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© 2022 Štifter. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Editorial
PUBLISHED 28 September 2022

DOI 10.3389/fonc.2022.1027852
Editorial: Women in
genitourinary oncology: 2021

Sanja Štifter*
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Editorial on the Research Topic

Women in genitourinary oncology: 2021
Recently I had the privilege to edit a Frontiers Topic dedicated to women in genitourinary

oncology research and practice. Exquisite women researchers helped us promote topics from

genitourinary oncology together with their peers. The aim was to gather a collection of state-

of-the-art research articles showing that women in research have a valuable position not only

as a part of a team but also as leading researchers or group leaders. I can confidently say that

this particular topic attracted a very interesting group of articles covering a broad spectrum of

the genitourinary oncology field (Figure 1).

As it was stated in the topic introduction, at present, fewer than 30% of researchers

worldwide are women. Therefore, this topic is even more relevant in strengthening efforts

to overcome gender stereotypes discouraging girls and women away from science-related

fields, and STEM research in particular.

Editing this research Topic was for me a very positive experience concluded with a

collection of articles mostly covering prostate cancer oncology research and clinical

practice. Different prostate cancer therapeutic strategies were well presented in several

articles by groups of authors including Raju et al. and Maggi et al. Raju et al concluded by

presenting a real-world data regional study that showed both abiraterone and

enzalutamide will remain standard-of-care treatments in Australian men with

metastatic castration-resistant prostate cancer (mCRPC), as the survival and disease

control benefits of these agents have continued to be seen in numerous real world studies,

consistent with the phase III clinical trials.

New emerging therapeutic targets with preliminary results were presented in articles

by Marvaso et al. and Masson et al. It was very interesting to observe a substantially high

interest in the correlation between psychosocial stress and age-influenced depression and

anxiety-related behavior driving tumor inflammatory cytokines and accelerating prostate

cancer growth in mice by Bellinger et al. A clinical prospective study presented by

Logozzi et al., which showed that plasmatic exosome number and size distinguish

prostate cancer patients from healthy individuals, gained great attention from audiences.
frontiersin.org
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FIGURE 1

Diagram represents article distribution per topic showing the most frequent articles discussing prostate and renal cell clear cell carcinoma.

Štifter 10.3389/fonc.2022.1027852
A systematic review and meta-analysis of combined therapy

for renal cell carcinoma, presented by a group of authors led by

Tao et al. gave an interesting perspective on balancing the risk-

benefit ratio. In volume two, a mini-review on targeting

strategies in the treatment of fumarate hydratase deficient

renal cell carcinoma provides an authentic review of

therapeutic approaches presented by a group of researchers led

by Renate Pichler.

Results of a multicenter prospective study presented quality-

of-life outcomes in female patients with ileal conduit or

orthotopic neobladder urinary diversion by Siracusano et al.

Another interesting piece of clinical research was presented

by Xiong et al., where a population-based study analyzed the

prevalence and outcomes of unilateral versus bilateral

oophorectomy in women with ovarian cancer.

It is not often that a Research Topic accepts a case report, but

in this collection, we found one case report of interest by Tőke

et al. describing complete remission of advanced adrenocortical

cancer following mitotane monotherapy which, besides

presenting a case report, gives a thorough literature review of

predictive markers.

Finally, a very interesting original research article elucidating

the patterns of treatment and outcomes in older men with penile

cancer, A SEER Dataset Analysis, is part of volume two

presented by Maria T. Bourlon et al.
Frontiers in Oncology
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Instead of a conclusion, I would like to point out that such

platforms promoting the work of women scientists, across all

fields of Oncology, are beneficial in giving more visibility to

women researchers. This can be inspiring for young girls and

women and, at the same time, ensures sustainable development

of science too. Gender equality must be promoted as well as

gender stereotypes defeated, and girls and women should be

encouraged to pursue STEM careers.

I would like to dedicate this editorial to my recently departed

colleague, Professor Ondrej Hess, who was an outstanding

researcher, teacher, pathology expert, and nature supporter and

also a strong advocate of gender equality in science and research.
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Judit Tőke1, Zsuzsanna Jakab1, Júlia Stark1, Gergely Huszty2, Péter Reismann1
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Mitotane has been used for the treatment of adrenocortical cancer (ACC) for over 50 years.
Despite its widespread use both inmonotherapy and in combinationwith chemotherapeutics,
our knowledge of its mechanism of action and therapeutic efficacy is scarce. The number of
patientswith advanced ACCwho have achieved complete remission documented by detailed
clinical data is below ten.We report a case of a 64-year-oldwomanwith a non-functional ACC.
Histological examination showed vascular invasion, Ki67 of 10% and a mitotic count of 3/10
high-power field. Immunohistochemistry revealed p53 positivity. Pathological TNM gradewas
reported as T2N0M0, ENSAT stage 2. Nine months after the initial diagnosis, re-staging CT
revealed multiple peritoneal nodules, lymph node and kidney metastases confirmed by
histologic examination. Mitotane monotherapy was started with a maintenance dose
between 2.0 and 2.5 grams/day. Partial remission was established at six months.
Subsequently, for another 12 months, each of the three-monthly CT scans confirmed
complete remission. Nineteen months after the initiation of mitotane, an unexpected
sudden death occurred. A detailed autopsy work-up, performed in the full awareness of
oncological history, confirmed complete remission. The authors review the molecular
biomarkers and clinical features reported as predictors of response tomitotanemonotherapy.

Keywords: adrenocortical cancer, complete remission, predictive markers, mitotane, monotherapy
INTRODUCTION

Nowadays, mitotane is the only compound registered to treat adrenocortical cancer (1). Despite its
use of over 50 years, the exact mechanism of action is mostly unknown (2). Mitotane is most
frequently used in combination with chemotherapeutics. For recurrent or advanced adrenocortical
cancer, etoposide-doxorubicin-cisplatin therapy combined with mitotane (EDP-M) is
Abbreviations: ACC, adrenocortical carcinoma; ACTH, adrenocorticotropic hormone; CT, computed tomography; FDG-
PET-CT, fluoro-deoxyglucose positron emission tomography; ENDO-ERN HCP, European Reference Network on Rare
Endocrine Conditions, Health Care Provider.
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recommended as the first-line treatment of choice. In second-
line settings, gemcitabine plus capecitabine or streptozocin could
be possible options with continued mitotane treatment (3). In
patients with low tumour load or poor performance status,
mitotane can be initiated as monotherapy (4). Although
mitotane is not registered for adjuvant purposes, it is used with
increasing frequency in the adjuvant setting (5–7).

The efficacy of EDP-M is limited in general; however,
favourable response is obtained in a few cases. Terzolo et al.
reported their single-centre experiences with 180 metastatic ACC
patients treated with EDP-M therapy over 20 years. Four patients
(2.2% of all) exhibited progression-free survival for five years.
Two patients showed complete remission after EDP-M
chemotherapy (8). In another single-institution series, surgery
identified complete pathological response in 4 (7%) out of 58
consecutive metastatic ACC patients following EDP-M. None of
them had recurred at the last follow-up (9).

Despite its widespread use in the therapy of ACC, we have
limited knowledge about its efficacy as monotherapy. The most
extensive study to date reported experiences with 127 patients
from a German multicentre study (10). In this retrospective
analysis, 26 patients (20,5%) exhibited objective response; three
of them had a complete response (10). Another study from the
Memorial Sloan-Kettering Cancer Center from the period between
1989 and 2015 showed that only 4 out of the 36 patients (11%) had
an objective response to mitotane monotherapy; however, 3 of
them showed complete response (11).

Concerning complete remission achieved by mitotane
monotherapy in patients with advanced-stage ACC, there is a
remarkable paucity of reported patients. El Ghorayeb et al.
summarized all the nine adult patients with advanced ACC
having achieved complete remission with mitotane
monotherapy, published between 1974 and 2014 (12). Since
this publication, we are aware of six other cases reported
without further details in the two aforementioned retrospective
clinical studies (10, 11). Besides reporting a new patient, we
review the molecular and clinical predictors of response to
mitotane monotherapy in advanced ACC patients.
CASE DESCRIPTION

A 64-year-old woman was referred to our adrenocortical cancer
referral centre following left adrenalectomy. The adrenal tumour,
9.5 cm in its largest diameter, was detected incidentally during
investigations for an unexplained rash (Figure 1). Preoperative
hormonal measurements including plasma cortisol, aldosterone,
ACTH, and plasma renin activity resulted in the diagnosis of a
non-functional adrenal tumour. Chest and abdominal computed
tomography revealed discrete peritumoral adipose tissue
infiltration without pathological lymph nodes or distant
metastases. The native density of the tumour on CT was +40
Hounsfield unit. Histological examination showed vascular
invasion, Ki67 of 10% and a mitotic count of 3/10 high-power
field. Immunohistochemistry revealed p53 positivity. Pathological
TNM grade was reported as T2N0M0, ENSAT stage 2.
Frontiers in Oncology | www.frontiersin.org 29
2,5 months following adrenalectomy, the tumour bed was
irradiated using a Varian Clinac iX 6 MV photon beam
instrument with a total dose of 50.5 Gy. The postoperative 3-
and 6-month re-staging CT did not show any tumour lesion. Nine
months after the initial diagnosis, abdominal ultrasonography and
re-staging CT revealed multiple peritoneal nodules raising the
suspicion of peritoneal carcinomatosis, a periventricular lymph
node, and a left kidney metastasis (Figures 2 and 3). The maximal
tumoral diameter was 12 mm. Laparoscopic tissue sampling from
the ascending colon and sigmoid intestine resulted in the
histological diagnosis of peritoneal carcinomatosis from ACC.
Therefore, twelve months following adrenalectomy, mitotane
monotherapy was started according to a high-dose regimen (13).
FIGURE 1 | Left adrenal tumour, 9.5 cm in its largest diameter. Unenhanced
computed tomographic scan. Native density 40 Hounsfield unit.
FIGURE 2 | 8 mm metastasis within the left perirenal fat. Ultrasonographic image.
May 2021 | Volume 11 | Article 680853
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Mitotane plasma levels were monitored by the Lysosafe service
(www.lysosafe.com). Therapeutic mitotane concentration was
achieved within two months. Mitotane, with a maintenance dose
between 2.0 and 2.5 grams/day, was well tolerated during the
whole course of its administration. The patient was substituted
with hydrocortisone, 30 mg/day. She was educated for signs and
symptoms of adrenal failure and supplied with an emergency card
and parenteral hydrocortisone KIT.

Re-staging CT performed three months following the
initiation of mitotane therapy revealed stable disease, while
partial remission was reported at six months. After that, each
three-monthly CT confirmed complete remission.

Two and a half years following the adrenalectomy and nineteen
months after the initiation of mitotane, the lone-living patient was
found dead in her flat. A detailed pathological work-up, performed
in the full awareness of oncological history, confirmed complete
remission. Special attention was paid to the peritoneal surfaces and
the liver, which was sliced into 5-mm slices. Lesions suspected of
metastatic disease were not found anywhere. The autopsy could
not give a definite answer regarding the cause of death. Because of
the influenza epidemic at that time, a viral infection could be
Frontiers in Oncology | www.frontiersin.org 310
suspected as a cause of death. Other alternatives as possible
explanations for the unexpected sudden death include adrenal
insufficiency and long Q-T syndrome caused by mitotane therapy.

According to our in-house ACC registry, out of 48 patients
with advanced ACC, 15 patients were initially treated with
mitotane monotherapy. The patient reported here is the only
one who achieved complete remission on mitotane monotherapy.
DISCUSSION

Mitotane causes selective damage to adrenocortical cells, acting
primarily by the disruption of mitochondria and activating
apoptosis (14). Regarding the potential molecular biomarkers
of the efficacy of mitotane therapy, data are scarce. Maintaining
serum mitotane levels in the target range of 14 to 20 mg/L is a
strong predictor of effectiveness (15). However, we have several
hints that objective response to mitotane can be achieved with
lower plasma mitotane concentrations (10, 11). The human
cytochrome P450 2W1 enzyme (CYP2W1) was suggested to
be involved in the metabolism of mitotane. CYP2W1
immunoreactivity was associated with longer overall survival
and time to progression in ACC patients treated with mitotane
monotherapy (16). A recent multicentre study suggested that a
specific combination of single nucleotide polymorphisms of two
mitochondrial enzymes (CYP2W1 and CYP2B6) may predict
therapeutic response to mitotane monotherapy (17). Next-
generation sequencing proved unsuccessful in predicting
response to mitotane monotherapy in two out of the three
complete responders to mitotane (11). Mitotane is an inhibitor
of sterol-O-acyl transferase 1 (SOAT1), which was postulated to
be a key molecular target of mitotane. However, SOAT1
expression has not been correlated with clinical endpoints in a
study with ACC patients on mitotane monotherapy (18). Despite
numerous efforts, none of the studies established clinically useful
biomarkers having the potential for predicting response to
mitotane therapy. The results of these studies are summarized
in Table 1.

Similarly to potential biochemical markers, to date, we do not
have firm clinical markers predicting response to mitotane (12).
Two extensive retrospective studies were published with mitotane
monotherapy in their focus (10, 11), and only one paper
summarized individual case reports to date (12). Table 2 updates
the main clinicopathological features of each patient reported with
FIGURE 3 | 7.4 mm metastasis in the left renal cortex. Contrast-enhanced
computed tomographic scan.
TABLE 1 | Molecular markers tested so far for a response to mitotane monotherapy in patients with advanced ACC.

Presumed biomarker No of the tested patients Result Reference

DNA repair enzymes RRM1 and
ERCC1

92 RRM1 expression was associated with DFS and OS Volante et al. (19)

Germline DNA 2 NGS was negative in complete responders Reidy-Lagunes et al. (11)
CYP2W1 expression 25 CYP2W1 predicts response to mitotane Ronchi et al. (16)
SNPs (CYP2W1*2, CYP2W1*6,
CYP2B6*6 and CYP2B6 rs4803419)

182 CYP2W1*6 and CYP2B6*6 may predict individual response Altieri et al. (17)

Sterol-O-acyl transferase 1 (SOAT1) 231 no correlation with clinical endpoints Weigand et al. (18)
May 2021 | Vo
DFS, disease-free survival, ERCC1: excision repair cross-complementation group 1; NGS, next-generation sequencing; OS, overall survival; RRM1, Ribonucleotide reductase large
subunit 1; SNP, single nucleotide polymorphism.
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complete response to mitotane monotherapy. In these publications,
a common clinical parameter predicting response to mitotane was
the tumour burden itself, expressed either as the number of sites
involved or tumoral diameter or number of tumoral lesions. Late
versus early recurrence of advanced disease (cut-off at 360 days)
proved to be another highly significant clinical parameter (10).
According to these clinical reports, hormonal activity of the primary
tumour is not an important feature influencing response to
mitotane as complete remission could be achieved both in
functioning and in non-functioning adrenocortical cancers. The
metabolic response to mitotane on FDG-PET scan was suggested to
be a potential radiologic predictor of response to mitotane
monotherapy (12).

Concerning the suggested clinical predictors of a favourable
response to mitotane, our patient fulfilled three out of the four
parameters listed in Table 3. She was in good condition at the
tumour’s recurrence; she had a non-functional tumour and had a
low tumour burden with less than ten lesions at recurrence. Only
one criterion was not fulfilled; namely, her tumour relapsed after
270 days.

Our case presentation has limitations. First, the cure of
peritoneal carcinomatosis was initially diagnosed and followed
with computed tomography scans which could not imply a
complete pathological response in vivo. Nevertheless, the
autopsy findings, including the inspection of the peritoneal
surfaces, should be considered as strong indicators of complete
remission. In addition, the follow up of this patient was short
(19 months) due to the occurrence of the sudden death.

The optimal length of mitotane monotherapy following
achievement of complete response is unknown. Within El
Ghorayeb’s compilation of patients with complete remission,
Frontiers in Oncology | www.frontiersin.org 411
disease-free survivals were between 4 and 25 years. Regarding the
length of mitotane therapy following CR, we do not have any
guidance. In some patients, mitotane was administered lifelong;
however, long-lasting disease-free intervals were reported in
patients with discontinued mitotane therapy.
CONCLUDING REMARKS

The few reported cases of patients with advanced ACC achieving
complete remissions on mitotane monotherapy are strong pieces
of evidence for the therapeutic efficacy of mitotane.
Molecular biomarkers predicting the success of mitotane are
desperately needed.
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TABLE 2 | Clinicopathological features of adult patients with metastatic adrenocortical cancer reported as complete responders to mitotane monotherapy.

Reference No of patients
reported with
CR to mitotane

Timing of mitotane initiation Tumour burden at
mitotane initiation

Hormonal excess

Megerle et al. (10) 3 ≥360 days since initial diagnosis (3/3) < 10 tumor lesion (2/3) Cortisol (1/3)
≥ 10 tumor lesion (1/3)

Reidy-Lagunes et al. (11) 3 ND Tumors in one site with low (< 3 cm) Nonfunctional (3/3)
tumor volume (3/3)

El Ghorayeb et al. (12) 9 At initial diagnosis (6/9) ND Nonfunctional (3/9)
2 years since initial diagnosis (1/9) Cortisol (1/9)
ND (2/9) Androgens (3/9)

Cortisol and androgens (2/9)
Our patient, 2021 1 1 year since initial diagnosis (1/1) < 10 tumor lesion, low tumor burden

(maximum tumor diameter 12 mm)
Non-functional (1/1)
May 2021
ND, no data.
TABLE 3 | Clinical parameters suggested predicting favourable response to mitotane monotherapy in patients with advanced ACC.

Reidy-Lagunes et al., 2017 (11) Megerle et al., 2018 (10)

Endocrine activity non-functional tumours probably respond better not a predictive factor
Performance status Patients with ECOG 0-1 probably respond better not investigated
Tumour burden disease limited to one site < 10 tumoral lesions

low volume disease (< 3 cm)
Timing of recurrence not investigated delayed (>360 days) advanced recurrence
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Introduction: To get better insight into the management of non-metastatic castration-
resistant prostate cancer (M0 CRPC), in this meta-analysis and review we aimed to
present an updated evaluation of the efficacy and safety of novel hormonal therapies (nHT)
for M0 CRPC according to final analyses with mature overall survival (OS) and safety data.

Methods: We analyzed metastasis-free survival (MFS), OS, time to prostate-specific
antigen (PSA) progression, second-line therapies data, adverse events (AEs), including all
AEs, serious AEs (SAEs), AEs leading to discontinuation of trial regimen, AEs leading to
death, fatigue, dizziness, cardiovascular events, and fractures; moreover, we evaluated
the impact of PSA doubling time (PSA-DT), Eastern Cooperative Oncology Group (ECOG)
score, use of bone-targeted therapy, lymph lodes (LN) status, and prior HT on final OS
data. A comparison among the placebo arms of the included trials in terms of survival and
safety profiles was assessed.

Results: According to the pooled analysis with updated and mature OS data, OS was
significantly improved with nHT compared to placebo (hazard ratio (HR)= 0.74, 95%
confidence interval (CI)= 0.66–0.84). nHT significantly improved OS over placebo across
all pre-specified subgroups. Subgroup analysis revealed a greater OS benefit in patients
with PSA-DT >6 months than ≤6 months (HR= 0.69 versus HR= 0.75), ECOG 0 than 1
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(HR= 0.70 versus HR= 0.80), N1 disease than N0 (HR= 0.61 versus HR= 0.78), and in
those receiving bone-targeted therapy (HR= 0.65 versus HR= 0.74), and a comparable
OS by number of prior HT (HR= 0.75 versus HR= 0.76, for HT= 1 and ≥2); yet, differences
between pre-specified subgroups were not significant (all p> 0.05). Overall, the nHT arm
was significantly associated with higher rates of AEs, when compared with the
placebo arm. The long-term analysis showed a worse safety profile with nHT than the
interim analysis.

Conclusions: According to final analyses, nHT have shown to improve OS over placebo
in the setting of high-risk M0 CRPC. The long-term analysis showed a worse safety profile
with nHT than the interim analysis, whit distinct profiles among different nHT. The lack of
survival data regarding second-line therapies remains a major issue.
Keywords: prostate neoplasm, non-metastatic castration-resistant prostate cancer, hormonal therapy,
overall survival, adverse events, metastasis
INTRODUCTION

Androgen deprivation therapy (ADT) is the basis of the medical
treatment for advanced prostate cancer (PC), and for those men
with early-stage PC who experience biochemical progression
with a rising prostate-specific antigen (PSA) level after curative
treatment (1–4). ADT can be achieved with either surgery (i.e.
bilateral orchiectomy) or various agents (i.e. gonadotropin-
releasing hormone (GnRH) agonists, GnRH antagonists and
anti-androgens), and despite it is initially effective, eventually
the majority of cases will experience progression to a castration-
resistant PC (CRPC) (5). According to the European Association
of Urology (EAU) guidelines, CRPC can be defined as castrate
serum testosterone (<50 ng/dL or 1.7 nmol/L) plus either
biochemical or radiological progression (6). The status with a
progressive rising PSA levels, in a low testosterone environment,
and in the absence of detectable metastasis on conventional
imaging, is known as non-metastatic CRPC (M0 CRPC), whose
prevalence has been estimated to about 10% of PC in Europe
(7, 8). It has also been observed that metastasis-free survival
(MFS) in this setting is 25 to 30 months, and that about one-third
will develop visible bone metastases within 2 years (9).

Since metastatic CRPC (mCRPC) is fatal, with a median
survival of approximately 3 years, currently prolonging as long
as possible the M0 status by delaying the onset of metastasis and
the need of subsequent treatments -with the related side effects-
is a major treatment goal in M0 CRPC. Until recently, no
approved systemic therapies existed for these cases, and
observation in the context of on-going ADT was the standard
of care. This scenario changed in 2018, with the sequential
approvals of novel hormonal therapies (nHT) (i .e .
Enzalutamide, Apalutamide, and Darolutamide), after 3 phase
III randomized controlled trials (RCTs) were carried out
comparing these drugs to placebo (i.e. treatment with the sole
on-going ADT) in high-risk M0 CRPC cases (i.e. M0 CRPC cases
with a PSA doubling time (PSA-DT) of ≤ 10 months) (10–12).
Although all 3 trials met their primary endpoint (i.e. MFS),
skepticism was raised regarding MFS as a clinically relevant
214
endpoint, and whether it would reflect an improved OS. Indeed,
at the primary analyses, none of the studies showed an OS benefit
due to immature data (6). Updated data regarding OS were
presented at the 2020 American Society of Clinical Oncology
(ASCO) Annual Meeting, and then recently published, showing
clearer results (13–15). Moreover, since different drugs appeared
to be comparable in terms of oncological profile, and in view of
the long-term treatment with these agents in asymptomatic
patients, the therapeutic choice should be based on safety
profile. To date, no direct comparison among these
compounds has been made.

To get better insight into the management of these cases, and
to further guide the future choice among these novel compounds,
in this meta-analysis and review we aimed to present an updated
evaluation of the efficacy and safety of nHT for M0 CRPC cases
according to last publications with mature OS and safety data;
moreover, we sought to assess whether there existed differences
in the placebo arms of the evaluated studies in terms of
oncological outcomes and safety profiles, which could have
influenced comparative results among nHT trials.
METHODS

Objective
The primary aim of the present meta-analysis is to systematically
analyze the current evidence on nHT for M0 CRPC cases.

In particular, in populations of M0 CRPC cases, we analyzed:
MFS, OS, time to PSA progression, second-line therapies data,
adverse events (AEs) (overall AEs and grade 3-4 AEs) including
all AEs, serious AEs (SAEs), AEs leading to discontinuation of
trial regimen, AEs leading to death, fatigue, dizziness,
cardiovascular events, and fractures; moreover we evaluated
the impact of PSA-DT (defined as the time required for the
PSA level to double; ≤ versus >6 months), performance status
(PS) (Eastern Cooperative Oncology Group (ECOG) score 0
versus 1), the use of bone-targeted therapy (yes versus no),
lymph lodes (LN) status (N0 versus N1), and prior HT (1
June 2021 | Volume 11 | Article 700258
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versus ≥2) on updated OS data. A comparison among the
placebo arms of the included trials in terms of survival and
safety profiles was assessed.

Search Strategy
We searched in the Medline and Cochrane Library database and
the American Society of Clinical Oncology (ASCO) Meeting
(search terms: “prostate neoplasm” AND “castration-resistant
prostate cancer” AND “non metastatic” AND “hormonal
therapy” OR “apalutamide” OR “darolutamide” OR
“enzalutamide”), without language restriction from the
literature from January 2009 to September 2020, following The
Preferred Reporting Items for Systematic Review and Meta-
analyses (PRISMA) guidelines (Figure S1, Supplementary
Material) (16). Original and review articles were included and
critically evaluated. Additional references were identified from
reference lists of these articles.

Selection of the studies and
Inclusion Criteria
Entry into the analysis was restricted to data collected from
original studies on RCTs including subjects with a diagnosis of
M0 CRPC who subsequently underwent treatment with
Apalutamide, Enzalutamide, or Darolutamide.

Two authors (MM; AS) independently screened the titles and
abstracts of all articles using predefined inclusion criteria. The
full-text articles were examined independently by three authors
(MM; SS; VF) to determine whether or not they met the
inclusion criteria. Then, two authors (VF; GB) extracted data
from the selected articles. Final inclusion was determined by all
investigators’ evaluation discussion.

The studies selected for inclusion met the following criteria:
(I) M0 CRPC cases; (II) Apalutamide, Enzalutamide, or
Darolutamide as the experimental agent; (III) the comparison
with placebo arm (i.e. received the sole ADT). Table S1,
Supplementary Material, shows inclusion criteria following
the Population, Intervention, Comparison, Outcomes and
Study design (PICOS) method.

Articles were excluded if: (I) multiple reports were published
on the same population, (II) data provided were insufficient for
the outcomes described in the aim section, (III) animal studies,
(IV) non-randomized studies.

Statistical Analysis
Risk of bias (RoB) for all included studies was evaluated using the
Review Manager (RevMan) (Copenhagen: The Nordic Cochrane
Centre, The Cochrane Collaboration) tool for the assessment of
the methodo log i ca l qua l i t y o f t r i a l s (Figure S2 ,
Supplementary Material).

Random effects meta-analysis of class-level effect of nHT
versus placebo was performed using the inverse variance
technique for meta-analysis of hazard ratios (HRs) for efficacy
outcomes, and the Mantel-Haenszel method for meta-analysis of
dichotomous data for AEs. To explore the pre-defined outcomes
of interest, subgroup analysis was performed regarding
differences in the PS (ECOG score 0 versus 1), the use of
bone-targeted therapy (yes versus no), LN status (N0 vs N1)
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and PSA-DT (>6 months vs <6 months). To assess the variance
distribution of the event rates (ERs) of survival and safety
outcomes in the sole placebo arms, pooled ERs with 95%
confidence intervals (CIs) were calculated.

Heterogeneity was evaluated by X2 Q test and I2 statistic (17).
For the Q test, p <0.05 indicated significant heterogeneity; for the
I2 statistics, an I2 value >50% was considered significant. Our
results are graphically displayed as forest plots, with HR with
95% CIs for the time-to-event variables, and odds ratio (ORs) or
event rates (ERs) with 95% CIs for the dichotomous variables.
Due to the small numbers of the included trials, no publication
bias was estimated. Calculations were accomplished using
RevMan version 5.4 (Copenhagen: The Nordic Cochrane
Centre, The Cochrane Collaboration) and Stata version 16.1
(Stata Corporation, College Station, TX, USA). A p value of <0.05
was regarded as statistically significant, and all tests were
two-sided.
RESULTS

Search Results
The search strategy identified 2576 potentially relevant studies;
after removing the duplicates, 1247 studies were screened of
which 1224 were excluded based on title and abstract. For the
remaining 23 studies, the full texts were obtained. The PRISMA
flow diagram is presented in Figure S1, Supplementary
Material. In total 3 studies fulfilled the inclusion criteria and
were included in the final analysis (Table 1).

Design and Baseline Characteristics of the
Included Studies
Three studies that met the inclusion criteria were included in this
analysis (Table 1). A total of 4117 high-risk M0 CRPC patients
were evaluated: 2694 cases were in the nHT arm (i.e. received the
experimental drug plus on-going ADT), and 1423 cases were in
the control arm (i.e. received the matched placebo plus on-going
ADT). The enrollment of patients was performed between 2013
and 2018. Study design and inclusion criteria were similar among
the studies. All the studies were international, randomized,
double-blind, placebo-controlled, phase III trials. ADT was
continued throughout the trial in all the studies. Based on
updated data from the most recent publications on final
analyses, patients were followed for a median of 29 to 52
months. As experimental drug, in 1 study was administered
Apalutamide 240 mg once daily (806 cases) (11), in 1
Darolutamide 600 mg twice daily (955 cases) (12), and in 1
Enzalutamide 160 mg once daily (933 cases) (10). Patients
baseline characteristics were similar among the studies, though
with few subtle differences (Table 1). Patients in the
experimental arm of SPARTAN trial showed a slightly lower
median total PSA, compared with PROSPER and ARAMIS trials;
patients in the experimental arm of PROSPER trial had a lower
median PSA-DT, as well as a higher proportion of patients with
PSA-DT ≤ 6 months and a higher percentage of patients with a
better PS (ECOG= 0), when compared with PROSPER and
ARAMIS trials. Median time from initial diagnosis was shorter
June 2021 | Volume 11 | Article 700258
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in the ARAMIS compared with SPARTAN trial (86.2 versus 95.4
months, respectively); PROSPER trial did not report this data.

MFS and Time to PSA
Progression Analyses
MFS was the primary endpoint in all included trials. The pooled
analysis showed a significantly better MFS with nHT than with
placebo (HR= 0.32, 95%CI= 0.25–0.41) (Figure 1A). Similarly,
time to PSA progression was significantly improved with nHT
compared to placebo (HR= 0.08, 95%CI= 0.05–0.14) (Figure 1B).

OS Analysis: Updated and Mature Results
From Final Analyses
At the primary analyses, OS data were immature for all the trials
since median OS was not reached in either treatment groups. OS
data from final analyses of the included trials are summarized in
Table 2. The median follow-up was 29 to 52 months; ARAMIS
trial showed a shorter follow up time (29 months) when
compared to PROSPER and SPARTAN trials (48 and 52
months, respectively). Death events occurred less frequently in
ARAMIS trial (n= 148, 15%) than PROSPER and SPARTAN
trials (n= 288, 31% and n= 274, 34%, respectively). According to
the pooled analysis with updated and mature OS data, OS was
significantly improved with nHT compared to placebo (HR=
0.74, 95%CI= 0.66–0.84) (Figure 1C). Moreover, nHT
significantly improved OS over placebo across all pre-specified
subgroups (Figure S3, Supplementary Material). Subgroup
analysis revealed a greater OS benefit in patients with PSA-DT
>6 months than ≤6 months (HR= 0.69 versus HR= 0.75), ECOG
0 than 1 (HR= 0.70 versus HR= 0.80), N1 disease than N0 (HR=
0.61 versus HR= 0.78), and in those receiving bone-targeted
therapy (HR= 0.65 versus HR= 0.74), and a comparable OS by
number of prior HT (HR= 0.75 versus HR= 0.76, for HT= 1 and
Frontiers in Oncology | www.frontiersin.org 416
≥2); yet, differences between pre-specified subgroups were not
significant (all p> 0.05) (Figures S3 A–E).

Stratified AEs Analysis
Figure 2 shows the comparison of AEs reported by both interim
(Figures 2A, C, E) and final (Figures 2B, D, F, G) safety analyses of
the included trials. Overall, the nHT arm was significantly
associated with higher rates of AEs, when compared with the
placebo arm. According to the pooled analysis of data from the
safety final analyses of the three trials, the nHT arm was associated
with a higher likelihood of experiencing grade 3–4 AEs, SAEs, AEs
leading to discontinuation of trial regimen, and AEs leading to death
than placebo (OR= 1.92, 95%CI= 1.30–2.85, OR= 1.748, 95%CI=
1.19–2.54, OR= 1.62, 95%CI= 0.89–2.92, and OR= 3.69, 95%CI=
0.79–17.30, respectively) (Figures 2A–D). Since published final
analyses did not provide sufficient and consistent data to
accomplish updated comparisons for all specific types of AEs,
rates of specific types of AEs were assessed with data from the
safety interim analyses (with the exception of fracture events, which
are updated to final analyses). The likelihood of any grade and grade
3–4 fatigue was increased in the nHT arm than in the placebo arm
(OR= 1.93, 95%CI= 1.23–3.04, and OR= 1.87, 95%CI= 0.37–9.37,
respectively) (Figures 3A, B). Similarly, dizziness, cardiovascular
events and fractures occurred more often with nHT than with
placebo (OR= 1.63, 95%CI= 1.07–2.47, OR= 1.49, 95%CI= 1.09–
2.03, and OR= 2.47, 95%CI= 1.63–3.74, respectively) (Figures
3C–F).

Comparison of the Placebo Arms of the
Included Studies: Baseline Characteristics,
Survival, and Safety Data
Patients baseline characteristics of the placebo arms included in the
3 studies are presented in Table S2, Supplementary Material.
TABLE 1 | Patients baseline characteristics in the 3 included studies by treatment group [number of cases (%), and median (range)].

Variable ARAMIS (12) PROSPER (10) SPARTAN (11)
(n= 1509) (n= 1401) (n= 1207)

Arm DAROLUTAMIDE PLAC ENZALUTAMIDE PLAC APALUTAMIDE PLAC
Patients, n° 955 554 933 468 806 401
Age (years), median (range) 74 (48–95) 74 (50–92) 74 (50–95) 74 (53–92) 74 (48–94) 74 (52–97)
Follow-up * (months), median 29.0 48.0 52.0
Time from initial diagnosis (months), median 86.2 84.2 n.s. n.s. 95.4 94.2
Total PSA level (ng/mL), median (range) 9.0 (0.3–858.3) 9.7 (1.5–885.2) 11.1 (0.8–1071.1) 10.2 (0.2–467.5) 7.8 8.0
Testosterone level (nmol/L), median (range) 0.6 (0.2–25.9) 0.6 (0.2–7.3) n.s. n.s. 0.8 (0.3–3.1) 0.8 (0.3–2.8)
PSA-DT, n° (%)
≤6 months 667 (70) 371 (67) 715 (77) 361 (77) 576 (72) 284 (71)
>6 months 288 (30) 183 (33) 217 (23) 107 (23) 230 (29) 117 (29)
median (months) 4.4 4.7 3.8 3.6 4.4 4.5
LN status, n° (%)
N0 792 (83) 396 (71) n.s. n.s. 673 (84) 336 (84)
N1 163 (17) 158 (29) 133 (17) 65 (16)
PS ECOG score, n° (%)
0 650 (68) 391 (71) 747 (80) 382 (82) 623 (77) 311 (78)
1 305 (32) 163 (29) 185 (20) 85 (18) 183 (23) 89 (22)
Use of Bone targeted therapy, n° (%)
No 924 (97) 522 (94) 828 (89) 420 (90) 724 (90) 362 (90)
Yes 31 (3) 32 (6) 105 (11) 48 (10) 82 (10) 39 (10)
June 202
1 | Volume 11 | A
PLAC, placebo; PSA, Prostate-specific antigen; PSA-DT, PSA doubling time; LN, lymph nodes; PS, performance status; ECOG, Eastern Cooperative Oncology Group; n.s., not specified.
*Follow-up is updated to final analyses of OS (13–15).
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A slightly higher percentage of patients in the PROSPER trial had
a shorter PSA-DT of ≤ 6 months (77%), compared to ARAMIS
and SPARTAN trial (67% and 71%, respectively), as well as a
lower median PSA-DT value at baseline (3.6 versus 4.7 and
4.5, respectively). Regarding lymph nodes status, a higher
percentage of N1 patients in the ARAMIS trial was
reported, when compared to SPARTAN trial (29% versus
16%); PROSPER trial did not report this data. A worse PS was
reported in the placebo arm of ARAMIS trial, with 29% of
patients having an ECOG= 1, compared to 18% and 22% for
PROSPER and SPARTAN trials, respectively. The use of bone
targeted therapy was similar for PROSPER and SPARTAN trials
(both 10% of patients), while was slightly lower for
ARAMIS (6%).

With regards to survival outcomes, ERs comparing patients in
the sole placebo arms showed similar results for metastasis or
death events for PROSPER and SPARTAN trials (ER= 0.49, 95%
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CI= 0.36–0.62 and ER= 0.48, 95%CI= 0.34–0.63, respectively),
while ARAMIS showed a lower rate (ER= 0.39, 95%CI= 0.25–
0.53) (Figure 4A). Similarly, ERs for death events were
comparable between PROSPER and SPARTAN trials (ER=
0.38, 95%CI= 0.23–0.53 and ER= 0.38, 95%CI= 0.22–0.55,
respectively), whereas ARAMIS showed a lower rate (ER= 0.19,
95%CI= 0.00–0.39) (Figure 4B).

With respect to safety outcomes, there was a significant
difference in ERs for fatigue reported by the trials (p=0.03)
(Figure 4C). Fatigue was less common in the ARAMIS arm,
showing the lowest ER of 0.09 (95%CI –0.21 to 0.38), when
compared with the arms from PROSPER and SPARTAN trials
(ER=0.14, 95%CI −0.12 to 0.39 and ER=0.21; 95% CI, −0.01 to
0.43, respectively). On the contrary, placebo arms did not
significantly differ in ERs for other analyzed AEs (i.e. dizziness,
cardiovascular events and fractures) (all p> 0.05) (Figures
4D–F).
A

B

C

FIGURE 1 | Forest plots reporting pooled survival outcomes from the 3 included studies. (A) Metastasis-free survival (MFS); (A) time to Prostate-specific antigen
(PSA) progression; (C) overall survival (OS). § OS data are updated to final analyses with mature OS data. [CI, confidence interval; nHT, novel hormonal therapy;
PLAC, placebo].
TABLE 2 | Overall Survival (OS) data from the final analyses of the three included trials.

Variable ARAMIS (14) PROSPER (15) SPARTAN (13)
(n= 1509) (n= 1401) (n= 1207)

Arm DAROLUTAMIDE PLAC ENZALUTAMIDE PLAC APALUTAMIDE PLAC
Patients, n° 955 554 933 468 806 401
Death events, n° (%) 148 (15) 106 (19) 288 (31) 178 (38) 274 (34) 154 (38)
Median OS, months (95%CI) n.s. n.s. 67.0 (64.0-NR) 56.3 (54.4–63.0) 3.9 (61.2-NR) 59.9 (52.8-NR)
HR for OS, (95%CI) p 0.69 (0.53–0.88) 0.003 0.73 (0.61–0.89) 0.001 0.78 (0.64–0.96) 0.016
Median follow-up, months 29.0 48.0 52.0
Ju
ne 2021 | Volume 11 |
PLAC, placebo; OS, overall survival; n.s., not specified; NR, not reached; HR, hazard ratio; CI, confidence interval.
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Second-Line Therapies Analysis
Table 3 summarizes second-line therapies data updated to final
analyses reported by the included trials. A higher percentage of
patients in theSPARTANtrial received a second line therapy (48%),
when compared to ARAMIS and PROSPER trials (15 and 33%,
respectively).ChemotherapywithDocetaxelwas themost common
treatment used in both ARAMIS and PROSPER trials (58 and 60%
of patients, respectively), whereas nHT (with either Abiraterone
acetate or Enzalutamide) was the most frequent in SPARTAN trial
(88%of patients); of note, only 9%ofpatients in the SPARTAN trial
Frontiers in Oncology | www.frontiersin.org 618
received Docetaxel as second-line treatment. SPARTAN was the
sole trial reporting data on second progression-free survival (PFS)
(defined as the time from randomization to investigator-assessed
disease progression during the first subsequent treatment for
mCRPC or death from any cause). At the final analysis,
Apalutamide significantly improved second PFS over placebo
(HR=0.55, 95%CI −0.46 to −0.66), with an extension of median
second PFS of 14.4 months (55.6 months with Apalutamide versus
41.2 months with placebo). Data regarding second PFS were not
evaluated in ARAMIS and PROSPER trials (Table 3).
A B

D

E F

G

C

FIGURE 2 | Forest plots reporting pooled safety outcomes from both interim and final analyses of the 3 included studies. Grade 3–4 adverse events (AEs) from
interim (A) and final analyses (B); serious AEs (SAEs) from interim (C) and final analyses (D); AEs leading to discontinuation of trial regimen from interim (E) and final
analyses (F); AEs leading to death from final analyses (G). [CI, confidence interval; nHT, novel hormonal therapy; PLAC, placebo].
A B

D

E F

C

FIGURE 3 | Forest plots reporting pooled safety outcomes from interim analyses of the 3 included studies. (A) any grade and (B) grade 3–4 fatigue; (C) dizziness;
(D) cardiovascular events; (E) fractures from interim analysis; (F) fractures from final analysis. [CI, confidence interval; nHT, novel hormonal therapy; PLAC, placebo].
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DISCUSSION

The treatment scenario of high-risk M0 CRPC cases has recently
and deeply changed, with the shift from the sole on-going ADT
to the addition of nHT to on-going ADT. Approval was based on
data from the three RCTs: ARAMIS, PROSPER, and SPARTAN,
in which Darolutamide, Enzalutamide, and Apalutamide
improved MFS over placebo. The pooled benefit in MFS of
nHT over placebo was seen in the overall population and
analyzed in subgroups analyses; MFS was improved with a
Frontiers in Oncology | www.frontiersin.org 719
greater extent in men with ECOG 0 versus 1, yet no differences
were found according to PSA-DT and the use of bone-targeted
therapy (18–20).

At this primary analysis, although OS data consistently
favored nHT over placebo in all the mentioned trials, the
results with respect to OS did not meet the criteria for
significance. Recent meta-analyses showed that nHT prolonged
OS in a statistically significant manner, yet at that time median
OS -still not reached in all experimental arm- and the short
follow-up precluded from definitive conclusions (18–20). Results
A B

D

E F

C

FIGURE 4 | Forest plots reporting pooled survival and safety outcomes from the sole placebo arms of the 3 included studies. (A) metastasis or death events; (B) death
events; (C) fatigue; (D) dizziness; (E) cardiovascular events; (F) fractures. [ER, event rate; CI, confidence interval; nHT, novel hormonal therapy; PLAC, placebo].
TABLE 3 | Second line therapies data from the final analyses of the three included trials.

Variable ARAMIS PROSPER SPARTAN
(DAROLUTAMIDE, n= 955) (ENZALUTAMIDE, n= 933) (APALUTAMIDE, n= 806)

INTERIM analysis
(12)

FINAL analysis
(14)

INTERIM analysis
(10)

FINAL analysis
(15)

INTERIM analysis
(11)

FINAL analysis
(13)

Patients receiving subsequent
therapies, n° (%)

100 (11) 141 (15) 138 (15) 310 (33) 165 (21) 386 (48)

Type of subsequent therapies, n° (%)
- DOCETAXEL - 49 (49) - 82 (58) - 37 (27) - 185 (60) ^ - 15 (9) - 33 (9)
- HT§ - 31 (31) - 57 (41) - 52 (38) - 196 (63) - 145 (88) - 314 (81)
- other$ - 13 (13) - 2 (1) - 49 (35) - 74 (14) - 5 (3) - 39 (10)

FINAL analysis (14) FINAL analysis (15) FINAL analysis (13)
Second progression events*, n° (%) not evaluated not evaluated 319 (40)
Median second PFS, months not evaluated not evaluated 55.6
HR for second PFS (95%CI) not evaluated not evaluated 0.55 (0.46–0.66)
Median follow-up, months 29.0 48.0 52.0
J
une 2021 | Volume 1
HT, hormonal therapy; n.s., not specified; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval.
§ includes: ENZALUTAMIDE or ABIRATERONE ACETATE plus PREDNISONE; $ includes other therapies such as CABAZITAXEL, BICALUTAMIDE. * defined as progression on or after the
first subsequent therapy or death.
^% are based on the number of patients who received at least one antineoplastic agent after discontinuation of the trial regimen.
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from the prespecified OS final analyses of the 3 trials were
presented at the 2020 ASCO Annual Meeting, and then
recently published (13–15). To the best of our knowledge, the
present work is the first literature-based meta-analysis evaluating
results of the final analyses with respect to OS of the three
included RCTs.

After a median follow-up of 29 to 52 months, our updated
pooled results demonstrated a reduction in death in 26% of
patients (HR= 0.74, 95%CI = 0.66–0.84). The pooled analysis
revealed the absence of heterogeneity among the studies.
However, ARAMIS trial reported the lowest rate of death
events in the nHT arm (15% versus 31% and 34% for
PROSPER and SPARTAN, respectively), yet it had the shortest
follow-up time (29 months versus 48 and 52 months for
PROSPER and SPARTAN, respectively). The analysis of the
variance distribution of survival data in the sole placebo arms
of the trials showed a similar trend. Indeed, ERs for death events
were comparable between PROSPER and SPARTAN trials (ER=
0.38 for both) and higher than that ARAMIS showed a lower rate
(ER= 0.19). Analysis according to pre-specified subgroups did
not show differences by PSA-DT, ECOG score, use of bone-
target therapy, LN status and number of prior HT. Indeed,
although results revealed a greater OS benefit in groups of
patients (i.e. PSA-DT >6 months, ECOG= 0, N1 disease and
the use of concomitant bone-targeted therapy), differences were
not statistically significant. Therefore, further research is
warranted to better define subgroups of patients who will
benefit most from nHT.

In view of the long-term treatment with these agents in
asymptomatic patients, safety profile covers a pivotal role in
the treatment decision-making with these novel compounds.

Overall, patients receiving nHT were more likely to
experience AEs, when compared with those receiving the sole
on-going ADT. As expected, the long-term analysis (median
follow-up of 29 to 52 months) showed a worse safety profile with
nHT than the interim analysis (median follow-up of 15 to 20
months). The pooled OR for grade 3–4 AEs increased from 1.48
on interim analysis to 1.92 on final analysis. Of note, ORs in
ARAMIS trial remained stable during this time frame, while
increased in PROSPER and SPARTAN trials (from 1.49 to 2.48,
and from 1.58 to 2.21, respectively). Similarly, the pooled OR for
SAEs increased from 1.28 on interim analysis to 1.74 on final
analysis; ORs in ARAMIS trial were stable, whereas increased in
PROSPER and SPARTAN trials (from 1.44 to 2.43, and from
1.10 to 1.71, respectively). PROSPER trial showed the highest OR
increase and value for both grade 3–4 AEs and SAEs, suggesting a
higher risk of toxicity at long-term analysis; of note, among
patients receiving nHT, PROSPER trial had a higher percentage
of patients with a better PS (ECOG= 0) at baseline, when
compared with PROSPER and ARAMIS trials. Despite the
worse PS showed at basel ine in patients receiving
Darolutamide compared to other nHT, ARAMIS trial was
associated with a more favorable long-term safety profile.
Although it reported the shortest follow-up time (29 months),
the safety profile appeared to be stable over the time (interim
versus final analyses).
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With regards to specific types of AEs, rates differed among the
evaluated drugs. OR for any grade fatigue on pooled analysis was
1.93; patients in the PROSPER trial experienced more events
than those in the ARAMIS and SPARTAN trials (OR 3.03 versus
1.44 and 1.63, respectively). Similarly, patients in the PROSPER
trial were more likely to experience dizziness and cardiovascular
events (OR 2.41 and 1.89, respectively) than ARAMIS and
SPARTAN trials. Concerning fractures, at the interim analyses
PROSPER trial showed a somewhat surprisingly higher risk of
events (OR= 4.32), than ARAMIS and SPARTAN trials (OR=
1.17 and 1.90, respectively). At final safety analyses, although
Enzalutamide was associated with the highest risk among nHT,
the risk decreased (OR= 3.31), nuancing the difference among
the trials (OR= 1.54 with Darolutamide and OR= 2.70
with Apalutamide).

The difference in safety profiles showed by these trials could
be explained by the different structures and mechanisms of
action of these novel agents. While Apalutamide and
Enzalutamide are androgen receptor inhibitors, Darolutamide
is an androgen receptor antagonist. Due to a distinct structure,
the latter assures a low penetration of the blood-brain barrier as
well as e low binding affinity for k-aminobutyric acid type A
receptors (21, 22). Indeed, data from the final analysis of the
ARAMIS trial confirmed the low potential for central nervous
system (CNS)-related effects expected with Darolutamide (14).
This aspect might be especially important in frail patients, for
whom possible CNS-related AEs should be taken into account
for assessing the risk-benefit balance of treatment utilization.
Although patients in the PROSPER and SPARTAN trials
reported higher incidences of CNS-related AEs than those in
the ARAMIS, heterogeneous duration of treatment and follow-
up could have directly affected these incidences. Moreover, it
should be underlined that grade 3–4 CNS-related AEs rates
occurred in <1% of patients in all trials. To explore other
possible explanation for this difference in toxicity, we evaluated
the sole placebo arms of the trials in terms of variance
distribution of the AEs rates. Placebo arms significantly
differed only in ERs for fatigue, yet not for other analyzed AEs.

Given the use of these agents in asymptomatic patients,
health-related quality of life (HRQoL) is a main performance
measure - in addition to survival data - that should be taken into
account when deciding among treatments. Indeed, HRQoL
covers a main role, providing insights into the impact of
treatments on patients’ daily life, in terms of both physical and
psychological wellbeing (23). Data from the SPARTAN trial
demonstrated that HRQoL was not impaired with
Apalutamide treatment, and that HRQoL deterioration was
more apparent in the placebo group (24). In the PROSPER
trial, Enzalutamide showed to increase the time to deterioration
in HRQoL, when compared with placebo (25). According to a
recent anchored matching-adjusted indirect comparison
(MAIC) study, the probability of a better HRQoL with
Apalutamide versus Enzalutamide was 73.1% (26). Data from
the primary analysis of ARAMIS trial revealed similar QoL
scores between Darolutamide and placebo groups, with scores
consistently favoring Darolutamide - yet the clinically
June 2021 | Volume 11 | Article 700258

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Maggi et al. Hormonal Therapies for Castration-Resistant Prostate Cancer
meaningful thresholds were not reached (12). Since HRQoL is of
pivotal importance for patients’ care, better exploring this aspect
still represent an area of unmet medical need to guide more
informed treatment decisions.

About one-third of patients with M0 CRPC will develop
visible bone metastases within 2 years. Currently, there are
multiple available therapies for men with mCRPC (i.e.
Docetaxel , Abiraterone/Prednisolone, Enzalutamide,
Cabazitaxel and Radium–223), and despite the importance of
sequencing systemic therapy in mCRPC has already been
acknowledged, the optimal strategy of sequencing remains a
major challenge. Indeed, selection of treatment for mCRPC is
multifactorial and, among other factors, type of previous
treatment (e.g. known cross resistance between androgen
receptor targeted agents), quality of response and pace of
progression on previous treatment have a main role (6, 27).
Therefore - and especially after systemic therapies have been
moved earlier in the treatment scenario of PC - providing data on
response and progression on second-line therapies would be of
particular clinical value for accurately managing PC patients over
the time.

Unfortunately, only SPARTAN trial provided survival data on
second-line therapies (i.e. second PFS), and currently no other data
are available to help set the proper sequencing of therapeutic agents,
suggesting further research in thisfield is required.However, results
from SPARTAN trial were promising, showing that second
progression or death events occurred in 15% of patients receiving
Apalutamide, and that this drug extended median second PFS by
14.4 months versus placebo; the HR for second PFS with
Apalutamide was reduced by 45% versus placebo (Table 3) (13).
Owing to the lack of data fromother trials, we are not able tomake a
comparison among different nHT.

In conclusion, to date, main limitations that may affect an optimal
treatment decision-making with these novel compounds – and that
should represent a field for further research, could be summarized as
follow: (I) the lack of comparable HRQoL data; (II) heterogeneous
follow-up period; (III) scarce survival data on second-line therapies.

Moreover, it is important to underline that in all the available
trials the M0 status was assessed by conventional scans (i.e.
computed tomography (CT) and bone scans). According to
recent publications, it is reasonable to speculate that with more
sensitive imaging modalities (e.g. PSMA PET/CT or whole-body
magnetic resonance imaging (MRI)) more patients are expected
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to be diagnosed with early mCRPC (28), suggesting this setting is
expected to evolve in the near future.
CONCLUSION

According to the available evidence, nHT have shown to improve
MFS as well as - according to final analyses - OS over placebo in
the setting of high-risk M0 CRPC. Owing to the importance of
sequencing systemic therapy in CRPC, the lack of survival data
regarding second-line therapies remains a major issue. The long-
term analysis showed a worse safety profile with nHT than the
interim analysis, whit distinct profiles among different nHT.
Moreover, phase IV trials evaluating nHT in a real-world setting
would be of particular clinical value to help guide proper
treatment choices in these patients. Lastly, whether the use of
novel imaging modalities will change treatment decision in this
setting represents an open question for the near future.
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Background: Both abiraterone and enzalutamide have shown to improve overall survival
(OS), progression-free survival (PFS) and prostate-specific antigen (PSA) response in
patients with metastatic castration-resistant prostate cancer (mCRPC) regardless of
previous treatment with chemotherapy (COU-AA3011, COU-AA3022, AFFIRM3 and
PREVAIL4). The data regarding the impact of these treatments in the real world setting
is scarce. This study assessed the real world survival and disease outcomes in mCRPC
patients in a regional health service in Victoria with the use of abiraterone and
enzalutamide.

Methods: This retrospective clinical audit included 75 patients with diagnosis of mCRPC
treated with either abiraterone or enzalutamide between January 1, 2014, and December
31, 2019, at Goulburn Valley Health. Patients were stratified according to the drug
received, Eastern Cooperative Oncology Group (ECOG) performance status, Gleason
score, burden of disease at diagnosis, presence of visceral metastases and use of
previous chemotherapy. The primary end point was PSA response (defined as a reduction
in the PSA level from baseline by 50% or more). The secondary outcomes were PSA PFS,
radiographic PFS, and OS.

Results: Thirty-seven patients received enzalutamide, and the other 38 received
abiraterone. Only 20% of patients in either group had visceral metastases. 32% of
patients receiving enzalutamide had a high burden of disease, compared to 53%
receiving abiraterone. 38% of patients in the enzalutamide group and 53% in the
abiraterone group had received prior chemotherapy. PSA response rates were higher
in the enzalutamide group than abiraterone group (70.3% vs 37.8%). Both PSA and
radiographic PFS were longer in the enzalutamide group than abiraterone group; 7
months vs 5 months for both end points. OS was also found to be longer in patients
receiving enzalutamide; 30 months compared to only 13 months in patients receiving
abiraterone.
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Conclusion: Both abiraterone and enzalutamide have shown to result in significant PSA
response rates, as well as PFS and OS benefit in mCRPC patients in the real world setting.
The difference in responses and survival benefit are probably impacted by the unbalanced
burden of disease.
Keywords: real world, regional, metastatic prostate cancer, abiraterone, enzalutamide
INTRODUCTION

Both abiraterone and enzalutamide are current standard of care
treatments for patients with metastatic castrate-resistant prostate
cancer (mCRPC), and are widely used in clinical practice. These
agents have shown to improve overall survival (OS), prostate-
specific antigen (PSA) response, and radiographic and PSA
progression-free survival (PFS) in mCRPC patients regardless
of prior chemotherapy use, as reflected in large phase III clinical
trials; COU-AA301 (1), COU-AA302 (2), AFFIRM (3), and
PREVAIL (4). In the COU trials , abiraterone with
prednisolone compared to placebo and prednisolone resulted
in a PFS and OS benefit in mCRPC patients who had prior
docetaxel chemotherapy, but only a PFS benefit was
demonstrated in chemotherapy naïve mCRPC patients (1, 2).
AFFIRM and PREVAIL demonstrated a PFS and OS benefit of
enzalutamide over placebo in mCRPC patients, with or without
prior use of docetaxel (3, 4). Quality of life improvement has also
been shown in these studies with abiraterone and enzalutamide,
with reduction in time to first skeletal related event and
improved pain management in this group of patients. This
quality of life data is especially important in patients with
metastatic prostate cancer, as bony metastases can be extensive
and symptomatic, and can result in acute neurological sequelae
such as cord compression and cauda equina syndrome.

The decision of choosing one agent over the other is
individualised, as to date there are no prospective studies
evaluating the sequencing of abiraterone and enzalutamide. A
randomised phase II sequencing trial involving 202
chemotherapy naïve patients with mCRPC assigned to
abiraterone plus prednisolone or enzalutamide with crossover
allowed, demonstrated no significant difference between first-line
abiraterone and first-line enzalutamide in terms of time to PSA
progression [median 11·2 vs 10·2 months, Hazard ratio (HR) =
0·95, 95% CI 0·66–1·36, p = 0·78]. The abiraterone-first arm had
longer time from start of first-line therapy to second PSA
progression (median 28·4 months vs 14·2 months, HR = 0·65,
95% CI 0·36–1·17, p = 0·15) and higher second PSA responses.
However, there was no statistically significant difference in OS
between the two arms (5). A meta-analysis aimed at comparing
the efficacies between abiraterone and enzalutamide in mCRPC
patients, using pooled results of 19 studies, found that treatment
with first-line enzalutamide was associated with an increase in
median OS of 5.9 months (HR 0.81, p<0.001) and an increase in
median PFS of 8.3 months (HR = 0.47, p<0.001) compared to
abiraterone in the pre-docetaxel mCRPC setting. In the post-
docetaxel setting, enzalutamide was shown to have a small but
statistically significant (especially after adjusting for baseline
224
Gleason score) advantage over abiraterone with respect to
PFS (6).

Prospective trial validation comparing efficacies of one
androgen receptor blocker to the other, however, is lacking.
The PFS and OS outcomes of abiraterone and enzalutamide in
clinical practice especially in regional health centres in Australia
have not been studied. Variability in drug tolerability due to
differences in ECOG performance status and comorbidities, as
well as compliance in the real world population can affect
outcomes. This retrospective real world study assessed the PSA
response, PFS and OS outcomes in mCRPC patients on
enzalutamide and abiraterone in a regional health service in
Victoria (Australia).
METHODS

Participants and Data Definitions
Patients with the diagnosis of mCRPC treated with either
abiraterone or enzalutamide between the period January 1,
2014, and December 31, 2019, at Goulburn Valley Health were
included in this retrospective audit. Any prior treatment
including chemotherapy was allowed. Individual patient
electronic records were reviewed and data recorded on to an
Excel spreadsheet. The demographic data and baseline patient
and tumour characteristics were collected from the electronic
medical record system. Patient characteristics including age and
ECOG performance status, as well as tumour characteristics
including Gleason score, burden of disease at diagnosis (high
volume defined as presence of visceral metastases and/or four or
more bony metastases with one or more beyond vertebral body
and pelvis), presence of visceral metastasis, prior systemic
therapies were recorded from patient hospital files and hospital
electronic medical records. Radiological and biochemical
response to treatment, as well as tolerability was recorded.

The primary outcome was PSA response rates. The secondary
outcomes were PSA PFS, radiographic PFS, and OS. PSA
response was defined as a reduction in the PSA level from
baseline by 50% or more (3). PFS was defined as time from
treatment initiation with abiraterone or enzalutamide to disease
progression, measured either biochemically via PSA readings
alone or in combination with radiological staging utilising CT
and whole body bone scans. The definition of biochemical
disease progression was based on the Prostate Cancer Clinical
Trials Working Group (PCWG-3) criteria (7). The definition of
radiological progression was based on the WHO criteria in
tumour response (8). OS was defined as time from treatment
June 2021 | Volume 11 | Article 656146

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Raju et al. Real-World Experience With Abiraterone and Enzalutamide
initiation with abiraterone or enzalutamide to time of death of
any cause.

Statistical Analysis
Survival was assessed in using the Kaplan-Meier method, and
tested by means of a two-sided log-rank test. A Cox proportional
hazards model was used to perform multivariable analysis of
various factors affecting OS, including study intervention. All
analyses were performed using SPSS Statistics for Windows
software, version 26.0 (SPSS, Chicago, IL).
RESULTS

Patient and Disease Characteristics
Information was collected on 86 patients in total, but 11 patients
were ultimately excluded due to various reasons (Figure 1). A
total of 75 patients were divided into two groups based on
whether they received abiraterone or enzalutamide, and
stratified according to ECOG performance, Gleason score,
burden of disease, presence of visceral metastases and use of
previous systemic therapy including chemotherapy and other
androgen blockade therapies (Table 1). Median age was 80 years
old (61–94 years old), with most patients having an ECOG
performance status of 1 (39%) or 2 (36%). About half of the
patients in either group had a Gleason score of at least 8 or above.
55% of patients on abiraterone and 64% on enzalutamide were
previously treated with other anti-androgen blockers. Median
follow up duration was 37 months.

Disease and Survival Outcomes
PSA response occurred in 54% of the entire study population (41
out of 75 patients). A higher proportion of patients in the
Frontiers in Oncology | www.frontiersin.org 325
enzalutamide group had a PSA response; 26 out of 37 patients
(70.3%) compared to only 15 out of 38 patients (39.5%) in the
abiraterone group. The PSA PFS was 6 months (95% CI, 4.5–7.5)
in the entire cohort. Patients on enzalutamide experienced a PSA
PFS of 7 months (95% CI, 4.7–9.3), compared to 5 months (95%
CI, 3.3–6.7; p=0.022) for patients on abiraterone. Radiographic
PFS in the enzalutamide group was 7 months (95% CI, 3.6–10.4)
compared to 5 months in the abiraterone group (95% CI, 2.0–8.0;
p=0.036) (Figures 2A, B).
Patients included in 
study

(n = 75)

Patients receiving Abiraterone or Enzalutamide in the study period
(n =86)

Excluded (n = 11)
• Received in castrate sensitive setting 
(n = 4)
• Data unavailable (n = 2)
• Lost to follow up as patients moved 
care to different health service (n =5)

Enzalutamide 
(n = 37)

Abiraterone
(n = 38)

FIGURE 1 | CONSORT diagram.
TABLE 1 | Baseline patient and disease characteristics in the abiraterone and
enzalutamide groups.

Characteristic Abiraterone Enzalutamide
(N = 38) (N = 37)

Age, year
* Median 80 80
* Range 61–94 61–94
ECOG status- no. (%)
* 0 1 (2) 1 (3)
* 1 12 (32) 17 (46)
* 2 17 (45) 10 (27)
* 3 8 (21) 9 (24)
Gleason score (%) 6 (16) 9 (24)
* 6–7 19 (50) 21 (57)
* 8–10 13 (34) 7 (18)
* Unknown
Burden of disease* at diagnosis- no. (%)
* High 20 (53) 12 (32)
* Low 18 (47) 25 (68)
Visceral metastases- no. (%) 8 (21) 7 (19)
Prior systemic treatment- no. (%)
* Docetaxel 20 (53) 14 (38)
* Abiraterone – 2 (5)
* Enzalutamide 9 (24) –

* Other antiandrogens 21 (55) 24 (64)
June 202
1 | Volume 11 |
*Defined as high volume defined as presence of visceral metastases and/or four or more
bony metastases with one or more beyond vertebral body and pelvis.
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FIGURE 2 | (A) PSA progression free survival. (B) Radiographic progression free survival.
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PSA PFS was found to be 7 months in the subgroup with low
burden of disease, and 4 months in the subgroup with high
burden of disease. PSA PFS was 7 months in the chemotherapy
naïve subgroup, and 4 months in the chemotherapy experienced
subgroup. Radiographic PFS was found to be 8 months in those
with low burden of disease, and 6 months in those with high
burden of disease. Radiographic PFS was 7 months in the
chemotherapy naïve group, and 6 months in those who have
had prior chemotherapy.

Overall survival was 24 months (95% CI, 15.5–32.5) in the
entire cohort. Overall survival was found to be longer in patients
receiving enzalutamide compared to abiraterone regardless of
previous chemotherapy use; 30 months (95% CI, 23.3–36.7)
versus 15 months (95% CI, 9.7–20.3; p=0.002) in those who
were chemotherapy naïve; and 29 months (95% CI 21.3–36.7)
versus 7 months (95% CI, 0–18.5; p=0.002) in those with prior
chemotherapy use (Figures 3A, B).

On univariate analysis, enzalutamide use (HR 0.405; p value
0.002), dose reduction (HR 1.68; p value 0.05), ECOG
performance status <2 (HR 0.71; p value 0.03) and high disease
burden (HR 1.56; p value 0.05) had significant association with
OS. Only ECOG < 2 (HR 0.66; p value 0.03) showed significant
independent effects on survival on multivariate analysis. None of
the other factors (age, presence or absence of visceral metastasis,
Gleason’s score or prior chemotherapy were associated with
impact on OS on both univariate and multivariate analysis.
A B

FIGURE 3 | (A) Overall survival in chemotherapy naive patients. (B) Overall survival in
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Tolerability
No patients were started on upfront dose reductions of either
abiraterone or enzalutamide. Dose reductions subsequently
occurred in 24% of the entire study population (18 out of 75
patients). A higher proportion of patients receiving enzalutamide
required a dose reduction; 13 patients (35%) compared to 5
patients (13%) receiving abiraterone. Dose interruptions or
delays occurred in 21% of the entire cohort (16 out of 75
patients); this appeared to be similar; 8 patients (21%) in each
of the enzalutamide and abiraterone groups. The most common
reasons for dose reductions or delays for patients on
enzalutamide were fatigue (8 patients); 2 patients experienced
drowsiness and 1 patient’s enzalutamide was ceased after a
haemorrhagic stroke. As for abiraterone, liver function test
derangement (2 patients), drowsiness (2 patients), fatigue
(1 patient) and an unrelated acute medical illness requiring
hospital admission (1 patient) were reasons for dose reductions
or delays. Reasons for dose reductions or delays in the other
patients were not clear from the medical records.
DISCUSSION

The positive survival outcomes of abiraterone and enzalutamide
have long been proven in the mCRPC population in large phase
III clinical trials [COU-AA301 (1), COU-AA302 (2), AFFIRM
patients with prior chemotherapy use.
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(3) and PREVAIL (4)]. Our study found that despite the
variability in both patient and disease factors in the regional
Australia real world setting, abiraterone and enzalutamide
remain effective treatment options in our clinical practice, and
provide a significant survival benefit and disease control in this
group of patients with mCRPC.

To date, there is no evidence suggesting one drug is superior
to the other in terms of survival outcomes. The four landmark
clinical trials in this space (AFFIRM, PREVAIL, COU-AA301
and COU-AA302) demonstrated that the median OS in
chemotherapy naïve mCRPC patients was close to 3 years for
both enzalutamide and abiraterone; 32.4 months and 34.7
months respectively. PSA response rates were observed to be
higher with enzalutamide; 54% versus 38% with abiraterone in
the post docetaxel setting. Similarly, in a real world retrospective
study conducted in the United Kingdom (9), a greater PSA50
(defined as the percentage of patients who had a PSA decline of
at least 50% from baseline) was seen in the enzalutamide group
compared to abiraterone group (58% versus 31% p<0.0005), but
there was no significant median OS difference between the
groups (enzalutamide 13.8 months versus abiraterone 12.5
months p=0.065). Responses on enzalutamide were further
supported by a retrospective cohort study (10), that showed a
PSA50 of 55% in 931 men with mCRPC on enzalutamide
therapy. A meta-analysis (11) demonstrated superiority of
enzalutamide over abiraterone in terms of radiographic PFS,
time until PSA progression, and PSA response rate in both the
pre‐ and post‐docetaxel settings, but again OS did not differ
significantly between the two drugs.

In our study, the survival outcomes from enzalutamide
appear to match the results from the phase III trials more
closely than abiraterone, which is likely due to the unbalanced
disease burden and ECOG performance status between the two
groups. Specifically, the OS with enzalutamide was about 30
months with or without prior chemotherapy, which is similar to
results from AFFIRM and PREVAIL. PSA responses for
enzalutamide seen in our study appear to be similar to other
retrospective trials mentioned above (9, 10). Patients receiving
abiraterone however appeared to have a much poorer survival
outcome; only 15 months and 7 months for no chemotherapy
and prior chemotherapy respectively. Interestingly, similar to our
study, real world studies on abiraterone in mCRPC have showed
poorer outcomes than in the COU trials. A Singaporean
retrospective audit (12) looking at abiraterone in the real world
mCRPC population of 200 patients demonstrated a median OS
of 20 months for men who were chemotherapy naïve and only
11.3 months for men who have had prior chemotherapy. The
variability in patient population in terms of ECOG performance
status and comorbidities in the real world are important factors
to consider given the majority of patients with prostate cancer
are elderly often with multiple medical problems. These chronic
medical issues particularly active cardiovascular comorbidities
such as ischemic heart disease, congestive heart failure and
strokes can affect the type of anti-cancer therapy these patients
with mCRPC receive. Abiraterone is associated with more
frequent cardiac events, myocardial infarction, arrythmia and
Frontiers in Oncology | www.frontiersin.org 527
heart failure (13), hence it is usually contraindicated in patients
with cardiac comorbidities in particular congestive heart failure.
In the phase III trials, the median age was 70 years old and
majority of participants (up to 90%) were ECOG 0–1. In
contrast, our real world study included patients with a median
age of 80 years old, with majority being ECOG 1–2 with 20% of
patients being ECOG 3. Compliance rates due to side effect
profile and psychosocial factors can also be variable in the real
world population, and can ultimately affect survival outcomes
(14). As a result, the real world patient population at times are
under represented in large phase III clinical trials where disease
factors (such as Gleason score, burden of disease, and presence of
visceral metastases) are the key differentiating mechanisms
affecting outcomes.

One of the limitations to this study is that it was a small
single-centre retrospective study. The unbalanced patient and
disease characteristics between the two groups likely contributed
to the differences in outcomes. There was a higher proportion of
patients taking abiraterone who were classified as having high
burden of disease, and more patients on abiraterone had prior
chemotherapy (docetaxel) use compared to those on
enzalutamide. This would suggest that the group taking
abiraterone likely had a more aggressive biology of their
metastatic prostate cancer, requiring more lines of treatment
prior to abiraterone. Majority of patients on abiraterone were
ECOG 2 compared to those on enzalutamide who were ECOG 1
and thus more medically fit. The greater proportion of ECOG 1
and 2 patients noted in our audit compared to the COU trials
would be consistent with our practice of commencing these less
medically fit patients on androgen receptor targeted agents
rather than chemotherapy. In the real word setting, mCRPC
patients with advanced age and poorer performance status are
sequenced to a different anti-androgen rather than
chemotherapy on disease progression due to concerns about
tolerance. This can have impact on survival outcomes. A subset
analysis in Chan et al. of chemotherapy naive patients with an
ECOG 2–4 showed a poorer OS and PFS (12). Similarly,
Boegemann et al. (15), also showed that poorer ECOG was
associated with shorter time to treatment failure.

There has been a few sequencing studies of abiraterone and
enzalutamide in the mCRPC space. Khalaf et al. (5) suggest that
enzalutamide may be used effectively after abiraterone (rather
than vice versa), based on the improved second PSA response
and time to second PSA progression. Another single arm,
multicentre study (16) included 214 mCRPC patients who
commenced on enzatalumide 24 weeks or more after
progressing on abiraterone and prednisolone, with or without
prior chemotherapy. This study showed a median radiographic
PFS of 8.1 months (95% CI: 6.1–8.3) and a median time-to-PSA
progression of 5.7 months (95% CI: 5.6–5.8), however the
median OS had not been reached. The anti-tumour activity of
enzalutamide after abiraterone was further confirmed by Azad
et al. (17), demonstrating a median time to PSA progression of
4.63 months (95% CI: 3.11–6.15) and 6.64 months (95% CI:
2.82–10.46), and a median OS of 10.58 months (7.16–14.00) and
8.64 months (6.57–11.71) for both chemotherapy experienced
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and chemotherapy naïve patients respectively. However, the
CARD randomised control trial showed a significantly longer
median PFS and OS in mCRPC patients given cabazitaxel
compared to those who had abiraterone after enzalutamide or
vice versa (18), concluding that in this group of patients if fit
enough, further chemotherapy is still the preferred option. In our
study, only 9 (24%) of patients in the abiraterone group received
previous enzalutamide and 2 (5%) of patients in the
enzalutamide group received previous abiraterone; hence
making the numbers too small to draw any conclusions.

In terms of tolerability, the REAAcT prospective, real-world
study showed grade 3 and 4 adverse events appeared to be similar
for both abiraterone and enzalutamide, although fatigue was
more commonly reported by patients on enzalutamide compared
to those on abiraterone (26% vs 8%). In this study, there was
found to be a statistically significant worsening of fatigue for
patients on enzalutamide using the FACIT (Functional
Assessment of Chronic Illness Therapy Fatigue subscale)-
Fatigue score, but not using the other two patient reported
outcome instruments. Dose reductions were more common in
enzalutamide (16% vs 6%) but dose adjustments and
interruptions were similar (19). Similarly, a retrospective
cohort study from the British Columbia Cancer Agency
looking at abiraterone and enzalutamide in elderly patients
with mCRPC showed more patients treated with enzalutamide
needed dose reductions due to fatigue (20). We observed in our
study that dose reductions were also more frequent for patients
on enzalutamide than those on abiraterone, but dose
interruptions and delays appeared to be similar in both groups.
Similar to previous real world studies, we observed that fatigue
was the main reason for dose reductions or delays in the
enzalutamide group.

Recently, an electronic CRPC Australian database (ePAD),
which is a multi-site, national prospective cohort study, has been
commenced to analyse treatment patterns and outcomes from
real-world patients with CRPC. Data is being collected regarding
baseline patient characteristics, details at diagnosis, pathological
characteristics, local treatment and use of androgen deprivation
therapy, diagnosis of castration-resistance, prescription of and
effectiveness of each systemic therapy and survival (21). This will
aim to provide further guidance to Australian medical
oncologists when it comes to decision making around systemic
treatment selection and rationale for change of treatments in our
CRPC patients.
Frontiers in Oncology | www.frontiersin.org 628
CONCLUSION

Both abiraterone and enzalutamide will remain standard of care
treatments in Australian men with mCRPC, as the survival and
disease control benefits of these agents have continued to be seen
in numerous real world studies, consistent with the phase III
clinical trials. Although some retrospective studies demonstrate
the superior efficacy of enzalutamide over abiraterone, to date
very limited prospective trials with head-to-head comparison
between these agents exist to adequately support these results.
ECOG performance status and to a lesser extent age, which are
key variability factors in the real world population do have an
impact on survival outcomes. We await data from the Australian
ePAD registry to further provide us with real world patient
outcomes to support and improve our clinical practice in the
mCRPC space.
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Psychosocial Stress and Age Influence
Depression and Anxiety-Related
Behavior, Drive Tumor Inflammatory
Cytokines and Accelerate Prostate
Cancer Growth in Mice
Denise L. Bellinger1*, Melissa S. Dulcich2, Christine Molinaro1, Peter Gifford1,
Dianne Lorton3, Daila S. Gridley4 and Richard E. Hartman2

1 Department of Pathology & Human Anatomy, School of Medicine, Loma Linda University, Loma Linda, CA, United States,
2 Department of Psychology, School of Behavioral Health, Loma Linda University, Loma Linda, CA, United States, 3 Department of
Psychology, Kent State University and the Kent Summa Initiative for Clinical and Translational Research, Summa Health System,
Akron, OH, United States, 4 Departments of Radiation Medicine and Biochemistry and Microbiology, School of Medicine, Loma
Linda University, Loma Linda, CA, United States

Prostate cancer (PCa) prevalence is higher in older men and poorer coping with
psychosocial stressors effect prognosis. Yet, interactions between age, stress and PCa
progression are underexplored. Therefore, we characterized the effects of age and
isolation combined with restraint (2 h/day) for 14 days post-tumor inoculation on
behavior, tumor growth and host defense in the immunocompetent, orthotopic RM-9
murine PCa model. All mice were tumor inoculated. Isolation/restraint increased
sympathetic and hypothalamic-pituitary-adrenal cortical activation, based on elevated
serum 3-methoxy-4-hydroxyphenylglycol/norepinephrine ratios and corticosterone levels,
respectively. Elevated zero maze testing revealed age-related differences in naïve C57Bl/6
mice, and increased anxiety-like behavior in tumor-bearing mice. In open field testing, old
stressed mice were less active throughout the 30-min test than young non-stressed and
stressed, and old non-stressed mice, suggesting greater anxiety in old stressed mice. Old
(18 month) mice demonstrated more depression-like behavior than young mice with tail
suspension testing, without effects of isolation/restraint stress. Old mice developed larger
tumors, despite similar tumor expression of tumor vascular endothelial growth factor or
transforming growth factor-beta1 across age. Tumor chemokine/cytokine expression,
commonly prognostic for poorer outcomes, were uniquely age- and stress-dependent,
underscoring the need for PCa research in old animals. Macrophages predominated in
RM-9 tumors. Macrophages, and CD4+ and CD4+FoxP3+ T-cell tumor infiltration were
greater in young mice than in old mice. Stress increased macrophage infiltration in old
mice. Conversely, stress reduced intratumoral CD4+ and CD4+FoxP3+ T-cell numbers in
young mice. CD8+ T-cell infiltration was similar across treatment groups. Our findings
support that age- and psychological stress interacts to affect PCa outcomes by interfering
with neural-immune mechanisms and affecting behavioral responses.

Keywords: psychosocial stress, aging, tumor immunity, IL-9/IL-17 balance, anxiety/depression-related behavior
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INTRODUCTION

Prostate cancer (PCa) is the most prevalent cancer, and third
most common cause of cancer-related death in men (1).
Psychological stress and depression, which can alter the
expression of cancer-linked genes in the prostate, is prevalent
in patients with PCa (2). PCa incidence is directly linked to
patient age, and perceived stress can increase with increasing age
(3). Studies investigating the effects of age- and psychosocial
stress-related changes on the microenvironment of PCa is
limited, despite PCa being the most prevalent cancer in men.
In this population there is a five-year relative survival rate for all
stages of PCa. The 5-year survival rate for men with metastatic
PCa is only 30% (4). Identifying mechanisms in which
psychosocial stress affects the pathophysiology and disease
outcomes of PCa in animal models may lead to improved
patient care.
Frontiers in Oncology | www.frontiersin.org 231
Anxiety and depression are major challenges for PCa survivors,
particularly in the first 5 to 10 years post-cancer diagnosis (5–8).
However, men rarely seek mental health care (5), despite that
depression negatively impacts survival of men with metastatic PCa
(6). Acute repetitive or chronic stress, anxiety and depression are
relatively high in men with PCa (8), and may be predictive of
cancer progression and/or mortality (9). Murine models of stress
have significantly advanced our knowledge of mechanisms
responsible for stress-induced changes in inflammation and
immunity in other types of cancer, but research in this area for
PCa is comparatively limited (2, 6–10).

Mood disorders in cancer survivors are proposed to evolve
from combinations of tumor pathophysiology, cancer
interventions, and stress (10). The impact of each of these is
difficult to dissect out in the clinical setting. Animal research can
control for confounding variables difficult to control for in
clinical settings and may be used to disentangle mechanistic
September 2021 | Volume 11 | Article 703848
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interactions between neural, immune and endocrine processes.
Among these factors are chronic inflammation and anti-tumor
immunity that are reported to correlate with fatigue and
persistent negative affect (11). Mood, comorbidities and
inflammation exist before cancer diagnosis and treatments
(12, 13).

Hypothalamic-pituitary-adrenal (HPA), vagal nerve, and
sympathetic nervous system (SNS) activity and their response
to cancer- and/or treatment-related challenges are altered in
cancer patients (14–19). Age-related changes in autonomic
innervation of the prostate gland and changes in nerve activity
also can influence PCa development and progression (15, 19).
Autonomic and HPA pathways exert potent anti-inflammatory
actions and influence behavior (20, 21). Mechanistic interactions
between these factors remain unresolved.

Rodent models are the mainstay research tools to
systematically identify the etiology of behaviors comorbid with
cancer. Psychosocial stressors promote prostate carcinogenesis
in mice that is sympathetically-mediated via regulation of anti-
apoptotic signal pathways (22). For example, restraint stress
altered the expression of cancer-related genes in the prostate
(2). Herrara-Corvarrubias et al. (23) reported that an immune
stressor during puberty promotes precancerous lesions in adult
rats. Decker et al. (24) found that the SNS reactivated quiescent
PCa cancer cells and promoted their metastases to the bone
marrow. This research supports the idea that psychosocial
interactions can significantly influence prostate physiology and
PCa progression, consistent with breast cancer research that
supports stress as an important moderator of tumor progression
(25–27).

Preclinical research has targeted neural-immune-mediated
mechanisms in tumor biology. Altered neural functions that
manifest as depressive and anxiety-like behaviors are present in
many rodent models of solid tumors (28–30). Given the rising
and aging population of cancer survivors, it is important to
understand the behavioral consequences of a cancer diagnosis
and progression that contributes to disease pathophysiology.

One hallmark of the aging prostate is tissue remodeling and
greater inflammatory cell infiltration that contribute to the age-
related pathology observed in the prostate (31–33). Anti-tumor
immunity can markedly differ in prostate tumor models using
young or old mice. During aging, both molecular and structural
changes develop to disrupt matrix components, and promote a
proinflammatory microenvironment. These changes include
stromal proliferation, robust T cell and macrophage infiltration
and up-regulated proinflammatory cytokines and growth factors
that are contributory to benign hyperplasia, prostatitis, and PCa
(34). Remodeling of the extracellular matrix in the aged prostate
microenvironment is also linked with greater PCa growth and
invasion. Compared with young mice, prostate tumor cells
orthotopically inoculated into the prostate, grow at an
accelerated rate in old mice (31–35). Taken together, these
findings demonstrate an aged prostatic microenvironment
whereby resident immune cells, particularly macrophages and
their polarization, adopt a protumorigenic phenotype that
collaborates with the extracellular matrix to advance PCa in
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aging mice, and by extension aging men. Understanding the
regulation of key mediators of PCa progression in the tumor
microenvironment of the aged prostate is necessary to improve
treatment of elderly men with PCa.

The aim of this study was to use an age-appropriate,
syngeneic, immunocompetent, orthotopic animal model of
PCa to evaluate the effects of age and chronic psychological
stress that induces anxiety- and depressive-like behaviors on
cancer progression and anti-tumor immunity. Using the RM9
prostate cancer cell line, a murine prostate reconstitution
(MPR3) model was established young and aging male C57BL/6
mice for this purpose. In this paper, we report significant effects
of both age and chronic stress on (1) depression-like behaviors,
(2) stress pathway activation, (3) PCa progression based on local
measures of proliferation, cell death, vascularization, and
immune cell infiltration into RM-9 tumors cell. Collectively,
our findings indicate that both age and psychosocial factors can
interact to affect anti-tumor immunity and PCa outcome.
MATERIALS AND METHODS

Animals
Two- and 18-month-old male C57BL/6 mice (young and old,
respectively) were purchased from the NIA colony (Charles
Rivers Laboratories, Wilmington, MA). Upon arrival, mice were
housed 4-5 per cage in the vivarium at Loma Linda University;
Mice shipped in the same containers were housed together to
minimize fighting, and were acclimated to vivarium conditions
for 1 week (temperature, 22 ± 1°C; humidity, ~50%; 12-h light/
dark cycling, environmental enrichment, and food and water
provided ad libitum). Mice were then acclimated to handling for
one week to minimize distress during the study, and then
inoculated orthotopically with syngeneic PCa cells (Figure 1).
Mice were observed for general health throughout surgery and
post-surgery recovery for tumor inoculation. Feeding, drinking,
and grooming behaviors were monitored and recorded. Animal
procedures were approved by the Institutional Animal Care and
Use Committee, in compliance with the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Animals.

RM-9 Cells
The mouse prostate reconstitution or MPR3 model system using
RM-9 prostate tumor cells was chosen to closely mimic complex,
morphological, immunological, and molecular changes that
underlie PCa (36–38). RM-9 tumor cells have similar
mutations or aberrant activities of ras, myc, and p53 as in
human PCa cells (36–38), and a low MHC class I profile as in
many human PCa cell lines (36–38). The RM-9 PCa cell line is
derived from a ras+ myc transformed/wild-type p53 primary
prostate tumor induced in the Zipras/myc-9-infected C57BL/6
murine prostate reconstitution (MPR3) model (36–38). RM-9
cells were generously provided by Dr. Timothy C. Thompson at
the Baylor College of Medicine in Houston, TX.

RM-9 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) with high glucose and L-glutamine (GIBCO,
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Grand Island NY) and supplemented with 10% fetal bovine
serum (Omega Scientific Inc., Tarzana, CA), 10 mM HEPES
buffer (Hyclone Laboratories, Inc., Logan, UT), 50 international
units (IU)/ml penicillin and 50 µg/ml streptomycin (Mediatech Inc.,
Manassas, VA) at 37°C in a humidified atmosphere containing 5%
CO2. RM-9 cells were passaged by trypsinization with 0.05%
trypsin/0.53 mM EDTA in HBSS without sodium bicarbonate,
calcium or magnesium (Mediatech Inc., Manassas, VA). RM-9
cells were counted, viability assessed using the trypan blue exclusion
method (Sigma-Aldrich, St. Louis, MO) and then resuspended in
medium. RM-9 cells were frozen at passage 14, thawed out and
cultured prior to each experiment.

Tumor Induction
RM-9 cells were trypsinized, washed 1X with 10 ml DMEM,
resuspended in medium and counted. The viability was 90-94%.
One ml of cells, adjusted to a concentration of 5 x 105 cells/ml,
were centrifuged at 200g for 8 min at 4°C. Supernatants were
discarded, and the cells resuspended in 1 ml sterile saline.

After vivarium accommodation and baseline behavioral
evaluation (Figure 1), mice were anesthetized with sodium
pentobarbital. A low transverse abdominal incision was made,
and the dorsolateral prostate was exposed. A 10-ml suspension of
5,000 RM-9 cells was injected into the dorsolateral prostate to
induce an in situ primary prostate adenocarcinoma in immune-
competent mice (37). The incision was closed with wound clips.
The viability of the RM-9 cells used for inoculation was 83-89%
post-tumor inoculation. To control for surgery effects, (i.e., tissue
repair, anesthesia), additional mice (n=8) that received no
treatment or that were inoculated with the vehicle minus RM-
9 cells were included in the study to control for surgical effects on
behaviors assessed in this study.

Affective-Like Behavior
Two standardized tests of anxiety-like behavior (open field test
(OFT)) and elevated zero maze (EZM)) and one test of
depressive-like behavior (tail suspension test (TST)) (39) were
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administered in that order over 3 consecutive days between 900-
1100 h Pacific Standard Time. This affective-like behavior battery
was administered D14 before tumor inoculation and prior to the
study endpoint (see Figure 1). Two researchers, who were
blinded to the treatment groups, scored all behavior videos.
Prior to restraint-stressing, mice were tested for baseline stress
activity in the EZM. Post restraint-stressing, anxiety and learned
helplessness were tested with the EZM, OFT, and the TST.

Anxiety-Related Behavior
The EZM consists of a 10-cm wide circular plastic track (100-cm
outer diameter and elevated off the floor) with 35-cm tall walls
enclosing 2 opposing quadrants. The room lights were dimmed,
and halogen lights directly illuminated the open spaces of the
maze. Animals were initially placed in the center of one of the
open quadrants and their activity was monitored for 5 min. Time
spent within the enclosed quadrants was calculated.

General Activity Levels/Movement Patterns
The OFT was used to assess anxiety-like behaviors and
locomotion. Each animal was placed in a 49x36-cm2 opaque
open-topped plastic bin for 30 min. The movements of each
animal were recorded by an overhead camera and analyzed by a
computerized tracking system (Noldus Ethovision, Leesburg,
VA). A loose layer of bedding was added, and the arena was
cleaned with 10% bleach between mice. The distance the animal
moved, percent time spent moving, time spent in the perimeter
and center of the test area were measured.

Learned Helplessness/Depression
The standardized TST assesses depression-like behaviors and
learned helplessness (40). The animal is placed in an inescapable,
uncomfortable situation, and immobility (lack of struggling) is
measured. Mice were suspended for 6 min by the tail with
adhesive tape attached approximately 1 cm from the tip of the
tail. The other end of the tape was wrapped around a hook
embedded in the center of the ceiling of a wooden box measuring
19L x 21W x 40H cm. When suspended, the animal’s nose was
FIGURE 1 | Experimental Design. Experimental timeline of events is illustrated, including mice arrival (triangle), accommodation to vivarium conditions, pre- and post-
treatment behavioral testing (yellow/orange bars, respectively), tumor inoculation (diamond), collection of blood by retroorbital bleeding (↓), and tissue collection for
endpoint assessments (circle).
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approximately 20 cm from the floor. The box was partitioned
and enclosed on all sides except one (for viewing). Room lighting
and sound were kept to a minimum. A partition visually isolated
each mouse.

While the animal struggled to escape its position, two
researchers blinded to treatment group individually rated the
mouse on immobility and agitation. The percent time immobile
was calculated for the final 4 min. Immobility was defined as a
complete lack of voluntary movement by the mouse. An animal
was also rated immobile if it was curled up, appearing to rest
while holding its front paws to its back paws, but was not
struggling or moving.

Experimental Design
Two replicate experiments were performed, each with 25 mice
per age per experiment (100 mice total), i.e., the maximum
number per purchase by NIA. Mice were assigned to groups
based on (1) obtaining equivalent mean and variance for baseline
EZM performance (!) between treatment groups (to reduce the
possibility of pre-existing differences in affective behaviors), and
(2) maintaining existing housing for group-housed mice.
Maintaining housing conditions for group-housed mice
alleviated the effects that housing rearrangement would have
on aggressive behavior and fighting between cage mates. Baseline
behavioral testing ( ) using the EZM was performed 1-week
after arrival ( ) of mice to the vivarium (Figure 1). On D0, mice
were anesthetized, blood was collected by retro-orbital bleeding
(↓), then tumor cells were orthotopically implanted into the
prostate ( ) in all mice. After surgery, mice in the non-stressed
group were returned to their home cage (i.e., grouped), whereas
mice in the stressed group were place individually in a novel cage
(!). Mice were weighed every 2 days. Young and old tumor-
bearing mice were group-housed (non-stressed) and isolated/
restraint-stressed (stressed). On D1, individually housed mice
were restrained by placing the animal in well-ventilated, capped
PVC tubes (2.54 cm in diameter for young and 3.175 cm in for
old) for 2 h/day for 13 days. For each day of restraint stress, the
restraint was randomized both in time of day and order of mice.
Before restraint stress on D13, EZM testing ( ) was performed
on all mice. On D14 ( ), all mice were evaluated with the OFT,
followed by the TST. At the time of sacrifice (D15), mice were
weighed and then euthanized by an overdose of Nembutal (50
mg/kg, i.p.), bled retro-orbitally within 5 min after injection, and
targeted tissues collected dissected ( ).

Tissue Collection and Tumor-Related
Assessments
After cardiac puncture, blood was collected (800-1100 h PST) in
heparin-coated syringes. Serum glucocorticoid and catecholamines
were quantified using an enzyme-linked immunosorbent assay
(ELISA) or high-performance liquid chromatography with
coulometric detection (HPLC-CD). Spleens and tumors were
dissected, weighed and frozen on dry ice. The brain and visceral
organs (lung, liver, adrenal and pituitary glands) were grossly
examined for age-related tumors or overt pathology. No age-
related pathologies were observed in 18 month-old C57Bl/6 mice,
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and as previously reported for young mice (36–38), RM-9 tumors
were non-metastatic in old mice.

Body, spleen, and tumor weights, circulating stress hormones,
relevant organ weights, and tumor cytokine expression were end-
point measures. The n’s were 10 mice per non-stressed or 15
mice per stressed treatment groups per replicate study. Primary
tumor and organs with metastatic potential – the pelvic and
retroperitoneal lymph nodes that drain the tumor site, femur
bone marrow and lungs, were dissected and weighed. Tissues
were fixed in 10% buffered formalin, paraffin embedded, cut on a
rotary microtome at 5 µm, and stained with hematoxylin and
eosin (H&E) for light microscopy. A piece of the primary tumor
was immunohistochemically-stained for specific immune cell
subsets including T-helper, T-regulatory, T-cytotoxic cells, and
F480, M1 and M2 macrophages.

Serum Stress Hormones
Corticosterone
To determine treatment group differences in corticosterone, blood
from retro-orbital sinus bleeding was centrifuged at 2,000g for
10 min at 4°C, and serum was aliquoted and stored at -80°C. After
thawing and diluting samples 1:25 with assay diluent, duplicate
serum samples were assayed for corticosterone using an AssayMax
ELISA kit following manufacturer’s instructions (AssayPro, St.
Charles, MO; minimal detection level: 40 pg/ml; intra-assay and
inter-assay coefficients of variation: 5.0 and 7.0%, respectively).
Samples with a coefficient variance greater than 15% were
repeated. Absorbance was read on a microplate reader at
wavelengths of 450 and 570 nm immediately after adding the
stopping solution. A wavelength correction was made by
subtracting readings at 570 nm from those at 450 nm to correct
for optical imperfections. Corticosterone concentrations were
determined from standard curves generated from serially diluted
standards run in duplicate on each plate.

Catecholamines
Serum catecholamine concentrations were determined after
alumina extraction by HPLC-CD using a CouleChem HPLC
System (ESA, Chelmsford, MA). The peak heights and area
under the curves were analyzed using EZChrom Elite Software
(Scientific Software Inc., Pleasanton, CA). Known standards for
norepinephrine, dopamine, epinephrine, and the norepinephrine
catabolite, 3-methoxy-4-hydroxyphenylglycol (MHPG) were
used to determine sample levels and were corrected for
recovery using 3, 4-dihydroxybenzylamine as the internal
standard. The ratio of norepinephrine-to-MHPG concentration
served as an index of norepinephrine turnover and SNS activity.

Tumor Growth Factor, Chemokine and
Cytokine Expression
We evaluated tumor expression of growth factors, chemokines
and cytokines known to be prognostic for poorer prostate cancer
outcomes, as well as screening for novel immune markers that
may potentially influence tumor growth. Frozen prostate tissue
samples were homogenized using a PowerGen 125 tissue
homogenizer (Fisher Scientific, Pittsburg, PA). Ten ml of 10 mM
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Tris lysis buffer (pH 7.5) containing protease inhibitors (One
Complete Mini tablet; Roche Mannheim, Germany) per 10 ml of
buffer per mg tissue were added to each tissue sample. Samples
were homogenized on ice. Homogenates were centrifuged in 1.5-
ml Eppendorf tubes (4°C, 12,000g for 10 min). The supernatants
were aliquoted into prelabeled 0.5-ml Eppendorf tubes and frozen
at -80°C.

For TGF-b1, a 25-µl aliquot of prostate tissue homogenate of
each sample was diluted with 75 µl of the Tris Lysis Buffer. Ten µl
of 0.1 MHCl was added, per the manufacturer’s recommendation
(R&D Systems, Minneapolis, MN). The samples were briefly
vortexed, and after 10 min, neutralized with 13 µl of a 1.2 M
NaOH/0.5M HEPES solution for a final dilution factor of 4.92.
The samples were assayed in 96-well plates using Quantikine
TGF-b1 ELISA kits (R&D Systems). The optical density of each
well was read within 30 min of adding the stop solution using a
microplate reader set at 450 and 540 nm. Samples were run in
duplicate. Samples with a coefficient variance greater than 15%
were repeated. The average TGF-b1 concentrations from the
duplicate sample readings were determined from the values of
standards present in each 96-well plate. The lower limit of
detection for TGF-b1 was 4.61 pg/ml (R&D Systems).

For tumor cytokine expression, multiplexed immunoassay
kits were employed. Prostate tumors were homogenized in
protein extraction buffer [phosphate-buffered saline (PBS)],
0.05% Triton-X, Halt™ Protease Inhibitor Cocktail (Thermo
Fisher Scientific, Waltham, MA) using acid-washed 1.4-mm
zirconium beads and a benchtop BeadBug™ tissue homogenizer
(Benchmark Scientific, Sayreville, NJ). Homogenates were
sonicated for 1 min in a sonication bath (Branson M1800,
Branson Ultrasonics, Danbury, CT) and centrifuged (10,000g,
20 min, 4°C). Multiplexed magnetic bead-based immunoassay
kits (Catalog# MCYTMAG-70K-P X 32, Millipore Sigma,
Burlington MA) were run to evaluate tumor cytokine
expression, according to the manufacturer’s instructions.
Analytes assessed were granulocyte colony-stimulating factor
(G-CSF), macrophage colony-stimulating factor (M-CSF),
granulocyte-macrophage colony-stimulating factor (GM-CSF),
vascular endothelial factor (VEGF), chemokine C-X-C motif
ligand 10 (CXCL10) or interferon gamma-induced protein-10
(CXCL10/IP-10), keratinocyte-derived chemokine (CXCL1/KC),
leukemia inhibitory factor (LIF), lipopolysaccharide-induced CXC
chemokine (CXCL5/LIX), chemokine C-C motif ligand 2 or
monocyte chemoattractant protein 1 (CCL2/MCP-1),
macrophage colony-stimulating factor (M-CSF), monokine
induced by g-interferon (CXCL9/MIG), macrophage inhibitory
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protein-1a (CCL3/MIP-1a), macrophage inhibitory protein-1a
(CCL4/MIP-1b), macrophage inhibitory protein-2 (CXCL2/MIP-
2), regulated upon activation, normal T cell expressed and
presumably secreted (CCL5/RANTES), tumor necrosis factor
(TNF-a), interferon-g (IFN-g), and interleukin (IL)-1a, IL-1b,
IL-2, IL-4, IL-6, IL-7, IL-9, IL-10, IL-12p40, IL-12p70, IL-13,
IL-15, and IL-17.

Quantitative Immunostaining of Tumor
Progression Markers and Infiltrating
Leukocytes
Tumor Progression and Leukocytes Markers
Tumor cell growth, apoptosis, and vascularization were evaluated
with quantitative immunofluorescence staining for Ki-67, CD95
(apoptosis antigen 1), and endothelial cell-specific vascular marker,
CD31, respectively, as prognostic/predictive markers for PCa
progression (41–43). F4/80CD8a, and CD4 with or without FoxP3
antibodies were used to evaluate immune cell tumor infiltration (see
Table 1 for detailed antibody information and dilutions).

Tissue Preparation and Immunostaining
Orthotopic prostate tumors were isolated, dissected, and
weighed. A portion of the tumor was placed in a 1.5-ml
microfuge tube; the remainder was flash frozen in liquid
nitrogen and stored in a -80°C freezer. Frozen tissue was
mounted in embedding medium and sectioned at 6 mm using a
cryostat (Leica CM 1900, Leica Microsystems Inc., Buffalo Grove,
IL) set at -20°C. Tissue sections were taken starting at mid-tumor
so that the cross-sections were closely matched between samples
and representative of intratumoral tissue. Cut sections were
thaw-mounted onto charged slides (Surgipath Medical
Industries, Richmond, IL), and stored at -20°C.

For immunohistochemical staining, slide-mounted tissues
were rinsed briefly in cold 0.15M PBS, (pH 7.2-7.4) to remove
embedding medium, fixed for 10 min in acetone at -20 °C, and
then rinsed in PBS (3x2 min). The slides were placed in Coplin
jars containing 10% normal goat serum in PBS (30 min) to block
nonspecific binding, and were rinsed in PBS (3x2 min). Slides
were removed, wiped dry around the tissue, and each section was
circumscribed with generic nail polish using a 3-ml syringe with a
26-gauge needle and allowed to dry. The primary antibody (or
antibodies, if double-labeled) was (were) diluted following the
manufacturer’s recommendation in antibody diluent (1% Triton-
X™ and 5% bovine serum albumin in PBS) (see antibody
information in Table 1). The antibody was applied to the
tissue, and slides were incubated in a humidified chamber (2 h),
TABLE 1 | Primary antibodies for immunohistochemical staining in orthotopic RM-9 tumors.

1° Antibody Clone Isotype Immunogen Host Dilution Supplier

Ki67 PA5-19462 Rabbit lgG Human residues 1200-1300 rat 1:100 Invitrogen
CD95 (Fas) SolA15 Rat lgG2a, k Recombinant protein epitope rabbit 1:200 Millipore/Sigma
CD31 (PeCAM-1) — Goat lgG Mouse myeloma cell line goat 1:100 R&D Systems
F4/80 (clone CI:A3-1) lgG2b Mouse F4/80 antigen rat 1:100 AdD Serotec
CD4 (L3T4; Rat (LOU,) clone H129.19) lgG2a, k A.TH mouse CTL clone A15.17 rat 1:50 BD Bioscience
CD8a (Lyt-2; Rat LOU, clone 53-6.7) lgG2a, k Mouse thymus/spleen cells rat 1:50 BD Bioscience
FoxP3 (clone FJK-16s) lgG Amino acid sequence 75-125 rabbit 1:50 Invitrogen
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then rinsed in PBS (5x2 min). Next, a fluorescently-tagged
secondary antibody (goat anti-rat Alexa Fluor 488 or goat anti-
rabbit Alexa Fluor 555, Life Technologies, Carlsbad, CA) was
diluted 1:500 with the antibody diluents and applied to the tissue.
The slides were incubated in a humidified chamber (2h), and then
rinsed in PBS (5x2 min), and coverslipped with Prolong™ Gold
Antifade containing DAPI (4’, 6-diamidino-2-phenylindole)
Mountant (Life Technologies, Carlsbad, CA). Slides were placed
in the dark at room temperature overnight to dry, then stored
at -20°C.

Imaging of stained tissue was carried out blinded to treatment
group using an Olympus BH-2 microscope equipped with a
digital camera (Optronics, Goleta, CA). Quantitative analyses
were performed on images captured within the tumors,
specifically avoiding peritumoral regions. All images were
captured using 200X total magnification. An average of 5-6 non-
overlapping fields (0.162 mm2) was randomly sampled in RM-9
tumors. Fields used for analyses were selected using the DAPI filter
to avoid bias toward immune cell markers of interest.
Immunohistochemically-stained cells in each field were
enumerated using Image-Pro Plus™ Version 3.1 software (Media
Cybernetics, Bethesda, MD). Cell counts from each field sampled
per tumor were averaged for each subject (mean total number of
positive cells per sample field), and group means ± SEM were
calculated (i.e., mean of a mean) with an n of 6-13 mice per group.

Statistical Analysis
For hormone and cytokine analyses, two-way ANOVA and
Tukey’s post-hoc tests were used to determine statistical
significance between groups. Behavioral data were analyzed
with SPSS 17.0 using a mixed design ANOVA with two
between-group variables (Stressed/Non-stressed and Old/
Young) and one repeated measures variable (test day or pre-
post treatment). Huynh-Feldt degrees of freedom controlled for
assumptions of compound symmetry and sphericity due to
repeated measures with more than two levels (40). Additionally,
comparisons between group means were performed using Student
t-tests or one-way ANOVA to evaluate differences in baseline data
or age-related differences, where appropriate. For significant one-
way ANOVA, Bonferroni’s posthoc testing was performed to
determine significant between-group differences. Pearson’s
product-moment coefficients were used to relate various
variables. All data were expressed as means ± standard error. An
alpha level of 0.05 was considered statistically significant. The level
of statistical significance is indicated as follows: * = p<0.05, ** =
p<0.01, *** = p<0.001.
RESULTS

Stressed Tumor-Bearing Mice Were
Cachexic and Had Greater Spleen Mass,
Without Affecting Tumor Mass
Old mice weighed significantly more than young mice (Figure
2A; p<0.001). Over the 15-day post-surgery period, non-stressed
mice maintained their original body weights to a greater extent
than stressed mice (Figures 2A, B). Young stressed mice weighed
Frontiers in Oncology | www.frontiersin.org 736
significantly less than young non-stressed mice on D4-12
(Figure 2A; p<0.0001). The amount of weight loss from
pretreatment weights was ~5%, with an age-related difference
in young and old stressed mice, and stress-related difference in
old mice (Figure 2C; p<0.0001), indicating greater stress-
induced cachexia in old than young mice.

Psychological stress can cause corticosterone-mediated apoptosis
of spleen cells, reducing spleen weight (44). However, mean spleen
weights in young and old non-stressedmicewere comparable to age-
matchedcontrolmice (datanot shown).Moreover, spleenweightwas
greater in stressed than the age-matched non-stressed mice (Figure
2D; *, p<0.05). Tumors were larger in old stressed mice than young
stressed mice, (Figure 2E; **, p<0.01).

Stress Increased Anxiety in Tumor-
Bearing Mice Regardless of Age
Baseline EZM testing revealed that young mice spent
significantly more time in the dark than old mice, suggesting
that young mice act more anxious than old mice based on their
avoidance of the open spaces and preference for the closed dark
spaces (Figure 3A; p<0.0001). All groups showed increased
(p<0.05) anxiety-like behavior in the EZM 13 days after tumor
cell inoculation (Figure 3A). In young non-stressed mice, serum
corticosterone levels positively correlated with time spent in the
dark (r=0.55, p=0.035). However, in young stressed mice, tumor
progression was significantly related to: a) the amount of time
animals spent in the dark during D2 of the EZM (r=0.508,
p=0.013); b) the amount of learned helplessness displayed during
the TST (r=-0.454, p=0.034); and c) between the amount of
activity in the open field (r=-0.423, p=0.045). Tumor progression
was also correlated with time spent in the dark on D2 of EZM in
old non-stressed mice (r=0.525, p=0.037).

Regardless of age, non-stressed and stressed mice spent
significantly more time in the dark post- than pre-tumor
inoculation (baseline; Figure 3B). Repeated restraint and
isolation stress did not alter the amount of time young or old
mice spent in the dark compared with young or old non-stressed
groups. When data for young and old mice were collapsed across
baseline and across tumor inoculation groups, all mice spent
significantly more time in the dark (p<0.0001) after developing
tumors than before tumor inoculation (Figure 3B).

Tumorweight correlatedwith the percent time spent in the dark
for all groups exceptold stressedmice (youngnon-stressed: r=-0.55,
p<0.035; young stressed: r=0.51, p<0.013; old non-stressed: r=0.53,
p<0.037). In addition, there was a significant positive relationship
between corticosterone levels post-treatment, and how much
learned helplessness an animal demonstrated during the TST
(r=0.512, p=0.018). Older non-stressed mice displayed greater
activity levels in both behavioral tests.

Greater Activity in the Open Field Supports
Higher Anxiety in Old Stressed Mice
Old non-stressed mice were significantly less active throughout
the OFT than old stressed mice or young non-stressed and
stressed mice (Figure 3C; p<0.05). No significant differences
were found for age or groups regarding the time spent in the
perimeter or center of the open field (data not shown). Tumor
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weight in each treatment group was negatively correlated with
the amount of activity in the open field (e.g., larger tumors were
associated with less activity; young non-stressed: r=-0.45,
p<0.045; young stressed: r=-0.42, p<0.045; old non-stressed:
r=-0.595, p<0.12; old stressed: r=-0.49, p<0.044).

Old Mice Exhibited More
Depressed-Like Behavior
Old mice demonstrated more depression-like learned helplessness
behavior than youngmice during the TST p<0.02). Stress status did
not influence depression-like behavior in either age group (Figure
3D). In young stressed mice, tumor weight (r=0.454, p<0.034) and
serum corticosterone (r=0.51, p<0.02) was associated with
depression-like behavior.

HPA Activity Increased Post-Treatment
When Data Is Collapsed for Age
Prior to tumor inoculation, old mice had lower baseline
corticosterone levels than young mice (Figures 4A, B; p<0.02).
A one-way ANOVA to assess treatment differences in 18-month-
old mice revealed that repeated restraint and isolation stress
significantly increased corticosterone levels (Figure 4A; p<0.04).
Frontiers in Oncology | www.frontiersin.org 837
In young stressed and non-stressed mice, corticosterone levels
were not significantly different compared with baseline levels prior
to tumor inoculation. Although not significant, there was a trend
for old mice to display increased corticosterone levels compared
with young mice post-tumor inoculation. When corticosterone
levels were collapsed for stressed and non-stressed mice across age
and compared to baseline values, there was a positive interaction
between pre-post tumor inoculation and treatment group
(p<0.02). Stressed mice had increased corticosterone levels
compared with non-stressed mice (Figure 4B; p<0.05).
However, old, but not young, stressed mice (Figure 4C) had
significantly increased serum corticosterone levels compared with
old non-stressed mice post-treatment (p<0.04). RM-9 tumor
weight was correlated with circulating corticosterone levels in
young and old stressed and old non-stressed mice (young
stressed: r=0.73, p<0.005; old non-stressed: r=0.65, p<0.001; old
stressed: r=0.43, p<0.01).
Sympathetic Nerve Activity in Prostate
Tumors Increased in Old Stressed Mice
Mean prostate norepinephrine and epinephrine concentrations
(Figures 4D, E, respectively) remained stable in young and old
A B

D E

C

FIGURE 2 | Stress Most Affected Body and Tumor Weights in Old Mice and Increased Young and Old Spleen Weight. Mean body weights ± SEM in g (n=16-25
per group) did not differ across time post-RM9 tumor inoculation between age-matched groups (A) or after collapsing data across age (B). (C) However, there was
a greater mean change (D) in body weight (p<0.001) from baseline to study endpoint in old stressed mice compared with old non-stressed or young stressed mice.
(D) Mean spleen weights (mg) were stress-dependently increased in young and old mice (p<0.05). (E) Tumor weights (mg) were greater (p<0.01) in old than in young
stressed mice. *p < 0.05, **p < 0.01, ***p < 0.01.
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non-stressed and stressed mice. However, in old mice, the mean
prostate concentration of the norepinephrine precursor, dopamine,
was lower in stressed than innon-stressedmice (Figure4F; p<0.01).
In contrast, stress in oldmicemore than doubled the prostate levels
of the norepinephrine catabolite, MHPG, compared with age-
matched non-stressed mice (Figure 4G; p<0.01). Likewise, in old
mice,MHPG/norepinephrine ratio, an indicator of norepinephrine
turnover, was greater (Figure 4H; p<0.01) in stressed than non-
stressed mice; this ratio was also greater in old than young stressed
mice (Figure 4H; p<0.05).
Proliferation, Apoptosis and Endothelial
Cell Markers Support Positive Effects of
Stress RM-9 Tumor Progression
Quantitative immunofluorescence staining in RM9 tumors for
proliferation (Ki-67), apoptosis antigen 1 (CD95), and microvessel
density (CD31) markers (Figures 5A–C, respectively), support a
Frontiers in Oncology | www.frontiersin.org 938
tumor-promoting effect of restraint stress in young and old mice.
Stress dramatically increased the percentage of Ki-67+ cells in RM-9
tumors inbothyoungandoldmice (p<0.001;Figure5A). In contrast,
stress reduced expression of CD95 in RM-9 tumors from young and
old stressed mice (p<0.001; Figure 5B), consistent with tumor cell
shedding of this ligand to escape immune-mediated apoptotic cell
death. The mean number of CD95+ cells per field was similar in
youngandoldnon-stressedmice, about~50-60perfield (Figure5B).
Expression of CD31 was lower (p<0.001; Figure 5C) in prostate
tumors from stressed than non-stressed young mice, but CD31
expression was conversely higher (p<0.001) in prostate tumors
from stressed than in non-stressed old mice.
Stress Differentially Altered Immune Cell
Infiltration into Tumors in Young and Old Mice
Myeloid and T cells are crucial components of the immune
response to cancer, as they play major roles in PCa initiation and
A B

DC

FIGURE 3 | Greater Anxiety-like Behavior in Young Mice in Zero Maze, and Post-treatment than at Baseline, but No Difference in Time Immobile on Tail Suspension
Test. Behavioral effects of restraint stress and isolation in young and old tumor-bearing C57BL/6 mice. (A) Young mice spent significantly more time in the dark post-
tumor inoculation compared with old mice (p<0.0001). Stress did not significantly alter the time spent in the dark for either young or old mice. Young mice spent
significantly more time in the dark compared with old mice overall (p<0.0001). (B) When groups were collapsed, all mice spent significantly more time in the dark
post-treatment compared with baseline (p<0.0001). Data are expressed as the mean % of time spent in the dark ± S.E.M. (C) Old non-stressed mice were
significantly less active throughout the test compared with old stressed mice (p<0.05) and with young mice regardless of being stressed or non-stressed (p<0.05).
Data are expressed as the mean % spent moving ± S.E.M. for each treatment group for each 3 min increment over the 30 min time period for the OFT (n=17-26
mice per group). (D) There were no group differences in percent time immobile on TST. *p < 0.05, ***p < 0.001.
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FIGURE 4 | (A) Increased HPA and SNS Activation in Stressed Old Mice. Mean circulating corticosterone levels (ng/ml ± S.E.M) from young and old non-stressed
and stressed mice at baseline and D15 post-tumor inoculation. Old stressed mice had a significant increase in corticosterone levels post-treatment than at baseline.
(B) After data are collapsed across age, Stressed mice had significantly higher corticosterone levels than Non-stressed mice (**p < 0.02). Data are expressed as
corticosterone in ng/ml ± S.E.M. *Daily restraint stress began1 day after tumor inoculation. (C) Corticosterone expressed in ng/ml was higher (*p < 0.05) post-
treatment compared with baseline levels in stressed compared with non-stressed mice. (D, E) Tumor expression of NE and EPI (ng/mg) were similar in all treatment
groups. (F, G) However, in old mice, prostate dopamine, a precursor in NE synthesis, was lower (**p < 0.01) in stressed than non-stressed mice, and prostate
MHPG, a metabolite of NE degradation, was elevated in old stressed mice compared with old non-stressed or young stressed mice (**p < 0.01 or *p < 0.05,
respectively). (H) Likewise, MHPG/NE ratios, used to estimate NE turnover, was also higher in prostate tumors from old stressed mice than from old non-stressed or
young stressed mice (**p < 0.01 or *p < 0.05, respectively). *p < 0.05, **p < 0.01.
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progression (42). Tumor-associated macrophages (TAMs) are
well represented in PCa, their presence in murine models
promotes tumor progression, and their presence generally
strongly correlates with poor prognosis. T cell infiltration in
tumors is essential for the immunologic response to tumor tissue.
Therefore, we evaluated immune cell infiltrates in RM-9 tumors.
F4/80+ macrophages, and CD4, CD4/FoxP3+ and CD8+ T cells
revealed tumor infiltration of immune cells into RM-9 tumors as
shown in Figures 5D–G).

Most of the leukocyte infiltrates into the tumors were
macrophages (Figures 5D). There were main effects of age
(p=0.041) and stress (p=0.036), but no significant interaction
between age and treatment for intratumoral F4/80+

macrophage number (Figure 5D). There were fewer F4/80+
Frontiers in Oncology | www.frontiersin.org 1140
macrophages in RM-9 tumors from old compared with young
non-stressed groups (p<0.05). In contrast, tumors from old
stressed mice had more (p<0.05) F4/80+ macrophages than in
non-stressed controls (Figures 5D) (p<0.02). There were main
effects of age (p<0.03) and stress (p<0.05) for tumor CD8+ Tc
cells, which were sparse and widely dispersed (data not shown).
In old mice, stress increased (p=0.05) tumor CD8+ T cell
numbers, and they were more abundant (p=0.05) in old than
young stressed mice (Figure 5E). CD8+ Tc cells in RM9 tumors
were more numerous (p<0.05) in old than young stressed mice,
and in stressed mice were greater (p<0.05) in old than young
mice (Figure 5E). In contrast, tumor CD4+ Th cells were most
abundant in young non-stressed mice (Figure 5F), but were
significantly reduced (p<0.01) by stress. Tumor CD4+ Th cells
A B C

D E

F G

FIGURE 5 | Stress Promoted Tumor Proliferation and Apoptosis, but Age-dependent Infiltration of Immune Cell Subsets and Vascularization Support Age-dependent
Anti-tumor Defense Mechanisms. Quantitation of immunostaining for proliferation (A), apoptosis (B), angiogenesis (C), F4/80+ macrophages, and CD8+, CD4+, and
CD4+FoxP+ cells (D–G, respectively) in young (open bar) and old (gray bar) non-stressed and stressed mice D14 after orthotopic prostate tumor inoculation. (A) Stress
increased prostate tumor expression of Ki67 in young and old mice compared with non-stress age-matched mice. (B) Conversely, CD95 expression was lower in RM-9
tumors from stressed than in non-stressed young and old mice. (C) CD31 immunoreactivity was higher in stressed than non-stressed old mice, but in young mice
expression was greater in non-stressed than the stressed group. (D) F4/80+ tumor macrophages were fewer (*p < 0.05) in old than young non-stressed mice, but were
higher in stressed than non-stressed old mice. (E) CD8+ Tc cell numbers were similar in non-stressed mice, but were higher in old than young in stressed mice.
Moreover, more (p<0.05) CD8+ cells were present in old than young stressed mice. (F) CD4+, including those expressing FoxP3+ (G), were lower in old than young non-
stress mice, and in young stressed than non-stressed mice. *p < 0.05, **p < 0.01, ***p < 0.001.
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were lower (p<0.001) in old than young non-stressed mice
(Figure 5F).

CD4+FoxP3+ T cells were sparse in RM-9 tumors (Figure
5G). Two-way ANOVA revealed a significant interaction
between age and stress status (p=0.02) in tumor CD4+FoxP3+

cells number (Figure 5F). In young mice, stress reduced tumor
CD4+FoxP3+ cell infiltration (p<0.03). Fewer CD4+FoxP3+ cells
infiltrated tumors from old than from young non-stressed mice.
Unlike young mice, there was no effect of stress on CD4+FoxP3+

cell tumor infiltration in old mice (Figure 5G).
Growth Factors and Chemokine
Expression in Prostate Tumors Were Age-
and/or Stress-Dependent
Tumor growth and progression are influenced in a complex way
by a multitude of growth factors and cytokines in the prostate
microenvironment. Here, we evaluated tumor expression of
growth factors and cytokines prognostic for PCa progression
and/or poorer survival. Additionally, we assessed how stress and
age influences expression of cytokine/chemokines that may be
influenced by age and/or stress and hence serves as novel
markers for age- and/or stress-related tumor progression.
VEGF was used to assess angiogenesis (45), whereas TGF-b
and IL-6 can serve as tumor promoters (46) that induce VEGF to
regulate prostate growth (45, 47), and promote Th2 cell-
mediated humoral immunity (48). Stress hormones can
regulate both growth factors in PCa models (49). In our
orthotopic PCa model, VEGF and TGF-b were highly
expressed in prostate tumors, with similar levels regardless of
age and treatment group (Figures 6A, B, respectively). Tumor
VEGF and TGF-b concentrations were higher in all mice than
non-treated control mice (indicated for VEGF and TGF-b by the
gray horizontal bar; Figures 6A, B), but were comparable across
age and treatment group. (The gray horizontal bars in Figures
6A, B represent the mean cytokine levels ± SD; N=10 untreated
young and old C57Bl/6 mice).

GM-CSF is a potent cytokine with anti-tumor activity that
works by inducing expression of TNF-a and IL-1 (50). In
contrast, G-CSF is a poor prognosticator in human PCa as it
promotes PCa development via neurogenic influence on
autonomic nerves (51). G-CSF modulates the growth/sprouting
and survival of sympathetic nerves, which promotes PCa growth
and dissemination in metastatic models. RM-9 prostate tumors
expressed both G-CSF and GM-CSF (Figures 6C, D,
respectively); however, tumor expression of poor survival
marker, G-CSF was ten-fold higher than GM-CSF. Restraint
stress increased (*, p<0.05) tumor G-CSF in young mice (Figure
6C), but stress increased (*, p<0.05) tumor GM-CSF in old mice
(Figure 6D), respectively.

Several chemokines that can promote tumor growth,
angiogenesis and metastases were expressed in RM-9 prostate
tumors (Figures 6E–I) (52, 53). From highest to lowest
concentration they were MIP-1a > MCP-1 > MIP-2 > MIP-1a
= or > RANTES. Effects of stress were found for CCL3/MIP-1a
(Figure 6E) and CCL4/MIP-1b (Figure 6F). Among the greatest
expressed chemokines of the five evaluated, were CCL3/MIP-1a
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and CCL2/MCP-1. CCL3/MIP-1a was expressed at high levels in
non-stressed young and old and stressed old mice. Interestingly,
CCL3/MIP-1a, a cytokine marker of poor prognosis (53), was
reduced by about half in young stressed mice compared with
both young non-stressed (**, p<0.01) and stressed old mice
(p<0.01). Surprisingly, stress failed to reduce this chemokine in
old mice. Expression of CCL4/MIP-1b was about ten-fold lower
than CCL3/MIP-1a. Also in contrast to CCL3/MIP-1a,
significant differences were observed only in tumors from old
stressed mice, which had higher tumor CCL4/MIP-1b levels than
tumors in young non-stressed mice (p<0.05). Although tumor
CCL4/MIP-1b expression in old stressed mice were greater than
in young stressed mice, this finding did not reach
statistical significance.

Largely tumor derived, CCL2/MCP-1 exerts autocrine-
mediated promotion of tumor growth and invasion (53, 54),
and paracrine-mediated recruitment of myeloid-derived
suppressor cells (MDSCs) that enhance tumor cell survival (55,
56). CCL2/MCP-1 is expressed in prostatic stromal cells, where it
stimulates prostatic epithelial cells growth. In this study, age-
related differences were uncovered for CCL2/MCP-1 and CXCL2/
MIP-2. Tumor levels of CCL2/MCP-1 were lower in old than
young stressed mice. Tumor-derived CCL2/MCP-1 produced in
tumors in this study ranged from ~10 to 20 pg/ml). CCL2/MCP-1
was ~2-fold lower in old than young stressed mice (Figure 6G: **,
p<0.01). No differences in this chemokine were observed between
non-stressed and stressed mice.

CXCL2/MIP-2 ranged from ~ 0.75 to 2.5 pg/mg tumor tissue.
In both stressed and non-stressed, old mice expressed higher
levels of CXCL2/MIP-2 than young mice (Figure 6H: *, p<0.05),
supporting an age-related increase of this chemokine. Secreted
by endothelial cells, CCL5/RANTES induces autophagy in PCa
cell lines (57). Low levels of CCL5/RANTES were produced by
RM-9 tumors across all treatment groups. Both age and stress
effects were demonstrated for tumor expression of CCL5/
RANTES (Figure 6I: *, p<0.05). Tumors from old non-stressed
mice had higher levels of CCL5/RANTES (*, p<0.05) than young
non-stressed mice. In stressed mice, CCL5/RANTES reduced (*,
p<0.05) in old compared with young mice. No difference in
CCL5/RANTES levels was observed between non-stressed and
stressed young mice or between young and old stressed mice.
CXCL10/IP10, a negative regulator of tumor growth and
promoter of CD8+ T cell tumor infiltration in human prostate
LNCaP cells (56), was expressed at comparable levels (~6 pg/mg)
in all treatment groups (data not shown), despite low tumor
levels of its chief inducer, IFN-g (fg/mg; see Figure 7B). There
were no effects of age or stress on CXCL10/IP-10 (data
not shown).

Stress Enhanced Tumor IL-6, IL-9,
12p40 and IL-17, and Suppressed
IL-12p70 in Old Mice
In the aged microenvironment, the transition of the prostate to a
hyperplastic state is characterized by inflammatory infiltrates
with distinct immune cytokine-secreting signatures that support
immune cell polarization toward unfavorable disease outcomes
(58). To assess age and stress effects on the tumor cytokine
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milieu, multiplex antibody-based affinity protein cytokine arrays
were used. The cytokine milieu was consistent with
immunohistochemical observations of increased macrophages
and T cell infiltration.

Chronic low-level production of TNF-a in the tumor
microenvironment is a hallmark feature of PCa (59), and is
consistent with low TNF-a expression in RM-9 tumors and no
effects of age or stress (data not shown). Elevated IL-1b
expression has been implicated in human prostate pathology,
particularly linked to human prostatic proliferative
Frontiers in Oncology | www.frontiersin.org 1342
inflammatory atrophy (60). In RM-9 prostate tumors, IL-1b
expression was low in RM-9 tumors in young and old mice
(Figure 7A). Still, IL-1b was significantly reduced in old
compared with young non-stress and stressed mice (Figure
7A). IL-1b-induced IFN-g from activated immune cells
sensitizes PCa cells toward Fas-mediated cell death (61), but is
also reported to induce immune escape by neuroendocrine-like
differentiation in human prostate basal-epithelial cells (62). IFN-
g can upregulate MHC class I expression and induce Th1 cell
polarization, driving anti-tumor-specific immune responses
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FIGURE 6 | Growth Factors and Chemokines Expression in Prostate Tumors. (A, B) VEGF and TGF-b were highly expressed in RM-9 tumors, regardless of age or
treatment group. The gray bar indicates the range of VEGF (A) and TGF-b (B) expression in the murine prostate gland in the absence of RM9 tumors (based on
collapsed data from an n of 8 per age group of normal prostate samples; no age-related differences were identified in these control samples). Mean tumor
expression of VEGF and TGF-b expression were higher than in basal prostate levels, but no age- or stress-related differences were uncovered. (C) In young mice,
RM-9 tumor G-CSF levels were higher (*p < 0.05) in stressed than non-stressed mice. (D) In contrast, tumor GM-CSF in old mice was greater (*p < 0.05) in stressed
than non-stressed mice. (E) CCL3/MIP-1a was one of the most highly expressed chemokine that was quantified, and one or two chemokines where effects of both
age and stress were identified. In young mice, stress reduced (*p < 0.05) tumor CCL3/MIP-1a compared with levels in non-stress mice. In tumors from stress mice,
CCL3/MIP-1a was higher (**p < 0.01) in old than young mice. (F) An increase (*p < 0.05) in tumor CCL4/MIP-1b levels was observed in old compared with young
stressed mice. (G) In the stressed groups, CCL2/MCP-1 was lower (**p < 0.01) in old than young mice. (H) Only effects of age were observed for CXCL2/MIP-2
such that levels were higher in old than young mice regardless of stressed group (***p < 0.001). (I) Tumor CCL5/RANTES concentrations were reduced in old
compared with young stressed mice, but in non-stressed mice, levels were higher in old than in young mice.
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mediated in part via IL-12 (63). Consistent with the low IL-1b
production within the tumors, IFN-g was suppressed in RM-9
tumors. However, IFN-gwas significantly elevated in the prostate
tumors of stressed old mice (Figure 7B; *, p<0.05).

Several interleukins expressed in RM-9 tumors were affected
by stress. IL-6 is associated with an aggressive PCa phenotype by
inducing VEGF, promoting tumor cell proliferation, suppressing
apoptosis, and driving Th cell differentiation of regulatory Th
cells (64). IL-9 has both anti- and pro-tumor actions that are not
well understood (65), and IL-9 has complicated anti-tumor and
pro-tumor properties mediated by innate and adaptive immunity
(66), including in PCa (67). In RM-9 tumors from stressed
Frontiers in Oncology | www.frontiersin.org 1443
groups, IL-6, and IL-9 expression was greater in old than in
young mice (Figures 7C, D, respectively; Figure 7C: *, p<0.05;
Figure 7D: *, p<0.05). Additionally, IL-9 levels were significantly
less in old non-stressed mice than young non-stressed mice,
suggesting an age- and stress-related difference in production of
this cytokine.

Primarily produced by activated myeloid cells, IL-10 and IL-
12 play immunoregulatory roles in host defense and immune
homeostasis, typically with opposing immune suppressive and
enhancing actions, respectively. IL-10 induces anti-tumor
actions by inhibiting angiogenesis and cell proliferation of PCa
cells (68). PCa expression of IL-10 (mean levels ~0.06 pg/mg)
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FIGURE 7 | Expression of Interleukins in Prostate Tumors. (A) IL-1b expression was lower (p<0.05) in old than in young tumors, regardless of the stress-related
group. (B, C) There was an effect of stress on IFN-g and IL-6 tumor expression in old mice such that stress mice had elevated tumor expression than non-stressed
mice (***p < 0.001). (D) Tumors from old stressed mice expressed higher levels of IL-9 than young stressed mice, but in non-stressed mice, tumor IL-9 levels were
lower in old than young mice. (E) Tumor levels of IL-12p40 were low in non-stressed mice, regardless of age. In both young and old mice stress significantly
increased (**p < 0.01) tumor IL-12(p40) expression compared with non-stress age-matched mice (F) Overall, IL-12p70 expression in prostate tumors was lower than
IL-12p40 shown in (E), with low levels in old mice regardless of stress group. Still, in young and old mice, psychosocial stress reduced (**p < 0.01) tumor IL-12p70
expression. (G) Prostate tumor IL-17 levels were low in all treatment groups, but a stress-related increase (*p < 0.05) in tumor levels of IL-17 was observed in old
compared with young mice.
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was not affected by age or stress, (data not shown). Two forms of
IL-12 were expressed in RM-9 tumors, prostate tumor-
promoting IL-12p40 and tumor growth suppressing IL-12p70
(63) (Figures 7E, F, respectively). RM-9 tumor expression of the
tumor promoting IL-12p40 was greater in stressed young and old
mice than age-matched non-stressed mice (Figure 7E: *, p<0.05).
The tumor suppressor, IL-12p70 was below the level of detection
in old mice regardless of whether these mice were stressed or not
stressed. IL-12p70 was detectible in tumors from young mice. IL-
12p70 was lower in RM-9 tumors from stressed young mice, and
non-stressed young mice (Figure 7F: *, p<0.05).

In several murine models, IL-17 is reported to promote PCa
progression (69). In this study, IL-17 expression in RM9 tumor
was low (fg/mg range) regardless of age or stress, but stress
significantly increased tumor expression of IL-17 in old, but not
young mice (Figure 7G: *, p<0.05). No differences were observed
in IL-17 between non-stressed and stressed young mice or non-
stressed old and stressed young mice. IL-1a, IL-2, IL-4, IL-5, and
IL-7 were expressed in prostate tumors in the fg/mg range, but
there were no effects of age or stress on these cytokines (data
not shown).
DISCUSSION

The primary goals of this research were to establish a novel age-
relevant rodent model of PCa and to identify how psychological
stress interacts with the age-dependent tumor microenvironment
to influence cancer progression. To achieve these goals, we
repurposed a non-metastatic, orthotopic, syngeneic mouse
model of PCa previously used to study the efficacy of cytokine
therapies on tumor growth. To our knowledge, this is the first
study to evaluate interactions between age and mild repeated
acute psychosocial stress in PCa. Stress age-dependently
influenced the immune response in RM-9 tumors. The
intratumoral immune response differed through its suppressive
effect on the Th1-type cytokine production from CD4+ T cells;
stress-increased tumor IL-12p40; this effect was consistent across
age. This study is the first to report the significant effects of age
and psychosocial stress on PCa progression in an orthotopic
mouse model. PCa is largely a disease of older men, and age often
plays a role in treatment choice. In fact, the most common high-
risk factor for PCa and lower overall survival is age. Our findings
provide support for age-related pathophysiologic differences in
RM-9 tumors. Moreover, they underscore the use of age-
appropriate animal models to better understand the clinical
effects of stress and their consequences for the efficacy of anti-
cancer drugs than young adult rodent cancer models.

In this murine prostate model, stressed mice weighed less
than non-stressed mice, supporting stress-promoting cachexia,
as defined as >5% weight loss; this effect was greater in old than
in young mice (~10% vs. ~7%, respectively). This finding is
consistent with reports in other rodent models of PCa (70, 71)
and breast cancer (27), which in the latter was reversed by G-CSF
inhibition (72). The stress-induced splenomegaly in the present
report is consistent with tumor detection and systemic age-
Frontiers in Oncology | www.frontiersin.org 1544
dependent tumor-host interaction that can influence host
defense against tumor development.

We found that restraint- and isolation-induced stress
increased the activity of the SNS (based on mean MHPG/NE
ratios) and HPA axis to a greater degree in old than young mice,
negatively affected behavior, and promoted tumor progression in
an age-dependent manner. Although RM-9 prostate tumor
growth, as assessed by tumor weight, was not significant, more
refined assessments of tumor status (cell proliferation/death) and
cytokine expression supports that isolation/restraint stress
increased RM-9 cell proliferation and reduced apoptosis
regardless of age. Moreover, our findings indicate opposing
age-dependent effects of moderate repeated psychosocial stress
on angiogenesis, based on stress-mediated suppression and
enhancement of angiogenesis in young and old mice,
respectively. Overall, our findings of an exaggerated increase in
SNS activity in old stressed mice are consistent with Hassan et al.
(22, 73), who demonstrated that stress accelerated PCa
development in another murine PCa model that was mediated
via increased activity of the SNS.

Our findings also indicate that chronologic age moderated the
effects of combined isolation and restraint stress on the infiltration
of leukocyte subsets important for tumor immunity. Surprisingly,
all mice displayed increased anxiety-like behaviors from baseline
measures. One interpretation of this finding is that surgical stress
from tumor inoculation increased anxiety-like behavior, and that
there was no additive effect of isolation combined with restraint on
this measure. However, we cannot exclude the possibility that the
mice simply learned that there was nothing to be gained in
exploration of the open and brightly-lit quadrants. However, we
cannot discount that tumor presence (possibly via cytokines
entering the circulation) induced or influenced a stress response.
Cytokines released during the immune response can alter both
physiology and behavior [reviewed in (74)], and mouse behavior
can also change in the presence of tumor development (75).
Previous studies with mice have shown that the presence of
subcutaneous RM-9 tumors can significantly alter the profile of
secreted cytokines (76).

In the present experiment, larger tumors were correlated with
increased anxiety-like behaviors. Older men with PCa can
experience both cancer-related physical and psychological stress
(77). Moreover, stress reduction techniques can minimize the
negative effects of both physical and cognitive reactions to stress
(78). Thus, the link between tumor presence and stress is likely to
be clinically important. Notably, despite increased post-
inoculation anxiety-like behavior in all groups, stressed mice
exhibited more corticosterone and anxiety-like behaviors than
non-stressed mice, indicating that the isolation and restraint
successfully produced non-tumor-related changes possibly
detrimental to cancer recovery.

There were also important age-related differences in response
to stress. Old mice had lower baseline levels of circulating
corticosterone than young mice. Although corticosterone levels
did not differ between young and old non-stressed mice with
PCa. Given the lower baseline corticosterone levels, old mice had
a greater increase in corticosterone levels than young mice.
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Similarly, old stressed mice with PCa had a greater change in
corticosterone levels than the young stressed mice with PCa.
These findings support that although old mice started at a lower
level of circulating corticosterone, they had a greater stress
response compared with young mice.

Old stressed mice were significantly more active in a novel
environment than old non-stressed mice. In fact, old stressed
mice were as active as young mice, in which stress did not change
activity levels. This suggests that in old mice stress prevented the
normal decline in activity, but did not affect overall activity levels
in young mice. These findings confirm previous research that old
mice can display increased locomotion and exploratory behavior
when exposed to a stressor (79). In addition, old mice
demonstrated greater depression-like behaviors in an
inescapable learned helplessness situation. Old mice gave up
struggling on the TST much sooner than young mice. Anxiety
and depressive behaviors are often co-morbid; indeed, one
predictor for cancer-related depression risk is the presence of
anxiety disorders (80). Studying the dynamic interplay of these
behaviors, especially in the context of age, can increase our
understanding of how individuals from different age groups
respond to negative news, such as a cancer diagnosis and the
subsequent effects this response might have on the patient’s
prognosis. The dynamic interplay between the mind and body is
well known, and psychological distress has been found to be a
predictor in cancer mortality (81). In fact, patients with high
levels of psychological distress, including depression and anxiety,
have a 27% increase in cancer mortality (82).

Our data infers that age also appears to be a factor in tumor size.
RM-9 tumors grewfaster inoldmice than inyoungmice.A studyby
Reed and colleagues (83) showed that subcutaneously injected
Frontiers in Oncology | www.frontiersin.org 1645
prostate TRAMP-C2 tumor cells grow at a similar rate in 20-
month-old as in 4-month-old syngeneic mice. The lack of age-
related difference in tumor growth between these models may be
due to differences in subcutaneous compared with orthotopic
placement of tumor cells. Age-related differences in tumor growth
rates appear to be tumor type-specific.Whereas the growth of some
tumors is slower in old animals (84, 85), certain tumors, e.g. some
sarcomas, melanoma and liver cancer, grow more rapidly in older
animals. However, no age-related differences were observed in the
growth of melanoma and AKR lymphoma cells (84–86). Age-
related differences have been linked with age-associated decline in
anti-tumor immunity, different immunogenic properties and the
tumor microenvironment of different types of tumors. Factors
shown to be contributory to age-related differences in tumor
progression include the local microenvironment, angiogenesis,
apoptosis, inflammation, and host anti-tumor immunity (84–86).
Greater expression of several chemokines may contribute to the
age-related increase in tumor growth in old compared with young
stressed mice. A summary of age- and stress-related changes in
prostate tumor cytokines is illustrated in Figure 8.

Our finding of higher concentrations of CCL3/MIP-1a,
CCL4/MIP-1b and CXCL2/MIP-2 in old versus young stressed
mice are consistent with greater tumor growth in old stressed
mice and poorer prognosis (87). Similarly, IL-1a and IL-9
expression were influenced by age. These findings suggest age-
specific tumor immunity response profiles that can be differentially
influenced by psychosocial stressors. Th1- and Th9/17-driven
immune responses were observed in young and old mice,
respectively. Several studies have reported that secretion of these
chemokines from tumor-infiltrating macrophages promote
prostate tumorigenesis via their effects on VEGF-mediated tumor
FIGURE 8 | Stress- and Age-Mediated Changes in Prostate Cytokine Expression. A summary of the changes in tumor chemokine/cytokine expression in
young (left) and old (right) stressed mice is represented as a “teeter-totter’ with an increase or decrease in expression represented as an elevated or depressed
bars, respectively. CCL, C-C Motif Chemokine Ligand; CXCL, (C-X-C motif) ligand 1; G-CSF, Granulocyte Colony-stimulating Factor; GM-CSF, Granulocyte/
Monocyte Colony-stimulating Factor; IFN, interferon; IL, interleukin; MCP, Monocyte Chemoattractant Protein-1; MIP, Macrophage Inflammatory Protein;
RANTES, Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted; TGF, Transforming Growth Factor; Th, T-helper; VEGF, Vascular
Endothelial Growth Factor (VEGF).
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vascularization (52, 88–90). In the present study, tumor VEGF and
TGF-a1 expression were higher than in non-tumor-bearing mice,
but were not affected by age or stress. In contrast, age-dependent
effects of stress were demonstrated for G- andGM-CSF,whichmay
differentially affect tumor progression in young and old mice. Age-
and/or stress-related influences on tumors have implications for
cancer treatment. For example, aging differences in tumor
vascularization with certain types of cancer (91) could affect
therapeutics delivered via the circulation, and research supports
that psychosocial stressors can affect cancer outcomes (80–82).

Antitumor host defense may provide an explanation, at least
in part, for age- and/or stress-related differences, as it is well
established that inflammation, innate and adaptive immunity
regulates tumor progression (92–95). The numbers of tumor
infiltrating F4/80+ macrophages and CD8+ T cells reported in
this study are consistent with those reported by Nasu and
colleagues (94, 95). F4/80+ macrophages were the major
leukocyte infiltrate into the RM-9 tumor. The number of intra-
tumoral macrophages was lower by about 30% in old versus
young non-stressed mice, but increased by ~30% in old, stressed
mice. No significant correlation between RM-9 tumor weight
and tumor macrophage numbers was observed; however,
increased intratumoral macrophage density was associated
with poor prognosis (96).

Consistentwitha role for adaptive immunity in regulatingRM-9
tumor growth, altered tumor CD4+ T cell number and/or
phenotype can affect the regulation of CD8+ T cell priming (97,
98). IL-2-mediated CD8+ T cell activation, clonal expansion, and
maintenance ofmemory effector functionwas required for eliciting
effective and specific immunity against tumors (98, 99). Still, the role
of psychosocial stress and interaction with age and the cellular
immune response against prostate cancer progression remains
unclear. Like CD8+ T cells, CD4+FoxP3+ Treg cell infiltration was
low in all treatment groups, but both age and stress effects were
revealed, aswell as relationshipswith circulating corticosterone and
CD4+ T cell and macrophages tumor infiltration.

Few clinical studies have investigated links between
psychosocial stressors on cytokine profiles in patients with PCa
(100–102). Our data highlight the importance of using old
animals to study PCa, as well as looking specifically at age-
related differences in behaviors and physical response to the
tumor. Human subjects participating in clinical studies are
generally older men, since PCa is an age-related disease.
Understanding age-related anxiety-like and depression-like
behaviors and the subsequent effects of patient’s attitudes on
cancer can lead to better therapeutic interventions for these older
men. PCa studies using animal models tend to use young mice as
subjects, which our data suggest may lead to invalid conclusions.
Our data further supports that identifying age-related differences
will enable researchers to discern valid parameters when using
younger mice.

Future studies should include control animals to determine
how the tumor affects behavior and possibly masks some of the
response to other stressors. One of the limitations of this research
is the lack of non-tumor groups with or without exposure to
stress, which prevents assessment of surgery-related stress.
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Additionally, refined methods that increase the time interval
between tumor inoculation and cancer-induced mortality are
needed to optimize this model for studying how physiological
reactions to stress vary with age and their consequences for
behavior and tumor immunity.

To summarize, in the present study, all mice displayed
increased anxiety-like symptoms above baseline measures. Age
and stress affected general activity levels, and old mice
demonstrated greater depression-like behaviors. Critically, age
correlated with tumor size, as tumor growth was greater in old
than young mice, although there were no age-related differences
in tumor TGF-b1 or VEGF levels. Furthermore, although our
model did not demonstrate that stress affected tumor size per se,
the model was successful in showing that: (a) behavior was
affected by stress; (b) stress hormone levels increased due to
isolation and restraint-stressing, and (c) both age and stress
differentially affected intratumoral leukocyte infiltration in a
complex way possibly attributed to unique cytokine profiles.
Differences in the infiltration of immune cell subsets in young
and old mice strongly suggest age-dependent mechanisms in
tumor immunity. Collectively, these findings highlight the
importance of using age-relevant orthotopic models in
understanding mind-body interactions on PCa outcome in the
development of effective immune-based treatments in PCa that
are prevalent in the elderly population.
DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author, DLB, upon reasonable request.
ETHICS STATEMENT

The animal study was reviewed and approved by Loma Linda
University Institutional Animal Care andUse Committee (IACUC).
AUTHOR CONTRIBUTIONS

DB: conceptualization, data curation, formal analysis, funding
acquisition, investigation, methodology, project administration,
resources, supervision, validation, visualization, writing original
draft, review and editing. MD: data curation, formal analysis,
investigation, methodology, manuscript writing reviewing and
editing. CM: data curation, formal analysis, funding acquisition,
investigation, investigation, methodology, validation, manuscript
reviewandediting. PG:data curation, formal analysis, investigation,
methodology, validation, manuscript review and editing. DL:
formal analysis, investigation, manuscript review and editing. DG:
conceptualization, investigation, methodologies, resources,
manuscript review and editing. RH: conceptualization data
curation, formal analysis, funding acquisition, investigation,
methodology, project administration, resources, supervision,
validation, visualization, manuscript writing original draft, review
September 2021 | Volume 11 | Article 703848

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Bellinger et al. Psychosocial Stress Age-Dependently Accelerates PCa
and editing. All authors contributed to the article and approved the
submitted version.
FUNDING

This research was supported by the National Cancer Institute at
the National Institutes of Health [R21CA116698].
Frontiers in Oncology | www.frontiersin.org 1847
ACKNOWLEDGMENTS

We graciously thank Dr Timothy Thompson, Professor and
Director of the Prostate Cancer Basic Science Research in the
Department of Genitourinary Medical Oncology and Division of
Cancer Medicine for providing the RM9 cell line. We also thank
Dr. Jeff Cao, Melba Andres, and Linda Healy for their
technical assistance.
REFERENCES
1. Miller KD, Nogueira L, Mariotto AB, Rowland JH, Yabroff KR, Alfano CM,

et al. Cancer Treatment and Survivorship Statistics, 2019. CA Cancer J Clin
(2019) 69(5):363–85. doi: 10.3322/caac.21565

2. Flores IE, Sierra-Fonseca JA, Davalos O, Saenz LA, Castellanos MM, Zavala
JK, et al. Stress Alters the Expression of Cancer-Related Genes in the
Prostate. BMC Cancer (2017) 17(1):621. doi: 10.1186/s12885-017-3635-4

3. Osmanovic-Thunstrom A, Mossello E, Åkerstedt T, Fratiglioni L, Wang HX.
Do Levels of Perceived Stress Increase With Increasing Age After Age 65? A
Population-Based Study. Age Ageing (2015) 44:828–34. doi: 10.1093/ageing/
afv078

4. Available at: https://www.cancer.net/cancer-types/prostate-cancer/statistics.
5. Erim DO, Bensen JT, Mohler JL, Fontham ETH, Song L, Farnan L, et al.

Prevalence and Predictors of Probable Depression in PCa Survivors. Cancer
(2019) 125(19):3418–27. doi: 10.1002/cncr.32338

6. Lin PH, Liu JM, Hsu RJ, Chuang HC, Chang SW, Pang ST, et al. Depression
Negatively Impacts Survival of Patients With Metastatic PCa. Int J Environ
Res Public Health (2018) 15(10):pii: E2148. doi: 10.3390/ijerph15102148

7. Wang YH, Li JQ, Shi JF, Que JY, Liu JJ, Lappin JM, et al. Depression and
Anxiety in Relation to Cancer Incidence and Mortality: A Systematic Review
and Meta-Analysis of Cohort Studies.Mol Psychiatry (2020) 25(7):1487–99.
doi: 10.1038/s41380-019-0595-x

8. Watts S, Leydon G, Birch B, Prescott P, Lai L, Eardley S, et al. Depression
and Anxiety in PCa: A Systematic Review and Meta-Analysis of Prevalence
Rates. BMJ Open (2014) 4(3):e003901. doi: 10.1136/bmjopen-2013-003901

9. Batty GD, Russ TC, Stamatakis E, Kivimäki M. Psychological Distress in
Relation to Site Specific Cancer Mortality: Pooling of Unpublished Data From
16 Prospective Cohort Studies. BMJ (2017) 356:j108. doi: 10.1136/bmj.j108

10. Sharpley CF, Bitsika V, Christie DRH, Bradford R, Steigler A , Denham JW.
Total Depression and Subtypes in Prostate Cancer Survivors 10 Years After
Treatment. Eur J Cancer Care (Engl) (2017) 26(6):10.1111/ecc.12630.
doi: 10.1111/ecc.12630

11. Lacourt TE, Vichaya EG, Escalante C, Manzullo EF, Gunn B, Hess KR, et al.
An Effort Expenditure Perspective on Cancer-Related Fatigue.
Psychoneuroendocrinology (2018) 96:109–17. doi: 10.1016/j.psyneuen.
2018.06.009

12. Lutgendorf SK, Weinrib AZ, Penedo F, Russell D, DeGeest K, Costanzo ES,
et al. Interleukin-6, Cortisol, and Depressive Symptoms in Ovarian Cancer
Patients. J Clin Oncol (2008) 26(29):4820–7. doi: 10.1200/JCO.2007.14.1978

13. Wefel JS, Kesler SR, Noll KR, Schagen SB. Clinical Characteristics,
Pathophysiology, and Management of Noncentral Nervous System
Cancer-Related Cognitive Impairment in Adults. CA Cancer J Clin (2015)
65(2):123–38. doi: 10.3322/caac.21258

14. Reeves FA, Battye S, Roth H, Peters JS, Hovens C, Costello AJ, et al. Prostatic
Nerve Subtypes Independently Predict Biochemical Recurrence in Prostate
Cancer. J Clin Neurosci (2019) 63:213–9. doi: 10.1016/j.jocn.2019.01.052

15. Gidron Y, De Couck M, De Greve J. If You Have an Active Vagus Nerve,
Cancer Stage may No Longer be Important. J Biol Regul Homeost Agents
(2014) 28(2):195–201.

16. Ali A, Pisipati S, Tewari A. Words of Wisdom: Re: Autonomic Nerve
Development Contributes to Prostate Cancer Progression. Eur Urol (2014)
65(3):665–6. doi: 10.1016/j.eururo.2013.11.021

17. Wang AW, Hoyt MA. Benefit Finding and Diurnal Cortisol After Prostate
Cancer: The Mediating Role of Positive Affect. Psychooncology (2018) 27
(4):1200–5. doi: 10.1002/pon.4647
18. Hoyt MA, Bower JE, Irwin MR, Weierich MR, Stanton AL. Sleep Quality
and Depressive Symptoms After Prostate Cancer: The Mechanistic Role
of Cortisol. Behav Neurosci (2016) 130(3):351–6. doi: 10.1037/
bne0000107

19. White CW, Xie JH, Ventura S. Age-Related Changes in the Innervation of
the Prostate Gland: Implications for Prostate Cancer Initiation and
Progression. Organogenesis (2013) 9(3):206–15. doi: 10.4161/org.24843

20. Miller AH, Ancoli-Israel S, Bower JE, Capuron L, Irwin MR.
Neuroendocrine-Immune Mechanisms of Behavioral Comorbidities in
Patients With Cancer. J Clin Oncol (2008) 26(6):971–82. doi: 10.1200/
JCO.2007.10.7805

21. Bower JE, Ganz PA, Aziz N. Altered Cortisol Response to Psychologic Stress
in Breast Cancer Survivors With Persistent Fatigue. Psychosom Med (2005)
67(2):277–80. doi: 10.1097/01.psy.0000155666.55034.c6

22. Hassan S, Karpova Y, Baiz D, Yancey D, Pullikuth A, Flores A, et al.
Behavioral Stress Accelerates Prostate Cancer Development in Mice. J Clin
Invest (2013) 123(2):874–86. doi: 10.1172/JCI63324

23. Herrera-Covarrubias D, Coria-Avila G, Hernandez ME, Ismail N. Stress
During Puberty Facilitates Precancerous Prostate Lesions in Adult Rats. Exp
Oncol (2017) 39(4):269–75. doi: 10.31768/2312-8852.2017.39(4):269-275

24. Decker AM, Jung Y, Cackowski FC, Yumoto K, Wang J, Taichman RS.
Sympathetic Signaling Reactivates Quiescent Disseminated Prostate Cancer
Cells in the Bone Marrow. Mol Cancer Res (2017) 15(12):1644–55.
doi: 10.1158/1541-7786.MCR-17-0132

25. Pyter LM, Suarez-Kelly LP, Carson WE3rd, Kaur J, Bellisario J, Bever SR.
Novel Rodent Model of Breast Cancer Survival With Persistent Anxiety-Like
Behavior and Inflammation. Behav Brain Res (2017) 330:108–17.
doi: 10.1016/j.bbr.2017.05.011

26. Sumis A, Cook KL, Andrade FO, Hu R, Kidney E, Zhang X, et al. Social
Isolation Induces Autophagy in the Mouse Mammary Gland: Link to
Increased Mammary Cancer Risk. Endocr Relat Cancer (2016) 23(10):839–
56. doi: 10.1530/ERC-16-0359

27. Madden KS, Szpunar MJ, Brown EB. Early Impact of Social Isolation and
Breast Tumor Progression in Mice. Brain Behav Immun (2013) 30 Suppl:
S135–41. doi: 10.1016/j.bbi.2012.05.003

28. Schrepf A, Lutgendorf SK, Pyter LM. Pre-Treatment Effects of Peripheral
Tumors on Brain and Behavior: Neuroinflammatory Mechanisms in
Humans and Rodents. Brain Behav Immun (2015) 49:1–17. doi: 10.1016/
j.bbi.2015.04.010

29. Seigers R, Fardell JE. Neurobiological Basis of Chemotherapy-Induced
Cognitive Impairment: A Review of Rodent Research. Neurosci Biobehav
Rev (2011) 35(3):729–41. doi: 10.1016/j.neubiorev.2010.09.006

30. Pyter LM, Pineros V, Galang JA, McClintock MK, Prendergast BJ. Peripheral
Tumors Induce Depressive-Like Behaviors and Cytokine Production and
Alter Hypothalamic-Pituitary-Adrenal Axis Regulation. Proc Natl Acad Sci
U S A (2009) 106(22):9069–74. doi: 10.1073/pnas.0811949106

31. Bianchi-Frias D, Vakar-Lopez F, Coleman IM, Plymate SR, Reed MJ, Nelson
PS. The Effects of Aging on the Molecular and Cellular Composition of the
Prostate Microenvironment. PLoS One (2010) 5(9):e12501. doi: 10.1371/
journal.pone.0012501

32. McDowell KL, Begley LA, Mor-Vaknin N, Markovitz DM, Macoska JA.
Leukocytic Promotion of Prostate Cellular Proliferation. Prostate (2010) 70
(4):377–89. doi: 10.1002/pros.21071

33. Ishii K, Takahashi S, Sugimura Y, Watanabe M. Role of Stromal Paracrine
Signals in Proliferative Diseases of the Aging Human Prostate. J Clin Med
(2018) 7(4):pii: E68. doi: 10.3390/jcm7040068
September 2021 | Volume 11 | Article 703848

https://doi.org/10.3322/caac.21565
https://doi.org/10.1186/s12885-017-3635-4
https://doi.org/10.1093/ageing/afv078
https://doi.org/10.1093/ageing/afv078
https://www.cancer.net/cancer-types/prostate-cancer/statistics
https://doi.org/10.1002/cncr.32338
https://doi.org/10.3390/ijerph15102148
https://doi.org/10.1038/s41380-019-0595-x
https://doi.org/10.1136/bmjopen-2013-003901
https://doi.org/10.1136/bmj.j108
https://doi.org/10.1111/ecc.12630
https://doi.org/10.1016/j.psyneuen.2018.06.009
https://doi.org/10.1016/j.psyneuen.2018.06.009
https://doi.org/10.1200/JCO.2007.14.1978
https://doi.org/10.3322/caac.21258
https://doi.org/10.1016/j.jocn.2019.01.052
https://doi.org/10.1016/j.eururo.2013.11.021
https://doi.org/10.1002/pon.4647
https://doi.org/10.1037/bne0000107
https://doi.org/10.1037/bne0000107
https://doi.org/10.4161/org.24843
https://doi.org/10.1200/JCO.2007.10.7805
https://doi.org/10.1200/JCO.2007.10.7805
https://doi.org/10.1097/01.psy.0000155666.55034.c6
https://doi.org/10.1172/JCI63324
https://doi.org/10.31768/2312-8852.2017.39(4):269-275
https://doi.org/10.1158/1541-7786.MCR-17-0132
https://doi.org/10.1016/j.bbr.2017.05.011
https://doi.org/10.1530/ERC-16-0359
https://doi.org/10.1016/j.bbi.2012.05.003
https://doi.org/10.1016/j.bbi.2015.04.010
https://doi.org/10.1016/j.bbi.2015.04.010
https://doi.org/10.1016/j.neubiorev.2010.09.006
https://doi.org/10.1073/pnas.0811949106
https://doi.org/10.1371/journal.pone.0012501
https://doi.org/10.1371/journal.pone.0012501
https://doi.org/10.1002/pros.21071
https://doi.org/10.3390/jcm7040068
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Bellinger et al. Psychosocial Stress Age-Dependently Accelerates PCa
34. Levesque C, Nelson PS. Cellular Constituents of the Prostate Stroma: Key
Contributors to PCa Progression and Therapy Resistance. Cold Spring Harb
Perspect Med (2018) 8(8):pii: a030510. doi: 10.1101/cshperspect.a030510

35. Bianchi-Frias D, Damodarasamy M, Hernandez SA, Gil da Costa RM,
Vakar-Lopez F, Coleman IM, et al. The Aged Microenvironment
Influences the Tumorigenic Potential of Malignant Prostate Epithelial
Cells. Mol Cancer Res (2019) 17(1):321–31. doi: 10.1158/1541-7786.MCR-
18-0522

36. Thompson TC, Southgate J, Kitchener G, Land H. Multistage Carcinogenesis
Induced by Ras and Myc Oncogenes in a Reconstituted Organ. Cell (1989)
56(6):917–30. doi: 10.1016/0092-8674(89)90625-9

37. Zhang S, Zhang HS, Reuter VE, Slovin SF, Sher HI, Livingston PO.
Expression of Potential Target Antigens for Immunotherapy on Primary
and Metastatic Prostate Cancers. Clin Cancer Res (1998) 4(2):295–302.

38. Thompson TC, Timme TL, Park SH, Yang G, Ren C. Mouse Prostate
Reconstitution Model System: A Series of In Vivo and In Vitro Models for
Benign and Malignant Prostatic Disease. Prostate (2000) 43(4):248–54.
doi: 10.1002/1097-0045(20000601)43:4<248::aid-pros3>3.0.co;2-p

39. Dalvi A, Lucki I. Murine Models of Depression. Psychopharmacol (Berl)
(1999) 147(1):14–6. doi: 10.1007/s002130051131

40. Crawley JN. What’s Wrong With My Mouse? Behavioral Phenotyping of
Transgenic and Knockout Mice. New York: Wiley-Liss (2000).

41. Brönimann S, Pradere B, Karakiewicz P, Abufaraj M, Briganti A, Shariat SF.
An Overview of Current and Emerging Diagnostic, Staging and Prognostic
Markers for Prostate Cancer. Expert Rev Mol Diagn (2020) 20(8):841–50.
doi: 10.1080/14737159.2020.1785288

42. Ozerdem U, Wojcik EM, Duan X, Ers ̧ahin Ç, Barkan GA. Prognostic Utility
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Background: Although immune checkpoint inhibitors (ICIs) combined with vascular
endothelial growth factor receptor (VEGFR)-targeted therapy and sunitinib monotherapy
have been widely applied to metastatic renal cell carcinoma (mRCC), effectiveness and
safety data are still lacking. To optimize clinical decision-making, we conducted a
systematic review and meta-analysis of published randomized clinical trials to
characterize the efficacy and the risk of adverse events (AEs) in patients treated with
ICIs plus anti-VEGF therapy.

Materials and Methods: We used PubMed, EMBASE, and the Cochrane Library to
retrieve randomized controlled trials (RCTs) published before March 27, 2021. The
efficacy outcomes were progression-free survival (PFS), overall survival (OS), and
objective response rate (ORR). The pooled risk ratio (RR) and 95% confidence intervals
(CI) of AEs were calculated in the safety analysis.

Results: Six RCTs involving 4,227 patients were identified after a systematic search. For
OS, ICI and anti-VEGF combination therapy decreased mortality approximately 30% in the
intention-to-treat population (ITT) (hazard ratio (HR) = 0.70, 95% CI: 0.57–0.87), but there
was no statistical difference in patients evaluated as “favorable” by the International
Metastatic Renal-Cell Carcinoma Database Consortium (IMDC) criteria compared with
monotherapy (HR = 0.90, 95% CI: 0.55–1.46, p = 0.66). In terms of PFS, the progression
risk for all participants declined 35% (HR = 0.65, 95% CI: 0.50–0.83) and patients
evaluated as “poor” by IMDC benefited further (HR = 0.46, 95% CI: 0.36–0.58). No
evident divergence was found in age and sex subgroups. The RRs of all-grade
hypertension, arthralgia, rash, proteinuria, high-grade (grades 3–5) arthralgia, and
proteinuria developed after combination therapy were increased compared with
sunitinib. The risk of high-grade hypertension and rash showed no statistical difference.
However, the risk of hand-foot skin reaction (HFSR), stomatitis, and dysgeusia decreased
in combination therapy groups.
October 2021 | Volume 11 | Article 739263150

https://www.frontiersin.org/articles/10.3389/fonc.2021.739263/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.739263/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.739263/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.739263/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.739263/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:silversand1986@sina.com
mailto:Interna-1@163.com
https://doi.org/10.3389/fonc.2021.739263
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.739263
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.739263&domain=pdf&date_stamp=2021-10-14


Tao et al. ICI+Anti-VEGF vs. Sunitinib

Frontiers in Oncology | www.frontiersin.org
Conclusions: Compared with sunitinib, OS, PFS, and ORR were significantly improved in
patients receiving ICI and anti-VEGF combination therapy at the expense of increased
specific AEs. More attention should be paid to individualized application of these
combination therapies to achieve the best benefit-risk ratio in the clinic.

Systematic Review Registration: [https://inplasy.com/] INPLASY: 202130104.
Keywords: combination therapy, renal cell carcinoma (RCC), immune checkpoint inhibitors (ICI), efficacy, safety,
VEGF targeted therapy
1 INTRODUCTION

Renal cell carcinoma (RCC) is the most common renal neoplasm
(1) and approximately 30% of patients present with metastatic
disease (2), thus, aggravating the mortality of RCC. In the last
decade, medical treatment for RCC has laid great emphasis on
vascular endothelial growth factor receptor (VEGFR)
monoclonal antibody and tyrosine kinase inhibitors (TKI) (3).
These VEGF targeted therapies have improved clinical outcomes
by suppressing endothelial cell proliferation and reforming
carcinoma vasculature. Depending on treatment type,
metastatic RCC response rates can reach 30%, and median
overall survival can reach up to 2 years (4). Extensive clinical
research has shown that sunitinib, a widely used VEGF inhibitor,
is associated with drug resistance and numerous adverse events
which may lead to frequent treatment withdrawal (4–6).
Additionally, 63% of patients receiving sunitinib reported
grade 3 or higher adverse events (AEs) including hypertension,
rash, fatigue, and hand-foot skin syndrome (HFSR) (7).

Recently, the development and approval of immune
checkpoint inhibitors (ICIs) has altered the treatment
paradigm for RCC (8). Agents that target cytotoxic T
lymphocyte-associated molecule-4 (CTLA-4), programmed cell
death receptor-1 (PD-1), and programmed cell death ligand-1
(PD-L1) are the most widely studied and recognized (9).
However, these agents are broadly associated with ill-defined
AEs, referred to as immune-related adverse events (irAEs), and
characterized by clinical manifestations similar to autoimmunity
disorders (10). Moreover, long-term exposure to ICIs can cause
primary or secondary resistance (11). The leading underlying
mechanisms for resistance include neoantigen loss, defect of
antigen presentation, alternative immune checkpoints, and
defective interferon signaling.

In order to address these concerns, multiple research groups
are actively seeking effective treatments for RCC, as evidenced by
321 clinical trials listed at ClinicalTrials.gov as of February 10,
2020, including combination therapy of anti-VEGF and ICIs (8).
Antiangiogenics (such as cabozantinib and axitinib) with
pleiotropic immunomodulating properties, combined with
immunotherapies, are preferred to traditional monotherapy
(4). In RCC, the von Hippel-Lindau (VHL) gene is often
silenced or lost, which drives the development of a highly
vascularized pathology. Notably, PD-1 and its ligands are
reported to be expressed on kidney macrophages, dendritic
cells, lymphocytes, and renal proximal tubule epithelial cells
251
(12). These two factors contribute to the immune-suppressive
microenvironment. Thus, the combination of ICIs and VEGF
targeted therapy offers synergistic improvements (7). However,
the optimal combination regimen and sequence of treatments
will likely continue to evolve as novel therapeutic agents and
combinations gain FDA approval (13). To date, both
combination therapy with ICIs and anti-VEGF or sunitinib
monotherapy have been recommended in the revised National
Comprehensive Cancer Network (NCCN) guidelines.

Despite the demonstrated success of combination therapy,
several important questions remain unresolved. Will the
combination of ICIs and anti-VEGF improve the prognosis at
a cost of increased toxicity? Are there any clinical factors that
could guide decision making in order to prolong effective
treatment and maintain patient quality of life (QoL)? Based on
the remarkable efficacy shown previously and the recent findings
of the randomized controlled trials with combination therapy,
we performed a systematic review and meta-analysis to further
evaluate the impact of ICIs and anti-VEGF combination therapy
on the clinical outcomes of RCC patients. Our findings catalog
the frequency and severity of the most common AEs, including
hypertension, arthralgia, rash, proteinuria, HFSR, stomatitis, and
dysgeusia, which might lead to treatment withdrawal and severe
clinical consequences (14–22).
2 METHODS

2.1 Search Strategy
We performed a systematic search for associated studies
published before March 27, 2021, in Pubmed, Embase,
and the Cochrane Library. The search terms were as follows:
“renal carcinoma/exp” and “randomized controlled trial/exp”
and (“vasculartropin/exp” or “anti-angiogenesis/exp” or
“angiogenesis inhibitor/exp”) and (“immune checkpoint
inhibitor/exp” or “programmed cell death protein 1/exp” or
“programmed cell death ligand protein 1/exp” or “cytotoxic T-
lymphocyte-associated protein 4/exp”) and “human/exp”. No
language limitation was applied, and all adopted studies were
screened manually from the reference list and other relevant
articles. Two reviewers (LT and HZ) independently searched and
assessed the content and quality. Any disagreement was resolved
by the corresponding author. The PRISMA statement is
displayed in Supplementary Table 1.
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2.2 Study Selection
The inclusion criteria were as follows: (1) Patients who were
diagnosed with RCC or had untreated advanced RCC with a
clear-cell component and at least one measurable lesion
according to the Response Evaluation Criteria in Solid Tumors
(RECIST); (2) Karnofsky performance status score of at least 70
(scores range from 0 to 100, with lower scores indicating greater
disability); (3) Adults (18 years old or older); (4) adequately
controlled blood pressure, with or without medications; and
adequate organ function; (5) patients without previous systemic
therapy for advanced disease; (6) studies reported with efficacy,
including overall survival (OS), progression-free survival
(PFS), objective response rate (ORR), and associated AEs;
(7) randomized controlled trial studies; and (8) when results
from an RCT were reported and analyzed more than once, the
primary data were included.

The exclusion criteria were as follows: (1) not related to RCC;
(2) reviews, meta-analysis, case reports, letters, or expert
opinions; (3) single arm; (4) insufficient data; (5) experimental
group did not receive combination therapy of ICIs and anti-
VEGF; (6) duplicates; (7) studies that enrolled patients younger
than 18 years old or animals; and (8) not RCTs.

2.3 Data Extraction and Risk of
Bias Assessment
Two reviewers (LT and HZ) independently extracted the data,
and any disagreement was settled through discussion. The
following data from eligible studies were collected: National
Clinical Trial (NCT) number, first author, treatment arms,
control arms, the overall number of patients, publication year,
enrollment criteria, characteristics of patients, outcomes, study
methods, and number of selected adverse events. The risk of bias
was assessed by the Cochrane Collaboration and was classified as
“low”, “unclear”, or “high” in several areas.

2.4 Outcome Measures
Outcomes for efficacy were evaluated by PFS, OS, and ORR
(defined by the Response Evaluation Criteria in Solid Tumors),
and safety was evaluated by events of selected AEs. The severity
of AEs was graded according to the National Cancer Institute
Common Terminology Criteria for Adverse Events, version 4.0.

2.5 Statistical Analysis
The hazard ratios (HR) were represented with 95% confidence
intervals (CI) for generic inverse variance outcomes, and risk
ratios (RR) were shown with 95% confidence intervals for
outcomes. We adopted mean values for continuous outcomes.

Statistical heterogeneity across trials or subgroups was tested
using the I2 testing. As six of the trials were multicenter, the
random effects model was adopted in all analyses to balance the
effect of each study, and all included studies were equally
weighted (23). The Inverse-Variance (I-V) pooling model was
applied to analyze OS, PFS, and ORR, while the Mantel-Haenszel
(M-H) pooling model was adopted in the analysis of adverse
events. An I2 >50% implied significant heterogeneity (24).
Subgroup analysis and sensitivity analysis were performed
where appropriate. Subgroup analysis was conducted for the
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primary outcomes: (1) subgroups with different evaluations from
the IMDC; (2) PD-L1-positive or PD-L1-negative subgroups;
(3) age subgroup (divided by the age of 65); and (4) sex subgroup.
3 RESULTS

A total of 3,042 studies were identified, of which 1,006 were
duplicates. We scanned titles and abstracts and excluded 1,897
articles for not meeting the inclusion criteria. Having obtained
full-text articles for 139 citations, we excluded 133 for non-RCT.
Finally, six articles involving 4,227 participants were adopted in
this systematic review and meta-analysis. The selection flow
diagram is shown in Figure 1A.

3.1 Study Characteristics
The final analysis included six RCTs published between 2018
and 2021, all with sunitinib as the control arm. All the patients
in these trials had never received any systematic anticancer
therapy for RCC. Atezolizumab plus bevacizumab was applied
as the treatment arms in NCT01984242 and NCT02420821.
In other RCTs, different treatment combinations were adopted.
Six trials researched the influence of PD-L1 expression on PFS.
Five trials explored the impact of PD-L1 expression on OS.
Overall, 4,227 participants were available for PFS and ORR and
4,025 for OS. Characteristics of included studies are shown
in Table 1.

3.2 Risk and Bias
All six trials had an unclear risk of performance bias because
their design was open label (Figure 1B). Due to the absence of
allocation design and independent assessment institution results
in one trial (NCT01984242), the selection and detection bias
were determined to be unclear. Publication bias was evaluated by
constructing a funnel plot in the meta-analysis of the all-grade
adverse events. Begg’s test standardizes the effect size by
subtracting the weighted mean and dividing it by the standard
error, and then verifies whether the effect size is correlated with
the standard error by correcting the rank correlation analysis
(31). Begg’s test was assessed by funnel plot asymmetry, and
p < 0.05 was defined as significant publication bias
(Supplementary Figure 1). Egger’s regression test uses linear
regression to measure the symmetry of inverted funnel plot
according to the natural log of ratio, and the intercept of the
line represents the degree of asymmetry (32). If p > 0.05, there is
no publication offset (Supplementary Figure 2). Only the
p-value of Egger’s test for HFSR (p>|t| = 0.045) showed
obvious publication bias, likely owing to the inadequate
included articles (n < 10). Review Manager Version 5.2
(Cochrane IMS, Oxford, UK) and Stata/SE 16.0 was used to
conduct statistical analysis.

3.3 Efficacy
3.3.1 Overall Survival
Five studies that included 2006 participants from the
combination group and 2019 participants from the sunitinib
groups examined the overall survival by HR. Combination
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therapy of ICIs and anti-VEGF decreased the risk of death
relative to sunitinib alone by 30% (HR = 0.70, 95% CI: 0.57–
0.87, p = 0.001; I2 = 62%) (Figure 2A). We performed the
subgroup analysis in four dimensions to further investigate the
potential factors contributing to the outcomes.

3.3.1.1 OS in Patients With PD-L1-Positive
Expression (≥1%)
Five articles were adopted to analyze the OS in the patients with
PD-L1-positive expression (≥1%). The risk of death in
combination therapy was decreased by 25% compared with
sunitinib monotherapy (HR = 0.75, 95% CI: 0.62–0.91,
p = 0.003; I2 = 0%) (Figure 2B).

3.3.1.2 Subgroup Analysis OS by Age, Sex, and IMDC
Three trials were enrolled for IMDC evaluation concerning age
and sex subgroups. No significant difference was detected in the
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age and sex subgroups (Supplementary Figure S3). For IMDC
evaluation, the combination therapy showed little contribution
(HR = 0.90, 95% CI: 0.55–1.46, p = 0.66; I2 = 0%) in the favorable
group, while showing decreased risk of death by 35% in the
intermediate-risk subgroups (HR = 0.65, 95% CI: 0.51–0.83,
p = 0.0004; I2 = 0%) and 63% in the poor-risk subgroups
(HR = 0.37, 95% CI: 0.26–0.54, p < 0.00001; I2 = 0%) (Figure 2C).

3.3.2 PFS
A total of 4,227 patients from six RCTs were included to analyze
HR in the intention-to-treat population (ITT) and PD-L1-
positive subgroups, and four RCTs were adopted for IMDC
evaluation in age and sex subgroups. Compared with sunitinib
monotherapy, the combination of ICIs and anti-VEGF therapy
decreased the hazard ratio for PFS by 35% (HR = 0.65, 95% CI:
0.50–0.83, p = 0.0008; I2 = 89%) (Figure 3A).
A

B

FIGURE 1 | (A) Flow diagram of study selection. Database searching was based on PubMed, EMBASE, and the Cochrane Library. (B) Quality assessment for six
included studies. Quality of trials was categorized into three grades: low risk of bias (+), high risk of bias (–), and unclear (?).
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3.3.2.1 PFS in Patients With PD-L1-Positive
Expression (≥1%)
In terms of the subgroups of PD-L1 expression, positive
expression was associated with a steady 41% decrease in the
hazard ratio (HR = 0.59, 95% CI: 0.50–0.70, p < 0.00001;
I2 = 39%), while negative expression did not show a
statistically significant decrease (HR = 0.73, 95% CI: 0.51–1.03,
p = 0.07; I2 = 78%) (Figure 3B).

3.3.2.2 Subgroup Analysis PFS by Age, Sex, and IMDC
Similarly, no significant differences were detected in PFS for age
and sex subgroups (Supplementary Figure S4), and the hazard
ratio decreased when the IMDC evaluation worsened. Moreover,
combination therapy decreased the risk of progression by 40%
(HR = 0.60, 95% CI: 0.44–0.81, p = 0.001; I2 = 49%), 42%
(HR = 0.58, 95% CI: 0.44–0.76, p < 0.0001; I2 = 75%), and 54%
(HR = 0.46, 95% CI: 0.36–0.58, p < 0.00001; I2 = 15%) compared
with sunitinib monotherapy in the favorable-, intermediate-, and
poor-risk subgroups, respectively (Figure 3C).

3.3.3 ORR
Six studies were included to analyze the ORR. Compared with
sunitinib, combination therapy increased the ORR by 111%
(ORR = 2.11, 95% CI: 1.44–3.08, p = 0.0001; I2 = 88%) (Figure 4).

3.4 Safety
Six randomized studies were adopted to calculate the RR of all-
and high-grade (grades 3 to 5) AEs. According to previous
research, some specific adverse events (e.g., proteinuria,
arthralgia, rash, hypertension, diarrhea, stomatitis, HFSR, and
dysgeusia) are monitored in RCC treatment and their
presentation may lead to drug withdrawal. Therefore, we laid
greater emphasis on these AEs and performed further meta-
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analysis to research the safety of combination therapy with ICIs
and anti-VEGF versus sunitinib monotherapy. Except for
proteinuria, all six RCTs were enrolled in the analysis of all-
grade AEs and five RCTs were adopted in high-grade situations.

3.4.1 Proteinuria
Five studies were included in the analysis of all-grade, while four
studies were included in high-grade proteinuria. Compared with
sunitinibmonotherapy, patients who received ICIs plus anti-VEGF
therapy had significantly increased risk for all-grade proteinuria
(RR = 2.27, 95% CI: 1.55–3.32, p < 0.0001; I2 = 75%). The same
trend was observed for high-grade proteinuria (RR = 2.34, 95% CI:
1.33–4.12, p = 0.003; I2 = 27%) (Figure 5).

3.4.2 Arthralgia
The combination of ICIs and anti-VEGF therapy increased the risk
of both all-grade (RR = 2.14, 95% CI: 1.76–2.61, p < 0.00001;
I2 = 32%) and high-grade arthralgia (RR = 2.48, 95%CI: 1.06–5.10,
p=0.04; I2= 0%)comparedwith sunitinibmonotherapy (Figure6).

3.4.3 Rash
All six studies demonstrated a significantly increased risk for all-
grade rash when comparing combination therapy and sunitinib
monotherapy (RR = 1.61, 95%CI: 1.27–2.04, p < 0.0001; I2 = 57%),
but this trend was not statistically significant for high-grade rash
(RR = 2.26, 95% CI: 0.77–6.68, p = 0.14; I2 = 32%) (Figure 7).

3.4.4 Hypertension
The comparison between patients treated with combination therapy
in all-grade (six studies included) (RR = 1.17, 95% CI: 0.87–1.58,
p = 0.30; I2 = 93%) and high-grade hypertension (five studies
included) (RR = 1.17, 95% CI: 0.93–1.46, p = 0.18; I2 = 65%) did
not reveal any significantly increased risk, respectively (Figure 8).
TABLE 1 | Characteristics of the included studies.

NCT NCT01984242 (25) NCT02420821 (26) NCT02684006 (27) NCT02811861 (28) NCT02853331 (29) NCT03141177 (30)

Study Immotion150 Immotion151 Javelin Renal 101 — Keynote-426 CheckMate 9ER
Year 2018 2019 2020 2021 2019 2021
Author McDermott, D. F. Rini, B. I. Motzer, R. J. Motzer, R. J. Rini, B. I. Choueiri, T. K.
Treatment arms Atezolizumab+

Bevacizumab*
Atezolizumab+
Bevacizumab

Avelumab+
Axitinib

Pembrolizumab+
Levatinib**

Pembrolizumab+
Axitinib

Nivolumab+
Cabozantinib***

Control Sunitinib Sunitinib Sunitinib Sunitinib Sunitinib Sunitinib
Number of patients 101 vs. 101 454 vs. 461 442 vs. 444 355 vs. 357 432 vs. 429 323 vs. 328
Median age(years) 62 vs. 61 62 vs. 60 62 vs. 61 64 vs. 62 62 vs. 61 62 vs. 61
Sex (male% / female%) 73/27 vs. 78/22 70/30 vs. 76/24 71/29 vs. 77/23 72/28 vs. 77/23 71/29 vs. 75/25 77/23 vs. 71/29
PD-L1 +(% of patients) 50 vs. 59 49 vs. 40 55 vs. 25 30 vs. 33 59 vs. 62 26 vs. 25
Prognostic model MSKCC MSKCC IMDC IMDC**** and MSKCC IMDC IMDC
Favorable risk % 30 vs. 21 20 vs. 20 21 vs. 22 31 vs. 35 32 vs. 30 23 vs. 22
Intermediate risk % 61 vs. 69 69 vs. 69 61 vs. 62 59 vs. 54 55 vs. 57 58 vs. 57
Poor risk % 9 vs. 10 11 vs. 11 16 vs. 16 9 vs. 10 13 vs. 12 19 vs. 21

Primary endpoints PFS OS, PFS OS, PFS OS, PFS OS, PFS OS, PFS
Median PFS (months) 11.7 vs. 8.4 11.2 vs. 8.4 13.8 vs. 8.4 23.9 vs. 9.2 15.1 vs. 11.1 16.6 vs. 8.3
Median OS (months) NR 33.6 vs. 34.9 NR NR NR NR
ORR NR 151/454 vs. 144/460 227/442 vs. 114/444 252/355 vs. 129/357 256/432 vs. 153/429 180/323 vs. 89/328
October 2021 | Volume
NR not reported, PFS progression-free survival, OS overall survival, ORR objective response ratio.
* Atezolizumab alone arm was not considered.
**Levatinib and Everolimus combination arm was not considered.
***Nivolumab, Ipilimumab and Cabozantinib combination arm was not considered.
****Only IMDC was adopted in our analysis
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3.4.5 Diarrhea
Compared with sunitinib monotherapy, no evident
difference was shown in the analysis of the all-grade
(RR = 0.94, 95% CI: 0.68–1.30, p = 0.72; I2 = 96%) or high-
grade (RR = 1.46, 95% CI: 0.86–2.48, p = 0.16; I2 = 71%)
diarrhea (Figure 9).
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3.4.6 Stomatitis
Patients treated with combination therapy of ICIs and anti-
VEGF showed a decreased risk (RR = 0.71, 95% CI: 0.56–0.91,
p = 0.008; I2 = 76%) of all-grade stomatitis, while no significant
benefit (RR = 0.72, 95% CI: 0.34-1.54, p = 0.40; I2 = 50%) was
obtained in high-grade stomatitis (Figure 10).
A

B

C

FIGURE 2 | (A) Forest plot of OS in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of PD-L1-positive
patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (C) Forest plot of different IMDC-evaluated patients treated with
combination therapy of ICI and anti-VEGF vs. sunitinib monotherapy.
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A

B

C

FIGURE 3 | (A) Forest plot of PFS in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of PD-L1-positive
and PD-L1-negative patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (C) Forest plot of different IMDC-evaluated patients
treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy.
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3.4.7 HFSR
The risk of all-grade HFSR decreased (RR = 0.47, 95% CI: 0.28–
0.79, p = 0.004; I2 = 96%) with the combination of ICIs and anti-
VEGF therapy compared with sunitinib. However, no significant
difference (RR = 0.93, 95% CI: 0.46–1.86, p = 0.83; I2 = 77%) was
detected in the same analysis of high-grade HFSR (Figure 11).

3.4.8 Dysgeusia
In the analysis of all-grade dysgeusia, the RR decreased
(RR = 0.42, 95% CI: 0.26–0.68, p = 0.0004; I2 = 91%) with the
treatment of ICIs plus anti-VEGF therapy compared with
Frontiers in Oncology | www.frontiersin.org 857
sunitinib alone. However, the high-grade situation failed to
support the same trend which may be due to inadequate
incidence data (RR = 0.98, 95% CI: 0.17–5.65, p = 0.98;
I2 = 0%) (Figure 12).
4 DISCUSSION

Although considerable progress has been made in deducing the
molecular mechanism of advanced RCC and relevant targeting
drugs, the overall efficiency of these therapies is not yet
A

B

FIGURE 5 | (A) Forest plot of all-grade proteinuria in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of
high-grade proteinuria in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy.
FIGURE 4 | Forest plot of ORR in patients treated with combination therapy of ICIs and anti-VEFR vs. sunitinib monotherapy.
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satisfactory (33). Recently, the combination of targeting agents
and immune checkpoint inhibitors to treat advanced RCC has
been the top priority, owing to its potential additive or synergistic
effects due to the high-level blockade of aberrant signaling (16,
34). Therefore, the current meta-analysis was performed to
Frontiers in Oncology | www.frontiersin.org 958
evaluate the therapeutic effect and associated AEs of
combination therapy of ICIs and anti-VEGF versus sunitinib
for first-line treatment of advanced RCC.

Combinat ion therapy demonstrated tremendous
efficacy compared with the traditional strategy of sunitinib
A

B

FIGURE 7 | (A) Forest plot of all-grade rash in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of high-
grade rash in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy.
A

B

FIGURE 6 | (A) Forest plot of all-grade arthralgia in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of
high-grade arthralgia in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy.
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monotherapy. According to our systematic analysis, the HRs
were decreased in OS and PFS, and ORR was improved
markedly. RCC is strongly linked to loss-of-function mutation
in the VHL gene (35), which in turn, plays a vital role in
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reforming the tumor microenvironment (TME) with
angiogenesis, pH regulation, and glucose transportation to
suppress the chemotaxis and maturity of immune cells, thereby
contributing to cancer survival. According to a previous study,
A

B

FIGURE 9 | (A) Forest plot of all-grade diarrhea in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of
high-grade diarrhea in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy.
A

B

FIGURE 8 | (A) Forest plot of all-grade hypertension in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of
high-grade hypertension in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy.
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the outstanding performance of the combination strategy can be
attributed to normalizing the TME in the presence of cancer-
derived VEGF and enhancing the function of cluster of
differentiation eith positive T (CD8+T) cells to eliminate the
cancer cells (36).

As mentioned before, the combination of ICIs and anti-VEGF
therapy improves efficacy along with an increase in side effects.
Hence, it is important to identify biomarkers to predict efficacy
to further individualized precision therapy and balance the risk-
benefit ratio. In the current study, the assumption that patients
with PD-L1 expression could receive more benefits from ICI and
anti-VEGF combination therapy was born out by the analysis of
PFS and OS in the PD-L1-positive subgroup, while the HR of
PFS in PD-L1-negative subgroup failed to reach statistical
significance. Unfortunately, the HR of OS in the PD-L1-
negative subgroup could not be calculated due to insufficient
data. Other studies from Sun (37) and Buti (38) support the
present conclusion that patients with PD-L1-positive expression
might benefit more from combination therapy. However, we
cannot assess whether PD-L1-negative expression is an
obstructive factor to combination therapy-associated
improvements in survival. Therefore, cautiousness is necessary
regarding the use of PD-L1 expression level as a predictive factor
for advanced outcomes (15). Indeed, PD-L1-negative patients
might benefit from the combination therapy, and the
heterogeneity of PD-L1 assessment criteria cannot be neglected
(38). Moreover, PD-L1 expression levels would be needed to
determine the specific threshold of the most effective
combination therapy in the future. Furthermore, no obvious
difference was detected in sex or age in the PFS subgroups. The
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slight discrepancy in the HR of OS was acceptable in the age
subgroup because of a prolonged survival time for the
younger population.

Another subgroup analysis according to IMDC evaluation
was conducted. We found that the HR of the IMDC poor-risk
population decreased (HR = 0.37; 95% CI: 0.26–0.54) compared
with the intermediate-risk (HR = 0.65, 95% CI: 0.51–0.83)
population in OS, while the favorable-risk population did not
significantly benefit from combination therapy (RR = 0.90, 95%
CI: 0.55–1.46). The latest NCCN guidelines recommend ICIs and
anti-VEGF combination therapy including axitinib +
pembrolizumab, cabozantinib + nivolumab, and lenvatinib +
pembrolizumab as first-line therapy for RCC patients with
relapse or stage IV disease, regardless of IMDC score (39).
Similarly, the European Association of Urology (EAU)
guidelines offer three combination regimens as mentioned
above for treatment-naive patients with clear-cell metastatic
RCC, without considering IMDC risk. In our study, PFS
appears to benefit each IMDC subgroup but failed to convert
to the prolonged OS. This might occur for several reasons.
Firstly, the IMDC evaluation system is based on clinical
features, while renal cell carcinoma is known for its high
heterogeneity (40), which requires more precise molecular
features to identify dominant tumor subtypes. Motzer et al.
(41) identified seven molecular subsets associated with
differential clinical outcomes to angiogenesis blockade alone or
with a checkpoint inhibitor among 823 tumors from the
IMmotion151 trial. In their study, tumors from favorable-risk
patients were enriched in the angiogenic/stromal (No. 1) and
angiogenic (No. 2) clusters, which exhibited higher expression of
A
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FIGURE 10 | (A) Forest plot of all-grade stomatitis in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of
high-grade stomatitis in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy.
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genes associated with the VEGF pathway. These findings provide
a molecular explanation for the nonsignificant clinical outcomes
to sunitinib monotherapy versus combined ICI + VEGF
inhibition. Secondly, the baseline PD-L1 expression was lower
in favorable-risk patients compared with the intermediate/poor-
risk patients in the Checkmate 214 trial (42), in which IMDC
favorable-risk patients failed to benefit from nivolumab plus
ipilimumab combination therapy in contrast with sunitinib
monotherapy. This might be an explanation for why the
favorable-risk subgroup did not benefit more significantly from
combination therapy compared with sunitinib in our study.
Thirdly, extended follow-up from the Keynote 426 trial
suggests that PFS in the favorable IMDC subgroup began to
separate after 12 months and 70% of patients with favorable-risk
disease in the pembrolizumab plus axitinib arm achieved an
objective response compared with 50% of patients in the
sunitinib group (43). Due to slow progress in favorable risk
tumors, an overall survival benefit from the combination of
immunotherapy and anti-VEGF therapy might require
extended follow-up to present the “long tail” phenomenon of
immunotherapy features. In summary, for IMDC favorable-risk
patients, more molecular biomarkers besides PD-L1 are needed
to select specific populations to guide clinical strategies better,
and the existing data support combination therapy as more
beneficial to IMDC intermediate- and poor-risk subgroups.

Proteinuria and hypertension are the most common AEs
occurring in targeted therapy (15). Proteinuria is closely
related to glomerular barrier dysfunction (44, 45). Since renal
disorder is an independent risk factor for cardiovascular disease
(46), combination therapy may increase the burden on the
kidney, resulting in direct damage to renal tubules because
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podocytes and tubular cells widely express VEGF, leading to
continuous drug accumulation and hypertension (15, 47). A
significantly increased risk of developing hypertension was
detected among RCC patients with continuous daily dosing
compared with the intermittent dosing schedule (48, 49).
Recently, anti-VEGF treatment was recognized as a potential
trigger for an increased incidence of cardiovascular toxicity (50).
Nonetheless, the management of hypertension remains
controversial. Both enalapril and candesartan (angiotensin-
converting enzyme inhibitor and angiotensin receptor blocker,
respectively) were reported to inhibit myocardial angiogenesis
induced by VEGF, while nifedipine (calcium channel blockers)-
induced VEGF secretion (15, 51). Thus, the selection of
medications may require a balance between side-effects and
toxicity in conjunction with anti-VEGF.

Concerning arthralgia, the RR was increased by the
combination therapy of ICIs and anti-VEGF therapy in both
all-grade (RR = 2.14, 95% CI: 1.76–2.61) and high-grade AEs
(RR = 2.48, 95% CI: 1.06–5.80). A previous study indicated that
single nucleotide polymorphisms in the PD-1 gene were
associated with susceptibility to rheumatoid arthritis,
predisposing these patients to immune-mediated arthralgia
(21). The clinical outcomes suggest that the rheumatoid factor
should be verified and measures should be taken to
prevent arthralgia.

Since the RR of any- and high-grade diarrhea did not reach
statistical significance, it seems that the combination therapy did
not increase the risk of developing diarrhea. However, the
addition of ICIs increases the risk of diarrhea compared with
chemotherapy alone (18). A further evaluation of toxicity is
required as the underlying pathogenesis for sunitinib- or
A

B

FIGURE 11 | (A) Forest plot of all-grade HFSR in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of high-
grade HFSR in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy.
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ICI-induced diarrhea is still unknown. Measures to cope with
diverse AEs have been shown to exert a positive role in preventing
the symptoms, including rehydration, electrolyte replacements,
and loperamide (52). Interestingly, immunotherapy can be
rechallenged after symptoms are resolved.

Rash and HFSR are the common AEs resulting from ICI
monotherapy, and surprisingly, combination therapy had a
reversal effect on them. The results of the current analysis
suggested that the risk ratio of all-grade rash increased to 1.61
(95% CI: 1.27–2.04, p < 0.0001), while the combination therapy
dramatically decreased the risk of all-grade HFSR (RR = 0.47,
95% CI: 0.28–0.79, p = 0.004). Reportedly, the application of TKI
is strongly associated with all-grade HFSR. We also found that a
specific combination therapy strategy (atezolizumab plus
bevacizumab) held a tremendous potential to decrease the
HFSR risk without TKI. Moreover, skin toxicity stands out
among all types of AEs when patients are treated with ICIs
(53). The blockade of PD-1 receptor by ICIs such as
pembrolizumab, nivolumab, and avelumab triggers similar
dermatological AEs (54). Further investigation is required to
understand whether the decreased incidence of HFSR is
attributed to the absence of TKI or different strategies of
combination therapy. In order to improve QoL, a recent study
highlighted adequate monitoring to maintain dose strength and
prevent the worsening of lesions, including prescription of oral
antihistamines and topical steroids with high potency (19).

Oral adverse events (OAEs) associated with TKIs and ICIs,
are often overlooked (55). These events lead to significant
consequences and disabilities, such as difficulty chewing and
swallowing food (potentially leading to low QoL), dose
modification, drug withdrawal induced by difficulty in
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administering oral medications, and a high risk of local and
systemic infections. In the current study, the combination of ICIs
and anti-VEGF decreased the risk of all-grade dysgeusia and
stomatitis, contributing to continuous drug application.
Dysgeusia and stomatitis were improved rapidly at untreated
intervals and systematic management. However, these might
recur with additional doses of the target agent. Since the
discontinuation of treatment-induced OAEs has been studied
sparsely, the development of systematic management can ensure
safety outcomes (18).

Taking the current analysis into consideration, we have
identified a series of problems that remain to be solved. Firstly,
it is still unclear how ICIs and anti-VEGF can be best applied and
combined in systematic therapy. Notably, the specific combination
of atezolizumab and bevacizumab described in the NCT01984242
and NCT02420821 trials showed outstanding performance in
managing all-grade AEs (stomatitis, diarrhea, and HFSR),
indicating that specific medication combination may exert a
positive impact on the safety. However, due to the limited
quantity and quality of the included studies, we could not
perform subgroup analysis on the influence of a specific
combination of ICIs or anti-VEGF medication. Secondly, it is
unclear whether the survival benefits outweigh the potentially
increased risk for AEs with concurrent or sequential therapy in
RCC patients. Thirdly, in combination therapy, discontinuation is
usually caused by high-grade or severe AEs. Standardized
solutions should be studied and adopted to minimize the
negative impact of some common AEs. A series of
dermatological suggestions in a previous study (19) indicated
the potential to overcome AEs and sustain continuous
administration. Finally, since all patients may benefit from
A

B

FIGURE 12 | (A) Forest plot of all-grade dysgeusia in patients treated with combination therapy of ICIs and anti-VEGF vs. sunitinib monotherapy. (B) Forest plot of
high-grade dysgeusia in patients treated with combination therapy of ICIs and anti-VEGFR vs. sunitinib monotherapy.
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combination therapy, precise biomarkers are required to optimize
the clinical efficacy between combination and monotherapy.
5 STRENGTHS AND LIMITATIONS

The strengths of this meta-analysis are as follows: to the best
of our knowledge, this is the most comprehensive study to
evaluate the efficacy and safety of ICIs combined with anti-
VEGF therapy. Moreover, all identified studies were RCTs with
high quality and low-to-moderate risk of bias. The current meta-
analysis delved into the differences between PD-L1-positive/
negative and ITT subsets to determine the optimal population
for progressive or metastatic RCC based on PD-L1 expression.
The optimal clinical decisions were based on the common,
specific, and representative AEs; the differences in severity
were also explored.

Nonetheless, as only six RCTs were included in the current
meta-analysis, data were insufficient for specific subgroup
analysis. Therefore, excluding the influence of drug
classification and identifying optimal patients benefiting from
combination agents requires further study, and the observed
heterogeneity cannot be explained. The random-effects model
might minimize some of these issues and balance the weight of
various sample sizes in the trials. Additionally, PD-L1 expression
scores were divided into positive and negative expression to
investigate the optimal benefit of combination therapy. However,
it was not sufficient for a primary conclusion due to the absence
of cutoff values in PD-L1 expression.
6 CONCLUSION

The current analysis showed that ICIs combined with anti-VEGF
improved the prognosis in patients with RCC. However, for OS,
existing evidence failed to prove a better prognosis for favorable-
risk patients evaluated by IMDC. However, the incidence of
specific AEs increased obviously compared with monotherapy.
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The contradictory performance for different AEs is a serious
issue that may prevent standardized clinical administration.
Thus, we cautiously conclude that combination therapy can be
widely utilized in the future with the development of optimal
administration and systemic AE management. Additionally,
individualized therapy should be intensively studied to achieve
the best benefit-risk ratio in clinical application.
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There is a urgent need for valuable strategy in early and less invasive diagnosis for cancer.
Preliminary data have shown that the plasmatic levels of exosomes increase in cancer
condition. This study investigates the relevance of plasmatic levels and size distribution of
exosomes in 42 individuals with no signs of urological disease (CTR) as compared to 65
prostate cancer patients (PCa). It was used Nanoparticle Tracking Analysis (NTA), a highly
reliable and sensitive method for exosomes characterization and quantification. The
relation structure among the NTA-derived parameters was assessed by means of
Principal Component Analysis, which allowed detecting the global discriminant power
of NTA test in terms of Receiver Operating Characteristic (ROC) curve and the selection of
cut-off thresholds. The results showed that PCa had significantly higher plasmatic levels of
exosomes and that the exosomes were smaller in size as compared to the CTR; the
values reached 89% sensitivity and 71% specificity, in distinguishing PCa from CTR.
These results propose a new exosome-based non-invasive clinical approach for the
clinical follow-up of prostate cancer undergoing surgical treatment; in addition this method
may be developed as a new screening test for prostate cancer’s early diagnosis. While this
clinical study was performed in prostate cancer, it may represent a proof of concept
extendable to virtually all cancers, as it is suggested by both pre-clinical evidence and
clinical data obtained with different technical approaches.
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INTRODUCTION

Among the common phenotypes characterizing malignant
tumors, hypoxia, low nutrient supply, extracellular acidosis are
by far the most relevant. Recent evidence has suggested that the
increased number of exosomes may well implement this list (1–
4). Exosomes received considerable attention in the last decade
for their peculiar structure, biophysical properties and function
in a plethora of biological processes in which they are involved
(5–7). Exosomes are extracellular nanovesicles (40–180 nm)
released by virtually all cell types under normal and
pathological conditions (5, 6, 8–10). Thanks to the ability to
transmit their cargo of lipids, proteins, DNAs, mRNAs, miRNAs,
and other metabolites into the target cells, exosomes play a
pivotal role in intercellular communication. Indeed, exosomes
can modulate both physiological and pathological processes,
including tumor progression, elimination of toxic substances,
as well as drug and therapeutic antibodies delivery (5, 6, 8, 10–
15). For these reasons they have been investigated for a clinical
application as well, including both diagnosis and therapy.

In fact, due to their ability to deliver a broad range of
molecules, exosomes are considered the ideal source of new
and more specific tumor biomarkers (5–7, 16–26), including
fully active molecules (e.g. CAIX) (27). The few clinical studies
have shown that exosomes are detectable in many biological
fluids where they have been investigated in both normal and
disease conditions (5, 28–31). Exosomes continuously travel the
body and an interest is growing to their ability to protect
delivered molecules by packaging them within lipid vesicles (32).

However, to date, notwithstanding the increasing preclinical
evidence, the data supporting the presence of specific tumor
markers in exosomes from either plasma or other body fluids
samples are still inconclusive. On the other hand, a critical role of
plasmatic levels of exosomes in the clinical follow up of tumor
patients has been hypothesized (18). The first evidence
supporting the potential use of exosome levels in human body
fluids as a tumor progression marker was in melanoma patients
with advanced disease (28). Melanoma patients showed
significantly increased level of plasmatic exosomes as
compared to healthy donors (28). Pre-clinical evidence has also
shown that the increased levels of plasmatic exosomes were
directly related to the presence of a tumor mass (28). More
recent reports have shown that the surgical treatment of the
primary tumor led to a dramatic reduction of the plasmatic
exosome levels (33, 34). Preclinical investigation has shown that
the microenvironmental acidity induces a marked increase in
exosome release by tumor cells, independently from the tumor
histotype, thus providing a possible etiopathogenetic role of
paracrine factors for the increased plasmatic levels observed in
cancer patients (9, 35). Pre-clinical investigation has also shown
Abbreviations: CTR, Individuals with no signs of urological disease (Control
group); PCa, Prostate Cancer patients; PSA, Prostate Specific Antigen; DRE,
Digital Rectal Examination; NSFC-exo, PSA-expressing exosomes analyzed by
nanoscale flow-cytometry (NSFC); NTA, Nanoparticle Tracking Analysis; PCA,
Principal Component Analysis; PCnano1, exosomes size component; PCnano2,
exosomes concentration component; CanVar, Canonical Variate; ROC, Receiver
Operating Characteristic; AUC, Area Under the Curve.
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that tumor microenvironmental acidity is responsible for the
release of smaller exosomes with a more homogeneous
distribution as compared to the exosomes released at buffered
conditions (9, 35). Thus, it appears conceivable to hypothesize
that in tumor patients microenvironmental acidity may have a
pivotal role in determining both the increase of circulating
exosomes and their size reduction (10). Together with
influencing exosome number and size, tumor acidity induces
over-expression of known tumor biomarkers such as PSA
(Prostate Specific Antigen) in exosome from prostate cancer
patients (35). A recent clinical study has shown that the
expression of PSA on plasmatic exosomes distinguished
prostate cancer patients from both Benign Prostate
Hyperplasia (BPH) and healthy subject (36). Tumor
microenvironmental acidity influenced also the expression of
proteins, such as CAIX, that on exosomes exert their full
enzymatic activity (27, 37). Moreover, CA IX expression and
activity were correlated to the exosome intraluminal acidic pH,
showing for the first time that plasmatic exosomes from tumor
patients are acidic (27).

Some clinical studies have also shown that the number of
plasmatic exosomes may represent a valuable new tool for
monitoring cancer patients, while obtained with two different
techniques and in different cancer hystotypes, such as prostate
cancer (35) and oral cancers (34). On the basis of these two very
preliminary studies we decided to carry on with a clinical study
aimed at assessing the clinical relevance of both the number and
size distribution of plasmatic exosomes independently from the
potential presence of known or unknown molecular biomarkers.
To this purpose we compared a cohort of prostate cancer patients
(PCa), to individuals with no signs of urological disease (CTR).
The technological approach was to exploit the Nanoparticle
Tracking Analysis (NTA), following the repeated rounds of
ultracentrifugation, for exosomes characterization and
quantification since it is considered a reliable, efficient, and
objective technique for the study of exosomes (9, 28, 35, 36,
38–40). This assay was performed in plasma samples from 65
PCa and 42 CTR, providing detailed information on both the
exosomes plasmatic levels (particles/ml) and the size distribution
(nm). The results showed that the number and size of plasmatic
exosomes significantly distinguished PCa patients from the CTR
group with high sensitivity and specificity. We consider our
results of great importance in providing a non-invasive new tool
allowing to distinguish prostate cancer patients from healthy
subjects, but also exploitable for early screening, diagnosis, and
clinical follow-up of all malignant tumors.
MATERIALS AND METHODS

Population
The review board of each participating institution approved the
trial, which was conducted in accordance with the current
International Conference on Harmonisation guidelines for
Good Clinical Practice and the principles of the Declaration of
Helsinki. The study was approved by the Istituto Superiore di
October 2021 | Volume 11 | Article 727317
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Sanità Ethics Committee on 18/04/2017 (Rif. Prot. PRE-275/17).
Written informed consent was obtained from all subjects
involved in the study.

All authors assume responsibility for the completeness and
accuracy of the data and analyses and for the fidelity of the trial
to the protocol. All the authors had full access to the data, drafted
the manuscript, reviewed and approved the manuscript before
submission, and made the decision to submit the manuscript for
publication. No sponsor provided funding for the study.

Eligible cases were divided in 2 groups: control cases (CTR)
and prostate cancer cases (PCa). All cases were consecutively
included in the study as out-patients referred to Department of
Urology on the basis of the inclusion criteria. Patients were
correctly informed, accepted to be included in the study, and
signed an informed consensus prior to each procedure. Human
plasma samples were collected from EDTA-treated whole blood,
5 mL into BD Vacutainer® K3-EDTA-coated collection tubes
(Beckton Dickinson, Franklin Lakes, NJ, USA), from department
of Urological Sciences, Policlinico Umberto I, Sapienza
University of Rome, Italy. Once collected, the samples were
labeled by the clinical center with an identification code and
were manipulated anonymously and blinded in the testing phase
with the code assigned by the clinical center.

This is an experimental observational clinical research study
in which no additional and/or administered drug tests and/or
modified therapy are performed. The aim of this study was to
compare a population of males without signs of urological
disease to prostate cancer patients that were pooled between
individuals with different Gleason score.

More in details:

CTR. The control group consisted of 42 male individuals
consecutively referred to our department with the following
inclusion criteria: age from 18 to 50 years; no clinical evidence
of BPH or PCa [digital rectal examination (DRE) and
ultrasonography (US)]; prostate volume less than 30 cc;
total PSA level less than 1.4 ng/mL; no familiarity for PCa;
no therapies that can influence PSA determination; no acute
prostatic inflammation; no prostatitis.

PCa. The PCa group consisted of 65 male individuals from 51 to
80 years consecutively referred to our department with a
h i s to log i ca l l y confi rmed d iagnos i s o f p ros t a t e
adenocarcinoma (prostate biopsy). Total PSA (ng/mL) were
from 1.8 to 100.0. None of cases was submitted to androgen
deprivation therapies, chemotherapies, new generation
hormone therapies or other therapies that can influence
PSA determination. No acute prostatic inflammation, no
prostatitis. All cases were stratified in risk classes (low,
intermediate or high according to EAU classification) based
on total PSA levels, Gleason score [6 (3 + 3), 7 (3 + 4), 7 (4 +
3), 8-10], and clinical stage (T1-T2 N0 M0, T3 N0 M0 or N1).
Preparation of Exosomes From Plasma of
CTR and PCa
To obtain plasma from blood samples, EDTA-treated blood from
PCa patients and CTR were centrifuged at 400 x g for 20 min.
Frontiers in Oncology | www.frontiersin.org 368
Plasma was then collected and stored at −80°C until analysis.
Upon thawing, 1 mL of plasma underwent the centrifugal
procedure as previously described (6, 41) in order to eliminate
cell debris, organelles and microvesicles, and pellet exosomes. In
the last step, plasma samples were centrifuged for 1 h 30 min at
110,000 x g using a Fiberlite™ F50L-24 x 1.5 Fixed-Angle Rotor,
K-Factor: 33 (Thermo Fisher Scientific, Waltham, MA, USA) in
the Sorvall WX Ultracentrifuge Series (Thermo Fisher Scientific),
to obtain the exosomal pellet, which was then washed in PBS and
resuspended in the appropriate buffer for subsequent analyzes. In
particular, the exosomal pellet was resuspended in PBS for
Nanoparticle Tracking Analysis and Flow Cytometry Analysis,
and in CHAPS buffer 1x for western blot analysis.

Nanoparticle Tracking Analysis
Nanoparticle Tracking Analysis (NTA) from Malvern
(NanoSight NS300, Worcestershire, UK) was used for the
measurement of size distribution and concentration of
exosomes samples in liquid suspension in the range from 10 –
1000 nm based on the analysis of Brownian motion (35).
Following laser beam illumination, the light scattering allowed
to visualize, record and track the particles with a CCD or CMOS
camera. Five videos of typically 60 s duration were taken. Data
were analyzed using the NTA 3.0 software (Malvern
Instruments) which was optimized to first detect and then
track each particle on a frame-by-frame basis. NTA is based
on the phenomenon of the random movement (diffusion) of
small particles when they are dispersed in a liquid, allowing
direct and precise measurement of the concentration and size of
the particles. The Brownian motion of each particle was tracked
using the Stokes–Einstein equation: D° = kT/6phr, where D° is
the diffusion coefficient, kT/6phr = f0 is the frictional coefficient
of the particle, for the special case of a spherical particle of radius
r moving with uniform velocity in a continuous fluid of viscosity
h, k is Boltzmann’s constant, and T is the absolute temperature.

The evaluation of the Particle Size Distribution (PSD) was
performed through the parameters Mean, Mode, SD, D10, D50
(Median) and D90 which indicate respectively the average, most
frequent particle class size, standard deviation, and the 10%, 50%
and 90% percentiles of the analyzed particles. Specifically, D10,
D50 and D90 indicate the size below which 10%, 50% and 90%
respectively of total number of exosomes is included, mean and
mode point to the average particle size and the most represented
size value respectively, while SD is the standard deviation
(average distance from the mean) of the distribution.

Western Blot Analysis
For the two groups (CTR and PCa), 4 mL of plasma was pooled
and Size Exclusion Chromatography (SEC) was performed for
the isolation of plasma-derived exosomes, as described
previously (42).

Exosomes from plasma of CTR and PCa patients were lysed
in CHAPS buffer 1x containing Tris 10 mM pH 7.4, MgCl2 1
mM, ethyleneglycoltetraacetic acid (EGTA) 1 mM, CHAPS 0.5%,
glycerol 10%, phenylmethylsulfonyl fluoride (PMSF) 1 mM and
protease inhibitor cocktail (1 µg/mL leupeptin, 1 µg/mL
pepstatin A, 1 µg/mL aprotinin, and PMSF 1 mM). Protein
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concentration was determined using the Bradford protein assay
(Bio-Rad Laboratories, Inc, Hercules, CA, USA). Thirty
micrograms of exosomal lysates were resolved on 10%
acrylamide gel and transferred to a Protran BA85
nitrocellulose membrane (Schleicher & Schuell, Keene,
NH, USA).

Nonspecific binding sites were blocked by incubation in PBS
containing 0.05% Tween 20 and 5% milk powder. Blotting was
performed using anti-Tsg 101 (C-2, Santa CruzBiotechnology,
Dallas, TX, USA), anti-CD81 (B-11, Santa Cruz Biotechnology,
Dallas, TX, USA), and anti-Alix (3A9, Thermo Fisher Scientific,
Waltham, MA, USA) monoclonal antibodies, for 18 h at 4°C.
After incubation with appropriate anti-mouse peroxidase-
conjugated secondary antibody (IgG; Amersham Biosciences,
Milan, Italy) for 1 h at room temperature, membranes were
revealed by enhanced chemiluminescent (ECL) substrate
(Thermo Fisher Scientific,Waltham, MA, USA).

Flow Cytometry Analysis of Exosomes
Exosomes purified from plasma were diluted in PBS in a final
volume of 50 µL. Anti-human CD81 allophycocyanin (APC)
conjugated (Beckman Coulter, Brea, CA, USA) and anti-human
PSA fluorescein (FITC) conjugated (clone 5A6, Abcam,
Cambridge, UK) or anti-human IgG2a APC conjugated and
anti-human IgG1 FITC conjugated (Beckman Coulter) were
added to the exosome preparation at optimal pre-titered
concentrations and left for 20 min at RT. The same procedure
was performed for the analysis of anti-human CD9
phycoerythrin (PE) conjugated (M-L13, RUO (GMP) BD
Biosciences, USA) and anti-human PSA fluorescein (FITC)
conjugated (clone 5A6, Abcam, Cambridge, UK), using anti-
human IgG1 (PE) conjugated and anti-human IgG2a (FITC)
conjugated as isotype controls, respectively.

500 µL of PBS were added to samples before the acquisition
on the CytoFLEX flow cytometer (Beckman Coulter).

The cytometer was calibrated using a mixture of non-
fluorescent silica beads and fluorescent (green) latex beads with
sizes ranging from 110 nm to 1300 nm. This calibration step
enables the determination of the sensitivity and resolution of the
flow cytometer (fluorescent latex beads) and the size of
extracellular vesicles (silica beads). All samples were acquired
at low flow rate for the same amount of time in order to obtain an
estimate of absolute counts of exosomes comparable between
various samples. The analysis of the data was performed with
FlowJo software (FlowJo, LLC; Ashland, Oregon, USA) (35, 36).

Statistical Analysis
The inferential statistics was based upon the t-test over the above
described parameters of PSD distribution, adopting the
Satterwaithe correction when in presence of a statistically
significant difference in the standard deviation of the two groups.

The relation structure among the NTA-derived parameters
was assessed by means of Principal Component Analysis: the first
two extracted components (PCnano1, PCnano2) were used to
calculate a canonical variate by which assess the global
discriminant power of NTA test in terms of Receiver
Operating Characteristic (ROC) curve. ROC strategy allowed
Frontiers in Oncology | www.frontiersin.org 469
the estimation of both the global discriminant ability of the test
(area under the roc curve, AUROC) and the selection of cut-off
thresholds maximizing sensitivity (percentage of correctly
diagnosed PCa patients) and specificity (percentage of negative
result in CTR individuals) (43). In order to eliminate the suspect
of an effect of disease/age necessary link, we checked the possible
confounding role of different ages in the two groups by
computing the Pearson correlation between both exosome
concentration and size with age separately in the two CTR and
PCa classes. No statistically significant correlation was scored
(Supplementary Table S1). The lack of any statistically
significant correlation between age and exosome descriptors,
albeit indirectly, rules out any possible effect of age on the
results. The statistical analysis of the results obtained was being
performed with the SAS System program 9.4 version. The
analysis of the ROC curves was performed by Sigma Plot
11.2 version.
RESULTS

Characterization and Distribution of
Plasma Exosomes Between PCa
Patients and Individuals With No
Signs of Urological Disease (CTR) by
Nanoparticle Tracking Analysis (NTA)
Plasma exosomes from PCa and CTR were characterized for
number and size distribution by NTA (Figure 1), for the
expression of exosome housekeeping markers by Western blot
analysis (CD81, Tsg 101 and Alix, Supplementary Figure S1)
(35, 36), and for the contemporary expression of exosome
housekeeping markers (CD9 and CD81) and PSA by
Nanoscale Flow Cytometry (Supplementary Figure S2) (35, 36).

We first compared PCa and CTR groups in terms of both size
and number (concentration) by NTA (Figure 1). Figure 1 shows
a representative NTA distribution of exosome samples by either
CTR (Figure 1A) or PCa (Figure 1B), as far as either size (nm,
abscissa axis) or number (particles/ml, ordinate axis)
are concerned.

The statistical analysis showed a significant difference
between CTR and PCa exosome plasma samples (Table 1) for
both the concentration and the size parameters (with the only
exception of SD). In particular the difference in terms of the
exosome number between PCa patients and CTR was highly
significant (p<0.0001).

It is worth noting a significant increase in number of
exosomes in PCa as well as the shrinking in their size as
registered by all the size descriptors. On the other hand, the
SD of the size distributions relative to PCa and CTR are
substantially identical, suggesting a general (‘rigid’) shift of
distribution going from CTR to PCa.

In detail, the graphs in Figures 2 and 3 represent the NTA
variables distribution of PCa and CTR included within the 25th
and 75th percentiles, discriminating PCa from CTR. PCa
exosomes were not only more numerous, but also smaller than
the CTR exosomes. In fact, all the dimensional distribution
October 2021 | Volume 11 | Article 727317
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parameters analyzed (such as mean, mode, D10, D50 and D90)
were significantly different between the two groups (Table 1;
Figures 2 and 3). Mean (nm) and mode (nm) are parameters
useful for describing the set of size of exosomes and their
frequency distribution in each plasma sample. D10, D50 and
D90 are dimensional parameter that indicate that 10%, 50% and
90% respectively of the exosomes are included below the
corresponding nanometers, indicating the spread of exosomes
sizes within the sample.

After, the number of PSA-expressing exosomes (NSFC-exo)
was acquired using the Nanoscale Flow Cytometry (NSFC)
technique and underwent the same statistical analysis adopted
for assessing the between group differences relative to the global
exosome population. Interestingly, the PSA-specific index
(NSFC-exo) showed an almost perfect separation between the
groups for the virtual absence of PSA-carrying nanoparticles in
healthy subjects (data not shown), supporting our previous
results (36).

The aim of the current study was primarily to compare the
NSFC-exo in terms of exosomes number and size, between PCa
Frontiers in Oncology | www.frontiersin.org 570
patients and CTR. The analysis of PSA-specific index must be
intended as instrumental for checking the hypothesis if the
aspecific exosome distribution approach was guided by PSA-
containing sub-population of vesicles or if it carried autonomous
information as we discuss in the following.

Mutual Relation Between the
Size and Number of PCa and
CTR Plasma Exosomes
The following statistical analysis was aimed at investigating the
mutual relationships between size and number of plasmatic
exosomes. For this purpose, we computed a Principal
Component Analysis (PCA) over the original data set having the
participants (both CTR and PCa) as statistical units and the NTA-
derived indexes as variables (Table 2). Three principal components
explain the totality of the variance (96.7%), but the first two
components (PCnano1, PCnano2) account for the by far the
most relevant part of information. As a matter of fact the relative
proportion of variance explained by the two main components
was: PC1 (PCnano1): 71.7%, PC2 (PCnano2) = 15.0% with a
cumulative proportion of explained variance equal to 86.7%.

The inspection of the loading matrix (loadings are the
correlation coefficients between original variables and
components, bolded the most relevant correlations) is reported
in Table 2 allows us to immediately discover the mutual
independence of size (PCnano1) and number (PCnano2) of
exosomes (principal components are each other orthogonal by
construction). Both size (PCnano1) and concentration
(PCnano2) allow for a clear separation of PCa and CTR
patients (Figure 4).

Assuming that the principal components are each other
orthogonal by construction, the mutual independence of the size
and number of exosomes suggests that the PCa vs. CTR separation
obtained by these two components results from two independent
mechanisms even if both related to cancer condition. This is
evident in Table 3 reporting the descriptive and inferential
statistics for PCnano1 and PCnano3 in the two groups. It is
worth noting that principal component scores have by
A

B

FIGURE 1 | Representative NTA distribution of plasma exosomes in CTR
individuals (A) and PCa patients (B).
TABLE 1 | Descriptive and inferential statistics or the two patient groups (PCa =
Prostate Cancer, CTR = individuals with no signs of urological disease) as for the
entire set of NTA derived descriptors.

Variable Group Mean Std. Dev. p (t-test)

Number (concentration,
particles/mL)

PCa 2.88 x 109 1.43 x 109 <0.0001
CTR 1.56 x 109 0.57 x 109

Mean (size, nm) PCa 131.4 21.44 <0.0005
CTR 145.9 18.82

Mode (size, nm) PCa 89.53 13.77 <0.003
CTR 97.44 12.26

D10 (size, nm) PCa 80.02 10.99 <0.0001
CTR 88.10 9.09

D50 (size, nm) PCa 109.8 19.06 <0.0001
CTR 124.6 18.01

D90 (size, nm) PCa 210.96 35.96 0.0081
CTR 228.57 30.77

SD (size variability, nm) PCa 64.42 11.70 NS
CTR 68.05 10.16
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construction zero mean and unit standard deviation on the entire
data set (PCa + CTR) and are each other mutually orthogonal.
Both size and concentration components show a neat statistical
significance as for PCa vs CTR comparison, their mutual linear
independence allows us to hypothesize that shrinkage and
concentration increase of exosomes derive from two different
mechanisms, even if both related to cancer condition.

The plot in Figure 4 reports the distribution of exosomes in
the PCnano1 (size) and PCnano2 (concentration), highlighting a
clear shift of tumor samples on the top left part of the graph
(high number/small size).

ROC Curve Between PCa Patients
and CTR
While the above reported analyses re-assure us of the biological
relevance of both exosome concentration and size in cancer, they
Frontiers in Oncology | www.frontiersin.org 671
do not allow to assess the prognostic and diagnostic relevance of
‘aspecific’ exosome descriptors. In a previous study (36) we
already assessed the ability of a specific (PSA-carrying) exosome
sub-population in discriminating prostate cancer from healthy
donors. The results of the above study actually provided a new
approach in distinguishing not only prostate cancer from
individuals without a cancer, but also prostate cancer patients
from patients with prostate benign hypertrophy (BPH), that is
considered a benign inflammatory condition, but with some signs
that too often may lead to a cancer over diagnosis, such as the
serum PSA levels. However, we were also very curious to extend
our previous very preliminary observation showing higher levels
of plasmatic exosomes in prostate cancer patients, while with
small numbers. With the results of the present study we do not
want to suggest a generalized shift from a specific to an aspecific
approach; rather a complementary use of the aspecific approach
(i.e. plasmatic exosome levels) in a ‘primary screening for the
presence of a cancer disease’ made by the Nanoparticle Tracking
Analysis technology that can provide a precise analysis of both
number and size of plasmatic exosome, while with no direct
r e l a t i o n t o t h e i r s p e c ifi c c on t e n t , i n t e rms o f
molecular biomarkers.

Here we pursue a much more ambitious goal: to use only
exosome-related information with no reference to a specific
biomarker for cancer screening. As a consequence, we do
expect a decreased predictive power with respect to the specific
approach. This decrease in predictive power is in any case
balanced by the much easier (and less costly) procedure and by
the promise the simple evaluation of exosome concentration and
size could be a warning signal of the presence of a cancer,
independently of its particular biotype. We faced this task by a
canonical discriminant analysis having as X variables PCnano1
and PCnano2 and as Y variable the healthy/patient
categorization. The goal of canonical analysis is to generate a
pair (canonical variates) of linear combinations of X and Y
variables endowed with maximal mutual correlation (44). In the
particular case of canonical discriminant analysis there is only
one Y variable expressed in categorical (in this case binary)
values. Thus implies we are looking for the linear combination of
PCnano1 and PCnano2 that allows for the best separation of PCa
and CTR subjects. The procedure generated a pair of canonical
variates endowed with a statistically significant correlation
(Canonical Correlation = 0.58, F-value = 27.05 p < 0.0001).
The formula of linear combination of the canonical variate
relative to PCnano1 and PCnano2 was CanVar1 = -0.68
*PCnano1 + 1.02*PCnano2.

As expected, the coefficient for the number of exosomes
component (PCnano2) was higher than the one for exosomes
size due to the higher discriminant ability of exosome number
with respect to their size. Under the same heading, the
coefficients for the two components have an opposite sign
reminiscent of the ‘increase in number’ and ‘decrease in size’
effect of cancer (Figure 5A).

The ROC analysis performed on the canonical variate
(CanVar1) gave rise to a statistically significant discrimination
(AUROC = 0.86, p < 0.0001) and maximal sensitivity/specificity
A

B

FIGURE 2 | NTA distribution and quantification of CTR and PCa plasmatic
exosomes by concentration (A) and size (B) parameters included within the
25th and 75th percentiles.***p< 0.001, ****p< 0.0001.
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at cut-off = -0.544 (canonical variate is a z-score with mean zero
and unit standard deviation) reaching 89% sensitivity and 71%
specificity (Figure 5B).

Non-Specific Predictivity of Cancer Risk
With Exosome Concentration and Size
Despite the “non-specific” (no consideration of PSA expression)
predictivity is lower than the specific one of PSA-expressing
exosomes, it allows for a very considerable predictive power that
could be useful for a future ‘first-level screening’ of general cancer
risk or cancer staging. To this aim, it is interesting to check the
relation structure among non-specific and specific exosome-based
A B

DC

FIGURE 3 | NTA distribution parameters (mode, D10, D50 and D90), correspondent to (A), (B), (C) and (D) panels respectively of CTR and PCa plasmatic
exosomes included within the 25th and 75th percentiles. **p < 0.01, ****p< 0.0001.
TABLE 2 | Component Loadings.

Loading pattern

Variable PCnano1 PCnano2 PCnano3

Concentration -0.00776 0.97176 0.22901
Mean 0.99266 -0.02747 -0.04256
Mode 0.86521 -0.01709 0.41626
SD 0.77564 0.23181 -0.56827
D10 0.92206 -0.15468 0.28347
D50 0.96473 -0.10536 0.10432
D90 0.94959 0.12012 -0.24998
Frontiers in Oncology | ww
w.frontiersin.org
The bold values correspond to the original variables with higher correlation with extracted
components (Component Loading).
772
FIGURE 4 | Projection (component scores) of participants in the bi-
dimensional space spanned by the two principal components (PCnano1 =
exosome size component, and PCnano2 = exosomes number component).
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biomarkers. The demonstration of a certain degree of independence
of ‘aspecific’ (PCnano1, PCnano2) exosome descriptors from PSA
specific (NSFC-exo) one, points to the fact cancer-healthy
discrimination obtained by exosome size and number builds upon
biological features not strictly related to prostate cancer specificity
and thus could be used for ‘general’ cancer screening.

Table 4 reports the pairwise correlation between the above
mentioned aspecific and specific scores. The specific biomarker
(NSFC-exo) only has a statistically significant (but relatively weak)
Frontiers in Oncology | www.frontiersin.org 873
correlation with PCnano2, PCnano1 and PCnano2 are mutually
orthogonal by construction andPCnano1 is completely independent
(near zero correlation) with NSFC-exo. This result indicates that the
‘cancer-related information’ exploitedbyboth the size andnumberof
exosomes iswidely independent to the specific (prostate) cancer type.
This result is particularly promising for the future use of size and
concentration of exosomes as a general cancer biomarker.
DISCUSSION

Although research efforts, the burden of cancer keeps on increasing
without showing stop signs or forthcoming hopes that the trend will
reverse (45–54). The need to detect new and more effective
prevention and therapeutic strategies has been finding promising
new hopes in exosomes in recent years because of their unique
properties as well as their involvement in several physiological and
pathological processes. Previous investigation have shown that these
nanovesicles can be purified from body fluids, including plasma,
and there characterized and quantified (28, 34, 35). This, study was
set up to show through a really objective assay, i.e. Nanoparticle
Tracking Analysis (NTA), that physical parameters, such as the
number and the size of plasmatic exosomes, could distinguish
cancer patients from healthy subjects, with the ultimate goal to
provide a new non-invasive tool based on quantification of
circulating exosomes for diagnosis and clinical follow up of
prostate cancer. We used NTA, a highly reliable and sensitive
method of exosomes characterization and quantification (9, 35,
36, 38–40). In this kind of study, when a population of patients with
a prostate cancer diagnosis before surgery and medical therapy was
compared to a healthy males’group we have been obliged to use
“individuals with no signs of urological disease”, as control group; in
turnmeaningmales under 50 years old while the PCa was of over 50
aged males. This allowed us to compare the plasmatic levels of
exosomes between healthy males and cancer patients. We
preliminary showed that there was no correlation in terms of age
between the two groups (Supplementary Table S1). Thus, we
analysed the data comparing the two groups in term of either
number and size. The results showed that plasmatic exosomes from
PCa patients were significantly more numerous and smaller as
TABLE 3 | Descriptive and inferential statistics of the two patient groups (PCa
and CTR) as for the two main principal components of NTA derived descriptors.

Variable Group Mean Std. Dev. P (t-test)

PCnano1
(size)

PCa -0.258 1.00 <0.0007
CTR 0.400 0.870

PCnano2
(concentration)

PCa 0.390 1.05 <0.0001
CTR -0.604 0.490
A

B

FIGURE 5 | Canonical Variate distribution (CanVar1) (A) and Receiving
Operating Characteristics (ROC) curve (B) relative to cancer-healthy
discrimination based on CanVar1.
TABLE 4 | Pearson correlation coefficients between PCnano1, PCnano2 and
NSFC exo.

Pearson correlation coefficientsProb > |r| under H0: Rho=0Number
of observations

Variable PCnano1 PCnano2 NSFC-exo

PCnano1 1.00000 0.00000 -0.04868
1.0000 0.6742

107 107 77
PCnano2 0.00000 1.00000 0.38477

1.0000 0.0006
107 107 77

NSFC-exo -0.04868 0.38477 1.00000
0.6742 0.0006
77 77 77
Octob
er 2021 | Volume 11
The bold values show the statistically significant correlations of the specific biomarker
(NSFC-exo), since NSFC-exo only has a statistically significant (but relatively weak)
correlation with PCnano2.
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compared to plasmatic exosomes from the group of CTR. Indeed,
all analysed variables (concentration, mean, mode, D10, D50, D90)
were significantly different between CTR and PCa subjects. Among
these non-specific indices, the most discriminating variable was the
number of exosomes (p<0.0001). Then, through computing
Principal Component Analysis (PCA), we showed that both size
(PCnano1) and plasmatic concentration (PCnano2) of exosomes
caused significant discrimination between PCa and CTR
individuals, but through two independent mechanisms. The
mutual independence between size and number of exosomes
further was validated through the computation of the canonical
variate coefficient. The ROC analysis performed on the
combination of the size and number of plasmatic exosomes
(canonical variate 1, CanVar1) showed a maximal sensitivity
(89%) and specificity (71%) at cut-off = -0.544. This method
allows us to discriminate in a statistically significant manner
(AUROC = 0.86, p < 0.0001) PCa patients from CTR. Finally, we
analyzed the correlation between non-specific and specific
exosome-based biomarkers. The specific biomarker based on
PSA-expressing exosomes (NSFC-exo) had a statistically
significant (but relatively weak) correlation with exosomes
number (PCnano2) only, suggesting that the kind of ‘cancer-
related’ information provided by both size and number of
exosomes is widely independent to the specific (prostate) cancer
type. Despite the “non-specific” (no consideration of PSA
expression) predictivity is lower than the specific one of PSA-
exosome, it allows for a very considerable predictive power that
could be useful for a future ‘first-level screening’ of general cancer
risk or cancer staging or even in predicting after surgery recurrence.

The “liquid biopsy” based on circulating tumor exosomes is a
promising and reliable tool for the diagnosis, monitoring, and
prognosis of diseases, including tumors, allowing a better
sensitivity and specificity of traditional diagnostic techniques, as
well as a reduced use of more invasive methodologies (7, 20, 55–59).
A high level of circulating exosomes and their miRNA cargos could
be useful as potential diagnostic biomarkers, as was observed for
alcoholic hepatitis (60).The enrichment of specific markers makes
exosomes valuable tools to investigate new biomarker sources useful
for tumor diagnosis and prognosis (1, 5, 18, 26, 31). In men with
high PSA levels, exosome gene expression in urine was associated
with a better ability to distinguish patients with higher-grade
prostate cancer, with the consequent reduction of unnecessary
biopsies (61, 62). Based on this scenario, in previous papers, we
showed increased plasmatic levels of PSA-expressing exosomes in
PCa patients compared to BPH and CTR subjects, supporting the
clinical relevance of exosomes as tumor biomarkers (35, 36). These
studies have prompted a significant boost regarding the clinical
utility of exosomes. We thus focused our attention on physical
characteristics of the exosomes, such as their number and size, in
order to verify whether they could represent signs of malignancy
that allowed to clearly distinguishing the healthy subjects from the
tumor patients, regardless to the presence of tumor specific
biomarkers, whose identification is of course a primary endpoint
(33, 63–66).

Although the existence of an open debate in the extracellular
vesicles community (6, 67), there is a common agreement on the use
Frontiers in Oncology | www.frontiersin.org 974
of ultracentrifugation to obtain a the most reliable and useful
purification of extracellular vesicles from either cell culture
supernatant or body fluids. Thus, we used ultracentrifugation for
exosome purification and NTA for quantification and size
distribution of exosomes in a plasma volume. As detailed above
the results showed that prostate cancer patients had significantly
higher exosome levels and a reduced size as compared to healthy
individuals, thus supporting the clinical use of this approach and its
potential use in screening test for prostate cancer early diagnosis.

In summarizing the novelty of this approach includes: a) the
demonstration that the measurement of exosome levels and their
size in the plasma of human beings, while apparently aspecific,
may be helpful in a ‘general screening’ for the presence of a
‘cancer pathology’. Clearly this is only a ‘preliminary finding’
that in any case represents a warning signal to be followed by
more specific investigations; b) the NTA analysis of plasmatic
exosomes number and size may be helpful in the follow up of
cancer patients underwent either medical or surgical treatment,
and we want to emphasize with very reduced costs and no
invasiveness, as compared to the current diagnostic equipment.

In conclusion, these results express a high clinical impact,
strongly suggesting that the concentration and size of circulating
exosomes may implement the equipment of cancer biomarkers,
particularly for prostate cancer, thus providing a promising new
tool for early-stage cancer detection. The results of our study have
shown high level of sensitivity and specificity of both exosome
number and size in distinguishing prostate cancer patients from a
group of individuals with no sign of urological disease, making this
approach potentially useful for screening, diagnosis and follow-up
of prostate cancer patients. Accordingly, it is reasonable to
speculate to exploit in other cancers the clinical potential of the
exosome-based approach with the ultimate and ambitious aim of
identifying a universal screening test, which remains currently not
available. Furthermore, since resection of the primary tumor has
been observed to greatly reduce the level of exosomes in oral
cancers (34), and the plasmatic levels of exosomes were related to
the presence of a primary tymor, in either melanoma (28) or brain
tumors (68), monitoring the number of exosomes could also be a
winning strategy to control recurrence following tumor resection
and to evaluate the effectiveness of the response to anticancer
therapy on the tumor mass. From a pathogenetic point of view it
appears highly reasonable that the increased plasmatic levels of
exosomes in tumor patients may be due to both the hostile
microenvironmental condition, such as acidity (9) and the
tumor mass (28, 34). Of course the measurements of exosome
plasmatic levels needs a clinical validation in terms of platform
technology, but the results of our study strongly support the use of
ultracentrifugation and NTA as a reliable technical approach.
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Purpose: This study represents a descriptive analysis of preliminary results of a Phase II
trial on a novel mixed beam radiotherapy (RT) approach, consisting of carbon ions RT
(CIRT) followed by intensity-modulated photon RT, in combination with hormonal therapy,
for high-risk prostate cancer (HR PCa) with a special focus on acute toxicity.

Methods: Primary endpoint was the evaluation of safety in terms of acute toxicity.
Secondary endpoints were early and long-term tolerability of treatment, quality of life
(QoL), and efficacy. Data on acute and late toxicities were collected according to RTOG/
EORTC. QoL of enrolled patients was assessed by IPSS, EORTC QLQ-C30, EORTC
QLQ-PR25, and sexual activity by IIEF-5.

Results: Twenty-six patients were enrolled in the study, but only 15 completed so far the
RT course and were included. Immediately after CIRT, no patients experienced GI/GU
toxicity. At 1 and 3 months from the whole course RT completion, no GI/GU toxicities
greater than grade 2 were observed. QoL scores were overall satisfactory.
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Conclusions: The feasibility of the proposed mixed treatment schedule was assessed,
and an excellent acute toxicity profile was recorded. Such findings instil confidence in the
continuation of this mixed approach, with evaluation of long-term tolerability and efficacy.
Keywords: carbon-ion radiotherapy, intensity modulated radiotherapy, high-risk prostate cancer, phase II study,
mixed-beam approach
INTRODUCTION

Prostate cancer (PCa) is the most common solid organ
malignancy in men, and radiotherapy (RT) plays a significant
role in the treatment of organ-confined or locally advanced
disease (1). Although low- and intermediate-risk PCa show
excellent outcomes with surgery or RT, high-risk (HR) disease
PCa continues to have a high rate of recurrence and progression,
both locally and distantly, making research necessary for
escalation or combined strategies.

At least 17–31%of thesemen present withHR localized or locally
advanced disease (2) and need a curative treatment, which includes
surgery or external beam radiotherapy (EBRT) combined with
androgen deprivation therapy (ADT), and an optional
brachytherapy boost (3). From a RT perspective, the most peculiar
biological feature of PCa is its low a/b ratio, corresponding to a
relative radio-resistance, which has fostered the development
through the years of different schedules with varying degrees of
hypofractionation.Many of these studies (4, 5) have demonstrated to
be equally if notmore effective in terms of local control and less likely
to cause side effects. However, the role of hypofractionation with
stereotactic body RT (SBRT) in HR PCa patients remains
controversial, especially when it becomes necessary to perform
elective pelvic nodal irradiation (6).

In parallel, dose-escalation studies, particularly with a dose
boost to the dominant intraprostatic lesions (DIL), have shown
an advantage in terms of local control of disease (7, 8), although
limited by greater toxicity to adjacent organs such as the bladder
and anterior wall of the rectum (9).

In this context, the use of heavy particles was proven to be
both safe and effective. In fact, firstly, they allow to reach a steep
therapy; AIRC, Associazione Italiana
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dose gradient due to the inverted profile of in-depth dose
deposition compared to photons, which permits a greater
sparing of organs at risk (OARs) (10, 11). Secondly, carbon-
ion radiotherapy (CIRT), already been in use in various Centers
at an experimental level for more than 10 years, demonstrated a
greater efficacy compared to standard radiation techniques due
to its peculiar physical features. It is now widely accepted that
beams of high linear energy transfer (LET) particles can offer a
biological advantage for radioresistant malignancies due to their
higher relative biological effectiveness (RBE) (12–14).

In the light of improving outcomes in HR PCa patients
without compromising treatment safety, we explored the use of
carbon ions to escalate the dose to the prostate and the addition
of a standard photon treatment to the pelvic lymph nodes.

In fact, the purpose of this prospective phase II study, sponsored
by the ItalianAssociationofCancerResearch (Associazione Italiana
per la Ricerca sul Cancro, AIRC), is to evaluate the feasibility of a
radiation schedule that comprises a dose boost to the prostate,
delivered with carbon ions, followed by a conventional course of
pelvic photon RT in patients affected by HR PCa undergoing
neoadjuvant and adjuvant long-term hormone therapy.

This study represents a descriptive analysis of preliminary
results, with a special focus on acute toxicity. In particular, only
acute toxicity events were collected due to the short patients’
follow-up available. The analysis on oncological outcomes and
late toxicity events will be performed when more mature data
will be collected.
MATERIALS AND METHODS

Trial Characteristics
The protocol was approved by the Ethics Committee (R86/14-
IEO98) of the European Institute of Oncology (IEO), coordinating
center, and subsequently presented and registered to the ethics
committees of the other participating centers, and has been
registered at ClinicalTrials.gov (NCT02672449). The study was
designed as a prospective, multicentric, phase II open-label trial.
Thepatientshavebeenenrolledat three radiationoncology facilities
in northern Italy, namely, National Center of Oncological
Hadrontherapy (Centro Nazionale di Adroterapia Oncologica,
CNAO) in Pavia, National Cancer Institute (Fondazione IRCCS
Istituto Nazionale dei Tumori, INT) in Milan, and European
Institute of Oncology IRCCS (Istituto Europeo di Oncologia,
IEO) in Milan.

The trial was supposed to enrol 65 consecutive patients (15);
however, due to delays in authorizations and to the emergence of
competitive surgical trials, it recruited a total of 26 patients.
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Sample size has been recalculated accordingly, by considering the
actual accrual. All enrolled patients signed an informed consent
before starting treatment. The study protocol has been previously
published (NCT02672449); therefore, patients’ selection,
treatment delivery, outcomes of the study, and statistical
analyses will be only briefly described hereafter (15).

Patients Selection
This study included patients affected by HR PCa, as defined by
National Comprehensive Cancer Network (NCCN) risk
categories [T3a and/or prostate-specific antigen (PSA) >20 ng/
ml and/or Gleason score (GS) 8–10]. Inclusion criteria are listed
in Table 1.

Radiation Therapy Treatment Planning
and Delivery
Computed tomography (CT) simulation, volumes of interest
contouring, and treatment delivery were performed following
the previously described methodology (15, 16).

In particular, all patients first received the CIRT boost to the
prostate and to the proximal third of the seminal vesicles at CNAO.
The dose prescribed to the planning target volume (PTV) boost was
16.6 Gy (RBE) in four fractions [4.15 Gy (RBE)/fraction, over 1
week]. The CIRT technique used at CNAO (17) consists of two
lateral opposed beams, with the PTV receiving at least 95% of the
prescribed dose. To complete the RT course, the patients received
intensity-modulated RT (IMRT), with the clinical target volume
(CTV) including the whole pelvis, and the PTV derived as a 5 mm
CTVexpansion.Total dose to thePTVpelvis ranged from45 to50.4
Gy in1.8–2Gy/fraction.BothPTVboost andPTVpelvis received at
least 95%of the prescribeddose.Dose constraints to theOARswere
derived by considering the plan sum, that is, CIRT + IMRT course.
Further details on treatment delivery are available in the study
protocol (15).

Assessment of Quality of Life and
Follow−Up
The primary endpoint of this study was to evaluate the feasibility
and safety of the proposed treatment through the evaluation of
Frontiers in Oncology | www.frontiersin.org 380
acute side effects by physician reported outcomes, according to the
Radiation Therapy Oncology Group (RTOG)/European
Organisation for Research and Treatment of Cancer (EORTC)
scale. This was achieved by assessing the percentage of patientswho
report at least one episode of grade (G) 3 or 4 toxicity during
treatment or within 1 month after RT. Side effects were also
evaluated by patients’ reported outcomes with dedicated
questionnaires for treatment-related quality of life (QoL),
according to EORTC quality of life-core 30 (QLQ-C30),
international prostatic symptoms score (IPSS), and international
index of erectile function (IIEF-15) questionnaires. Toxicities
evaluated at 3, 12, and 24 months have been considered as
secondary endpoints. During follow-up, erectile function was
evaluated with the IIEF questionnaire (minimum = 1, serious;
maximum = 25, optimal condition). The state of prostatic
symptoms was evaluated through the IPSS questionnaire
(minimum = 0, no symptoms; maximum score 25 = acute
symptoms). The “Global Health Status” based on the EORTC
QLQ-C30 questionnaire was described through median and
interquartile range. The efficacy of treatment was investigated as
secondary endpoint in terms of biochemical response, through
prostate specific antigen evaluation every 3 months.

Statistical Analysis
The primary endpoint of this analysis was acute toxicity that was
tested by simply counting the number of patients free from
cumulative 1-month acute toxicity after RT.

Categorical variables were reported as frequencies
(percentages), whereas continuous variables were summarized
with the median value and interquartile range (25th–75th
percentiles). We evaluated time trends of IPSS, EORTC QLQ-
C30, and the IIEF-5 questionnaires. The missing IPSS scores
(n=4) were replaced by the median score at the same time point.

All scales of EORTC QLQ-C30 (functioning scales: Physical
Functioning, Role Functioning, Emotional Functioning,
Cognitive Functioning, Social Functioning; general health
status scales: Global Health Status/QoL; symptom scales:
Fatigue, Nausea/Vomiting, Pain, Dyspnoea, Insomnia, Appetite
loss, Constipation, Diarrhoea, Financial Problems) were built
TABLE 1 | Inclusion and exclusion criteria.

INCLUSION CRITERIA EXCLUSION CRITERIA

• Histologically confirmed adenocarcinoma of the prostate, high- risk category
according to NCCN version 1.2016 (cT3a and/or PSA >20 ng/mL and/or Gleason
score of 8-10)

• Previous pelvic RT
• Previous prostatectomy
• Concomitant inflammatory bowel disease or other serious systemic
comorbidities

• Age > 18 years • Previous invasive cancer (within 5 years before the PCa diagnosis unless the
patient has been free from disease for at least 3 years) except for nonmelanoma
skin malignancies

• cN0 and cM0
• Eastern Cooperative Oncology Group (ECOG) Performance Status < 2
• ADT recommended
○ 3 months before RT • Presence of hip prosthesis
○ Concomitant to RT
○ up to 2 years after the end of RT

• Good urinary flow (peak flow >10 mL/s)
• Written informed consent
ECOG, Eastern Cooperative Oncology Group; NCCN, National Comprehensive Cancer Network; PCa, prostate cancer; PSA, prostate-specific antigen; RT, radiotherapy.
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according to the EORTC manual and transformed to 0–100
scales, with higher scores reflecting either more symptoms or
higher levels of functioning or QoL.

For EORTC QLQ-C30 questionnaire, imputation of missing
answers was performed as follows: if a patient answered less than
half the questions in a scale, the scale was considered to be
missing; if a patient answered at least half of the questions in a
scale, the average score of the answered questions was calculated
and imputed as the response to questions which had not
been answered.

For IIEF-15 questionnaire, all observations with more than
30% missing items at a given time point were excluded from
the analysis. In all other cases, a missing item was replaced
with the mean score of the items from the same domain where
available, and with the median value of the item at the same
time point when all the items from the same domain
were missing.

Within-patient score changes of IPSS, every scale of EORTC
QLQ-C30 and IIEF-5 questionnaires were calculated at each time
point from baseline. The baseline was defined as the time point
right before RT start, meaning 3 months after ADT
administration, as specified in the study protocol (15). Linear
mixed models for repeated measures were used to detect a trend
in the changes. All estimates were adjusted for the baseline score.
Residuals from full models were checked to assess normal
distribution, and boxplots of the score changes were provided
for the main results.

A two-sided p value < 0.05 was considered significant for all
statistical analyses.

The analyses were performed using SAS software (SAS
Institute Inc., Cary, USA), version 9.4, and R software (https://
www.Rproject.org), version 3.5.2.
RESULTS

Study Population
Since October 2017, 26 consecutive patients who fulfilled the
inclusion criteria have been treated. Sixteen patients have
completed the prescribed treatment according to protocol
guidelines so far, and one patient dropped out the protocol
due to non-PCa-related clinical motivations, so 15 patients were
included in the analysis. A follow-up of at least 3 months was
available for them. All patients underwent concomitant ADT.
Patients’ characteristics are listed in Table 2.

Toxicity Outcomes
Overall, patients’ tolerance to treatment was acceptable. After
the CIRT boost, no patients experienced gastrointestinal (GI)/
genitourinary (GU) toxicity. At 1 and 3 months from RT
completion (CIRT followed by IMRT), no GI or GU toxicities
greater than grade (G) 2 were observed. In details, considering
acute GU toxicity, eight patients have not reported any
toxicity. Concerning GI, five patients presented G1 acute
toxicity and two of them G2 (Table 3). Longer follow-up
(12 months) was available for seven patients, with one patient
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presenting GU toxicity classified as G1 and one patient
presenting GU toxicity reported as G2.

Quality of Life Scores
QLQ-c30 QoL was analysed to evaluate the urinary function, and
revealed an overall improvement from baseline at 1 month, even if
not statistically significant, which kept constant at the following time
points (Figure 1A). These results are consistent with those obtained
from IPSS analysis (Figures 2A, B). Change of IPSS/QoL score was
positive across the considered time points, as a statistically
significant marked improvement from baseline was observed (p =
0.04) (Figure 2A). Similar findings, despite not statistically
significant (p = 0.10), were observed considering the IPSS
questionnaire, with no significant deterioration from baseline at
all the considered time points. In particular, no IPSS score changes
were observed at 1 month after baseline and after RT completion
(Figure 2B). Considering the QLQ-c30 fatigue score change, a trend
towards improvement from baseline was observed, especially at 1
month, even if not statistical significant (p = 0.71) and maintained
across the considered time points (Figure 1B). The same
considerations hold for gastrointestinal diarrhoea, as evaluated by
QLQ-c30, with an improvement from baseline (Figure 1C). The
analysis of IIEF-5 did not show any significant change of erectile
function from baseline (p = 0.90), although a worsening of function
TABLE 2 | Statistics of patients, tumour, and treatment characteristic*.

VARIABLES CATEGORIES STATISTICS

Age, Median (IQR) 74 (59-83)
iPSA, Median (IQR) 12.3 (3.3-63.1)
PSA preRT, median (IQR) 1.2 (0.13-23.57)
T, n (%) cT1a-c 3 (15)

cT2a-c 10 (50)
cT3a 7 (35)

Total GS, n (%) 6 (GG = 1) 1 (5)
3+4 (GG = 2) 1 (5)
4+3 (GG = 3) 3 (15)
8 (GG = 4) 12 (60)
9 (GG = 5) 3 (15)
No
vember 2021 | Volume 11
GG, grade group; GS, Gleason score; iPSA, initial prostate-specific antigen; IQR,
interquartile range; RT, radiotherapy; T, tumour.
*Data available for 20 patients.
TABLE 3 | Induced acute and late toxicity.

Variable Grade Number of patients (%*)

Acute toxicity GU 0 8 (53.3%)
1 5 (33.3%)

GI 0 12 (80.0%)
1 1 (6.7%)

Late toxicitya GU 0 5 (53.3%)
1 0 (0%)
2 1 (6.7%)

GI 0 5 (33.3%)
1 1 (6.7%)
GI, gastrointestinal; GU, genitourinary.
aMissing data for one patient.
*Percentage refers to the whole cohort of patients (15).
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was observed at the end of RT, which gradually improved at the
following time points. A worsening of erectile function was also
observed after 12 months, but only six score changes from baseline
were available at that time point (Figure 3).
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Oncological Outcomes
As stated above, a complete evaluation of oncological outcomes
will be object of a separate investigation; however, preliminary
results are reported here. As of July 2021, no patients experienced
biochemical recurrence. Median PSA value at diagnosis was
12.37 ng/ml [interquartile range (IQR) 8.38–25.00 ng/ml].
After 3 months of hormone therapy and before radiation
treatment, median PSA was 1.2 ng/ml (IQR 0.49–5.5 ng/ml).
At last follow-up (median 6 months, IQR 3–12 months), median
PSA was 0.08 ng/ml (IQR 0.02–0.15 ng/ml).
DISCUSSION

The present investigation aimed at evaluating preliminary
outcomes of a novel mixed-beam approach for HR PCa CIRT
followed by photon IMRT on prostate and pelvic lymph nodes,
with a focus on acute GI and GU toxicity and QoL. At the current
state, the mixed treatment schedule proposed herein shows an
optimal 1-month acute toxicity profile. This reflects on the
A

B

C

FIGURE 1 | Change of QLQ-c30 QoL score (A), fatigue score (B), diarrhea
score (C) from baseline.
A

B

FIGURE 2 | Results of IPSS/QoL (A) and IPSS (B). IPSS, international
prostatic symptoms score; QoL, quality of life.
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patient-reported QoL scores, which were overall satisfactory, as
the changes with respect to baseline values showed an
improvement or at least a non-worsening.

The optimal management of locally advanced HR PCa is still
a matter of debate, with a rate of recurrence that still remains
high (55% at 10 years), even when ADT is administered
concomitantly (18, 19). As of today, it is difficult to compare
the efficacy of different radical treatment strategies (i.e., surgery,
RT, new agents added to standard ADT and RT) in HR PCa, due
to the scarcity of randomized controlled trials. Among the most
recent experiences that are currently investigating the use of
second-generation ADT in combination with local approaches,
results are awaited from STAMPEDE (abiraterone) (20),
ENZARAD (NCT02446444, enzalutamide), and ATLAS (21),
ARNEO (22), PROTEUS (NCT03767244, apalutamide) trials.

Modern RT, including IMRT and hypofractionation, has a
central role among the available treatment options. However,
currently, there is no level 1 evidence on the survival advantages
of brachytherapy, SBRT, or protons over another form of
radiation therapy (23). In particular, CHHiP (24) and
HYPRO30 trials (25) demonstrated that hypofractionated
schemes, exploiting the low a/b ratio of PCa, constitute a valid
treatment option for HR patients. However, the number of
studies involving extreme hypofractionation is relatively low,
and a direct comparison of different hypofractionation schemes
is still lacking. Therefore, despite being cited in clinical practice
guidelines next to moderate hypofractionation schemes, the
current level of evidence is too low to implement extreme
hypofractionation as a standard of care. In particular, one of
the limits consists in the fact that ultra-hypofractionated
regimens in HR PCa lead to a risk of higher toxicity in case of
prophylactic whole pelvis radiotherapy (WPRT).

Particle therapy has been gaining interest due to the unique
physical and radiobiological properties of protons and other
heavy ions, including carbon ions, compared to photons.
Specifically, the use of carbon ions as a boost is motivated by
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their sharper dose gradient that ensures a better OARs sparing
and by their high relative biological effectiveness (RBE), with a
therapeutic effect up to three times higher with respect to
photons and protons (10, 11). In addition, carbon ions might
make radioresistant clusters more sensitive to subsequent photon
therapy. Such unique physical and biological advantages make
them a valuable candidate in the treatment of PCa.

Safety and effectiveness evidence on carbon ions in the
treatment of PCa mainly derive from the Japanese experience.
The first clinical trial employing CIRT in PCa was activated at
the National Institute of Radiological Sciences (NIRS) and dates
back to 1994 (26). At the same institute, three additional phase I/
II trials over a 13-year time frame and two phase II trials
demonstrated the high potential of CIRT in the treatment of
PCa. A study by Nomiya et al. (27), aiming at evaluating the
feasibility of a 3-week CIRT treatment schedule for PCa, reported
G0 and G1 GU acute toxicity events in 10 (22%) and 34 (74%) of
patients, respectively, and acute G2 urinary frequency in only
two patients (4%). Similar findings were reported by Akakura
et al. (12), who analysed the outcomes of a series of 96 patients
treated with CIRT +/− ADT in adjuvant or neoadjuvant settings,
reported no patients exhibiting G3 or higher acute radiation-
induced toxicity. The first prospective observational study
conducted outside NIRS was the one by Kawamura et al. (28),
which reported low GU and GI toxicities as well as an acceptable
biochemical control during the first 5 years following moderately
hypofractionated CIRT for localized PCa. These results are in
line with those obtained in the present study, with acute GU G0
and G1 toxicity events occurring in 8/15 (53.3%) and 5/15
(33.3%) patients, respectively. Notably, the risk of toxicity in
our protocol was slightly higher considering the larger irradiated
volume (prostate + pelvis).

No patients experienced biochemical recurrence. However,
follow-up is too short to derive robust results, which can be also
affected by the fact that some patients are still receiving
hormonal therapy. It is expected that these results will be in
line with available evidence, highlighting that this treatment
modality has an excellent efficacy profile. Indeed, regarding
oncological outcomes, the study by Nomiya et al. (27) reported
no biochemical failures or distant metastases at last follow-up,
with PSA showing a good response in most patients (94%). At 5-
year, Akakura et al. (12) reported an overall, cause-specific,
clinical recurrence-free, and biochemical recurrence-free
survival rates of 87.7, 94.9, 90, 82.6%, respectively. Local
control was achieved in all patients but one. Analogously, a
study by Kasuya et al. (29), who analysed the treatment outcomes
of HR localized PCa treated with CIRT + ADT compared with
standard treatment modalities, demonstrated that the association
of these two treatments yielded quite favourable treatment
outcomes, with biochemical recurrence occurring in 90 out 608
(14.8%) patients, with a median follow-up of 88.4 months. The 5/
10-year rates of PCa specific mortality (PCSM) and overall
mortality, including PCSM and non-prostate cancer specific
mortality, were 1.5 and 5.0%, respectively. Analogously,
Kawamura et al. (28) reported a 5-year biochemical relapse-
free rate of 92% in the HR group.
FIGURE 3 | Results of IIEF-15. IIEF-15, international index of erectile function.
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The efficacy of dose-escalated EBRT to the prostate alone in
patients with HR disease might be limited by the increased
likelihood of occult pelvic lymph node metastases outside of
the radiation field. The advantage of such mixed beam approach
is to irradiate the whole pelvis with a prophylactic intent and, at
the same time, to escalate the dose to the prostate. This approach
is expected to increase locoregional control by eradicating
micrometastatic lesions in the pelvis without jeopardising
OARs sparing.

As mentioned above, patient- and physician-reported
outcomes were overall satisfactory. The only exception was
represented by the erectile function, whose worsening was
observed at the end of RT and at 12 months. However, these
findings need to be interpreted carefully. To start with, it is
important to consider that erectile function was assessed only on
six patients, as they were the only ones having a follow-up of at
least 12 months at the time of the study. Additionally, it should
be taken into account that such observed worsening might be the
result of cumulative side effects of ADT and RT. More mature
results about erectile function and more in general on all the
considered patient’s and physician’s reported outcomes will be
available after all patients will have completed the hormonal
therapy course (i.e., up to 2 years after ADT beginning) and will
shed light on the actual impact of ADT on toxicity outcomes.

As stated above, this paper mainly analyses acute toxicity
events. The analysis on oncological outcomes and late toxicities
will be performed when more mature data will be available and
will be object of a separate publication. As of today, no patients
experienced biochemical recurrence. However, follow-up is too
short to derive robust results, which can be also affected by the
fact that some patients are still receiving hormonal therapy. It is
expected that these results will be in line with available evidence,
highlighting that this treatment modality has an excellent
efficacy profile.

This study, which explores the combination of different RT
approaches in the treatment of HR PCa, represents a novelty in
the modern RT scenario. This experience proved the feasibility of
this novel RT workflow, including safe sharing of medical
imaging data between centres via trusted channels, effective RT
plans sum for dosimetric considerations, as well as an acceptable
overall treatment duration for the enrolled patients.

However, the study suffers from some limitations. First of all,
the accrual was scarce and lower than expected, due to the fact
that most patients with HR PCa undergo surgery. This is mainly
due to the fact that the indication for surgery moved from low-
risk patients, who are candidate for active surveillance according
to most recent guidelines, to patients with HR disease. Therefore,
the number of patients to carry out the analysis was low and the
follow-up was short. However, the absence of severe toxicity
encourages further investigations in this setting.
CONCLUSIONS

In conclusion, results from this preliminary analysis
demonstrated the overall safety of such combined treatment
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modality, due to the low incidence of acute GU/GI toxicities
and promising QoL scores following CIRT for PCa.
These findings confirm the available evidence on CIRT
safety, even with larger irradiated volumes. Therefore,
available data on efficacy about CIRT in HR setting seem
encouraging and could confirm a new role of carbon ions in
this clinical setting.
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Background: Intensity modulated radiation therapy (IMRT) combined with androgen
deprivation therapy (ADT) has become the standard treatment for patients with high-risk
prostate cancer. Two techniques of rotational IMRT are commonly used in this indication:
Volumetric Modulated Arc Therapy (VMAT) and helical tomotherapy (HT). To the best of
our knowledge, no study has compared their related costs and clinical effectiveness and/
or toxicity in prostate cancer. We aimed to assess differences in costs and toxicity
between VMAT and HT in patients with high-risk prostate cancer with pelvic irradiation.

Material and Methods: We used data from the “RCMI pelvis” prospective multicenter
study (NCT01325961) including 155 patients. We used a micro-costing methodology to
identify cost differences between VMAT and HT. To assess the effects of the two
techniques on total actual costs per patient and on toxicity we used stabilized inverse
probability of treatment weighting.

Results: The mean total cost for HT, €2019 3,069 (95% CI, 2,885–3,285) was
significantly higher than the mean cost for VMAT €2019 2,544 (95% CI, 2,443–2,651)
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(p <.0001). The mean ± SD labor and accelerator cost for HT was €2880 (± 583) and
€1978 (± 475) for VMAT, with 81 and 76% for accelerator, respectively. Acute GI and GU
toxicity were more frequent in VMAT than in HT (p = .021 and p = .042, respectively). Late
toxicity no longer differed between the two groups up to 24 months after completion
of treatment.

Conclusion: Use of VMAT was associated with lower costs for IMRT planning and
treatment than HT. Similar stabilized long-term toxicity was reported in both groups after
higher acute GI and GU toxicity in VMAT. The estimates provided can benefit future
modeling work like cost-effectiveness analysis.
Keywords: Volumetric Arc Therapy (VMAT), helical tomotherapy (HT), high risk prostate cancers, micro-costing,
inverse probability of treatment weighting (IPTW), toxicity, France
INTRODUCTION

Intensity modulated radiation therapy (IMRT) combined with
androgen deprivation therapy (ADT) for 2–3 years has become
the standard treatment for patients with high-risk prostate
cancer (1–6). The further technological improvement with
rotational modulated radiotherapy makes it possible to achieve
dose escalation in the primary tumor while sparing normal
tissues or organs. Two techniques of rotational IMRT are
commonly used: Volumetric Modulated Arc Therapy (VMAT
RapidArc™ Varian Medical Systems and VMAT® Elekta) and
helical tomotherapy (HT: Tomotherapy® Accuray).

Several studies have suggested more favorable dosimetric
parameters with VMAT when compared with step-and-shoot
or conventional IMRT in patients with prostate cancers,
including high-risk prostate cancers (7–12). VMAT results in
improved sparing of organs at risk (OARs) and delivery
efficiency, combined with significantly lower treatment time
and reduced monitor units (MUs) (7–12). There was no
worsening clinical effectiveness or toxicity reported (7).

When comparing VMAT techniques and helical tomotherapy
(HT) only small significant dosimetric differences in prostate
cancer were observed (13) including high-risk prostate cancer
with pelvic nodal irradiation (14). Both accelerators exhibited
the same plan quality (13), but with more homogeneous dose
distribution for HT (14) and in some studies, better OAR sparing
for HT (15, 16), whereas VMAT was associated with shorter
treatment time and lower MUs (13, 14, 16). There was no
comparative analysis of clinical effectiveness or toxicity of
VMAT versus HT in high-risk prostate cancer, whether the
radiotherapy was to the prostate alone or to the prostate and
pelvic lymph nodes.

Among attempts to estimate costs and effectiveness associated
with these advanced technologies, we retrieved only one in
prostate cancer that compared VMAT to IMRT and found it
“cost-effective” (7). In a recent systematic review on cost-
effectiveness of prostate cancer radiotherapy, stereotactic body
radiotherapy (SBRT) appeared the least expensive from a societal
perspective followed by IMRT. Proton beam therapy (PBT) was
both the most expensive and the least effective (17). Nevertheless,
288
lack of evidence in cost estimates and “uncertainty surrounding
improvements in outcomes” of new technologies (e.g., disease
progression, adverse events) make cost-effectiveness analysis of
“new versus traditional technologies of radiotherapy” in prostate
cancer challenging (18).

To the best of our knowledge, no study has compared costs
and clinical effectiveness and/or toxicity of VMAT versus HT in
prostate cancer. Only two studies (19, 20) from a French
prospective multicenter study evaluated the clinical outcomes
and costs associated with these techniques in patients with head
and neck cancer.

The present study aimed to assess differences in costs and
toxicity between VMAT and helical tomotherapy in patients with
high-risk prostate cancer. For this study, we considered no
differences between VMAT RapidArc™ and VMAT® Elekta,
as done in the literature, since this is the same VMAT technology
developed by two manufacturers. We referred to them both as
VMAT, when appropriate.
MATERIALS AND METHODS

Study Design
We used data from the “Intensity modulated Radiation Therapy
in pelvic lymph node irradiation” prospective multicenter study
(so called in French “RCMI pelvis”), which aimed to compare
costs and clinical outcomes of IMRT with VMAT (Rapid’Arc™

and VMAT® Elekta) versus helical tomotherapy (HT)
(Tomotherapy®) in prostate, cervical, and anal canal cancers,
with pelvic lymph node irradiation (https://www.clinicaltrials.
gov/, NCT01325961). The “RCMI pelvis” study had the same
protocol as the ‘ART-ORL’ study on head and neck cancer, and
both studies were carried out jointly by fourteen French
academic cancer centers (Supplementary Table A1) (19, 20).
Patients were assigned to one of the accelerators based on their
availability in each center or at the discretion of the investigators.
No randomization between treatments was thus possible. The
expected number of patients to be included was 20 anal canal
cancers, 50 cervical cancers, and 150 prostate cancers. However,
January 2022 | Volume 11 | Article 781121

https://www.clinicaltrials.gov/
https://www.clinicaltrials.gov/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Masson et al. Cost/Toxicity Comparisons of IMRT Techniques
to obtain a homogenous population, for the current study we
only selected patients with prostate cancer. The inclusion criteria
were patients aged ≥18 years with histologically proven high-risk
prostate cancer according to d’Amico’s classification (21) and the
Eastern Cooperative Oncology Group (ECOG) Performance
Status ≤2, and who received pelvic lymph node irradiation and
androgen deprivation therapy (ADT) for 3 years. Patients
included in the GETUG 18 trial were also eligible for the
RCMI pelvis study (22). The exclusion criteria were lombo-
aortic irradiation, salvage radiotherapy after radical
prostatectomy, and re-irradiation. Enrolled patients had an
abdominal, pelvic, and thoracic CT Scan and/or Positron
Emission Tomography–Computed Tomography (PET-CT) and
Prostate specific antigen (PSA) test. Delineation followed
guidelines for high-risk prostate cancer (22). Clinical Target
Volume (CTV) 1 included pelvic lymph node areas, prostate,
and seminal vesicles. CTV 2 was limited to the prostate. Planning
Target Volume (PTV) 1 and 2 were respectively defined by:
CTV1 + 1 cm, CTV2 + 1 cm (+0.5 cm posterior). A moderate
hypofractionated Simultaneous Integrated Boost (SIB) plan was
delivered to 34 fractions: 54.4 Gy to PTV1 and 74.8 Gy to PTV2.
For GETUG 18 trial patients only, a normo-fractionated
sequential plan was delivered in 40 fractions: 46 Gy to PTV 1
then 34 Gy to PTV2. Dose prescription followed the
International Commission on Radiation Units 83 (23). All
patients provided signed informed consent to participate in the
study. The study was approved by the National Ethics
Committee (Ref: 11/03, 4 January 2011) and the National
Committee for protection of personal data (DR-2011-277 N
°911317).
Micro-Costing Study
The micro-costing methodology is considered the most accurate
approach for costing hospital services (24). It makes it possible to
identify all the resources used within hospital production
processes and per patient (24). In our micro-costing study, we
defined the production process as being from treatment planning
to the last radiation therapy (RT) session. Of note, ADT was not
included in the costing analysis, since this is a standardized
procedure. To measure and value the resources used, we
followed, and adapted when necessary, the previously
described method of Perrier et al. (19). For this reason, we
only identified use of resources that was likely to vary between
VMAT and HT to estimate actual cost differences between the
two strategies. Our study assumed differences in the resources
used in all planning stages (i.e., image registration and
contouring, inverse planning, patient-specific quality control
(QC), and pre-treatment patient setup verification), along with
treatment delivery, accelerator QC for IMRT, and preventive
internal and external maintenance. CT scan planning was
supposed to be similar in both techniques. We did not include
Record and Verify Systems (RVSs) as Tomotherapy treatments
were already integrated into the RVSs from the other
manufacturers. Patient-specific Quality Assurance (QA)
software, independent of the machine, was excluded
Frontiers in Oncology | www.frontiersin.org 389
accordingly. Last, we considered standard radiation bunker
that may accommodate any accelerator currently used (19) and
also any change in radiotherapy advancements over its life span.
We therefore assumed similar construction costs for the two
techniques studied.

Detailed data on resource utilization of labor and equipment
were collected using chronometers. They included all personnel
time spent and equipment mobilization time for each patient
over their course of treatment. For example, for a treatment
session, this ranged from a patient’s admission to discharge from
the irradiation room. We thus included not only the time of
treatment delivery, but also image control time and any potential
interruption time. Labor included radiation therapist,
dosimetrist, medical physicist, radiation oncologist, resident
and biomedical technician. We assigned values of time
resources used to estimate costs, as follows. Unit costs of labor
were based on the average annual full gross wages (i.e., annual
payroll taxes included) divided by the number of workable yearly
hours. We estimated the full gross wage on a 15-year experience
basis and on a collective labor agreement of UNICANCER, a
consortium of the 18 French cancer centers. For all cost
estimates, we used the same method as described in Perrier
et al. (19), except for the costs of QC and internal maintenance
(IM), given in Equation (1) below and for which resources were
collected from questionnaires.

QC and IM cost

= S2
labor=1 hourly full wage ∗QC and IM Nhs (1)

Where Nhs = annual number of dedicated hours, and labor =
medical physicist or biomedical technician.

We obtained data on capital resources, such as equipment
(i.e., accelerator and Treatment Planning Systems—TPS—for
VMAT only, as for HT accelerator cost includes TPS) from
standardized questionnaires, as previously described (19).
Equipment was valued using replacement and maintenance
costs with a life expectancy of 12 years for the accelerators and
5 years for the TPS, based on data available from the literature
(25, 26). We estimated the costs of accelerators, annual external
maintenance contracts and TPS directly from the catalog prices
of the manufacturers.

We estimated total actual costs per patient that vary between
VMAT and HT from the hospital perspective. All estimates were
in Euro 2019, all taxes included, but without discounting as the
analytic time horizon for costs was less than 3 months. It is worth
noting that we could not estimate the resources used for
treatments associated with acute toxicity, since all treatment
types, but hospitalization, were not collected in the frame of
the study.
Toxicity
We analyzed acute toxicity (≤3 months) and late toxicity [up to
24 months, based on previously published studies (27, 28)], that
were scored using the National Cancer Institute Common
January 2022 | Volume 11 | Article 781121
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Terminology Criteria for Adverse Events (CTCAE) version 3.0.
Toxicity was reported as follows: no toxicity (grade 0), grade 1,
grade 2, and grades 3–4. Acute adverse events (serious adverse
events with hospitalizations included) that were clinical
outcomes within the same time horizon as the estimated costs
were reported on electronic Case report forms (CRF). Besides,
all late adverse events were collected as well. For the analysis, we
reported Gastrointestinal (GI) toxicity, Genito-urinary (GU)
toxicity, and sexual toxicity. Lastly, patient reported outcomes
such as Quality of Life (QoL) were not investigated in
this study.
Statistical Analysis
We described patients’ characteristics using mean and
standard deviation (SD) for continuous variables, or count
and percentage for categorical variables. In addition, we
assessed differences between treatment groups, from the
original datasets, using logistic regression, and multinomial
logistic regression for binary variables and tumor stage (cT)
respectively, and linear regression for continuous variables.
We compared differences in hours spent for treatment, QC,
and internal maintenance between the two techniques using a
non-parametric Wilcoxon test and we used a paired Wilcoxon
test for comparing differences in duration of treatment
session. We tested uncertainty on the total cost of each
technique by running a one-way sensitivity analysis over the
range of plausible parameters and illustrating with a Tornado
plot showing the impact of increasing and decreasing each of
the parameters by 20%, a range suggested in the methods of
sensitivity analysis in economic evaluation (29). In addition,
we used probabilistic sensitivity analyses with a non-
parametric bootstrap method, with 1,000 iterations, to
obtain the 95% confidence intervals (CI) of total actual
costs (30).

Similarly to Bibault et al. (20), we used propensity scores to
obtain balancing covariates at enrollment in the VMAT and HT
groups to address potential selection bias due to non-
randomization (31). We used the stabilized inverse probability
of treatment weighting (IPTW) (32). We estimated standardized
differences to compare the balance in measured baseline
covariates between the two treatment groups. Due to the study
design, we could not include cancer center as a covariate, though
it was likely to be a confounding factor. As mentioned above,
investigators assigned patients to one of the accelerators based on
their availability in each cancer center or at their discretion. We
estimated the propensity score (PS) using a logistic regression in
which treatment assignment was regressed (32). With ITPW,
each patient was weighted by the inverse probability of receiving
the treatment they actually received (i.e., 1/PS in the HT group
and 1/(1 − PS) in the VMAT group). Finally, we applied the
stabilized IPTW, to preserve the size of the pseudo-population
as well as to reduce the variance of the treatment effect
estimates (32).

To assess the impact of the two techniques on total costs and
toxicity we ran linear regressions (costs) and ordered logistic
regressions (toxicity) adjusting for sequential versus SIB plans.
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All regressions were performed before and after having
introduced IPTW.

We performed all analyses using R software version 3.6.1. We
used the stdidff package (https://CRAN.R-project.org/package=
stddiff) to compute the standardized differences for all
categorical variables with more than two levels.
RESULTS

Patient Characteristics
Two hundred and fifteen patients were recruited between April
2011 and January 2015: 155 with prostate cancer, 30 with cervix
cancer and 30 with anal cancer (Supplementary Figure A1). Of
the 155 patients with prostate cancer, 106 patients were treated
with VMAT and 49 with HT. We had information on resource
use for all patients (155); and for toxicity, information was
available for 147 patients (i.e., 98/106 in the VMAT group; 49/
49 in the HT group).

At baseline, age, performance status, cT and cN stages, and
PSA varied between the two techniques, (with significant
differences for N stage). After IPTW, we observed almost no
differences between the VMAT and HT groups (Table 1). For
the Gleason scores, when checking the balance between groups
we found no significant difference before or after weighting
(p >0.5).

Resource Use
We observed similar median annual treatment times
(Interquartile range—IQR) spent with VMAT and helical
tomotherapy (HT), with 2,513 h (IQR, 92.5) and 2,520 h (IQR,
216), respectively (P = .7). In addition, we did not find any
statistical differences in median annual time spent for quality
control and internal preventive maintenance, 194.5 h (IQR,
81.75) were spent with VMAT and 144 h (IQR, 56) with HT
(p = .28). We found that the median time for the first session was
18 min per patient for HT and 20 min for VMAT (p = .31)
(Supplementary Figure A2). Treatment times then decreased
across sessions for VMAT (15 min) while keeping the same for
HT (18 min) (p = .002 and p <.001), up to the fourth and more
sessions, for which 13 and 17 min (p <.001) were reported for
VMAT and HT, respectively. This demonstrates a learning
process effect on time spent per patient.
Total Actual Costs per Patient
Table 2 presents the total actual costs per patient as well as major
cost components. After inverse probability of treatment
weighting and control for covariates, the mean cost for helical
tomotherapy (HT), estimated at € 3,069 (95% CI, 2,885–3,285)
was significantly higher than the mean cost for VMAT €2,544
(95% CI, 2,443–2,651) (p <.0001). We found a substantial
variation in session costs (i.e., accelerator + labor costs),
accounting for 94% of HT costs and only 78% of VMAT costs
(p <.001) (Table 2). As shown in Table 2, only the planning
phase was more costly for VMAT than for HT, with €566 (292),
and €189 (117) mean costs (SD), respectively (p <.0001)
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(Table 2). This yielded a mean cost difference of €525 in the HT
group compared with the VMAT group.

The Tornado diagram (Figure 1) shows the most influential
parameters (i.e., prices, cost, time with ±20% variation) on
estimated costs. The latter were highly sensitive to the annual
operating time as well as to the accelerator immobilization time
(Figure 1). The costs decreased by 12.1 and 15.5% following a
20% increase in the annual operating time and a 20% decrease in
the accelerator immobilization time, for VMAT and for HT,
respectively. To a lesser extent, costs were sensitive to time spent
by the radiation therapist (Figure 1).

For each technique, the sequential plan exhibited significantly
higher costs than the SIB plan (p <.001), with €2,659 (95% CI,
2,504–2,834) versus €2,498 (95% CI, 2376–2657) for VMAT, and
€3,902 (95% CI, 3473–4357) versus €2,895 (95% CI, 2754–3076)
Frontiers in Oncology | www.frontiersin.org 591
for helical tomotherapy. The variation was mainly due to the
irradiation phase, where accelerator immobilization time and
labor time were more expensive in the sequential process than in
the SIB process (Supplementary Figure A3).
Acute and Late Toxicity
As shown in Table 3A, the proportion of patients with acute grade
3–4 toxicities was very low in both groups. This went from 0 to 1%
of patients having Gastrointestinal (GI) toxicity (p = .033) to 4%
with genitourinary (GU) toxicity in both groups (p = .145). After
IPTW and control for covariates, we observed significantly higher
frequency in acute GI and GU toxicities for VMAT than for HT
(p = .021 and p = .042, respectively) but similar sexual toxicities in
the two groups (p = .236).
TABLE 2 | Total actual cost per patient (€2019) after Inverse probability of treatment weighting (IPTW).

Cost VMAT HT P-value
mean (SD) mean (SD)

Image registration, contouring—Labor 109.10 (76.47) 38.75 (56.59) –

Image registration, contouring—TPS 95.98 (65.79) 0.00 (0.00) –

Image registration, contouring—Total 205.07 (139.93) 38.75 (56.59) <.0001
Inverse planning and validation—Labor 141.47 (104.02) 67.49 (66.39) –

Inverse planning and validation—TPS 133.48 (90.17) 0.00 (0.00) –

Inverse planning and validation—Total 274.96 (191.66) 67.49 (66.39) <.0001
Patient quality control—Labor 19.96 (12.12) 24.00 (10.43) .0574
Position verification D0*—Labor 22.94 (30.40) 12.21 (7.66) .0272
Setup verification D0* Accelerator 43.27 (56.24) 46.19 (25.85) .6200
Setup verification D0*—Total 66.21 (84.83) 58.40 (32.78) .6529
Planning Cost 566.19 (292.71) 188.64 (116.58) <.0001

Session—Labor 484.52 (135.28) 546.84 (120.39) .0050
Session—Accelerator 1,493.66 (362.39) 2,333.30 (466.52) <.0001
Session Cost 1,978.18 (475.14) 2,880.13 (582.64) <.0001
Total actual cost
CI 95%**

2,544.37
[2,442.88; 2,651.11].

3,068.77
[2,885.34; 3,285.04]

<.0001
January 2022 | Volume 11 | Article
*D0 pre-treatment patient setup verification.
**95% confidence intervals (CI) of total actual costs computed based on probabilistic sensitivy analyses with a non-parametric bootstrap method, with 1,000 iterations excluding (25/1,000)
2.5% values at either end of the estimated distribution (30).
HT, helical tomotherapy.
TABLE 1 | Patient characteristics.

Unweighted Weighted

VMAT (n = 106) HT (n = 49) P-value d VMAT (Pseudo-data) HT (Pseudo-data) d

Age (years) .3084 0.171 −0.002
mean (SD) 68 (7) 70 (9) 69 (7) 69 (9)
Performance status .1078 0.271 −0.010
0 93 (87.7%) 38 (77.6%) 84.7% 85.1%
1 or 2 13 (12.3%) 11 (22.4%) 15.3% 14.9%
cT stage 0.356 0.048
cT1 14 (13.2%) 9 (18.4%) 15.0% 15.9%
cT2 35 (33.0%) 10 (20.4%) .1460 28.2% 26.2%
cT3 55 (51.9%) 27 (55.1%) .5802 53.7% 54.6%
cT4 2 (1.9%) 3 (6.1%) .4005 3.1% 3.3%
N stage .0322 0.361 0.002
cN0 96 (90.6%) 38 (77.6%) 85.5% 85.5%
cN1 10 (9.4%) 11 (22.4%) 14.5% 14.5%
PSA (ng/ml); capped values .2652 0.194 0.024
mean (SD) 15 (13) 18 (13) 17 (14) 17 (12)
d, Standardized difference; IPTW, Inverse probability of treatment weighting; HT, helical tomotherapy.
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In the long-term period, in both unweighted and weighted
populations, the proportions of patients for whom physicians
reported late grade 3–4 toxicities remained dramatically low
(with no more than 4% of patients experiencing grade 3–4 GI,
GU and sexual toxicity), whatever the machine (Table 3B).
Overall, VMAT and HT did not differ significantly in late GI,
GU and sexual toxicity either (p = .162; p = .669; and p = .062
respectively after IPTW) (Table 3B).

There was no difference in serious adverse event related
hospitalization, nor any permanent discontinuation of
treatment reported in the study. In acute toxicity, we observed
only one hospitalization due to dysuria in the HT group. In late
toxicity, three hospitalizations were noted for dysuria on
Frontiers in Oncology | www.frontiersin.org 692
stenosis, hematuria, and rectal bleeding on radiation proctitis
in the VMAT group and one for rectal bleeding on radiation
proctitis in the HT group.
DISCUSSION

The analysis based on the “RCMI pelvis” prospective multicenter
study found that each hospital spent on average an additional
€525 per patient when they used helical tomotherapy (HT)
rather than VMAT for IMRT preparation and delivery in
high-risk prostate cancer patients with pelvic lymph node
irradiation. Considering health outcomes, although acute GI
A

B

FIGURE 1 | Tornado diagram for VMAT (A) and helical tomotherapy (B) total actual costs. Tornado diagram shows the graphical output of the one- way sensitivity
analysis. On the x-axis, the value of total cost, and the vertical line represents the total cost with all parameter baseline values. Each parameter has its own bar and
the length of each bar shows how much impact that parameter can have total cost when varied 20% more of less than its baseline value is. The bars are arranged in
descending order of length, so that the diagram exhibits from the most to the least sensitive factors.
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TABLE 3B | Late toxicity*.

Toxicity Grade* Unweighted Weighted

VMAT (n = 98) HT (n = 49) P-value VMAT HT P-value

GI toxicity 0 41 (41.8%) 27 (55.1%) .2964 41.4% 59.2% .1627
1 38 (38.8%) 13 (26.5%) 39.3% 21.4%
2 18 (18.4%) 7 (14.3%) 18.4% 16.2%
3-4 1 (1.0%) 2 (4.1%) 0.9% 3.2%

GU toxicity 0 26 (26.5%) 14 (28.6%) .4797 25.3% 35.3% .6696
1 50 (51.0%) 20 (40.8%) 49.7% 38.4%
2 20 (20.4%) 14 (28.6%) 23.2% 23.3%
3-4 2 (2.0%) 1 (2.0%) 1.8% 3.0%

Sexual
toxicity

0 38 (38.8%) 15 (30.6%) .0214 37.7% 32.0% .0628
1 19 (19.4%) 1 (2.0%) 19.1% 3.7%
2 37 (37.8%) 33 (67.3%) 39.2% 64.3%
3-4 4 (4.1%) 0 (0.0%) 4.0% 0.0%

GI, gastro-intestinal; GU, genito-urinary; HT, helical tomotherapy.
*Late toxicity: worse grade from 6 months onwards.

Masson et al. Cost/Toxicity Comparisons of IMRT Techniques
and GU toxicity were significantly higher for VMAT than for
HT, the late toxicity outcomes (up to 24 months after completion
of treatment) no longer differed between the two groups.

The economic results are consistent with the data on head and
neck cancers published by Perrier et al., which show an excess in
mean costs for HT over VMAT (19). In the two studies, the
findings were explained by differences in the price of accelerators
and in costs of external maintenance, along with differences in
treatment times. Helical tomotherapy has remained more
expensive than VMAT accelerators, despite a reduction in price
variation between 2013 and 2019, the two years of estimation. In
addition, longer RT sessions result in increased times spent by
personnel and accelerators. The results from our study are also
consistent with existing evidence on treatment delivery as a major
cost component of IMRT (33–35). In line with our estimates, and
for prostate cancer, HT was associated with a longer average
treatment delivery time than VMAT (15, 36). Of note, this finding
holds true, whether time was measured only for irradiation (15,
Frontiers in Oncology | www.frontiersin.org 793
36) or for the whole treatment delivery as we and Perrier et al. (19)
did. For VMAT mostly, we observed a learning effect, which was
previously demonstrated during the implementation process of
new techniques (37). The micro-costing methodology makes
possible time assessment that is closest to clinical practice.
However, our evaluation differs from Perrier et al., as we
estimated all times spent (such as operating time, QC time of
treatment machines and internal maintenance) from standardized
questionnaires completed by the cancer centers included in the
study. This resulted in findings in line with the Health Economics
in Radiation (ESTRO/HERO) project for which annual QC time
estimated was 150 to 200 h, based on a time-driven, activity-based,
costing methodology (TD-ABC) (25). Finally, the study observed
lower costs for SIB hypofractionated IMRT compared to
sequential IMRT in prostate cancers, and this, regardless of the
accelerators, as in Hulstaert et al. who found lower average costs in
hypofractionated schemes in lung and breast cancers compared to
standard fractionation schemes (35). In the latter, treatment
TABLE 3 | Acute and late toxicity.

TABLE 3A. Acute Toxicity*

Toxicity Grade* Unweighted Weighted

VMAT (n = 98) HT (n = 49) P-value VMAT HT P-value

GI toxicity 0 17 (17.3%) 14 (28.6%) .0339 16.6% 29.2% .0215
1 48 (49.0%) 26 (53.1%) 47.3% 51.6%
2 32 (32.7%) 9 (18.4%) 34.9% 19.3%

3–4 1 (1.0%) 0 (0.0%) 1.2% 0.0%
GU toxicity 0 10 (10.2%) 7 (14.3%) .1446 9.5% 16.1% .0420

1 34 (34.7%) 24 (49.0%) 34.5% 50.9%
2 50 (51.0%) 16 (32.7%) 52.2% 29.7%

3–4 4 (4.1%) 2 (4.1%) 3.9% 3.3%
Sexual toxicity 0 49 (50.0%) 33 (67.3%) .2628 48.6% 66.2% .2369

1 21 (21.4%) 1 (2.0%) 21.5% 3.4%
2 27 (27.6%) 15 (30.6%) 28.7% 30.3%

3–4 1 (1.0%) 0 (0.0%) 1.2% 0.0%
January 2022 |
 Volume 11 | Article
GI, gastro-intestinal; GU, genito-urinary; HT, helical tomotherapy.
*Acute toxicity: worse grade during three months of follow up.
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delivery was the major cost driver, a factor of cost variation that we
also observed in the sensitivity analysis we carried out.

In our micro-costing study, we were able to refer to the
Diagnosis-Related Group (DRG) related tariff for a given
procedure, and that the national health insurance system
(NHIS) reimburses hospitals. As reported in a recent European
study, a higher reimbursement is made in France for treatments
with helical tomotherapy when comparing to other VMAT
machines (38). The current tariff for a HT session is twice that
of a VMAT session when our actual estimations showed a 20%
incremental cost (i.e., a € 525 (95% CI, 442–634) difference
between the two techniques).

In terms of toxicity, comparative evidence between VMAT and
helical tomotherapy is limited. Our study found significant higher
frequency in acute GI and GU in VMAT than in HT, but no worse
significant outcomes in late toxicity. Our results are similar to those
of Bibault et al. in head and neck cancers (20), who after IPTW
adjustment found significantly more acute salivary disorders in the
VMAT group, but no difference between HT and VMAT in all
toxicities evaluated in the long term (more than 15), except for
salivary function (20). Stabilized long term symptoms after
significant differences in acute symptoms associated with IMRT
have been reported elsewhere (39).
Strengths and Limitations
This study used rigorous methods to assess the costs and toxicity
associated with helical tomotherapy (HT) and VMAT IMRT in
prostate cancers. The large variation in baseline characteristics
between the two techniques demonstrated the importance of
using the propensity score as it makes appropriate adjustment
possible for reducing confounding bias when estimating
treatment effects. In the economic analysis of radiotherapy,
micro-costing represents an accurate method for collecting
details of the resources used for costing procedures. To our
knowledge, this study is the first of its kind to estimate the costs
and toxicity of VMAT and HT in high-risk prostate cancers with
pelvic lymph node irradiation with long follow-up time. The
identification of treatment delivery as a major cost driver and
source of difference between the techniques used is a result of
particular interest, given cancer centers’ efforts to introduce new
radiotherapy techniques. Applying micro-costing methodology
contributes to a broader European (EU) effort to improve
knowledge of the resources allocated to radiotherapy within
the overall resources for treating cancer patients (26, 38, 40–
43), and ultimately to improve the quality of care. However, one
should keep in mind that our evaluation was based on French
cancer center labor costs and payment schemes, which differ
from other EU and international oncology centers (38). This
should be considered carefully before generalizing our findings.

This study has certain limitations. The first relate to the data
collection. Collecting data in real-world clinical practice has
some advantages, but it can also be challenging on both the
clinical and the funding sides. This has resulted in variability in
patients recruited across cancer centers and in a small population
sample. In addition, randomization between treatment groups
was not possible. We note that the propensity scores we used do
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not account for the effect of unmeasured covariates (44, 45).
Because patients were assigned to only one technique in each
cancer center, based on their availability (only 4 centers out of 14
had both VMAT and HT accelerators), or on investigators’
discretion, as earlier mentioned, we could not take the cancer
center effect into account, although we expect that it is a
confounding factor. Another limitation of the study is the
difference in time horizon between the cost analysis and the
toxicity assessment, due to data collected. We were not able to
estimate the costs of treatments used for acute adverse events.
This has resulted in underestimating short term costs, and has
made impossible to relate the differences in cost to the differences
in outcomes, a requirement in cost-effectiveness analysis.
Moreover, as in any economic evaluation, and especially when
conducting a micro-costing study, we made assumptions and
simplifications that Perrier et al. have already reported (19) and
that may have an impact on our final estimates. We thus advise
caution before generalizing our results. Finally, our model does
not apply to low- or intermediate risk prostate cancer patients
where pelvic irradiation is not routinely recommended (46),
where ADT is usually limited to unfavorable intermediate-risk
tumors (5), and SBRT or proton therapy to the prostate gland
only is a therapeutic option (46).
CONCLUSION

Assessing the effectiveness and value associated with the IMRT
treatment of prostate cancer with pelvic lymph node irradiation
is of particular importance. The study found evidence to support
the hypothesis of cost differences between VMAT and HT for
IMRT preparation and delivery in favor of VMAT, and no
toxicity differences in the long term after more acute GI and
GU toxicity for VMAT than for HT. Our findings have already
the potential to help clinicians’ decision-making. For the payer,
the French NIHS, these findings support an increase in the DRG
reimbursement of a VMAT session. Our approach paved the way
to a cost-effectiveness model that will combine the long-term
health impacts of the two techniques, already identified, to the
quality of life reported by patients to be assessed along with long-
term costs of VMAT and HT.
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Radical cystectomy (RC) often affects patients’ life as this surgery is a traumatic and
invasive event for the patients, with drawbacks on their daily, social, working, and sex life.
Such changes in the quality of life (QoL) of patients are commonly studied through
retrospective clinical evaluations and rarely with longitudinal studies. To date, studies
focusing on functional outcomes, sexual function, and health-related QoL for female
patients are lacking. We evaluated 37 patients using EORTC QLQ-C30 (QLQ-30) and
Short-Form 36 (SF-36) questionnaires, before and after surgery, at 3 and 6 months of
follow-up. The mean values for the emotional functioning in QLQ-C30 as well as the
mental health in SF-36 were significantly higher in the ONB group compared to the IC
group at 3 months of follow-up. These differences were not significant at 6 months of
follow-up. At 6 months of follow-up, the ONB group showed a higher mean score in the
physical and role functioning than the IC group. Although there was a statistically
significant age difference at baseline of the two groups, none of the results are
correlated with age, as demonstrated by Spearman’s analysis. The ONB seems to
represent the most advantageous solution compared to the IC in terms of QOL at the
6-month follow-up.
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INTRODUCTION

Bladder cancer (BC) is one of the most frequent cancers in men
and women, counting 81,190 new estimated cases in 2018.
Radical cystectomy (RC) with lymph node dissection with ileal
conduit (IC) or orthotopic neobladder (ONB) urinary diversion
is the standard treatment, recommended by the European
Association of Urology (EAU) guidelines, for localized muscle-
invasive bladder cancer (1). However, RC is also a recommended
treatment for high-risk non muscle-invasive bladder cancer
(NMIBC) when non-responsive to standard treatments. In this
context, it is well known that RC often deeply affects patients’ life,
as this surgery is a traumatic and invasive event for the patients,
with drawbacks on their daily, social, working, and sex life (2, 3).
Such changes and quality of life (QoL) of patients are commonly
studied through retrospective clinical evaluations and rarely with
longitudinal studies. To date, studies focusing on functional
outcomes, sexual function, and health-related QoL for female
patients are lacking especially in the short term, although as a
whole statistically significant worse overall survival, recurrence-
free survival, and cancer-specific survival are reported in
comparison to male patients (4). The aim of this study was to
evaluate the QoL in female patients in the first 6 months
postoperatively with IC or ONB utilizing EORTC QLQ-C30
(QLQ-30) and Short-Form 36 (SF-36) questionnaires in a
prospective longitudinal fashion.
PATIENTS AND METHODS

This longitudinal study involved 37 consecutive female patients,
out of a total of 188 patients of which 151 were males, that had
undergone RC and urinary diversion (UD) for urothelial BC in
thirteen Italian academic urological centers between September
2019 and July 2020. All patients were older than 18 and were
affected by either muscle-invasive BC or by non-responder high-
grade non-muscle-invasive BC, according to EAU Guidelines
(1). They had all undergone pelvic and iliac lymph node
dissection with radical en bloc cystectomy as described by
Skinner and Lieskovsky (5) followed by UD by either IC or
ONB with Vescica Ileale Padovana (VIP) as previously described
by Pagano et al. (6). QoL was measured using the QLQ-C30 and
the SF-36 questionnaires before surgery and at 3 and 6 months
postoperatively. Baseline characteristics, including demographic
profile, body mass index (BMI), Charlson Comorbidity Index
(CCI), modified frailty index (m-FI), pathological tumor stage,
90-day complications (7), and neo-adjuvant chemotherapy were
collected and compared. To rule out the possible effects of
disease-related factors or of the psychological burden of a
recent surgical procedure, patients with cancer recurrence or
with less than 6 months of follow-up were excluded from the
analysis. Patients unable to understand or fill out the
questionnaire due to cognitive impairment or insufficient
command of the Italian language (four patients) were also
excluded. All patients provided written informed consent. The
Frontiers in Oncology | www.frontiersin.org 298
study was approved by the Ethics Committees of Verona and
Rovigo (protocol number UQOL1Y) and was conducted in
accordance with the principles of research involving human
subjects as expressed in the Declaration of Helsinki and the
Good Clinical Practice guidelines.

QoL Questionnaires
All patients were evaluated using the QLQ-C30 and SF-36
questionnaires. The QLQ-C30 is a modular 30-item
questionnaire developed and copyrighted by the EORTC as an
integrated tool designed to assess the QoL of cancer patients
participating in clinical trials. This tool has been translated into
81 languages and used in more than 3,000 studies worldwide. Its
cross-cultural validity and reliability have been established. The
questionnaire is composed of nine multi-item scales: five
functional scales (physical, role, cognitive, emotional and
social), three symptom scales (fatigue, pain, nausea/vomiting),
a global health and QoL scale, and items assessing the perceived
financial burden of cancer and other symptoms frequently
reported by cancer patients, such as constipation, diarrhea,
dyspnea, loss of appetite, and sleep disturbance (8).

The SF-36 measures different health concepts selected from
those used by the Medical Outcomes Study. Through 36
multiple-choice questions, the data are aggregated into 8 scales
that investigate physical activity, role and physical health,
physical pain, health in general, vitality, social activities, role
and emotional state, and mental health (9). There is also a
question about the change in health status over the last year.
We used the Italian version of SF-36 and of the QLQ-30. In the
QLQ-30, the majority of questions were assigned a score from 1
to 4 (1 = not at all, 2 = a little, 3 = quite a bit, 4 = very much). For
two questions were assigned a score from 1 to 7 (very poor to
excellent). As suggested to the EORTC Manual scoring, we
linearly transformed all variables to a 0–100 scale. This manual
contains scoring procedures for the QLQ-C30, and it also
contains summary information about supplementary modules
(EORTC Data Center). The principle for scoring these scales is
the same in all cases: (1) estimate the average of the items that
contribute to the scale—this is the raw score; and (2) use a linear
transformation to standardize the raw score, so that scores range
from 0 to 100. For the functional items, the higher score
represents a higher level of functioning. For the symptoms/
single items, a higher score means a higher level of
symptomatology/problems. Data were collected from each of
the patients through an individual interview, conducted in the
outpatient clinic in the course of a follow-up evaluation visit.

Statistical Analysis
Mean values with standard deviations ( ± SD) were computed and
reported for continuous variables (i.e., age, BMI, Charlson
comorbidity, and modified frailty index), and for all items
included in the QLQ-C30 and SF-36. The Wilcoxon two-sample
test was used to verify differences between continuous variables,
whereas the chi-square test was used to compare categorical
variables (i.e., gender, levels of education, pathological tumor
stage, Clavien–Dindo grade and neoadjuvant chemotherapy).
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Spearman correlation analysis was used to determine the
correlation between age and baseline QoL score. Statistical
significance was achieved when the two-sided p-value was 0.05
or less. Statistical analyses were conducted using SAS version 9.3
software (SAS Institute, Inc., Cary, NC, USA).
RESULTS

Thirty-seven female patients undergoing RC and UD were
included in the study. Urinary diversion following RC was IC
in 75.6% (28/37) of the population and ONB in 24.3% (9/37).
Patients in the ONB group were significantly younger than those
in the IC group (mean age 62.8 and 70.2 years, respectively; p =
0.03). Barring that, the two groups did not present statistically
significant differences with regard to degree of education, BMI,
Charlson comorbidity index, modified frailty index, pathological
tumor stage, Clavien–Dindo grade, and neoadjuvant therapy
(Table 1). In all patients, the QoL was assessed before surgery
and 3 and 6 months postoperatively. As far as QoL is concerned
and reported in Table 2, we found that the mean values for only
the emotional functioning in QLQ-C30 as well as the mental
health in SF-36 were significantly higher in the ONB group
compared to the IC group at 3 months of follow-up. For
emotional functioning, the means ( ± SD) were 90.6 ( ± 15.7)
and 71.1 ( ± 24.2) respectively (p = 0.02), and for mental health
the means were 72.0 ( ± 15.1) and 54.9 ( ± 19.7), respectively (p =
0.02). These differences were not significant at the 6-month
follow-up. At the 6-month follow-up, we found that the ONB
group compared with the IC group had a higher mean score in
the physical and role functioning (QLQ-C30). For physical
functioning, the means ( ± SD) were 88.2 ( ± 19.1) and 71.7
( ± 25.1) respectively (p = 0.05), and for role functioning
the means were 90.7 ( ± 12.1) and 62.5 ( ± 33.8), respectively
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(p = 0.03). A significant lower body pain (SF36) was found in the
ONB group compared with the IC group: 84.6 ( ± 21.5) and 61.1
(± 30.9), respectively (p = 0.05). Other items did not yield
statistically significant results at 6 months (Table 2). Although
there was a baseline age difference between the two groups,
Spearman correlation analysis showed that none of the
significant parameters abovementioned (i.e., physical and role
functioning, body pain) were correlated with age (Table 3).
DISCUSSION

According to EAU guidelines, radical cystectomy remains the
gold standard treatment for muscle-invasive bladder cancer. The
urological literature emphasizes the importance of HRQOL in
patients undergoing RC and urinary diversion; however, the
information available in this regard is always based on
retrospective and non-prospective studies. In this regard, it is
known that cross-sectional retrospective studies show various
biases that may not reflect the real quality of life of patients. In
this context, it is therefore clear that the optimal way is to carry
out longitudinal studies possibly randomized with the use of
questionnaires validated in the patients’ original language.
Currently, the use of prospective studies to evaluate the QoL in
patients undergoing RC is not very widespread, as only a few
authors have undertaken this methodological approach (3, 10).

In this setting, it is not yet clear whether the HRQOL between
patients with continent urinary diversion and incontinent
urinary diversion is comparable even if a meta-analysis in this
regard would confirm it (11). In our study, we focused our
attention on the female population as the data in this regard are
particularly lacking due to the lower incidence of BC in female
compared to male. We decided to measure the QoL in the first 6
months because scoring data in this postoperative period showed
TABLE 1 | Demographic and pathological characteristics of female patients with RC for localized MIBC according to different urinary diversions: prospective multicenter
study in Italy.

Characteristics ONB IC p-value1

Female, N 9 28
Age (years), mean ( ± SD) 62.8 ( ± 6.0) 70.2 ( ± 9.0) 0.03
Education (years), N (%)
5–8 2 (22.2) 15 (53.6)
9–11 2 (22.2) 4 (14.3)
≥12 5 (55.6) 9 (32.1) 0.38
BMI (kg/m2), mean ( ± SD) 24.8 ( ± 4.7) 23.5 ( ± 5.2) 0.40
Charlson comorbidity index, mean ( ± SD) 1.4 ( ± 1.6) 2.6 ( ± 2.1) 0.19
Modified frailty index, mean ( ± SD) 0.8 ( ± 1.0) 1.1 ( ± 1.6) 0.65
Pathological tumor stage, N (%)
Organ confined: ≤pT2, pN0 5 (55.6) 13 (46.4)
Non-organ confined: pT3–pT4, pN0 3 (33.3) 7 (25.0)
Lymph node-positive: pN+ 1 (11.1) 8 (28.6) 0.56
Clavien–Dindo grade, N (%)
I 7 (77.8) 21 (75.0)
II 2 (22.2) 4 (14.3)
III–IV – 3 (10.7) 0.54
Neoadjuvant chemotherapy, N (%)
No 8 (88.9) 24 (85.7)
Yes 1 (11.1) 4 (14.3) 0.81
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that the main changes on HRQOL following RC would begin at
this time of follow-up. In our study, all patients completed the
EORTC QLQ-C30 and Short Form 36 questionnaires
preoperatively and at 3 and 6 months of follow-up. In
particular, at baseline all patients had similar characteristics
concerning education, BMI, pathological tumor stage, and
Clavien–Dindo grade except for age. In particular, at the 6-
month follow-up the global health status does not differ in the
two groups of patients although it seems that the ONB group
scored significantly higher than in the IC group in the physical
and role function scales. Similarly, we observed that the ONB
group had a significant lower body pain perception than the IC
group. These data were age-independent as shown by
Spearman’s analysis, suggesting that at 6 months the QoL
begins to be particularly affected in the IC group probably due
to the awareness of the care needed for the management of the
urinary stoma, possible urinary leak from the bag and urinary
odor limiting the ability to partake in social, recreational, and
professional activities. In contrast, the ONB group showed a
better overall scoring than the IC group most likely related to the
presence of a urinary continence allowing to continue an
acceptable relationship life. In this way, a previous prospective
comparison of HRQOL between patients undergoing RC and IC
by Singh (3) showed, unlike what we have found, that global
health status is higher in the ONB group than in the IC group
and that financial difficulties were significantly greater among
patients with IC. Certainly, these two data can be related to the
Frontiers in Oncology | www.frontiersin.org 4100
fact that in Singh’s study the prospective analysis involved both
sexes overall and that on the other hand the costs and financing
of the health system between India and Italy are profoundly
different since in Italy any medical expense necessary following
the surgical operation would be covered by the national health
system. Recently, Clements published the results of a large
prospective study showing a detriment of HRQOL at 3 and 6
months with a recovery and stabilization of the same HRQOL at
12 months of follow-up. In this study, the authors found better
physical functioning in patients with continent urinary
derivation compared to the group with ileal conduit. In our
opinion, these results are partially comparable with those
reported by us because the Clements study has a follow-up of
up to 24 months and because it does not evaluate HRQOL
exclusively in women. However, if we analyze the results of Kern,
we observe that in the long term and in a perspective way there
are no significant differences in HRQOL among non-continent,
continent cutaneous, and continent orthotopic urinary diversion
groups, which can serve as an important point of consideration
during patient counseling (2).

In this context, therefore, we believe that a distinction should
be made between HRQOL in the male and female cystectomized
patients. In this regard, there are only few studies that try to
review recent data on gender differences in oncologic and
functional outcomes in women comparing them to male
patients. QoL was significantly worse for women than for men
(12). A review by Saighian et al. concluded that gender
TABLE 2 | Mean and standard deviation ( ± SD) of EORTC QLQ-C30 and short form 36 scale preoperatively and at each follow-up of female patients with RC for
localized MIBC according to different urinary diversion: prospective multicenter study in Italy.

Preoperatively (baseline) 3 months of follow-up 6 months of follow-up

ONB IC p1 ONB IC p1 ONB IC p1

EORTC QLQ-C30
Global health status 63.0 ( ± 19.6) 59.6 ( ± 27.2) 0.84 71.9 ( ± 14.7) 58.0 ( ± 24.2) 0.14 71.3 ( ± 17.2) 55.7 ( ± 27.3) 0.11
Function scale
Physical 85.2 ( ± 15.2) 81.4 ( ± 18.4) 0.65 80.8 ( ± 19.3) 70.7 ( ± 25.6) 0.34 88.2 ( ± 19.1) 71.7 ( ± 25.1) 0.05
Role 79.6 ( ± 16.2) 78.6 ( ± 26.4) 0.78 83.3 ( ± 23.6) 76.3 ( ± 26.7) 0.60 90.7 ( ± 12.1) 62.5 ( ± 33.8) 0.03
Emotional 69.4 ( ± 20.0) 65.1 ( ± 24.8) 0.70 90.6 ( ± 15.7) 71.1 ( ± 24.2) 0.02 83.3 ( ± 17.7) 72.0 ( ± 24.3) 0.21
Cognitive 85.2 ( ± 10.0) 84.5 ( ± 14.3) 0.98 93.8 ( ± 12.4) 89.3 ( ± 15.9) 0.48 92.6 ( ± 16.9) 83.3 ( ± 22.2) 0.14
Social 81.5 ( ± 25.6) 83.9 ( ± 23.3) 0.80 91.7 ( ± 23.6) 78.4 ( ± 25.2) 0.14 81.5 ( ± 29.4) 76.8 ( ± 29.2) 0.57
Symptom scale
Fatigue 33.3 ( ± 11.1) 41.3 ( ± 22.3) 0.51 33.3 ( ± 7.9) 42.6 ( ± 22.9) 0.62 17.3 ( ± 20.9) 37.3 ( ± 27.1) 0.06
Nausea-vomiting 16.7 ( ± 0.0) 31.5 ( ± 26.9) 0.33 16.7 ( ± 0.0) 35.2 ( ± 29.4) 0.55 3.7 ( ± 7.4) 9.5 ( ± 16.0) 0.38
Pain 40.5 ( ± 21.2) 47.1 ( ± 27.2) 0.67 25.0 ( ± 13.9) 41.0 ( ± 24.2) 0.15 13.0 ( ± 18.2) 25.0 ( ± 31.6) 0.39
Dyspnea 33.3 ( ± 0.0) 33.3 ( ± 0.0) 1.00 33.3 ( ± 0.0) 33.3 ( ± 0.0) 1.00 11.1 ( ± 16.7) 11.9 ( ± 22.6) 0.86
Insomnia 44.4 ( ± 17.2) 60.0 ( ± 29.8) 0.30 44.4 ( ± 19.3) 63.6 ( ± 23.4) 0.23 18.5 ( ± 33.8) 31.0 ( ± 33.9) 0.25
Appetite loss 33.3 ( ± 0.0) 55.6 ( ± 29.6 0.33 33.3 ( ± 0.0) 56.7 ( ± 22.5) 0.38 7.4 ( ± 14.7) 14.3 ( ± 24.7) 0.84
Constipation 58.3 ( ± 31.9) 55.6 ( ± 33.3) 0.86 44.4 ( ± 19.3) 61.5 ( ± 30.0) 0.42 18.5 ( ± 24.2) 28.6 ( ± 31.1) 0.44
Diarrhea (±) 33.3 ( ± 0.0) 33.3 ( ± 0.0) 33.3 ( ± 0.0) 1.00 3.7 ( ± 11.1) 11.9 ( ± 24.4) 0.37
Financial difficulties 33.3 ( ± 0.0) 52.4 ( ± 26.2) 0.38 50.0 ( ± 23.6) 48.5 ( ± 27.3) 0.81 14.8 ( ± 24.2) 14.3 ( ± 23.0) 1.00
Short Form 36
Physical functioning 68.6 ( ± 35.4) 72.7 ( ± 29.8) 0.79 80.0 ( ± 18.9) 63.6 ( ± 25.9) 0.21 68.9 ( ± 36.3) 59.5 ( ± 30.0) 0.37
Role physical 85.0 ( ± 33.5) 70.6 ( ± 30.9) 0.36 100.0 ( ± 0.0) 91.1 ( ± 23.2) 0.43 61.1 ( ± 48.6) 43.8 ( ± 46.0) 0.36
Body pain 55.9 ( ± 27.2) 69.0 ( ± 29.2) 0.25 68.0 ( ± 24.0) 71.1 ( ± 28.8) 0.62 84.6 ( ± 21.5) 61.1 ( ± 30.9) 0.05
General health 45.3 ( ± 21.0) 50.5 ( ± 23.7) 0.80 51.9 ( ± 8.6) 48.0 ( ± 10.2) 0.32 50.0 ( ± 7.6) 46.5 ( ± 10.9) 0.33
Vitality 55.0 ( ± 20.0) 45.7 ( ± 22.0) 0.28 65.0 ( ± 19.6) 48.9 ( ± 20.4) 0.06 55.6 ( ± 19.3) 47.5 ( ± 22.8) 0.31
Social functioning 51.4 ( ± 25.3) 65.6 ( ± 25.6) 0.16 65.6 ( ± 20.9) 63.8 ( ± 28.9) 0.98 70.8 ( ± 30.0) 58.5 ( ± 29.3) 0.25
Role emotion 83.3 ( ± 33.3) 72.9 ( ± 30.4) 0.53 88.9 ( ± 27.2) 74.1 ( ± 29.3) 0.24 63.0 ( ± 48.4) 39.3 ( ± 42.6) 0.24
Mental health 52.0 ( ± 18.6) 49.3 ( ± 23.1) 0.75 72.0 ( ± 15.1) 54.9 ( ± 19.7) 0.02 61.8 ( ± 18.9) 56.0 ( ± 23.4) 0.46
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negatively affects oncologic outcome after treatment for bladder
cancer, with women being the weaker factor of the equation. In
this setting, varying socioeconomic circumstances and
biological differences in cancer initiation, as well as response
to therapy, seem to be responsible for overall poorer quality of
life in bladder cancer female patients, when compared to their
male counterpart (13). However, in any case, our study can be
considered as the first that exclusively analyzes in a longitudinal
way the HRQOL of women undergoing RC with ONB or IC. In
this way, it is also important to evaluate the impact of urinary
incontinence that may be due to problems related to external
appliances. In fact, in cases involving both sexes, leakage with
conduit diversions is most commonly due to poor external
appliance adherence or suboptimal stoma placement. Among
ileal conduit patients, urinary leakage rates during daytime and
nighttime have been reported to be as high as 40% (14, 15).
Improvements in stomal creation and care, particularly with
dedicated enterostomal nurse education, have largely mitigated
many of these problems (16), and most patients get to a state of
good functional control with minimum urinary leaks after a few
months of directed education and gaining hands-on experience
changing the urostomy appliance themselves. Although
continent urinary diversions are used to preserve normal
anatomic urinary function and volitional voiding, urinary
incontinence rates and urine leakage are still relatively high.
Although most patients regain control during awake hours,
nighttime incontinence can affect 40% to 50% of neobladder
Frontiers in Oncology | www.frontiersin.org 5101
patients (17, 18). In this context, leakage and lack of control of
urinary function can negatively affect HRQOL.

In this context, our study constitutes a contribution to a small
body of research addressing an important clinical question on
HRQOL for which the ONB seems to represent the most
advantageous solution compared to the IC in terms of HRQOL
at the 6-month follow-up.

This result can be considered certainly new since to date the
retrospective studies conducted in women undergoing RC with
ONB or IC have not shown significant differences onHRQOL in the
short and mid terms (19); however, about that, it should be borne in
mind that QoL results based on interview data may suffer from
potential sources of bias that risk inducing responders to report
relatively “optimistic” QoLs as patients for example may respond
according to what they believe their interviewer wishes to hear.

In conclusion, we can affirm that our study shows some
limitations such as the small number of patients enrolled and
secondarily that the study was not randomized. These limitations
in our case may also be justified by the fact that usually the
women who undergo RC are extremely small in number
compared to the male population and finally that the
randomization in these patients is not feasible because the
choice of one or another type of urinary diversion is related to
the overall condition of the disease and the general condition of
the patient. Further large longitudinal studies will be needed to
help the clinicians to understand the real HRQOL of female
patients in relation to one or another type of urinary diversion.
TABLE 3 | Spearman correlation analysis (r) of correlation between age and preoperative (baseline) 102EORTC QLQ-C30 and short form 36 scale.

QoL scale ONB IC

r p r p

EORTC QLQ-C30
Global health status -0.52 0.15 0.29 0.15
Function scale
Physical -0.23 0.55 -0.35 0.07
Role -0.22 0.56 -0.07 0.73
Emotional -0.77 0.02 0.21 0.30
Cognitive -0.20 0.61 0.13 0.51
Social -0.64 0.06 0.03 0.89
Symptom scale
Fatigue 0.54 0,21 -0.02 0.92
Nausea-vomiting – – -0.75 0.02
Pain 0.51 0.24 -0.03 0.89
Dyspnea – – – –

Insomnia -0.21 0.69 0.18 0.45
Appetite loss – – -0.42 0.17
Constipation 0.21 0.79 -0.37 0.33
Diarrhea – – – –

Financial difficulties – – -0.18 0.70
Short Form 36
Physical functioning -0.39 0.35 -0.17 0.40
Role physical -0.35 0.56 0.06 0.82
Body pain -013 0.75 0.09 0.67
General health -0.70 0.04 -0.05 0.80
Vitality -0.63 0.09 0.16 0.43
Social functioning -0.40 0.29 -0.12 0.55
Role emotion -0.26 0.74 -0.01 0.95
Mental health -0.29 0.48 0.15 0.46
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et al. EAU Guidelines Office. Arnhem, The Netherlands. Available at: http://
uroweb.org/guidelines/compilations-of-all-guidelines/.

2. Kern SQ, Speir RW, Tong Y, Kaimakliotis H, Masterson TA, Bihrle R, et al.
Longitudinal Health Related Quality of Life After Open Radical Cystectomy:
Comparison of Ileal Conduit, Indiana Pouch, and Orthotopic Neobladder.
Urology (2021) 152:184–9. doi: 10.1016/j.urology.2020.12.036

3. Singh V, Yadav R, Sinha RJ, Gupta DK. Prospective Comparison of Quality-
of-Life Outcomes Between Ileal Conduit Urinary Diversion and Orthotopic
Neobladder Reconstruction After Radical Cystectomy: A Statistical Model.
BJU Int (2014) 113(5):726–32. doi: 10.1111/bju.12440

4. Siracusano S, Zaka A, Romantini F, Porcaro AB, Vicentini C, Lonardi C.
Quality of Life in Female Patients Following Ileal Neobladder and Ileal
Conduit: Where Are We? J Clin Med (2021) 10(14):3042. doi: 10.3390/
jcm10143042

5. Lerner SP, Skinner DG, Lieskovsky G, Boyd SD, Groshen SL, Ziogas A, et al.
The Rationale for En Bloc Pelvic Lymph Node Dissection for Bladder Cancer
Patients With Nodal Metastases: Long-Term Results. J Urol (1993) 149
(4):758–64; discussion 764-5. doi: 10.1016/s0022-5347(17)36200-6

6. Pagano F, Artibani W, Ligato P, Piazza R, Garbeglio A, Passerini G. Vescica
Ileale Padovana: A Technique for Total Bladder Replacement. Eur Urol (1990)
17(2):149–54. doi: 10.1159/000464024

7. Clavien PA, Sanabria JR, Strasberg SM. Proposed Classification of
Complications of Surgery With Examples of Utility in Cholecystectomy.
Surgery (1992) 111(5):518–26.

8. Fayers P, Bottomley AEORTC Quality of Life Group; Quality of Life Unit.
Quality of Life Research Within the EORTC-The EORTC QLQ-C30.
European Organisation for Research and Treatment of Cancer. Eur J
Cancer (2002) 38(Suppl 4):S125–33. doi: 10.1016/s0959

9. Lins L, Carvalho FM. SF-36 Total Score as a Single Measure of Health-Related
Qua l i ty o f L i f e : S cop ing Rev i ew . SAGE Open Med (2016 )
4:2050312116671725. doi: 10.1177/2050312116671725

10. McGregor B, O'Donnell PH, Balar A, Petrylak D, Rosenberg J, Yu EY, et al.
Health-Related Quality of Life of Patients With Locally Advanced or
Metastatic Urothelial Cancer Treated With Enfortumab Vedotin After
Platinum and PD-1/PD-L1 Inhibitor Therapy: Results From Cohort 1 of
the Phase 2 EV-201 Clinical Trial. Eur Urol (2022) S0302-2838(22):00072–0.
doi: 10.1016/j.eururo.2022.01.032. S0302-2838(22)00072-0.

11. Yang LS, Shan BL, Shan LL, Chin P, Murray S, Ahmadi N, et al. A Systematic
Review and Meta-Analysis of Quality of Life Outcomes After Radical
Cystectomy for Bladder Cancer. Surg Oncol (2016) 25(3):281–97.
doi: 10.1016/j.suronc.2016.05.027

12. Siracusano S, D'Elia C, Cerruto MA, Saleh O, Serni S, Gacci M, et al. Quality of
Life in Patients With Bladder Cancer Undergoing Ileal Conduit: A
Comparison of Women Versus Men. In Vivo (2018) 32(1):139–43.
doi: 10.21873/invivo.11216
13. Sadighian M, Porten S. Gender Differences in Oncologic and Functional
Outcomes in Patients With Bladder Cancer Undergoing Radical Cystectomy
With Urinary Diversion. Curr Opin Urol (2019) 29(5):542–7. doi: 10.1097/
MOU.0000000000000660

14. Protogerou V, Moschou M, Antoniou N, Varkarakis J, Bamias A, Deliveliotis
C. Modified S-Pouch Neobladder vs Ileal Conduit and a Matched Control
Population: A Quality-of-Life Survey. BJU Int (2004) 94(3):350–4.
doi: 10.1111/j.1464-410X.2004.04932.x

15. Philip J, Manikandan R, Venugopal S, Desouza J, Javlé PM. Orthotopic
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Sanja Štifter,

Skejby Sygehus, Denmark

Reviewed by:
Anna Myriam Perrone,

Sant’Orsola-Malpighi Polyclinic, Italy
Giorgio Bogani,

National Cancer Institute Foundation
(IRCCS), Italy

*Correspondence:
Wei Zhang

zw6676@163.com
Kejia Wu

wdzn2019@163.com

†These authors share first authorship

Specialty section:
This article was submitted to

Genitourinary Oncology,
a section of the journal
Frontiers in Oncology

Received: 31 January 2022
Accepted: 16 June 2022
Published: 08 July 2022

Citation:
Xiong J, Zhang Z, Liu Y, Fan G, Wu K
and Zhang W (2022) Prevalence and

Outcomes of Unilateral Versus Bilateral
Oophorectomy in Women

With Ovarian Cancer: A
Population-Based Study.
Front. Oncol. 12:866443.

doi: 10.3389/fonc.2022.866443

ORIGINAL RESEARCH
published: 08 July 2022

doi: 10.3389/fonc.2022.866443
Prevalence and Outcomes of
Unilateral Versus Bilateral
Oophorectomy in Women
With Ovarian Cancer: A
Population-Based Study
Jiaqiang Xiong1†, Zhuoqun Zhang2†, Yanyan Liu1, Guanlan Fan1,
Kejia Wu1* and Wei Zhang1*

1 Department of Obstetrics and Gynecology, Zhongnan Hospital of Wuhan University, Wuhan, China, 2 Department of
Obstetrics and Gynecology, The Central Hospital of Wuhan, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China

Background: Unilateral oophorectomy has the benefits of preserving the ovarian function
of fertility and hormone secretion, but the precise inclusion criteria for candidates for this
procedure remain controversial. This study aimed to compare the prevalence and
therapeutic efficiency of unilateral oophorectomy in women with ovarian cancer who
underwent bilateral oophorectomy; moreover, it aimed to identify the appropriate
candidates for unilateral oophorectomy.

Methods: Female patients diagnosed with stage I-III ovarian cancer between 2000 and
2017 were retrospectively identified from the Surveillance, Epidemiology, and End Results
program database. Overall survival (OS) and disease-specific survival (DSS) after unilateral
or bilateral (salpingo-) oophorectomy were estimated. Cumulative mortality rates (CMRs)
for non-cancer comorbidities were also estimated.

Results: A total of 28,480 women with ovarian cancer were included in this study, of
whom 11,517 died during the study period. Of the patients, 7.5% and 48.0% underwent
unilateral and bilateral oophorectomy, respectively. Overall, for stage-Ia tumors, unilateral
oophorectomy was associated with remarkably better OS and DSS than bilateral
oophorectomy (OS: p < 0.001; DSS: p = 0.01). For stage-Ib and stage-Ic ovarian
tumor, there was no significant difference between the OS and DSS of patients treated
by unilateral oophorectomy and those treated by bilateral oophorectomy. For stage-II and
stage-III ovarian cancer, unilateral oophorectomy was associated with remarkably worse
OS and DSS than bilateral oophorectomy. Among the reproductive-age women younger
than 50 years, the OS and DSS of patients with stage-I tumors receiving unilateral
oophorectomy were comparable to those receiving bilateral oophorectomy, even for high-
grade stage-Ic tumors (all p > 0.05). For those aged 50 years and older, OS and DSS of
patients with stage-I tumor receiving unilateral oophorectomy were significantly worse
than those receiving bilateral oophorectomy, even for low-grade stage-Ia ovarian tumor
(OS: p < 0.001; DSS: p = 0.02).
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Conclusion: Unilateral oophorectomy exhibited excellent oncological superiority and was
equivalent to bilateral oophorectomy for stage-I ovarian tumors among women of
reproductive age. For women of reproductive age, the criteria of unilateral
oophorectomy can be appropriately broadened to high-grade stage-Ic diseases
because of the better performance of unilateral oophorectomy in this population.
Keywords: ovarian cancer, prevalence, outcomes, population-based study, SEER, unilateral oophorectomy,
bilateral oophorectomy
INTRODUCTION

Ovarian cancer is the sixth leading cause of global cancer deaths,
accounting for over 294,000 new cancer cases and 198,000 new
cancer deaths worldwide in 2019 (1). Ovarian cancer ranks fifth
in cancer deaths among American women, accounting for more
deaths than any other female reproductive system cancer. A
woman’s risk of developing ovarian cancer during her lifetime is
about 1 in 78, and her lifetime chance of dying from ovarian
cancer is approximately 1 in 108 (2). Although the 5-year
relative-survival rate of localized ovarian cancer can reach 93%,
only 16% of the cases have the opportunity to be diagnosed at an
early stage (3). Of the tumors, 57% were accompanied by distant
metastases at the time of cancer diagnosis, implying a
particularly unfavorable prognosis with a survival rate of only
30% (3, 4). As a consequence of the low early detection, as well as
the relatively high malignant potential, the overall 5-year relative
survival rate generally ranges between 30% and 40% across the
globe (5). Strikingly, only very modest increases have been
achieved (2%–4%) since 1995 (5). Therefore, despite its
significance to public health, the etiology of this lethal disease
is not completely understood.

The standard treatment for ovarian cancer includes upfront
surgery to accurately diagnose and stage the disease and perform
maximal cytoreduction, followed by taxanes and platinum–based
combination chemotherapy in most patients (6). Traditionally,
surgical staging of ovarian cancer has included exploratory
laparotomy with peritoneal washings, hysterectomy, salpingo-
oophorectomy, omentectomy, multiple peritoneal biopsies, and
potential pelvic and para-aortic lymphadenectomy.

When preservation of fertility is desired and the disease seems
confined to a single ovary, preservation of the uterus and
contralateral ovary is often possible (6). Compared with
bilateral oophorectomy, unilateral oophorectomy can preserve
the other side of the ovary to maintain the ovarian function of
fertility and hormone secretion. The major concerns of unilateral
oophorectomy focused on the potential risks of residual tumor,
tumor recurrence, and a newly occurring tumor on the other side
of the ovary (7, 8). Therefore, it is important to determine which
proportion of patients are suitable and/or have the opportunity
to receive unilateral oophorectomy and preserve the other side of
the ovary.

This study aimed to characterize the prevalence and outcomes
of unilateral oophorectomy in women with ovarian cancer and
compare it with bilateral oophorectomy to distinguish the
appropriate proportion of patients with ovarian cancer to be
2104
treated with unilateral oophorectomy. The results will guide
researchers and clinicians in determining the optimal therapy
for patients with ovarian cancer.
MATERIALS AND METHODS

Data Sources and Study Population
This retrospective cohort study used data from the Surveillance,
Epidemiology, and End Results (SEER) program. The SEER
database is a population-based cancer registry covering nearly
30% of the US population and collecting cancer demographics,
incidence, survival, and treatment data. The SEER*Stat software
version 8.3.8 was used for the analysis (9). This study was
per formed accord ing to the STROCSS guide l ines
(Strengthening the reporting of cohort, cross-sectional and
case-control studies in surgery) (10).

Female patients diagnosed with the first primary malignant
ovarian cancer (site codes: C56.9) between 2000 and 2017 were
extracted from the SEER 18 database (2020 submission) (11).
Only patients with unilateral-originated ovarian cancer were
included because patients with bilateral origin might have lost
their opportunity to undergo unilateral oophorectomy. Patients
diagnosed only through autopsy or death certificates were
excluded. We further excluded patients without complete
follow-up information, including follow-up duration and age at
diagnosis. To accurately evaluate the effects of surgical
operations, we further excluded patients with advanced-stage
cancer or those with a cancer of unknown stage (Figure S1).

Since it is a publicly available database, access to the SEER
data required a signed research data agreement form. The
Institutional Review Board of Zhongnan Hospital of Wuhan
University waived the institutional review board approval for the
data obtained from the SEER database, as the study did not
directly involve human subjects, and all data were anonymized.
The requirement for informed consent was waived.

Definition of Variables
All patients were followed between the time of the first primary
diagnosis of ovarian cancer and the time of their death, exiting
the study alive, or the end of the study (December 31, 2017).
Among the patients included in this study, we evaluated the
following variables: age at diagnosis, race, year of diagnosis,
cancer stage, American Joint Committee on Cancer Staging
(AJCC) N stage, AJCC T stage, surgical therapy, cause of
death, histological types, urban/rural residency at diagnosis,
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median household income, follow-up time, and vital status at the
end of follow-up.

As the SEER database records the survival duration in months,
and a month was the shortest time interval available for analysis,
survival durations shorter than 1 month were recorded as 0
months in the SEER program. Age at cancer diagnosis was
divided into 4 groups for comparison: “15-39 years,” “40-59
years,” “60-79 years,” and “80+ years”. Patients aged 15-49
years were selected for specific analyses, as this proportion of
women had a greater desire for fertility preservation.

For ovarian cancer, the SEER program derived TNM values of
the stage from the International Federation of Gynecology and
Obstetrics (FIGO) stage. Thus, FIGO information of this study
was inferred from TNM-stage values. TNM-stage values were
extracted from AJCC 3rd stage codes for patients diagnosed
between 2000 and 2003, AJCC 6th stage codes for patients
diagnosed between 2004 and 2009, AJCC 7th stage codes for
patients diagnosed between 2010 and 2015, and SEER combined
stage for patients diagnosed in 2016 and 2017 (12). We excluded
the patients with stage IV ovarian cancer.

The SEER program provided detailed site-specific surgical
information for the included patients (13–15). Surgical
operations for ovarian cancer were divided into two major
groups: unilateral and bilateral oophorectomy. To avoid
confusion, local excision/destruction and unknown surgical
operations were excluded (surgery codes: 17 and 90-99).
Unilateral oophorectomy was defined as total removal of the
tumor or (single) ovary, and unilateral (salpingo-) oophorectomy
with or without hysterectomy (surgery codes: 25-28 and 35-37).
Bilateral oophorectomy includes bilateral (salpingo-)
oophorectomy with or without hysterectomy, cytoreductive
surgery, and pelvic exenteration (surgery codes: 60-74).
Surgical operations with unknown laterality were excluded for
accuracy (surgery codes: 55-57 and 80) (13).

Causes of death of patients with ovarian cancer were classified
into two major groups: death from cancer (i.e., a second primary
cancer) and death from non-cancer comorbidities (i.e., deaths
from any medical cause other than cancer). Causes of death were
defined by the SEER cause-specific death classification variable
from death certificates (15–17). Non-cancer causes were
categorized into 26 major groups. These groups were further
divided into seven broad categories: infectious diseases,
cardiovascular diseases (CVD), respiratory diseases,
gastrointestinal and liver diseases, renal diseases, external
injuries, and other non-cancer causes.

Statistical Analysis
We estimated the characteristics of the patients with ovarian
cancer. Trends in surgical operations were characterized by age
at diagnosis and year of diagnosis. Moreover, we analyzed the
overall survival (OS) and disease-specific survival (DSS) of
patients using the Kaplan-Meier method. The OS rate was
defined as the percentage of survivors (all causes of death)
after follow-up. The DSS rate was defined as the percentage of
patients who have not died from ovarian cancer (rather than
from other causes) in a defined period of time (18). Cox
Frontiers in Oncology | www.frontiersin.org 3105
regression models were used to assess the significance of
differences in the OS and DSS analyses. The cumulative
mortality rate (CMR) was estimated for non-cancer
comorbidities (15).

All analyses were performed using SEER*Stat software
version 8.3.8 (9) and R 3.6.3 (19). Tests were two-tailed, with a
p-value of less than 0.05 considered statistically significant.
RESULTS

Baseline Characteristics
In this population-based study involving 28,480 women with
stage I-III ovarian cancer, 11,517 (40.4%) deaths were recorded,
with a median follow-up time of 4.1 years (range: 0–17.9 years)
(Figure S1 and Table 1). Most of the patients were aged 40–79
years (83.3%) and were white (82.6%). Of the cancers, 46.8%
were stage-I tumors. Serous ovarian cancer accounted for the
majority of tumors (51.9%), followed by endometrioid
carcinoma (20.7%) (Table 1).

Of the patients, 95.5% (N = 27,197) had undergone surgical
operations, among whom 7.9%, 50.3%, and 41.8% underwent
unilateral oophorectomy, bilateral oophorectomy, and other
surgical procedures, respectively (Table S1). Patients who
underwent unilateral oophorectomy were younger. Most
patients who underwent unilateral oophorectomy (70.9%) were
younger than 60. Of the patients aged 15–39 years, 33.7% and
22.7% underwent unilateral oophorectomy and bilateral
oophorectomy, respectively (Table 1). Moreover, there was a
decreasing trend in the unilateral oophorectomy rate by age at
cancer diagnosis (Figure 1A). Similarly, the unilateral
oophorectomy rate decreased by FIGO stage (Figure 1B),
especially for younger patients (Figure 1C). Most tumors
treated by unilateral oophorectomy were in the Ia stage
(53.1%), followed by Ic stage (19.4%). The Hispanic population
had a higher unilateral oophorectomy rate (11.3%) than the non-
Hispanic population (7.0%) (Table 1).

Survival Analysis of Surgical Interventions
for Patients With Ovarian Cancer
The OS and DSS of patients who had undergone surgery were
significantly better than those of patients who did not (all p <
0.001) (Figure 2 and Figure S2). The prognostic superiority of
surgical operation could be observed in ovarian cancer at all
stages (Figures 2B, C and Figure S2).

To examine the therapeutic effects of unilateral
oophorectomy, we performed survival analyses according to
the type of surgical intervention (Figure 3 and Figure S3). In
stage-Ia tumor, unilateral oophorectomy was associated with
remarkably better OS and DSS compared with bilateral
oophorectomy, with a 5-year OS rate of 89.9% for unilateral
oophorectomy and 87.9% for bilateral oophorectomy (OS: p <
0.001; DSS: p = 0.01) (Figure 3A and Figure S3A). For stage-Ib
and stage-Ic ovarian tumor, there was no significant difference
between the OS and DSS of patients treated by unilateral
oophorectomy and those of patients treated by bilateral
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oophorectomy (stage Ib: OS: p = 0.6; DSS: p = 0.8; stage Ic: OS: p
= 0.06; DSS: p = 0.2) (Figures 3B, C and Figures S3B, C). For
stage-IIa tumors, the OS and DSS after unilateral oophorectomy
were significantly worse than those after bilateral oophorectomy
(5-year OS: 50.3% vs. 72.0%, p < 0.001; 5-year DSS: 61.6% vs.
Frontiers in Oncology | www.frontiersin.org 4106
72.0%, p < 0.001) (Figure 3D and Figure S3D). For stage-IIb/IIc
tumors, there was no significant difference between the OS and
DSS of patients treated by unilateral oophorectomy and those of
patients treated by bilateral oophorectomy (OS: p = 0.6; DSS: p =
0.6) (Figure 3E and Figure S3E). For stage-III tumors, the OS
TABLE 1 | Characteristics of patients included in this study.

Characteristics No. of patients (%) No. of deaths (%) Surgical procedure

Unilateral oophorectomy (%) Bilateral oophorectomy (%)

Total 28,480 (100%) 11,517 (100%) 2,145 (100%) 13,678 (100%)
Age
15-39 2,497 (8.8%) 366 (3.2%) 842 (39.3%) 568 (4.2%)
40-59 12,174 (42.7%) 3,634 (31.6%) 678 (31.6%) 5,743 (42%)
60-79 11,549 (40.6%) 5,761 (50%) 466 (21.7%) 6,269 (45.8%)
80+ 2,260 (7.9%) 1,756 (15.2%) 159 (7.4%) 1,098 (8%)
Race
White 23,532 (82.6%) 9,716 (84.4%) 1,674 (78%) 11,417 (83.5%)
AI/AN 179 (0.6%) 74 (0.6%) 14 (0.7%) 89 (0.7%)
API 2,838 (10%) 818 (7.1%) 247 (11.5%) 1,272 (9.3%)
Black 1,806 (6.3%) 898 (7.8%) 190 (8.9%) 858 (6.3%)
Unknown 125 (0.4%) 11 (0.1%) 20 (0.9%) 42 (0.3%)
Hispanic origin
Non-Hispanic 25,045 (87.9%) 10,385 (90.2%) 1,759 (82%) 12,101 (88.5%)
Hispanic 3,435 (12.1%) 1,132 (9.8%) 386 (18%) 1,577 (11.5%)
Year of diagnosis
2000-2009 15,283 (53.7%) 8,025 (69.7%) 1,292 (60.2%) 7,021 (51.3%)
2010-2017 13,197 (46.3%) 3,492 (30.3%) 853 (39.8%) 6,657 (48.7%)
Rural/urban status
Urban 3,064 (10.8%) 1,431 (12.4%) 204 (9.5%) 1,497 (10.9%)
Rural 25,392 (89.2%) 10,071 (87.4%) 1,939 (90.4%) 12,169 (89%)
Unknown 24 (0.1%) 15 (0.1%) 2 (0.1%) 12 (0.1%)
Median house-hold income1

Low 370 (1.3%) 166 (1.4%) 33 (1.5%) 171 (1.3%)
Median 18,925 (66.5%) 7,859 (68.2%) 1,500 (69.9%) 9,134 (66.8%)
High 9,184 (32.2%) 3,491 (30.3%) 612 (28.5%) 4,372 (32%)
Unknown 1 (0.004%) 1 (0.009%) 1 (0%)
FIGO stage
Stage Ia 8,314 (29.2%) 1,528 (13.3%) 1,138 (53.1%) 2,990 (21.9%)
Stage Ib 145 (0.5%) 38 (0.3%) 9 (0.4%) 57 (0.4%)
Stage Ic 4,551 (16%) 989 (8.6%) 416 (19.4%) 1,636 (12%)
Stage I, NOS 331 (1.2%) 90 (0.8%) 55 (2.6%) 103 (0.8%)
Stage IIa 1,165 (4.1%) 402 (3.5%) 68 (3.2%) 518 (3.8%)
Stage IIb 1,607 (5.6%) 599 (5.2%) 79 (3.7%) 813 (5.9%)
Stage IIc 1,308 (4.6%) 550 (4.8%) 62 (2.9%) 602 (4.4%)
Stage II, NOS 210 (0.7%) 120 (1%) 17 (0.8%) 102 (0.7%)
Stage IIIa 780 (2.7%) 386 (3.4%) 28 (1.3%) 389 (2.8%)
Stage IIIb 1,127 (4%) 617 (5.4%) 35 (1.6%) 681 (5%)
Stage IIIc 6,613 (23.2%) 4,400 (38.2%) 153 (7.1%) 4,544 (33.2%)
Stage III, NOS 2,329 (8.2%) 1,798 (15.6%) 85 (4%) 1,243 (9.1%)
Histology
Clear cell 3,771 (13.2%) 1,138 (9.9%) 191 (8.9%) 1,575 (11.5%)
Endometrioid 5,908 (20.7%) 1,446 (12.6%) 439 (20.5%) 2,581 (18.9%)
Mucinous 4,022 (14.1%) 1,074 (9.3%) 680 (31.7%) 1,379 (10.1%)
Serous 14,779 (51.9%) 7,859 (68.2%) 835 (38.9%) 8,143 (59.5%)
Grade
Grade I 3,808 (13.4%) 675 (5.9%) 492 (22.9%) 1,437 (10.5%)
Grade II 5,202 (18.3%) 1,740 (15.1%) 410 (19.1%) 2,272 (16.6%)
Grade III 8,511 (29.9%) 4,562 (39.6%) 372 (17.3%) 4,742 (34.7%)
Grade IV 4,448 (15.6%) 1,905 (16.5%) 155 (7.2%) 2,671 (19.5%)
July 2022
AI/AN, American Indian/Alaska Native; API, Asian or Pacific Islander.
1Low income referred to those with a median house-hold income of less than $35,000. Median income referred to those with a median house-hold income ranged from $35,000 to
$75,000. High income referred to those with a median house-hold income of more than $75,000.
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and DSS after unilateral oophorectomy were significantly worse
than those after bilateral oophorectomy (OS: p < 0.001; DSS: p <
0.001) (Figure 3F and Figure S3F).

For low-grade and high-grade stage-I ovarian tumors, there
was no significant difference between the OS and DSS of patients
treated by unilateral oophorectomy and those of patients treated
by bilateral oophorectomy (Figures 4A–D and Figures S4B, C).
The OS of patients with low-grade and high-grade stage-IIa
ovarian tumors undergoing unilateral oophorectomy were worse
than those of patients undergoing bilateral oophorectomy (low-
grade: p = 0.03; high-grade: p < 0.001) (Figures 4E, F). The DSS
of patients with high-grade stage-IIa ovarian tumor undergoing
unilateral oophorectomy were worse than those of patients
undergoing bilateral oophorectomy (high-grade: p < 0.001)
(Figure S4F).

We further analyzed the survival after unilateral oophorectomy
or bilateral oophorectomy in patients with ovarian cancers of
different histology (Figures S5–S8). We found that, except for
high-grade stage-Ic serous ovarian cancer (Due to the inadequate
cases with stage-Ib tumors, stage-Ib tumors were not included for
further analyses hereafter), unilateral oophorectomy was
comparable to bilateral oophorectomy in low-grade and high-
Frontiers in Oncology | www.frontiersin.org 5107
grade stage-I ovarian cancer of any histology, including serous,
mucinous, endometrioid, and clear cell carcinoma (Figures S5–
S8). For high-grade stage-Ic serous ovarian cancer, the OS after
unilateral oophorectomy was significantly worse than that after
bilateral oophorectomy (p = 0.03) (Figure S5D).

Survival Analysis of Surgical Interventions
by Stage and Age at Cancer Diagnosis
Female patients of reproductive age had a greater desire to
preserve fertility; thus, we investigated the prevalence and
therapeutic effects of unilateral oophorectomy in this peculiar
population (Figure 5 and Figure S9). Among the reproductive-
age women younger than 50 years, 22.8% received unilateral
oophorectomy, and 27.9% underwent bilateral oophorectomy.
We found that OS and DSS of patients with low-grade and
high-grade stage-I receiving unilateral oophorectomy were
comparable to those of patients receiving bilateral oophorectomy
(all p > 0.05) (Figure 6 and Figure S9). For patients aged 15–59
years with high-grade stage-Ic ovarian tumor, the OS and DSS of
patients receiving unilateral oophorectomy were similar to those
of patients receiving bilateral oophorectomy (OS: p = 1; DSS: p =
0.7) (Figure 5F and Figure S9F).
A B

DC

FIGURE 1 | Changes in unilateral and bilateral oophorectomy rate of patients with ovarian cancer by FIGO stage and age at cancer diagnosis. (A) Changes in
unilateral and bilateral oophorectomy rate of patients with ovarian cancer of all stage by age at cancer diagnosis. (B) Changes in unilateral and bilateral
oophorectomy rate of patients with ovarian cancer by FIGO stage. (C) Changes in unilateral and bilateral oophorectomy rate of patients aged 15-49 years with
ovarian cancer by FIGO stage. (D) Changes in unilateral and bilateral oophorectomy rate of patients aged 50+ years with ovarian cancer by FIGO stage.
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For those aged 50 years and older, the OS of patients with low-
grade and high-grade stage-I receiving unilateral oophorectomy
was significantly worse than that of patients receiving bilateral
oophorectomy (low-grade: p < 0.001; high-grade: p < 0.001)
(Figures 6A, B). The DSS of patients aged 50 years and older
with low-grade stage-I receiving unilateral oophorectomy were
similar to those of patients receiving bilateral oophorectomy (p =
0.2) (Figure S10A). The DSS of patients aged 50 years and older
with high-grade stage-I receiving unilateral oophorectomy were
worse than that of patients receiving bilateral oophorectomy (p <
0.001) (Figure S10B). For patients aged 50 years and older with
low-grade stage-Ia ovarian tumor, the OS and DSS of patients
receiving unilateral oophorectomy were significantly worse than
those of patients receiving bilateral oophorectomy (OS: p < 0.001;
DSS: p = 0.01) (Figure 6C and Figure S10C).
Frontiers in Oncology | www.frontiersin.org 6108
Comorbidity Analysis of Patients With
Ovarian Cancer Treated by Different
Surgical Interventions
A comorbidity analysis was carried out on the causes of death for the
patients with ovarian cancer (Figure 7, Figure S11, and Figure S12).
In stage-I ovarian cancer, the CMR of cancer-related deaths was
significantly lower in patients who underwent unilateral
oophorectomy than in those who underwent bilateral
oophorectomy (p < 0.001) (Figure 7A). CVDs were also
remarkably decreased in patients who underwent unilateral
oophorectomy (5-year CMR: unilateral oophorectomy, 1.5%;
bilateral oophorectomy, 1.7%; p = 0.04) (Figure 7C). For stage-II
and stage-III tumors, therewerenosignificantdifferencesbetween the
CMRofunilateral andbilateral oophorectomyforbothcancer-related
deaths and non-cancer comorbidities (Figure S11 and Figure S12).
A B

D

E F

C

FIGURE 2 | Overall survival (OS) of patients with ovarian cancer by surgery. (A) OS of patients with stage-Ia ovarian cancer by surgery. (B) OS of patients with
stage-Ib ovarian cancer by surgery. (C) OS of patients with stage-Ic ovarian cancer by surgery. (D) OS of patients with stage-IIa ovarian cancer by surgery. (E) OS of
patients with stage-IIb/IIc ovarian cancer by surgery. (F) OS of patients with stage-III ovarian cancer by surgery.
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DISCUSSION

In this population-based study involving more than 28,000
women with ovarian cancer, we compared the prevalence and
therapeutic efficacy of unilateral oophorectomy with bilateral
oophorectomy. We found that unilateral oophorectomy
exhibited excellent oncological superiority and was equivalent
to bilateral oophorectomy for stage-I ovarian tumors among
women of productive age; this equivalence to bilateral
oophorectomy remained true for high-grade stage-Ic ovarian
tumors. For patients aged 50 years and older, the performance of
unilateral oophorectomy was worse than that of bilateral
oophorectomy, even for low-grade stage-Ia ovarian tumors.
These results indicated that unilateral oophorectomy was
Frontiers in Oncology | www.frontiersin.org 7109
valuable for stage-I ovarian tumors among women of
productive age.

Unilateral oophorectomy has the advantages of preserving
fertility and part or full function of the ovary, while fertility is
completely destroyed after bilateral oophorectomy. Fertility
preservation is an important component of cervical cancer
survivors’ overall quality of life (20). Fertility-preserving
procedures in cases of borderline ovarian tumors are now well-
established because this type of lesion is often diagnosed in
young women whose fertility issues are primordial (21). The
status of fertility-preserving procedures in malignant ovarian
cancer remains controversial. Data on the conservative
management of ovarian cancer are still limited; however, the
oncologic safety of fertility-sparing procedures in early ovarian
A B

D

E F

C

FIGURE 3 | Overall survival (OS) of patients with ovarian cancer by cancer stage and different types of surgical operation. (A) OS of patients with stage-Ia ovarian
cancer by different types of surgical operation. (B) OS of patients with stage-Ib ovarian cancer by different types of surgical operation. (C) OS of patients with stage-
Ic ovarian cancer by different types of surgical operation. (D) OS of patients with stage-IIa ovarian cancer by different types of surgical operation. (E) OS of patients
with stage-IIb/IIc ovarian cancer by different types of surgical operation. (F) OS of patients with stage-III ovarian cancer by different types of surgical operation.
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cancer has been confirmed (22–24). Researchers also proposed
that high-risk disease should not be considered a
contraindication to conservative surgery (23, 25). This
procedure is mainly limited to women with IA grade 1 disease
who wish to preserve their fertility. For some investigators,
fertility-sparing procedures were found to be safe in women
with more advanced-stage disease until stage IC (26). Our results
further confirmed the potential candidates for this procedure.
We found that age is an important factor in selecting potential
candidates, as unilateral oophorectomy is valuable for stage-I
ovarian tumors among women of productive age, even for high-
grade stage-Ic diseases. In contrast, the performance of unilateral
oophorectomy is demonstrated to be greatly weakened by age.
For patients aged 50 years or older, the long-term survival after
Frontiers in Oncology | www.frontiersin.org 8110
unilateral oophorectomy is worse than that after bilateral
oophorectomy, even for the tumors with the lowest risk,
namely, the low-grade stage-Ia tumors. Therefore, we
recommend the inclusion criteria of unilateral oophorectomy
be extended to high-grade stage-Ic diseases; in contrast, for those
aged 50 years and older without fertility desire, unilateral
oophorectomy is not recommended, and bilateral oophorectomy
should be adopted as the first choice.

The major limitations of this procedure are the underlying
risks of residual tumor, tumor recurrence, and possible newly
occurring carcinoma in the remaining ovarian tissue. To address
these concerns, postoperative chemotherapy, radiotherapy, or
molecular targeted therapy should be employed for the high-risk
population (27). Precise diagnosis and stage of the disease before
A B

D

E F

C

FIGURE 4 | Overall survival (OS) of patients with ovarian cancer by cancer stage, cancer grade and different types of surgical operation. (A) OS of patients with low-
grade stage-Ia ovarian cancer by different types of surgical operation. (B) OS of patients with high-grade stage-Ia ovarian cancer by different types of surgical
operation. (C) OS of patients with low-grade stage-Ic ovarian cancer by different types of surgical operation. (D) OS of patients with high-grade stage-Ic ovarian
cancer by different types of surgical operation. (E) OS of patients with low-grade stage-IIa ovarian cancer by different types of surgical operation. (F) OS of patients
with high-grade stage-IIa ovarian cancer by different types of surgical operation.
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the surgery are vital to guarantee the tumor clearance of surgery
(28). Minimally invasive surgery, if necessary, is a viable
approach to accurately diagnose and stage the tumor (29–31).
Routine screening and active follow-up should be performed
after this procedure to avoid future rumor recurrence or newly
developed tumors.

Our results revealed that unilateral oophorectomy can
decrease the long-term mortality risk of CVD; this might be a
consequence of the stable hormone levels generated from the
preservation of part or full ovarian function, while bilateral
oophorectomy will lead to a sudden disruption in the secretion
of sex hormones, mainly estrogen. In addition to its powerful
roles in regulating the development and homeostasis of
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reproductive tissues, estrogen provides critical signaling and
trophic support to a range of tissues throughout the body and
across the lifespan through the activation of estrogen receptors,
ERa (encoded by ESR1), ERb (encoded by ESR2), and G-
protein-coupled estrogen receptor (GPER; also known as
GPR30) (32–35). Estrogens act in target tissues through
estrogen receptors and G protein-coupled ERa to reduce CVD
risk (33). Premenopausal women are protected from CVD
relative to age-matched men (36, 37), and low levels of
estrogens (i.e., hypo-estrogenemia) in young women (18–40
years) increase CVD risk (38). Moreover, early menopause
(before 40 years of age) (39) is associated with accelerated
atherosclerosis, a 2.6-fold increase in CVD risk (40), and an
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FIGURE 5 | Overall survival (OS) of patients of productive age (15-50 years) with ovarian cancer by cancer stage, cancer grade and different types of surgical
operation. (A) OS of patients of productive age with low-grade stage-I ovarian cancer by different types of surgical operation. (B) OS of patients of productive age
with high-grade stage-I ovarian cancer by different types of surgical operation. (C) OS of patients of productive age with low-grade stage-Ia ovarian cancer by
different types of surgical operation. (D) OS of patients of productive age with high-grade stage-Ia ovarian cancer by different types of surgical operation. (E) OS of
patients of productive age with low-grade stage-Ic ovarian cancer by different types of surgical operation. (F) OS of patients of productive age with high-grade stage-
Ic ovarian cancer by different types of surgical operation.
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increased risk of CVD-related mortality (41, 42). These studies
supported the role of estrogens in determining CVD risk.
Therefore, after bilateral oophorectomy, the destruction of
ovarian function results in the demand for hormone
replacement therapy (HRT), while unilateral oophorectomy,
which maintains part or whole of ovarian function, does not
need HRT. Furthermore, HRT may be difficult and even
dangerous for some women. Endogenous estrogen from the
remaining ovary after unilateral oophorectomy eliminates these
difficulties and dangers.

This study had several limitations. First, given the study’s
descriptive and retrospective design, we could not prospectively
assess the effects of surgical interventions in patients with ovarian
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cancer and could not draw causal inferences. Second, we could
not assess the patients’ physical conditions, comorbidities, and
other health factors. Given the high incidence of comorbidities,
cognitive impairment, frailty, functional losses, social isolation,
and other factors in this population, it is important to assess
these variables when proposing treatment decisions; however,
the SEER program did not provide this information. Third, we
could not investigate the influence of other therapies, such as
radiotherapy or chemotherapy. The SEER program only
provided detailed information on surgical operations.

Notwithstanding these limitations, this study may contribute
to the surgical interventions and cancer surveillance literature for
ovarian cancer. The strength of this study is that the data were
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FIGURE 6 | Overall survival (OS) of patients aged 50+ years with ovarian cancer by cancer stage, cancer grade and different types of surgical operation. (A) OS of
patients aged 50+ years with low-grade stage-I ovarian cancer by different types of surgical operation. (B) OS of patients aged 50+ years with high-grade stage-I
ovarian cancer by different types of surgical operation. (C) OS of patients aged 50+ years with low-grade stage-Ia ovarian cancer by different types of surgical
operation. (D) OS of patients aged 50+ years with high-grade stage-Ia ovarian cancer by different types of surgical operation. (E) OS of patients aged 50+ years with
low-grade stage-Ic ovarian cancer by different types of surgical operation. (F) OS of patients aged 50+ years with high-grade stage-Ic ovarian cancer by different
types of surgical operation.
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derived from a high-quality, population-based, real-world cancer
registry. Real-world data reflect the realistic effects of different
interventions in the real scenario of cancer treatment, which may
avoid the limitations of clinical trials. The implications of this
study are important for the development of ovarian cancer.

CONCLUSIONS

In conclusion, unilateral oophorectomy exhibited excellent
oncological superiority and was equivalent to bilateral
oophorectomy for stage-I ovarian tumors among women of
productive age. For women of reproductive age, the criteria for
unilateral oophorectomy can be appropriately broadened to
high-grade stage-Ic diseases because of the comparable
performance of unilateral oophorectomy in this population.
For those aged 50 years and older without fertility desire,
unilateral oophorectomy is not recommended, and bilateral
oophorectomy should be adopted as the first choice. Moreover,
unilateral oophorectomy can reduce mortality and CVD risk in
Frontiers in Oncology | www.frontiersin.org 11113
women. As unilateral oophorectomy has the advantage of
preserving fertility and the hormone secretion function of the
ovary, guidance on selecting appropriate candidates should
be developed.
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FIGURE 7 | Cumulative mortality rate (CMR) among women of productive age with stage-I ovarian cancer by different types of surgical operation. (A) CMR from
cancer-related deaths among women of productive age with stage-I ovarian cancer by different types of surgical operation. (B) CMR from infectious diseases among
women of productive age with stage-I ovarian cancer by different types of surgical operation. (C) CMR from cardiovascular diseases among women of productive
age with stage-I ovarian cancer by different types of surgical operation. (D) CMR from respiratory diseases among women of productive age with stage-I ovarian
cancer by different types of surgical operation. (E) CMR from gastrointestinal diseases among women of productive age with stage-I ovarian cancer by different types
of surgical operation. (F) CMR from renal diseases among women of productive age with stage-I ovarian cancer by different types of surgical operation. (G) CMR
from external injuries among women of productive age with stage-I ovarian cancer by different types of surgical operation. (H) CMR from other non-cancer causes
among women of productive age with stage-I ovarian cancer by different types of surgical operation.
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