performed a complete case analysis in the control arm
by calculating the risk score and predicted 10-year PCa survival to examine the potential
influence of imputation.

Analyses were performed using Stata Statistical Software version 16.0 (StataCorp,
College Station, TX, USA) and IBM SPSS Statistics 23 (IBM Corp., Armonk, NY, USA).

5. Conclusion

The prognostic index accurately predicted prostate cancer survival at follow-up reach-
ing 20 years. A simplified risk score at diagnosis using the three most relevant parameters
to predict the survival at 10 years can be helpful for providing more accurate risk estimation
as the basis for decision making. However, our prediction model requires further external
validation.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/3/435/s1. Table S1: Prognostic factors for prostate cancer mortality from the prediction
model. Estimates from the complementary log–log regression models with their 95% confidence
intervals in different time periods. Table S2: Distribution of prognostic index quintiles for the
development period 0–3 years reclassified in new prognostic index quintiles for the validation period
3–6 years. Table S3: Risk score at diagnosis for PCa survival based on the complementary log–log
regression model among all men with PCa diagnosis. Table S4: Risk score at diagnosis for PCa
survival based on the complementary log–log regression model among men with PCa diagnosis
in the control arm (complete case analysis). Figure S1: Box plots showing the distribution of the
prognostic index by EAU risk groups and by period (a) 0 to 3 years, (b) 3 to 9 years and (c) 9 to 20
years. Figure S2: ROC curve for the simplified risk score at diagnosis. Figure S3: Predicted probability
of PCa survival at 10-year from diagnosis among controls in a Finnish randomized screening trial
(complete case analysis).
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Simple Summary: The incidence of prostate cancer (PC) is statistically biased due to the increase in
prostate-specific antigen (PSA) screening and the accuracy of national cancer registration systems.
However, studies on latent PC provide less biased information. This comprehensive review included
studies evaluating latent PC in several countries. The prevalence of latent PC has been stable since
1950 in Western countries, but it has increased over time in Asian countries. Latent PC in Asian men
has increased in prevalence and is higher in grade. This increase occurred not only due to the increase
in PSA screening, but also due to increasing adoption of a Westernized lifestyle. Racial differences
between Caucasian and Asian men may also explain the tumor location of latent PC. The autopsy
findings in patients with latent PC included a significant proportion of high grade and stage cancers,
suggesting a need to reconsider the definition of clinically insignificant PC.

Abstract: The incidence of prostate cancer (PC) has been increasing in Asian countries, where it
was previously low. Although the adoption of a Westernized lifestyle is a possible explanation, the
incidence is statistically biased due to the increase in prostate-specific antigen (PSA) screening and the
accuracy of national cancer registration systems. Studies on latent PC provide less biased information.
This review included studies evaluating latent PC in several countries after excluding studies using
random or single-section evaluations and those that did not mention section thickness. The findings
showed that latent PC prevalence has been stable since 1950 in Western countries, but has increased
over time in Asian countries. Latent PC in Asian men has increased in both prevalence and number
of high-grade cases. Racial differences between Caucasian and Asian men may explain the tumor
location of latent PC. In conclusion, the recent increase in latent PC in Asian men is consistent with
an increase in clinical PC. Evidence suggests that this increase is caused not only by the increase in
PSA screening, but also by the adoption of a more Westernized lifestyle. Autopsy findings suggest
the need to reconsider the definition of clinically insignificant PC.

Keywords: latent cancer; prostate cancer; autopsy

1. Introduction

The incidence of prostate cancer (PC) has been increasing globally in recent years. It is
the second most frequently diagnosed cancer and the fifth leading cause of cancer-related
deaths among men worldwide [1]. The incidence of PC in recent decades has been heavily
influenced by the emergence of prostate-specific antigen (PSA) testing. The availability of
PSA testing from the middle to the late 1980s led to the intensive use of the test for screening,
with a subsequent rapid increase in the incidence rate in Western countries. This trend has
also been growing in Asian countries, where the incidence of PC was previously low [1,2].
The cause of this increase in Asian countries is thought to be multifactorial. Although the
spread of PSA screening may be a major cause, changes in lifestyle due to more Westernized
diets might be another [3,4]. The accuracy of national cancer registration systems may also
influence the incidence, as national cancer registration has not been developed in some
Asian countries. However, PC mortality has been decreasing in many Western countries,
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possibly linked to earlier diagnosis due to PSA screening and improved treatment. In
contrast, PC mortality is increasing in several Asian and developing countries [1]. These
reports may support the influence of changes in risk factors due to more Westernized
lifestyles in such countries.

Studies on latent PC provide less biased information about PC incidence compared
to studies on clinical PC. Latent PC is defined as PC that is first detected in autopsy
without any clinical signs of PC during the patient’s lifetime. Since Mintz and Smith first
reported latent PC in 13% of 100 autopsied cases in 1934 [5], many studies have been
reported globally. A recent meta-analysis of 29 studies from 1948 to 2013 indicated that
while the prevalence of latent PC significantly increases with age, there is no obvious time
trend [6]. However, the time trend of latent PC prevalence might differ among countries.
For example, a more recent study indicated that the prevalence of latent PC in Japanese
men has been increasing [7]. In addition, a prospective study comparing latent PC in Asian
and Caucasian men indicated that the prevalence in Asian men did not differ significantly
from that in Caucasian men [8]. These results suggest that not only recent efforts for early
detection, such as PSA screening, but also the change to Westernized diets and lifestyles
may have influenced the increase in PC in Asian countries.

Information from studies on latent PC provides important insights from a different
viewpoint. This review comprehensively discusses the results of latent PC studies in
Western and Asian countries.

2. Potential Biases in Methodology in Latent PC Studies

As the methodology for latent PC studies has not yet been standardized and there
are several biases between the studies, careful evaluation of their methods is required
for precise interpretation. First, study populations, subject sources, and inclusion criteria
differed among the studies. While most of the studies involved autopsies performed in hos-
pitals, other studies assessed forensic autopsies. In addition, some studies have analyzed
databases of institutional autopsy records or national or regional autopsy registries. How-
ever, a meta-analysis indicated that the source of subjects (population vs. hospital-based)
was not significantly associated with the prevalence of latent PC [6]. Age was significantly
associated with latent PC prevalence, which increased with each decade of age [6]. Thus,
the inclusion and exclusion criteria of age and its distribution significantly influenced
the prevalence of latent PC. Race is another major factor that affects the prevalence of
latent PC. These results must be presented separately in studies that include various races.
The methods of sample preparation also differed among the studies. The time elapsed
from death to autopsy, step-sectioning versus random and/or single-section evaluation,
and the interval between sections in step sectioning can also influence the prevalence of
latent PC. The prevalence was reportedly higher in step-sectioned tissues than in randomly
divided tissues [9], whereas there was no evidence that the section thickness or delay of
autopsy affect PC prevalence [6]. However, information regarding the delay of autopsies
is limited in most studies. The methods of diagnosis such as central review or not and
use of immunohistochemical evaluation may also differ among studies, although a meta-
analysis concluded that the use of immunohistochemistry was not associated with PC
prevalence [6].

3. Prevalence of Latent PC in Western Countries

The most important topic in autopsy studies was the prevalence of latent PC. After
the first report by Mintz and Smith in 1934, many such studies have been conducted in
Western countries [5]. Studies evaluating latent PC by step-sectioning of the prostate in
the US and Europe are listed in Table 1 [8,10–33]. Studies using random or single-section
evaluations and those that did not mention section thickness were excluded. Cohorts of
different nationalities or races are listed separately even if they were reported within the
same study. The prevalence of latent PC varied from 9.6% to 58.6% between the studies.
The ranges and distributions of age also varied between the studies. For example, some
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studies included men under 20 years of age [25,29], while another study included only
men older than 70 years [15]. Age influenced the prevalence of latent PC, as it was one of
the most significant factors associated with prevalence [6,34]. A recent meta-analysis of 29
studies reported an estimated mean cancer prevalence at age < 30 years of 5% (95% confi-
dence interval (CI): 3–8%), which increased nonlinearly to 59% (95% CI: 48–71%) by age >
79 years [6]. Race is another factor that affects prevalence. Six studies in the US reported
the prevalence of latent PC in Caucasian and Black men separately [15,22,23,25,26,33], with
reported prevalence rates of 25.9–58.6% and 19.4–43.3%, respectively. All four studies that
conducted statistical analyses on the prevalence of latent PC in Caucasian and Black men
concluded that racial differences did not exist. However, these results require careful inter-
pretation, as age distributions may differ between these races, especially in forensic studies.
A recent review of 19 studies including 6,024 autopsies suggested a racial difference in
latent PC prevalence between Caucasian and Black men (35.7% vs. 50.5%), but did not
conduct a statistical analysis [34].

Table 1. Studies evaluating latent PC by step-sectioning of prostate in the US and Europe.

Author
Year
Pub-

lished
Country/Ethnicity Duration of

Study

Study
Popula-

tion

No. of
Cases Age

No. of
Can-
cers

%

Pathology
Section
Width
(mm)

Ref.
No.

Moore 1935 Austria 1931–1932 Hospital 304 Range, 21–90 52 16.7 4 [10]
Andrews 1949 UK NA Hospital 142 Range, 40–79 17 12.0 4 [11]
Edwards 1953 Canada 1942–1945 Hospital 173 Mean, 64.1 35 16.7 4 [12]
Franks 1954 US NA Forensic 220 NA 69 31.4 4 [13]

Viitanen 1958 Finland NA Hospital 100 ≥50 22 22.0 5 [14]
Halpert 1965 US/Black NA Hospital 30 Range, 70–79 13 43.3 4 [15]
Halpert 1965 US/Caucasian NA Hospital 70 Range, 70–79 41 58.6 4 [15]
Liavag 1968 Norway NA Hospital 340 ≥40 90 26.5 4 [16]

Lundberg 1970 Sweden 1967 Hospital 292 NA 116 39.7 5 [17]
Harbitz 1973 Norway 1967–1968 Hospital 172 ≥40 54 31.4 4–6 [18]

Akazaki 1973 US/men of
Japanese ancestry 1969–1972 Hospital 158 ≥50 46 29.1 3 [19]

Breslow 1977 Germany NA Hospital 145 Mean, 65 43 29.7 5 [20]
Breslow 1977 Israel NA Hospital 143 Mean, 65 32 22.4 5 [20]
Breslow 1977 Sweden NA Hospital 306 Mean, 65 123 40.2 5 [20]
Hølund 1980 Denmark 1971–1977 Hospital 223 Range, 36–94 57 25.6 3 [21]

Gulleyardo 1980 US/Black NA Hospital 207 NA 65 31.4 3 [22]
Gulleyardo 1980 US/Caucasian NA Hospital 293 NA 85 29 3 [22]

Yatani 1982 Colombia 1967–1970 Hospital 182 Mean, 64.4 NA 31.5 3 [23]
Yatani 1982 US/Black 1969–1978 Hospital 178 Mean, 63.6 NA 36.9 3 [23]
Yatani 1982 US/Caucasian 1969–1978 Hospital 253 Mean, 63.2 NA 34.6 3 [23]

Yatani 1982 US/men of
Japanese ancestry 1969–1978 Hospital 417 Mean, 70.1 NA 25.6 3 [23]

Stemmermann 1992 US/men of
Japanese ancestry 1970–1990 Hospital 293 Mean, 67.9 80 27.3 3 [24]

Sakr 1993 US/Black NA Forensic 98 10–50 19 19.4 3–4 [25]
Sakr 1993 US/Caucasian NA Forensic 54 10–50 14 25.9 3–4 [25]

Brawn 1996 US/Black NA Hospital 15 ≥50 5 33.3 3 [26]
Brawn 1996 US/Caucasian NA Hospital 89 ≥50 39 43.8 3 [26]

Sanchez-
Chapado 2003 Spain NA Forensic 146 Mean, 48.5 27 18.5 3-4 [28]

Soos 2005 Hungary NA Hospital 139 18–95 54 38.8 4 [29]
Stamtiou 2007 Greece 2002–2004 Hospital 212 ≥30 40 18.8 4 [30]

Haas 2007 US (92%
Caucasian) NA Hospital 164 Median, 64 47 28.7 4 [31]

Polat 2009 Turkey NA Hospital 114 Mean, 55 11 9.6 4 [32]
Powell 2010 US/Black 1993–2004 Forensic 630 20–79 NA 35.1 2.5 [33]
Powell 2010 US/Caucasian 1993–2004 Forensic 426 20–79 NA 48.1 2.5 [33]
Zlotta 2013 Russia 2008–2011 Hospital 220 Mean, 62.5 82 37.3 4 [8]

NA: not available.

Figure 1 shows the prevalence of latent PC in studies of Caucasians in the US and
Europe published after 1950 by year of publication. The size of each point was proportional
to the number of men included in each study. The analytic linear approximation line of
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the datapoints indicated that the latent PC prevalence was stable over time. The spread of
PSA screening programs is thought to have increased the diagnosis of insignificant PC and
decreased the prevalence of latent PC. However, few studies have examined the changes in
the prevalence of latent PC before and after the PSA era. A retrospective study using an
autopsy record database from a single institution in the US reported that the prevalence of
latent PC decreased three-fold with the widespread use of PSA screening [35]. In this study,
the prevalence was 4.8% in men older than 40 years between 1955 and 1960, compared to
1.2% between 1991 and 2001. However, this study was limited by the lack of whole-mount
sections to examine the prostate, which might lead to a lower prevalence compared to
those in other autopsy studies using step-sectioning. However, the prevalence of latent PC
in Japan has increased despite the spread of PSA screening, although the exposure rate of
PSA testing in Asian countries is still lower than that in Western countries [2,7]. The trends
in Asian countries are discussed in Section 4.
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Figure 1. Prevalence of latent PC in studies of Caucasians in the US and Europe.

The prevalence of latent PC in studies of US and European Caucasians published after
1950 by year of publication. The size of each point was proportional to the number of men
included in each study.

4. The prevalence of Latent PC in Asian and Other Countries

Studies investigating latent PC are fewer in Asian countries than in Western countries.
In 1937, Yotsuyanagi et al. first reported a 3% prevalence of latent PC in Japanese men
in a domestic journal [36]. Among the literature published in international journals,
in 1961, Karube first reported a latent PC prevalence of 10.9% in Japanese men older
than 40 years by step-sectioning [36]. Studies on latent PC in Asia and Africa are listed
in Table 2 [7,8,19,20,23,36–44]. Studies using random or single-section evaluations that
were not published in English were excluded. Some results are part of a multinational
study. Most studies in Asia were from Japan [7,8,19,23,36,38–40], with the exception of
two studies from Singapore [20,37] and one each from China [41], Hong Kong [20], and
Iran [42]. Reports from other regions include Jamaica in Latin America and Uganda in
Africa as part of a multinational study in 1977 [20]. The prevalence of latent PC in Jamaica
and Uganda was 32.7% and 24.0%, respectively, which were higher than those in Asian
countries in the same reports (15.0% and 14.5% in Hong Kong and Singapore, respectively).
In addition, the mean age of men in Uganda was 58.3 years, which was 5 years younger
than of those in other countries (64.5 in Singapore, 63.4 in Hong Kong, and 63.2 in Jamaica).
Updated data for prevalence in Latin America and Africa are required.
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Table 2. Studies evaluating latent PC by step-sectioning of prostate in Asian and other countries.

Author Year Pub-
lished Country/Ethnicity Duration of

Study

Study
Popula-

tion

No. of
Cases Age

No. of
Can-
cers

%

Pathology
Section
Width
(mm)

Ref.
No.

Karube 1961 Japan 1954–1959 Hospital 229 ≥40 25 10.9 4–5 [36]

Lee 1972 Singapore NA Hospital 156 Range,
42–87 13 8.3 4 [37]

Akazaki 1973 Japan 1969–1972 Hospital 239 ≥50 47 19.7 3 [19]
Bean 1973 Japan 1961–1969 Hospital 213 ≥50 58 27.2 5 [38]

Breslow 1977 Hong Kong NA Hospital 173 Mean, 65 26 15.0 5 [20]
Breslow 1977 Jamaica NA Hospital 168 Mean, 65 55 32.7 5 [20]
Breslow 1977 Singapore NA Hospital 242 Mean, 65 35 14.5 5 [20]
Breslow 1977 Uganda NA Hospital 150 Mean, 65 36 24.0 5 [20]

Yatani 1982 Japan 1965–1979 Hospital 576 Mean,
67.7 NA 20.5 3 [23]

Billis 1986 Brazil NA Hospital 180 Range,
40–88 45 25.0 3–5 [27]

Yatani 1988 Japan 1965–1979 Hospital 576 Mean,
67.6 NA 22.5 3 [39]

Yatani 1988 Japan 1982–1986 Hospital 660 Mean,
68.7 NA 34.6 3 [39]

Takahashi 1992 Japan NA Hospital 29 ≥90 17 58.6 3–4 [40]

Gu 1994 China 1989–1992 Hospital
381

(including
60 RCP)

NA 21 5.5 5 [41]

Zare–
Mirzaie 2012 Iran 2008–2009 Hospital 149 Mean,

64.5 14 9.4 4 [42]

Zlotta 2013 Japan 2008–2011 Hospital 100 Mean,
68.5 35 35.0 4 [8]

Kimura 2016 Japan 1983–1987 Hospital 501 Mean,
63.5 104 20.8 5 [7]

Inaba 2020 Japan 2009–2017 Hospital 182 Median,
72 71 39.0 5 [43]

Figure 2 shows the prevalence of latent PC in studies of Asian countries published
after 1950. Data from the study conducted by Takahashi et al. in Japan were excluded
because they focused on men older than 90 years of age [40]. The size of each point is
proportional to the number of men in the study. The analytic linear approximation line
of the datapoints indicated that the prevalence of latent PC in Asia increased over time
compared to that in the US and Europe (Figure 1). The prevalence was 8.3–27.2% from
the 1960s to 1970s, 5.5–34.6% from the 1980s to the 1990s, and 9.4–39.0% after 2000. Two
Japanese studies directly compared the time trends in latent PC within the same institutions.
Yatani et al. compared the latent PC prevalence within the same institution between men
from 1965 to 1979 and from 1982 to 1986, both in pre-PSA era periods. The prevalence
increased significantly from 22.5% to 34.6% [39]. More recently, Kimura et al. compared the
prevalence of latent PC between Japanese men in pre- and post-PSA eras. The prevalence
in men was 20.8% in 1983–1987 and 43.3% in 2008–2013 [7]. Both studies indicated a
significant increase in higher-grade and larger cancers. Yatani et al. reported a higher
rate of infiltrative tumors in the cohort in 1965–1979 than in 1982–1986, at 9.8% and 17.8%,
respectively [39]. Kimura et al. reported a significantly larger index cancer volume in men
in 2008–2013 compared to that in 1983–1987 [7].

The increased prevalence of latent PC in Asian men is consistent with the increased
prevalence of clinical PC [45]. A major explanation for the increase in latent PC in Asian
countries may be lifestyle changes due to more Westernized diets. The incidence of clinical
PC in US men of Japanese ancestry in 1973–1986 was between that of Caucasians in the
US and Japanese men born in Japan within the same period, suggesting the influence of
both genetic and lifestyle factors on PC incidence [46]. In contrast, a comparative study
published in 1973 showed that the age-adjusted prevalence of latent PC did not differ
significantly between Japanese men in Japan and those in Hawaii (20.5% and 26.7%, respec-
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tively). However, the age-adjusted prevalence of the proliferative type of latent PC was
higher in Japanese Hawaiians than in native Japanese (19.1% and 8.7%, respectively) [19].
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Figure 2. Prevalence of latent PC in the studies on Asian populations. Prevalence of latent PC in
studies of Asian countries published after 1950 by year of publication. The size of each point was
proportional to the number of men in the study.

Zlotta et al. prospectively compared the prevalence of latent PC in 100 Japanese men
and 220 Russian men [8]. The prevalence was 35.0% and 37.3% in Japanese and Russian
men, respectively, and did not differ significantly. However, Japanese men had a greater
probability of having a PC Gleason score (GS) of 7 than Russian men after adjusting for age
and prostate weight. These results suggest the increasing prevalence and grade of latent
PC in Asian men over the past few decades.

5. Pathological Findings from Latent PC

Although latent PC does not cause clinical symptoms and is not generally detected
during the lifetime, most studies showed that a significant proportion of latent PC had
high-grade, capsular, or seminal vesicle invasion. In studies in the US and Europe, 5.43%
of cancers were GS 7 or greater and 11–13% were pT3 or greater [8,27,29–31]. In contrast,
in Asian studies, 35.7–51.4% of latent PC was GS 7 or higher, with proportions higher than
those in Western reports, although the proportion of cancers with pT3 or greater was similar
(11.5–12.7%) [7,8,42]. Consequently, these cases of latent PC included clinically significant
cancer as defined by Epstein (the presence of T3 or greater and/or index tumor volume
of 500 mm3 or greater and/or GS ≥ 7 [47]). A prospective comparative study by Zlotta
et al. reported that 29.3% and 51.4% of latent PC cases were clinically significant in Russian
and Japanese men, respectively [8]. A comparative study of contemporary latent PC and
historical controls in Japan reported an index cancer volume of 500 mm3 in 9.6% of cancers
in men in 1983–1987 and 25.5% in 2008–2013, a significant difference [7]. The increase in
proportion of significant cancer in latent PC notwithstanding the spread of PSA screening
might suggest an increase in high-grade cancer in Asian countries, especially in Japan.
These results also suggest the need to reexamine the definition of clinically insignificant
PC. Stamey et al. defined clinically significant PC as organ-confined tumors of <0.5 cm3,
GS 3+3 with no grade 4 or 5 [48]. However, it can also be defined as a cancer that does not
affect the patient during the natural course of his lifetime. The requirements of Stamey’s
definition may be too stringent.

Investigating the tumor location of latent PC could improve our understanding of the
origin of PC and how it grows [49]. Racial differences between Caucasian and Asian men
have been suggested to affect not only the prevalence, but also the tumor location of PC. A
comparative study of radical prostatectomy specimens reported that 35.5% and 0.6% of
PCs originated in the transition zone (TZ) in Japanese men and US men, respectively [50].
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Studies that categorized tumor location into anterior or posterior regions reported that
anterior cancer was more prevalent in Asian men than in Caucasian men [50–56]. However,
most studies evaluating tumor location in the prostate have analyzed only prostatectomy
specimens. The tumor location of the prostatectomy specimens may overestimate the
prevalence in the peripheral zone (PZ) or posterior cancer because of its higher detectability
by digital rectal examination and transrectal prostate biopsy compared to in the TZ or
anterior cancer. In this sense, the tumor location in latent PC may be less biased. There
are limited reports regarding tumor location in latent PC. An autopsy study in Hungary
including 139 men aged 18–95 years reported a latent PC prevalence of 38.8%; among the
64 tumor foci, 82.8% and 18.9% were present in the PZ and TZ, respectively [29]. Another
study in the US including 164 men aged 54–73 years reported that latent PC was present in
29% of the cases, with 62% and 36% of PCs located in the posterior and anterior regions,
respectively, and 77% and 16%—in the PZ and central zone in the prostate, respectively [31].

Reports on tumor locations of latent PC in Asian men are limited. A report of 149
autopsies of Iranian men over 50 years of age detected invasive adenocarcinoma in 14
(9.4%) cases, including nine cases (64%) in the posterior region, one case (7%) in the anterior
region, and four cases (29%) in both lobes of the prostate [42]. A report of 182 Japanese men
observed latent PC in 39.0% of cases, occurring in the TZ, PZ, or without dominance in
38.0%, 57.8%, and 4.2% of cases, respectively [43]. The tumors were located in the anterior
and posterior regions in 49.3% and 40.8% of the cases, respectively. Approximately 40% of
the tumors were located in the TZ and anterior region of the prostate, a rate higher than that
reported in Western studies. The age distribution also differed between TZ and PZ cancers.
In elderly men, cancer is more frequently diagnosed in the PZ than in the TZ [43]. This was
consistent with the report by Takahashi et al. on autopsies in men over 90 years of age,
which revealed that all latent PCs were localized in the PZ of the prostate [40]. An autopsy
study in the US reported that most TZ cancers showed a different pathological pattern from
that of PZ cancers, with lower GS and less aggressiveness [57]. However, a Japanese study
reported that the pathological features did not differ between the TZ and PZ and between
anterior and posterior cancers in terms of GS, tumor volume, or prevalence of clinically
significant cancer; however, there is variation in the pT stage—PZ cancer has a significantly
higher pT stage than TZ cancer. Several anatomical explanations have been proposed to
explain this difference. For example, the TZ is separated from the surrounding area by
fibromuscular tissue, whereas no such structure exists in the PZ. Moreover, the TZ contacts
with the prostate capsule from the outside to the back of the PZ, and T3b cases of the
TZ are few because of the anatomical position [43]. However, a prospective comparative
study of Japanese and Russian autopsy cases reported similar tumor locations between
cohorts, in which latent PC was located in the TZ in 25.9% and 20.7% and in the anterior
region in 20.0% and 21.9% of the cases in Japanese and Russian men, respectively. Further
investigation is required to determine whether there is a racial difference in tumor location
and whether the location in Asian men has changed due to Western diet and lifestyle.

Few studies have investigated tumor location in the vertical direction. In their inter-
national multicenter study investigating 1327 autopsies from seven counties or regions,
Breslow et al. reported latent PC in 350 cases. In the vertical direction, more tumors were
present at the middle and apex levels than at the base. However, the evaluation method
to describe the tumor distribution has not yet been standardized, and further studies are
warranted.

Most latent PC cases represent the less aggressive forms of PC. Thus, comparing
molecular markers or genomic aberrations between latent and clinical PCs is an ideal
method to investigate their effects. Igawa et al. reported a significantly higher nm23-HI
gene expression level in clinical PC than in normal prostatic tissues, latent PC, and clinical
PC [58]. Watanabe et al. reported that Ras gene mutations in latent PC varied among
ethnic groups and that the frequency in Japanese men was higher than that in US Black or
Caucasian men [59]. Alipov et al. compared the expression of the ETS1 proto-oncogene
in latent PC, benign prostatic hyperplasia, normal prostatic tissues, and clinical PC [60],
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reporting negative expression in benign tissues and higher levels in clinical PC than in
latent PC. Maekawa et al. investigated the TMPRSS2 Met160Val polymorphism in Japanese
men, including 518 men with sporadic PC, 433 healthy controls, and 154 men with latent
PC [61]. The TMPRSS2 Met160Val polymorphism is a genetic risk factor for sporadic PC but
not for latent PC in the Japanese population. However, molecular studies using latent PC
are limited, possibly because of the limited quality and availability of latent PC specimens.

6. Limitations of Autopsy Studies

Latent PC has a unique cancer status compared to the malignancies of other origins.
Although it has been investigated for a long time, several problems remain to be solved.
Section 5 described variations in the methodologies used for sample preparation and
diagnosis. Although step-sectioning of the whole prostate is a standard method, the
duration from death to autopsy is difficult to control. A central review for diagnosis is
mandatory because of inter- and intra-observer variability for the pathological diagnosis
of PC [62]. A fundamental bias also exists in autopsy studies. As the subjects were men
who died in the hospital, their backgrounds differed from those of healthy men. Inaba et al.
reported that 106 of the 182 autopsy cases (58.2%) had been performed due to death of
malignancy other than PC (unpublished data).

The available data on latent PC were provided by a limited number of countries and
regions. Most studies were from North America, Western Europe, and Japan, whereas data
from Africa and Latin America are limited. More importantly, the number of autopsies
has been steadily declining over the past 30–40 years worldwide [63]. After the 2000s,
the autopsy rate was only 7–9% in the US, compared to approximately 25–35% in the
mid-1960s and 50% of all hospital deaths in the 1940s and 1950s [64,65]. In Japan, more
than 40,000 autopsies were performed in 1985, but this number had gradually decreased to
approximately 10,000 by 2018 [66].

One explanation for the limited number of studies evaluating molecular markers in
latent PC is the low quality of specimens from autopsies. RNA and proteins were extracted
during the time between death and autopsy. To overcome such limitations in autopsy
studies, rapid autopsies have emerged [67]. In this new methodology, tissues are collected
as soon as possible after the patient’s death. Ideally, the quality of a rapid autopsy tissue
can be considered comparable to the quality of a fresh surgical biopsy tissue.

7. Learning from Latent PC and Future Directions

While latent PC studies have a long history, the available evidence remains limited.
Latent PC studies have revealed a larger prevalence of insignificant PC than the incidence
of clinical PC. PC prevalence increases with age and more than half of both Caucasian and
Asian men over 80 years of age have indolent PC. The recent increase in latent PC in Asian
men is consistent with an increase in clinical PC in Asian countries. These findings suggest
that this increase in clinical PC in Asian countries is due not only to the spread of PSA
screening, but also to the adoption of Westernized lifestyles.

In addition, the results of autopsy studies suggest the need to reconsider the defi-
nition of clinically insignificant PC, which is thought to be an ideal candidate for active
surveillance. The present definition might be too strict, as latent PC included a significant
proportion of cancer cases thought to be life-threatening, such as with GS ≥ 7 and pT3 or
greater. Cancer volume and the percentage of high-grade cancer cases also increased with
age. However, the individuals lived without the influence of PC throughout their lives.
Molecular analyses are required in latent PC studies to distinguish between indolent and
life-threatening PC. Methodologies such as rapid autopsies have opened the door for new
studies of latent PC.
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Simple Summary: Prostatic diseases are important worldwide, being the prostate cancer (PC) the
most common tumor in men. Among the factors associated with PC development, the preneoplastic
lesions are well-recognized. Preneoplastic lesions are cellular morphological alterations, induced
by different factors and present a potential to progression for PC. In this scenario, dogs are con-
sidered spontaneous models. Dogs naturally develops prostatic hyperplasia, preneoplastic lesions
and PC. Among the preneoplastic lesions, the proliferative inflammatory atrophy (PIA) develops
spontaneously in dogs. PIA is an epithelial lesion induced by prostatic chronic inflammation, lead-
ing to a proliferative atrophy of the prostate gland. Thus, this study aimed to perform a full PIA
morphological, phenotypical and molecular characterization in dogs. After reviewing the archives
of the veterinary pathology service, it was identified 171 dogs containing PIA in the prostate gland,
and among the PC cases (N = 84), it was identified PIA lesions surrounding 60.7% of PC cases.
Besides that, we identified loss of genes related to the maintenance of prostatic tissue and can predis-
pose to malignant transformation. Moreover, mutations in androgen receptor gene were identified,
demonstration alteration in DNA in PIA. Overall, these results support the hypothesis that PIA can
be considered a preneoplastic lesion in canine prostate.

Abstract: Proliferative inflammatory atrophy (PIA) is an atrophic lesion of the prostate gland that
occurs in men and dogs and is associated with a chronic inflammatory infiltrate. In this study, we ret-
rospectively reviewed canine prostatic samples from intact dogs, identifying 50 normal prostates,
140 cases of prostatic hyperplasia, 171 cases of PIA, 84 with prostate cancer (PC), 14 with prostatic
intraepithelial neoplasia (PIN) and 10 with bacterial prostatitis. PIA samples were then selected and
classified according to the human classification. The presence of PIA lesions surrounding neoplastic
areas was then evaluated to establish a morphological transition from normal to preneoplastic and
neoplastic tissue. In addition, the expression of PTEN, P53, MDM2 and nuclear androgen receptor
(AR) were analyzed in 20 normal samples and 20 PIA lesions by immunohistochemistry and qPCR.
All PIA lesions showed variable degrees of mononuclear cell infiltration around the glands and
simple atrophy was the most common histopathological feature. PIA was identified between normal
glands and PC in 51 (61%) out of the 84 PC samples. PIA lesions were diffusely positive for molecular
weight cytokeratin (HMWC). Decreased PTEN and AR gene and protein expression was found in
PIA compared to normal samples. Overall, our results strongly suggest that PIA is a frequent lesion
associated with PC. Additionally, this finding corroborates the hypothesis that in dogs, as is the case
in humans, PIA is a pre neoplastic lesion that has the potential to progress into PC, indicating an
alternative mechanism of prostate cancer development in dogs.

Cancers 2021, 13, 1887. https://doi.org/10.3390/cancers13081887 https://www.mdpi.com/journal/cancers
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1. Introduction

The contribution of inflammation to prostate carcinogenesis is well-known [1,2],
occurring through a combination of repeated damage to the genome and increased cell
proliferation [3]. The inflammatory process in the prostate gland is associated with a
morphologically atrophic epithelium, characterized by a high proliferative index and
decreased expression of apoptotic markers [1,3]. De Marzo et al. [4] proposed the term
proliferative inflammatory atrophy (PIA) to designate the discrete focus of glandular
epithelial proliferation with the morphological appearance of simple atrophy, surrounded
by variable degrees of inflammation.

In men, PIA occurs in the peripheral zone of the prostate gland, where prostate cancer
(PC) is also more commonly observed [4]. A mononuclear inflammatory infiltrate is fre-
quently associated with PIA lesions [4–6] and these inflammatory cells secrete proteases,
as well as mitogenic, antiapoptotic and angiogenic factors in the prostatic microenviron-
ment [7], which ultimately induce epithelial cell atrophy, followed by cell proliferation [5,8].
PIA can occur adjacent to high-grade prostatic intraepithelial neoplasia (HGPIN) and
prostate cancer (PC), with some studies highlighting the preneoplastic significance of PIA
in human PC development [9,10]. The most accepted theory suggests a progression from
PIA to HGPIN and subsequently PC [10,11]. De Marzo et al. [4] previously character-
ized the morphology and immunophenotype of PIA, describing 34% of focal atrophic
lesions surrounding high-grade intraepithelial neoplasia (PIN), and thus, hypothesizing
a morphological progression from PIA to HGPIN. PIA has been described in the canine
prostate [12–16], although only from a morphological perspective, without analyzing its
preneoplastic potential.

Chromosomal abnormalities were previously described in canine PIA lesions. Copy
number gain was detected in CRYGS, ADIPOQ, SST genes and copy number losses were
identified in CD38, ZNF518B, WDR1, SLC2A9 genes [16]. These results demonstrated the
occurrence of chromosomal instability in canine PIA lesions and represent the first evidence
of their premalignant potential. Loss of E-cadherin expression has also been reported in
canine PIA [15]. Normally dividing prostatic epithelial cells can lose E-cadherin during
cell division and re-express the same protein after the replication is completed [17]. Thus,
all these previous studies suggest the occurrence of several genomic and protein alterations
in canine PIA, that favors its potential preneoplastic lesion.

This study aimed to evaluate the immunophenotype of PIA lesions in dogs, establish
a topographic relationship between normal, PIA and PC lesions, as well as to analyze TP53,
MDM2, nuclear androgen receptor (AR) and PTEN protein and gene expression in PIA
lesions, compared to normal prostates, in order to better characterize its preneoplastic
potential in dogs.

2. Results
2.1. Animal Demographic Data

Prostate samples were collected from adult intact dogs of different ages and breeds.
The group of dogs with normal prostate consisted of animals with a median age of 6 years
(4–8 years), overrepresented by mixed breed dogs (30/50). Dogs with prostatic hyperplasia
(PH) had a median age of 9 years (6–12 years) and this group was also overrepresented
by mixed breed dogs (87/140). Among the pure breeds, the American pit bull terrier
(15/140) was the most affected. The median age of dogs diagnosed with PIA was 9 years
(7–14 years), with mixed breed dogs being the most affected (95/171). PC-affected dogs
had a median age of 11 years (9–16 years) with the highest prevalence in mixed breed
dogs (21/84). The median age of dogs with PIN and bacterial prostatitis was 9 (7–10) and
7 (5–8) years, respectively.
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2.2. Morphology and Immunophenotype of PIA

All PIA lesions (N = 171) were surrounded by mononuclear cells, and specifically,
by a low inflammatory infiltrate (Figure 1A) in 35.5% of samples (61/171), moderate
inflammation in 42.1% of samples (72/171) (Figure 1B) and severe inflammatory infiltrate
in 22.4% (38/171) (Figure 1C). Simple atrophy was the most common histopathological
feature, observed in 73% of all cases (125/171). A mixed pattern was prevalent in 17.5% of
cases (30/171) and post atrophic hyperplasia (PAH) in 9.5% (16/171).
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In normal prostatic tissue, high molecular weight cytokeratin (HMWC) (Figure 1D) 
and P63 (Figure 1E) were expressed by basal cells, showing a discontinuous layer (100%—
20/20). Interestingly, PIA lesions showed a continuous basal cell layer that was positive 
for P63 (Figure 1D) and HMWC (Figure 1E); with a score of four for both markers. The 

Figure 1. Hematoxylin and eosin (H&E) staining and immunohistochemistry of canine prostate with proliferative inflam-
matory atrophy (PIA). (A): Discrete mononuclear inflammatory infiltrate admixed with multifocal atrophic glands with at
least two layers of epithelial cells. (B): Moderate mononuclear inflammatory infiltrate and areas of prostatic gland atrophy
with cells showing hyperchromatic nuclei and at least two layers of epithelial cells. (C): Severe mononuclear inflammatory
infiltrate with atrophic epithelial cells showing at least two layers of epithelial cells, hyperchromatic nuclei and evident
nucleolus. (D): Nuclear p63 expression in a normal prostate gland. There is a discontinuous basal cell layer. (E): High
molecular wight cytokeratin expression by normal basal cells (arrows). (F): Nuclear Ki67 expression by normal basal cells
(arrows). There is an absence of Ki67 in luminal epithelial cells and only scatted basal cells express Ki67. (G): Diffuse P63
expression by atrophic cells in a PIA. (H): Diffuse membranous expression of high molecular weight cytokeratin in a PIA.
(I): Nuclear positive Ki67 expression by atrophic cells in a PIA lesion. Scale bar = 50 µm.

In normal prostatic tissue, high molecular weight cytokeratin (HMWC) (Figure 1D) and
P63 (Figure 1E) were expressed by basal cells, showing a discontinuous layer (100%—20/20).
Interestingly, PIA lesions showed a continuous basal cell layer that was positive for P63
(Figure 1D) and HMWC (Figure 1E); with a score of four for both markers. The normal
prostatic tissue had no Ki-67 expression in the epithelial luminal cells; only a few basal cells
were Ki-67 positive (Figure 1F). The normal prostatic tissue had a mean of 2.2 ± 1.5 Ki-67
positive cells, while PIA lesions (Figure 1I) showed a mean of 45.1 ± 31.8 Ki-67 luminal
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and basal positive cells with a statistically significant difference between the two groups
(p < 0.0001) Figure 2.

Cancers 2021, 13, x  4 of 18 
 

 

normal prostatic tissue had no Ki-67 expression in the epithelial luminal cells; only a few 
basal cells were Ki-67 positive (Figure 1F). The normal prostatic tissue had a mean of 2.2 
± 1.5 Ki-67 positive cells, while PIA lesions (Figure 1I) showed a mean of 45.1 ± 31.8 Ki-67 
luminal and basal positive cells with a statistically significant difference between the two 
groups (p < 0.0001) Figure 2. 

 
Figure 2. Ki67 protein expression in normal and proliferative inflammatory atrophy (PIA) sam-
ples. A high Ki67 index was observed in PIA compared to normal samples, indicating a high pro-
liferative rate in PIA (p < 0.0001). 

All samples with PIN (14/14) contained adjacent PIA lesions. No PIN foci were ob-
served adjacent to PC lesions. A total of 61% (51/84) of the PC samples had PIA lesions 
close to the neoplastic areas and an evident histological transition from normal tissue (normal 
or hyperplastic) to PIA and PC was observed in 21.5% (11/51) of the PC samples (Figure 3). 

Figure 2. Ki67 protein expression in normal and proliferative inflammatory atrophy (PIA) samples.
A high Ki67 index was observed in PIA compared to normal samples, indicating a high proliferative
rate in PIA (p < 0.0001).

All samples with PIN (14/14) contained adjacent PIA lesions. No PIN foci were
observed adjacent to PC lesions. A total of 61% (51/84) of the PC samples had PIA lesions
close to the neoplastic areas and an evident histological transition from normal tissue
(normal or hyperplastic) to PIA and PC was observed in 21.5% (11/51) of the PC samples
(Figure 3).
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a score of three in 40% (8/20) and a score of two in 20% (4/20) (Figure 4B). There was no 
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Figure 3. Hematoxylin and eosin (H&E) staining from three different canine prostate carcinomas (PC). (A–C): Low power
field containing a carcinoma area surrounded by PIA and a normal adjacent area. A clear morphological transition between
normal, proliferative inflammatory atrophy (PIA) and PC areas is evident. (D–F): High power field (inset of figures (A–C),
respectively) of adjacent normal tissue. Note the prostatic gland epithelium consisting of columnar and basal epithelial cells.
(G–I): High power field of surrounding PIA (areas outlined by the plotted areas in figures (A–C)). Characteristic simple
atrophy with one epithelial layer and hyperchromatic nuclei. (J–L): High power field of a carcinoma area. (J): Neoplastic cells
disposed in nests and moderate pleomorphism. (K): Cells present a pseudopapillary shape with presence of degeneration.
(L): Ballooning neoplastic cells showing degeneration associated intense surrounding inflammation. HPF: High power field.

2.3. Immunohistochemical Features

The immunohistochemical results are presented in Table 1. Both basal and luminal
cells were p53 positive, with a nuclear and cytoplasmic expression pattern (Figure 4A).
The p53 score was four in nine out of 20 (45%) normal prostatic tissues and three in the
remaining cases (11/20). PIA samples were assigned a score of four in 40% of cases (8/20),
a score of three in 40% (8/20) and a score of two in 20% (4/20) (Figure 4B). There was no
statistical difference in P53 scores between normal and PIA samples. PTEN expression was
only observed in the nuclei and cytoplasm of luminal cells Figure 4C. All normal samples
showed more than 75% of positive cells (score of four). Two PIA samples had a score of
four, 25% (5/20) had a score of three, 25% (5/20) had a score of two and 40% (8/20) had
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a score of one (Figure 4D). We identified decreased staining in PIA samples compared to
normal samples (p = 0.003). MDM2 was expressed in the nuclei of luminal and basal cells
(Figure 4E) of one normal sample (5%) with a score of four, 30% (6/20) of samples with a
score of three and 65% (13/20) with a score of two. Fifteen percent (3/20) of PIA samples
showed a score of four, 30% (6/20) showed a score of three and 55% (11/20) showed a
score of two (Figure 4F). There was no statistical difference in MDM2 expression between
normal and PIA samples.

Table 1. PTEN, P53, MDM2 and AR immunohistochemical expression in canine normal prostate and PIA samples.

Score

Group 1 2 3 4 p

PTEN
Normal 0% (0/20) 0% (0/20) 0% (0/20) 100% (20/20) p = 0.003

PIA 40% (8/20) 25% (5/20) 25% (5/20) 10% (2/20)

P53
Normal 0% (0/20) 0% (0/20) 55% (11/20) 45% (9/20) p = 0.3568

PIA 0% (0/20) 20% (4/20) 40% (8/20) 40% (8/20)

MDM2
Normal 0% (0/20) 65% (13/20) 30% (6/20) 5% (1/20) p = 0.5784

PIA 0% (0/20) 55% (11/20) 30% (6/20) 15% (3/20)

AR
Normal 0% (0/20) 0% (0/20) 0% (0/20) 100% (20/20) p = 0.01

PIA 0% (0/20) 45% (9/20) 55% (11/20) 0% (0/20)

Legend: Score 1 = 11–25% positive cells; score 2 = 26–50% positive cells; score 3 = 51–75% positive cells; score 4 = more than 75% positive cells.

AR was positive in luminal cells and occasionally in basal cells (Figure 4G). All normal
prostate samples (20/20) showed more than 75% AR-positive cells. The expression pattern
was significantly decreased in PIA samples compared to normal samples (p = 0.01). Fifty-
five percent (11/20) of PIA samples showed a score of three and 45% (9/20) had a score of
two (Figure 4H).

2.4. Gene Expression

There was no difference in TP53 and MDM2 transcript levels between normal and
PIA samples (p > 0.05). A positive correlation between TP53 and MDM2 transcript levels
in normal (R = 0.7754; p < 0.0001) and PIA (R = 0.6573; p = 0.0202) samples was observed,
suggesting that in both cases the increased TP53 transcript level is correlated with a
simultaneous increased expression of MDM2 (Supplementary Figure S1). No statistical
correlations were observed between the remaining comparisons.

PTEN (P = 0.0307) and AR (P = 0.0008) expression was decreased in PIA compared
to normal samples (Figure 5). The median relative quantification (RQ) of AR in normal
samples was 1.8 (0.3–9), while in PIA samples it was 0.7± 0.1–1.6. The median PTEN RQ
was 1.4 ± 0.3–6.7 and 0.7 ± 0.2–3 in normal and PIA samples, respectively.
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Figure 4. Immunohistochemical staining of the normal canine prostate and canine proliferative inflammatory atrophy (PIA).
(A): PTEN expression in a canine normal sample: nuclear and cytoplasmic positive staining of luminal epithelial cells. (B): PTEN
expression in proliferative inflammatory (PIA) samples: atrophic prostatic luminal cells with a lack of PTEN expression.
(C): Nuclear and cytoplasmic P53 expression in a normal canine prostatic sample and (D): PIA lesions. (E,F): Positive cytoplasmic
and nuclear MDM2 expression in normal (E) and PIA (F) samples. (G,H): nuclear androgen receptor (AR) expression in a normal
prostatic sample and lack of expression in PIA samples (H). Counterstaining with Harris hematoxylin, DAB, 20×.
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Figure 5. Evaluation of PTEN, TP53, MDM2 and AR gene expression in normal compared to proliferative inflammatory
atrophy (PIA) samples. (A) Decreased PTEN expression was observed in PIA samples compared to normal samples (A).
TP53 (B) and MDM2 (C) transcripts showed no statistically significant differences. AR expression decreased in PIA samples
compared to normal samples (D).

2.5. Matrix of Multiple Correlation

Using a matrix of multiple correlation among PTEN, P53, MDM2 and AR genes and
proteins, a positive strong correlation was demonstrated between PTEN and MDM2 gene
expression (Spearman r = 0.6) and between AR and MDM2 gene expression. The matrix
of multiple correlation did not show a positive correlation with the respective gene and
protein expression (Figure 6).
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sequencing, eight out of 20 samples showed a very low sequencing quality and were ex-
cluded from the alignment analysis. In the PIA samples aligned in the investigation of AR 
mutations (N = 12), six out of 12 samples (50%) showed mutations, with one sample show-
ing several nucleotide alterations (Figure 7). 

Figure 6. Matrix of multiple correlation among PTEN, TP53, MDM2 and AR gene and protein
expression. The red color represents negative correlation and the blue color represents a positive
correlation. The color intensity is associated with a strongest correlation. The blue color represents a
positive correlation and the red color represents a negative correlation.

2.6. AR Sequencing

All samples were amplified in PCR analysis in the electrophoresis. However, af-
ter sequencing, eight out of 20 samples showed a very low sequencing quality and were
excluded from the alignment analysis. In the PIA samples aligned in the investigation of
AR mutations (N = 12), six out of 12 samples (50%) showed mutations, with one sample
showing several nucleotide alterations (Figure 7).
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the carcinogenic process of canine PC development is still unclear. 

Based on this gap in the literature, our results suggest that PIA is a very common 
histological lesion in the prostates of intact dogs, with a prevalence of 36.5% in our dataset. 
On the other side, PIN was present in only 3% of selected cases (14/469). The real incidence 
of PIN lesions in the canine prostate is controversial. Waters and Bostwick [18,19] reported 
an incidence of 55–65%, while in two larger studies conducted by Aquilina et al. [20] and 
Madewell et al. [21], the incidence was low (less than 3%) without any histological associ-
ation between PIN and PC [20,21]. Thus, PIN lesions have been most likely overestimated 
or not correctly diagnosed on histological sections and their role in canine prostatic car-
cinogenesis is still unknown. 

The studied population was based on intact dogs, because in Brazil, castration of 
male dogs is not routinely performed due to cultural factors. Interestingly, we did not see 
the frequent occurrence of prostate cancer in castrated dogs. This is important in studies 
evaluating PIA, because castrated dogs show atrophy of the prostate during hormone 
deprivation and present hormonal atrophy instead of an inflammatory atypical atrophy. 

Figure 7. Androgen receptor (AR) sequencing analysis of the 12 proliferative inflammatory atrophy (PIA) samples after
alignment. Each figure (A–C) represents different regions of the AR gene alignment. There are six samples containing
mutations, with PIA 6 representing the samples with a higher number of nucleotide modification. (A,B): sequencing
alignment showing mutations in PIA6, PIA9 and PIA 11 samples. C: Sequencing alignment evidencing mutation in the
samples PIA3, PIA4, PIA5, PIA6, PIA9, PIA11.

3. Discussion

In human PC, the progression of PIA to high grade-PIN (HGPIN) and PC cancer
has been described over recent years, due the role of chronic inflammation in cancer
development [1–6]. In dogs, little is known in regard to the carcinogenic process and
the progression of preneoplastic lesions to PC. It seems that canine PC develops from
androgen-independent cells and most cases of canine PC have been found to be negative
for AR [16]. Thus, alterations to the AR receptor are considered to be one of the most
important steps in PC development. The previously published literature has focused on
studying PIA as a preneoplastic lesion and has shown copy number variations, indicating
molecular instability [16]. Although an increased number of studies have been published
in recent years, the carcinogenic process of canine PC development is still unclear.

Based on this gap in the literature, our results suggest that PIA is a very common
histological lesion in the prostates of intact dogs, with a prevalence of 36.5% in our dataset.
On the other side, PIN was present in only 3% of selected cases (14/469). The real incidence
of PIN lesions in the canine prostate is controversial. Waters and Bostwick [18,19] reported
an incidence of 55–65%, while in two larger studies conducted by Aquilina et al. [20]
and Madewell et al. [21], the incidence was low (less than 3%) without any histological
association between PIN and PC [20,21]. Thus, PIN lesions have been most likely overesti-
mated or not correctly diagnosed on histological sections and their role in canine prostatic
carcinogenesis is still unknown.

The studied population was based on intact dogs, because in Brazil, castration of
male dogs is not routinely performed due to cultural factors. Interestingly, we did not see
the frequent occurrence of prostate cancer in castrated dogs. This is important in studies
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evaluating PIA, because castrated dogs show atrophy of the prostate during hormone
deprivation and present hormonal atrophy instead of an inflammatory atypical atrophy.

PIA is a common finding in the canine prostate, although its pathogenesis, mechanisms
of occurrence and role on prostatic carcinogenesis are unclear. PIA lesions surrounded
canine PC areas in 61% of carcinoma samples and, in 21.5% of these cases, the morpho-
logical transition between benign tissue, PIA lesions and invasive prostate cancer was
evident. Taking into account previously published articles assessing the molecular basis of
canine PIA, in addition to the findings from the present study, this result may suggest a
potential association between PIA and PC. The morphological transition term was previ-
ously introduced by Wang et al. [22] to associate PIA as a preneoplastic lesion in human
prostatic pathology. Morphological transition refers to normal, followed by PIA areas
colliding to prostatic carcinoma in histological specimens. In our samples, PIA lesions
were characterized by a higher proliferative index (shown by Ki67) compared to normal
prostates, underlining their high proliferative potential. Previously, our research group
investigated the proliferative index of 12 PIA and 18 PC samples, demonstrating a median
Ki67 expression level of 54.5 and 366, respectively [23]. Ki67 expression is higher in PIA
and PC compared to normal samples. In the carcinogenic process of the human prostate,
a dynamic progression from low-PIN, to HGPIN, and finally PC is widely accepted [5,24].
De Marzo et al. [4] then identified PIA lesions as a new precursor of HGPIN. Thus, the car-
cinogenic process of human and canine prostates might occur through different, a yet
unexplored, mechanisms.

Canine PC is characterized by a heterogeneous pattern of cytokeratin expression, as at-
tested by the consensus reached on the intermediate phenotype (luminal markers+ /basal
markers+) of canine PC [12,13,25–27]. As evidenced in this study, intermediate cells are also
found in greater quantities in PIA lesions, similar to the prevalent cell population of PIA in
humans. It is likely that, even in dogs, PIA lesions arise from the proliferation of basal cells
stimulated by the inflammatory environment. During normal prostate development and
differentiation, basal cells proliferate, reducing the expression of basal cells markers (CK5,
HMWC and P63) and overexpressing luminal markers (CK18), until they completely lack
the basal cell markers and express luminal markers only [28]. Due to the high proliferative
index of PIA lesions, demonstrated by the expression of Ki67, it is most likely that cells are
constantly stimulated to divide without further developing into luminal cells. Interestingly,
many canine PCs show an intermediate phenotype (concomitant expression of P63 or CK5
or CK8/18) [13,27,29]. Thus, the same cell phenotype may be involved in the development
of both PIA and PC in dogs and both lesions may have a common origin in most—but
not all—cases.

PTEN, P53, MDM2 and AR dysregulation in human prostate cancer has been widely
described [30–32]. PTEN and P53 downregulation plays an important role in cell growth
and apoptosis [33]. Furthermore, TP53 and MDM2 genes play a dual role during cell
proliferation: MDM2 is an oncogene associated with the proliferation of prostatic cells and
TP53 acts as an MDM2 inhibitor [30]. During PC progression, tumor cells become androgen-
independent and the AR inhibition of human prostate cells promotes cell migration and
invasiveness [34].

P53 and MDM2 protein expression were similar in normal prostates and PIA, although
a positive correlation between TP53 and MDM2 transcript levels in both cases was observed,
i.e., higher TP53 transcripts had higher MDM2 levels. This correlation could suggest a
role of MDM2 in controlling TP53 transcripts, as is the case in the human prostate [35].
TP53 and MDM2 expression have been widely studied in human cancers and MDM2 is a
negative regulator of the TP53 transcript [35–37]. In canine PC, upregulation of MDM2 and
downregulation of TP53 transcript levels have previously been described [38]. Recently,
TP53 copy number loss and MDM2 gains were described in canine PC, suggesting that P53
and MDM2 could be important drivers in canine prostatic carcinogenesis [16]. Since P53
and MDM2 were not deregulated in PIA samples, and both markers have instead been de-
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scribed as altered in PC [16,38], P53 downregulation and MDM2 overexpression may occur
only in the advanced stage of prostatic carcinogenesis, after malignant transformation.

Our results show downregulation of the AR gene and protein levels in PIA samples,
as compared to normal prostate samples. The AR gene has a key role in prostatic devel-
opment and maintenance [39]. In dogs, downregulation of the AR gene is common in
PC development [39]. Previously, our research group demonstrated an AR copy number
loss in canine PC [16], indicating AR loss as an important event in canine PC develop-
ment. Since we demonstrated the downregulation of AR, this gene may be altered in
the early stages of neoplastic development and this result supports the hypothesis of the
potential progression from PIA to PC. The lack of AR expression in canine PC has been
widely demonstrated in previous studies [16,25–27,38]. Additionally, our results have
demonstrated that PIA with AR downregulation may be a precursor lesion to PC. Together,
this information reinforces the idea of PIA progression into invasive PC in dogs. However,
since we demonstrated an intermediate phenotype for PIA lesions, the AR downregulation
may occur due the cell differentiation from basal cells into luminal cells. Thus, this result
should be evaluated carefully.

Another gene undergoing downregulation in PIA lesions is PTEN. In human PC,
PTEN loss is correlated with PC androgen independence [40]. PTEN downregulation is
associated with decreased AR levels and these alterations are associated with activation of
the anti-apoptotic pathway [40,41]. In knockout PTEN mice (Pten+/−), used as models
of prostate carcinogenesis, the animals developed spontaneous inflammation with a high
number of preneoplastic lesions and carcinomas compared to the controls [42]. Thus, PTEN
loss is likely important during the carcinogenic process of the prostate gland [42].

Mice are the classical animal models used for studying the development of PIN and
PC [43]. However, even though they may experience high-grade inflammation, PIA cannot
be induced in these experimental models [42]. Thus, dogs represent a unique opportunity
for comparative studies in order to evaluate the role of PIA as preneoplastic lesions in the
prostate.

The high proliferative index and the downregulation of PTEN and AR in PIA lesions
may reflect their preneoplastic potential. The PIA premalignant potential is strongly
supported by the high mutation index identified in our sequencing analysis. A total of six
out of 12 samples (50%) showed mutations, and canine PC is strongly associated with AR
decreased expression (even in castrated dogs). Thus, mutations in the AR gene can lead to
the progression of PIA to PC in intact dogs.

4. Materials and Methods
4.1. Animals and Experimental Design

This study was performed in accordance with the National and International Recom-
mendations for the Care and Use of Animals (National Research Council) [44]. All pro-
cedures have been approved by the Ethics Committee on Animal Use (CEUA) of the
Veterinary Teaching Hospital of São Paulo State University (CEUA/UNESP, #0208/2016).
All samples were obtained from Brazilian dogs.

4.2. Tissue Selection

Four hundred and sixty nine hematoxylin and eosin (H&E) slides from different
canine prostates were selected from the Veterinary Pathology archive of São Paulo State
University—UNESP, between 2011 and 2019. Histological evaluation of normal, PIN,
and PC samples was performed according to the human WHO Tumors of the Urinary
System and Male Genital Organs guidelines [45], which were recently adapted to canine
PC [14]. PIA lesions were identified based on morphological features, as described by De
Marzo et al. [4]. All samples were from adult intact dogs: 50 normal prostates, 140 pro-
static hyperplasia, 171 proliferative inflammatory atrophy (PIA), 84 prostate carcinoma
(PC), 14 prostatic intraepithelial neoplasia (PIN) and 10 bacterial prostatitis samples were
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obtained. The H&E slides from the 84 PC cases were selected to evaluate PIA and PIN
surrounding the neoplastic tissue, as previously described [22].

4.3. PIA Morphological Features

The intensity of inflammation was scored according to De Marzo et al. [4] with modi-
fications. Briefly, all H&E PIA slides (N = 171) were evaluated using a numerical scale from
0 to 6, with 0 representing no inflammation, 1 and 2 mild inflammation, 3 and 4 moderate
inflammation and 5 and 6 severe inflammation. The key morphological findings to identify
PIA lesions in a low power field (5×) were overall hyperchromatic appearance, associated
inflammatory infiltrate, loss of papillary architecture and cuboidal cell morphology. In a
higher power field, key findings were acini showing at least two layers of epithelial cell,
atrophic appearance of cuboidal cells with scant cytoplasm, and in some cases, the presence
of evident nucleolus and mitotic figures [4,12].

Lesions were divided into simple atrophy, PAH and mixed pattern (simple atrophy
and PAH), according to De Marzo et al. [4]. The presence of dilated glands was also
evaluated and referred to as cystic atrophy.

4.4. Immunohistochemistry

Twenty normal prostate samples and 20 PIA paraffin blocks were further selected
to investigate both gene and protein expression of specific markers as outlined below.
Immunohistochemistry for HMWC, P63, Ki67, PTEN, P53, MDM2 and androgen receptor
(AR) was performed with antibodies that had been previously validated to cross-react
with canine tissue samples [15,38]. Slide sections were dewaxed in xylol and rehydrated in
graded ethanol. For antigen retrieval, the slides were incubated with citrate buffer (pH 6.0)
in a pressure cooker (Pascal®; Dako, Carpinteria, CA, USA). The slides were treated with
freshly prepared 3% hydrogen peroxide in methanol for 20 min and further washed in
Tris-buffered saline. The primary antibodies were diluted to 1:500 for PTEN (Bioss, Mas-
sachusets, USA -Bs-0686R), 1:50 for MDM2 (Abcam, Cambridge, UK-ab38618), 1:50 for P53
(Santa Cruz Biotecnology, sc-75366), 1:100 for AR (Abcam, Cambridge, UK-ab77557), 1:300
for HMWC (DakoCytomation, clone: 34βE12), 1:100 for P63 (DakoCytomation, clone 4A4),
1:300 for Pan-cytokeratin (Invitrogen), 1:50 for Ki-67 (DakoCytomation, clone: MIB1) with
an overnight incubation at 4 ◦C. A polymer system (Envision, Dako, Carpinteria, CA, USA)
was applied as a secondary antibody conjugated to peroxidase and 3′-diaminobenzidine
tetrahydrochloride (DAB1, Dako, Carpinteria, CA, USA) was used as the chromogen, for
5 min, followed by Harris hematoxylin counterstain.

Negative controls were performed for all antibodies by omitting the primary anti-
body, replacing them with Tris-buffered saline and also with an iso-type matched im-
munoglobulin according to Hewitt et al. [46]. Normal prostate was used as a positive
control for AR, p63, HMWC and PTEN. A normal lymph node was used as a positive
control for p53, MDM2 and Ki67 according to the Human Protein Atlas recommendation
(www.proteinatlas.org, accessed on 15 November 2020).

4.5. Immunohistochemical Score

As regards P53, MDM2, AR, PTEN, P63 and HMWC, samples were scored based on the
percentage of positive cells for each antibody with the following scores: 1–10% positive cells
(score 0), 11–25% positive cells (score 1); 26–50% positive cells (score 2); 51–75% positive
cells (score 3); and more than 76% positive cells (score 4). The immunohistochemical
results were independently interpreted by three investigators (C.E.F.A., P.E.K. and R.L.A.).
The distribution (basal or luminal cells) of P63 and HMWC was also evaluated. Ten high
power fields were used to establish the final IHC score. Ki-67 analysis was made by
counting the number of positive cells per total of 1000 cells.

213



Cancers 2021, 13, 1887

4.6. Laser-Capture Microdissection and qPCR

For mRNA extraction, microdissection was performed using a Leica AS LMD laser-
capture system (Leica Microsystems, Wetslzar, Germany), according to [47] with modifi-
cations. mRNA analysis was performed with 20 normal and 20 PIA fresh frozen tissues
(same animal prostates as those used for immunohistochemistry). Briefly, 10 µm tissue
sections were cut in a cryostat (Leica Microsystems) and mounted on Nuclease and Human
Nucleic acid free PEN-membrane slides 2.0 µm (MembraneSlides, Leica Microsystems).
The slides were stained (H&E) and once air-dried, PIA areas were microdissected [47].
mRNA was extracted with RNeasy Micro Kit (Qiagen, Hilden. Germany) according to the
manufacturer instructions. cDNA was synthesized in a final volume of 20 µL, and each
reaction contained 1 µg of total RNA treated with DNAse I (Life Technologies, Rockville,
MD, USA), 200 U of SuperScript III reverse transcriptase (Life Technologies), 4 µL of 5X
SuperScript First-Strand Buffer, 1 µL of each dNTP at 10 mM (Life Technologies), 1 µL
of Oligo-(dT)18 (500 ng/µL) (Life Technologies), 1 µL of random hexamers (100 ng/µL)
(Life Technologies), and 1 µL of 0.1 M DTT (Life Technologies). Reverse transcription was
performed for 60 min at 50 ◦C, and the enzyme was subsequently inactivated for 15 min at
70 ◦C. cDNA was stored at −80 ◦C.

TP53, MDM2, AR and PTEN and the endogenous genes (Table 2) were conducted in a
total volume of 10 µL containing Power SYBR Green PCR Master Mix (Applied Biosystems;
Foster City, CA, USA), 1 µL of cDNA (1:10) and 0.3 µM of each primer. The reactions
were performed in triplicate in 384-well plates using QuantStudio 12K Flex Thermal Cycler
equipment (Applied Biosystems; Foster City, CA, USA). A dissociation curve was included
in all experiments to determine the PCR product specificity. Relative gene expression was
quantified using the 2-∆∆CT method [48].

Table 2. Forward and reverse primer sequence for each gene used in RT-qPCR analyses.

Gene Symbol Location Primer Sequences

AR Chromosome 24
F: 5′-CGCCCCTGACCTGGTTT-3′

R: 5′-GGCTGTACATCCGGGACTTG-3′

PTEN Chromosome 26
F: 5′-CGACGGGAAGACAAGTTCATG-3′

R: 5′-TCACCGCACACAGGCAAT-3′

MDM2 Chromosome 10
F: 5′-GGGCCCCTTCGTGAGAATTG-3′

R: 5′-GGTGTGGCTTTTCTCAGGGATT-3′

TP53 Chromosome 5
F: 5′-GAACGCTGCTCTGACAGTAGTGA-3′

R: 5′-CCCGCAAATTTCCTTCCA-3′

HPRT Chromosome X
F: 5′-AGCTTGCTGGTGAAAAGGAC-3′

R: 5′-TTATAGTCAAGGGCATATCC-3′

F: forward; R: reverse.

4.7. DNA Extraction and Sequencing

DNA extraction of 20 PIA tissues used in mRNA expression was performed using
DNeasy Blood and Tissue Kits (Ambion, Life Technologies, MA, USA), according to
manufacturer’s instructions. The amplification of the androgen receptor (AR) DNA-binding
domain was performed in a Veriti 96-Well Thermal Cycler (Thermo Fisher Scientific, MA,
USA). The methodology was performed according to the previously described by Rivera-
Calderon et al. [49]. Briefly, 5 µL of 10× PfuUltra II, 0.5 µL of 100 µM dNTP, 1 µL of
each oligonucleotide in 10 µM of each primer, 1 µL of genomic DNA (100 ng/µL) and
1 µL PfuUltra II fusion HS DNA polymerase (Agilent, CA, USA). The primers used were
previously published by Lai et al. [50].

After of the amplification, the AR DNA-binding domain was analyzed in 2% agarose
gel stained with Neotaq Brilliant Plus DNA Stain (Neobio, Brazil). Then, the PCR products
were cut from the agarose gel were and the DNA sequencing was evaluated with a BigDye™
Terminator v 3.1 Cycle Sequencing Kit version 3.1, according to the manufacturer’s instruc-
tions (Applied Biosystems, Thermo Fisher Scientific, MA, USA). The RT-amplicons were
directly sequenced at ABI 3500 (Applied Biosystems, Thermo Fisher Scientific, MA, USA).
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The resulting nucleotide sequences were compared to data of the NBCI (National Center
for Biotechnology Information, Bethesda, MD, USA) (gi:6578766).

Sequences analysis was performed in the MEGA Software (www.megasoftware.net,
accessed on 17 February 2021) [51], a FASTA analysis was performed, and the sequences
aligned with the reference gene from NCBI (gi:6578766), according to the previous literature
description [50]. Then, sequences with low quality were excluded.

4.8. Data Analysis

Statistical analyses were performed using GraphPad Prism v.5.0 (GraphPad Software
Inc., La Jolla, CA, USA). Kruskal–Wallis or Mann–Whitney U tests was applied to compare
TP53, MDM2, AR and PTEN transcription levels between normal and PIA samples. The chi-
square exact test was used to evaluate difference in the immunohistochemical expression
between normal and PIA samples.

4.9. Data Availability

The authors confirm that the data supporting the findings of this study are available
within the article and/or its Supplementary Materials.

5. Conclusions

Canine PIA is a common lesion in the dog prostate and shares many morphological
similarities with human PIA. Our results strongly suggest that PIA is a potential pre
neoplastic lesion and is associated with the progression to PC.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/cancers13081887/s1. Figure S1. Canine prostate gland with atrophic lesion. The slides
were stained with hematoxylin and eosin staining and tissue area with inflammatory atrophic gland
were selected (A). Then, lase microdissection was performed to obtain only the epithelial portion of
these atrophic glands (B). Hematoxylin and eosin staining, 200×.
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Simple Summary: Despite immune checkpoint inhibitors’ (ICIs) improved overall survival in urothe-
lial carcinoma patients, only a minority of them benefit from immunotherapy. Therefore, there is
an unmet clinical need to identify biomarkers which are useful to select the patients who are most
likely to respond to ICIs. This review describes the prognostic and predictive role, and potential
clinical applicability, of patient- and tumour-related factors. These factors include new molecular
classes, tumour mutational burden, mutational signatures, circulating tumour DNA, programmed
death-ligand 1, inflammatory indices and clinical characteristics. This summary may help clinicians
to assess patients who are considered for ICI treatment, and may drive further prospective research
on these biomarkers.

Abstract: In recent years, the treatment landscape of urothelial carcinoma has significantly changed
due to the introduction of immune checkpoint inhibitors (ICIs), which are the standard of care for
second-line treatment and first-line platinum-ineligible patients with advanced disease. Despite
the overall survival improvement, only a minority of patients benefit from this immunotherapy.
Therefore, there is an unmet need to identify prognostic and predictive biomarkers or models to
select patients who will benefit from ICIs, especially in view of novel therapeutic agents. This review
describes the prognostic and predictive role, and clinical readiness, of clinical and tumour factors,
including new molecular classes, tumour mutational burden, mutational signatures, circulating
tumour DNA, programmed death-ligand 1, inflammatory indices and clinical characteristics for
patients with urothelial cancer treated with ICIs. A classification of these factors according to the levels
of evidence and grades of recommendation currently indicates both a prognostic and predictive value
for ctDNA and a prognostic relevance only for concomitant medications and patients’ characteristics.

Cancers 2021, 13, 5517. https://doi.org/10.3390/cancers13215517 https://www.mdpi.com/journal/cancers
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1. Introduction

Worldwide, urothelial carcinoma (UC) represents the seventh most common cancer
and the ninth most deadly tumour, with about 212,000 related deaths [1].

For a long time, the only effective treatment of metastatic UC (mUC) was platinum-
based chemotherapy, which is still the standard of care in the first-line setting [2]. In recent
years, the treatment landscape of mUC has been changed profoundly by the introduction of
immune-checkpoint inhibitors (ICIs) [3] and, even more recently, antibody–drug conjugates
(anti-nectin 4 and anti-Trop2) [4] and FGFR inhibitors [5].

Since 2016, the U.S. Food and Drug Administration (FDA) has approved two mono-
clonal antibodies targeting PD-1 (nivolumab and pembrolizumab) and three antibodies
targeting PD-L1 (atezolizumab, avelumab, and durvalumab) for mUC [6].

The introduction of these new drugs urges the identification of potential biomarkers
which are able to select the patients most likely to respond to immunotherapy. Promising
prognostic and predictive factors in patients with mUC treated with ICIs include clinical
features, new tumour molecular classes, the tumour mutational burden (TMB), mutational
signatures, circulating tumour DNA (ctDNA) and programmed death-ligand 1 (PD-L1).
Despite the increasing number of biomarkers under investigation, these factors still need
validation for their application in clinical practice.

In this review, we summarize the landscape of clinical, molecular and genomic deter-
minants of the prognosis and response to ICIs in patients with mUC. A classification of
these factors by their prognostic and predictive value according to levels of evidence and
grades of recommendation [7] based on the available evidence has been attempted.

2. Molecular Factors
2.1. Molecular Classes

Muscle-invasive bladder cancer (MIBC) is a heterogeneous disease characterized by
genomic instability and a high mutation rate [8]. In this scenario, transcriptome profiling
may be helpful with the classification of UC into molecular subtypes in order to stratify
the prognosis more precisely and drive more effective therapeutic choices. Indeed, the
assumption for a molecular tumour classification is the understanding of cancer biology by
identifying the specific genomic alterations of which the molecular subtypes are enriched,
and which could be clinically significant as prognostic and druggable [9].

Several molecular classifications have been attempted for UC, advancing our knowl-
edge about its biology [9]. The response to chemotherapy and immunotherapy may be
enriched in specific MIBC subtypes [10–13]. However, the diversity of their subtype sets,
so far, has impeded their clinical application.

Based on the transcriptomic profiles of 1750 MIBCs from 16 published datasets, two
additional cohorts, and a network-based analysis of six independent MIBC classification
systems, a consensus set of six molecular classes has been identified by a single-sample
transcriptomic classifier [9]. The six molecular classes included: the basal/squamous class
(Ba/Sq), accounting for 35% of all MIBC; the luminal/papillary class (LumP), accounting
for 24%; the luminal unstable class (LumU), accounting for 15%; the stroma-rich class,
accounting for 15%; the luminal non-specified class (LumNS), accounting for 8%; and the
neuroendocrine (NE)-like class, accounting for 3% [9].

An association of some of these classes with The Cancer Genome Atlas (TCGA)
PanCancer clusters has been observed between the Ba/Sq and the Squamous cell carcinoma
(C27: Pan-SCC pan-cancer cluster) (p < 0.001), and the stroma-rich class with the stroma-
driven class (C20: Mixed stromal/immune) (p < 0.001) [9].
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The six molecular classes differ by their underlying oncogenic mechanisms, infiltra-
tion by immune and stromal cells, histological and clinical characteristics, and
survival outcomes.

Regarding their prognostic value, based on 872 patients, and taking the LumP class as
the reference for class-based survival, the LumNS (hazard ratio [HR] 1.07, 95% confidence
interval [CI] 0.63–1.82) and stroma-rich classes (HR 0.98, 95% CI 0.65–1.49) showed a
similar prognosis to the LumP class; the LumU class did not have significantly inferior
overall survival (OS) (HR 1.49, 95% CI 0.93–2.39), the Ba/Sq class had a significantly poorer
prognosis (HR 1.83, 95% CI 1.30–2.58, p < 0.001), and the NE-like class had the worst
prognosis (HR 2.34, 95% CI 1.09–5.05, p < 0.03) [9].

In addition to common urothelial differentiation signatures, like the PPARG/GATA3/
FOXA1-related Lund urothelial ones, the luminal classes may selectively bear gene al-
terations which are potentially relevant as drug targets, such as the FGFR3 in the LumP,
and the TP53, high TMB and ERCC2—which are related to higher cell cycle activity and
genomic instability—in the LumU. Similarly, the Ba/Sq was enriched in cytotoxic lympho-
cytes (CTL) and NK, alongside EGFR mutations, the Stroma-rich in T- and B-Cells, and the
NE-like in TP53 and RB1 alterations [9].

Concerning treatment responses, an enrichment in responders to atezolizumab was
observed among LumNS, LumU and NE-like [9]. However, previous discordant results
from the TCGA and different ICIs [11,14] indicate the need for prospective validation.

The molecular classification might be used for prognostication to assist treatment
evaluation, and, at the same time, for a more productive collection of clinical information.
However, prospective validation is warranted because the use of such classification is only
supported by retrospective clinical data lacking the complete patients’ treatment history.
Furthermore, it might represent a robust framework enabling the testing and validation of
predictive biomarkers in future prospective clinical trials, including basket trials, based on
similarities with other cancer molecular subtypes according to the PanCancer Atlas, such
as the Ba/Sq and Lum.

On the other hand, an integrative multi-omics analysis has recently been performed to
better characterize Non-Invasive Muscle Bladder Cancer (NIMBC) [15]. In this study, the
authors identified four molecular classes reflecting the behaviour and aggressiveness of
UC, driving the implementation of biomarkers with predictive and prognostic value [15].

The genomic landscape of NMIBC showed complex genomic patterns, with activating
mutations in FGFR3 and PIK3CA, such as chromosome 9 deletions in early disease [16,17].
The NMIBCs were also subdivided into different progression risk groups based on muta-
tions in FGFR3, the methylation of GATA2 and copy number alterations (CNAs). All of
these data could provide new molecular therapeutic targets [16,17].

2.2. Tumour Mutational Burden (TMB)

TMB can be defined as the total number of non-synonymous mutations per coding
area of a tumour genome [18]. These mutations can be transcribed and translated to
generate neoantigens displayed on the cell surface; T-lymphocytes can recognise some of
these neoantigens and promote the apoptosis of tumour cells [18]. Tumours with a high
mutational load are more likely to express neoantigens, and to induce a strong immune
reaction [19]. Several studies have demonstrated an association between a high TMB and
the response to immunotherapy in different locally advanced or metastatic solid tumour
types [20].

In June 2020, the FDA approved pembrolizumab for the treatment of adult and paedi-
atric patients with unresectable or metastatic solid cancers and a high TMB [>10 mutations/
megabase (mut/Mb)] [21]. This approval was based on the efficacy data from the phase
II KEYNOTE-158 trial, which demonstrated an association between a high TMB and the
tumour response to immunotherapy, with a durable response (>2 years) rarely being
observed in heavily pre-treated metastatic cancers [22].
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UC, along with melanoma and lung cancer, is characterized by a high number of
somatic mutations and, therefore, a significant genomic instability [8]. The exploratory
analyses of the phase II IMvigor210 trial included the quantification of the mutational load
and a correlation with the clinical outcomes [23]. As expected, the TMB was significantly
higher in patients who responded to atezolizumab than in non-responders. Moreover,
patients with a higher mutational load had significantly longer overall survival than
patients with a lower load [23].

However, the TMB status alone was not able to stratify the patients according to the
survival benefit. In this regard, exploratory analyses of the JAVELIN Bladder 100 trial
demonstrated that some DNA mutational signatures, involving certain base pair alterations,
were associated with a survival benefit from avelumab, while other mutations were not [24].
This suggests that the type and the location of mutations may influence the predictive role
of TMB assessment more accurately than the degree of the mutational load.

The predictive value of TMB for the pathological response to immunotherapy has also
been explored in the neoadjuvant setting [25,26]. In patients with MIBC, a high TMB was
generally observed in responders versus non-responders to neoadjuvant pembrolizumab,
irrespective of the histological subtypes [27].

The predictive role of combining TMB with PD-L1 was also investigated. Patients with
high TMB and PD-L1-positive tumours were more likely to derive a survival benefit from
avelumab maintenance therapy [24]. Similar findings were observed in the randomised
phase III IMvigor130 study [28]. The association of high PD-L-1 (>5% of immune cells)
and a high TMB (>10 mut/MB) was associated with improved OS in the atezolizumab
monotherapy arm, as compared to the chemotherapy arm [28]. Nevertheless, similar out-
comes were not seen with the combination of atezolizumab and chemotherapy compared
to the chemotherapy alone, suggesting a potentially distinct biology driving the benefit
from atezolizumab and its combination with chemotherapy, and eventually highlighting
the predictive inconsistency of this biomarker combination [28].

As for other tumour types, many factors hinder the clinical application of TMB as a
biomarker, including the variability and the lack of a validated cut-off, a clear prognostic
value, the differences related to the sequencing platforms used for its assessment, and the
high scoring failure rate due to the quantity and quality of tumour tissue analysed [29]. As
an example for the mUC, in the IMvigor210 study, the cut-off of the TMB varied between
the two different cohorts of cisplatin-ineligible mUC treated with first-line atezolizumab
and the platinum-treated patients [23]. Moreover, a high tumour mutational load may not
be a specific biomarker for immunotherapy, as it has also been associated with the tumour
response to neoadjuvant chemotherapy [30,31].

2.3. Mulecular Signatures

The increasing interest in tumour molecular features and new omics technologies has
led to the discovery of different molecular signatures. These involve genes, messenger
ribonucleic acids (mRNAs) and proteins which are studied as biomarkers to better predict
clinical outcomes, or to better understand the cancerogenesis process [32,33].

Furthermore, because the TMB and/or the PD-L1 expression did not precisely identify
patients who were more likely to derive benefit from immunotherapy [34,35], the assess-
ment of tumour-related or immune-related gene signatures was actively investigated.

The DNA and RNA sequencing analyses of the IMvigor130 trial investigated the
apolipoprotein B editing catalytic polypeptide (APOBEC) signature [28]. The APOBEC
enzymes are a family of cytidine deaminases involved in the DNA repair processes, and are
responsible for a mutation signature (TCW > T/G) frequently observed in MIBCs [36,37].
Patients with a high APOBEC mutational signature had a longer survival, whether in
the atezolizumab monotherapy or the combination arm with chemotherapy compared
to chemotherapy alone, whereas a high TGFβ signature predicted a worse OS with the
immunotherapy alone [28].
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RNA-based immune-gene expression profiling has the advantage of providing in-
formation from many cancer cells and immune cells, identifying more accurately the
inflammatory status. The Checkmate-275 study investigated an interferon-gamma (IFN-γ)
expression signature, and found a significant correlation with the response to nivolumab
in the metastatic setting [38].

At the ESMO 2020 meeting, an exploratory analysis of the Javelin Bladder 100 study on
tumour biomarkers was presented. While neither PD-L1 and TMB alone nor in combination
predicted the response to immunotherapy and survival benefit, the expression of the
immune-related genes of both the innate and adaptive immune system (i.e., CD8, IFNG,
LAG3, TIGIT and CXCL9) and the number of alleles encoding high-affinity Fc gamma
receptor variants predicted the survival benefit from avelumab first-line maintenance [24].
The application of the T-cell-inflamed and JAVELIN-Immuno signatures seemed to correlate
with the treatment response with HRs of 0.55 and 0.49, respectively. Furthermore, the
JAVELIN-Immuno high signature showed enrichment in some signalling pathways (Notch,
Hedgehog, TGFbeta) which were likely to have an increased antitumour response to
immunotherapy [24].

In the PURE-01 study, investigating the efficacy of pembrolizumab as a neoadjuvant
therapy, a T-cell-inflamed signature was able to identify those patients who achieved patho-
logical T0 downstaging. In a subsequent analysis, other RNA-based immune signatures
were evaluated for their association with pCR and a high Immune190 signature, as well
as hallmark signatures for interferon gamma and interferon-alpha, which were signifi-
cantly associated with pCR and progression-free survival (PFS) after pembrolizumab in the
PURE01 study [27]. Similarly, a correlation between the tumour response to atezolizumab
and the transcriptional signature of eight genes (IFNG, CXCL9, CD8A, GZMA, GZMB,
CXCL10, PRF1 and TBX21) representing interferon signalling, and the presence of CD8+
effector T cells, namely the tGE8, was reported within the ABACUS neoadjuvant study [39].

Moreover, a strong immune-mediated adaptive resistance was observed in non-
responding tumours, suggesting the investigation of ICI combinations to counteract the
expression of negative regulators of the immune response [40].

The BISCAY study combined durvalumab (anti-PD-L1) with different targeted thera-
pies depending on tumour gene alterations determined by NGS [41]. Despite the overall
negative results, this study suggested a negative predictive role for the FGFR expression
with regards to immunotherapy. In fact, FGFR-mutated tumours did not have a high
expression of immune-active T-cell signatures, and the addition of durvalumab did not
result in enhanced activity from the targeting agent only [9,41].

Although the above data look promising, there is a need to standardize molecular
assays and find a molecular panel which is applicable to daily clinical practice.

2.4. ctDNA

The sequencing of the tumour fraction of the cell-free DNA (ctDNA) is an emerging
and sensitive method to detect residual disease, anticipate relapse, and monitor the ther-
apeutic efficacy in patients with several cancer types [42,43]. Furthermore, it provides a
basis for clinical studies evaluating early therapeutic interventions [42,43].

In UCs, proof-of-concept data documented that ctDNA is detectable in plasma and
urine, and could be a prognostic factor [44,45].

Vandekerkhove et al. demonstrated that ctDNA profiling may also identify putative
biomarkers for therapy response in bladder cancer (such as FGFR3, ERCC2, ERBB2 and
TMB), and represents a cost-effective and minimally invasive method for their identification
and patient stratification [46]. Furthermore, the serial monitoring of ctDNA can optimize
the use of therapies, as ctDNA fractions are expected to decrease in patients responding to
treatment [46].

In a longitudinal analysis, the presence of ctDNA—assessed by whole-exome sequenc-
ing (WES) in 68 patients with localised advanced bladder cancer at diagnosis—during
chemotherapy, before and after cystectomy and during surveillance, resulted in being
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highly prognostic at diagnosis (HR 29.1) [47]. The presence of ctDNA identified all of
the patients with metastatic relapse (with 100% sensitivity and 98% specificity), with a
median of 96 days of diagnostic anticipation compared to the radiographic imaging [47].
Furthermore, the dynamics of ctDNA during chemotherapy, for those patients with posi-
tive ctDNA before or during the treatment, were associated with disease recurrence. It is
worth noting that pathological downstaging, including related mutational signatures, was
not associated with disease recurrence [47].

A post-surgical ctDNA detection was also associated with a higher risk for recurrence
and death in the randomised phase III IMvigor010 study with adjuvant atezolizumab ver-
sus observation following cystectomy for patients with MIBC [48]. Moreover, the presence
of ctDNA was predictive, as it was able to identify the patients who were likely to benefit
from adjuvant atezolizumab. The IMvigor010 study did not meet his primary endpoint
of disease-free survival (DFS) in the overall population of 809 enrolled patients [48]. The
ctDNA was assessed by WES at a median of 11 weeks post-cystectomy in 581 patients with
evaluable samples, comprising 72% of the intent-to-treat population of the IMvigor010
study. While the detection of ctDNA (in 214 patients, 37%) was associated with worse DFS
and OS compared to the absence of ctDNA (in 367 patients, 63%), a significant difference in
DFS (HR 0.58, 95% CI 0.43–0.79) and OS (0.59, 95% CI 0.41–0.86, p = 0.0059) was observed
in favour of the patients with detectable ctDNA treated with atezolizumab compared to
the observational arm. Furthermore, in patients with the presence of ctDNA, the rate of
ctDNA clearance from cycle 1 to cycle 3 was significantly higher in the atezolizumab arm
versus the observational one, with ctDNA clearance rates of 18.2% and 3.8%, respectively
(p = 0.0048) [48].

2.5. Programmed Death Ligand-1 (PD-L1)

In the first-line treatment of mUC, a high PD-L1 combined positive score (CPS) of
≥10%, defined as the percentage of tumour cells (TC) and immune cells (IC)/the total
tumour cells given by the 22C3 Dako assay, was associated with a prolonged median
OS (mOS) in patients ineligible for cisplatin treatment with first-line pembrolizumab in
the single-arm phase II KEYNOTE 052 study. The mOS was 18.3 versus 9 months in
patients with PD-L1 CPS ≥ 10% and <10%, respectively, and it was 11.3 months in the
overall population [49]. As the KEYNOTE 052 was not a controlled phase III study, a
favourable prognostic value only for the high PD-L1 expression could not be rule out.
Indeed, in the following KEYNOTE 361, IMvigor130 and Danube phase III randomised
trials, the anti-PD1/PD-L1 agents either alone or in combination with chemotherapy were
not superior to the chemotherapy according to OS in patients with high PD-L1 tumours,
as well as in the overall population [50–52]. Only in the Danube trial did the combination
of the anti-PD-L1 inhibitor durvalumab and anti-CTLA4 tremelimumab show a superior
OS compared to chemotherapy in patients with high PD-L1. Therefore, the predictive
value of high PD-L1 remains uncertain [52]. In contrast, a decreased survival with first-line
pembrolizumab or atezolizumab compared to platinum-based chemotherapy was reported
by the KEYNOTE 361 and IMvigor130 phase III trials for patients with low PD-L1 tumour
expression, suggesting a negative predictive value for low PD-L1 expression [50,51]. A
low PD-L1 expression was defined in the KEYNOTE 361 and IMvigor130 studies as a
CPS < 10% or positive IC < 5% by the immunohistochemistry (IHC) 22C3 pharmDx and
SP142 Ventana assays, respectively [50,51].

In the maintenance setting of mUC, following first-line chemotherapy, the Javelin-100
phase III trial showed an advantage in OS from the anti-PD-L1 avelumab compared to the
best supportive care irrespective of the positive PD-L1 expression, which was assessed by a
SP263 Ventana assay and classified as positive if at least one of the following three criteria
were met: at least 25% TC staining for PD-L1, at least 25% IC staining for PD-L1 if more
than 1% of the tumour area contained IC, or 100% ICs staining for PD-L1 if no more than
1% of the tumour area contained ICs [53].
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In the adjuvant setting of UC, the IMvigor 010 with the anti-PD-L1 atezolizumab
did not show a significant advantage in DFS compared to observation either in patients
with positive PD-L1 tumours IC according to the SP142 Ventana assay, or in the overall
population [54], while the Checkmate274 showed a significant DFS advantage in favour
of nivolumab versus observation in the intention-to-treat population with a better HR in
patients with a PD-L1 expression ≥ 1% (HR 0.55 vs. 0.70 for the overall population), as
assessed on TC by a PD-L1 IHC 28-8 pharmDx assay [55].

In the second-line of mUC, in the IMvigor 211 phase III study with anti-PD-L1 ate-
zolizumab compared to chemotherapy, the OS was not significantly different in patients
with a high PD-L1 defined by IC 2/3 (or ≥5%/10% of PD-L1 positive IC according to a
SP142 Ventana assay) [56]. In contrast, in the KEYNOTE 045 study, a significant difference
in OS was observed in favour of the anti-PD-1 pembrolizumab versus chemotherapy in
patients with high PD-L1 tumours defined as CPS according the 22C3 Dako assay [57].
Although possible differences in efficacy between the anti-PD1 and anti-PD-L1 agents
cannot completely be ruled out [58], plausible explanations may rely on the different
tests and scores used to assess the PD-L1 expression, as well as on the tumoural site and
timing of the biopsy in respect to the disease history. In this regard, it is noteworthy
that the mOS duration in the high PD-L1 subgroup of patients differed between those
two trials despite the similar populations enrolled and the mOS observed in the overall
population of the chemotherapy control arm (of 8.4 and 7.3 months, for the IMvigor211
and the Keynote-045 study, respectively) [56,57]. In the KEYNOTE 045 study, the mOS of
patients with high CPS (≥10%) treated with pembrolizumab was of 8.0 months, which was
significantly longer than 5.2 months with chemotherapy (p = 0.0048) [57]; on the other hand,
in the IMvigor211 study, the patients with high IC 2/3 had an mOS of 11.1 months with
atezolizumab, which was not significantly longer than 10.6 months with chemotherapy
(p = 0.41) [56]. The OS difference seen in the chemotherapy control arms of these two stud-
ies, with a different definition of high PD-L1 tumours, might suggest a positive prognostic
value which is marginally predictive for the high PD-L1 by the IC 2/3, and a negative
prognostic—although predictive—value by the CPS.

In the neoadjuvant setting, only phase II studies are currently available. However,
the Pure-01 study demonstrated the dynamic characteristic of the PD-L1 by showing its
significantly increased expression as CPS following three administrations of the anti-PD1
pembrolizumab [40].

In conclusion, the current evidence on the prognostic and predictive value of PD-L1
expression is limited by the different diagnostic assays used in the clinical trials for each
anti-PD1 or anti-PD-L1 agent, and remains inconclusive. PD-L1 may have a prognostic
role, the value of which may also change depending on the type of tumour cells scored
(i.e., negative if CPS, or positive if IC), and may be predictive only for the low expression.

The molecular predictive and prognostic factors in UCs are summarized in Table 1.

Table 1. Molecular factors and their prognostic and predictive value in UC patients, with a particular focus on ICIs.

Category Description Prognostic and Predictive Value
in UC Notes

Molecular classes

6 molecular (transcriptomic)
classes based on a consensus

of MIBC:
Squamous (Ba/Sq)-35%;

luminal/papillary (LumP),
24%; luminal unstable

(LumU), 15%; stroma-rich,
15%; luminal non-specified

(LumNS), 8%; neuroendocrine
(NE)-like, 3% [9].

Ba/Sq is associated with shorter OS,
NE-like is associated with worse

prognosis (LumP as reference) [9].
LUmNS, LumU, NE-like are more

responsive to ICIs [9].

Need for
prospective validation
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Table 1. Cont.

Category Description Prognostic and Predictive Value
in UC Notes

TMB

Total number of
non-synonymous mutations
per coding area of a tumour
genome. UC is characterized

by high values of TMB
compared to other

tumours [23].

High TMB predicts OS benefit from
avelumab maintenance therapy [23]
and improved OS with atezolizumab

when compared to CT [28].
TMB was higher in responder to

neoadjuvant pembrolizumab [27].

Issues: variability, lack of a
validated cut-off, differences

related to the
sequencing platforms

Molecular signatures

Study of involved genes
(DNA sequencing), messenger

ribonucleic acids (mRNAs)
(RNA sequencing), and

proteins (transcriptome) in
tumor samples.

APOBEC mutational signature
predicts OS benefit with atezolizumab

± CT compared to CT alone [28].
TGF-β signature predicts worse OS

with ICIs [28].
IFN-γ signature correlates with

response to nivolumab [38].
JAVELIN -Immuno high signature

correlates with increased responses to
ICIs [24].

Transcriptional signature of eight
genes (IFNG, CXCL9, CD8A, GZMA,
GZMB, CXCL10, PRF1 and TBX21)

correlates with response to
atezolizumab [39].

FGFR mutations predict low response
to durvalumab [41].

Need to standardize
molecular assays and find a

molecular panel applicable to
daily clinical practice

ctDNA

Quantitative and qualitative
analysis of circulating tumoral

DNA detected on
blood samples.

ctDNA detection is associated with
worse prognosis in early stages and

could identify metastatic relapses
before imaging [47].

ctDNA detection is predictive for
adjuvant atezolizumab
(both DFS and OS) [48].

ctDNA profiling may be predictive
for response to specific therapies [46].

PD-L1

Expression of the ligand of
PD1 receptor has been widely

studied as predictive
biomarker of response to
anti-PD1 and anti-PD-L1

therapies across
human cancers.

Possibly predictive for anti-PD1 and
anti-PD-L1 agents used in UC

patients as adjuvant [54],
first-line [49], maintenance after

first-line [53] and second-line
therapy [56].

Issues: different diagnostic
assays used in clinical trials

for each anti-PD1 or
anti-PD-L1 agent, discordant

efficacy of these agents
between studies

Abbreviations: UC, urothelial carcinoma; ICIs, immune checkpoint inhibitors; TMB, tumor mutational burden; OS, overall survival;
CT, chemotherapy; ctDNA, circulating tumor DNA.

3. Clinical Factors
3.1. Patient’s Characteristics

Several clinical factors have been reported to be prognostic in patients with mUC
treated with chemotherapy. The most important ones include performance status (PS),
metastatic sites, haemoglobin levels, and time from prior chemotherapy. Bajorin et al.
showed that, in untreated patients, a poor Karnofsky Performance Status (KPS) < 80% and
the presence of visceral (liver, lung, and bone) metastases were independent prognostic
factors associated with a worse OS [59]. Bellmunt et al. reported that a poor Eastern
Cooperative Oncology Group (ECOG) PS ≥ 2, low haemoglobin levels (<10 g/dL) and the
presence of liver metastasis were independent poor prognostic factors in patients who failed
platinum-based chemotherapy [60]. Moreover, a shorter time from prior chemotherapy
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(<3 months) has been reported to enhance the prognostic classification of patients receiving
second-line therapy [61].

The survival benefit of immunotherapy in both untreated and pretreated patients
with mUC has been observed regardless of all of those clinical factors, confirming their
prognostic but not predictive value, in many retrospective analyses [62–70] and subgroup
and post-hoc analyses of prospective randomised trials [71,72].

3.2. Concomitant Medications

Several retrospective analyses and meta-analyses have recently been reported in the
literature about the impact of concomitant medications on the clinical outcomes of patients
with cancer treated with ICIs [73–78]. These studies mainly included patients with non-
small cell lung cancer (NSCLC), melanoma or renal cell carcinoma (RCC). Commonly
used drugs in clinical practice—such as corticosteroids, antibiotics and proton pump
inhibitors (PPIs)—have been reported to negatively affect the activity of immunotherapy
through immune-modulatory effects. In fact, these drugs may induce a detrimental effect
on the immune system and gut microbiota, which is a well-known regulator of immune
homeostasis [79]. A drug-based prognostic score developed by Buti et al.—including
the cumulative exposure to high-dose steroid therapy (a dose of ≥ 10 mg prednisone-
equivalents per day), antibiotics and PPIs—can help to stratify patients treated with ICIs in
routine practice and clinical trials [73].

The post-hoc analyses of the single-arm phase II IMvigor210 trial and the randomised
phase III IMvigor211 trial confirmed the negative predictive role of PPI and antibiotic use
in patients with mUC treated with ICI, but not in the case of treatment with chemother-
apy [80,81].

3.3. Inflammatory Indices

An inflammatory condition in patients with cancer has been associated with worse
outcomes and a lower therapeutic response across different tumour types [82]. Inflam-
matory indices from peripheral blood have been investigated as potential biomarkers in
different tumours, settings and therapies [83–85], including patients with UC treated with
surgery or chemotherapy [64,86–88].

As far as ICIs are concerned, inflammatory indices have been mostly studied in
patients with advanced NSCLC and melanoma [89,90], while fewer and smaller stud-
ies have been conducted in patients treated with ICIs for genitourinary tumours, in-
cluding UC [62,63,65,69,70,91–97]. The inflammatory indices most commonly studied
in patients with UC treated with ICIs include the neutrophil-to-lymphocyte ratio (NLR),
baseline platelet-to-lymphocyte ratio (PLR), lymphocyte-to-monocyte ratio (LMR), lac-
tate dehydrogenase (LDH), C-reactive protein (CRP) and albumin. High levels of NLR,
PLR, LDH and CRP, and low levels of albumin have been correlated with worse sur-
vival and efficacy outcomes, either as single parameters or within combined prognostic
scores [62,63,65,69,70,92–98].

3.4. Combined Prognostic Tools

Inflammatory indices from peripheral blood have been investigated in combination
with other clinical prognostic factors within prognostic models for risk-stratification in
several cancer types treated with ICIs, especially the NSCLC [91,98–100]. The interest in
prognostic models has also recently been increasing for genitourinary tumours, including
RCC [101–103] and UC [63,65,68,95–97,104].

In patients with mUC treated with ICIs, the most frequently included factors in prog-
nostic models are inflammatory indices (such as NLR, C-reactive protein and albumin) and
pretreatment clinical parameters (i.e., the PS and metastatic site) [63,65,68,95–97,104–106].
The molecular factors included in the prognostic scores were PD-L1 expression and ge-
nomic parameters (e.g., single-nucleotide variants) [96,104].
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Most of these analyses are derived from retrospective studies, except for the two
prognostic scores developed by Fornarini et al. and Sonpavde et al., and the machine
learning (ML) model developed by Abuhelwa et al. [104–106]. The two prognostic models
were developed by the retrospective analysis of the phase IIIb SAUL trial [104] and the two
phase I/II trials [105], both evaluating second-line ICI monotherapy. The ML model was
built using the atezolizumab cohort of the IMvigor210 trial as the training cohort, and the
IMvigor211 trial population as the external validation [106].

Most of these prognostic models (Table 2) need external validation with prospective
studies before being incorporated into clinical practice; only one of them has shown a pre-
dictive value for immunotherapy but not for chemotherapy in a retrospective analysis [96].

Table 2. Clinical factors and their prognostic and predictive value in UC patients, with a particular focus on ICIs.

Category Description Prognostic and Predictive Value in UC

Patient’s characteristics
Performance status (PS), metastatic sites,
haemoglobin levels are prognostic factors

in human cancer.

Karnofsky PS < 80%, ECOG PS ≥ 2, low
haemoglobin levels and the presence of visceral

metastases are associated with worse OS in mUC
patients treated with CT [59,61].

Prognostic but not predictive in mUC patients
treated with ICIs [62–72].

Concomitant medications
Commonly used drugs in clinical practice

may affect clinical outcomes of cancer
patients treated with ICIs.

Use of antibiotics and PPIs have a negative
predictive role in mUC patients treated with ICIs

but not in those treated with CT [80,81].

Inflammatory indices

Inflammatory indices, like NLR, CMP
and albumin, have been investigated in

several human cancer types as prognostic
tools, especially regarding ICIs.

High levels of NLR, PLR, LDH, CRP and low
levels of albumin have been correlated with worse

survival and efficacy outcomes in mUC
patients [62–64,70,92–98].

Combined prognostic tools

Combinations of inflammatory indices
and clinical factors have been

investigated in several human cancer
types as prognostic tools, especially

regarding ICIs.

Two prognostic models were developed in
second-line ICIs mono-therapy [104,105].

A machine learning model was built from
IMvigor210 atezolizumab arm and validated in

IMvigor211 atezolizumab arm [106].

Abbreviations: UC, urothelial carcinoma; mUC, metastatic urothelial carcinoma; ICIs, immune checkpoint inhibitors; OS, overall
survival; CT, chemotherapy; PPIs, proton pump inhibitors; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio;
LMR, lymphocyte-to-monocyte ratio; LDH, lactate dehydrogenase; CRP, C-reactive protein (CRP).

4. Radiomics

Due to the growing need to identify useful biomarkers to select the patients who are
most likely to benefit from ICIs, the quantitative analysis of imaging features by artificial
intelligence algorithms, namely radiomics, has recently been investigated as a possible
surrogate marker to predict the outcome of patients treated with immunotherapy [107,108].
Radiomics has been reported as a promising approach to predict the response and sur-
vival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. Three
retrospective analyses investigated radiomics from baseline contrast-enhanced computed
tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-PD1 monother-
apy [111–113].

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus
increasing the diagnostic accuracy of predictive models [112,113].

Artificial intelligence and deep machine learning-based models may provide helpful
decision tools to clinicians for the selection of patients for ICIs in the near future. However,
none of these radiomics-based models have been assessed in patients with UC treated with
chemotherapy yet; further studies on larger populations and external validation are still
needed to confirm their predictive value.
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5. Conclusions

In the current era, in which ICIs have been tested for several tumour types, it is crucial
to identify prognostic and predictive biomarkers or models which are able to select UC
patients who will benefit from ICIs, especially as novel therapeutic agents could soon
become available in clinical practice for the treatment of UC. In addition, adjuvant ICIs
have recently shown a benefit in terms of disease-free survival in patients with radically
resected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival
benefit is awaited, opening new methods for biomarker identification even in this setting.

By reviewing the available evidence and attempting a classification of clinical and
tumour factors according to levels of evidence and grades of recommendation (see Table 3),
both a prognostic and a predictive value is currently suggested for ctDNA, while only a
prognostic relevance seems to apply to concomitant medications and patient’s characteristics.

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival
outcomes in mUC treated with ICIs.

Variable Prognostic Predictive

Parameter Clinical
Value

Strenght of
Evidence

Outcome
Variable

Clinical
Value

Strenght of
Evidence

Outcome
Variable

Tumour molecular factors
Molecular classes for MIBC
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Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

I, C ORR, PFS, OS

Mutational signatures 1
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

IV, C ORR, PFS, OS
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

I, C ORR, PFS, OS

ctDNA
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

II, A DFS, OS
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

II, A DFS, OS

PD-L1
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

I, C DFS, PFS, OS
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

I, B 2 DFS, PFS, OS

Clinical factors

Patient’s characteristics 3
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

I, A ORR, PFS, OS
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

I, A ORR, PFS, OS

Concomitant medications 4
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

I, A ORR, PFS, OS
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

I, B ORR, PFS, OS

Inflammatory indices 5
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

IV, A ORR, PFS, OS
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

IV, A ORR, PFS, OS

Combined tools 6
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

III, B ORR, PFS, OS
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

IV, C ORR, PFS, OS

Radiomics

Radiomics-based models 7

Cancers 2021, 13, x FOR PEER REVIEW 11 of 18 
 

 

[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

IV, B ORR, PFS, OS
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

NI NI

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investigated. 1 DNA
and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such as the JAVELIN-Immuno or
Immune190. 2 Evidence was limited due to its low expression. 3 Poor PS, visceral metastases, mainly liver metastases, low hemoglobin
levels, and a shorter time from prior chemotherapy (<3 months). 4 High-dose steroid therapy, antibiotics and PPIs. 5 Inflammatory indices
from peripheral blood, such as ratios of immune system cells (e.g., NLR) or LDH. 6 Combination of inflammatory indices and clinical

parameters. 7 Radiomic features with/without clinical factors.

Cancers 2021, 13, x FOR PEER REVIEW 11 of 18 
 

 

[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

Green circle: clinically useful.
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[107,108]. Radiomics has been reported as a promising approach to predict the response 
and survival outcomes in patients with NSCLC and melanoma receiving ICIs [109,110]. 
Three retrospective analyses investigated radiomics from baseline contrast-enhanced 
computed tomography (CT) images in patients with mUC receiving anti-PDL1 or anti-
PD1 monotherapy [111–113].  

Artificial intelligence algorithms may also allow us to combine the information ob-
tained by the image features with other clinical and laboratory prognostic factors, thus 
increasing the diagnostic accuracy of predictive models [112,113].  

Artificial intelligence and deep machine learning-based models may provide helpful 
decision tools to clinicians for the selection of patients for ICIs in the near future. However, 
none of these radiomics-based models have been assessed in patients with UC treated 
with chemotherapy yet; further studies on larger populations and external validation are 
still needed to confirm their predictive value. 

5. Conclusions 
In the current era, in which ICIs have been tested for several tumour types, it is crucial 

to identify prognostic and predictive biomarkers or models which are able to select UC 
patients who will benefit from ICIs, especially as novel therapeutic agents could soon be-
come available in clinical practice for the treatment of UC. In addition, adjuvant ICIs have 
recently shown a benefit in terms of disease-free survival in patients with radically re-
sected muscle-invasive urothelial carcinoma [112]. With more follow-up, a survival bene-
fit is awaited, opening new methods for biomarker identification even in this setting. 

By reviewing the available evidence and attempting a classification of clinical and 
tumour factors according to levels of evidence and grades of recommendation (see Table 
3), both a prognostic and a predictive value is currently suggested for ctDNA, while only 
a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

Yellow circle: uncertain clinical

usefulness.
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a prognostic relevance seems to apply to concomitant medications and patient’s charac-
teristics.  

Table 3. Prognostic and predictive values of tumour and clinical factors for their impact on the response and survival 
outcomes in mUC treated with ICIs. 

Variable Prognostic Predictive 

Parameter 
Clinical 
Value 

Strenght of Ev-
idence Outcome Variable 

Clinical 
Value 

Strenght of Evi-
dence Outcome Variable 

Tumour molecular factors 
Molecular classes for MIBC  IV, B PFS, OS  IV, B PFS, OS 

TMB  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

Mutational signatures 1  IV, C ORR, PFS, OS  I, C ORR, PFS, OS 

ctDNA  II, A DFS, OS  II, A DFS, OS 

PD-L1  I, C DFS, PFS, OS  I, B 2 DFS, PFS, OS 

Clinical factors 

Patient’s characteristics 3  I, A ORR, PFS, OS  I, A ORR, PFS, OS 

Concomitant medications 4  I, A ORR, PFS, OS  I, B ORR, PFS, OS 

Inflammatory indices 5  IV, A ORR, PFS, OS  IV, A ORR, PFS, OS 

Combined tools 6  III, B ORR, PFS, OS  IV, C ORR, PFS, OS 

Radiomics 
Radiomics-based models 7  IV, B ORR, PFS, OS  NI NI 

PFS, progress-free survival; OS, overall survival; ORR, overall response rate; DFS, disease-free survival; NI, not investi-
gated. 1 DNA and RNA signatures such as the APOBEC, TGFbeta, IFN-γ and IFN-alpha; immune-related signatures such 

Red circle: not clinically useful. The strength of evidence was adapted from the Infectious Diseases Society of America-
United States Public Health Service Grading System [7]. Levels of evidence: I, evidence from at least one large randomised, controlled
trial of good methodological quality (low potential for bias) or meta-analyses of well-conducted randomised trials without heterogeneity;
II, small randomised trials or large randomised trials with a suspicion of bias (lower methodological quality), or meta-analyses of such
trials or of trials with demonstrated heterogeneity; III, prospective cohort studies; IV, retrospective cohort studies or case-control studies;
V, studies without a control group, case reports, or expert opinions. Grades of recommendation: A, strong evidence for efficacy with a
substantial clinical benefit, strongly recommended; B, strong or moderate evidence for efficacy, but with a limited clinical benefit, generally
recommended; C, insufficient evidence for efficacy or benefit does not outweigh the risk or the disadvantages (adverse events, costs, etc.),
optional; D, moderate evidence against efficacy or for adverse outcomes, generally not recommended; E, strong evidence against efficacy or
for adverse outcomes, never recommended.

We think this information may be helpful to clinically assess mUCs patients who are
considered for treatment with ICIs, and could also drive further prospective research on
these biomarkers, either as single factors or within combined prognostic models imple-
mented by artificial intelligence algorithms.
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107. Trebeschi, S.; Drago, S.G.; Birkbak, N.J.; Kurilova, I.; Cǎlin, A.M.; Delli Pizzi, A.; Lalezari, F.; Lambregts, D.M.J.; Rohaan, M.W.;
Parmar, C.; et al. Predicting Response to Cancer Immunotherapy Using Noninvasive Radiomic Biomarkers. Ann. Oncol. 2019, 30,
998–1004. [CrossRef]

108. Banna, G.L.; Olivier, T.; Rundo, F.; Malapelle, U.; Fraggetta, F.; Libra, M.; Addeo, A. The Promise of Digital Biopsy for the
Prediction of Tumor Molecular Features and Clinical Outcomes Associated With Immunotherapy. Front. Med. 2019, 6, 172.
[CrossRef] [PubMed]

109. Wang, J.H.; Wahid, K.A.; van Dijk, L.V.; Farahani, K.; Thompson, R.F.; Fuller, C.D. Radiomic Biomarkers of Tumor Immune
Biology and Immunotherapy Response. Clin. Transl. Radiat. Oncol. 2021, 28, 97–115. [CrossRef] [PubMed]

110. Zhang, C.; de Fonseca, L.; Shi, Z.; Zhu, C.; Dekker, A.; Bermejo, I.; Wee, L. Systematic Review of Radiomic Biomarkers for
Predicting Immune Checkpoint Inhibitor Treatment Outcomes. Methods 2021, 188, 61–72. [CrossRef]

111. Trebeschi, S.; Bodalal, Z.; Boellaard, T.N.; Tareco Bucho, T.M.; Drago, S.G.; Kurilova, I.; Calin-Vainak, A.M.; Delli Pizzi, A.;
Muller, M.; Hummelink, K.; et al. Prognostic Value of Deep Learning-Mediated Treatment Monitoring in Lung Cancer Patients
Receiving Immunotherapy. Front. Oncol. 2021, 11, 609054. [CrossRef] [PubMed]

112. Park, K.J.; Lee, J.-L.; Yoon, S.-K.; Heo, C.; Park, B.W.; Kim, J.K. Radiomics-Based Prediction Model for Outcomes of PD-1/PD-L1
Immunotherapy in Metastatic Urothelial Carcinoma. Eur. Radiol. 2020, 30, 5392–5403. [CrossRef] [PubMed]

113. Rundo, F.; Bersanelli, M.; Urzia, V.; Friedlaender, A.; Cantale, O.; Calcara, G.; Addeo, A.; Banna, G.L. Three-Dimensional Deep
Noninvasive Radiomics for the Prediction of Disease Control in Patients With Metastatic Urothelial Carcinoma Treated With
Immunotherapy. Clin. Genitourin. Cancer 2021, 19, 396–404. [CrossRef] [PubMed]

235





cancers

Review

Review of Experimental Studies to Improve Radiotherapy
Response in Bladder Cancer: Comments and Perspectives

Linda Silina 1,2,*, Fatlinda Maksut 2, Isabelle Bernard-Pierrot 1, François Radvanyi 1, Gilles Créhange 3,
Frédérique Mégnin-Chanet 2 and Pierre Verrelle 2,3,4,*

Citation: Silina, L.; Maksut, F.;

Bernard-Pierrot, I.; Radvanyi, F.;

Créhange, G.; Mégnin-Chanet, F.;

Verrelle, P. Review of Experimental

Studies to Improve Radiotherapy

Response in Bladder Cancer:

Comments and Perspectives. Cancers

2021, 13, 87. https://doi.org/10.

3390/cancers13010087

Received: 30 November 2020

Accepted: 22 December 2020

Published: 30 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 French League Against Cancer Team, CNRS UMR144, Curie Institute and PSL Research University,
75005 Paris, France; isabelle.bernard-pierrot@curie.fr (I.B.-P.); francois.radvanyi@curie.fr (F.R.)

2 CNRS UMR 9187, INSERM U1196, Curie Institute, PSL Research University and Paris-Saclay University,
Rue H. Becquerel, 91405 Orsay, France; fatlinda.maksut@curie.fr (F.M.); frederique.megnin@curie.fr (F.M.-C.)

3 Radiation Oncology Department, Curie Institute, 75005 Paris, France; gilles.crehange@curie.fr
4 Clermont Auvergne University, 63000 Clermont-Ferrand, France
* Correspondence: linda.silina@curie.fr (L.S.); pierre.verrelle@curie.fr (P.V.)

Simple Summary: Bladder cancer is a major global health problem. Bladder removal surgery is the
standard treatment for muscle-invasive bladder cancer (25% of all bladder cancer), but this treatment
negatively affects the quality of life, especially for elderly and frail patients. Tumour resection
followed by combination of radiotherapy and chemotherapy has emerged as a promising bladder
preserving strategy. However, this strategy is unable to avoid radiation-related bladder side effects.
Therefore, it is of great interest to discover novel strategies radiosensitising tumours while sparing
normal bladder tissue. In this review, we analysed the experimental studies of radiosensitising
strategies in bladder cancer and provided suggestions to improve forthcoming studies.

Abstract: Bladder cancer is among the top ten most common cancer types in the world. Around
25% of all cases are muscle-invasive bladder cancer, for which the gold standard treatment in the
absence of metastasis is the cystectomy. In recent years, trimodality treatment associating maximal
transurethral resection and radiotherapy combined with concurrent chemotherapy is increasingly
used as an organ-preserving alternative. However, the use of this treatment is still limited by the lack
of biomarkers predicting tumour response and by a lack of targeted radiosensitising drugs that can
improve the therapeutic index, especially by limiting side effects such as bladder fibrosis. In order to
improve the bladder-preserving treatment, experimental studies addressing these main issues ought
to be considered (both in vitro and in vivo studies). Following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines for systematic reviews, we conducted
a literature search in PubMed on experimental studies investigating how to improve bladder cancer
radiotherapy with different radiosensitising agents using a comprehensive search string. We made
comments on experimental model selection, experimental design and results, formulating the gaps
of knowledge still existing: such as the lack of reliable predictive biomarkers of tumour response
to chemoradiation according to the molecular tumour subtype and lack of efficient radiosensitising
agents specifically targeting bladder tumour cells. We provided guidance to improve forthcoming
studies, such as taking into account molecular characteristics of the preclinical models and highlighted
the value of using patient-derived xenografts as well as syngeneic models. Finally, this review could
be a useful tool to set up new radiation-based combined treatments with an improved therapeutic
index that is needed for bladder preservation.

Keywords: bladder cancer; radiotherapy; radiosensitisation; molecular subtypes; preclinical studies;
bladder cancer cell lines
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1. Introduction

While radical cystectomy has taken the central place in the treatment of muscle-
invasive bladder cancer (MIBC) in recent decades, radiation-based treatments have also
been investigated. Radiotherapy (RT) alone with curative intent for MIBC was extensively
used in the 1950s through the 1980s. From 1981 to 1985, the addition of concurrent
chemotherapy to RT was investigated. The National Bladder Cancer Group first used
cisplatin as a radiosensitiser for MIBC patients who were ineligible for cystectomy and
observed high complete response and survival rates, which consequently encouraged
further studies [1] (see Table S1).

Housset and colleagues first reported promising findings using 5-fluorouracil
(5-FU) + cisplatin combination as a radiosensitiser in MIBC [2]. Following further studies,
it became evident that the concurrent chemoradiotherapy (CCRT) improves locoregional
disease control in MIBC as compared to RT alone [3–5]. However, despite the existing
volume of research, there remains no standard procedure of CCRT regimen. Although
different chemotherapy (CT) agents have been investigated, most evidence exists for cis-
platin [3] or mitomycin C + 5-FU, [4] and more recently for gemcitabine [6]. In addition,
other approaches have been explored such as the use of nicotinamide and carbogen to fight
hypoxia-related radioresistance [7]. Mitomycin C + 5-FU is a very effective radiosensitising
combination that has improved clinical outcomes in head and neck and anal cancers [8–10].
Although cisplatin + 5-FU is widely delivered, mitomycin C + 5-FU is also a common
combination particularly for frailer and elderly bladder cancer (BCa) patients, given the
absence of nephrotoxicity when compared to platinum drugs [4,11].

With the advances of the cystectomy techniques, radical cystectomy with pelvic lym-
phadenectomy and cisplatin-based CT has become the gold standard treatment for patients
with MIBC. RT can be considered as an adjuvant therapy following radical cystectomy in
patients with pathological high-risk of loco regional relapse (i.e., pT3-4, positive nodes,
positive surgical margins), but the pelvic toxicity remains significant despite the advances
in RT such as intensity-modulated radiation therapy. This management approach is sup-
ported by numerous renowned organisations, such as the National Comprehensive Cancer
Network in the United States [12], as well as by the European Association of Urology [13].
In fact, the latter has made strong recommendation to use cisplatin based neoadjuvant
CT before radical cystectomy for treating MIBC (T2-T4aN0M0) and high-risk non-muscle
invasive bladder cancer. Level 1a evidence supports that neoadjuvant cisplatin-based CT
increases survival at 6 years by 8% [13,14]. Although post-radical cystectomy history can
be associated with increased risk of infection, extensive bleeding, affected sexual function
and quality of life, it achieves locoregional control and results in 60% of the overall 5-year
survival [15,16]. The absence of prospective randomised studies has impeded comparison
of radical cystectomy versus other forms of therapy [17]. The treatment choice for MIBC
between radical cystectomy versus bladder preservation largely depends on the specialist
expertise in the treatment centre and often varies among countries.

Although RT has been used in bladder cancer (BCa) treatment since the 1950s, there is
a relatively low number of experimental studies on the topic of radiosensitisers in BCa
compared to other cancer types. The first study identified was in the 1979 [18]. Altogether,
we identified 85 studies investigating RT in BCa experimental models published between
1979 and October 2020.

2. Radiotherapy as Part of Bladder Preserving Treatment in Clinics

In the last decade, trimodality treatment consisting of maximal transurethral resection
of bladder tumour (TURBT) coupled with CT has emerged as a bladder sparing treatment
either driven by patients’ choice or due to the patients’ ineligibility for radical cystectomy.
In most of the CCRT protocols, including the pioneering study of Housset et al. [2], fol-
lowing cystoscopic evaluation of the initial CCRT response, good responders complete the
CCRT schedule. Bladder preservation outcomes heavily depend on tumour response to
CCRT (reviewed by [19]) and in the case of poor response, radical cystectomy is planned [2].
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A standard RT schedule consists of external beam radiation therapy (EBRT) to the bladder
and limited pelvic lymph nodes with an initial dose of 40–46 Gy, with a boost to the whole
bladder of 14–20 Gy, with a total dose of 60–66 Gy [20] with conventional fractionation.
Partial bladder irradiation remains controversial [21] as well as a tumour dose escalation
which is still investigational [22]. Moderate hypofractionation is a well-tolerated option for
frailer and elderly patients, even in combination with CT [23]. In addition, RT has been
recently successfully combined with several immunotherapy agents in clinical trials for
metastatic BCa [24].

3. Limitations of Use of RT in MIBC in Clinics

There are three main limitations of using CCRT in MIBC. Firstly, there is a significant
risk of pelvic recurrence (25–50%) [17]. Secondly, CCRT treatment may create damage to the
bladder wall resulting in undesirable toxicity. Late toxicity is characterised by replication
of the injured vascular endothelial cells and connective tissue, but failure of regeneration,
and may result in fibrosis, which can lead to the need of ultimate cystectomy [25]. Presently,
the underlying reasons of including whole bladder in the clinical target volume (CTV) are
that the irradiation field is difficult to be adjusted to concentrate on the bulk tumour and
due to the high risk of spread of bladder tumours within the urothelium layers. It is proving
problematic to reliably and accurately define the CTV exact position for the RT delivery
as the bladder volume is continuously changing with the level of urine and post-void
residual volume [26]. Nevertheless, it is important to emphasise that modern radiotherapy
techniques such as image-guided radiation therapy, intensity-modulated radiation therapy
and volumetric-modulated arc therapy have significantly advanced and improved the
sparing of pelvic organs, especially small intestines, while better targeting delivery to the
bladder (reviewed by [23]).

Thirdly, at the present time there is a lack of validated biomarkers predicting tu-
mour response to CCRT [27–29]. Several candidates from the DNA damage response
(DDR) pathways have been investigated [30–32]. Unfortunately, even the most promising
biomarkers, such as double strand break repair nuclease MRE11 (MRE11), have failed to
generate reproducible data. In the latest multicentre collaborative effort to validate MRE11
as a biomarker, the immunohistochemistry scoring results varied considerably and failed
to attain a reliable dataset [33]. Finally, a complete or near complete response assessed
by cystoscopy after 4–5 weeks induction phase remains as the only reliable predictor of
treatment outcome [34,35]

4. MIBC Molecular Subtypes as Biomarkers for CCRT Response
4.1. BCa Tumour Subtypes

MIBC can be classified into molecular subtypes by transcriptome profiling, thus al-
lowing patient stratification to consider different therapeutic options. However, MIBC sub-
typing is still not included in routine clinical practice due to several classifications exist-
ing simultaneously in the last decade.In 2020, a consensus on MIBC subtypes has been
reached [36], giving hope for a rapid translation into clinics. Furthermore, a single-sample
classifier has been established enabling to assign a consensus class label to a tumour sam-
ple’s transcriptome. There are six biologically relevant consensus molecular classes, namely,
luminal papillary, luminal non-specified, luminal unstable, stroma-rich, basal/squamous
and neuroendocrine-like [36]. Among the luminal subtypes, the most represented is the
luminal papillary subtype (24% of MIBC), the other two luminal subtypes representing 15%
(for the luminal unstable subtype) and 8% (for the luminal non-specified subtype) of MIBC
(Figure 1a). The other most frequent subtype is the basal/squamous subtype representing
33% of MIBC. Further, 15% of MIBC represent stroma-rich and 3% neuroendocrine-like
subtype (Figure 1a) [36].

Several retrospective studies have highlighted the clinical significance of molecular
stratification of MIBC suggesting that responses to treatment could be predicted by tumour
subtyping [37–40]. However, there was a lack of association between pathological responses

239



Cancers 2021, 13, 87

and overall survival for the patients having basal tumours. Prospective validation in a larger
cohort is required to address this issue. In addition, our group showed that basal tumours
are sensitive to epidermal growth factor receptor (EGFR) inhibition in vitro and in preclinical
models [41]. Sensitivity to RT of the subtypes remains yet to be investigated, but it has
been suggested to be increased in two subtypes: neuroendocrine-like and luminal unstable,
which show elevated cell cycle activity and low hypoxia signals [42,43]. At the present time
no significant difference has been found in local relapse-free survival between bladder tumour
subtypes in MIBC patients treated by TURBT followed by CCRT [44] or RT alone [45].

Figure 1. Comparison of muscle-invasive bladder cancer (MIBC) subtype frequency in patient tumours and human bladder
cancer (BCa) cell lines used in radiotherapy (RT) experimental studies in vitro and preclinical studies in vivo. (a) MIBC
tumour subtypes (classified by [36]); (b) cell line subtypes used in experimental studies of RT in BCa in vitro (classified
by [46]); (c) cell line subtypes used in preclinical studies of radiotherapy in BCa in vivo (mice xenografts) (classified by [46]).

4.2. BCa Cell Line Molecular Subtypes

There is no agreement yet on the molecular classification of BCa cell lines, in particular
with regard to the new consensus classification [36]. Our group made a first dichotomy
between basal and non-basal cell lines [41]. Then, Earl et al. assigned the subtypes to a series
of 40 BCa cell lines [47]. Our group has made more stringent classification [46] For example,
five cell lines discussed in this review were identified as “basal” by Earl et al., while classi-
fied as “non-luminal, non-basal” by Shi et al. [46]. These non-luminal, non-basal cell lines
expressed epithelium to mesenchyme transition markers and do not express E-cadherin.
These cells could represent sarcomatoid tumours which is a rare entity in vivo. This pheno-
type could be present in the initial tumours or acquired in vitro. In vivo, the sarcomatoid
tumours are classified mainly in the basal subtype probably due to commonalities in their
stroma. However, data from experimental studies on radiosensitisation of relevant models
representing different molecular subtypes are sparse. It is worth noting that none of the
studies included in this review has discussed the relevance of a molecular subtype of the
chosen experimental models. It is in part due to the fact that the consensus was only recently
established and that there was an absence of classification of the cell lines until recently.

5. BCa Experimental Models in RT Studies

The experimental models and study design should utilise the information available
regarding the subtypes of the cell lines and also revisit the information available regard-
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ing the patient and the original tumour from which the cell line has been established.
BCa experimental models and their molecular features have been recently reviewed by
Zuiverloon et al. [48] and rodent models with relevant molecular subtypes have been de-
scribed by Ruan et al. [49]. Here, we critically discuss the BCa experimental and preclinical
models used in association with RT treatment.

5.1. BCa Cell Lines
5.1.1. Molecular Subtypes

Selection of BCa cell lines with different mutation status and from different subtypes
would better reflect the heterogeneity of MIBC cancer patients. We identified 29 different
BCa cell lines used in the experimental studies of RT. We assigned molecular subtypes to the
human BCa using a classification recently proposed by our team [46] (Table 1, additional
information regarding the mutational status and origin are available in Table S2). We found
that from all the BCa cell lines used in RT studies, 26% are of luminal subtype, which is
in contrast to 47% of human tumours considered having luminal features (Figure 1a,b).
In total, 21% of cell lines used were of basal subtype (contrary to 33% of human tumours)
and the largest part (40%) of BCa cell lines was classified as neither luminal nor basal
(Figure 1b). These cells, which express epithelial to mesenchyme transition markers and
do not express E-cadherin, are rarely found in vivo. They could represent sarcomatoid
tumours or the transient state of tumour cells representing only a fraction of tumours.
This transient state could be of importance during the invasion or the metastatic process.

Table 1. BCa cell lines used in RT studies.

Cell Line Cellosaurus Accession No. [50] Molecular Subtype [46]

Human

RT112 CVCL_1670

luminal
SW780 CVCL_1728

UMUC5 CVCL_2750
UMUC9 CVCL_2753

RT4 1 CVCL_0036

5637 CVCL_0126

basal

647V CVCL_1049
HT1197 CVCL_1291
HT1376 CVCL_1292
KU19-19 CVCL_1344
UMUC6 CVCL_2751

VMCUB1 CVCL_1786

253J B-V CVCL_7937

non-luminal, non-basal

639-V CVCL_1048
J82 CVCL_0359

KK47 CVCL_8253
T24 CVCL_0554

TCC-SUP CVCL_1738
UMUC3 CVCL_1783

CAL29 CVCL_1808 n/c

NTUB1 CVCL_RW29

n/a

OBR n/a
SW-800 CVCL_A684

UCRU-BL13 CVCL_M873
UCRU-BL17 CVCL_M007
UCRU-BL28 CVCL_4904

Mouse
MB49 CVCL_7076

basal (mouse) 2MB49-I CVCL_VL62
MBT2 CVCL_4660

Mean values (n = 3 repetitions) preceded by one common letter (a, b) were not significantly different (p < 5%).
Authors should discuss the results and how they can be interpreted from the perspective of previous studies and
of the working hypotheses.

Regrettably, we found that 7% of all in vitro studies and 12% of all in vivo studies have
used cell lines that have been identified as cross-contaminated or misidentified (Figure 1b,c,
Tables S3 and S4).
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5.1.2. Gender

Given the difference incidence rates between men and women in BCa, it is important
to exclude potential gender bias in the study design and include cell lines from both sexes.
BCa is significantly more frequent in males, while the majority of studies (54 of 85 studies
identified or 64%) have used RT112 and T24 cell lines which are of female origin (Table S2).
Androgen receptor (AR) signalling could be implicated in the gender disparity of BCa but
it remains to be confirmed [51,52]. Furthermore, AR signalling has been recently shown to
reduce radiosensitivity [53].

5.1.3. Intrinsic Radiosensitivity

There is a lack of certainty when it comes to the intrinsic radiosensitivity of BCa cell
lines as many have been used only in a single study and therefore obtained radiation–
response curves have never been reproduced (Table S2, No. of studies). On the other hand,
the wide range of different cell lines for the use of radiosensitisation studies offers oppor-
tunity to examine many potential factors influencing radiation response. Only a single
dataset comparing intrinsic radiosensitivities of 19 BCa cell lines exists by Yard et al. [54].
Yard et al. used data derived from a single experimental platform and performed analysis
using a rigorous statistical methodology. They studied genetic determinants influencing
tumour response to DNA damage and influencing tumour survival as assessed by colony
forming assays. The radiosensitivity was described by the area under the curve (AUC) and
scored from 0 (completely sensitive) to 7 (completely resistant) (Table 2). There was a high
heterogeneity among the BCa cell lines (radiosensitivity varying from 1.883 (radiosensitive)
to 5.228 (radioresistant)) [54] (Table 2). It is interesting to note that by associating with the
molecular subtype, the three most radioresistant cell lines are of basal subtype (AUC ≥ 4.4).
However, there were also two basal cell lines reported to be very radiosensitive (AUC < 2.5).
Luminal cell lines included in this study had a lower variation of the AUC (2.935–4.126)
all being moderately radiosensitive/moderately radioresistant. However, this data set
included only five luminal cell lines so more studies having stringent measurements of
radiosensitivity are desirable.

Table 2. Intrinsic radiosensitivity of a panel of BCa cell lines reported by Yard et al., 2016 [54].

Cell Line AUC 1 [54] Molecular Subtype [46]

HT1376 5.228 basal
HT1197 4.449 basal

VMCUB1 4.412 basal
KMBC2 4.126 luminal
TCCSUP 3.539 non-luminal/non-basal
KU1919 3.503 basal

647V 3.374 basal
BC3C 3.362 basal

UMUC1 3.346 luminal
SW1710 3.309 n/c
UMUC3 3.231 luminal

J82 3.198 non-luminal/non-basal
RT112 3.038 luminal
RT4 2 2.935 luminal

UBLC1 2.914 n/c
JMSU1 2.792 non-luminal/non-basal

5637 2.473 basal
T24 2.366 non-luminal/non-basal

SCABER 1.883 basal
1 AUC: Area under the curve; 2 RT4 cell line originates from re-occurring human transitional
cell papilloma. Abbreviations: n/c, not categorised (not coherent classification depending
on the dataset used).
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5.2. BCa Xenografts

The majority of data generated from the RT studies in BCa are currently from BCa
xenografts (Table 3); fewer studies have used syngeneic mouse models (Table 4), while none
have used patient-derived xenografts (PDX). RT studies using 3D-BCa xenografts have
the advantage to gather more clinically-relevant information when compared to in vitro
2D-models. For example, radiosensitivity can be studied in 3D considering hypoxic
areas, which have been previously identified as potential cause of therapy failure in
BCa. Indeed, a study by Williams et al. found that the hypoxia-targeting prodrug AQ4N
efficiently sensitised luminal BCa xenografts to cisplatin-based CCRT (Table 5). However,
some interactions such as immune infiltration between tumour and its microenvironment
can be limited by the species barrier.

We found that seven (29%) BCa xenografts used were of luminal subtype (Table 3,
Figure 1c), while only one study (4%) used the cell line of the basal subtype (Table 3,
Figure 1c). Clearly, the BCa xenografts of the basal subtype have been less studied in the RT
context. We analysed the in vivo study design whereby different radiation schedules were
employed (single larger radiation dose versus fractionated dose delivery schedule) (Table 3).
Regrettably, three in vivo studies have used cell lines reported as cross-contaminated
(Table S4).

5.3. Syngeneic Models

Evidently, syngeneic mouse models are a suitable choice to test immunotherapy
agents in combination with radiation treatment. Furthermore, studies of interactions of
tumour cells with endothelial and fibroblastic syngeneic cells are more relevant than in a
xenogeneic model. We identified seven studies using syngeneic mouse models (Table 4).
The three cell lines used in these studies were all chemically induced (detailed in [48]) and
resemble the human basal/squamous subtype [41,49]. We noted that all of these models
were heterotopic, excluding the assessment of treatment-induced bladder toxicity. Results
of most of the studies are discussed further.
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Table 4. Overview of mouse BCa syngeneic models used in radiosensitisation studies.

Cell Line IR
Regimen Radiosensitising Agent Class Mouse Background

(Gender)

Initial
Tumour

Size (mm3) 1

Study
Follow-Up

(days) 2
Ref.

MB49 1 × 12 Gy PD-L1 blocking antibody Immunotherapy C57BL/6 (F) 500 27 [72]

MB49 2× 5 Gy Glycyrrhizin HMGB1
inhibitor C57BL/6 (M) Once palpable 7 [73]

MB49,MB49-I 6 × 3 Gy Silybin (Sb) Flavonoid C57BL/6J (n/a) 50 30 [74]

MB49-I 6 × 3 Gy Bacillus Calmette-Guérin
(BCG) Immunotherapy C57BL/6J (n/a) 50 21 [75]

MBT-2 1 × 15 Gy Lapatinib TKI C3H/HeN (F) 162 21 [76]

MBT-2 1 × 15 Gy Afatinib TKI C3H/HeN (F) 162 21 [77]

MBT-2 5 × 4 Gy
Cisplatin, doxorubicin

hydrochloride (adriamycin),
cyclophosphamide

CT CsH/Hej (n/a) 6 60 [18]

1 The initial size of the tumour is defined as the size of the tumour at the start of the RT or combination treatment (Day 1). 2 The minimum
follow-up for the non-treated control was used to compare the growth of the xenografts. Abbreviations: CT, chemotherapy; HMGB1,
high mobility group box 1; PD-L1, programmed death ligand 1; TKI: tyrosine kinase inhibitor.

6. Use of CT Agents in Combination with RT in Experimental Studies for BCa
Treatment
6.1. Cisplatin

Cisplatin is currently the most widely used radiosensitising agent in MIBC, supported
by a randomised clinical trial [3]. According to the NCCN Clinical Practice Guidelines
in Oncology, the most comprehensive guidelines for treatment of oncological patients
in the United States, the recommended radiosensitising regimen for locally advanced or
metastatic BCa is a combination of cisplatin and gemcitabine [78]. However, it should be
emphasised that this combination has not been investigated in our identified experimental
and preclinical studies.

Table 5. Overview of preclinical studies using Cisplatin in BCa in vivo in combination with RT.

Yoshida et al., 2011 [69] Williams et al., 2009 [56] Kyriazis et al., 1986 [79] Weldon et al., 1979 [18]

Cell lines UMUC3 (non-luminal,
non-basal) RT112 (luminal) SW-800 (not classified) MBT-2

Source/
Dose rate (Gy/min)

X-rays (225 V)/
0.83 Gy/min

X-rays (230 kV)/
2 Gy/min

X-rays (250 kV)/
1.23 Gy/min

X-rays (250 kV)/
n/a

IR dose and fractionation 5 × 2 Gy 5 × 2 Gy 1 × 10 Gy 5 × 4 Gy

Cisplatin dose
3 mg/kg

(administered once)
2 mg/kg

(administered once)

5 mg/kg once on each
specified day before or

after radiation

3 mg/kg once a week
(3 weeks)

Treatment arms
Hsp90 inhibitors (17-AAG

or 17-DMAG)
Trastuzumab, LY294002

AQ4N (banoxantrone) -

Doxorubicin
hydrochloride
(Adriamycin),

cyclophosphamide

Normal tissue toxicity Yes (NHU in vitro) - - -

In our literature analysis, we found only two in vitro and four in vivo (preclinical)
studies investigating cisplatin and RT in BCa (Table 5). Weldon et al., for the first time,
used cisplatin in combination with RT in a murine BCa model and compared different ad-
ministration schedules and included also two other drugs for comparison [18]. They found
that the concomitant administration of cisplatin and RT was toxic, but when cisplatin was
used as adjuvant therapy after completion of RT, synergistic effect was produced, but an-
other CT drug cyclophosphamide was more effective in terms of growth delay [18]. Further,
a study by Kyriazis et al. observed the most synergistic effect when cisplatin was given
on days 3 and 6 post-radiation using human BCa xenograft model (SW-800, not classified
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cell line) [79]. In an in vitro study, Bedford et al. demonstrated that radiation-resistant
cell lines are more sensitive to cisplatin and radiation compared to wild-type human BCa
cell lines [80]. Kawashima and colleagues investigated whether CCRT response can be
predicted using expression of excision repair cross-complementing group 1 (ERCC1) and
found that its downregulation improved the effect of CCRT, but not of cisplatin alone
in vitro [31]. Two further studies have used mouse BCa xenografts. Yoshida and colleagues
investigate the prospect to improve CCRT response by using heat shock protein (HSp90)
inhibitors in non-luminal, non-basal mouse BCa xenograft (UMUC3) while evaluating
the effect on normal human urothelial (NHU) cells in vitro [69]. They found greater BCa
sensitisation to cisplatin-based CCRT after low-dose Hsp90 inhibitor treatment than with
the combination of trastuzumab (HER2 blocking antibody) or LY294002 (PI3K inhibitor).
A few sensitising effects of NHU to CCRT were found [69]. Furthermore, Williams et al.
found that Hypoxia-Activated ProDrug AQ4N increased the efficacy of RT alone and
cisplatin-based CCRT in vivo [81].

6.2. Gemcitabine

Results from eight phase I-II trials concluded that there is strong evidence that
CCRT regimens with concurrent gemcitabine are feasible and well tolerated in BCa [82].
Prospective randomised controlled trials are ongoing to definitively assess the efficacy
of gemcitabine-based CCRT for MIBC. From the experimental studies identified in our
literature search, two have made use of gemcitabine as a radiosensitiser in vitro, while two
have used preclinical mouse models in vivo (Table 6).

There have been some conflicting results among the early studies of the use of gem-
citabine in BCa in vitro models. In 2003, Fechner and colleagues showed no effect of
radiosensitivity of gemcitabine in four different BCa cell lines (RT112, RT4, T24 and TCC-
SUP) with differing p53 status [83]. In contrast, Pauwels et al. demonstrated correlation
between gemcitabine-induced S phase block resulting and sensitization to RT of a BCa
cell line ECV304 and cell lines from other cancers in vitro [84]. It is worth noting that
the cell line used has been recognised as being contaminated by another BCa cell line
(T24, non-luminal, non-basal, Table S3. These studies did not use colony forming assay to
investigate radiosensitisation, which is considered the gold standard for assessing RT effi-
ciency. Another study used colony forming assay to compare gemcitabine radiosensitising
effect in related bladder cancer cell line MGHU1 and its radiosensitive subclone S40b [85].
They demonstrated that gemcitabine is an effective radiosensitiser in these BCa cell lines,
with greater sensitisation in the radioresistant parental line [85]. Interestingly, MGHU1 cells
did not show S-phase accumulation, which is the suggested radiosensitisation mechanism,
but its subclone S40b did, despite both being radiosensitised by gemcitabine, indicating
that S-phase accumulation is unlikely to be a major mechanism of radiosensitisation by
gemcitabine [85]. However, also the MGHU1 cell line has been reported as contaminated
by T24 cell line (Table S3) [86].

Further, Choudhury et al. used gemcitabine in combination with another targeted
agent (imatinib). Imatinib (inhibitor of c-ABL, c-KIT, and platelet-derived growth fac-
tor receptor (PDGFR) tyrosine kinases) was found to be a sensitising agent to RT and
gemcitabine-based CT treatment using RT112 luminal cell line in vitro (alongside a prostate
cancer cell line in vitro and in vivo), concluding that imatinib can sensitise tumour cells to
DNA damaging agents and induce mitotic catastrophe [87]. Two studies from Anne Kiltie
team at the University of Oxford have investigated gemcitabine in vivo (Table 6) [55,88].
In the first one, Kerr et al. demonstrated that gemcitabine-resistant Calgem heterotopic
xenografts were responsive to the combination of gemcitabine and irradiation [88]. In the
second study, Groselj et al. showed that gemcitabine + RT resulted in more acute and late
intestinal toxicity than HDAC inhibitor panobinostat + RT [55].
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Table 6. Overview of studies using Gemcitabine in BCa preclinical studies in combination with RT.

Groselj et al., 2018 [55] Kerr et al., 2014 [88]

Cell lines - CALgem

Source/
Dose rate (Gy/min)

X-rays (220 kV)/
n/a

gamma (137Cs)/
1.7 Gy/min

IR regimen in vivo
1×

10, 12, or 14 Gy (acute toxicity)
5 × 5 Gy (late toxicity)

5 × 2 Gy

Gemcitabine dose single 100 mg/kg injection single 100 mg/kg injection

Normal tissue toxicity yes (intestinal) -

6.3. In Vivo Study Reporting/Design

We noted that the in vivo study design of studies using cisplatin and/or gemcitabine
have been very few and heterogeneous. Different radiation schedules have been employed
(single larger radiation dose vs. fractionated, more clinically relevant schedule). The source
of irradiation was different (X-rays and gamma rays) and different dose rates were reported.
It has been shown that a variation of X-ray energy and the dose rate can impact the relative
biological effectiveness (RBE) both in cells in vitro and in vivo [89,90]. From the studies
using gemcitabine and cisplatin, three studies had not reported the dose rate. Different
choice of the radiation delivery schedule will prevent a direct comparison of the studies.

7. Targeted Agents to Improve RT Response in BCa

Following the studies of classical CT drugs, multiple agents have been tested as
potential radiosensitisers since 2000. Nineteen studies using BCa xenografts (Table 7)
and six studies of syngeneic mouse tumour models (Table 8) have reported a significant
radiosensitisation. These studies are very heterogeneous, testing diverse agents ranging
from RTK inhibitors, epigenetic modifiers, hypoxia- or angiogenesis targeting molecules,
among others. Below, we comment on the data of few selected studies.

7.1. Epidermal Growth Factor Receptor

Receptor tyrosine kinases (RTKs) are frequently differentially expressed between
normal and cancerous tissue. They mediate pro-proliferative, pro-survival pathways as
well as DNA repair pathways, the activation of which could ultimately protect cancer cells
from radiation-induced cell death. Furthermore, radiation-induced activation of several
RTKs has been reported and belongs to the earliest events in response to DNA damage [91];
reviewed by [92]).

Epidermal growth factor receptor (EGFR) overexpression has been found in up to
70% of BCa tumours [93]. The team of François Radvanyi has been studying the role of
several RTKs in BCa and has identified basal subtype BCa cell line dependency to EGFR
when not mutated for a RAS family members [41,70]. EGFR is the most-studied RTK in
the field of radiation oncology as it was the first RTK to be shown to be activated with
RT [91,92]. A clinical trial combining EGFR blocking monoclonal antibody with RT versus
RT alone significantly improved overall survival in head and neck squamous cell carcinoma
patients [94].

In RT studies of BCa, Domniguez-Escrig et al. observed radiosensitising effect of the
use of the EGFR inhibitor Gefitinib in vitro in two BCa cell lines. However, Gefitinib alone
did not cause growth delay in the luminal RT112 xenograft in vivo, but was validated
using the basal 253J B-V xenograft [95]. Colquhoun et al. demonstrated that radiation
induced activation of EGFR and MAPK and Akt downstream effectors in two BCa cell
lines. Further, Gefitinib + RT induced significant growth delay in non-luminal, non-basal
J82 cell line xenografts compared to single treatment [70].
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7.2. Chromatin Modifiers/Epigenetic Regulators

High levels of histone deacetylases (HDACs) have been detected in BCa tumours [96].
HDAC inhibitors have been tested alone in clinical trials in advanced solid tumours,
including BCa; however, high reported toxicities to normal tissue have impeded their
progress to clinics for example of the HDAC inhibitor mocetinostat [97]. The team of
Anne Kiltie at Oxford University has been studying other HDAC inhibitors as potential
radiosensitisers in BCa experimental and preclinical models and have found promising
results using pan-HDAC inhibitor panobinostat [55] and more selective HDAC inhibitor
romidepsin [57]. In addition, no increase in acute or late toxicity following mouse pelvic
irradiation has been reported in [55].

Table 7. Targeted agents used as radiosensitisers in preclinical studies using BCa xenografts.

Class Name Target Cell Line Subtype
(According to [46]) Year Ref.

TKI
Gefitinib (ZD1839) EGFR J82,

non-luminal, non-basal 2007 [70]

Afatinib, Erlotinib EGFR/HER2, EGFR NTUB1, class n/a 2015 [98]

PI3K LY294002 PI3 kinase T24, non-luminal, non-basal 2003 [66]

Epigenetic modifiers
Panobinostat HDAC (histone deacetylase) RT112, luminal 2018 [55]

Romidepsin HDAC (histone deacetylase) RT112, luminal 2020 [57]

Heat shock protein
inhibitors 17-AAG or 17-DMAG Hsp90 UMUC3 non-luminal,

non-basal 2011 [69]

Farnesyltransferase
inhibitors FTI-276 and L744832 Farnesyltransferase T24, non-luminal, non-basal 2000 [67]

Hypoxia AQ4N Hypoxia RT112, luminal 2009 [56]

Angiogenesis SQAP Angiogenesis 5637, basal 2016 [62]

Other

Chloroquine Autophagy T24, non-luminal, non-basal 2018 [64]

HSA-MnO2-CQ nanoparticles Autophagy T24, non-luminal, non-basal 2020 [65]

Ad-RSV-CD+5-FC - KK47, non-luminal, non-basal 2003 [71]

shRNF8 DNA Damage Response T24, non-luminal, non-basal 2016 [63]

Caffeine DNA Damage Response RT4, luminal 2015 [60]

siTUG1 HMGB1 SW780, luminal 2017 [61]

shHMGB1 HMGB1 UMUC3 non-luminal,
non-basal 2016 [68]

Flutamide/shAR AR UMUC3 non-luminal,
non-basal 2018 [53]

Photofrin II Angiogenesis RT4, luminal 2001 [59]

Low-fibre, soluble high-fibre,
insoluble high-fibre,

and mixed soluble/insoluble
high-fibre diets

Metabolism RT112, luminal 2020 [58]

Abbreviations: 17-AAG: 7-N-allylamino-17-demethoxygeldanamycin; 17-DMAG: 17-Dimethylaminoethylamino-17-demethoxygeldanamycin;
AQ4N: banoxantrone dihydrochloride, topoisomerase II inhibitor; AR: androgen receptor; HER2: human erbB-2 receptor; HMGB1: high
mobility group box 1; HSA-MnO2-CQ: MnO2 and chloroquine in human serum albumin (HSA)-based nanoplatform; RNF8: ring finger protein
8; SQAP: sulfoquinovosylacylpropanediol; TKI: tyrosine kinase inhibitor; TUG1: taurine-upregulated gene 1.

7.3. Radio-Immunotherapy

In BCa preclinical models, immune checkpoint inhibitors have been used with RT
only in one study using an anti-PD-L1 antibody [72] (Table 8). Wu et al. demonstrated
that RT upregulated PD-L1 expression in BCa tumour cells, correlating with radiation
dose. Using heterotopic MB49 syngeneic mouse models, PD-L1 blockade induced a longer
tumour growth delay following irradiation [72]. Bacillus Calmette-Guérin (BCG) bladder
instillation is commonly used after local tumour resection for patients with superficial
bladder cancer. In addition, BCG bacteria-induced immune response has been studied in
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BCa to improve response to RT [75]. Invasive murine BCa cell line MB49-I was cultured in
monolayers in 2D, in spheroids in vitro in 3D and inoculated in vivo in the syngeneic mice.
BCG pre-treatment radio-sensitised spheroids, while no effect was shown in monolayers.
In vivo, BCG improved the local response to RT and decreased the presence of lung
metastasis. The combined BCG+RT treatment also resulted in abscopal effect, where second
tumour development in the opposite flank was completely rejected, compared to the
untreated or RT only arms [75].

Table 8. Targeted agents used as radiosensitisers in preclinical studies using syngeneic mice.

Class Name Target Cell line (Subtype According to [46]) Ref.

TKI
Afatinib EGFR/HER2 MBT-2, mice cell line (basal) [77]

Lapatinib PDGF-R MBT-2, mice cell line (basal) [76]

HMGB1 inhibitor Glycyrrhizin HMGB1 MB49, mice cell line (basal) [73]

Flavonoid Silybin MB49,
MB49-I, mice cell lines (basal) [74]

Immune checkpoint inhibitor Anti-PD-L1 antibody PD-L1 MB49, mice cell line (basal) [72]

Non-specific immune stimulator Bacillus Calmette-Guérin (BCG) Immune system MB49-I, mice cell line (basal) [75]

Abbreviations: EGFR, epidermal growth factor receptor, HER2, human erbB-2 receptor; HMGB1, high mobility group box 1; PDGF-R,
platelet-derived growth factor receptor; PD-L1, programmed death ligand 1; TKI: tyrosine kinase inhibitor.

8. Suggestions to Improve the Design of Future Experimental BCa Studies: New
Agents and Relevant Models

In order to improve RT, its therapeutic index (i.e., the ratio: antitumour efficiency/toxic
effects on surrounding healthy bladder tissues) must be increased. Modern radiotherapy
has advanced spatial targeting of clinical tumour volume, including whole bladder and
pelvic nodes while reducing side effects to pelvic organs other than the bladder. However,
since the whole bladder is included in the clinical target volume (CTV), only strategies
aiming at radiosensitising tumour tissue selectively and not or to a lesser extent of the
normal bladder wall, will improve therapeutic index of RT.

8.1. Molecular Subtype Consideration

Gemcitabine and cisplatin are effective radiosensitisers, but other agents have shown
superior effect in the few comparative studies in vitro and in vivo (Tables 5 and 6). Unfor-
tunately, only one luminal cell line (RT112) and no basal cell line have been used in vivo to
evaluate cisplatin- or gemcitabine-based CRT, thus not allowing the study of the differential
effect observed in clinics between tumour response to CT of basal and luminal subtypes
(where basal tumours are shown to be better responders). It would be important to compare
CCRT/RT response in models of different subtypes and study the underlying mechanisms.
For that, patient-derived xenografts (PDXs) are relevant models as they can conserve in
mice the subtype of the original human tumour [99]. Briefly, PDX establishment consists of
engrafting a fragment of a patient tumour directly into an immunocompromised animal,
and then maintaining it through passaging from animal to animal, avoiding the in vitro
selection and allowing one to conserve the initial histology. In future studies, using a PDX
model would eliminate the non-luminal non-basal subtypes that most of the BCa cell lines
used in RT studies are representing, but which do not clearly represent human tumours.
Despite the possible tumour loss of distinct molecular features over time, PDX models in
BCa warrant future efforts to be used in RT studies.

8.2. New Targeted Agents

In BCa, several experimental studies have shown the therapeutic efficacy of RTK inhi-
bition other than EGFR. Fibroblast Growth Factor Receptor 3 (FGFR3) has been extensively
studied in BCa due to its frequent mutations/translocations in the BCa, driving oncogenic
dependency (more than 65% of NMIBCs and 15% of MIBCs) [100–102]. Pan-FGFR inhibitor
has been recently shown to radiosensitise tumours in head and neck squamous cell car-
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cinoma xenografts and PDX [103]. In the context of BCa subtypes, 50% of luminal BCa
tumours harbour an FGFR3 alteration and therefore could potentially benefit the most
from anti-FGFR3+RT treatment.

Recently, TYRO3, a member of the TAM family of RTKs (comprising TYRO3, AXL and
MERTK) has been identified as a potential target in the BCa [104]. TYRO3 overexpression
has been reported in 50% of MIBC and results in TYRO3-dependency for growth of BCa
cancer cell lines [104]. However, FGFR3 and TYRO3 have never been explored as targets
for radiosensitisation in BCa.

Using syngeneic models allows investigating the therapeutic index of different ra-
diosensitising agents including the effect on tumour cells but also on immune response
and other interactions restricted by species barrier. For example, inhibition of the TAM
receptors could improve RT efficacy by increasing directly radiation-induced tumour cell
killing and also by promoting innate immunity [105,106]. Currently, in the field of radi-
ation oncology, there are many studies in syngeneic mouse models exploring different
hypofractionated RT regimens in combination with immune checkpoint inhibitors, such as
anti-PD-L1 and anti-T cell immunoreceptor with Ig and ITIM domains (TIGIT) in colorectal
cancer [107]. The underlying interest is to combat PD-L1 expression which has been shown
to be upregulated upon RT [108]. Further, also abscopal effect is being investigated and it
has been shown that RT can promote a response of lung cancer to cytotoxic T-lymphocyte
4 (CTLA-4) blockade [109]. There is clinical evidence that basal subtype benefits from
early aggressive management with CT agents and would benefit from T cell modulators
(i.e., targeting CTLA-4) and EGFR, NFκB, Hif-1α/VEGF, and/or Stat-3-targeted agents
will also be active within this subtype [110]. Such preclinical studies are needed in BCa to
improve the RT-immunotherapy modalities.

8.3. Pelvic Toxisity Assessment

Experimental devices dedicated to accurate mice irradiation are currently available,
which includes high resolution computerised tomography scanner for imaging, warmed
beds to keep the model at a physiological temperature during longer irradiating sessions
and possibility to target CTV more accurately. This allows studying the side effects of the
RT on the bladder, giving the opportunity to compare acute radiation-induced toxicity
versus long-term radiation-induced side effects such as fibrosis on the bladder. Although
toxicity of normal tissue is one of the main limitations of use of RT in BCa, only two
studies have considered pelvic toxicity. First, the study assessed pelvic irradiation-induced
intestinal toxicity [56]. Second was an in vitro study using normal human urothelium
(NHU) cells [69]. NHU cultures are relevant models to study bladder toxicity in vitro [111].
NHU cultures allow studying the impact on the normal urothelial cell proliferation from
the RT or combined treatments as a first step before investigations in vivo. In addition,
NHU can be differentiated into the non-proliferative phenotype, which is the physiological
state of NHU cells in the human bladder [112,113]. Differentiated NHU cell monolayers
would be a more relevant model to study radiation-induced toxicity in vitro.

8.4. Use of Orthotopic Mice Models

Currently, there is no preclinical study published using syngeneic or xenogeneic or-
thotopic graft in the field of BCa RT. However, Jäger et al. have developed a high-precision
approach consisting of ultrasound-guided tumour cell inoculation within the bladder
wall [114]. Another interesting model is the UPII-SV40T transgenic mouse model which
expresses the SV40 large T antigen specifically in the urothelium and reliably develops
BCa [115]. In addition, there is a simple chemically induced BCa model, developed by daily
exposure to BBN (N-butyl-N-(4-hydroxybutyl)-nitrosamine) in drinking water (0.05%).
Around 12 weeks of exposure to BBN result in development macroscopic lesions [116].
At the present time, all of these orthotopic models have never been used in preclinical
RT studies.
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8.5. Humanised Mouse Models

In recent years, humanised mouse models have been more widely used in the field of
immunology. For example NOD scid gamma (NSG) highly immunodeficient mouse model
have no B-, T-, and natural killer (NK) cells, and therefore allow the engraftment of tumour
and immune cells of human origin [117,118]. Indeed, a recent study using this model
established BCa xenografts in this humanised system and observed significant tumour
growth delay using a pan-PI3K inhibitor in tumours bearing a PIK3CA mutation. Further-
more, pan-PI3K-treated PIK3CA-mutated BCa tumours were sensitive to PD-1 blockade.
These results showed potential of combination of PI3K inhibitors with immune checkpoint
inhibitors to overcome resistance to immune checkpoint inhibitors [119]. It would be
interesting to include additional treatment arms combining such strategies with RT in
the future.

9. Methods

Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines for systematic reviews [120], we conducted a literature search limited
to the database of PubMed. We used the following search string (((radiotherapy) OR
(radiation therapy) OR (irradiation) OR (radiation) OR (electromagnetic radiation) OR
(electromagnetic irradiation) OR (radiosensitisation) OR (radiosensitivity) OR (radioresis-
tance) OR (radiosensitization) OR (radiation toxicity)) AND ((bladder cancer) OR (urinary
bladder neoplasms) OR (Bladder Tumour) OR (urinary bladder) OR (urothelial carcinoma)
OR (urothelium)) AND ((cell line) OR (xenograft) OR (syngeneic) OR (preclinical model)
OR (pre-clinical model) OR (orthotopic) OR (cells) OR (NHU) OR (normal human urothe-
lium) OR (urothelial cells) OR (mouse) OR (rodent)) NOT ((review) OR (case report) OR
(systematic review) OR (meta-analysis))). All of the search was conducted between Septem-
ber and October 2020 without time restrictions. Relevant studies were identified between
1979 and 2020 (until October 31).

Initial study identification was carried out independently by L.S. and F.M. using the
search tool in the PubMed with the following inclusion criteria: studies in English, studies
with available abstracts, peer-reviewed journal articles only, not reviews.

The titles and abstracts of the obtained studies were further screened independently
by L.S. and F.M. and excluded on the basis of following criteria: (1) no experimental
models of bladder cancer used, (2) radiotherapy treatment not used or used as a single
treatment. The lists were compared and the publications for which the two reviewers
had a disagreement were reviewed together and, when needed, discussed with the third
reviewer (F.M.C.). Then, the full text was obtained and assessed for eligibility, excluding
only clinical studies and studies using photodynamic therapy. After careful reviewing of
each full text article, additional studies were excluded where the experimental model used
was only non-human BCa cell lines in vitro. The flow chart showing the numbers of the
initial studies identified in PubMed and the steps leading to the final inclusion of 85 studies
are depicted in Figure 2.
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Figure 2. Flow chart showing the identification, screening, evaluation of eligibility and inclusion criteria of publications.

10. Conclusions

Increasing the use of bladder preserving radiation-based treatment needs an improved
therapeutic index leading to reduced side effects. Experimental studies are needed to address
this issue. This review first identified and analysed all experimental investigations on con-
current combination of radiation with different agents in bladder cancer and then provided
suggestions aiding the selection of appropriate cell lines, mouse models, radiosensitising
agents and radiotherapy regimen to improve the design of future experimental studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-669
4/13/1/87/s1. Table S1: Clinical trials of concurrent chemoradiotherapy in bladder cancer, Table S2:
Characteristics of BCa cell lines used in RT studies, Table S3: Characteristics of problematic human
BCa cell lines used in experimental RT studies, Table S4: Preclinical studies of problematic cell lines
used in vivo.
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Simple Summary: The 2016 World Health Organization classification system distinguishes be-
tween urothelial carcinomas (UCs) with divergent differentiation (DD) and those with variant
morphologies (VMs), which until now had been considered to indicate highest-risk cases. Intravesi-
cal Bacillus Calmette–Guérin (BCG) treatment is an alternative therapeutic and adjuvant option after
transurethral resection of a bladder tumor. However, data comparing oncological outcomes after
intravesical BCG treatment among pure UC, UC with DD, and UC with VMs are sparse. This is a
retrospective study to investigate the outcomes of bladder-preservation therapy using intravesical
BCG treatment on cases of bladder UCs with DD or VMs. We followed the outcomes of 1490 patients
with pure UCs, UC with DD, or UC with VM. We found that concomitant VMs, not DD, was more
likely to result in cancer-specific death. The VM-associated risk was significant for cancer-specific
mortality only, not for recurrence-free or progression-free survival rates.

Abstract: The 2016 World Health Organization classification newly described infiltrating urothelial
carcinoma (UC) with divergent differentiation (DD) or variant morphologies (VMs). Data comparing
oncological outcomes after bladder-preservation therapy using intravesical Bacillus Calmette–Guérin
(BCG) treatment among T1 bladder pure UC (pUC), UC with DD (UC-DD), and UC with VMs
(UC-VM) are limited. We evaluated 1490 patients with T1 high-grade bladder UC who received
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intravesical BCG during 2000–2019. They were classified into three groups: 93.6% with pUC, 4.4%
with UC-DD, and 2.0% with UC-VM. Recurrence-free, progression-free, and cancer-specific survival
following intravesical BCG were compared among the groups using multivariate Cox regression
analysis, also used to estimate inverse probability of treatment weighting-adjusted hazard ratio and
95% confidence interval for the outcomes. Glandular differentiation and micropapillary variant
were the most common forms in the UC-DD and UC-VM groups, respectively. Of 1490 patients,
31% and 13% experienced recurrence and progression, respectively, and 5.0% died of bladder cancer.
Survival analyses revealed the impact of concomitant VMs was significant for cancer-specific survival,
but not recurrence-free and progression-free survival compared with that of pUC. Our analysis
clearly demonstrated that concomitant VMs were associated with aggressive behavior in contrast to
concomitant DD in patients treated with intravesical BCG.

Keywords: urinary bladder neoplasms; Bacillus Calmette–Guérin (BCG); immunotherapy; divergent
differentiation; variant morphology; survival

1. Introduction

Bladder cancer is the 10th most common cancer, with roughly 549,000 initially diag-
nosed cases and 200,000 deaths reported annually according to 2018 worldwide cancer
statistics [1]. Non-muscle-invasive bladder cancer (NMIBC; Ta, T1, and Tis) is a heteroge-
neous disease accounting for approximately 70% of initially diagnosed bladder cancers [2].
Although most of NMIBC can be treated with the combination of transurethral resection
of a bladder tumor (TURBT) and intravesical treatment of chemotherapy and Bacillus
Calmette–Guérin (BCG), some patients have repeated intravesical recurrence and disease
progression.

The European Association of Urology guidelines 2019 specify characteristics of the
highest-risk subset from high-risk non-muscle invasive bladder cancers (NMIBCs) [3].
Patients are stratified into highest-risk NMIBC when the tumor has at least one of the
following five aggressive factors: i) T1/high-grade (HG) urothelial carcinoma (UC) with
concomitant bladder carcinoma in situ (CIS); ii) multiple and/or large and/or recurrent
T1/HG UC; iii) T1/HG UC with prostate-involving CIS; iv) lymphovascular invasion (LVI);
v) histological variants of UC; or vi) BCG-unresponsive NMIBC. Although immediate
radical cystectomy (RC) should be considered for highest-risk NMIBC, this highly invasive
intervention may be associated with a significant risk of overtreatment. Clinical practice
guidelines suggest that intravesical BCG treatment is still an alternative therapeutic and
adjuvant option after transurethral resection of a bladder tumor (TURBT) for high-/highest-
risk NMIBCs [4–6]. Clinicians may judge that not all the patients with highest-risk NMIBC
require RC because of the highly heterogenic nature of highest-risk NMIBC [7].

The 2016 World Health Organization (WHO) classification of tumors of the urothe-
lial tract newly described or better defined ‘infiltrating UC with divergent differentiation
(DD)’ and ‘infiltrating UC with variant morphologies (VMs),’ implying that the two sub-
sets should be labeled separately to optimize the therapeutic strategy [8]. The former
includes squamous, glandular, and trophoblastic differentiation, whereas the latter in-
cludes nested, microcystic, micropapillary, lymphoepithelioma-like, plasmacytoid/signet
ring cell/diffuse, sarcomatoid, giant cell, poorly differentiated, lipid-rich, and clear cell
(glycogen-rich) variants. These unusual types of UC have been called ‘histological variants’
and clubbed together, which is one of the inclusion characteristics of highest-risk NMIBCs.
Recent studies evaluated the frequency of DD and VMs in invasive UC, reporting that
squamous differentiation was the most common in DD and micropapillary variant was the
most common in VMs, respectively [9,10]. NMIBCs, MIBCs, and metastatic diseases with
DDs and VMs respond poorly to intensive surgery with chemotherapy or radiotherapy,
resulting in worse survival outcomes [11–15]. As some VMs are extremely rare, small sam-

260



Cancers 2021, 13, 2615

ple size hinders appropriate evaluation of their clinical relevance, especially in response to
intravesical BCG treatment [16–18].

Squamous and glandular differentiation is seen at a relatively high frequency among
histological variants. However, there are only a few small studies or case reports regarding
the efficacy of intravesical BCG against NMIBC with VMs [16,19–21]. There are only sparse
data comparing oncological outcomes after intravesical BCG treatment among pure UC
(without any histological variant), UC with DD, and UC with VMs considering the newly
adopted WHO 2016 classification system. Given the little information regarding the efficacy
of BCG in UC variants, this study aimed to shed more clarity on the mortality and survival
outcomes by retrospectively examining the outcomes of 1490 patients with UC who were
treated using intravesical BCG.

2. Materials and Methods
2.1. Data Collection

This retrospective multicenter study was approved by the institutional review board
of each participating institute (reference protocol ID: NMU-2217) of the Japan Urological
Oncology Group framework [2]. Informed consent was obtained from participants through
posters and/or website using the opt-out method [22]. We reviewed 3226 patients who
received intravesical BCG for pathologically diagnosed NMIBC and treatment during
2000–2019 at 31 collaborative hospitals. The clinicopathological data included oncological
outcomes, treatments, age, sex, performance status, history of NMIBC, tumor multiplicity,
tumor size, T category, tumor grade (per 2004 WHO classification), and presence of bladder
CIS, prostate-involving CIS, LVI, DD, and VMs.

2.2. Intravesical BCG Treatment after TURBT

The intravesical BCG schedule included weekly instillations of Immunobladder
(Tokyo-172 strain) or ImmuCyst (Connaught strain, currently unavailable) for 6–8 con-
secutive weeks for induction BCG (iBCG) with or without subsequent maintenance BCG
(mBCG). Planned maintenance protocol was BCG doses once a week for 3 weeks at 3, 6,
12, 18, 24, 30, and 36 months after iBCG initiation [23]. Adequate BCG’ therapy is when a
patient has received at least five of six doses in induction phase followed by at least one
maintenance (two of three dose) for clinical trials [24]. Based on the definition of adequate
BCG, at least two of three doses in the first mBCG round at 3 months was considered
mBCG implementation in this study.

2.3. Patient Selection

Figure 1 shows a flowchart of the patient selection process. Of 3226 patients, the
cohort was first restricted to 1490 (46.1%) including only T1 HG tumors. Next, 76 patients
(2.3%) with critical missing data were excluded, leaving 1490 patients (46.1%) eligible for
the analysis. Among 1490 patients, 1395 (93.6%) had pure UC (pUC group), 65 (4.4%) had
UC with DD (UC-DD group), and only 30 (2.0%) had UC with VMs (UC-VM group).
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Figure 1. Flow chart for creation of the patient cohort dataset. From the original dataset, the cohort
was restricted to T1 high-grade urothelial carcinoma (UC). Abbreviations: NMIBC, non-muscle
invasive bladder cancer; BCG, Bacillus Calmette–Guérin; pUC, pure urothelial carcinoma; DD,
divergent differentiation; VM, variant morphology; IPTW, inverse probability of treatment weighting.

2.4. Surveillance after Intravesical BCG and During mBCG

Although the surveillance protocol varied across institutions, patients were generally
followed up using white-light cystoscopy and urinary cytology every 3 months for 2
years, then every 6 months in the third and fourth years, and annually thereafter [6].
Recurrence was defined as the presence of recurrent tumors of pathologically proven UC
in the bladder and prostatic urethra. Neither recurrence of upper urinary tract nor positive
result of urinary cytology without pathologically proven UC was considered recurrence.
Progression was defined as recurrent disease with invasion into the muscularis propria
(≥T2), positive regional lymph nodes, and/or distant metastases.

2.5. Statistical Analysis

Statistical analyses and were performed and plots were generated using GraphPad
Prism version 7.00 (GraphPad Software, San Diego, CA, USA). All reported p values are
two-sided, and statistical significance was set at p < 0.05. Clinicopathological characteristics
were compared using Kruskal–Wallis tests or chi-square tests, as appropriate. Intravesical
recurrence-free survival (RFS), progression-free survival (PFS), and cancer-specific survival
(CSS) were calculated from the date of administration of the initial iBCG dose. Survival
rates were analyzed using the Kaplan–Meier method and compared using the log-rank test
among the pUC, UC-DD, and UC-VM groups. Variables that potentially affected prognosis
(p < 0.1) in univariate analysis were included in a stepwise Cox proportional hazards
regression model. Hazard ratio (HR) with 95% confidence interval (CI) was calculated to
identify independent prognostic variables.

To minimize selection bias, inverse probability of treatment weighting (IPTW) analysis
was performed using R version 4.0.0 (R Development Core Team, Vienna, Austria). IPTW,
which is a form of propensity score analysis, uses weighting by the inverse of the propen-
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sity score to reduce imbalance in possible confounders between the pUC and UC-VM
groups [25]. The baseline characteristics were matched between the pUC and UC-VM
groups by calculating the propensity score for each patient using a multivariable logistic
regression model based on covariates such as age, sex, multiplicity, tumor size, presence of
concomitant bladder CIS, prostate-involving CIS, LVI on TUR specimen, implementation
of second TUR, and implementation of mBCG. Differences in means and proportions
between the two groups was quantified using standardized mean difference. Standardized
mean difference more than 0.20 was considered to indicate potentially relevant imbalances
between the two groups [25]. Multivariable Cox regression analysis was used to estimate
the IPTW-adjusted HRs and 95% CIs as outcomes of the two groups.

3. Results
3.1. DD and VMs Detected in ur Cohort

Table 1 lists the distribution of unusual histology findings in the UC-DD and UC-VM
groups. In the UC-DD group, 38 (69%) and 27 (41%) patients had glandular differentiation
and squamous differentiation, respectively, whereas trophoblastic differentiation was not
seen in our cohort. The most common VM was micropapillary variant (13/30; 43% in the
UC-VM group). The second most common VM was nested variant (9/30, 30%). The third,
sarcomatoid variant, was observed in 4 of 30 patients (13%), followed by clear cell variant
(2/30, 6.7%), microcytic variant (1/30, 3.3%), and giant cell variant (1/30, 3.3%). Other
VMs such as lymphoepithelioma-like, plasmacytoid, poorly differentiated, and lipid-rich
variants were not present in our cohort. Representative hematoxylin & eosin-stained
images of DD and VMs are shown in Figure 2.

Table 1. Distribution of divergent differentiation (DD) and variant morphologies (VMs) in this cohort.

Histology UC with DD
(UC-DD Group)

UC with VMs
(UC-VM Group)

N 65 (100%) 30 (100%)

Glandular differentiation 38 (69%) -
Squamous differentiation 27 (41%) -

Micropapillary variant - 13 (43%)
Nested variant - 9 (30%)

Sarcomatoid variant - 4 (13%)
Clear cell variant - 2 (6.7%)

Microcystic variant - 1 (3.3%)
Giant cell variant - 1 (3.3%)

Abbreviations: UC, urothelial carcinoma.
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Figure 2. Divergent differentiation and variant morphologies in T1 high-grade urothelial carcinoma
of cases from this study. All the illustrative images of hematoxylin-eosin staining were captured at
original magnification 200×. (A) Squamous differentiation; (B) Glandular differentiation. This tumor
has enteric features and mucin production; (C) Nested variant; (D) Micropapillary variant; (E) Sarco-
matoid variant; (F) Clear cell variant; (G) Microcystic variant. This tumor forms neoplastic cystic
structure. The lumina tend to be empty, but some of them contain necrotic cells, granular eosinophilic
debris, or mucin (arrowheads); (H) Giant cell variant. This tumor has pleomorphic giant cells (black
arrows) with cytoplasmic vacuoles.

3.2. Comparison of Patient Characteristics and Outcomes among the Groups

Table S1 summarizes the patient characteristics of the three groups. Statistical com-
parisons showed significant differences in age, LVI, and implementation of second TUR.
The positivity rate of LVI in TUR specimens and rate of second TUR implementation was
higher in patients in the UC-VM group than in the pUC and UC-DD groups. Both the Eu-
ropean Organization for Research and Treatment of Cancer (EORTC) [26] and the Spanish
Urological Club for Oncological Treatment (CUETO) [27] risk tables for recurrence and
progression incorporated six parameters to categorize patients into risk groups according
to the summed scores. These score models were applied to our cohort to calculate each
patient’s risk after intravesical BCG treatment, demonstrating that no significant difference
was observed among each group (Table S1). In this cohort, 241 (16%) of 1490 patients
received maintenance BCG and the median number of BCG doses in maintenance phase
was 6 times (interquartile range, 3 to 9) and the mean number was 7.9 times. Of the 1490
patients, 466 (31%) and 199 (13%) experienced bladder cancer recurrence and progression,
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respectively, and 74 (5.0%) died of bladder cancer, with a median follow-up of 50 months
(interquartile range, 27−79) after BCG initiation. We compared the clinical outcomes after
induction of iBCG between Tokyo-172 strain (1141 patients) and Connaught strain (349
patients), demonstrating that no significant difference was observed for any of three end-
points. To investigate the impact of DD and VMs on oncological outcomes, RFS, PFS, and
CSS were compared among the three groups using the Kaplan–Meier method and log-rank
test (Figure 3 and Table S2). No significant impact of concomitant DD and VMs was seen
for bladder recurrence. Compared with the pUC group, the UC-DD and UC-VM groups
were associated with favorable prognosis and poor prognosis for progression (p = 0.08)
and cancer-specific death (p < 0.01), respectively. Multivariate analysis revealed that con-
comitant VMs, not DD, was a strong independent factor for cancer-specific death (HR, 3.89;
95% CI, 1.55−9.77).
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The UC-DD group displayed better survival outcomes than the pUC group (Figure 3).
Based on this finding, we decided to further explore the clinical impact of VMs in terms of
response to intravesical BCG. The background and outcomes of 30 patients in the UC-VM
group are listed in Table S3. Of them, eight (27%) and five (17%) patients experienced
bladder recurrence and progression, respectively, and five of the latter five patients ex-
periencing progression died of bladder cancer. Notably, unresectable metastatic lesions
occurred suddenly in three (no. 8, 15, and 24) of these five patients.

3.3. IPTW-Adjusted Comparison of Outcomes between the pUC and UC-VM Groups

IPTW analysis was applied to adjust for patient characteristics between the pUC
and UC-VM groups and decrease the influence of possible confounding factors (Table 2).
All weighted baseline characteristics included in the propensity score model were closely
balanced between the two groups. Univariate and multivariate Cox regression analyses
for RFS, PFS, and CSS with unadjusted cohort and the IPTW-adjusted model are shown
in Tables S4–S6. Cox regression analysis using IPTW adjustment demonstrated that the
impact of concomitant VMs was significant for CSS (Table 3; multivariate analysis; HR, 3.38;
95% CI, 1.92–5.93; p < 0.01) but not RFS (univariate analysis; HR, 0.86; 95% CI, 0.25–2.95;
p = 0.81) and PFS (univariate analysis; HR, 1.88; 95% CI, 0.49–7.21; p = 0.36).

265



Cancers 2021, 13, 2615

Table 2. Baseline characteristics of patients with T1 high-grade tumor who received intravesical Bacillus Calmette–Guérin
(BCG) treatment—before and after adjustment.

Valiables
Unweighted Population (n) IPTW Population

Pure UC
(pUC)

UC with
VMs

(UC-VM)
p Value SMD Pure UC

(pUC)

UC with
VMs

(UC-VM)
SMD

N 1395 30 1425 1442
Age, mean ± SD 70.7 ± 9.5 67.4 ± 9.8 0.06 # 0.35 70.7 ± 9.4 69.8 ± 1.4 0.13

Sex 1.00 ## 0.014 0.16
Male 1155 (83%) 25 (83%) 83% 88%

Female 240 (17%) 5 (17%) 17% 12%
Multiplicity 0.13 ## 0.28 0.19

Single 503 (36%) 15 (50%) 36% 27%
Multiple 892 (64%) 15 (50%) 64% 73%

Tumor size 0.83 ## 0.021 0.047
<3 cm 1082 (78%) 23 (77%) 77% 79%
≥3 cm 313 (22%) 7 (23%) 23% 21%

Bladder CIS 0.85 ## 0.044 0.132
No 854 (61%) 19 (63%) 61% 45%
Yes 541 (39%) 11 (37%) 39% 55%

Prostate-involving CIS 1.00 ## 0.199 0.197
No 1368 (98%) 30 (100%) 98% 100%
Yes 27 (1.9%) 0 (0%) 1.9% 0%

LVI <0.01 ## 0.64 0.030
No 1275 (91%) 20 (67%) 91% 92%
Yes 120 (9.1%) 10 (33%) 9.1% 8.3%

Second TUR 0.14 ## 0.32 0.026
No 629 (45%) 9 (30%) 45% 46%

Yes 766 (55%) 21 (70%) 55% 54%
Maintenance BCG 0.81 ## 0.085 0.20

No 1167 (84%) 26 (87%) 84% 76%
Yes 228 (16%) 4 (13%) 16% 24%

NMIBC, non-muscle invasive bladder cancer; IPTW, inverse probability of treatment weighting; UC, urothelial carcinoma; VMs, variant
morphologies; SMD, standardized mean difference; SD, standard deviation; CIS, carcinoma in situ; LVI, lymphovascular invasion; TUR,
transurethral resection; # Kruskal-Wallis test; ## Chi-square test.

Table 3. Inverse probability of treatment weighting (IPTW)-adjusted multivariate Cox proportional hazard regression
analysis for oncological outcomes.

Oncological
Outcomes Variables HR 95% CI p Value

Bladder
Recurrence-Free

Survival
Age ≥70 yo/<70 yo 1.31 1.07–1.60 <0.01

Multiplicity multiple/solitary 1.46 1.18–1.80 <0.01
Prostate-involving

CIS yes/no 2.96 1.82–4.79 <0.01

LVI yes/no 1.45 1.06–1.97 0.02
Second TUR yes/no 0.73 0.60–0.89 <0.01

Maintenance BCG yes/no 0.49 0.36–0.68 <0.01
Progression-free

survival
Age ≥ 70 yo/<70 yo 1.25 0.93–1.67 0.14

Prostate-involving
CIS yes/no 3.38 1.92–5.93 <0.01

LVI yes/no 1.56 1.02–2.37 0.04
Second TUR yes/no 0.75 0.56–1.00 0.05

Maintenance BCG yes/no 0.59 0.37–0.94 0.03
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Table 3. Cont.

Oncological
Outcomes Variables HR 95% CI p Value

Cancer-specific
survival

Age ≥ 70 yo/<70 yo 1.90 1.15–3.13 0.01
Histology type UC-VM/pUC 3.38 1.92–5.93 <0.01

Second TUR yes/no 0.58 0.34–0.97 0.04

HR, hazard ratio; CI, confidence interval; CIS, carcinoma in situ; LVI, lymphovascular invasion; TUR, transurethral resection; BCG, Bacillus
Calmette-Guérin; UC-VM, urothelial carcinoma with variant morphologies; pUC, pure urothelial carcinoma.

4. Discussion

We investigated the impact of concomitant DD and VMs in TUR specimens in T1/HG
NMIBC patients who received intravesical BCG treatment. In our cohort, the frequency
of some forms of DD or VMs was 6.4% (95/1490), which seemed to be much lower than
that in previous studies [6,7,9,10]. This would be strongly attributed to biased patient
selection. As our cohort included only T1/HG NMIBC patients treated with intravesical
BCG treatment, we counted neither patients with NMIBC undergoing immediate RC nor
MIBC patients. The European Association of Urology states that micropapillary, plasmacy-
toid, and sarcomatoid variants are associated with poorer prognosis [3]. In addition, the
National Comprehensive Cancer Network Clinical guidelines recommend immediate RC
for T1 NMIBC with micropapillary, plasmacytoid, and sarcomatoid variants [4]. However,
this real-world data displayed treatment outcomes of a few cases with rare VMs, such
as sarcomatoid, clear cell, microcytic, and giant cell variants. Although there were no
patients with the plasmacytoid variant here, our findings highlight the favorable response
to intravesical BCG against T1 disease with rare VMs.

Metastatic lesion occurs usually after local progression to MIBC in patients with T1
bladder UC. In our cohort, unresectable metastatic lesions occurred suddenly in three (60%)
of five UC-VMs patients who experienced disease progression. Concomitant VMs can be
characterized by a highly metastatic potential. As to micropapillary variant, a large multi-
institutional cohort study demonstrated that micropapillary variant was associated with
higher pathologic stage and LVI in MIBC patients who underwent radical cystectomy [28].
This finding strongly implies UC with micropapillary variant presents higher capability of
invasion and metastasis. Regarding the prognosis of T1 UC with micropapillary variant,
previous study by Willis et al. [19] concluded improved survival was seen in those patients
who underwent immediate RC, while some patients may respond to intravesical BCG.
However, future precision medicine such as detailed molecular analysis would be required
to identify subsets who can be managed by bladder-preservation therapy. To date, various
types of analyses have been reported to evaluate the efficacy of intravesical BCG for NMIBC
with DD or VMs. Yorozuya et al. [29] compared the outcomes between BCG-treated and
non-BCG-treated patients with UC with DD, concluding that intravesical BCG may provide
clinical benefit. Suh et al. conducted comparative analysis of immediate RC, intravesical
BCG, and no treatment groups for UC with DD, demonstrating that intravesical BCG could
be an appropriate treatment option [30]. Furthermore, Shapur and Gofrit et al. reported
unfavorable outcomes of 22 NMIBC patients with concomitant DD or VMs treated with
intravesical BCG [21]. The same group later compared the outcomes after intravesical
BCG between 41 patients with NMIBC with DD or VMs and 140 control patients with
pure UC, interpreting that concomitant DD or VMs was associated with significantly
worse prognosis [20]. However, these retrospective studies did not separately evaluate the
UC-DD and UC-VM groups, and thus, do not provide insight into their differences. Our
study adopted a two-step prognostic analysis: conventional multivariate Cox regression
analysis for all three groups (pUC, UC-DD, and UC-VM) and subsequent IPTW-adjusted
analysis for the selected two groups (pUC and UC-VM). Our first-step analysis revealed
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favorable survival outcomes of UC-DD groups that were consistent with the results from
previous studies [29,30]. Notably, Gofrit et al. [20] reported that none of nine patients with
glandular differentiation experienced bladder recurrence, progression, or cancer-specific
death. Similarly, no patient with glandular or squamous differentiation in our cohort died
of bladder cancer progression (Figure 3C).

Another issue to be discussed is underdiagnosis and misdiagnosis of rare histological
UC variants in pathological reports for TUR specimens. A previous study demonstrated
that the involvement of experienced uropathologists in the process of pathological diag-
nosis is of great importance, increasing the detection rate of UC variants, especially for
sarcomatoid variants [31]. Regarding the concordance between histological diagnoses for
TUR and RC specimens, the detection rate of UC variants was 6.4% and 14.1% of TUR and
RC specimens, respectively [32]. Despite significant lack of concordance in UC variants
between TUR and RC specimens, concomitant DDs or VMs were still associated with unfa-
vorable clinical outcomes. Unfortunately, the involvement of experienced uropathologists
did not increase the concordance rate between histological diagnoses of UC variants for
TUR and RC specimens [31], suggesting that underdiagnosis of UC variants at TUR speci-
mens might be unavoidable even with the involvement of experienced uropathologists in
the diagnostic process.

This study had several limitations. First, its retrospective nature had an inherent
potential for selection bias; for example, the criteria, dose, and schedule of BCG treatment
depended on the institutional protocol and physician’s discretion. The cohort was derived
from multiple institutions, which could introduce inconsistencies in surgical skills, clinical
interpretations, and pathological diagnoses. Second, because all the collaborative institutes
are academic hospitals, it was assumed that the pathologists were well-experienced with
urogenital cancer diagnosis. However, the pathological skill and insight could vary among
institutes. Third, we did not include patients who underwent immediate RC and did not
evaluate how beneficial intravesical BCG was when compared with the RC-treated or the
untreated group. The rate of selection of immediate RC and other alternative treatment and
the outcome of those patients are not available. Finally, we did not evaluate the possible
impact of the amount of concomitant DD or VMs on the diagnosis. The 2016 WHO blue
book recommends that pathologists report the percentage of variants in the pathology
report.

5. Conclusions

Except for some rare variants, DD or VMs are often seen in bladder UC. Our two-
step prognostic analysis clearly demonstrated that UC-VM was associated with poor
outcomes in comparison to UC-DD. We conducted IPTW-adjusted analysis to investigate
the real clinical impact of concomitant VMs. This aggressive subset should be clearly
separated from UC-DD in terms of response to intravesical BCG. Our study should help
both urologists and pathologists better understand the clinical and biological behavior
of UC-VM and the potential of bladder-preservation therapy using intravesical BCG.
We believe that our findings will help establish optimized treatment strategies such as
precision medicine for this aggressive UC subset.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13112615/s1, Table S1: Clinicopathological variables of patients with T1 high-grade
tumor treated with intravesical Bacillus Calmette–Guérin (BCG) and comparison according to diver-
gent differentiation (DD) and variant morphologies (VM)., Table S2: Prognostic variables in patients
with T1 high-grade tumor treated using intravesical Bacillus Calmette–Guérin (BCG)., Table S3:
Background and outcomes of 30 patients with T1 high-grade tumor with variant morphologies (VMs).
Table S4: Cox proportional hazard regression models for bladder recurrence-free survival., Table S5:
Cox proportional hazard regression models for progression-free survival., Table S6: Cox proportional
hazard regression models for cancer-specific survival.

268



Cancers 2021, 13, 2615

Author Contributions: Conceptualization, M.M., R.T., and T.K. (Takashi Kobayashi); methodol-
ogy, N.N. (Nobutaka Nishimura); validation, T.O., S.H., and T.S.; formal analysis, N.N. (Nobu-
taka Nishimura); investigation, R.N., S.T., A.T., H.K. (Hiroshi Kikuchi), T.A., N.S., E.O. and Y.M.;
data curation, K.I.; writing—original draft preparation, M.M.; writing—review and editing, K.F. and
T.K. (Takahiro Kojima); visualization, T.F.; supervision, N.T., N.N. (Naotaka Nishiyama) and H.K.
(Hiroshi Kitamura); project administration, H.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved on 23 May 2019 by the Institutional Review Board of each
participating institute (reference protocol ID: NMU-2217) of the Japan Urological Oncology Group
framework. Official names of institutional review board of each collaborating institute are listed
here: the Medical ethics committee at Osaka University; the ethics committee of Kagawa University
Faculty of Medicine; the Ethics Committee on Clinical Research, Kagoshima University; the Medical
Ethics Committee for Kitasato University; the Kyushu University Hospital Ethics Committee; the
Ethics Committee Graduate School and Faculty of Medicine Kyoto University; the Ethics committee
of The Jikei University School of Medicine for Biomedical Research; the Ethics Committee of Shimane
University; the Ethics Committee of Chiba University; the Ethics in Human Subject Research at the
University of Tsukuba; the Ethics Committee of University of Toyama; the Ethical committee of
Harasanshin Hospital; the Committee of Medical Ethics of Hirosaki University Graduate School of
Medicine; the Independent Ethics Committee of Hokkaido University Graduate School of Medicine;
the Ethical Review Committee of Yamagata University Faculty of Medicine; the Research Ethics
Committee of University of Miyazaki; the Medical Ethics Review board of the Kyoto Prefectural
University of Medicine; the Ethical committee of National Cancer Center Research Institute; the
Ethical committee National Cancer Center Research Institute East; the Shikoku Cancer Center Ethics
Committee; the Akita University School of Medicine Ethics Committee; Tottori University Faculty of
Medicine Ethics Committee; the Tohoku University Graduate School of Medicine Ethics Committee;
the Ethics Committee of Hamamatsu University School of Medicine; the Ethics Committee of Nara
Prefecture General Medical Center; the Ethics Committee of Kokuho Chuo Hospital; the Ethics
Committee of Nara City Hospital; the Ethics Committee of Yamato Koriyama Hospital; the Ethics
Committee of Hirao Hospital; the Ethics Committee of Saiseikai Chuwa Hospital.

Informed Consent Statement: An opt-out approach was used to obtain informed consent from the
patients and personal information was protected during data collection.

Data Availability Statement: The data presented in this study are available in present article and
supplementary.

Acknowledgments: The clinicopathological statistics are based on the results of contributions from
several institutions in Japan. We thank the contributions of many urologists who are not listed as
co-authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]
2. Miyake, M.; Iida, K.; Nishimura, N.; Miyamoto, T.; Fujimoto, K.; Tomida, R.; Matsumoto, K.; Numakura, K.; Inokuchi, J.;

Morizane, S.; et al. Non-maintenance intravesical Bacillus Calmette–Guérin induction therapy with eight doses in patients with
high- or highest-risk non-muscle invasive bladder cancer: A retrospective non-randomized comparative study. BMC Cancer 2021,
21, 266. [CrossRef] [PubMed]

3. Babjuk, M.; Burger, M.; Compérat, E.M.; Gontero, P.; Mostafid, A.H.; Palou, J.; van Rhijn, B.W.G.; Rouprêt, M.; Shariat, S.F.;
Sylvester, R.; et al. European Association of Urology Guidelines on Non-muscle-invasive Bladder Cancer (TaT1 and Carcinoma
In Situ)—2019 Update. Eur. Urol. 2019, 76, 639–657. [CrossRef] [PubMed]

4. Flaig, T.; Spiess, P.; Agarwal, N.; Bangs, R.; Boorjian, S.A.; Buyyounouski, M.K.; Chang, S.; Downs, T.M.; Efstathiou, J.A.;
Friedlander, T.; et al. Bladder Cancer, Version 3.2020, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw.
2020, 18, 329–354. [CrossRef] [PubMed]

269



Cancers 2021, 13, 2615

5. Chang, S.S.; Bochner, B.H.; Chou, R.; Dreicer, R.; Kamat, A.M.; Lerner, S.P.; Lotan, Y.; Meeks, J.J.; Michalski, J.M.; Morgan, T.M.;
et al. Treatment of Non-Metastatic Muscle-Invasive Bladder Cancer: AUA/ASCO/ASTRO/SUO Guideline. J. Urol. 2017, 198,
552–559. [CrossRef] [PubMed]

6. Matsumoto, H.; Shiraishi, K.; Azuma, H.; Inoue, K.; Uemura, H.; Eto, M.; Ohyama, C.; Ogawa, O.; Kikuchi, E.; Kitamura, H.; et al.
Clinical Practice Guidelines for Bladder Cancer 2019 update by the Japanese Urological Association: Summary of the revision.
Int. J. Urol. 2020, 27, 702–709. [CrossRef] [PubMed]

7. Miyamoto, T.; Miyake, M.; Toyoshima, Y.; Fujii, T.; Shimada, K.; Nishimura, N.; Iida, K.; Nakahama, T.; Hori, S.; Gotoh, D.; et al.
Clinical outcomes after intravesical bacillus Calmette–Guérin for the highest-risk non-muscle invasive bladder cancer newly
defined in the Japanese Urological Association Guidelines 2019. Int. J. Urol. 2021. [CrossRef] [PubMed]

8. Humphrey, P.A.; Moch, H.; Cubilla, A.L.; Ulbright, T.M.; Reuter, V.E. The 2016 WHO Classification of Tumours of the Urinary
System and Male Genital Organs-Part B: Prostate and Bladder Tumours. Eur. Urol. 2016, 70, 106. [CrossRef]

9. Santana, S.C.; de Souza, M.F.; Amaral, M.E.P.; Athanazio, D.A. Divergent differentiation and variant morphology in invasive
urothelial carcinomas–association with muscle-invasive disease. Surg. Exp. Pathol. 2020, 3, 14. [CrossRef]

10. Shah, R.B.; Montgomery, J.S.; Montie, J.E.; Kunju, L.P. Variant (divergent) histologic differentiation in urothelial carcinoma is
under-recognized in community practice: Impact of mandatory central pathology review at a large referral hospital. Urol. Oncol.
2013, 31, 1650–1655. [CrossRef]

11. Amin, M.B. Histological variants of urothelial carcinoma: Diagnostic, therapeutic and prognostic implications. Mod. Pathol. 2009,
22, S96–S118. [CrossRef]

12. Black, P.C.; Brown, G.A.; Dinney, C.P. The impact of variant histology on the outcome of bladder cancer treated with curative
intent. Urol. Oncol. 2009, 27, 3–7. [CrossRef] [PubMed]

13. Meeks, J.J.; Taylor, J.M.; Matsushita, K.; Herr, H.W.; Donat, S.M.; Bochner, B.H.; Dalbagni, G. Pathological response to neoadjuvant
chemotherapy for muscle-invasive micropapillary bladder cancer. BJU Int. 2013, 111, E325–E330. [CrossRef] [PubMed]

14. Siefker-Radtke, A.O.; Dinney, C.P.; Shen, Y.; Williams, D.L.; Kamat, A.M.; Grossman, H.B.; Millikan, R.E. A phase 2 clinical trial of
sequential neoadjuvant chemotherapy with ifosfamide, doxorubicin, and gemcitabine followed by cisplatin, gemcitabine, and
ifosfamide in locally advanced urothelial cancer: Final results. Cancer 2013, 119, 540–547. [CrossRef]

15. Dayyani, F.; Czerniak, B.A.; Sircar, K.; Munsell, M.F.; Millikan, R.E.; Dinney, C.P.; Siefker-Radtke, A.O. Plasmacytoid urothelial
carcinoma, a chemosensitive cancer with poor prognosis, and peritoneal carcinomatosis. J. Urol. 2013, 189, 1656–1661. [CrossRef]
[PubMed]

16. Burger, M.; Kamat, A.M.; McConkey, D. Does Variant Histology Change Management of Non-muscle-invasive Bladder Cancer?
Eur. Urol. Oncol. 2019. [CrossRef]

17. Pang, K.H.; Noon, A.P. Selection of patients and benefit of immediate radical cystectomy for non-muscle invasive bladder cancer.
Transl. Androl. Urol. 2019, 8, 101–107. [CrossRef] [PubMed]

18. Baumeister, P.; Zamboni, S.; Mattei, A.; Antonelli, A.; Simeone, C.; Mordasini, L.; DiBona, C.; Moschini, M. Histological variants
in non-muscle invasive bladder cancer. Transl. Androl. Urol. 2019, 8, 34–38. [CrossRef] [PubMed]

19. Willis, D.L.; Fernandez, M.I.; Dickstein, R.J.; Parikh, S.; Shah, J.B.; Pisters, L.L.; Guo, C.C.; Henderson, S.; Czerniak, B.A.;
Grossman, H.B.; et al. Clinical outcomes of cT1 micropapillary bladder cancer. J. Urol. 2015, 193, 1129–1134. Available online:
https://www.ncbi.nlm.nih.gov/pubmed/25254936 (accessed on 22 April 2021). [CrossRef]

20. Gofrit, O.N.; Yutkin, V.; Shapiro, A.; Pizov, G.; Zorn, K.C.; Hidas, G.; Gielchinsky, I.; Duvdevani, M.; Landau, E.H.; Pode, D.; et al.
The Response of Variant Histology Bladder Cancer to Intravesical Immunotherapy Compared to Conventional Cancer. Front
Oncol. 2016, 6, 43. [CrossRef]

21. Shapur, N.K.; Katz, R.; Pode, D.; Shapiro, A.; Yutkin, V.; Pizov, G.; Appelbaum, L.; Zorn, K.C.; Duvdevan, I.M.; Landau, E.H.; et al.
Is radical cystectomy mandatory in every patient with variant histology of bladder cancer. Rare Tumors 2011, 3, e22. [CrossRef]
[PubMed]

22. Vellinga, A.; Cormican, M.; Hanahoe, B.; Bennett, K.; Murphy, A.W. Opt-out as an acceptable method of obtaining consent in
medical research: A short report. BMC Med. Res. Methodol. 2011, 11, 40. [CrossRef] [PubMed]

23. Lamm, D.L.; Blumenstein, B.A.; Crissman, J.D.; Montie, J.E.; Gottesman, J.E.; Lowe, B.A.; Sarosdy, M.F.; Bohl, R.D.; Grossman,
H.B.; Beck, T.M.; et al. Maintenance bacillus Calmette-Guerin immunotherapy for recurrent TA, T1 and carcinoma in situ
transitional cell carcinoma of the bladder: A randomized Southwest Oncology Group Study. J. Urol. 2000, 163, 1124–1129.
[CrossRef]

24. Kamat, A.M.; Sylvester, R.J.; Böhle, A.; Palou, J.; Lamm, D.L.; Brausi, M.; Soloway, M.; Persad, R.; Buckley, R.; Colombel, M.;
et al. Definitions, End Points, and Clinical Trial Designs for Non-Muscle-Invasive Bladder Cancer: Recommendations from the
International Bladder Cancer Group. J. Clin. Oncol. 2016, 34, 1935–1944. [CrossRef]

25. Austin, P.C.; Stuart, E.A. Moving towards best practice when using inverse probability of treatment weighting (IPTW) using
the propensity score to estimate causal treatment effects in observational studies. Stat. Med. 2015, 34, 3661–3679. [CrossRef]
[PubMed]

26. Sylvester, R.J.; van der Meijden, A.P.M.; Oosterlinck, W.; Witjes, J.A.; Bouffioux, C.; Denis, L.; Newling, D.W.; Kurth, K. Predicting
recurrence and progression in individual patients with stage Ta T1 bladder cancer using EORTC risk tables: A combined analysis
of 2596 patients from seven EORTC trials. Eur. Urol. 2006, 49, 466–475. [CrossRef] [PubMed]

270



Cancers 2021, 13, 2615

27. Fernandez-Gomez, J.; Madero, R.; Solsona, E.; Unda, M.; Martinez-Piñeiro, L.; Gonzalez, M.; Portillo, J.; Ojea, A.; Pertusa, C.;
Rodriguez-Molina, J.; et al. Predicting nonmuscle invasive bladder cancer recurrence and progression in patients treated with
Bacillus Calmette–Guerin: The Cueto scoring model. J. Urol. 2009, 182, 2195–2203. [CrossRef]

28. Mitra, A.P.; Fairey, A.S.; Skinner, E.C.; Boorjian, S.A.; Frank, I.; Schoenberg, M.P.; Bivalacqua, T.J.; Hyndman, M.E.; Reese, A.C.;
Steinberg, G.D.; et al. Implications of micropapillary urothelial carcinoma variant on prognosis following radical cystectomy:
A multi-institutional investigation. Urol. Oncol. 2019, 37, 48–56. [CrossRef]

29. Yorozuya, W.; Nishiyama, N.; Shindo, T.; Kyoda, Y.; Itoh, N.; Sugita, S.; Hasegawa, T.; Masumori, N. Bacillus Calmette-Guérin
may have clinical benefit for glandular or squamous differentiation in non-muscle invasive bladder cancer patients: Retrospective
multicenter study. Jpn. J. Clin. Oncol. 2018, 48, 661–666. [CrossRef]

30. Suh, J.; Moon, K.C.; Jung, J.H.; Lee, J.; Song, W.H.; Kang, Y.J.; Jeong, C.W.; Kwak, C.; Kim, H.H.; Ku, J.H. BCG instillation versus
radical cystectomy for high-risk NMIBC with squamous/glandular histologic variants. Sci. Rep. 2019, 9, 15268. [CrossRef]
[PubMed]

31. Mantica, G.; Simonato, A.; Du Plessis, D.E.; Maffezzini, M.; De Rose, A.F.; van der Merwe, A.; Terrone, C. The pathologist’s role in
the detection of rare variants of bladder cancer and analysis of the impact on incidence and type detection. Minerva Urol. Nefrol.
2018, 70, 594–597. [CrossRef] [PubMed]

32. Cai, T.; Tiscione, D.; Verze, P.; Pomara, G.; Racioppi, M.; Nesi, G.; Barbareschi, M.; Brausi, M.; Gacci, M.; Luciani, L.G.; et al.
Concordance and clinical significance of uncommon variants of bladder urothelial carcinoma in transurethral resection and
radical cystectomy specimens. Urology 2014, 84, 1141–1146. [CrossRef] [PubMed]

271





cancers

Article

Prognostic Impact of AHNAK2 Expression in Patients Treated
with Radical Cystectomy

Dai Koguchi, Kazumasa Matsumoto *, Yuriko Shimizu, Momoko Kobayashi, Shuhei Hirano, Masaomi Ikeda,
Yuichi Sato and Masatsugu Iwamura

Citation: Koguchi, D.; Matsumoto,

K.; Shimizu, Y.; Kobayashi, M.;

Hirano, S.; Ikeda, M.; Sato, Y.;

Iwamura, M. Prognostic Impact of

AHNAK2 Expression in Patients

Treated with Radical Cystectomy.

Cancers 2021, 13, 1748. https://

doi.org/10.3390/cancers13081748

Academic Editor: José I. López

Received: 7 March 2021

Accepted: 6 April 2021

Published: 9 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Urology, Kitasato University School of Medicine, 1-15-1 Kitasato Minami-ku Sagamihara,
Kanagawa 252-0374, Japan; dai.k@med.kitasato-u.ac.jp (D.K.); yulico@med.kitasato-u.ac.jp (Y.S.);
momoko_dus@yahoo.co.jp (M.K.); s.hirano@med.kitasato-u.ac.jp (S.H.); ikeda.masaomi@grape.plala.or.jp (M.I.);
sato.yuichi@kobal.co.jp (Y.S.); miwamura@med.kitasato-u.ac.jp (M.I.)
* Correspondence: kazumasa@cd5.so-net.ne.jp; Tel.: +81-42-778-9091; Fax: +81-42-778-9374

Simple Summary: Unfavorable results following radical cystectomy for bladder cancer (BCa) high-
lights a critical need for a novel prognostic molecular biomarker with potential therapeutic benefits.
In the present study, the expression levels of AHNAK2 in specimens obtained by radical cystectomy
were classified as “low expression” or “high expression” by immunohistochemical staining. Then, we
retrospectively evaluated associations between the two AHNAK2 expression patterns and the prog-
noses in terms of recurrence-free survival (RFS) and cancer-specific survival (CSS). Our multivariate
analysis, adjusting for the effects of clinicopathological features, showed that the high expression
level of AHNAK2 was an independent risk factor for RFS and CSS. The present study showed that
AHNAK2 acts as a novel prognostic biomarker in patients with radical cystectomy for BCa.

Abstract: Data regarding expression levels of AHNAK2 in bladder cancer (BCa) have been very
scarce. We retrospectively reviewed clinical data including clinicopathological features in 120 patients
who underwent radical cystectomy (RC) for BCa. The expression levels of AHNAK2 in the specimens
obtained by RC were classified as low expression (LE) or high expression (HE) by immunohistochem-
ical staining. Statistical analyses were performed to compare associations between the two AHNAK2
expression patterns and the prognoses in terms of recurrence-free survival (RFS) and cancer-specific
survival (CSS). A Kaplan–Meier analysis showed that patients with HE had a significantly worse RFS
and CSS than those with LE (hazard ratio [HR]: 1.78, 95% confidence interval [CI]: 1.02–2.98, p = 0.027
and HR: 1.91, 95% CI: 1.08–3.38, p = 0.023, respectively). In a multivariate analysis, independent risk
factors for worse RFS and CSS were shown as HE (HR: 1.96, 95% CI: 1.08–3.53, p = 0.026 and HR: 2.22,
95% CI: 1.14–4.31, p = 0.019, respectively) and lymph node metastasis (HR: 2.04, 95% CI: 1.09–3.84,
p = 0.026 and HR: 1.19, 95% CI: 1.25–4.97, p = 0.009, respectively). The present study showed that
AHNAK2 acts as a novel prognostic biomarker in patients with RC for BCa.

Keywords: bladder cancer; radical cystectomy; AHNAK2; prognosis

1. Introduction

Bladder cancer (BCa) is the most common malignancy of the urinary tract and the
fourth most common cancer in men [1]. For the last three decades, radical cystectomy (RC)
has been the gold-standard treatment in patients with muscle-invasive BCa (MIBC) and
the non-muscle-invasive BCa (NMIBC) that is refractory to intravesical therapy. Despite
advances in surgical techniques and an improved understanding of the role of pelvic
lymphadenectomy, recurrences after RC usually occur within the first 2–3 years, giving a
5-year survival for only about 50% of patients [2,3]. Moreover, once MIBC metastasizes, a
five-year survival rate was dismal at less than 10% even with salvage treatments [3].

To improve such unfavorable results following RC [4], great efforts have been made
for the investigation of prognostic factors related to the surgery [5]. Currently, management
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of BCa still relies on histopathological parameters such as tumor stage, lymph node status,
and lymphovascular invasion (LVI) [5]. Although these prognostic variables have been
helpful in estimating the recurrence risk and survival outcomes of BCa, they do not largely
play predictive roles in the individual strategy. For example, some studies have shown that
the effect of neoadjuvant chemotherapy did not correlate with T stage [6,7]. Meanwhile,
in several other cancers, the use of molecular biomarkers as a guide to personalized
treatment has become standard, improving patients’ survival, especially in breast cancer [8].
Therefore, there is an urgent need to identify potential molecular markers of BCa, which
can serve as not only prognostic values but act as potential therapeutic targets.

AHNAK2, also known as C14orf78, is a member of the AHNAK family and was
originally found in mouse heart tissue extract, encoding a giant protein of more than
600 kilodaltons (kDa) [9]. Over the last seven years, overexpression of AHNAK2 has
been reported to be associated with poor prognosis in clear cell renal cell carcinoma,
pancreatic ductal adenocarcinoma, uveal melanoma, papillary thyroid carcinoma, and
lung adenocarcinoma [10–14]. Furthermore, previous studies indicated AHNKA2 as a
possible new therapeutic target in some cancers because it would play an important role
in regulating multiple tumor progression pathways, including mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK), phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT), hypoxia inducible factor-1α (HIF-1α), and transforming
growth factor-β (TGF-β)/Smad3 [10,12,15,16]. However, there are no data from inves-
tigations of the expression levels of AHNAK2 in patients following RC that consider
clinicopathological features.

We previously examined AHNAK in BCa tissues and successfully identified AHNAK2
in patients with RC for BCa [17]. The present study evaluates AHNAK2 expression levels
in patients and retrospectively investigates an association between AHNAK2 expression
levels and the prognosis adjusted by pathological variables obtained by RC.

2. Results
2.1. Tissues Immunostained for AHNAK2

Figure 1 shows representative tissue sections immunostained for AHNAK2 in normal
urothelial and tumor tissues (200×). In non-neoplastic tissues, AHNAK2 was observed
in the cytoplasm of smooth muscle cells in the muscular layer, peripheral nerve cells, en-
dothelial cells, macrophages, and tumor stromal fibroblasts. No, or only a weak, expression
was observed in the cytoplasm of normal urothelial cells (Figure 1A). In tumor tissues,
AHNAK2 was variously observed in the cytoplasm and/or plasma and nuclear membrane
of tumor cells (Figure 1B–D).
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Figure 1. Immunohistochemical analysis of AHNAK2 expression in normal urothelial and bladder carcinoma tissues. Mi-
croscopic images are representative normal urothelial and bladder cancer (BCa) tissues for AHNAK2 staining (200× mag-
nification). (A) AHNAK2-negative normal urothelial tissues. (B) AHNAK2-negative BCa tissues: score 0. (C) AHNAK2-
negative BCa tissues: Score 2. (D) AHNAK2-positive BCa tissues: Score 12. 

2.2. Patient Characteristics 
This study included 97 (80.8%) men and 23 (19.2%) women. The median time to a 

follow-up appointment was 38.8 months (range: 0.7–283.3 months; mean: 69.3 months). 
The patients’ characteristics are listed in Table 1. Patients with low expression (LE) and 
high expression (HE) of AHNAK2 accounted for 46.7% (n = 56) and 53.3% (n = 64), respec-
tively. Of all patients, 50.8% (n = 61) had tumor recurrence and 42.5% (n = 51) experienced 
cancer death, with a significantly higher proportion in the HE group than in the LE group 
in terms of both parameters (recurrence: 57.8% vs. 42.9%, respectively, p = 0.027; cancer 
death: 50.0% vs. 33.9%, respectively, p = 0.023). 

(C) 

(D) 

Figure 1. Immunohistochemical analysis of AHNAK2 expression in normal urothelial and bladder carcinoma tissues. Microscopic
images are representative normal urothelial and bladder cancer (BCa) tissues for AHNAK2 staining (200× magnification). (A)
AHNAK2-negative normal urothelial tissues. (B) AHNAK2-negative BCa tissues: score 0. (C) AHNAK2-negative BCa tissues: Score 2.
(D) AHNAK2-positive BCa tissues: Score 12.

2.2. Patient Characteristics

This study included 97 (80.8%) men and 23 (19.2%) women. The median time to a
follow-up appointment was 38.8 months (range: 0.7–283.3 months; mean: 69.3 months).
The patients’ characteristics are listed in Table 1. Patients with low expression (LE) and high
expression (HE) of AHNAK2 accounted for 46.7% (n = 56) and 53.3% (n = 64), respectively.
Of all patients, 50.8% (n = 61) had tumor recurrence and 42.5% (n = 51) experienced cancer
death, with a significantly higher proportion in the HE group than in the LE group in terms
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of both parameters (recurrence: 57.8% vs. 42.9%, respectively, p = 0.027; cancer death: 50.0%
vs. 33.9%, respectively, p = 0.023).

Table 1. Comparison of clinical and pathological characteristics of patients with either low or high
expressions of AHNAK2.

LE (n = 56) HE (n = 64) p-Value

Age
≤65 29 (51.8) 33 (51.6)

0.98>65 27 (48.2) 31 (48.4)
Sex

Male 51 (91.1) 46 (71.2)
0.01Female 5 (8.9) 18 (28.8)

T stage
pTa 2 (3.6) 0

0.047

pTis 2 (3.6) 1 (1.6)
pT1 11 (19.6) 7 (10.9)
pT2 18 (32.1) 11 (17.2)
pT3 16 (28.6) 30 (46.9)
pT4 7 (12.5) 15 (23.4)

N stage
pN0 45 (80.3) 43 (67.2)

0.027≥pN1 10 (17.8) 16 (25.0)
Unknown 1 (1.8) 5 (7.8)

Grade
G1/2 23 (41.1) 23 (35.9)

0.57G3 32 (57.1) 41 (64.1)
Unknown 1 (1.8) 0

LVI
Negative 24 (42.9) 15 (23.4)

0.003Positive 28 (50.0) 43 (67.2)
Unknown 4 (7.1) 6 (9.4)

CIS
Negative 49 (87.5) 55 (85.9)

0.97Positive 7 (12.5) 8 (12.5)
Unknown 0 1 (1.6)
Adjuvant

chemotherapy
Yes 8 (14.3) 12 (18.8)

0.51No 48 (85.7) 52 (81.2)
Salvage

chemotherapy
Response 2 (22.2) 3 (27.3)

0.80No Response 7 (77.8) 8 (72.7)
Recurrence

Yes 24 (42.9) 37 (57.8)
0.027No 32 (57.1) 27 (42.2)

Cancer death
Yes 19 (33.9) 32 (50.0)

0.023No 37 (66.1) 32 (50.0)
Follow-up, months

(IQR) 51.0 (21–133) 20.0 (11–98.5) 0.075

Unless otherwise stated, values are medians with ranges in parentheses or numbers of patients with percentages
in parentheses. LE, low expression; HE, high expression; LVI, lymphovascular invasion; CIS, carcinoma in situ;
IQR, interquartile range.

Numbers of each clinical T stage before RC in the LE and the HE group were as follows;
Ta: 1 (1.8%) and 1 (1.6%), Tis: 3 (5.4%) and 1 (1.6%), T1: 15 (26.8%) and 10 (15.6%), T2: 14
(25.0%) and 9 (14.1%), T3: 15 (26.8%) and 28 (43.7%), and T4: 8 (14.2%) and 15 (23.4%),
respectively. In terms of clinical N stage, patients with node involvement were 5 in the LE
and 11 in the HE group.
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With the exclusion of a small number of unknown cases due to unavailable data,
patients in the HE group had a significantly higher proportion of MIBC, lymph node
metastasis, and LVI (p = 0.047, p = 0.027, and p = 0.003, respectively) than patients in the
LE group.

Not all patients received adjuvant chemotherapy (AC), but all those who did a
platinum-based chemotherapy. The recurrence rate in the HE group was not significantly
different between patients with AC and those who without AC (n = 7: 58.3% and n = 30:
57.7%, respectively, p = 0.97); the results were similar in the LE group (n = 4: 50% and
n = 20: 41.7%, respectively, p = 0.68). In terms of patients with AC (n = 20), there was no
significant difference in the recurrence rate between the two groups (p = 0.71). Of all the
patients who received salvage chemotherapy (SC) (n = 20), 80% (n = 16; n = 7: 35% in the
LE group and n = 9: 45% in the HE group) received platinum-based chemotherapy for the
disease progression after RC. The response rates of SC between the HE and LE groups
were not significantly different (27.3% and 22.2%, respectively, p = 0.80), and 80% (4/5) of
all patients with the response experienced cancer death thereafter.

2.3. Survival Analysis Using Kaplan-Meier Methods for RFS and CSS in Terms of Two Types of
AHNAK2 Expression

A Kaplan–Meier analysis showed that patients in the HE group had a significantly
worse recurrence-free survival (RFS) than those in the LE group (hazard ratio [HR]: 1.78,
95% confidence interval [CI]: 1.02–2.98, p = 0.027; Figure 2). The cumulative RFS rates for
patients in the HE and LE groups were 62.1% and 85.2% at one year, 46.7% and 73.6% at two
years, and 41.2% and 56.3% at five years, respectively. The mean times to recurrence after
RC for patients in the HE and LE groups were 14.9 months and 25.2 months (p = 0.003),
respectively. In terms of cancer death, a Kaplan–Meier analysis showed that patients in
the HE group had a significantly worse cancer-specific survival (CSS) than those in the
LE group (HR: 1.91, 95% CI: 1.08–3.38, p = 0.023; Figure 3). The cumulative CSS rates for
patients in the HE and LE groups were 74.9% and 90.7% at one year, 52.3% and 80.0%
at two years, and 46.7% and 67.7% at five years, respectively. The mean times to cancer
death from RC in patients in the HE and LE groups were 15.4 months and 29.2 months
(p = 0.006), respectively.
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worse cancer-specific survival than those in the low expression (LE) group.

2.4. Univariate and Multivariate Analyses of Prognostic Factors for RFS and CSS

A univariate analysis showed that the recurrence was associated with HE, MIBC,
lymph node metastasis, and LVI; a multivariate analysis adjusted for the effects of clinico-
pathological features showed that HE and lymph node metastasis were independent risk
factors for the recurrence (Table 2). In terms of cancer death, a univariate analysis showed
that cancer death was associated with HE, lymph node metastasis, and LVI; a multivariate
analysis showed that HE and lymph node metastasis were independent risk factors for
cancer death (Table 3).

Table 2. Univariate and multivariate analyses for worse recurrence-free survival. AHNAK2, T stage, N stage, grade, lym-
phovascular invasion (LVI), and carcinoma in situ (CIS) were evaluated, and statistically significant values are highlighted
in bold.

Variable Category Univariate Analysis Multivariate Analysis
HR 95% CI p-Value HR 95% CI p-Value

AHNAK2
HE 1.78 1.02–2.98 0.027 1.96 1.08–3.53 0.026
LE 1.0 1.0

T stage MIBC 2.24 1.14–4.41 0.019 1.66 0.64–4.28 0.30
NMIBC 1.0 1.0

N stage ≥pN1 2.86 1.67–4.89 <0.001 2.04 1.09–3.84 0.026
pN0 1.0 1.0

Grade
G3 1.47 0.83–2.60 0.18 1.12 0.55–2.27 0.75

G1/2 1.0 1.0

LVI
Positive 2.52 1.35–4.71 0.004 1.12 0.55–2.27 0.75

Negative 1.0 1.0

CIS
Positive 0.64 0.29–1.41 0.27 1.16 0.48–2.84 0.73

Negative 1.0 1.0

HR, hazard ratio; CI, confidence interval; HE, high expression; LE, low expression; MIBC, muscle-invasive bladder cancer; NMIBC,
nonmuscle-invasive bladder cancer; LVI, lymphovascular invasion; CIS, carcinoma in situ.
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Table 3. Univariate and multivariate analyses for worse cancer-specific survival. AHNAK2, T stage,
N stage, grade, LVI, and CIS were evaluated, and statistically significant values are highlighted
in bold.

Variable Category Univariate Analysis Multivariate Analysis
HR 95% CI p-Value HR 95% CI p-Value

AHNAK2
HE 1.91 1.08–3.38 0.023 2.22 1.14–4.31 0.019
LE 1.0 1.0

T stage MIBC 2.01 0.98–4.13 0.057 1.44 0.50–4.11 0.68
NMIBC 1.0 1.0

N stage ≥pN1 3.03 1.69–5.45 <0.001 1.19 1.25–4.97 0.009
pN0 1.0 1.0

Grade
G3 1.65 0.87–3.15 0.13 1.17 0.54–2.56 0.69

G1/2 1.0 1.0

LVI
Positive 2.43 1.23–4.80 0.01 1.19 0.53–2.64 0.68

Negative 1.0 1.0

CIS
Positive 0.42 0.15–1.18 0.101 0.57 0.17–1.91 0.37

Negative 1.0 1.0
HR, hazard ratio; CI, confidence interval; HE, high expression; LE, low expression; MIBC, muscle-invasive bladder
cancer; NMIBC, nonmuscle-invasive bladder cancer; LVI, lymphovascular invasion; CIS, carcinoma in situ.

2.5. Subgroup Analysis of Associations between AHNAK2 and Some Proteins

Table 4 shows associations in patients between the two types of AHNAK2 expressions
and other proteins including S100A2, S100A4, S100A8, S100A9, and nestin. Patients in the
HE group had a significantly higher proportion of S100A4, S100A8, S100A9, and nestin
than those in the LE group.

Table 4. Associations in patients between the two types of AHNAK2 expressions and S100A2,
S100A4, S100A8, S100A9, and nestin. Statistically significant values are highlighted in bold.

Protein LE (n = 56) HE (n = 64) p-Value

S100A2
Normal 16 (28.6) 12 (18.8)

0.15Abnormal 19 (33.9) 31 (48.4)
S100A4
Normal 22 (39.3) 15 (23.4)

0.022Abnormal 13 (23.2) 28 (43.8)
S100A8
Normal 24 (42.9) 20 (31.1)

0.015Abnormal 7 (12.5) 22 (34.4)
S100A9
Normal 28 (50) 20 (31.1)

<0.001Abnormal 3 (5.4) 22 (34.4)
Nestin

Negative 36 (64.3) 35 (54.6)
0.005Positive 1 (1.8) 12 (18.8)

Values are numbers of patients with percentages in parentheses. The numbers (percentages) of patients in the LE
and HE groups for whom protein information was not available are as follows: S100A2/4: 21 (37.5) and 21 (32.8),
respectively; S100A8/9: 25 (44.6) and 22 (34.4), respectively; Nestin, 19 (33.9) and 17 (26.6), respectively. LE, low
expression; HE, high expression.

3. Discussion

Currently, an evaluation of AHNAK2 in BCa has been very limited. As a diagnostic
marker, AHNAK2 could immunohistochemically differentiate between inflammatory
changes and carcinoma in situ (CIS) [18]. In terms of the prognostic value, only a few studies
have been performed and reported that a higher expression of AHNAK2 was associated
with shorter overall survival in BCa [13,19]. However, these previous studies were based on
gene enrichment analyses and focused on an association between gene types and survival
duration without adjusting clinical information. Hence, the present study retrospectively
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investigated the clinicopathological features and prognosis in 120 patients treated with
RC in terms of the protein expression levels of AHNAK2. Consequently, we found that in
patients with HE, the level of expression was related to biological aggressiveness such as
for MIBC, lymph node metastasis, and LVI, with worse RFS and CSS and with about a year
less time to recurrence and cancer death in comparison with those with LE. Furthermore,
the multivariate analysis using the Cox proportional hazards regression model showed that
HE and lymph node metastasis were independent predictors of worse RFS and CSS. Taken
together, these results highlight the significant prognostic value of AHNAK2 in patients
with BCa.

Pan-cancer analyses revealed the functional roles of AHNAK2 in the epithelial-
mesenchymal transition (EMT), which plays a key role as a tumor promoter by allowing
epithelial cells to gain a range of mesenchymal characteristics [13,14]. Analyses based on
clinical specimens showed that AHNAK2 regulated the EMT via a TGF-β/Smad3 pathway
in lung adenocarcinoma and a hypoxia inducible factor-1α/zinc finger E-box-binding
homeobox 1 (HIF-1/ZEB1) pathway in clear cell renal cell carcinoma [10,16]. In terms of
BCa, basic experiments with lung metastasis of BCa showed that such EMT activation via
TGF-β/Smad3 and HIF-1α/ZEB1 was indeed shown to strongly contribute to the invasion
and metastasis of BCa [20,21]. Because most of the S100 proteins have been considered as
EMT facilitators in certain carcinoma cell lines [21], the present study showed that HE of
AHNAK2 had a significantly higher proportion of S100A4, S100A8, and S100A9 expres-
sions. Therefore, the EMT pathway potentially driven by TGF-β/Smad3 and HIF-1α/ZEB1
possibly explains how the high level of AHNAK2 may be an independent prognostic factor
in the poor survival rates of patients treated with RC.

The poor prognostic value of AHNAK2 in BCa may also result from fibroblast growth
factor-1 (FGF1) signaling. The Cancer Genome Atlas (TGCA) project recently indicated that
the MAPK/ERK and PI3K/AKT pathways were potential BCa driver genes and that these
downstream cascades were mainly activated by FGF receptors (FGFRs), especially FGFR1
and FGFR3 in BCa [22]. In particular, AHNAK2 is required for non-classical secretion
of FGF1, which can universally activate all FGFRs [23,24]. Because the HE of AHNAK2
correlated with a significantly higher proportion of S100A8/9 and nestin in the current
study, several in vitro studies indicated that S100A8/9 activated MAPK pathway in breast,
colon, and prostate cancer, and nestin activated PI3K phosphorylation in glioblastoma
and embryogenesis [25,26]. In fact, these potential relations between AHNAK2 and the
MAPK/ERK and PI3K/AKT pathways were reported in lung adenocarcinoma and uveal
melanoma [12,15]. Therefore, given the accelerated approval of FGFR inhibitors for patients
with advanced BCa by the U.S. Food and Drug Administration, the antitumor effects of a
combination of therapies targeting AHNAK2 and FGFRs might be worth analyzing in the
future [22].

Additionally, we evaluated differences in clinical outcomes following AC and SC
between the two AHNAK2 groups. In terms of AC, although the recurrence rate in the
HE group was higher than that in the LE group, the difference did not reach statistical
significance. Moreover, the response rate of SC in both groups was only about 25%, and
almost all the responders experienced cancer death thereafter. The expression level of
AHNAK2 in the RC specimen thus did not show predictive value in such cisplatin-based
chemotherapy. However, emerging evidence suggests that immune evasion induced by
EMT may largely contribute to cisplatin resistance, and the small sample size of patients
with the postoperative chemotherapy in the present study may have insufficient power to
draw any conclusion [27]. Notably, EMT may also be related to the resistance of immune
checkpoint inhibitor (ICI) in some malignant cells, and a dataset of BCa from TCGA recently
showed an association between a higher EMT-related gene expression and a lower response
rate of nivolumab (the programmed death-1 inhibitor) [28,29]. Considering the possible
oncogenic role of AHNAK2 via EMT described in the present study, further studies should
be warranted to verify the predictive value of AHNAK2 for cisplatin and ICI in a large
population in the future.
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This study had some limitations. First, the study was based on the retrospective
design with the small number of patients, which may have limited proper assessment of
the correlation between expression level of AHNAK2 in the RC specimen and prognosis in
patients with RC. Second, RC was performed by multiple surgeons, and the management
of the postoperative chemotherapy such as the treatment intensity was decided by each
doctor in charge, and these differences may have influenced our results. Third, in terms
of the subgroup analysis, the times during which we investigated the expression levels
of the five proteins in patients treated with RC varied. Subsequently, the total number of
proteins investigated in each patient chronologically increased. Fourth, although we did
not conduct an experiment to investigate the actual mechanism of AHNAK2, the results of
our subgroup analysis may be helpful to infer the possible oncogenic role of AHNAK2 in
BCa. Fifth, we did not include some patient characteristics—including smoking status—
which potentially affect prognosis in BCa. However, we believe that a focus on pathological
findings, when added to the AHNAK2 expression patterns, may simply allow us to explain
the differences in the prognosis.

4. Materials and Methods
4.1. Patient Population

We retrospectively reviewed the clinical data of 161 consecutive patients with BCa
who underwent RC with pelvic and iliac lymphadenectomy from 1990 to 2015 at Kitasato
University Hospital, Japan. RC was performed for patients with non-MIBC that had been
refractory to intravesical therapy and MIBC without distant metastasis. We excluded 10
patients who had histological variants of BCa, including squamous cell carcinoma, adeno-
carcinoma, and small cell carcinoma; 15 who had been previously treated with neoadjuvant
chemotherapy; and 16 who were lost to follow-up. None of the remaining patients were
treated preoperatively with either systemic chemotherapy or radiation therapy. The Ethics
Committee of Kitasato University School of Medicine and Hospital approved the study
(B17-010, B18-149). All participants were approached on the basis of approved ethical
guidelines. The patients could refuse entry and discontinue participation at any time.

4.2. Patient Characteristics

The following data on patient characteristics were collected from the patients’ medical
charts: Age at the RC; sex; pathological status including pT stage, pN stage, grade, LVI; CIS;
history of AC; history of SC; recurrence; and mortality. BCa with ≥pT2 and ≤pT1 were
also classified as MIBC and NMIBC, respectively. Tumor grade was assessed according
to the 1973 World Health Organization grading system. The tumor stage was assessed
according to the 2002 TNM classification of malignant tumors. LVI indicated the presence
of cancer cells within the endothelial space. Cancer cells that merely invaded a vascular
lumen were considered negative [30]. The chemotherapeutic response was evaluated by
the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [31]. We categorized
the patients as either responsive (complete response or partial response) or non-responsive
(stable disease or disease progression).

4.3. Immunohistochemistry and Scoring

Formalin-fixed, paraffin-embedded tissue blocks representing the most invasive areas
of each tumor were collected for further investigation. Normal urothelium was harvested
from cystectomized specimens.

Three-micron-thick sections were immunostained using the BOND-MAX automated
immunohistochemistry system and Bond Polymer Refine Detection kit DS 9800 (Leica
Biosystems, Newcastle, UK), following our previous studies with minor modifications [32];
tissues obtained by RC were deparaffinized and pretreated with Bond Epitope Retrieval So-
lution 2 (Leica Biosystems) at 100 ◦C for 20 min. After washing and peroxidase blocking for
10 min, tissues were re-washed, and immunohistochemistry was performed for AHNAK2
on the specimens by rabbit polyclonal anti-AHNAK2 antibody (HPA004145; Sigma-Aldrich,
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St. Louis, MO, USA, diluted 1:1000). Sections were incubated with EnVision FLEX+ Rabbit
Linker (Dako, Glostrup, Denmark) for 15 min. Finally, the sections were incubated with
BOND Polymer (Leica Biosystems) for 10 min, developed with 3,3′-diaminobenzidine
(DAB) chromogen for 10 min, and counterstained with hematoxylin for 5 min. Sections
treated with BOND Primary Antibody Diluent (Leica Biosystems) replacing the primary
antibody were used as negative controls.

AHNAK2 was located in the cytoplasm and/or plasma and nuclear membrane of
tumor cells, and the staining of tumor cells in these locations was considered positive.
We scored the expression of AHNAK2 in the tumor cell using the following scheme: The
intensity of staining was scored as 0 (negative), 1 (weak), 2 (moderate), or 3 (strong). The
extent of staining was scored according to the percentage of positive tumor cells: 0 (none),
1 (1–25%), 2 (26–50%), 3 (51–75%), and 4 (76–100%). The two scores were multiplied, and
the products (score) ranged from 0 to 12. A score between 0 and was considered as LE,
whereas a score of 3 or more was considered as HE based on the median score of 3 [14]. All
the immunostained sections were reviewed by two investigators (D.K. and Y.S.) without
any knowledge of the clinical data. Discordant cases were reviewed and discussed until a
consensus was reached.

4.4. Subgroup Analysis of Associations between AHNAK2 and Some Proteins

We additionally examined associations between AHNAK2 and some proteins, which
we had previously reported in BCa, such as S100A2, S100A4, S100A8, S100A9, and nestin,
for a better understanding of the mechanism of AHNAK2. The expressions of these proteins
were calculated by a sum index score and categorized as previously described; S100 families
were categorized as normal or abnormal and nestin as negative or positive [33–35].

4.5. Statistical Analysis

Comparisons of clinicopathological futures between the LE and HE of AHNAK2 were
performed using the chi-square test (or Fisher’s exact test, if appropriate) for categorical
variables, and using the Mann–Whitney U test for continuous variables. RFS and CSS were
estimated by the Kaplan–Meier method with the log-rank test. Multivariate analyses were
performed with the Cox proportional hazards regression model, controlling for the effects
of clinicopathological parameters. All statistical analyses were performed with Stata ver.
14 for Windows (Stata, Chicago, IL, USA). All p values were two-sided, and p < 0.05 was
considered statistically significant.

5. Conclusions

The present study found that high expression levels of AHNAK2 were associated
with aggressive pathological findings obtained by RC and were an independent predictor
of worse RFS and CSS in patients with RC. Hence, we believe that AHNAK2 may act as a
novel prognostic biomarker in the patients. Furthermore, associations between HE and
S100A4, S100A8, S100A9, and nestin may highlight AHNAK2 as a novel therapeutic target
of BCa. Further studies are warranted to elucidate the reported complex mechanisms of
AHNAK2 in BCa.
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Simple Summary: Metastasis is critical to the prognosis of patients with bladder cancer, and it
is important to understand the mechanism of its occurrence. S1PR1 expression is thought to be
associated with poor prognosis, but it is unknown whether it is associated with tumor metastasis.
Analysis of clinical gene expression data suggests that endothelial or immune cells in tumor tissue
may be the source of S1PR1 expression. Comparative analysis of clinical tumor tissues with bladder
cancer cells suggests that S1PR1 expression is associated with cellular adhesion. In vitro experiments
demonstrated that S1PR1 expression was negatively correlated with cancer cell motility, and that
S1PR1 inhibition by FTY-720 may cause an increase in cancer cell motility, suggesting that the use of
S1PR1 inhibition as a synergistic therapy requires additional observations and considerations.

Abstract: Clinical bladder tumor histological analysis shows that high expression of S1PR1 is as-
sociated with poor patient prognosis. However, there are no studies that describe the underlying
mechanism. To investigate the relative distribution and actual function of S1PR1 in bladder tumors,
we analyzed multiple clinical databases in combination with tumor purity and immune cell infiltra-
tion simulations, as well as databases of well-defined histological phenotypes of bladder cancer, and
single-cell sequencing of adjacent normal tissues and bladder tumors, and further compared them
with bladder cancer cell lines. The results showed that S1PR1 expression was generally higher in
normal tissues than in bladder cancer tissues, and its distribution was mainly in endothelial cells
or immune cells. The association between high S1PR1 expression and poor prognosis may be due
to tumor invasion of adjacent normal tissues, where highly expressed S1PR1 may affect prognostic
interpretation. The effect of S1PR1 itself on cancer cells was associated with cell adhesion, and in
bladder cancer cells, S1PR1 expression was negatively correlated with cell motility. Moreover, the
use of FTY-720 will cause an increased metastatic ability of bladder cancer cells. In conclusion, we
suggest that the use of S1PR1-specific inhibition as a synergistic treatment requires more observation
and consideration.

Keywords: sphingosine 1-phosphate receptor 1; bladder carcinoma; cell migration; epithelial–
mesenchymal transition; FTY-720

1. Introduction

Urothelial carcinoma of the bladder (UCB) is among the top 10 most common cancers
in the world, with an estimated 80,000 new cases and 17,000 deaths in the United States
each year [1–3]. Significant advances have been made in the management of bladder cancer
since the 1990s. More accurate staging has been achieved with refined tissue imaging,
and advances in surgical techniques have been combined with improved chemotherapy
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regimens. Even more, the 5-year survival rate for patients with non-muscle invasive
UCB is over 90% [1], and radical cystectomy is the treatment of choice for patients with
surgically resectable disease without evidence of metastatic disease. However, patients
with muscle-invasive bladder cancer or disseminated disease have a much lower survival
rate [4,5], suggesting that the occurrence of metastasis has a significant impact on the
prognosis of patients with bladder cancer. Considering the impact of metastatic disease on
treatment options and patient prognosis, the importance of timely detection and prevention
of metastasis in UCB cannot be overemphasized.

Sphingosine 1-phosphate receptor 1 (S1PR1) is a biologically active sphingolipid
metabolite receptor, whose ligand Sphingosine 1-phosphate (S1P) is known to modulate
cell survival, migration, immune cell transport, angiogenesis, and vascular barrier func-
tion [6]. Physiologically, S1PR1, which is abundantly expressed in vascular endothelial cells
(EC), is important for embryonic vascular development and maturation [6]. In addition,
S1PR1 expression in immune cells is thought to be associated with the regulation of traffic
between tissues, including B cells, T cells, natural killer cells, macrophage, monocyte,
and neutrophil [7–12]. In cancer progression, S1PR1 is thought to be highly expressed in
bladder cancer cells and is associated with poor patient prognosis [13]. S1P can promote
cancer cell viability, survival, growth, and transformation by activating S1PR1 [14]. In
addition, S1PR1 overexpression is associated with the convening of regulatory T cells
(Treg) [15], suggesting S1PR1 as a potential prognostic biomarker and therapeutic target
for UCB patients. Clinically, FTY-720 (Fingolimod) is used as an S1PR1 inhibitor and is
widely used in multiple sclerosis or as an immunomodulator [16,17]. FTY-720 is reported
to promote apoptosis of bladder cancer cells [18]. As S1PR1 is important for the regulation
of immune cell movement, we wondered whether it might have a similar role in the metas-
tasis of bladder cancer cells. However, given the complexity of tumor tissue composition,
such as endothelial cells and immune cells, which are rich in S1PR1 expression, it is still
unknown whether S1PR1 is actually overexpressed in bladder cancer cells or whether
S1PR1 expression has a substantial effect on bladder cancer cells themselves.

In this study, we analyze the association between S1PR1 expression and patient prog-
nosis by exploring several bladder cancer clinical databases. In addition, the association of
S1PR1 with tumor purity and immune cell infiltration was comprehensively analyzed. The
main distribution of S1PR1 in bladder tumors was analyzed in microarray and single cell
sequencing databases with well-defined histological patterns. Using comparative analysis
of bladder cancer cell lines and clinical tissues, we confirmed the association of S1PR1
with cell adhesion ability in bladder cancer cells. A negative correlation between S1PR1
expression and cell motility was also confirmed in bladder cancer cell lines. Lastly, the
effect of FTY-720 on promoting bladder cancer cell motility was confirmed in cell lines and
patient-derived tumor cultures. This article first revealed that loss of S1PR1 expression in
bladder cancer cells is associated with increased cell motility and that inhibition of S1PR1
activity with FTY-720 may cause a similar phenomenon. We suggest that the use of FTY-720
as a synergistic strategy for other treatments requires more evaluation and observation.

2. Materials and Methods
2.1. Patient Specimens and Clinical Data

The bladder tissue obtained for the study was obtained in accordance with the relevant
guidelines and regulations and was approved by the Institutional Review Board of Tri-
service General Hospital, National Defense Medical Center (IRB approval ID:1-108-05-130).
Tumors were obtained from patients who underwent transurethral resection of bladder
tumor (TURBT) and signed an informed consent form. Patient information and related
clinical information were de-identified.

2.2. Gene Expression Database Collection and Analysis

We searched the NCBI-GEO database (http://www.ncbi.nlm.nih.gov/geo/, accessed
on 18 June 2018) for gene expression studies related to urothelial carcinoma of the bladder
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using the keyword “urothelial carcinoma”. The following criteria were used for selection:
(1) datasets included S1PR1 gene probes; (2) had overall survival status and survival time;
and (3) for each bladder urothelial cancer tissue dataset, the total number of available
samples was greater than 40. To investigate the prognostic relevance of S1PR1 grouping
without a predetermined stance, we used Evaluate Cutpoints [19] to define the best cut-
points in terms of S1PR1 mRNA expression, survival status, and survival time. Meta-
analyses were performed on TCGA BLCA (The Cancer Genome Atlas-Bladder Urothelial
Carcinoma) (424 patients), GSE5287 (49 patients), GSE13507 (164 patients), GSE31684
(93 patients), GSE32894 (307 patients), and GSE48277 (159 patients).

For the expression of S1PR1 in different cancer types in TCGA, we searched for “S1PR1”
in “Gene DE” in the “Exploration” tab of TIMER2.0 [20]. For the single cell sequencing
database of bladder cancer published by Chen et al., we analyzed and plotted the distribu-
tion of S1PR1 expression in R using the scripts provided by the authors. The distribution of
tumor grade and cell type was directly quoted from the authors’ publication [21]. Cancer
cell line encyclopedia (CCLE) and TCGA BLCA whole gene expression matrix (FPKM) with
corresponding clinical parameters for patients or methylation expression profiles and copy
number for cell lines were downloaded from UCSC XENA (https://xenabrowser.net/,
accessed on 26 March 2021) [22]. The hierarchical cluster function provided in Morpheus
(Broad Institute, https://software.broadinstitute.org/morpheus/, accessed on 4 March
2021) was used to cluster S1PR1 expression, methylation, and copy number data obtained
from the Cancer Cell Line Encyclopedia (CCLE) database [23].

2.3. Evaluation of Tumor Purity and Immune Cell Simulated Infiltration

For the obtained database, we used the ESTIMATE R software package to calcu-
late the ESTIMATE scores and used the formula of Yoshihara et al. to calculate the pu-
rity [24]. The ESTIMATE scores of TCGA BLCA were downloaded directly from the au-
thors’ website (https://bioinformatics.mdanderson.org/estimate/disease.html, accessed
on 26 March 2021). For the in silico simulation of immune cell infiltration analysis, we
used the quanTIseq function provided in immunedeconv and set the parameters according
to the authors’ instructions to adapt to different types of databases [25,26]. For S1PR1
gene expression and purity and multiple immune cell infiltration scores, we calculated
Spearman’s correlation and p-values, and graphed the correlation matrix with OriginPro
2021b (Origin Lab, Northampton, MA, USA).

2.4. Enrichment Map Visualization

The rationale and operation were performed as previously described [27,28]. Briefly,
the TCGA BLCA and GSE13507 databases were chosen based on (1) the largest number
of patient samples and (2) the divergence of S1PR1 expression and prognosis. We used
the BP:GO bioprocess (7530 gene sets) downloaded from Molecular Signatures Database
(MsigDB) for gene-set enrichment analysis (GSEA). Samples were categorized as “S1PR1
high vs. S1PR1 low” according to the annotation elsewhere in this study. All nodes pre-
sented have passed the screening of |NES| > 1.5, FDR < 0.01 (NES: normalized enrichment
score, FDR: false discovery rate).

2.5. Messenger RNA Expression Analysis

Total RNA from tumor and adjacent tissues or cultured cells was isolated using a
Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA concentration and quality
were assessed using SpectraMax iD3 (Molecular Devices, San Jose, CA, USA). The cDNA
was generated from 2 µg of RNA by reverse transcription using MMLV high performance
reverse transcriptase (Epicentre Technologies, Madison, WI, USA) according to the manu-
facturer’s instructions. Real-time PCR was performed using an CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA). The cycling condition was 95 ◦C
for 12 min, followed by 40 cycles of 95 ◦C for 15 s, 60 ◦C for 20 s, and 72 ◦C for 20 s. The
housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was measured
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as an internal control. The expression level of target genes was analyzed by the relative
quantity (RQ) value calculated using the ∆∆Ct method [∆(CtTARGET − CtGAPDH)sample
− ∆(CtTARGET − CtGAPDH)calibrator] in triplicate. All primer sequences are listed in the
following Table 1.

Table 1. Primer sequences used in the qPCR assay.

Gene Forward Primer Reverse Primer

SLUG AAGCATTTCAACGCCTCCAAA GGATCTCTGGTTGTGGTATGACA
CDH1 GCCTCCTGAAAAGAGAGTGGAAG TGGCAGTGTCTCTCCAAATCCG

GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG
CDH2 TGCGGTACAGTGTAACTGGG GAAACCGGGCTATCTGCTCG
SNAI1 TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG

FN1 CGGTGGCTGTCAGTCAAAG AAACCTCGGCTTCCTCCATAA
S1PR1 ATCATGGGCTGGAACTGCATCA CGAGTCCTGACCAAGGAGTAGAT

2.6. Immunoblotting

The bladder cancer cell pellets or pretreated tumor specimens were washed twice with
phosphate-buffered saline (PBS), lysed in radioimmunoprecipitation assay (RIPA) buffer,
and quantified by Bradford protein assay (Bio-Rad, Hercules, CA, USA; #500-0006). Firstly,
30–50 µg of quantified total protein lysate was loaded into each well of the gel, analyzed
in 8–10% SDS-PAGE under reducing conditions, and then transferred to a nitrocellulose
blotting membrane (PALL Corpo., Pansacola, FL, USA) followed by blocking in 5% skim
milk. The membrane was stained with primary antibody as follows: S1PR1(Abclonal
Inc., Woburn, MA, USA; A3997); E-cadherin (Cell signaling, Danvers, MA, USA; #3195);
Vimentin (Abclonal Inc., Woburn, MA, USA; A11952); N-cadherin (Cell signaling #4061);
Fibronectin (Finetest, Wuhan, China; fnab03122); SNAI1 (Cell signaling, #3879); Slug (Cell
signaling, #9585); and internal control GAPDH (Cell signaling, #5174), prepared in 1%
bovine serum albumin (BSA) in Tris-buffered saline and 0.1% Tween®20 (TBST) at 4 ◦C
overnight. Then, the membrane was washed and incubated with secondary antibody
at room temperature for 1 h. Signals were detected for 1–10 min using an enhanced
chemiluminescence solution (Advansta, Menlo Park, CA, USA) and iBright FL1500 Imaging
System (Thermo Fisher Scientific., Waltham, MA, USA). All experiments were performed
in duplicate.

2.7. Cell Culture and Establishment of Stably Expressed shRNA Cell Lines

The J82 human bladder cancer cell line was purchased from Bioresource Collection
and Research Center (BCRC, Hsinchu, Taiwan). Cells were cultured in Dulbecco’s modified
Eagle’s medium and supplemented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific) under a humidified atmosphere of 5% CO2 at 37 ◦C. For the subcultures, cells
were trypsinized with 0.05% Trypsin-EDTA (Thermo Fisher Scientific).

All the short hairpin RNA (shRNA) clones were obtained from National RNAi Core
Facility (Genomics Research Center, Academia Sinica, Taipei, Taiwan). The shRNA against
S1PR1 target sequence was 5′-GACAACCCAGAGACCATTATG-3′ (clone ID: TRCN0000356960,
shS1PR1#1), 5′-CCCATGTGAAAGCGTCTCTTT-3′ (clone ID: TRCN0000221119, shS1PR1#2),
and 5′- TCCTAAGGTTAAGTCGCCCTCG-3′ (clone ID: TRCN0000072249, shLuc) for fire-
fly luciferase as the negative control. The shRNA plasmids were transfected into J82
cell lines with Lipofectamine 3000 (Thermo Fisher Scientific.) according to the manu-
facturer’s instructions. The stably expressed shRNA cell lines were established with
the screening of puromycin 2 µg/mL for 1 week. Knockdown efficiency of S1PR1 was
confirmed by quantitative reverse transcriptase-PCR (data not shown) and Western blot
analysis at 24 to 48 h post-transfection (Uncropped Western blot images were provided in
Supplementary File S1).

290



Cancers 2021, 13, 4474

2.8. Wound Healing Assay and LIVE Cell Imaging

Migration was evaluated in duplicate by seeding cells on both sides of an Ibidi culture
insert (Ibidi, Munich, Germany) with a 500 µm separation gap. J82 shLuc bladder cancer
cell line transfected with S1PR1/pcDNA 3.1(+) (1 or 3 µg) or pcDNA 3.1(+) (3 µg) ws
grown for 24 h, then the growth medium was changed for complete RPMI1640 supplied
with 0.5% FBS for 24 h before wound healing assay to diminish the potential interfere of
cell proliferation. The gaps of J82 cells were time-lapse photographed every 30 min for 24 h
and 48 h using Lumascope 620 with a 10× objective (Etaluma, San Diego, CA, USA), and
all experiments were performed in duplicate. For multi-dose FTY-720 (MedChemexpress,
Monmouth Junction, NJ, USA; HY-12005) treatment gap healing analysis, we used the
ImageXpress Pico system (Molecular Devices) to detect hourly changes in the total number
of cells in the gap over a 48 h period. Each dose was duplicated, and the curve results were
presented as mean only to minimize interpretation interference. Migration ability of cancer
cells was evaluated by Chemotaxis and Migration Tool 2.0 (Ibidi) and Manual Tracking
plug-in in ImageJ 1.53h (National Institutes of Health, Stapleton, NY, USA).

2.9. Transwell Migration Assay

For the Transwell migration assay, cells were collected and transfected at a density of
105/well for 24 h. Cells were placed in 200 µL of serum-free medium and inoculated in
the upper compartment of the chamber. Then, 1 mL of complete medium containing 10%
FBS was added to the lower compartment. After 24 h of incubation, the chambers were
removed and the cells on the upper surface of the membrane were wiped off with a cotton
swab. Then, the cells invading the microporous membrane were washed three times with
PBS, fixed with 4% paraformaldehyde solution for 30 min, and stained with 0.1% crystal
violet (Sigma-Aldrich, St. Louis, MO, USA) for 20 min. Finally, the cells were observed
with a microscope (CKX53, Olympus, Tokyo, Japan) and images were taken for further
imageJ analysis. All experiments were performed in duplicate.

2.10. Patient-Derived Tumor Primary Culture (PDC)

The experimental procedure is based on the publication of van de Merbel et al. with
minor modifications [29]. Briefly, freshly collected bladder tissues were divided into
multiple 1 mm3 slices, and the sliced samples were evenly divided into four aliquots and
collected for analysis after 48 h of incubation at different concentrations of FTY-720.

2.11. Statistical Analysis

GraphPad Prism 9.1.2 (GraphPad Software, San Diego, CA, USA) or OriginPro 2021b
was used for data analysis and graph production. Student’s t-test was used for analysis of
measurement data between two groups, and one-way analysis of variance (ANOVA) was
used for multiple group comparisons. Survival curves were plotted using Kaplan–Meier
analysis and logarithmic tests. The univariate Cox proportional hazards regression model
was used to estimate the odds ratio (OR). Data are expressed as mean ± standard deviation
(SD) and all experiments were repeated in duplicate independently at least.

3. Results
3.1. Retrospective Evaluation of the Association between S1PR1 Expression and Bladder Cancer
Prognosis Shows Divergent Results in Different Databases

Several publications have demonstrated the association of S1PR1 overexpression with
worse prognosis in bladder cancer patients. To comprehensively evaluate the association
between S1PR1 expression and prognosis of bladder cancer patients, we collected six
available databases including GSE5287, GSE13507, GSE31684, GSE32894, GSE48075, and
TCGA BLCA. In order to unbiasedly group the S1PR expression, the “Evaluate Cutpoints”
application in R was used to find the best cut-off point for the lowest p-value in survival of
S1PR1 expression [19]. The results showed that high S1PR1 expression in TCGA BLCA (OR:
1.922, p-value: 0.0002), GSE 32894 (OR: 1.955, p-value: 0.0757), and GSE31684 (OR: 2.94, p-
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value: 0.0223) was associated with worse prognosis. On the contrary, high S1PR1 expression
was associated with better prognosis in GSE5287 (OR: 0.2913, p-value: 0.02), GSE48075
(OR: 0.5491, p-value: 0.0824), and GSE13507 (OR: 0.705, p-value: 0.0709) (Figure 1). The
meta-analysis showed that the overall odds ratio still reached 1.681, indicating that, in
general, high S1PR1 expression was associated with a worse prognosis in bladder cancer.
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3.2. Differences in S1PR1 Expression and Prognosis of Patients with Bladder Cancer May Be
Related to the Degree of Neutrophil Infiltration

Considering that S1PR1 is an important receptor related to the regulation of migration
by various immune cells [12], clinical specimens may have different levels of immune
cell infiltration affecting the S1PR1 mRNA expression in bulky tumors. Evaluation of the
association between tumor purity and S1PR1 expression using the estimate score strategy
showed that S1PR1 expression was negatively correlated with tumor purity in all databases
except GSE13507 (Figure 2), suggesting that high S1PR1 expression in bulk tissue may be
associated with enriched immune or stromal cell infiltration.
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Further evaluation of the correlation between S1PR1 and immune cell populations
by QUANTISEQ showed that S1PR1 expression was positively correlated with B cells,
macrophage (M1 and M2), and regulatory T cells in all databases (Figure 3). Interest-
ingly, although not all correlations were significant, S1PR1 was positively correlated with
neutrophil infiltration in all three databases with better prognosis (GSE5287: ρ = 0.47,
GSE13507: ρ = 0.16, GSE48075: ρ = 0.082). In contrast, S1PR1 was negatively correlated
with neutrophil (TCGA BLCA: ρ = −0.094, GSE32894: ρ = −0.047, GSE31684: ρ = −0.21) in
the three databases where S1PR1 was associated with poorer prognosis. This suggests that
the enriched neutrophil infiltration may directly affect the prognosis prediction of bladder
cancer patients using S1PR1 expression.
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3.3. Comprehensive Assessment of S1PR1 Expression Differences between Bladder Cancer Tumors
and Normal Tissue

Given the negative correlation between S1PR1 expression and estimated tumor purity,
we suggest that the proportion of normal tissue adulterated in tumor samples may also
affect S1PR1 expression. To clarify this issue, we attempted to identify the differential
expression of S1PR1 in normal tissue and bladder cancer tumor tissue. Gene expression
analysis of the TCGA database provided by Timer 2.0 [20] showed that S1PR1 expression
was significantly higher in normal tissue than in tumor tissue in most cancers, including
BLCA (Figure 4A). Further, the association of S1PR1 expression differences with tissue types
was evaluated in the clinical database of bladder cancer provided by Sanchez-Carbayo et al.
and Lee et al. (Figure 4B) [35,36], showing that S1PR1 expression was higher in normal
bladder tissue and decreased as the tumor histology became more defined. For example,
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S1PR1 expression was significantly lower in superficial bladder cancer or primary bladder
cancer than in infiltrating bladder urothelial carcinoma or bladder mucosae surrounding
cancer, suggesting that the actual expression of S1PR1 may be affected when the tumor
sample contains normal tissue. To further characterize the expression distribution of
S1PR1 in clinical bladder carcinoma samples, we analyzed S1PR1 expression using the
bladder urothelial carcinoma single-cell RNA sequencing database (Figure 4C) published
by Chen et al. [21]. The results showed that S1PR1 was mainly expressed in endothelial
cells and to a lesser extent in various immune cells. In addition, endothelial cells were
mainly found in normal and high-grade bladder urothelial carcinoma rather than low-
grade (refer to Figure 1b in the publication of Chen et al., 2020), suggesting that high-grade
tumors contain a high proportion of endothelial cells, which may be related to the high
expression of endothelial and S1PR1 due to tumor invasion of normal tissues.

We evaluated S1PR1 expression in normal or tumor tissues from four clinical cases
and analyzed the epithelial–mesenchymal transition (EMT) marker together, which is
thought to be regulated by S1PR1 expression, but with different effects in different tissues
or spatial and temporal contexts [37,38]. The results showed that S1PR1 mRNA and protein
expression were mostly amplified in normal tissues, similar to E-cadherin expression,
while N-cadherin, FN, SLUG, and SNAI1, which are mesenchymal markers, were higher
in tumor tissues, suggesting a preliminary association between S1PR1 expression and EMT
in bladder cancer (Figure 4D).

3.4. Comparison of S1PR1 Expression in Bladder Cancer Cell Lines with Clinical Databases
Reveals its Potential Function in Cell Adhesion

There are many factors in clinical bulk tissue that may affect S1PR1 expression, such as
the infiltration of endothelial or immune cells, which may lead to misinterpretation of the
biological response of S1PR1 expression in bladder cancer cells. To understand the direct
effect of S1PR1 expression on bladder cancer cells, 21 bladder cancer-related cell lines were
screened from the CCLE database for S1PR1 expression analysis, showing that the high
S1PR1 expression group generally had lower methylation and the low S1PR1 expression
group had higher methylation in addition to lower copy number variation (Figure 5A).
Further, GSEA was performed after clustering cell lines with high or low S1PR1 expression.
On the other hand, GSEA was performed with S1PR1 expression-related genes in TCGA
BLCA (high S1PR1 associated with poor prognosis) and GSE13507 (low S1PR1 associated
with poor prognosis) (illustrated as Figure 5B), and the results of the three GSEAs were
visualized using the Enrichment map in Cytoscape (Figure 5C). The results showed that
the node cluster associated with immune cell activation in the clinical database was not
enriched in the cell lines, suggesting that the biological response associated with S1PR1
expression in clinical tissues is indeed influenced by the immune microenvironment. On
the contrary, we observed that angiogenesis and cell adhesion gene clusters were positively
associated with S1PR1 expression in all three, suggesting that the real effect of S1PR1 on
bladder cancer is related to these gene clusters.

3.5. S1PR1 Expression Shows an Opposite Association with the Promoting of
Epithelial–Mesenchymal Transition

Among the 21 uroepithelial cancer cell lines, only four cell lines, T24, J82, JMSU1,
and SCABER, expressed high amounts of S1PR1, and its mRNA expression was not even
detected in most cell lines. The expression of S1PR1 was positively correlated with the
variation of copy number, especially in JMSU1 and SCABER, which had a high copy
number of the S1PR1 gene (Figure 4A). Only the J82 bladder cancer cell line has a near
normal copy number and moderate mRNA expression of the S1PR1 gene. Therefore, to
avoid potential interference with genetic abnormalities, the J82 bladder cancer cell line was
used to establish a stable expression of S1PR1 targeting shRNA clone (Figure 6A–C). In
addition, the control cells (J82 shLuc) were transfected with pcDNA3.1-S1PR1 plasmids for
overexpression (Figure 6D–F).
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(A) Differences in S1PR1 expression in tumors and normal tissues among the 34 cancer types of TCGA adopted from TIMER
2.0 searching “S1PR1”. (B) Differences in S1PR1 expression in normal versus clinically defined histopathological bladder
cancer tissues from the bladder cancer database published by Sanchez-Carbayo et al. and Lee et al [31,32]. (GSE13507).
(C) Bladder urothelial carcinoma single-cell RNA sequencing database adopted from Chen et al. showed that S1PR1 was
mostly expressed in endothelial cells, followed by immune cells. (D) mRNA and protein expression of S1PR1 and EMT
marker in four bladder cancer tumors and adjacent normal tissues. Student’s t-test or one-way ANOVA was utilized to
analyze the statistical significance of the differences in S1PR1 expression between groups. * p < 0.05, ** p < 0.01, *** p < 0.001.
(N: adjacent normal tissue, T: tumor tissue, T1/2: samples from two separated tumors tissues, E-cad: E-cadherin, N-cad:
N-cadherin, FN: Fibronectin).
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Figure 5. Investigation of S1PR1 expression in bladder cancer cells for authentic biological response enrichment associations.
(A) Heat map demonstrating S1PR1 mRNA expression (fragments per kilobase per million, FPKM), copy number variation
(log value), and methylation (β value) of 21 uroepithelial carcinomas in the CCLE database with unsupervised hierarchical
clustering. (B) Flow chart presenting comparison of S1PR1 expression and biological response association in CCLE bladder
cancer cell lines or clinical bladder cancer tumors (TCGA BLCA, GSE13057). (C) Enrichment map visualization showing
the GSEA scores of gene-sets significantly enriched in (B). The color represents the degree of normalized enrichment score
(NES); red means the gene-sets are enriched in high S1PR1 samples (NES > 1.5) and blue means the gene-sets are enriched
in low S1PR1 samples (NES < −1.5). All presented enriched gene sets have passed the screening criteria of p-value < 0.05,
FDR < 0.01. Gene-sets without edge linkage were excluded to increase the ease of visualization of the results.
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strating the efficacy of S1PR1 expression manipulation and matching EMT marker expression. (B,E) Twenty-four hour 

live cell image tracking showed the progressions in gap area at multiple time points. (C,F) Gap closure (%) presents the 
effect of manipulating S1PR1 expression on wound healing. (G) Migration tracking plot for J82 shLuc, shLuc + S1PR1 (3 

μg), and J82 shS1PR1#2. Cell migration was tracked for 48 h after the wound healing assay started, with cell positions 
determined every 30 min. In each panel, the center indicates the starting point. (H) Statistical analysis of the J82 tracking 
cell migration rate, distance, and directionality, with lines showing mean and standard deviation. J82 shLuc (n = 29); J82 + 

Figure 6. Negative correlation between S1PR1 expression and bladder cancer cell motility. (A,D) Western blot demonstrating
the efficacy of S1PR1 expression manipulation and matching EMT marker expression. (B,E) Twenty-four hour live cell
image tracking showed the progressions in gap area at multiple time points. (C,F) Gap closure (%) presents the effect of
manipulating S1PR1 expression on wound healing. (G) Migration tracking plot for J82 shLuc, shLuc + S1PR1 (3 µg), and
J82 shS1PR1#2. Cell migration was tracked for 48 h after the wound healing assay started, with cell positions determined
every 30 min. In each panel, the center indicates the starting point. (H) Statistical analysis of the J82 tracking cell migration
rate, distance, and directionality, with lines showing mean and standard deviation. J82 shLuc (n = 29); J82 + S1PR1 3 µg (n =
30); J82 shS1PR1#2 (n = 30). * p < 0.05, *** p < 0.001. (VIM: vimentin, GAPDH: glyceraldehyde 3 phosphate dehydrogenase)
(for uncropped Western Blot images, please refer to Supplementary File S1).
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Confirming the successful manipulation of S1PR1 expression in J82 cells, it was found
that S1PR1 inhibition was associated with the enhancement of EMT (Figure 6A), while
S1PR1 over-expression inhibited EMT (Figure 6D). A further 24 h live cell imaging showed
that the rate of gap healing was significantly increased when S1PR1 expression was in-
hibited (Figure 6B). In particular, there was a significant upregulation in the clone that
significantly inhibited S1PR1 expression (shS1PR1#2) (Figure 6C). In contrast, the rate of
gap healing was significantly reduced upon overexpression of S1PR1 (3 µg) (Figure 6E,F).
As assessed by the cell migration trajectory (Figure 6G), overexpression of S1PR1 signifi-
cantly inhibited the migration distance of J82. Further evaluation of velocity, accumulated
distance, Euclidean distance, and directionality showed that the over-expression of S1PR1
significantly inhibited cell mobility, suggesting that S1PR1 may affect cell movement by
modulating cell adhesion (Figure 6H).

3.6. The Administration of FTY-720 Promotes EMT in Bladder Carcinoma

FTY-720 is identified to inhibit cell proliferation and promote apoptosis by regulating
S1PR1; however, the effect of FTY-720 on EMT in bladder cancer remains unknown. Tran-
swell migration assay showed that the metastatic capacity of J82 increased with increasing
FTY-720 treatment dose (Figure 7A), and the total cell coverage area was significantly
increased with 2 and 5 µM FTY-720 treatment (Figure 7B). Similarly, FTY720 treatment
inhibited E-cadherin expression and promoted mesenchymal marker expression, a phe-
nomenon that was disturbed by the addition of S1P, but not in RT4 cells that did not express
S1PR1 (Figure 7C). In the wound healing assay, treatment with FTY720 promoted gap
closure, especially at 48 h, with a significant difference. In contrast, FTY720 treatment
in the presence of S1P had no significant effect on gap closure (Figure 7D), suggesting
that inhibition of S1PR1 by FTY720 promoted EMT in bladder cancer cells. Finally, to
understand the overall effect of FTY720 treatment on human bladder cancer tumors, we es-
tablished a patient-derived tumor culture model [29] (Figure 7E). A decrease in E-cadherin
and increase in mesenchymal marker due to FTY720 treatment was observed in all four
cases (Figure 7F), suggesting that bladder cancer tumors and cell lines respond similarly
to FTY-720 treatment. In particular, in the case of PDC#4, the response to FTY720 in adja-
cent normal tissues and bladder cancer tumors showed an opposite trend, implying that
FTY-720 may have divergent responses in different types of tissues or cancers.
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Figure 7. The administration of FTY-720 promotes EMT in bladder carcinoma. (A) Transwell migration assay showing the
effect of FTY-720 treatment for 24 h (×100). (B) Area coverage (%) was calculated by quantifying the ratio of cell coverage
per field using ImageJ. (C) Western blot showed the expression of S1PR1- and EMT-related markers after different dosage
treatment of FTY-720 in J82 and RT4. Sphingosine 1-phosphate (200 nM) was added at the same time of FTY-720 treatment.
(D) J82 cell gap coverage curves treated with FTY-720 in the presence and absence of S1P and statistical analysis of the
number of cells in the gap at 24 h and 48 h. The curve data are presented as mean values only to reduce reading interference.
(E) Illustration of patient-derived tumor culture (PDC) model. (F) Western blot showed four sets of clinical bladder cancer
tumors with S1PR1- and EMT-related marker expression measured 48 h after FTY-720 addition. Bar charts are presented as
the mean ± SD based on three independent experiments. * p < 0.05, *** p < 0.001 (for uncropped Western Blot images, please
refer to Supplementary File S1).

4. Discussion

The physiological function and importance of S1PR1 as a G protein-coupled receptor
in vascular endothelial cells have been well established [39–42]. In the immune system,
the expression of S1PR1 is associated with selective in vivo recruitment, egress, and acti-
vation of various immune cells [10,43–50]. However, the role of S1PR1 in cancer remains
controversial. Correlation of S1PR1 with pathological grade in tumors suggests its poten-
tial as a prognostic tool for patients with bladder cancer as well as liver and gallbladder
cancers [37,51–53]. On the other hand, low S1PR1 expression is suggested to be linked to
poor prognosis in breast and lung cancer [54,55]. Given the complexity of immune cell
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infiltration and tumor purity, the exact expression and inhibitory effect of S1PR1 in bulky
bladder cancer tumor still needs to be validated.

In this study, we collected six databases of urothelial carcinoma with accompanying
survival status and follow-up time for the association between S1PR1 expression and
patient prognosis (Figure 1). Overall, high S1PR1 expression was associated with poorer
prognosis, but the prognosis of patient survival showed a divergent trend in individual
databases. Analysis by tumor purity assessment showed that S1PR1 expression was nega-
tively correlated with tumor purity in most databases (Figure 2A), as observed by Zhong
et al. in breast and lung cancer [55]. Further, in silico simulation of immune cell infiltration
showed that S1PR1 expression was generally positively correlated with B cells, macrophage,
and regulatory T cells, suggesting that assessment of immune cell infiltration may help to
clarify the source or function of S1PR1 expression in tumor tissues (Figure 2B) [56,57]. For
instance, Liu et al. reported the correlation between S1PR1 expression in bladder cancer
cells convening regulatory T cells and poor prognosis [15]. In addition, S1PR1 expression
was positively correlated with neutrophil infiltration in three databases, where S1PR1
was associated with better prognosis, suggesting that better prognosis may due to higher
neutrophil infiltration [58,59], implying that S1PR1 expression may be susceptible to the
degree of immune cell infiltration in the tumor microenvironment.

The TCGA database shows that S1PR1 expression is significantly higher in normal tis-
sues than in tumor tissues for most cancers (Figure 3A). The work of Sanchez-Carbayo et al.
and Lee et al. showed that S1PR1 expression was reduced at low grade tumor (Figure 3B).
Further, the single-cell RNA sequencing results reported by Chen et al. showed that most
S1PR1 expression was from endothelial cells and a few from multiple immune cells, both of
which were underrepresented in low grade tumor (Figure 3C). These results suggest that
the expression of S1PR1 might be deeply affected by the purity of tumor cell composition
in the lesioned tissue. Samples collected from high-grade tumor cells are more likely
to be adulterated with normal tissue, which may explain the association of high S1PR1
expression with poor prognosis observed in some databases. Nevertheless, whether S1PR1
expression in tumor cell may affect the generation of tumor-associated endothelial cells
requires further investigation. As our analysis shows that S1PR1 expression is associated
with angiogenesis (Figure 3C), it is possible that bladder cancer cells overexpressing S1PR1
may affect tumor progression by altering microenvironmental angiogenesis [50,56,57].
When S1PR1 expression was manipulated in J82, it was shown that overexpression of
S1PR1 had an inhibitory effect on bladder cancer cell migration, possibly associated with
enhanced cellular apposition, echoing the analysis in Figure 3C. Conversely, shRNA in-
terference with S1PR1 expression or inhibition of S1PR1 by FTY-720 accelerated bladder
cancer cell migration, and the addition of S1P antagonized the effect of FTY-720. Moreover,
a similar phenomenon could be observed in the patient-derived tumor primary culture
model, suggesting that clinical inhibition of S1PR1 may cause accelerated metastasis of
bladder cancer cells.

High expression of S1PR1 was significantly associated with poor prognosis in multiple
cancer databases, raising the possibility of its potential role in promoting tumorigenesis.
Based on this inference, FTY-720 has been reported and demonstrated to induce apoptosis
in a variety of cancer cells, including bladder cancer [18,60]. Moreover, the mechanism
of EMT inhibition by FTY-720 in cholangiocarcinoma and glioblastoma has also been
proposed [61,62]. However, our study clearly indicates that reduction of S1PR1 expression
by human manipulation may cause a promotion in EMT in bladder cancer cells and patient
tumor tissue, a phenomenon consistent with FTY-720 treatment. Different responses to
FTY-720 in normal or tumor tissues also indicate divergences in response between various
types of tissues or cancers; this may be due to the fact that normal tissue is usually rich
in endothelium [63,64]. Although a majority of the literature has confirmed the induction
of apoptosis in cancer cells by FTY-720, we still need to pay attention to its potential role
in EMT induction. Furthermore, whether the apoptosis induction caused by FTY-720 is
related to the EMT-induced anoikis needs to be further clarified. The inhibition of S1PR1
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contributes to the reduced interaction with the ECM, thus allowing a higher migration
ability. Cell proliferation may be reduced as a result and apoptosis may occur owing to
separation from the matrix [65]. Furthermore, cancer cells may thus develop an anti-anoikis
mechanism and become more resistant to chemotherapy or accelerate the progression of
metastasis [66–68].

5. Conclusions

In conclusion, in general, high S1PR1 expression is associated with poor prognosis,
but this observation may be interfered with by endothelial or immune cell infiltration,
so the accuracy of S1PR1 expression for clinical diagnosis needs to be further evaluated.
S1PR1 expression promotes cancer cell adhesion and, conversely, inhibition of S1PR1
by genetic manipulation or FTY-720 may increase bladder cancer cell migration ability.
Although it is known that inhibition of S1PR1 has multiple mechanisms to counteract
tumor growth, the resulting risk of metastasis should not be overlooked. Therefore, the use
of FTY-720 as a concurrent treatment strategy for bladder cancer requires further evaluation
and observation.
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Simple Summary: Improving early diagnosis and long-term postoperative monitoring of bladder
cancer has become a focus of international research. In the present study, we evaluated the epiplakin
expression levels in sera from patients with bladder cancer via a micro-dot blot array. Serum epiplakin
levels were significantly higher in patients with bladder cancer than in those with stone disease
and in healthy volunteers. Furthermore, serum epiplakin levels did not differ between patients
with non-muscle-invasive and muscle-invasive bladder cancer. Immunohistochemistry revealed
no association between staining scores, clinicopathological findings, and patients’ outcomes. In
summary, our findings showed that serum epiplakin might be a potential diagnostic biomarker for
patients with bladder cancer.

Abstract: Tumor markers that can be detected at an early stage are needed. Here, we evaluated the
epiplakin expression levels in sera from patients with bladder cancer (BC). Using a micro-dot blot
array, we evaluated epiplakin expression levels in 60 patients with BC, 20 patients with stone disease,
and 28 healthy volunteers. The area under the curve (AUC) and best cut-off point were calculated
using receiver-operating characteristic (ROC) analysis. Serum epiplakin levels were significantly
higher in patients with BC than in those with stone disease (p = 0.0013) and in healthy volunteers
(p < 0.0001). The AUC-ROC level for BC was 0.78 (95% confidence interval (CI) = 0.69–0.87). Using a
cut-off point of 873, epiplakin expression levels exhibited 68.3% sensitivity and 79.2% specificity for
BC. However, the serum epiplakin levels did not significantly differ by sex, age, pathological stage
and grade, or urine cytology. We performed immunohistochemical staining using the same antibody
on another cohort of 127 patients who underwent radical cystectomy. Univariate and multivariate
analysis results showed no significant differences between epiplakin expression, clinicopathological
findings, and patient prognoses. Our results showed that serum epiplakin might be a potential
serodiagnostic biomarker in patients with BC.

Keywords: bladder cancer; radical cystectomy; epiplakin; diagnosis

1. Introduction

Bladder cancer (BC) is one of the most common genitourinary tumors [1]. At initial
diagnosis, most patients have non-muscle-invasive bladder cancer (NMIBC) and are treated
with transurethral resection of the bladder tumor (TURBT) [2]. Up to 70% of NMIBC
patients eventually relapse, and 10–20% experience disease progression to muscle-invasive
bladder cancer (MIBC) [3]. Cystoscopy and urine cytology are typical modalities for
diagnosing and surveilling BC. Cystoscopy helps detect tumor lesions but is painful and
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invasive even if flexible. Although urine cytology is less invasive, one of its limitations is
low sensitivity [4]. Improving early diagnosis and long-term postoperative monitoring
of BC have become a focus of international research. Some tumor markers (e.g., BTA and
NMP22) may be useful for BC [5,6]. NMP22 is reported to have 32–92% sensitivity and
51–94% specificity; BTA is reported to have 51–94% sensitivity and 53–89% specificity.
However, the clinical effectiveness of these markers is modest.

Specific genes have been investigated and evaluated in BC tissues, and we previ-
ously reported some BC-related proteins [7]. A comprehensive study of high molecular
mass (HMM) protein expression in bladder cancer tissue was investigated by agarose
two-dimensional gel electrophoresis followed by the analysis of liquid chromatography
tandem mass spectroscopy. As a result of a literature search on the association between
proteins’ expression and bladder cancer outcomes, eight proteins, including epiplakin,
were selected for new biomarkers. These proteins were not previously reported in terms
of any relation of bladder cancer. One candidate protein was epiplakin. Epiplakin is a
552-kDa protein originally identified as an autoantigen in the serum of a patient with a
subepidermal blistering disease [8]. Epiplakin is involved in wound healing and mechani-
cal skin strengthening [9,10] and is reported in the UALCAN database to be expressed in
normal bladder tissue [11]. However, there are few articles that have shown a link between
epiplakin and cancer, including BC.

Here, we assessed whether the dynamics of serum epiplakin could be used to diagnose
BC and predict the outcomes in patients with BC. We conducted this study to investigate
the circulating levels of epiplakin in sera from patients with BC, patients with stone disease,
and healthy volunteers. We also assessed whether the serum epiplakin and immunohis-
tochemical staining of surgical specimens would be associated with clinicopathological
findings and patient prognoses.

2. Materials and Methods
2.1. Patients

We retrospectively analyzed 60 patients with BC who were treated at Kitasato Uni-
versity Hospital from March 2010 to September 2014. The study group comprised 46 men
(77%) and 14 women (23%), with a median age of 74.5 years (range, 29–88 years). Fifty-five
patients were treated via transurethral resection (TUR). Of the patients initially treated with
TUR, 20 subsequently underwent radical cystectomy, and 4 underwent partial cystectomy.
The five patients who did not undergo TUR were initially treated with radical cystectomy
and bilateral pelvic lymphadenectomy.

Serum epiplakin levels were measured preoperatively. No anticoagulant was used in
the measurement of serum epiplakin. Surgery was the initial treatment in patients with
BC. Blood tests, chest X-rays, and computed tomography or magnetic resonance imaging
were routinely performed, and no patients had distant metastases. Tumor-node-metastasis
(TNM) staging was based on the 2002 TNM Classification of the International Union for
Cancer Control and American Joint Committee on Cancer Guidelines [12]. Tumor grading
was assessed according to the 1998 World Health Organization/International Society of
Urologic Pathology consensus [13]. The median follow-up time was 51.3 months (mean:
46.0 months; range: 3.3–92.8 months) for those patients still alive at the last follow-up. No
patients had previous radiation or systemic chemotherapy before surgical treatment, and
none had histories of other cancers, skin diseases or pulmonary diseases.

We also measured serum epiplakin levels in 20 patients with stone disease and 28
healthy volunteers. The ethics committee of Kitasato University School of Medicine and
Hospital (B17-010, B18-149) approved the study. All participants were treated as per the
approved ethical guidelines. Patients could refuse entry or discontinue participation at any
time.
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2.2. Measurement of Serum Epiplakin

Patient and control sera were kept at −80 ◦C until use. Monoclonal antibodies specific
for epiplakin were gifted from Drs. Tsuchisaka and Hashimoto [14]. Serum epiplakin was
measured using reverse-phase protein array (RPPA) analysis [15,16]. Serum epiplakin levels
were detected using an automated micro-dot blot array spotBot3 (Arrayit Corp., Sunnyvale,
CA, USA). Serum samples were diluted 1:800 with 0.01% Triton X-100/phosphate-buffered
saline (PBS) without bivalent ions and spotted onto high-density amino-group-induced
glass slides with dimethyl sulfoxide (SDM0011; Matsunami Glass Ind., Ltd., Osaka, Japan).
The glass slides were then blocked with 0.5% casein sodium (Wako Pure Chemical In-
dustries, Osaka, Japan) for 1 h at room temperature (RT), then reacted with 400 times
diluted rabbit anti-epiplakin antibody with 0.5% casein sodium for 2 h at RT. After being
washed with 0.01% Triton X-100/PBS, the slides were incubated with biotinylated anti-
rabbit IgG diluted 1:100 (BA-1000, Vector Laboratories, Burlingame, CA, USA) for 1 h at
RT and diluted 1:1000 with streptavidin-horseradish peroxidase conjugate (GE Healthcare
Bio-Sciences, Pittsburgh, PA, USA) for 30 min at RT. Peroxidase activity was detected using
the Tyramide Signal Amplification Cyanine 5 System (PerkinElmer Life Sciences, Boston,
MA, USA) diluted 1:100 for 20 min at RT. The slides were counterstained with Alexa Fluor
546-labeled goat anti-human IgG diluted 1:2000 (Life Technologies, Carlsbad, CA, USA)
for 5 min at RT. Finally, the stained slides were scanned on a microarray scanner (Genepix
4000B; Molecular Devices, Sunnyvale, CA, USA). The fluorescence intensity, defined as
the median net value of quadruple samples, was determined using the Genepix pro 6.0
software package (Molecular Devices).

Data were analyzed using DotBlotChip System software, version 4.0 (Dynacom Co.,
Ltd., Chiba, Japan). Normalized signals are presented as the positive intensity minus
background intensity around the spot.

2.3. Immunohistochemistry and Scoring

We performed immunohistochemistry for radical cystectomized tissues using the
same antibody in 127 consecutive cases at Kitasato University Hospital from October
1995 to June 2015. Paraffin-embedded 3 µm-thick sections of the harvested samples were
deparaffinized in xylene, rehydrated in a descending ethanol series, and treated with 3%
hydrogen peroxide for 15 min. After blocking with Protein Block Serum-Free (Agilent
Technologies, Santa Clara, CA, USA) for 10 min, the sections were reacted with anti-
epiplakin monoclonal antibody diluted 1:200 at RT for 1 h. After rinsing three times in
Tris-buffered saline for 5 min each, the sections were incubated with Histfine Simple Stain
MAX Peroxidase (Nichirei, Tokyo, Japan) at RT for 30 min. The sections were subsequently
stained with stable DAB solution (Agilent Technologies) and counterstained with Mayer’s
hematoxylin.

Immunohistochemistry was evaluated semiquantitatively by incorporating both the
staining intensity and percentage of positive tumor cells (labeling frequency). The per-
centages of positive cells were scored as 0 for 0%, 1+ for 1–25%, 2+ for 26–50%, 3+ for
51–75%, or 4+ for 76–100%. The staining intensity was also scored as 1+ (weakly positive),
2+ (moderately positive), or 3+ (strongly positive). The multiply index was obtained by
totaling the intensity and percentage scores. Epiplakin expression scores were stratified
further as low (≤6) or high (>6) for the prognostic analyses. Two investigators (S.S. and
Yuichi Sato) who were blinded to the clinical and pathological data reviewed all slides.
Discordant cases were reviewed and discussed until a consensus was reached.

2.4. Statistical Analyses

The serum epiplakin levels between patients with BC and controls, including those
with stone disease and healthy volunteers, and clinicopathological findings were compared
via the analysis of variance and Mann–Whitney U test. The area under the curve (AUC) and
best cut-off point were calculated using receiver-operating characteristic (ROC) analysis.
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Association of the clinicopathological findings with immunohistochemistry of epi-
plakin expression was assessed using the chi-square test (or Fisher’s exact test, if appropri-
ate) for categorical variables. Recurrence-free survival and cancer-specific survival were
estimated with the log-rank test.

Univariate and multivariate analyses were performed using the Cox proportional
hazards regression model, controlling for the effects of epiplakin and clinicopathological
parameters. The statistical significance level was set at p < 0.05. Stata v. 16 for Windows
(Stata, Chicago, IL, USA) was used for all analyses.

3. Results
3.1. Validation of Serum Epiplakin Levels

Figure 1 shows the serum epiplakin levels in patients with BC, those with stone disease,
and healthy volunteers. Serum epiplakin levels were significantly increased in patients
with BC compared with those with stone disease (p = 0.0013) and healthy volunteers
(p < 0.0001). No significant differences were found between NMIBC and MIBC (p = 0.63).
Patients with NMIBC also had significantly higher serum epiplakin levels than did those
with stone disease (p = 0.0016) and healthy volunteers (p < 0.0001). No significant difference
was found between patients with stone disease and healthy volunteers (p = 0.28).
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Figure 1. Serum epiplakin expression levels in patients with stone disease, healthy volunteers, and
patients with bladder cancer. Serum epiplakin levels were significantly higher in patients with
bladder cancer than in those with stone diseases and in healthy volunteers. Serum epiplakin levels
were also significantly higher in patients with NMIBC than in those with stone diseases and in
healthy volunteers. NMIBC: non-muscle-invasive bladder cancer, MIBC: muscle-invasive bladder
cancer.

ROC analysis was used to compare the serum epiplakin levels in BC patients with those
of stone disease and healthy volunteers. The AUC for all BC patients was 0.78 (Figure 2a).
Using an optimal cut-off point of 873 (95% confidence interval (CI) = 0.69–0.87) revealed that
serum epiplakin levels exhibited 68.3% sensitivity and 79.2% specificity for BC. If specificity
was increased, serum epiplakin levels for BC showed as follows: 40% sensitivity and 90%
specificity, 31.7% sensitivity and 95% specificity, and 10% sensitivity and 98% specificity,
respectively. The AUC for NMIBC patients only was 0.70 (Figure 2b). Using an optimal cut-off
point of 1051 (95% CI = 0.69–0.89), serum epiplakin levels exhibited 64.7% sensitivity and
81.3% specificity for NMIBC.
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Figure 2. Receiver-operating characteristic (ROC) analysis of serum epiplakin expression levels (a) ROC analysis of serum
epiplakin expression levels in patients with bladder cancer. The area under the ROC curve level was 0.78. The sensitivity
and specificity were 68.3% and 79.2%, respectively, using a cut-off point of 873. (b) ROC analysis of serum epiplakin
expression levels in patients with NMIBC. The area under the curve-ROC level for bladder cancer was 0.79. The sensitivity
and specificity were 64.7% and 81.3%, respectively, using a cut-off point of 1051.

3.2. Association of Serum Epiplakin Levels with Clinicopathological Characteristics

Table 1 shows the relationships between the serum epiplakin levels and clinicopatho-
logical features. Serum epiplakin levels did not significantly differ by sex, age, pathological
stage and grade, or urine cytology.

Table 1. The relationships between of serum epiplakin levels and clinicopathological features.

Characteristics No. of Pts.
Serum Epiplakin Level

p-Value
Median Mean Range

Age(years) 0.11

≤65 11 761.8 1136.6 373.5–3209

>65 49 1302.8 1844.2 263.8–4955

Sex 0.28

Male 45 1192.8 1813.4 346–6485.8

Female 14 1181 1384 263.8–3501

T stage 0.50

≤pT1 34 1250.9 1806.1 346–6845.8

≥pT2 26 1175.6 1575.2 263.8–4955

Grade 0.40

G1/2 32 1430 1849.5 383.5–6845.8

G3 28 1177 1542.1 263.8–4955

Urine
cytology 0.51

<classIIIb 16 1171 1544.7 373.5–3982

≥classIIIb 43 1303 1800 263.8–6845.8
No.: number. pts.: patients.
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3.3. Association of Serum Epiplakin Level with BC Recurrence

BC recurred in 13 of 34 patients (38%) with pT1 (n = 17) or less (n = 17) (median time
to recurrence, 19.5 months; range, 5–44 months). Univariate and multivariate analyses for
predicting BC recurrence demonstrated that epiplakin was not a significant factor (Table S1).

3.4. Immunohistochemistry of Epiplakin

Epiplakin was expressed at various levels mainly in the tumor cell membrane and
cytoplasm (Figure 3). Univariate and multivariate analyses revealed that epiplakin ex-
pression, clinicopathological findings, and patient outcomes did not significantly differ
(Tables S2–S4; Figures S1 and Figure S2).
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4. Discussion

Several studies have been conducted to find molecular markers that might identify
progression from normal urothelium to BC. Both protein and gene analyses have frequently
been conducted on BC tissues, and reports have suggested a relationship with mutagenesis
and protein gene mutation [17]. However, no circulating molecular biomarkers or genetic
mutations have been approved for clinical use. Here, we used a micro-dot blot array to
show that serum epiplakin levels were higher in patients with BC than in those with stone
disease and in healthy volunteers. However, no association was found between staining
scores for BC tissue, clinicopathological findings, and patient prognoses. Furthermore,
serum epiplakin levels did not differ between patients with NMIBC and those with MIBC.
Hence, serum epiplakin might be a potential diagnostic marker in patients with BC, perhaps
even in the early stages.

Plakins are a family of gigantic proteins that make up the cell cytoskeleton in cell-
to-cell junctions mediated by cadherin. Some plakins are specific for cell junctions in
the epithelium that are linked to intermediate filaments [8]. Plakins play various roles
in cancer [18–20] and are correlated with urothelial cancer. We previously showed that
periplakin expression was significantly correlated with the aggressive pathology and
cancer-specific survival in patients with BC [21]. Kudo et al. reported that, in maxillary
sinus cancer, p53-mutant tumors exhibited increased expression of cell adhesion genes
containing epiplakin [22]. These data suggest that cell adhesion proteins are involved in
cancer development and progression.

However, few articles have reported an association between epiplakin and cancer.
Yoshida et al. reported immunohistochemical findings for epiplakin in pancreatic ductal
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adenocarcinoma precursor lesions [23] and demonstrated that epiplakin was expressed
in precancerous lesions but not in pancreatic cancer. Dong et al. reported KLF5-mediated
upregulation of epiplakin in tissues can activate the p38 signaling pathway to promote
the proliferation of cervical cells [24]. Furthermore, this result suggested that epiplakin
may be a target factor for the treatment of cervical cancer. Another possible mechanism of
action is that epiplakin connects intermediate filaments (IFs) [25]. IF regulates a variety
of cellular processes from cell migration to apoptosis and proliferation [26,27]. Keratin
belongs to a family of IF proteins expressed in all epithelial cells and provides important
structural support for mechanical and non-mechanical stress. Keratin is immunologically
altered because cancer cells are derived from epithelial cells. Studies in epiplakin-deficient
mice have shown that epiplakin plays a role in keratin filament rearrangement in response
to stress [28,29]. Taken together, it is suggested that the association between epiplakin and
carcinogenesis may be mediated by keratin. Our immunohistochemical study revealed
no correlation between epiplakin expression and clinicopathological findings. However,
to our knowledge, no study has reported a relationship between serum epiplakin levels
and cancers. While serum epiplakin expression levels were not associated with clinico-
pathological findings or outcomes, these levels were significantly increased in patients
with BC compared with those in patients with stone disease and in healthy volunteers.
Although the mechanism for elevated serum epiplakin in BC and the relationship between
immunohistochemical expressions in BC tissues are unclear, this study is the first to show
that serum epiplakin might be a potential biomarker for diagnosing BC.

Cystoscopy and urine cytology are effective tools for diagnosing BC. Although flexible
cystoscopy has made examinations easier for patients, it remains an invasive procedure.
This study was conducted to investigate the circulating levels of epiplakin in sera as a
potential diagnostic marker for BC. We found that epiplakin presented adequate sensitivity
(64.7%) and specificity (81.3%) for NMIBC. Tilki et al. reported that the sensitivity and
specificity of BTA ranged from 57–83% and 60–92%, respectively, and the sensitivity and
specificity of NMP22 ranged from 47–100% and 60–90%, respectively. However, BTA and
NMP22 are reported to yield high false-positive rates for urinary stones [30]. Although
epiplakin showed similar sensitivity and specificity to those of BTA and NMP22, these
markers differed significantly between patients with BC and those with stone disease.
Thus, we think that serum epiplakin estimates might aid and overcome the problems of
established BC markers.

Recent studies have reported that liquid biopsy by analysis of cell-free DNA (cfDNA)
using next-generation sequencing (NGS) is useful [31]. Genetic panel assays for BCs such
as Uroseek are also in development [32,33]. Patrice et al. reported that the sensitivity and
specificity for detection for BCs using the singleplex assay UroMuTERT, which detects
mutations in the promoter of the telomerase reverse transcriptase gene (TERT), was very
high [34]. However, although NGS is more reproducible and accurate than the enzyme-
linked immuno solvent assay (ELISA), it is expensive and requires a high degree of expertise
and a high level of experimental equipment [35]. We think that micro-dot arrays are one of
the simple methods. Compared to other cancers, the field of biomarker in bladder cancer is
still insufficient. Although epiplakin currently has many issues to be used in daily clinical
practice, it could be a promising biomarker.

This study has several limitations. First, epiplakin is located not only in the urothelium
but in the epithelium and other organs [11]. Second, the role of serum epiplakin expression
must be validated in other diseases, including cancerous and inflammatory lesions. One
study reported that plakin deletion in the lungs caused overexpression of anti-inflammatory
cytokines [36]. In terms of urinary tract infection, epiplakin was not measured in this study.
It invalidates biomarker results because it can cause false-positive findings. When screening
with biomarkers, people with urinary tract infection have to be treated first for their
infection before they can be re-examined with cancer biomarkers. However, differentiation
from urinary tract infection is still one of the issues. Third, although we performed
immunohistochemical staining of BC tissues, the patient cohorts differed between the
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serum and immunohistochemistry groups. The dynamics of epiplakin between serum
and immunohistochemistry findings must be determined. Fourth, the serum levels of
epiplakin were only measured using micro-dot blot analysis. It will be necessary to compare
with other measurement methods such as Western blotting and ELISA, considering the
stable measurement of epiplakin in clinical application. Finally, serum epiplakin was not
associated with BC recurrence on multivariate analysis. Serum epiplakin levels at the time
of diagnosis may reflect only existence of a tumor but not the biological aggressiveness of
the tumor. At the moment, epiplakin is a possible candidate that could be tested in a study
for their ability to detect bladder cancer.

5. Conclusions

In conclusion, patients with BC demonstrated significantly increased serum epiplakin
expression compared with those in patients with stone disease and in healthy volunteers.
Multi-institutional evaluations of serum epiplakin in a large patient population are war-
ranted before serum epiplakin can be included as a biomarker for routine clinical use for
early diagnosis of BC. Serum epiplakin levels might be a suitable non-invasive diagnostic
method as an adjunct to urinary cytology and cystoscopy for diagnosis of bladder cancer
once proven in a prospective cohort study.

6. Patents

Epiplakin has been patented in Japan as a diagnostic marker for bladder cancer (JP.
PAT. 6060425). The Kitasato Institute, Diagnosis of Bladder Cancer, Japan, No. 6060425.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13205150/s1, Table S1: Univariate and multivariate Cox proportional hazards regres-
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characteristics of patients with low and high epiplakin expressions according to immunohistochem-
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portional hazards regression analyses using immunohistochemical staining to predict cancer-specific
survival, Figure S1: Survival analysis using a Kaplan–Meier curve to determine recurrence-free
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