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REVIEWS I

Radiotherapy for renal cell carcinoma:
renaissance of an overlooked approach

Radiotherapy is an important and effective modality
that is widely used in the treatment of many of the com-
monest malignancies. However, the use of radiotherapy
is currently limited in patients with kidney cancer,
with estimates of the current level of use, relative to the
potential optimal level of use, being approximately 27%
based on a review of evidence-based guidelines'. The
long-standing preconception that renal cell carcinoma
(RCC) is biologically radioresistant was entrenched
following reports from early preclinical studies indi-
cating that isolated RCC cells were among the most
radioresistant of all cell types to conventional doses of
radiotherapy in vitro’. However, more than 30 years
ago, radiotherapy was also proven to be highly effective
in the palliation of symptoms in patients with advanced-
stage RCC, particularly when higher doses of radiation
are used*. With the advent of technologies enabling the
precise delivery of ultra-high-dose stereotactic ‘ablative’
radiation (SABR)’, local antitumour efficacy comparable
to that of surgery has been consistently observed in other
types of cancer®’. These observations raise an impor-
tant question as to why radiotherapy remains an over-
looked approach for the treatment of patients with RCC.
In this Review we describe the historical application of
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Abstract | Conventional radiotherapy previously had a limited role in the definitive treatment of
renal cell carcinoma (RCC), owing to the disappointing outcomes of several trials and the
perceived radioresistance of this type of cancer. In this context, radiotherapy has been relegated
largely to the palliation of symptoms in patients with metastatic disease, with variable rates of
response. Following the availability of newer technologies that enable safe delivery of high-dose
radiotherapy, stereotactic ablative radiotherapy (SABR) has become increasingly used in
patients with RCC. Preclinical evidence demonstrates that RCC cells are sensitive to ablative
doses of radiotherapy (=8-10 Gy). Trials in the setting of intracranial and extracranial
oligometastases, as well as primary RCC, have demonstrated excellent tumour control using this
approach. Additionally, an awareness of the capacity of high-dose radiation to stimulate
antitumour immunity has resulted in novel combinations of SABR with immunotherapies.

Here we describe the historical application of conventional radiotherapy, the current biological
understanding of the effects of radiation, and the clinical evidence supporting the use of
ablative radiotherapy in RCC. We also explore emerging opportunities to combine systemic
targeted agents or immunotherapies with radiation. Radiotherapy, although once an overlooked
approach, is moving towards the forefront of RCC treatment.

conventional radiotherapy for the treatment of RCC
and the current biological understanding of the effects
of radiation, in addition to the available clinical evidence
supporting the use of ablative radiation for the treat-
ment of patients with primary and/or metastatic RCC.
We also provide an overview of the evidence supporting
the combination of ablative radiotherapy with systemic
targeted therapies and explore emerging opportunities,
such as the combination of immunomodulation with
radiotherapy.

Conventional radiotherapy in RCC

Preoperative (neoadjuvant) radiotherapy for primary
disease. The application of conventionally fractionated
radiotherapy in patients with RCC has been investigated
for >50 years. The use of conventionally fractionated
radiotherapy in the setting of RCC, defined as doses
per fraction of <2 Gy, has been impeded by preclinical
evidence? suggesting a high level of inherent radio-
resistance, in addition to a lack of any demonstrable
benefit of radiotherapy in clinical studies®. In one of the
earliest randomized studies to evaluate the use of pre-
operative radiotherapy followed by radical nephrectomy,
compared with radical nephrectomy alone, in patients
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Key points

» Conventional radiotherapy has a limited role in the treatment of renal cell carcinoma
(RCC), and is largely limited to the palliation of symptoms of metastatic disease

¢ Evolving technology has facilitated the safe delivery of ablative doses of radiotherapy,
in fewer fractions, and has been increasingly adopted in the clinical management of

patients

* Preclinical and clinical evidence demonstrates that RCC is sensitive to ablative doses of
radiation (typically =8 Gy per fraction), with tumour control rates of approximately 90%

* High-dose radiation seems to have an immunogenic effect in patients with RCC,
and might explain the abscopal effects sometimes observed with this approach

* Combinations of ablative radiotherapy with systemic targeted therapies or
immunotherapies are promising approaches that might improve outcomes

SABR

Stereotactic ablative
radiotherapy, refers to
high-dose per fraction,
conformal radiotherapy,
typically delivered in one ora
few sessions.

Gy

Cray, the unit of radiation, used
in the International System of
Units, defined in joules per
kilogram.

with primary RCC, investigators reported the outcomes
of a total of 126 patients’. The preoperative radiotherapy
group received a 30-Gy dose of radiation in 15 fractions
at 2 Gy per fraction. This low dose of radiation, relative
to that used in patients with other types of cancer, was
selected owing to concerns regarding the risk of liver
damage in patients with right-sided tumours. The pri-
mary end point of this study was 5-year overall survival
and no significant benefit of preoperative radiotherapy
was observed compared with radical nephrectomy
alone; although, the authors noted the improved over-
all survival duration of patients in the subgroup with
tumour-infiltrating intrarenal or extrarenal veins
and/or lymph vessels. A further analysis of the outcomes
of patients in this cohort revealed that the rate of com-
plete resection was significantly better among patients
in the radiotherapy arm, and this resulted in a reduced
frequency of metastases, delayed onset of metastases,
and an improved short-term prognosis. Ultimately,
this study failed to provide evidence supporting the use
of radiotherapy in patients with localized RCC. The
results of a second randomized trial were published a
few years later’®. This trial had a cohort of 88 patients
in total, with patients in the preoperative radiotherapy
arm receiving 33 Gy over a 3-week period, which is also
considered a relatively low dose. The 5-year overall sur-
vival duration of patients in this study was found to be
unexpectedly lower among those in the preoperative
radiotherapy arm (47% versus 63% among those in the
radical nephrectomy only arm, although no statistically
significant differences were observed). Furthermore,
subgroup analysis failed to reveal any specific group
of patients that benefited from preoperative radio-
therapy. Accordingly, interest in the use of preoperative
radiotherapy waned following these results.

Postoperative (adjuvant) radiotherapy for primary dis-
ease. Around the same time that data from trials investi-
gating preoperative use of radiotherapy”'® were published,
similar randomized trials were being conducted in the
postoperative setting. Finney and colleagues'' pub-
lished data from a randomized group of patients with
high-risk disease who had either positive surgical mar-
gins or inferior vena cava involvement that underwent
radical nephrectomy either with (n=52) or without
(n=48) subsequent radiotherapy. No improvement in

overall survival was observed with use of radiotherapy. In
another randomized study the efficacy of postoperative
radiotherapy was investigated using a dose of 50 Gy
in 20 fractions delivered to the tumour bed and nodal
regions in patients with stage 2 or 3RCC'™. The overall
(crude) relapse rate was 48% and this rate did not differ
significantly between patients in either arm. In addition,
high rates (44%) of gastrointestinal toxicities affecting
the stomach, duodenum and liver were observed, as well
as unacceptable mortality rates (20%) among patients in
the radiotherapy arm. A 2010 meta-analysis that included
data from seven studies revealed an improvement in the
extent of local control with use of postoperative radio-
therapy, albeit without any significant survival benefit;
however, five of the seven studies included were retro-
spective in design®. Overall, the analysis highlighted the
substantial limitations of the various studies including the
use of non-conformal radiotherapy techniques, inappro-
priate dosing, and outdated technology, thus highlighting
the need for more contemporary randomized series in
order to better inform the future management of patients
with RCC.

Intraoperative radiotherapy for primary disease.
The use of intraoperative radiotherapy in patients with
primary RCC, particularly in those with locally recurrent
and/or advanced-stage disease, has also been reported.
Data from one of the largest series with outcomes cur-
rently available, consisting of 98 patients from nine differ-
ent institutions, revealed that the 5-year disease-specific
and disease-free survival rates compare favourably to
those of patients in surgical series without use of intra-
operative radiotherapy'®. Also, of the approximately
70% of patients whose disease eventually relapsed, only
11% of these were in-field relapses. However, given the
paucity of data available on the outcomes following this
approach, intraoperative radiotherapy for RCC should
still be considered experimental. When assessing the
overall body of evidence for use of conventionally frac-
tionated radiotherapy in the definitive management
of patients with primary RCC, intraoperative use of
radiotherapy seems to have only limited utility.

Conventional palliative radiotherapy

In the palliative setting, conventional radiotherapy
can be used to alleviate pain, control the severity of
neurological symptoms or to ameliorate haematuria.
The outcomes of a number of retrospective stud-
ies**""17 and a few prospective trials’®*' generally
indicate response rates of >50% among patients with
metastatic RCC receiving conventionally fractionated
radiotherapy. However, a high level of heterogeneity
in response rates of patients in the various studies is
apparent, with rates >80% and <20% reported from
different cohorts. Lee and colleagues® reported the
outcomes of a multicentre phase II trial, in which 83%
of patients had site-specific pain relief after receiving
conventional radiotherapy at a dose of 30 Gy in 10 frac-
tions, with a median response duration of 3 months.
Global quality of life (QOL) was also found to improve
in 33% of patients. However, the outcomes of other
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a-subunit of hypoxia
inducible factor

(HIF-Ta). A subunit of the
transcription factor hypoxia
inducible factor-1, which has a
critical role in the management
of the cellular response to
hypoxia, and can stimulate
transcription of a number of
genes that are responsible for
various functions, including
angiogenesis, cell proliferation
and survival.

von Hippel Lindau (VHL)
tumour suppressor gene
A regulator of tumorigenesis
located on chromosome 3,
which is subject to dominant
inheritance and associated
with cancer growth when lost
or mutated.

E3 ubiquitin ligase

A protein that is involved in the
regulation of cell trafficking,
DNA repair, and signalling, as
well as cell-cycle control.

Gap 2 (G2) phase

G2 phase is a phase of the cell
cycle that directly precedes
mitosis, during which the cell
undergoes rapid growth and
protein synthesis. The
checkpoint between G2 and
mitosis results in cell-cycle
arrest during the G2 phase in
response to stressors such as
oxidative stress or radiation.

studies in this setting are less impressive. A prospec-
tive study with a larger cohort of patients, albeit with
either RCC or melanoma, revealed a 57% improve-
ment in reported levels of pain following the delivery
of radiotherapy to symptomatic bony metastases, with
a shorter median response duration of 2.4 months?'.
Data published by Onufrey and colleagues’ revealed
an apparent dose-response relationship, demonstrating
increasing efficacy with dose escalation from 20 Gy to
60 Gy. This finding is supported by data from another
retrospective study, in which 86% of patients derived
palliative benefit from radiation therapy delivered to
metastatic lesions at various locations (including bone,
soft tissue, spinal cord, brain and lungs), with complete
response rates improving significantly with increased
doses of radiation®. Reports from these studies did not
contain any descriptions of adverse events associated
with radiotherapy or whether the risk of adverse events
increased with higher radiation doses. Wilson and col-
leagues' reported that patients with bone metastases
have the longest responses durations, and those with
brain metastases have the shortest. Thus, palliative
radiotherapy, delivered to either primary or meta-
static lesions, has a well-defined role in controlling the
localized symptoms of advanced-stage RCC.

Changing paradigm: ablative radiation

Biological rationale for ablative approaches. With the
consistently unimpressive rates of effective tumour con-
trol using conventional radiotherapy, attention turned
to the evaluation of ablative regimens. These modern
radiotherapy approaches have gained traction in the
treatment of various other malignancies, such as those
of the lung, liver and spine’. SABR refers to the deliv-
ery of radiation doses typically in excess of 8-10 Gy per
fraction?. While requiring greater precision to deliver
safely than low-dose radiotherapy, this approach might

Box 1| Advantages and disadvantages of SABR in patients with primary RCC

Advantages

e Can be adminsitered as an outpatient treatment

* Safe and minimally toxic

* Provides promising local control rates

* No definite size limitations

* Not limited by tumour location

* Might stimulate or promote antitumour immunity

e Suitable for patients with surgically unresectable tumours

e Feasible in patients with a functionally solitary kidney

Disadvantages

* Does not enable tissue sampling for histological confirmation

e Limited prospective evidence for outcomes

* Safe lower limit of renal function pre-SABR remains undefined

* Optimal dose and fractionation regimen remains undefined

¢ |deal treatment response assessment modality not yet established

e Very stringent technical and quality assurance requirements

* Requirement of intensive training of the whole radiotherapy team

SABR, Stereotactic ablative radiotherapy
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overcome several of the molecular mechanisms that
might be responsible for the inherent radioresistance of
RCC cells observed in vitro (BOX 1)*%.

Hypoxia-inducible factor-1 (HIF-1a) in RCC.
The expression of the a-subunits of the hypoxia-inducible
factors (HIF-1a) is increased under hypoxic conditions
and might be associated with hypoxia-related radia-
tion resistance in patients with RCC. Loss of function
of the von Hippel-Lindau tumour suppressor gene (VHL),
which regulates the expression of HIF-1q, is one of
the commonest characteristics of patients with RCC*.
VHL has been found to be mutated or methylated
in >90% of patients with clear cell RCC. VHL is the
E3 ubiquitin ligase for HIF-1a, which, when functional,
promotes the regulated degradation of HIF-1a protein.
Thus, loss of VHL function leads to high levels of HIF-1a
and the consequent activation of HIF-1a-dependent sig-
nalling. Conversely, decreased HIF-1a levels have been
shown to lead to significant increases in radiosensitivity
and G2 cell-cycle arrest in RCC cell lines®. Moeller and
colleagues® demonstrated that activation of HIF-1a
signalling during the course of fractionated radiation
therapy initiates ‘pleotropic adaptive responses’ in both
tumour cells and in the microvascular network. These
adaptive responses, as well as the stimulation of endo-
thelial cell survival by HIF-1a*, promote resistance to
conventionally fractionated radiotherapy in patients
with RCC.

Ablative-doses of radiation might overcome inherent
radiation resistance. Patients with RCC generally have a
low response rate to conventional radiotherapy but have
a high response rate to high dose-per-fraction schedules,
suggesting that the dose/fractionation sensitivity of RCC
cells (the so called o/ ratio) might be lower than that of
other tumour types. Generally, cell lines with an o/{ ratio
>10 are considered radiosensitive. Ning and colleagues®’
conducted a study in which the survival of two widely
used human RCC cell lines, Caki-1 and A498, was investi-
gated using clonogenic assays. When cells were irradiated
using 2-Gy conventional fractions, only a small propor-
tion of cell death was noted, compared with an expo-
nentially higher rate of cell death at >6 Gy per fraction.
In this study, the o/p ratios of Caki-1 and A498 cells
were 6.9 and 2.6 respectively. However, several factors
such as the dose rate, and other interlaboratory varia-
tions might affect the estimated a/f ratio. Additionally,
the findings of in vitro studies do not always reflect the
in vivo or clinical situation. Ablative doses of radiother-
apy are theoretically an attractive approach for RCC
as they are more likely to induce cell death through
alternative mechanisms, rather than creating a mitotic
catastrophe as a result of DNA damage. These alternaive
mechanisms include activation of ceramide-mediated
apoptosis as well as damage to vascular endothelial cells,
resulting in tumour hypoxia**. Fuks and Kolesnick®
showed that when high-dose single-fraction radio-
therapy (28 Gy) is used, endothelial cell apoptosis
contributes to tumour cell death. Furthermore, sphingo-
myelin phosphodiesterase (SMPD1; also known as acid
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o/p ratio

A measure of a tissue or
tumour response to a specific
radiation dose.

Caki-1

A human clear cell RCC cell line
derived from a patient of white
ethnicity. This cell line has an
epithelial morphology and
provides a useful model for the
study of kidney cancer.

A498

A commonly used renal cell
carcinoma cell line typically
used to model the behaviour of
clear cell RCC.

SMPD1

Sphingomyelin
phosphodiesterase 1, an
enzyme that is found in
lysosomes and has a role in the
conversion of sphingomyelin to
ceramide, and in maintaining
the normal structure and
function of the cell.

SRS

Stereotactic radiosurgery,
describes a high,
single-fraction, ablative dose of
radiotherapy, delivered in a
very conformal, precise
manner.

SBRT

Stereotactic body
radiotherapy, high
dose-per-fraction ablative and
highly conformal radiotherapy
typically delivered as a single,
or small number of fractions to
an extracranial site. Often used
interchangeably with SABR.

sphyngo-myelinase) has an important role in the gener-
ation of the proapoptotic second messenger ceramide.
This membrane phospholipid component initiates the
transmembrane signalling cascades that result in apop-
tosis. By contrast, when low-dose fractionated radio-
therapy (1.8-3.0 Gy per fraction) is used, endothelial
cell damage does not increase the extent of tumour cell
death because the signalling pathway activated at this
dose is inhibited by activated HIF-10®. This mechanism
might partially explain the increased efficacy provided
by, and, therefore, interest in, ablative-dose radiotherapy
as a treatment for RCC.

Signal transducers and activators of transcription
(STATs). STAT transcription factors, of which a total
of seven have been identified, can be activated by var-
ious extracellular stimuli, including epidermal growth
factor receptor signalling, and cytokines*. Hui and col-
leagues®® first reported the overexpression of STAT1 in
human RCC tumour tissue samples and demonstrated
that inhibition of STAT1 signalling by fludarabine
or siRNA increases the radiosensitivity of RCC cells.
Zhu and colleagues® also demonstrated that over-
expression of STAT1 in human RCC cells is associated
with chemoradioresistance. These findings indicate that
targeted inhibition of STAT1 might sensitize RCC cells
to chemotherapy and/or radiotherapy. Similar results
were observed in another study, which demonstrated
that zoledronic acid has a direct in vitro radiosensitizing
effect on RCC cells by enhancing radiotherapy-induced
caspase-3 activation®. This effect is achieved by down-
regulation of STAT1 expression, thereby potentiating the
caspase-3-mediated apoptosis pathway®. The molecu-
lar mechanisms by which STAT1 can influence cellular
responses to radiation are currently not well understood;
however, targeting STAT1 might be a promising future
strategy for optimizing the efficacy of radiotherapy in
patients with RCC.

Delivery of ablative radiation

In the past, the delivery of high doses of radiation per frac-
tion was avoided owing to the risks of late-onset adverse
effects. However, in the modern era, the introduction
of precision techniques such as intracranial stereotactic
radiosurgery (SRS) and SABR (FIC. 1) have enabled the
safe delivery of much higher doses per fraction than con-
ventional techniques. These techniques rely on robust
image-guided selection of the radiation field, tumour visu-
alization, patient immobilization, and advanced planning
techniques that use a higher number of beam entry points
than conventional techniques. These modifications result
in highly conformal dose delivery that sculpts around the
tumour, with steep dose gradients that limit the radiation
dose delivered to the surrounding organs at risk.

Efficacy of stereotactic radiotherapy in patients with
metastatic RCC. Intracranial SRS has a well-established
role in the treatment of brain metastases in patients
with RCC. Following the development of intracranial
and extracranial stereotactic techniques, increasingly
impressive outcomes have been reported. In the context

of RCG, rates of local control are typically exceptional
compared with those provided by conventionally frac-
tionated radiotherapy. The findings of a systematic
review and meta-analysis published in 2015 (REF. 34)
indicate that intracranial SRS provides a weighted local
control rate of 92%, with median overall survival dura-
tions ranging from 6.7 to 25.6 months (TABLE 1). These
data encompass 1,301 patients with >3,433 treated
metastases. The reported incidences of grade 3-4
toxicities ranged from 0% to 6% of patients. Similarly,
for patients with extracranial RCC metastases treated
using SABR, the conclusions of this systematic review™
indicate a weighted local control rate of 89%, with
median overall survival durations ranging from 11.7 to
22 months. The available published data include 807
patients with RCC with a total of 1,326 treated meta-
stases. Reported rates of grade 3—4 toxicities range from
0% to 4% (TABLE 2).

The use of stereotactic radiotherapy to treat patients
with oligometastatic RCC is attracting increasing lev-
els of interest. Oligometastatic RCC is variably defined
in the literature as having up to three or five meta-
stases* . In these patients, the use of metastasis-directed
therapy is postulated to not only improve the level of local
disease control and control of symptoms, but might also
translate to durable systemic control, improved overall
survival outcomes and, in some patients, even cure. Ranck
and colleagues™® reported the outcomes of 18 patients, of
whom 33% had oligometastatic disease and were treated
‘radically’ with stereotactic body radiotherapy (SBRT)
targeting all known sites of disease. These patients had
an impressive 2-year overall survival rate of 85%. Wersall
and colleagues® reported the survival outcomes of
patients treated with SABR for oligometastatic disease to
be superior to those of patients receiving the same treat-
ment for more-widespread disease (37 versus 19 months,
respectively). However, further prospective research is
still required, to determine the possibility of defining and
identifying a subgroup of patients in whom aggressive
local control with SABR can lead to long-term survival.

Overall, intracranial SRS and extracranial SABR
seem to be highly effective and safe approaches for the
control of metastases in patients with RCC. However,
patient selection is paramount in order to justify the
resources currently required to deliver stereotactic
radiotherapy safely. These techniques are likely to be
of limited utility in patients with widely disseminated
disease with inadequate responses to systemic therapy,
as these patients are unlikely to survive long enough to
benefit from the more durable local control provided
by irradiation of the metastases. Similarly, patients
with severely symptomatic disease might instead ben-
efit from conventional radiotherapy or use of extir-
pative approaches, as stereotactic approaches often
require additional time for planning and/or quality
assurance. Additionally, large doses-per-fraction
might result in initial oedema or worsening of pre-
existing inflammation. However, in selected patients
with limited metastases, SRS and SABR are effective,
convenient and safe approaches that enable durable
control of RCC to be achieved.
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Fixed-frame SRS**%

Ablative-dose radiotherapy
damages tumour vasculature®®

First report of RN%

Nephron-sparing surgery/
contemporary PN*

Fixed-frame SABR'®

Preclinical evidence of RCC
resistance to standard

fractionation radiotherapy®*

CN in mRCC (survival
benefit in two RCTs)10z104

Endothelial Complete Frameless SABRT
cell apoptosis histologic renal

underlies ablation via First report of SABR
SRS/SABR CyberKnife targeting primary
mechanism demonstrated in RCC tumours!®

of action”’ porcine model'*®

SABR targeting
RCC extra-cranial
oligo-metastases'!!

SRS/SABR mediates anti-

tumour immune response’®

First prospective trial of SABR

targeting primary RCC tumours!*?

SABR to RCC xenografts
yields >70% tumour
response!™*

| CBCT-guided SABR!"

SABR to RCC in functionally
solitary kidney*

Carbon ion radiotherapy
for primary RCC*

Systematic review of outcomes
following SABR for primary RCC*

Single-fraction SRS for
primary RCC tumours*

MRI-guided SABR!**

CN in mRCC in TKI era (survival International Post-SABR renal
; . . 1116 consensus — function is
benefit in retrospective analysis) ST G dose-dependent,
SABR for permitting kidney
primary RCC* | | preservation®

International individual-patient meta-
analysis of SABR for primary RCC

Phase I-Il trials of SABR targeting
localized RCC and mRCC

Clinical trials of SABR and immune-
checkpoint inhibition in mRCC

Figure 1| Timeline of advances in radiotherapy for the management of RCC.
Reports of SABR targeting primary RCC tumours are shown in blue, developments in
radiotherapy technology are shown in grey, advances in surgery are shown in green,
and discoveries in basic science are shown in purple. Future and/or ongoing studies
are shown in red. CBCT, cone-beam computerized tomography; CN, cytoreductive
nephrectomy; PN, partial nephrectomy; RCTs, randomized controlled trials;

RN, radical nephrectomy; SABR, stereotactic ablative radiotherapy; SRS, stereotactic
radiosurgery; TKI, tyrosine-kinase inhibitor.
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Efficacy of SABR in primary RCC. Technological
advances in image guidance and motion management
in patients receiving radiotherapy have facilitated the
application of SABR to the treatment of patients with
primary RCC. The use of SABR in these patients is an
exciting and rapidly developing aspect of radiotherapy.
Specific challenges exist, given that delineation of the
tumour mass from the surrounding nonmalignant
kidney tissue is often difficult at the time of treatment
delivery, and the insertion of fiducials as surrogates for
tumour position is complicated by the risks of haem-
orrhage in patients with highly vascular tumours. No
data from randomized trials evaluating the efficacy of
SBRT in patients with primary RCC are currently avail-
able. The majority of reported studies are retrospective,
with data from a few prospective trials beginning to
emerge (TABLE 3). A systematic review was published in
2012, consisting of 10 studies comprising 126 patients
with inoperable RCC treated with SBRT?. Three stud-
ies were prospective in design and seven were retro-
spective. The weighted local control rate obtained
across all studies was 92.9% with a weighted rate of
grade >3 toxicities of 3.8%, although most studies
had a limited follow-up duration (median 2-3 years).
More recent prospective studies*~** have continued to
indicate high short-term and medium-term rates of
local control that are typically >90%, with low toxicity
rates, as seen in previous studies. The main acute tox-
icities reported in the literature are self-limiting acute
nausea and fatigue, followed by radiation dermatitis
and enteritis. Reported severe toxicities include renal
toxicities, duodenal ulceration and skin toxicities,
although the overall rates of all of these toxities were
low (in <5% of patients)**+*.

The noninvasive approach enabled by SABR provides
distinct advantages compared with alternative thermal
ablation techniques. These include a lack of specific size
limitations for the primary tumour, the capacity to treat
tumours located in close proximity to the collecting ves-
sels and ureter, and the ability to treat tumours at any loca-
tion within the affected kidney. SABR is inherently tissue
sparing and is, therefore, an attractive approach in patients
with complex renal lesions, in which total nephrectomy
might otherwise be required in patients whose suitability
for such invasive surgery is borderline (FIG. 2).

Preservation of renal function and response assess-
ment after SABR for primary RCC. Post-treatment
response assessment and preservation of renal function
are two key areas of ongoing investigation. The kinet-
ics of tumour growth are particularly variable after
SABR and are often dependent on the growth rate of
the tumour before treatment*. Many lesions remain
stable or partially sensitive according to conventional
CT-based criteria, such as Response Evaluation Criteria
In Solid Tumours (RECIST)?. Contrast enhancement,
a feature associated with treatment failure in patients
undergoing thermal ablation, is persistent after SABR
and typically accumulates over time*. In contrast to
direct thermal ablation, SABR does not immediately
disrupt tumour and stromal architecture, but instead
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Table 1| Intracranial stereotactic radiation surgery in patients with metastatic RCC

Study
(n=number of
patients)

Amendola et al.
(2000)**

n=22

Bates et al.
(2015)18

n=14
Cochranetal.
(212
n=61

Fokas et al.
(2010)'%°
n=68

Goyaletal.
(2000)*?*

n=29

Hernandez et al.
(2002)'%2

n=29

Hoshi et al.
(2002)'%
n=42

Ikushima et al.
(2000)*2*

n=10

Ippen et al.
(2015)%*

n=66

Janssen et al.
(2015)'%

n=36
Kano et al.
(2011)*
n=158

Kim et al.
(2012)1%6

n=46
Majewski et al.
(2015)7
n=51

Metastases
(% of patients)
Brain:18%;

extracranial: 91%

Brain: 52%;
extracranial: 76%

Brain: 46%;
extracranial: 90%

Brain: 62%;
extracranial: 32%

Brain: 62%;
extracranial: 86%

Brain: 55%;
extracranial: 100%

Brain: 52%;
extracranial: 98%

Brain: 90%;
extracranial: 90%

Brain: 59%;
extracranial: 96%

Brain: 56%;
extracranial: 61%

Brain: 51%;
extracranial: 77%

Brain: 57%;
extracranial: 83%

Marginal dose (Gy)

Mean 18 (15-22):

unknown if marginal dose

NR (14.5-20 isocentre)

Median 20
(13-24)

Median 19
(15-22)

Median 18
(7-24)

Median 17
(13-30)

Median 25
(20-30)

All42in 7 fractions, to

isocentre

22 in 1 fraction
(12-30Gyin 1-5
fractions)

Range from 16-23

Median 18 (10-22)

Mean 21
(12-25)

NR

Outcomes

Crude local control 91%; median OS
8 months

Crude local control 79%, median
OS 8.3 months versus 8.5 months in
patients receiving SRS or SRS plus
WBRT

1-year local control 93%; median
OS duration 9 months; 1-year OS
rate 38%, after a median follow-up
duration 9 months*

Crude local control 75%; 1-year local
control 83%*

Crude local control 92%; 1-year local
control 85%; median OS duration

7 months; 1-year OS rate 36% after

a median follow-up duration of

7 months

Crude local control 100%; 1-year local
control 100%; median OS duration

7 months after a median follow-up
duration 7 months

Crude local control 93%*; 1-year local
control 91%; median OS duration

13 months;1-year OS rate 45% after

a median follow-up duration of

10 months

Crude local control 88%; 1-year local
control 90%; median OS duration

26 months; 1-year OS rate 90% after
a median follow-up duration of

5 months

Crude local control 93% in SRS group,
94% in SRS +surgery group, 88%

in SRS +WBRT group; 1-year local
control 84% in SRS group; median

OS duration 13.9 months; 1-year OS
rate 55% after a median follow-up
duration of 10 months

NR

Crude local control 91%; 1-year local
control 87%; median OS duration

8 months; 1-year OS duration 38%
after a median follow-up duration of
8 months*

Crude local control 85%; median OS
duration 10 months; 1-year OS rate
41%

Crude local control 94%; median OS
duration 9.4 months; 1-year OS
rate 40%

Toxicities

Radiation necrosis in 5% of patients

NR

Radiation-induced oedema or necrosis
in 10% of patients; haemorrhage in 3%
of patients

Grade =3 acute toxicities in 3% of
patients receiving SRS only; in 3% of
patients receiving SRS + WBRT; grade
3 late-onset toxicities in 4% of patients
receiving SRS only, 5% (2/68) with

SRS +WRBRT, overall 6% late-onset
toxicities

Radiation necrosis in 14% of patients

NR

1 mortality secondary to tumour
haemorrhage

0% of patients had acute or late-onset
toxicities

Acute grade =3 toxicities in 4.5% of
patients; late-onset grade >3 toxicities
in 1.5% of patients

NR

Symptomatic adverse effects observed
in 7% of patients; tumour haemorrhage
observed in 6% of patients; of note,
clinical follow up data were only
available from 108/158 patients

Symptomatic tumour haemorrhage in

2% of patients; hydrocephalus in 2% of
patients

NR

6| ADVANCE ONLINE PUBLICATION

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved

www.nature.com/nrurol



REVIEWS

Table 1 (cont.) | Intracranial stereotactic radiation surgery in patients with metastatic RCC

Study Metastases Marginal dose (Gy)
(n=number of .

i) (% of patients)

Muacevicetal.  Brain: 35%; Median 21
(2004)'%8 extracranial: 67% (15-35)

n=_85

Nicolato et al. NR Mean 21 (13-26)
(2013)%°

(abstract)

n=130

Noel et al. Brain: 43%; Median 17
(2004)%* extracranial: 100%  (11-22) prescribed to
n=28 isocentre

Payne et al. Brain: 81%; Mean 20
(2000)**° extracranial: 67% (11-40)

n=21

Rades et al. Brain: 57%; Modal 20 Gy in 1 fraction
(2015)*3* extracranial: 61% (16-20)

n=28

Samlowskietal. Brain: 44%; NR (15-24)
(2008)3° extracranial: 100%

n=32

Schloggletal. Brain: 57%; Median 18
(1998)*° extracranial: 57% (8-30)

n=23

Seastone et al. Brain: 76%; Modal 24
(2014)** extracranial: NR (12-35)

n=166

Shuto et al. NR Mean 22
(2010)**2 (8-30)

n=105

Staehler et al. NR Median 20
(2010)% (20-20)

n=51

Outcomes

Crude local control 94%; 1-year local
control 94%; median OS duration

11 months; 1-year OS rate 50% after
amedian follow-up duration of

11 months

Crude local control rate 88%; median
OS duration 25 months; OS rate 64%
at 18 months

Crude local control rate 97%; 1-year
local control rate 93%; median OS
duration 11 months; 1-year OS

rate 48% after a median follow-up
duration of 14 months

Crude local control rate 100%;
median OS duration 8 months

1-year local control 50% (for 16-18 Gy
doses) and 81% (for 20 Gy doses);
1-year OS rate 16% (16-18 Gy); 56%
(20Gy)

Crude local control 86%; 1-year local
control 86%; median OS duration
10 months; 1-year OS rate 43%

Crude local control 98%; median OS
duration 11 months; 1-year OS rate
48%

Crude local control 90%; 1-year local
control 75%

Crude local control 84%; 1-year local
control 71%*; median OS duration
12 months after a median follow-up
duration of 7 months*

1-year local control 100%; median
OS duration 11 months; 1-year OS
rate 51% after a median follow-up
duration of 16 months

Toxicities

Mortality secondary to tumour
haemorrhage in 4% of patients;
symptomatic radiation-associated
toxicities in 13% of patients

Permanent complications seen in
3.4% of treated lesions (2 owing to
perilesional oedema, 4 owing to
post-radiosurgical imaging changes)

Radionecrosis, seizure and tumour
haemorrhage reported in 4% of
patients

No radiation-associated toxicities
reported

NR

6% of patients had symptomatic
radiation necrosis

9% of patients had an increase in the
severity of perifocal oedema; 4% of
patients had radionecrosis

NR

2% of patients had haemorrhage
requiring surgery; 5% of patients had
peritumoural oedema

4% of patients had grade 2 tumour
haemorrhage; 6% of patients had
grade 2 convulsions

NR, not reported; OS, overall survival; RCC, renal cell carcinoma; SRS, stereotactic radiation surgery; WBRT, whole-body radiation therapy. *Information obtained
via personal correspondence; *according to number of patients rather than targets.

CKD

Chronic kidney disease, usually
a progressive irreversible
decline in kidney function,
typically over a period of
months to years

relies on ongoing and often prolonged evolution of cell
death. Ongoing tumour shrinkage can be observed for
years following SABR*»*. As such, routine analysis
of post-treatment biopsy samples can give misleading
indications of the extent of tumour shrinkage and is
not a recommended approach®®. SABR seems to be
effective, with reports indicating that this approach is
well tolerated without the need for renal replacement
therapy in patients with single functional kidneys*.
However, patients undergoing SABR who also have
pre-existing stage 4-5 chronic kidney disease (CKD)
are at risk of considerable renal impairment following
treatment, with a report published in 2016 describ-
ing two patients with severe baseline CKD, both of

whom required post-SABR dialysis®'. A predictive
model has been proposed to enable the prediction of
the extent of renal preservation, based on the dose
of SABR delivered to nonmalignant kidney tissues,
which might provide a practical tool for treatment
planning?.

Current status and future directions of SABR for
primary RCC. Further investigations of the efficacy
and safety of SABR in patients with primary RCC are
warranted before this approach can be considered
a standard treatment option alongside surgery for
patients with primary RCC. However, the findings of
prospective clinical trials, albeit those involving small
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Table 2 | Review of extracranial SABR literature for metastatic RCC

Locations of
metastases

Study
(n=number
of patients)

Altoos et al. 27 thorax, 3 skin
(2015)** and soft tissue,
n=34 6 abdomen
Amini et al. 16 spine, 15 bony
(2015)13* pelvis, 10 bony
n=46 thorax, 5 bony

lower extremity,
3 bony upper
extremity, 1 skull

Balagamwala Spine
etal (2012)*°
n=57
Gerszten Spine
etal.
(2005)*¢
n=48
Ghiaetal. 20 thoracic spine,
(2016)* 20 lumbar spine,
_ 4 cervical spine,
n=43 3 thoracolumbar
junction
Hannanetal. NR
(2016)*7
n=16
Jhaveri et al. 14 spine, 6 pelvis,
(2012)'%8 4 ribs/clavicle
n=18
Majewski Intracranial,
etal (2015)'° extracranial
n=34
Nguyenetal.  Spine
(2010)**
n=48
Ranck et al. 11 bone,
(2013)* 10 abdominal
_ lymph node,
R 7 mediastinum/
hilum, 4 lung,

2 kidney, 2 adrenal,
2 liver, 1 soft tissue

Staehleretal. Spine

(2010)%

n=>55

Svedman 63 lung or

etal (2006)'? mediastinum,

n=26 5 kidney, 5 adrenal,
4 thoracic wall,
3 abdominal
glands,
3 liver, 1 pelvis,
1spleen

Marginal dose
(Gy)

Modal 50QGyin 5
fractions

Modal 27 Gy in 3
fractions

Median 15QGy in
asingle fraction,
unknown if
marginal

Mean 16QGyina
single fraction

Modal 24 Gy in 1
fraction

Median 24.5 Gy for
single fraction,
30Cyfor3
fractions

Modal40Gyin 5
fractions

NR

Modal 27 Gy in 3
fractions

Modal 50Cy in 10
fractions, unknown
if marginal dose

Median 20Gyina
single fraction

40Gyin4
fractions*

Outcomes

1-year local control 100%; median
follow-up duration of 16 months

Crude local control 88%; 1-year
local control 74% after a median
follow-up duration of 10 months

Crude local control 77%; 1-year local
control 50%; median OS duration of
12 months after a median follow-up
duration of 5 months

Crude local control 88%*; 1-year
local control 96% after a median
follow-up duration of 37 months

1-year local control 82%; median
OS duration 22.8 months after

a median follow-up duration of
23 months

Crude local control 95% after
amedian follow-up duration of
9 months

Median follow-up duration of
10 months

1-year local control 70% after
a median follow-up duration of
9.4 months

Crude local control 78%; 1-year
local control 80%; median OS
duration 22 months after a median
follow-up duration of 13 months

Crude local control 95%; 1-year
local control 96% after a median
follow-up duration of 16 months

Crude local control 98%; 1-year
local control 94%; median OS
duration 17 months after a median
follow-up duration of 33 months

Crude local control 99%; 1-year
local control 100%; median OS
duration of 32 months; after a
median follow-up duration of
52 months*

Toxicities

Fatigue was the commonest grade 1 toxicity

(in 48% of patients); pneumonitis and mucositis
were the commonest grade 2 toxicities (in

6% of patients); only 1 patient had a grade >3
toxicity as defined by NCI CTCAEv4 criteria;
these data include toxicities at sites treated with
conventional EBRT

Fatigue, dermatitis and nausea were the
commonest grade 1 toxicities (in 7% of patients);
pain, dermatitis, nausea amd fatigue were the
commonest grade 2 toxicities (in 2% of patients);
only one patient had a grade 3 toxicity —dermatitis,
and no grade >4 toxicities were observed

33% of patients had toxicities of any grade: 10.5%
had grade 1 fatigue; 2% had grade 3 nausea and
vomiting and no grade 4 toxicities were observed;
8% of patients had pain flares (not graded)

No radiation-related toxicities were reported

Pain flare (in 33% of patients); post-treatment
fracture (in 29% of patients); grade 3 late-onset
radiculopathy/foot drop in one patient

Two grade 1 toxicities reported

Grade 1 toxicity in one patient

NR

No grade 3 or 4 neurological toxicity (McCormick
and associates scheme); grade 1 fatigue in 23% of
patients. grade 2 fatigue in 13% of patients; grade
2 nausea in 11% of patients; grade 2 vomiting in
7% of patients; grade 3 pain in one patient; grade
3 anaemia in one patient

Grade 1 fatigue in 61% of patients; grade 1 rib
fracture in 12% of patients; grade 2 radiculitis
in 6% of patients; grade 2 bone painin 6%

of patients; no grade >3 acute or late-onset
toxicities reported

Grade 1 abdominal pain in one patient

Grade 1-2 toxicities reported in 58% of patients;
grade 5 toxicity reported in one patient
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Table 2 (cont.) | Review of extracranial SABR literature for metastatic RCC

Study Locations of
(n=number metastases
of patients)

Tehetal. Orbits, head
(2007)° and neck, lung,
n=14 mediastinum,

sternum, clavicle,
scapula, humerus,
rib, spine,
abdominal wall (23
metastases in total)

Thibaultetal. 187 osteolytic

(ZOS)a spine (15 cervical,
n=116 89 thoracic, 66
lumbar, 17 sacrum)
Tinkle et al. Primary RCC,
(2015)2 locally recurrent
A a— RCC, bone, soft
tissue
n=38
Wang et al. 75 bone, 28 lung,
(2016)* 18 liver, 22 lymph
s nodes, 45 other
n=91
Wersilletal. 117 lung,
(2005)44 12 kidney
-50 metastases,
S 6 adrenal gland,
5 thoracic wall,
4 bone,
3 mediastinum,
3 abdominal lymph
gland, 2 liver,
1 spleen, 1 pancreas
Zelefskyetal. 59 spine, 22 pelvic
(2012)* bones, 14 other,
n=55 9 femur, 1 lymph

node

Marginal dose
(Gy)

Modal 24 Gy in
3 fractions*

Median 16 Gy in
1 fraction

Median BED,,
48 Gy

8-60Gy in 1-5
fractions

Modal 32 Gy in
4 fractions, 40 Gy
in 4 fractions and

45 Gy in 3 fractions*

Modal 24Gyina
single fraction

Outcomes

Crude local control 86%*; 1-year
local control 81% after a median
follow-up duration of 9 months*

Median OS duration of 11 months
after a median follow-up duration
of 8 months

1-year local control 88%; 1-year OS
rate 82% after a median follow-up
duration of 19.7 months

1-year local control 91%; 1-year
OS 76.5% after a median follow-up
duration of 10.7 months

Crude local control 98%; 1-year
local control 99% after a median
follow-up duration of 37 months*

Crude local control 72%; 1-year
local control 72% after a median
follow-up duration of 12 months

Toxicities

No grade =2 toxicities reported

Vertebral compression fractures in 34/187 (18%)
of metastases following stereotactic radiotherapy

No grade 3 or 4 toxicities

NR

Any grade toxicities reported in 40% of patients,
one incidence of mortality*

Fractures in 7% of patients; grade 2 dermatitis in
4%; grade 4 erythemain 2%

BED,, biologically effective dose, EBRT, external-beam radiation therapy; NCI-CTCAEv4, National institute for cancer research Common Terminology Criteria for
Adverse Events, version 4; NR, not reported; OS, overall survival. SABR, stereotactic ablative radiotherapy. "According to number of patients rather than targets;
*fincludes patients with metastatic and primary RCC

cohorts of patients, have demonstrated considerable
promise thus far. By comparison other ablative tech-
niques such as radiofrequency or microwave ablation,
or indeed cryotherapy, have relatively fewer pro-
spective clinical trial data available to support their
use; however, despite this paucity of evidence, these
techniques have become established in the manage-
ment of patients with RCC whose tumours are largely
deemed inoperable. Multicentre, prospective clini-
cal trials investigating the efficacy of SABR must be
completed if this approach is to be considered a future
standard-of-care treatment of RCC. Eligible patients
are currently being recruited to three such studies in
Australia®, Japan® and Canada®.

Combination with targeted therapies

With the introduction of targeted anticancer therapies
(such as sunitinib, sorafenib and pazopanib), patients
with metastatic disease are having increasingly pro-
longed survival durations. A new, favourable subgroup

of patients receiving targeted agents can increasingly be
identified, in whom locally directed treatments such as
SABR might also be effective™. In this context, treatment
with SABR might delay the need to switch an otherwise
effective targeted agent when targeted to a single lesion
containing a clonal tumour population that has escaped
systemic control”’, a concept termed ‘oligoprogressive’
disease®®. Targeted therapies are also, theoretically,
attractive adjuvant interventions after local treatment
of the primary disease. A strong rationale, therefore,
exists for the combination of SABR, either targeting the
primary tumour or symptomatic metastatic lesions, with
targeted therapies; however, such an approach necessi-
tates careful consideration of the potential adverse inter-
actions between SABR and targeted therapies in both
nonmalignant and tumour tissues.

Vascular targeted therapies in combination with SABR.
High-dose radiation, in particular in the form of SABR,
has the potential to affect terminally differentiated
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Table 3 | Review of available data on SABR for primary RCC

Study (n=number of Marginal dose (Gy)
patients)

Changetal. 30-40Gy in 5 fractions
(2016)°*

n=16

Gilson etal. Median 40 Gy in 5
(2006)46 fractions

n=33

Loetal 40 Gy in 5 fractions using
(2014)"7 Cyberknife technology
n=3

McBride et al. Median 33Gyin 3
(2013)%8 fractions

n=15*

Nair et al. 39 Gy in 3 fractions
(2013)°

n=3

Nomiya et al. Median 72Gy E in 16
(2008)°" fractions

n=10

Qianetal. 40 Gy in 5 fractions
(2003)1°

n=20*

Pham et al. (2014)*
n=20*

26 Gy in 1 fraction 42 Gy
in 3 fractions

Ponksy et al. Maximum dose of 48 Gy
(2015)" in 4 fractions

n=19%

Siva et al. 26 Gy in 1 fraction; 42 Gy
(2016)" in 3 fractions

n=33*

Svedman et al. 40 Gy in4or5 fractions,
(2006)'*2 45Qy in 3 fractions
n=>5*

Svedman et al. (2008)*°
n=7

40 Gy in 4 fractions

Tehetal. 1 patient received 24 Gy
ooy I
n=2 reported

Staehler et al. 25 Gy in 1 fraction using
(2015)"1% Cyberknife technology
n=30

Wang et al. 36-51 Gy to 50% isodose
(2014)% line at 3-5 Gy per fraction
n=9

Wersall et al. 40 Gy in4or 5 fractions;
(2005 45Gy in 3 fractions

n=38

Outcomes

Crude local control 100%; median follow-up duration of
19 months

Crude local control 94%; estimated 2-year local control
rate 92%; mean follow-up duration 17 months

Crude local control 100%; mean follow-up duration of
21.7 months

Crude local control 87%: 1 failure at 30.7 months; 1
failure at 31.2 months; median follow-up duration of
36.7 months

Crude local control 100%, mean follow-up duration of
13.3 months

Crude local control 100%; estimated 2-year local
control 100%; 5-year OS rate 74%; median OS duration
of 57.5 months

Crude local control 93%; estimated 2-year local control
86%; mean OS duration 12 months

Follow-up duration for toxicity reporting of 6 months

Median follow-up duration of 13.7 months

Crude local control 97%; 2-year local control 100%;
2 year OS duration 92% after a median follow-up
duration of 24 months

Crude local control 80%; 2-year local control 91%;
median survival duration of 32 months after a mean
follow-up duration of 52 months

Crude local control 86%; 2-year local control 91% after
a mean follow-up duration of 39 months

Crude local control 100%; 2-year local control 100%
after a median follow-up duration of 9 months (median
follow-up data are for all 16 patients in the study, and not
provided separately on the 2 patients with primary RCC)

Crude local control 98% at >9 months; median OS
duration unknown after a median follow-up duration of
28.1 months

5-Year local control 43%; 5-year OS rate 35%

Crude local control 100%; 2-year local control 100%;
median OS duration >58 months; median follow-up
duration of 37 months

Toxicities

1 grade 2 acute toxicity and 2
grade-4 late-onset toxicities

NR

1 grade 1 acute toxicity (nausea)

1 grade 3 toxicity (renal); 7 acute
grade 1 toxicites (5 fatigue,

2 nausea)

1 acute grade 1 toxicity (nausea)

Grade 4 toxicities in 10% of patients;
no other toxicities > grade 1

NR

Grade 1-2 toxicities in 60% of
patients; no grade >3 toxicities

Grade 2 toxicities in 5.2% of patients;
grade 3—4 toxicities in 15.8% of
patients

Grade 1-2 toxicities in 78% of
patients; grade

3 toxicities in 3% of patients

Grade 1-2 toxicities in 89% of
patients, grade 3 toxicities in 4%

Grade 1-2 toxicities in 58% of
patients

No grade =2 toxicities reported, as
defined by RTOG/EORTC criteria;

no deterioration in renal function

Grade 1-2 toxicities in 13% of
patients

Acute grade 1 toxicities in 44%
of patients; late-onset grade 2
toxicities in 22% of patients

Grade 1-2 toxicities in 20% of
patients; grade 3 toxicities in 19%

NR, not reported; OS, overall survival; SABR, stereotactic ablative radiotherapy. ‘Data presented in an abstract; *Data are prospective; $Data are pooled with results

obtained from 15 patients with transitional cell carcinoma.
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High mobility group
protein B1

A chromatin protein that is
secreted by immune cells and
acts as a mediator of
inflammation

late-reacting nonmalignant tissues such as the great ves-
sels, spinal cord, and penetrating microvasculature that
supply luminal structures such as the airways and bow-
els. These late-reacting nonmalignant tissues are also
affected directly by targeted therapies; thus, toxicity lev-
els could escalate when these drugs are combined with
exposure to high-dose radiation®. For example, con-
current use of thoracic radiotherapy with bevacizumab
resulted in a high incidence of trachea-oesophageal
fistulae, prompting the early termination of a trial
involving patients with non-small-cell lung cancer®.
Similar complications have been reported with the use
of vascular endothelial growth factor (VEGF)-receptor
tyrosine-kinase inhibitors (TKIs), such as sunitinib®.
Radiation-recall pneumonitis has also been reported
with the administration of such agents soon after radio-
therapy®'. Similarly, ischaemic bowel complications,
including perforation, have been reported with concur-
rent use of VEGF-targeted therapies and SABR®*. The
occurrence of these complications indicates the need for
careful assessment of the radiation schedule and doses
delivered to vital organs when combining high-dose
radiotherapy with biologically targeted agents. In 2014,
the authors of a review® on the combination of targeted
agents with radiotherapy in patients with soft-tissue
sarcomas stated that, theoretically, angiogenesis inhibi-
tors might improve the efficacy of radiotherapy. These
effects were attributed to either the normalization of
tumour blood vessels, therefore improving tumour oxy-
genation levels and reducing intratumoural pressure,
or by increasing the rate of tumour apoptosis through
direct inhibition of cellular survival signals.

Combining high-dose radiotherapy with systemic
targeted agents. Data are available from several stud-
ies investigating the outcomes of patients receiving
TKIs in combination with SRS. In a study conducted
by Staehler and colleagues®, 106 patients with spinal
(n=55) or cerebral (n=51) metastatic lesions and an
Eastern Cooperative Oncology Group status of O or 1
were treated with either sorafenib or sunitinib and
simultaneous SRS. No skin toxicities, neurotoxicities
or myelopathies occurred after SRS, and undergoing
SRS did not alter the risk of adverse effects of sorafenib
or sunitinib. The authors concluded that simultaneous
treatment with systemic targeted anti-angiogenic agents
and SRS for selected patients with RCC with spinal and/
or cerebral metastases is safe and effective®. In a fur-
ther study by Miller and colleagues® the outcomes of
151 patients with spinal metastases from primary RCC
receiving SRS alone or variably receiving TKIs before
or concurrently with radiotherapy were compared. No
grade >3 toxicities occurred following SRS with con-
current TKI treatment, and the incidences of post-SRS
vertebral fracture (21% of any grade) and pain flare
(17% of any grade) were similar across cohorts.

Recommendations for drug-radiotherapy combina-
tions. Preclinical data suggest that VEGF-TKIs are
effective in combination with radiotherapy, although no
data have been published in the past 5 years on the use
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of sorafenib, pazopanib or temsirolimus in combination
with radiotherapy in patients with RCC. In the absence
of sufficient data supporting use of the combination of
SABR and targeted therapies for RCC, caution must be
used when combining these two approaches. At present,
insufficient evidence is available to recommend any spe-
cific duration of interruption of the delivery of systemic
agents when combining with SABR. Instead, we suggest
that attention should be focused on constraining the radi-
ation doses delivered to the organs at risk, particularly
to luminal structures. Several prospective trials®~"* are
currently underway, and are intended to provide further
information on the interactions of targeted therapies or
immunotherapies with SABR in patients with RCC.

Immune-stimulating effects

Radiotherapy is recognized to have the capacity to
prime the immune system for an adaptive antitumour
response. The abscopal effect, which refers to distant
tumour regression after localized irradiation, is pos-
tulated to be an immune-mediated effect, although
other putative biological mechanisms also exist’>”.
Direct ionizing radiation elicits innate immune rec-
ognition of the tumour following the release of dan-
ger signals from tumour cells”. Such signals include
antigenic peptides generated by radiation-induced cell
death, which enhance the antigen repertoire presented
by immune-presenting cells, as well as the subsequent
production of cytokines and peptides that can augment
antitumour immune responses. Three molecular sig-
nals are required for the danger response: dendritic-
cell-mediated phagocytosis of dying tumour cells, cross-
presentation of tumour-derived antigens to T cells and
the activation of tumour-specific T cells. Translocation
of calreticulin to the surface of dying irradiated cancer
cells provides an ‘eat-me’ signal, which is important for
recognition and engulfment of dying tumour cells by
dendritic cells™. The release of inflammatory molecules
from irradiated tumour cells, such as high mobility group
protein B1 and ATP, which bind to toll-like receptor 4
(TLR4) or the purinergic receptor P2X , respectively,
also promote antigen processing and cross-presentation
by dendritic cells, in addition to T-cell priming”. All
of these molecules provide the tools for improved rec-
ognition and killing by tumour-specific T cells. The
intense, localized radiation provided by SABR would
also drive the release of antigens by tumours, which are
taken up by resident dendritic cells, which then mature
and migrate to the draining lymph nodes, where they
induce a tumour-specific T-cell response (both CD4*
and CD8*)”. Effector T cells then traffic to the tumour
microenvironment where they release effector molecules
and induce tumour cell apoptosis.

The ablative dose fractionation spectrum employed
by SABR has the potential for even greater augmentation
of the antitumour immune response than conventional
radiotherapy®. Ablative doses of radiotherapy result in
a greater degree of both stromal and/or vascular dam-
age and ceramide-induced endothelial cell damage, in
addition to increased apoptosis of tumour cells®. This
approach results in a tumour microenvironment that is
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Figure 2 | Models of microvascular endothelial engagement in
tumour responses to radiotherapy. Endothelial damage can be induced
by both a | High single-dose radiotherapy (=8-10 Gy) and b | Low-dose
(1.8-3 Qy) fractionated radiotherapy. The resulting microvascular
dysfunction enables the conversion of sublethal doses of radiation in
tumour cells into lethal lesions via an as yet unknown mechanism.
Endothelial apoptosis and microvascular dysfunction contribute
substantially to tumour cell lethality and tumour cure in the single-dose
approach. Radiation induces translocation of endothelial cell ASMase
into glycosphingolipid-enriched and cholesterol-enriched plasma
membrane rafts, where it hydrolyses sphingomyelin (SM) to generate the
proapoptotic second messenger ceramide, thus initiating
transmembrane signalling and apoptosis. Inhibition of this process by
ASMase depletion or by proangiogenic growth factors markedly
attenuates the lethal response of tumour cells to this type of
radiotherapy. By contrast, the endothelial cell damage induced by
exposures to low-dose fractionated radiotherapy does not enhance
tumour cell death effectively, as the death signalling pathway in
endothelium is repressed by concomitant activation of tumour cell
HIF-1a. Reactive oxygen species (ROS) generated by waves of hypoxia
and reoxygenation occurring after each radiation exposure lead to
translation of HIF-1a mRNA transcripts stored in specialized cytosolic
stress granules of hypoxic tumour cells. This adaptive response generates

VEGF and other proangiogenic factors that attenuate radiation-induced
apoptosis in endothelial cells. Genetic inhibition of the HIF-1a response
leads to extensive endothelial apoptosis, microvascular dysfunction,
enhanced tumour cell death and delayed tumour growth. The mechanism
of endothelial damage in this response remains unknown, and a possible
involvement of the ASMase pathway has not as yet been assessed. This
observation indicates the potential for pharmacological targeting of
HIF-1a to improve the outcome of fractionated radiotherapy via
engagement of the endothelial apoptosis component. ¢ | Fibrosis targets
can be subcategorized into those that affect stromal activation, those
that affect extracellular matrix (ECM) remodelling, and those that affect
transforming growth factor p (TGFp) signalling. bFGF, basic fibroblast
growth factor; CAF, cancer-associated fibroblast; DC, dendritic cell; GM—
CSF, granulocyte-macrophage—colony-stimulating factor; HGF,
hepatocyte growth factor; HH, Hedgehog; ICD, immunogenic cell death;
IFNy, interferon gamma; MDSC, myeloid-derived supressor cell; MMP,
matrix metalloproteinase; PDGF, platelet-derived growth factor; TAM,
tumour-associated macrophage; TGFBR1, transforming growth factor 8
receptor 1; TLR, toll-like receptor; TNC, tenascin C; TNF, tumour necrosis
factor; VEGF, Vascular-endothelial growth factor. Modified with
permission obtained from SpringerNature © Barker, H.E. et al. The tumour
microenvironment after radiotherapy: mechanisms of resistance and
recurrence. Nat. Rev. Cancer 15, 409-425 (2015)

12| ADVANCE ONLINE PUBLICATION

www.nature.com/nrurol

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



enriched with tumour-derived antigens, with coexisting
activation of dendritic cells, antigen cross-presentation
and tumour-specific T-cell responses. While the optimal
radiotherapy dose and fractionation required to elicit the
most effective antitumour immune responses is not yet
known®, these factors are highly likely to be dependent
upon tumour histology, location and the tumour micro-
environment®. In a preclinical study, involving mouse
models of melanoma and RCC, single-fraction 15-Gy
doses of radiation delivered using SABR in combination
with PD-1 blockade generated an additive antitumour
immune response at both the irradiated and distant
tumour locations®. The feasibility of single-fraction SABR
in combination with PD-1 blockade is currently being
investigated in an early phase clinical trial®.

Histological subtypes

RCC is a heterogenous entity with a number of distinct
histological variants. The most common subtype is clear
cell RCC (ccRCC) (comprising 75-90% of tumours), fol-
lowed by papillary RCC (10-15%) and chromophobe
RCC (4-5%), each of which have distinct molecular and
clinical characteristics®®. Historically, clinical studies
have combined patients with clear cell and those with
non clear cell carcinoma subtypes; however, evidence is
emerging that the various subtypes respond differently
to systemic therapies®. Currently, very limited data are
available regarding the differential responsiveness of
these different RCC subtypes to radiotherapy.

In the adjuvant setting, Eminaga and colleagues®
assessed the outcomes of patients receiving post-
operative radiotherapy for sarcomatoid RCC. This
study included 408 patients with localized disease from
the Surveillance, Epidemiology and End Results (SEER)
database, and found no differences in disease-specific
survival or overall survival outcomes in patients who
received postoperative adjuvant radiotherapy versus
those who did not®. In the setting of definitive treat-
ment, only three studies provide information regarding
histological disease subtypes®"#58 (TABLE 3) with the
majority of patients having ccRCC. Of these, one study
provided data on the individual level of local control,
with local control obtained in a patient with granular
cell RCC for 6 months, in a patient with papillary RCC
for 12 months, and varying between 3 months and
122 months in patients with ccRCC.

REVIEWS

Equally limited data are available on the differential
responses to radiotherapy of patients with metastatic
RCC. In analyses of the outcomes following stereo-
tactic radiotherapy in patients with RCC, only 12 studies
provided information regarding the histological sub-
types of RCC*?%%-%% (TABLES 1,2). Again, the majority of
patients in all studies had ccRCC, with the exception
of one study, in which papillary cell RCC was more
common®. Three of these studies assessed the effect of
histological subtype on the extent of local control and
on survival outcomes; however, no significant differences
were observed®**. Ongoing radiotherapy studies should
aim to report the histological subtypes of patients and
any differences in outcomes seen, to guide the delivery
of personalized radiotherapy in the future.

Conclusions

Owing to the historical perceptions of radioresistance,
conventionally fractionated radiotherapy has a limited
role in the definitive or adjuvant treatment of patients
with primary RCC and has not been adopted into the
definitive management algorithm of oligometastastic
disease. However, conventional radiotherapy retains a
clinically relevant role in the palliation of symptomatic
primary and metastastic RCC, in particular for those
with bleeding, pain or neurological symptoms. With
the evolution of newer technologies enabling the safe
application of high-dose ablative radiotherapy, SRS
and SABR have been increasingly used in patients with
RCC. Clinical trials in the setting of intracranial and
extracranial oligometastases, as well as primary RCC,
have demonstrated the excellent local efficacy of this
approach. Additionally, an emerging awareness of the
capacity of high-dose radiation to stimulate an immune
response has resulted in novel combinations of SRS
and SABR with immunotherapy-based approaches.
Scanning the horizon, future advances in the field will
likely result from the integration of systemic targeted
agents and immunotherapies with high-dose radiation.
This approach might take the form of either synergis-
tic combinations to enhance drug efficacy or localized
ablation approaches targeting escaped subpopulations
of oligoprogressive metastases in the context of disease
that is otherwise controlled by systemic therapies. Once
an overlooked approach, radiotherapy is undergoing a
renaissance in the mainstream management of RCC.

Delaney, G., Jacob, S., Featherstone, C. & Barton, M.
The role of radiotherapy in cancer treatment.

Cancer 104, 1129-1137 (2005).

Deschavanne, P. J. & Fertil, B. A review of human cell
radiosensitivity in vitro. Int. J. Radiat. Oncol. Biol.
Phys. 34,251-266 (1996).

Onufrey, V. & Mohiuddin, M. Radiation therapy in the
treatment of metastatic renal cell carcinoma. Int.

J. Radiat. Oncol. Biol. Phys. 11, 2007-2009 (1985).
DiBiase, S. J. et al. Palliative irradiation for focally
symptomatic metastatic renal cell carcinoma: support
for dose escalation based on a biological model.

J. Urol. 158, T46-749 (1997).

Lo, S. S. et al. The development of stereotactic body
radiotherapy in the past decade: a global perspective.
Future Oncol. 11,2721-2733 (2015).

Chang, J. Y. et al. Stereotactic ablative radiotherapy
versus lobectomy for operable stage | non-small-cell
lung cancer: a pooled analysis of two randomised
trials. Lancet Oncol. 16, 630-637 (2015).

radiotherapy versus observation in stage Il and Il
renal adenocarcinoma. A study by the Copenhagen

7. Gunjur, A., Duong, C., Ball, D. & Siva, S. Surgical and Renal Cancer Study Group. Scand. J. Urol. Nephrol.
ablative therapies for the management of adrenal 21, 285-289 (1987).

‘oligometastases’ — a systematic review. Cancer Treat. 13. Paly, J. J. et al. Outcomes in a multi-institutional
Rev. 40, 838-846 (2014). cohort of patients treated with intraoperative

8.  Tunio, M. A., Hashmi, A. & Rafi, M. Need for a new radiation therapy for advanced or recurrent renal cell
trial to evaluate postoperative radiotherapy in renal carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 88,
cell carcinoma: a meta-analysis of randomized 618-623 (2014).
controlled trials. Ann. Oncol. 21, 1839-1845 (2010). 14. Halperin, E. C. & Harisiadis, L. The role of radiation

9.  van der Werf-Messing, B. Proceedings: carcinoma of therapy in the management of metastatic renal cell
the kidney. Cancer 32, 1056—-1061 (1973). carcinoma. Cancer 51, 614—-617 (1983).

10. Juusela, H., Malmio, K., Alfthan, O. & Oravisto, K. J. 15. Wilson, D. et al. The effect of biological effective dose
Preoperative irradiation in the treatment of renal on time to symptom progression in metastatic renal
adenocarcinoma. Scand. J. Urol. Nephrol. 11, cell carcinoma. Clin. Oncol. (R. Coll. Radiol.) 15,
277-281 (1977). 400-407 (2003).

11. Finney, R. The value of radiotherapy in the treatment 16. Fossa, S., Kjolseth, I. & Lund, G. Radiotherapy of
of hypernephroma — a clinical trial. Br. J. Urol. 45, metastases from renal cancer. Eur. Urol. 8, 340-342
258-269 (1973). (1981).

12. Kjaer, M. et al. A randomized trial of postoperative 17. Seitz, W., Karcher, K. & Binder, W. Radiotherapy of

metastatic renal cell carcinoma. Sem. Surg. Oncol. 4,
100-102 (1998).

NATURE REVIEWS [ UROLOGY

ADVANCE ONLINE PUBLICATION | 13

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



REVIEWS

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43,

Brinkmann, O., Bruns, F., Prott, F. & Hertle, L. Possible
synergy of radiotherapy and chemo-immunotherapy in
metastatic renal cell carcinoma (RCC). Anticancer Res.
19, 1583-1587 (1998).

Redman, B. G. et al. Phase Il trial of sequential
radiation and interleukin 2 in the treatment of
patients with metastatic renal cell carcinoma.

Clin. Cancer Res. 4, 283-286 (1998).

Lee, J. et al. A phase Il trial of palliative radiotherapy
for metastatic renal cell carcinoma. Cancer 104,
1894-1900 (2005).

Huguenin, P. U., Kieser, S., Glanzmann, C., Capaul, R.
& Lutolf, U. M. Radiotherapy for metastatic
carcinomas of the kidney or melanomas: an analysis
using palliative end points. Int. J. Radiat. Oncol.

Biol. Phys. 41, 401-405 (1998).

Brown, J. M., Carlson, D. J. & Brenner, D. J. The
tumor radiobiology of SRS and SBRT: are more than
the 5Rs involved? Int. J. Radiat. Oncol. Biol. Phys. 88,
254-262 (2014).

Ishiyama, H., Blanco, A. I, Lo, S. S., Butler, E. B. &
Teh, B. S. Stereotactic body radiotherapy (SBRT)/
stereotactic ablative body radiotherapy (SABR) for
“radioresistant” renal cell carcinoma (RCC).

J. Radiat. Oncol. 3, 339-346 (2014).

Tan, M. H. et al. Gene expression profiling of renal cell
carcinoma. Clin. Cancer Res. 10, 63155-6321S
(2004).

Bhatt, R. S. et al. Hypoxia-inducible factor-2a: effect
on radiation sensitivity and differential regulation by
an mTOR inhibitor. BJU Int. 102, 358-363 (2008).
Moeller, B. J. et al. Pleiotropic effects of HIF-1
blockade on tumor radiosensitivity. Cancer Cell 8,
99-110 (2005).

Ning, S., Trisler, K., Wessels, B. W. & Knox, S. J.
Radiobiologic studies of radioimmunotherapy and
external beam radiotherapy in vitro and in vivo in
human renal cell carcinoma xenografts. Cancer 80,
2519-2528 (1997).

Finkelstein, S. E. et al. The confluence of stereotactic
ablative radiotherapy and tumor immunology.

Clin. Dev. Immunol. 2011, 439752 (2011).

Fuks, Z. & Kolesnick, R. Engaging the vascular
component of the tumor response. Cancer Cell 8,
89-91 (2005).

Darnell, J. E. STATs and gene regulation. Science 277,
1630-1635 (1997).

Hui, Z. et al. Radiosensitization by inhibiting STAT1 in
renal cell carcinoma. Int. J. Radiat. Oncol. Biol. Phys.
73, 288-295 (2009).

Zhu, H. et al. Inhibition of STAT1 sensitizes renal cell
carcinoma cells to radiotherapy and chemotherapy.
Cancer Biol. Ther. 13, 401-407 (2012).

Kijima, T. et al. Zoledronic acid sensitizes renal cell
carcinoma cells to radiation by downregulating STAT1.
PLoS ONE 8, e64615 (2013).

Kothari, G., Foroudi, F., Gill, S., Corcoran, N. M. &
Siva, S. Outcomes of stereotactic radiotherapy for
cranial and extracranial metastatic renal cell
carcinoma: a systematic review. Acta Oncol. 54,
148-157 (2015).

Ranck, M. C. et al. Stereotactic body radiotherapy for
the treatment of oligometastatic renal cell carcinoma.
Am. J. Clin. Oncol. 36, 589-595 (2013).

Samlowski, W. E. et al. Multidisciplinary treatment of
brain metastases derived from clear cell renal cancer
incorporating stereotactic radiosurgery. Cancer 113,
2539-2548 (2008).

De Meerleer, G. et al. Radiotherapy for renal-cell
carcinoma. Lancet Oncol. 15,e170—-e177 (2014).
Wersall, P. J. et al. Extracranial stereotactic
radiotherapy for primary and metastatic renal cell
carcinoma. Radiother. Oncol. 77, 88-95 (2005).
Siva, S., Pham, D., Gill, S., Corcoran, N. M. &
Foroudi, F. A systematic review of stereotactic
radiotherapy ablation for primary renal cell carcinoma.
BJU Int. 110, E737-E743 (2012).

Pham, D. et al. Stereotactic ablative body radiation
therapy for primary kidney cancer: a 3-dimensional
conformal technique associated with low rates of early
toxicity. Int. J. Radiat. Oncol. Biol. Phys. 90,
1061-1068 (2014).

Staehler, M. et al. Single fraction radiosurgery for the
treatment of renal tumors. J. Urol. 193, 771775
(2015).

Ponsky, L. et al. Phase | dose-escalation study of
stereotactic body radiotherapy (SBRT) for poor
surgical candidates with localized renal cell carcinoma.
Radiother. Oncol. 117, 183-187 (2015).

Siva, S. et al. Principal analysis of a phase Ib trial of
stereotactic body radiation therapy (SBRT) for primary

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

kidney cancer. Int. J. Radiat. Oncol. Biol. Phys. 96,
S96 (2016).

McBride, S., Wagner, A. & Kaplan, I. A phase 1 dose-
escalation study of robotic radiosurgery in inoperable
primary renal cell carcinoma. Int. J. Radiat. Oncol.
Biol. Phys. 87, S84 (2013).

Nomiya, T. et al. Carbon ion radiation therapy for

primary renal cell carcinoma: initial clinical experience.
Int. J. Radiat. Oncol. Biol. Phys. 72, 828-833 (2008).

Sun, M. R. et al. Effect of stereotactic body
radiotherapy on the growth kinetics and enhancement
pattern of primary renal tumors. AJR Am.

J. Roentgenol. 206, 544-553 (2016).

Eisenhauer, E. et al. New response evaluation criteria
in solid tumours: revised RECIST guideline (version
1.1). Eur. J. Cancer 45, 228-247 (2009).

Siva, S. et al. Consensus statement from the
International Radiosurgery Oncology Consortium for
Kidney for primary renal cell carcinoma. Future Oncol.
12,637-645 (2016).

Svedman, C. et al. Stereotactic body radiotherapy of
primary and metastatic renal lesions for patients with
only one functioning kidney. Acta Oncol. 47,
1578-1583 (2008).

Jackson, P. et al. Short communication: timeline of
radiation-induced kidney function loss after
stereotactic ablative body radiotherapy of renal cell
carcinoma as evaluated by serial 99mTc-DMSA
SPECT/CT. Radiat. Oncol. 9, 253 (2014).

Chang, J. H. et al. Stereotactic ablative body
radiotherapy for primary renal cell carcinoma in
non-surgical candidates: initial clinical experience.
Clin. Oncol. (R. Coll. Radiol.) 28, e109—e114 (2016).
Siva, S. et al. Impact of stereotactic radiotherapy on
kidney function in primary renal cell carcinoma:
establishing a dose—response relationship.
Radiother. Oncol. 118, 540-546 (2016).

US National Library of Medicine. ClinicalTrials.gov

https://clinicaltrials.gov/ct2/show/NCT026 13819 (2017).

University Hospital Medical Information Network
(UMIN) Center. UMIN-CTR https://upload.umin.ac.jp/
cgi-open-bin/ctr e/ctr his list.

cgi?recptno = R000005008 (2017).

US National Library of Medicine. ClinicalTrials.gov

https://clinicaltrials.gov/ct2/show/NCT03 108703 (2017).

Zeng, J., Baik, C., Bhatia, S., Mayr, N. & Rengan, R.
Combination of stereotactic ablative body radiation
with targeted therapies. Lancet Oncol. 15,
e426—-e434 (2014).

Straka, C. et al. Ablation of a site of progression with
stereotactic body radiation therapy extends sunitinib
treatment from 14to 22 months. J. Clin. Oncol. 31,
e401-e403 (2013).

Weickhardt, A. J. et al. Local ablative therapy of
oligoprogressive disease prolongs disease control by
tyrosine kinase inhibitors in oncogene-addicted non—
small-cell lung cancer. J. Thorac. Oncol. 7,
1807-1814 (2012).

Spigel, D. R. et al. Tracheoesophageal fistula
formation in patients with lung cancer treated with
chemoradiation and bevacizumab. J. Clin. Oncol. 28,
43-48(2010).

Basille, D. et al. Bronchial fistula associated with
sunitinib in a patient previously treated with radiation
therapy. Ann. Pharmacother. 44, 383-386 (2010).
Yuasa, T. et al. Early onset recall pneumonitis during
targeted therapy with sunitinib. BMC Cancer 13, 3
(2013).

Lordick, F., Geinitz, H., Theisen, J., Sendler, A. &
Sarbia, M. Increased risk of ischemic bowel
complications during treatment with bevacizumab
after pelvic irradiation: report of three cases. Int.

J. Radiat. Oncol. Biol. Phys. 64, 1295-1298 (2006).
Peters, N. A, Richel, D. J., Verhoeff, J. J. &

Stalpers, L. J. Bowel perforation after radiotherapy in
a patient receiving sorafenib. J. Clin. Oncol. 26,
2405-2406 (2008).

Wong, P. et al. Combining targeted agents with
modern radiotherapy in soft tissue sarcomas.

J. Natl Cancer Inst. 106, dju329 (2014).

Staehler, M. et al. Simultaneous anti-angiogenic
therapy and single-fraction radiosurgery in clinically
relevant metastases from renal cell carcinoma.

BJU Int. 108, 673-678 (2011).

Miller, J. A. et al. Spine stereotactic radiosurgery with
concurrent tyrosine kinase inhibitors for metastatic
renal cell carcinoma. J. Neurosurg. Spine 25,
766-774 (2016).

US National Library of Medicine. ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02855203
(2016).

68.

69.

70.

T1.

72.

73.

T4.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

US National Library of Medicine. ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT028646 15
(2016).

US National Library of Medicine. ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT0060993 4
(2015).

US National Library of Medicine. ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02019576
(2017).

US National Library of Medicine. ClinicalTrials.gov
https:/clinicaltrials.gov/ct2/show/NCT00672178
(2016).

US National Library of Medicine. ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT0 189627 1
(2015).

US National Library of Medicine. ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02334709
(2017).

US National Library of Medicine. ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02599779
(2016).

Siva, S. et al. Radiotherapy for non-small cell lung
cancer induces DNA damage response in both
irradiated and out-of-field normal tissues. Clin. Cancer
Res. 22, 4817-4826 (2016).

Siva, S., MacManus, M. P, Martin, R. F. &

Martin, O. A. Abscopal effects of radiation therapy: a
clinical review for the radiobiologist. Cancer Lett. 356,
82-90 (2015).

Matzinger, P. The danger model: a renewed sense of
self. Science 296, 301-305 (2002).

Obeid, M. et al. Calreticulin exposure dictates the
immunogenicity of cancer cell death. Nat. Med. 13,
54-61 (2006).

Chakraborty, M. et al. External beam radiation of
tumors alters phenotype of tumor cells to render them
susceptible to vaccine-mediated T-cell killing.

Cancer Res. 64, 4328-4337 (2004).

Park, H. J., Griffin, R. J., Hui, S., Levitt, S. H. &

Song, C. W. Radiation-induced vascular damage in
tumors: implications of vascular damage in ablative
hypofractionated radiotherapy (SBRT and SRS).
Radiat. Res. 177,311-327 (2012).

Reynders, K., lllidge, T., Siva, S., Chang, J. Y. &

De Ruysscher, D. The abscopal effect of local
radiotherapy: using immunotherapy to make a rare
event clinically relevant. Cancer Treat. Rev. 41,
503-510 (2015).

Ribeiro Gomes, J. et al. Analysis of the abscopal effect
with anti-PD 1 therapy in patients with metastatic solid
tumors. J. Immunother. 39, 367-372 (2016).

Park, S. S. et al. PD-1 restrains radiotherapy-induced
abscopal effect. Cancer Immunol. Res. 3, 610-619
(2015).

Lopez-Beltran, A. et al. 2009 update on the
classification of renal epithelial tumors in adults.

Int. J. Urol. 16, 432—443 (2009).

Shuch, B. et al. Understanding pathologic variants of
renal cell carcinoma: distilling therapeutic
opportunities from biologic complexity. Eur. Urol. 67,
85-97 (2015).

Eminaga, O., Akbarov, ., Wille, S. & Engelmann, U.
Does postoperative radiation therapy impact survival
in non-metastatic sarcomatoid renal cell carcinoma?
A SEER-based study. Int. Urol. Nephrol. 47,
1653-1663 (2015).

Nomiya, T. et al. Carbon ion radiation therapy for
primary renal cell carcinoma: initial clinical experience.
Int. J. Radiat. Oncol. Biol. Phys. 87, S84 (2008).
Wang, Y. J. et al. Stereotactic gamma-ray body
radiation therapy for asynchronous bilateral renal cell
carcinoma. Radiol. Med. 119, 878—-883 (2014).
Schoggl, A. et al. Gamma-knife radiosurgery for brain
metastases of renal cell carcinoma: results in 23
patients. Acta Neurochir. (Wien) 140, 549-555
(1998).

Ippen, F. M. et al. Stereotactic radiosurgery for renal
cancer brain metastasis: prognostic factors and the
role of whole-brain radiation and surgical resection.
J. Oncol. 2015, 636918 (2015).

Seastone, D. J. et al. Clinical outcome of stereotactic
radiosurgery for central nervous system metastases
from renal cell carcinoma. Clin. Genitourin. Cancer 12,
111-116 (2014).

Ghia, A. J. et al. Single-fraction versus multifraction
spinal stereotactic radiosurgery for spinal metastases
from renal cell carcinoma: secondary analysis of phase
I/l trials. J. Neurosurg. Spine 24, 829-836 (2016).
Kano, H. et al. Outcome predictors of gamma knife
radiosurgery for renal cell carcinoma metastases.
Neurosurgery 69, 1232-1239 (2011).

14| ADVANCE ONLINE PUBLICATION

www.nature.com/nrurol

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


https://clinicaltrials.gov/ct2/show/NCT02613819
https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_his_list.cgi?recptno=R000005008
https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_his_list.cgi?recptno=R000005008
https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_his_list.cgi?recptno=R000005008
https://clinicaltrials.gov/ct2/show/NCT03108703
https://clinicaltrials.gov/ct2/show/NCT02855203
https://clinicaltrials.gov/ct2/show/NCT02864615
https://clinicaltrials.gov/ct2/show/NCT00609934
https://clinicaltrials.gov/ct2/show/NCT02019576
https://clinicaltrials.gov/ct2/show/NCT00672178
https://clinicaltrials.gov/ct2/show/NCT01896271
https://clinicaltrials.gov/ct2/show/NCT02334709
https://clinicaltrials.gov/ct2/show/NCT02599779

94,

95.

96.

97.

98.

99.

100.

102.

103.

104.

105.

106.

107.

108.

109.

o

Noel, G. et al. LINAC radiosurgery for brain metastasis
of renal cell carcinoma. Urol. Oncol. 22, 25-31
(2004).

Leksell, L. et al. The stereotaxic method and
radiosurgery of the brain. Acta. Chir. Scand. 102,
316-319 (1951)

Solberg, T. D. et al. in Stereotactic body radiation
therapy (eds Lo, S.S. et al). 9—35 (Springer, 2012)
Robson, C. J., Churchill, B. M. & Anderson, W. The
results of radical nephrectomy for renal cell carcinoma.
J. Urol. 101, 297-301 (1969)

Song, C. W. & Levitt, S. H. Vascular changes in Walker
256 carcinoma of rats following X irradiation.
Radiology 100, 397-407 (1971)

Licht, M. R. & Novick, A. C. Nephron sparing surgery
for renal cell carcinoma. J. Urol. 149, 1-7 (1993).
Blomgren, H., Lax, I., Naslund, I. & Svanstrom, R.
Stereotactic high dose fraction radiation therapy of
extracranial tumors using an accelerator. Clinical
experience of the first thirty-one patients. Acta. Oncol.
34,861-870 (1995)

. Ning, S., Trisler, K., Wessels, B. W. & Knox, S. J.

Radiobiologic studies of radioimmunotherapy and
external beam radiotherapy in vitro and in vivo in
human renal cell carcinoma xenografts. Cancer 80,
2519-2528 (1997).

Flanigan, R. C. et al. Cytoreductive nephrectomy in
patients with metastatic renal cancer: a combined
analysis. J. Urol. 171, 1071-1076 (2004).

Flanigan, R. C. et al. Nephrectomy followed by
interferon alfa-2b compared with interferon alfa-2b
alone for metastatic renal-cell cancer. N. Engl. J. Med.
345, 1655-1659 (2001).

Mickisch, G. H. et al. Radical nephrectomy plus
interferon-alfa-based immunotherapy compared with
interferon alfa alone in metastatic renal-cell
carcinoma: a randomised trial. Lancet 358, 966-970
(2001).

Wang, L. T., Solberg, T. D., Medin, P. M. & Boone, R.
Infrared patient positioning for stereotactic
radiosurgery of extracranial tumors. Comput.

Biol. Med. 31, 101-111 (2001).

Yan, H., Yin, F. F. & Kim, J. H. A phantom study on the
positioning accuracy of the Novalis Body system.
Med. Phys. 30, 3052-3060 (2003).

Garcia-Barros, M. et al. Tumor response to
radiotherapy regulated by endothelial cell apoptosis.
Science 300,1155-1159 (2003).

Ponsky, L. E. et al. Initial evaluation of Cyberknife
technology for extracorporeal renal tissue ablation.
Urology 61, 498-501 (2003).

Qian, G. et al. Stereotactic extra-cranial radiosurgery
for renal cell carcinoma [abstract 1037]. Int J. Radiat.
Oncol. Biol. Phys. 57, 5283 (2003).

. Lugade, A. A. et al. Local radiation therapy of B16

melanoma tumors increases the generation of tumor
antigen-specific effector cells that traffic to the tumor.
J. Immunol. 174, 7516-7523 (2005).

. Wersall, P. J. et al. Extracranial stereotactic

radiotherapy for primary and metastatic renal cell
carcinoma. Radiother. Oncol. 77, 88-95 (2005).
Svedman, C. et al. A prospective phase Il trial of using
extracranial stereotactic radiotherapy in primary and
metastatic renal cell carcinoma. Acta Oncol. 45,
870-875 (2006).

. Guckenberger, M. et al. Intra-fractional uncertainties

in cone-beam CT based image-guided radiotherapy
(IGRT) of pulmonary tumors. Radiother. Oncol. 83,
57-64 (2007).

. Walsh, L. et al. Efficacy of ablative high-dose-per-

fraction radiation for implanted human renal cell
cancer in a nude mouse model. Eur. Urol. 50,
795-800 (2006).

. Kishnan, A. U. et al. Feasibility of magnetic resonance

imaging-guided liver stereotactic body radiation
therapy: A comparison between modulated tri-
cobalt-60 teletherapy and linear accelerator-based

116.

7.

118.

119.

120.

N

124.

125.

126.

130.

W

132.

133.

intensity modulated radiation therapy. Pract. Radiat.
Oncol. 5,330-337 (2015).

Hanna, N. et al. Survival analyses of metastatic renal
cancer patients treated with targeted therapy with or
without cytoreductive nephrectomy: a national cancer
data base study. J. Clin. Oncol. 34, 3267-3275
(2016).

Amendola, B. E., Wolf, A. L., Coy, S. R., Amendola, M.
& Bloch, L. Brain metastases in renal cell carcinoma:
management with gamma knife radiosurgery. Cancer
J. 6,372-376 (1999).

Bates, J. E. et al. Radiotherapy for brain metastases
from renal cell carcinoma in the targeted therapy era:
the University of Rochester experience. Am. J. Clin.
Oncol. http://dx.doi.org/10.1097/
C0OC.0000000000000186 (2015).

Cochran, D. C. et al. The effect of targeted agents on
outcomes in patients with brain metastases from renal
cell carcinoma treated with gamma knife surgery.

J. Neurosurg. 116, 978-983 (2012).

Fokas, E. et al. Radiotherapy for brain metastases
from renal cell cancer: should whole-brain
radiotherapy be added to stereotactic radiosurgery?
Strahlenther. Onkol. 186, 210-217 (2010).

. Goyal, L. K., Suh, J. H., Reddy, C. A. & Barnett, G. H.

The role of whole brain radiotherapy and stereotactic
radiosurgery on brain metastases from renal cell
carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 47,
1007-1012 (2000).

. Hernandez, L. et al. Gamma knife radiosurgery for

renal cell carcinoma brain metastases. J. Neurosurg.
97, 489-493 (2002).

. Hoshi, S. et al. Gamma-knife radiosurgery for brain

metastasis of renal cell carcinoma: results in 42
patients. Int. J. Urol. 9, 618-625 (2002).

lkushima, H. et al. Fractionated stereotactic
radiotherapy of brain metastases from renal cell
carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 48,
1389-1393 (2000).

Janssen, S., Dahlke, M., Trang, N. T., Khoa, M. T. &
Rades, D. Estimation of the six-month survival
probability after radiosurgery for brain metastases
from kidney cancer. Anticancer Res. 35, 42154217
(2015).

Kim, W. H. et al. Early significant tumor volume
reduction after radiosurgery in brain metastases from
renal cell carcinoma results in long-term survival. Int.
J. Radiat. Oncol. Biol. Phys. 82, 1749-1755 (2012).

. Majewski, W. et al. The efficacy of stereotactic

radiotherapy for metastases from renal cell carcinoma.
Neoplasma 63, 99—-106 (2016).

. Muacevic, A., Kreth, F., Mack, A., Tonn, J.-C. &

Wowra, B. Stereotactic radiosurgery without radiation
therapy providing high local tumor control of multiple
brain metastases from renal cell carcinoma. Minim.
Invasive Neurosurg. 47, 203-208 (2004).

. Nicolato, A. et al. Gamma knife efficacy and safety on

renal cell carcinoma brain metastasis: 130 patients
followed for at least 12 months. J. Radiosurg. SBRT
S2.1,129-130 (2013).

Payne, B. R., Prasad, D., Szeifert, G., Steiner, M. &
Steiner, L. Gamma surgery for intracranial metastases
from renal cell carcinoma. J. Neurosurg. 92, 760-765
(2000).

. Rades, D. et al. Impact of stereotactic radiosurgery

dose on control of cerebral metastases from renal cell
carcinoma. Anticancer Res. 35, 3571-3574 (2015).
Shuto, T., Matsunaga, S., Suenaga, J., Inomori, S. &
Fujino, H. Treatment strategy for metastatic brain
tumors from renal cell carcinoma: selection of gamma
knife surgery or craniotomy for control of growth and
peritumoral edema. J. Neurooncol. 98, 169-175
(2010).

Altoos, B. et al. Local control rates of metastatic renal
cell carcinoma (RCC) to thoracic, abdominal, and soft
tissue lesions using stereotactic body radiotherapy
(SBRT). Radiat. Oncol. 10,218 (2015).

134.

135.

13

138.

139.

140.

14

14

N

143.

14

145.

14

(o2}

147.

148.

149.

Q3

B

REVIEWS

Amini, A. et al. Local control rates of metastatic renal
cell carcinoma (RCC) to the bone using stereotactic
body radiation therapy: is RCC truly radioresistant?
Pract. Radiat. Oncol. 5, e589-e596 (2015).
Balagamwala, E. H. et al. Single-fraction stereotactic
body radiotherapy for spinal metastases from renal
cell carcinoma: clinical article. J. Neurosurg. Spine 17,
556-564 (2012).

. Gerszten, P. C. et al. Stereotactic radiosurgery for

spinal metastases from renal cell carcinoma.

J. Neurosurg. Spine 3, 288-295 (2005).

Hannan, R. et al. Phase Il trial of high-dose
interleukin-2 (IL-2) and stereotactic Radiation therapy
(SABR) for metastatic clear cell renal cell carcinoma
(ccRCQ): Interim analysis. J. Clin. Oncol. 34, S25 532
(2016).

Jhaveri, P. M. et al. A dose-response relationship
for time to bone pain resolution after stereotactic
body radiotherapy (SBRT) for renal cell carcinoma
(RCC) bony metastases. Acta Oncol. 51, 584-588
(2012).

Nguyen, Q.-N. et al. Management of spinal
metastases from renal cell carcinoma using
stereotactic body radiotherapy. Int. J. Radiat. Oncol.
Biol. Phys. 76, 1185-1192 (2010).

Teh, B. S. et al. The treatment of primary and
metastatic renal cell carcinoma (RCC) with image-
guided stereotactic body radiation therapy (SBRT).
Biomed. Imaging Interv. J. 3, €6 (2007).

. Thibault, 1. et al. Risk of vertebral compression

fracture specific to osteolytic renal cell carcinoma
spinal metastases after stereotactic body
radiotherapy: a multi-institutional study. J. Radiosurg.
SBRT 3,297-305 (2015).

. Tinkle, C. L., Shiao, S. L., Weinberg, V. K., Lin, A. M. &

Gottschalk, A. R. Comparison of stereotactic body
radiotherapy and conventional external beam
radiotherapy in renal cell carcinoma.[abstract]

J. Clin. Oncol. 33, 434 (2015).

Wang, C. J. et al. The effect of stereotactic ablative
radiotherapy on time to change of systemic therapy in
extra-cranial renal cell carcinoma metastases
[abstract]. J. Clin. Oncol. 34,533 (2016).

Wersall, P. J. et al. Extracranial stereotactic
radiotherapy for primary and metastatic renal cell
carcinoma. Radiother. Oncol. 77, 88—95 (2004).
Zelefsky, M. J. et al. Tumor control outcomes after
hypofractionated and single-dose stereotactic image-
guided intensity-modulated radiotherapy for
extracranial metastases from renal cell carcinoma.
Int. J. Radiat. Oncol. Biol. Phys. 82, 1744—1748
(2012).

. Gilson, B., Lederman, G., Qian, G., Fastaia, M. &

Cangiane, L. Hypo-fractionated stereotactic extra-
cranial radiosurgery (HFSR) for primary and
metastatic renal cell carcinoma [abstract 2249].

Int J. Radiat. Oncol. Biol. Phys. 66, S349 (2006).

Lo, C. H., Huang, W. Y., Chao, H. L., Lin, K. T. &

Jen, Y. M. Novel application of stereotactic ablative
radiotherapy using CyberKnife for early-stage renal
cell carcinoma in patients with pre-existing chronic
kidney disease: Initial clinical experiences. Oncol. Lett.
8,355-360 (2014).

McBride, S. M., Wagner, A. A. & Kaplan, I. D. A.
Phase 1 dose-escalation study of robotic radiosurgery
in inoperable primary renal cell carcinoma.

Int. J. Radiat. Oncol. Biol. Phys. 87, S84 (2013).
Nair, V. J. et al. Cyberknife for inoperable renal
tumours: Canadian pioneering experience.

Can. J. Urol. 20, 6944—-6949 (2013).

Author contributions
All authors contributed equally to all aspects of the prepara-
tion of this manuscript.

Competing interests statement
The authors declare no competing interests.

NATURE REVIEWS [ UROLOGY

ADVANCE ONLINE PUBLICATION | 15

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



http://dx.doi.org/10.1097/COC.0000000000000186
http://dx.doi.org/10.1097/COC.0000000000000186

	Abstract | Conventional radiotherapy previously had a limited role in the definitive treatment of renal cell carcinoma (RCC), owing to the disappointing outcomes of several trials and the perceived radioresistance of this type of cancer. In this context, 
	Conventional radiotherapy in RCC
	Key points
	Conventional palliative radiotherapy
	Box 1 | Advantages and disadvantages of SABR in patients with primary RCC
	Changing paradigm: ablative radiation
	Delivery of ablative radiation
	Figure 1 | Timeline of advances in radiotherapy for the management of RCC. Reports of SABR targeting primary RCC tumours are shown in blue, developments in radiotherapy technology are shown in grey, advances in surgery are shown in green, and discoveries 
	Table 1 | Intracranial stereotactic radiation surgery in patients with metastatic RCC
	Table 1 (cont.) | Intracranial stereotactic radiation surgery in patients with metastatic RCC
	Table 2 | Review of extracranial SABR literature for metastatic RCC
	Table 2 (cont.) | Review of extracranial SABR literature for metastatic RCC
	Combination with targeted therapies
	Table 3 | Review of available data on SABR for primary RCC
	Immune-stimulating effects
	Figure 2 | Models of microvascular endothelial engagement in tumour responses to radiotherapy. Endothelial damage can be induced by both a | High single-dose radiotherapy (≥8–10 Gy) and b | Low-dose (1.8–3 Gy) fractionated radiotherapy. The resulting micr
	Histological subtypes
	Conclusions



