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Stereotactic body radiotherapy (SBRT) is an increasingly used radiation modality for the
treatment of both localized and metastatic prostate cancer. Substantial data suggests
that prostate cancer may be more sensitive to higher doses of radiation per fraction
due to its low o/ ratio. This increased sensitivity raises important questions as to
how SBRT should be combined with systemic therapy for clinically significant prostate
cancer, including whether androgen deprivation therapy retains its beneficial effects when
combined with SBRT. Furthermore, pre-clinical and clinical data suggest pronounced
immunomodulatory effects of SBRT, including observed improvements in T cell priming
and trafficking. These data support investigational strategies combining SBRT with
immunotherapy. Here we aim to review the data for the use of SBRT in both the local
and metastatic disease settings as well as ongoing translational and clinical research
examining combinations with ADT, immunotherapy and other targeted agents.
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THE SHIFT TO HYPOFRACTIONATED RADIATION THERAPY IN
PROSTATE CANCER

Prostate cancer is the second most common cancer diagnosis in men (1). Seventy seven percent
of the men diagnosed will present with localized disease (2). For these men, treatment options
include active surveillance, surgery or radiation with or without androgen deprivation therapy
(ADT) (3). Choice of therapy is influenced by risk stratification based on prostate specific antigen
(PSA), clinical stage, Gleason grade group, disease burden on biopsy, PSA density and imaging
(4). For men electing radiation, conventional radiotherapy consisting of 40 to 45 treatments
over 8 to 9 weeks was the previous standard. Multiple trials have shown that 4 to 6 weeks of
moderately hypofractionated RT is not inferior to conventional fractionation with respect to
oncologic outcomes. However, data beyond 5 years are not yet available (5-8). A large meta-analysis
confirmed similar therapeutic outcomes, albeit with a small increase in acute gastrointestinal (GI)
toxicity in patients receiving moderate hypofractionation (9). However, a more recent report
on quality of life (QOL) assessment for patients receiving hypofractionated vs. conventional
radiotherapy as part of a phase 3 trial showed no difference in any of the QOL domains between
treatment arms (10). Based on the results of these prospective studies, a 2018 consensus expert
panel recommended moderate hypofractionation as a standard option for patients presenting with
localized disease who are to be treated with EBRT (11). Other than the advantages of shorter

Frontiers in Oncology | www.frontiersin.org

1 May 2020 | Volume 10 | Article 830


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.00830
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.00830&domain=pdf&date_stamp=2020-05-27
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:david.wise@nyulangone.org
https://doi.org/10.3389/fonc.2020.00830
https://www.frontiersin.org/articles/10.3389/fonc.2020.00830/full
http://loop.frontiersin.org/people/923179/overview
http://loop.frontiersin.org/people/239640/overview
http://loop.frontiersin.org/people/43721/overview
http://loop.frontiersin.org/people/915742/overview

Adorno Febles et al.

Novel Combinations SBRT Systemic Therapy

treatment schedules, some reports have also shown a health care
cost benefit to the moderately hypofractionated schedules when
compared to the cost of conventional fractionation (12). With
improvements in technology, further research has evaluated even
shorter courses of radiation for both localized and metastatic
disease. Stereotactic body radiotherapy is a form of external
beam radiotherapy that administers higher doses of radiation per
fraction of therapy. This allows for high doses of radiation to be
administered in a short time; usually 5 days of treatment or less.

RADIOBIOLOGY OF SBRT IN
PROSTATE CANCER

Traditional External Beam Radio Therapy (EBRT) for prostate
cancer is delivered in fractions of 1.8 to 2.0 Gy over 8 to 9 weeks.
This fractionation leads to high doses of radiation to the tumor
while allowing time for normal tissues to recover via sublethal
damage repair. However, significant data suggests that prostate
cancer may be more sensitive to higher doses of radiation per
fraction due to its low o / § ratio. The o / § ratio or repair capacity,
describes the tumor response to changes in fractionation. A high
« / B ratio reflects a small sensitivity to changes in fractionation
whereas a low value reflects a large sensitivity to changes in
fractionation (13). An initial report estimated prostate cancer
a/B value as 1.5 Gy, which supports hypofractionation (13). A
more recent meta-analysis of 8 fractionation trials including
7,946 patients estimated an «/p ratio of 1.2 Gy consistent with
previous findings (14). The combination of a low a/ p ratio with
the potential for better control with higher doses supports shorter
fractionation treatment courses.

SBRT FOR LOCALIZED DISEASE

Multiple retrospective and prospective trials have evaluated the
role of SBRT in patients with localized prostate cancer (see
Table 1). SHARP was the first prospective clinical trial evaluating
33.5Gy in 5 fractions. In this study of 40 patients with a median
follow up of 41 months, SBRT achieved a 90% rate of biochemical
progression free survival (bPFS) at 48 months and no late grade 3
or higher toxicity (15). Multiple other trials have shown similar
toxicity and efficacy to conventional radiation. In a recently
published systematic review and meta-analysis including over
6,000 patients with a median follow up of 39 months across
all patients, SBRT led to 5 and 7 year bRFS rates of 95.3 and
93.7%, respectively (16). By two years after SBRT, both urinary
and bowel toxicity returned to baseline. Of note, there was a
significant association between increasing dose of SBRT and
improved biochemical control at the cost of worse late grade 3 or
higher urinary toxicity. ADT was used in only 15% of the patients,
which precludes meaningful analysis of its impact on outcomes.
As such, the role of ADT in the context of SBRT is evolving.

Of these trials, HYPO-RT-PC was the first randomized trial
comparing ultra-hypofractionated radiation with conventionally
fractionated radiation in men with intermediate to high
risk prostate cancer (17). This phase 3, non-inferiority trial
randomized patients to receive 42.7 Gy in seven fractions or
78 Gy in 39 fractions; no ADT was allowed. In total, 1,200

patients were randomized into both treatment arms with most
participants consisting of patients with intermediate risk disease
and only 11% with high risk disease. Ultra-hypofractionation was
found to be non-inferior to conventional fractionation. Failure
free survival at 5 years was 84% in both groups. The ultra-
hypofractionated schedule was weakly associated with worse
urinary toxicity at the end of radiotherapy compared to standard
fractionation, 28 vs. 23%, respectively (P = 0.057). There were
no significant differences in grade 2 or worse urinary or bowel
late toxicity between the two groups with the exception of
increased urinary toxicity in the hypofractionated group at 1
year (6 vs. 2 %) in the conventional fractionation group (P =
0.0037). In the PACE-B trial, 874 men were randomly assigned to
conventionally fractionated (78 Gy in 39 fractions) or moderately
hypofractionated radiotherapy (62 Gy in 20 fractions) vs. SBRT
(36.25 Gy in 5 fractions) (18). Grade 2 or higher GI or GU toxicity
did not differ between the groups. In this initial acute toxicity
report, there was no evidence that shortening radiotherapy
courses increased acute toxicity, which contrasted with the
increased acute toxicity observed in HYPO-RT-PC trial. The
authors propose that the higher toxicity observed in HYPO-
RT-PC might be secondary to differences in toxicity assessment,
radiation dose or conformal radiotherapy technique (18).

Based on the above evidence, SBRT can now be considered
as a reasonable alternative to conventionally fractionated
regimens and is included as a treatment option for patients
with low and intermediate risk disease in recently updated
ASTRO/ASCO/AUA guidelines (19). Of note, while prospective
trials have used different SBRT treatment schedules, delivery
of SBRT on consecutive days is not recommended given the
reported increased risk of late GI and GU toxicity with this
schedule (19). In addition, PATRIOT, a phase II trial which
randomized 152 patients to receive 5 fractions of SBRT for a
total of 40 Gy in either a weekly or every other day schedule
reported less acute GI and GU toxicity with the weekly schedule
(20). With these new guidelines a shift in the treatment
of patients with localized disease has been noted. A recent
study showed that the proportion of patients receiving SBRT
increased from 0.9% in 2004 to 19.5% in 2015. Moderate
hypofractionation also increased in use but to a lesser extent
with 2.7% receiving moderate hypofractionation in 2004 and
4.7% in 2015. On the other hand, the use of conventional
fractionation dramatically decreased (14,699 patients treated
with conventional fractionation in 2009 decreasing to 1,492
in 2011) (21). In this report, the most used fractionation
schedule was 36.25Gy in 5 fractions. While preliminary data
have demonstrated promising outcomes for patients treated with
high risk disease, the use of SBRT remains non-standard for
this patient population and should be utilized in the setting of
a clinical trial (22).

SBRT FOR METASTATIC PROSTATE
CANCER

Metastatic prostate cancer remains incurable and accounts for
over 30,000 deaths in the United States (US) each year (2). ADT
is the backbone of therapy for patients with metastatic disease.
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TABLE 1 | Notable SBRT trials in prostate cancer.

Title Setting Intervention/Treatment Phase
Stereotactic hypofractionated accurate radiotherapy Localized disease Non-Randomized: 33.5 Gy in 5 Fractions Phase 1/1I
of the prostate (SHARP), 33.5 Gy in five fractions for Trial
localized disease: first clinical trial results.
Ultra-hypofractionated vs. conventionally Localized disease Randomized: 42.7 Gy in 7 Fractions 3 days per week for Phase Ill Trial
fractionated radiotherapy for prostate cancer: 2.5 weeks vs. 78 Gy in 39 Fractions, 5 days per week for
5-year outcomes of the HYPO-RT-PC randomized, 8 weeks.
non-inferiority, phase 3 trial.
Intensity-modulated fractionated radiotherapy vs. Localized disease Randomized: 36.25 Gy in 5 Fractions over 1-2 weeks. Phase Il Trial
stereotactic body radiotherapy for prostate cancer vs. 78 Gy in 39 Fractions over 7-8 weeks or 62 Gy in 20
(PACE-B): acute toxicity findings from an fractions over 4 weeks.
international, randomised, open-label, phase 3,
non-inferiority trial.
Radiotherapy to the primary tumour for newly Metastatic disease Randomized: Standard of care vs. Standard of care + Phase Ill Trial
diagnosed, metastatic prostate cancer radiotherapy to primary tumor.
(STAMPEDE): a randomised controlled phase 3 trial. RT consisted of either 55 Gy in 20 Fractions over 4
weeks or 36 Gy in 6 Fractions over 6 weeks.
Stereotactic ablative radiotherapy vs. standard of Metastatic disease Randomized: standard of care vs. Standard of care + Phase Il Trial
care palliative treatment in patients with (Prostate as well as SBRT to up to 5 metastatic lesions. Dose ranged from
oligometastatic cancers (SABR-COMET): a other solid tumor types) 8 Gy in one Fraction to 30 Gy in 10 Fractions.
randomised, phase 2, open-label trial.
Surveillance or Metastasis-Directed Therapy for Metastatic disease Randomized: surveillance vs. MDT with metastasectomy Phase Il Trial
Oligometastatic Prostate Cancer Recurrence: A or SBRT to up to 3 metastatic lesions.
Prospective, Randomized, Multicenter Phase Il Trial. Radiation consisted of 30 Gy in 3 Fractions.
(STOMP)
Outcomes of Observation vs. Stereotactic Ablative Metastatic disease Randomized: observation vs. SBRT to up to 3 metastatic Phase Il Trial
Radiation for Oligometastatic Prostate Cancer: The lesions.
ORIOLE Phase 2 Randomized Clinical Trial. Doses ranged from 19.5 to 48 Gy in 3 to 5 Fractions.
Stereotactic Abative Body Radiotherapy (SABR) for Metastatic disease Non-Randomized 20 Gy in 1 Fraction to up 3 Phase Il Trial

Oligometastatic Prostate Cancer: A Prospective
Clinical Trial. (POPSTAR)

metastatic lesions.

Multiple recent clinical trials have demonstrated life-prolonging
benefits of abiraterone acetate, enzalutamide, apalutamide, and
docetaxel when added to ADT for patients with hormone-
sensitive and castration-resistant metastatic prostate cancer (23—
25). The toxicities of ADT and novel hormonal agents—
decreased bone density, increased risk of cardiovascular events,
sexual dysfunction and neuropsychiatric symptoms—support
the need for integrating metastasis-directed therapies into
the treatment paradigm (26, 27). The success of SBRT in
palliating painful metastatic bone lesions and its favorable
toxicity profile led to increasing interest in SBRT for patients
with limited metastatic disease with the goal of either sparing
patients the toxicity from systemic therapies or augmenting the
effects of existing systemic therapy without leading to undue
toxicity (see Table 1).

Support for the latter paradigm came from the phase 3
STAMPEDE study, which demonstrated improved OS in patients
with low-volume metastatic disease receiving radiation to the
primary prostate tumor (28). In this trial, 2061 patients were
randomly allocated to either standard of care (SOC) or SOC plus
radiotherapy (55 Gy in 20 fractions or 36 Gy in 6 fractions). With
amedian follow up of 37 months, there was no survival advantage
to radiotherapy in the general cohort. The study stratified
patients by metastatic burden as defined in CHAARTED (29),
in which high metastatic burden was defined as the presence

of visceral metastasis or four or more bone metastases with
one or more outside the vertebral bodies or pelvis. STAMPEDE
demonstrated an improved OS in patients with low metastatic
burden at baseline who were allocated to radiotherapy to the
primary tumor. (HR 0.68, p = 0.007) (28). This data provided
further support for radiation therapy as a means to prolong OS
in patients with low volume metastatic prostate cancer.

Whether this approach can be improved upon through
RT to all sites of disease as opposed to the primary tumor
alone in patients with oligometastatic disease is currently under
investigation. The oligometastatic paradigm suggests that in
some patients with low volume metastatic disease, the disease
is not completely disseminated, and thus ablative therapies
could provide durable disease control (30). SABR-COMET was
a recently reported randomized phase 2 trial of stereotactic
ablative radiotherapy vs. standard palliative treatment in patients
with oligometastatic cancers (31). In this study, patients with
a controlled primary tumor and one to five metastatic lesions
were randomized to either palliative SOC treatment alone or SOC
plus SBRT to all metastatic lesions. A total of 99 patients were
randomized and with a median follow up of 25 months in the
control group vs. 26 months in the SABR group, the median
OS reported was 28 months in the control group vs. 41 months
in the SABR group. However, grade 2 or worse adverse events
occurred in 9% of controls vs. 29% of those in the SABR group
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(P = 0.026). Treatment related deaths occurred in 3 patients
in the SABR group compared to none in the control group. In
this prospective study, SABR was associated with a 13-month
improvement in median OS and a doubling of median PFS at the
cost of an increase in toxicity and a 4.5% risk of treatment related
mortality (31). Of note, out of the 99 patients included in this
trial only 16 had prostate cancer, 14 of these were randomized
to the radiation arm and the other 2 to the control arm. Given
the limited number of prostate cancer patients in this study, a
disease specific benefit cannot be proven. However, the results
are encouraging for using SBRT in addition to SOC therapy in
a disease agnostic manner.

The first prospective clinical trial examining the utility of
metastasis directed therapy (MDT) in prostate cancer was
STOMP. This was a multicenter phase 2 trial which included
asymptomatic prostate cancer patients presenting with up to 3
extracranial metastatic lesions on choline PET-CT after curative
intent therapy to the primary. Patients were randomized to either
surveillance or MDT with either metastatectomy or SBRT to all
lesions. An initial report revealed that at median follow up of
3 years ADT free survival was 13 months in the surveillance
group vs. 21 months in the MDT group (32). An update of
this trial including five year results was recently presented in
abstract form at GU ASCO 2020 and demonstrated that 5 year
ADT survival was 8% for the surveillance group vs. 34% for
MDT group (HR 0.57 [80% CI: 0.38—0.84]). In addition, 5-year
CRPC free survival, a secondary endpoint of the study, was 53%
for the surveillance group and 76% for the MDT group (HR
0.62 [80% CI 0.35-1.09]) (33). These results further confirmed
the significant difference in ADT-free survival for those patients
receiving MDT.

POPSTAR was a single arm prospective trial which evaluated
the feasibility and tolerability of a single fraction of stereotactic
ablative radiotherapy to metastatic sites in men with prostate
cancer and up to 3 metastatic lesions on sodium fluoride PET CT.
A total of 33 consecutive patients received stereotactic ablative
RT to a total of 50 oligometastases. Local PES at 2 years was 97%,
while distant PFS was 39%. For patients not on ADT, the 2-year
freedom from ADT was 48% (34).

Lastly, ORIOLE, was a phase 2 randomized study in which
patients with hormone sensitive prostate cancer and 1 to 3
asymptomatic metastases detected by conventional imaging
who had not yet received ADT were randomized to SABR or
observation. 54 men were randomized into the treatment arms.
Progression at 6 months was observed in 19% of those receiving
SABR vs. 61% of those undergoing observation (P = 0.005). No
toxic effects of grade 3 or greater were observed. In addition,
peripheral blood mononuclear cells (PBMC) were collected at
baseline and at 90 days for deep sequencing of T-cell receptor
DNA. Interestingly, differential clonotype abundance appeared
more pronounced in SABR arm with significantly expanded
clones when compared to observation arm (35).

Given the current body of evidence, the Italian association
of radiotherapy and clinical oncology (AIRO) released a
consensus statement that supported the use of SBRT as an
alternative to ADT to delay systemic recurrence in patients
with oligometastatic disease and up to 3 lymph node or bone

metastasis (36). The use of SBRT to asymptomatic metastatic
sites remains non-standard, however data from SABR-COMET,
POPSTAR, ORIOLE and additional trials underway points to
this as a promising area of investigation. These studies provide
evidence that radiation therapy can alter the natural history of a
subset of metastatic prostate cancers. Whether this mechanism
proceeds through tumor debulking, direct synergy with AR-
targeted therapies, or immunomodulation remains unknown.
These clinical data coupled with an increasing understanding of
the immunobiological effects of radiation therapy has spurred
innovative clinical trials designed to address these questions.

SBRT AND TUMOR IMMUNOLOGY

A body of preclinical and clinical data suggest that radiation
therapy promotes T cell priming through the release of tumor
antigens and pro-inflammatory cytokines (37). Both innate
and adaptive mechanisms have been highlighted as critical
for the effects of high dose radiation on T cell priming.
Innate effects include the positive effect on dendritic cell-
mediated cross-presentation to CD8+ T cells in a type 1
interferon-dependent fashion (38). Ionizing radiation has also
been shown to promote improved T cell trafficking to the
tumor through upregulation of critical chemokines (39). Indeed,
when combining immunotherapy and radiotherapy, an abscopal
treatment response was observed in a mouse model of castrate
resistant prostate cancer (40).

However, the dose and fractionation schedules required to
achieve this immunologic priming are unclear (41). Several
studies have suggested that ablative or hypofractionated radiation
is associated with increased activation of antitumor CD8+ T
cells when compared to conventional fractionation (42-44).
For instance, a report compared the effects of a single dose
of 15Gy to a regimen of 5 fractions of 3Gy on a murine
model of melanoma and found increased numbers of IFN-
v secreting cells and increased cell lysis by CD8+ T-cells
when compared to the fractionated scheme (43). Another study
reported tumor rejection after a single 20 Gy dose of ablative
RT in an immunocompetent murine model of B16 melanoma.
Interestingly, this effect was not seen in immunodeficient mice
or mice that had been depleted of CD8+ T cells (42). In this
same report, immunocompetent mice treated with a fractionated
scheme of 4 x 5 Gy showed a similar tumor relapse rate to that of
T cell-depleted mice, suggesting that fractionated regimens may
inadequately prime or mobilize tumor infiltrating lymphocytes
(41). In further support of hypofractionated schemes, high dose
radiation was found to reverse the immunosuppressive tumor
microenvironment of CT26 and MC38 colon tumors by leading
to increased CD8+ T cell infiltrate and reduced myeloid derived
suppressor cells. These changes were found to be dependent
on antigen presenting dendritic cells and secretion of IFN-y.
This effect was not seen with extended fractionated radiation
regimens (45).

Whether SBRT-induced DNA damage leads to increased
expression of neoantigens and an expanded T cell repertoire
remains an open question. A recent study tested conventional
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TABLE 2 | Ongoing SBRT trials combined with systemic therapy.

Title ClinicalTrial.gov Intervention/Treatment Phase
Identifier
A multi-center trial of androgen suppression with NCT04194554 Non-Randomized Phase 1
abiraterone acetate, leuprolide, PARP inhibition and Niraparib, Abiraterone, ADT and SBRT Phase 2
stereotactic body radiotherapy in prostate cancer.
(ASCLEPIUS)
National Danish Protocol. Surgery + SBRT for M1 NCT04086290 Non-Randomized Phase 1
Prostate Cancer Patients Radical prostatectomy + extended pelvic lymph node dissection Phase 2
in combination with ADT and SBRT.
Management of Oligoprogressive Castration NCT04070209 Non-Randomized Phase 2
Resistant Prostate Cancer (PCS X) Darolutamide (BAY1841788) + SBRT
Radium-223 and SABR vs. SABR for NCT04037358 Randomized Phase 2
Oligometastatic Prostate Cancers. (RAVENS) SABR +/- Radium-223
Single dose radiotherapy (SDRT) with or without NCT04031378 Randomized Phase 2
adjuvant systemic therapy for oligometastatic SBRT +/- systemic therapy for 6 months stratified by disease
prostate cancer. (PRELUDE) status (MHSPC vs. mCRPC)
Radioablation with or without androgen depravation NCT03940235 Randomized Phase 2
therapy in metachronous prostate cancer SBRT +/- ADT
oligometastasis (RADIOSA)
Antiandrogen therapy and SBRT in treating patients NCT03902951 Non-Randomized Phase 2
with recurrent metastatic prostate cancer. Abiraterone Acetate, Apalutamide and ADT + SBRT
Platform study for prostate researching translational NCT03835533 Non-Randomized Phase 1
endpoints correlated to response to inform use of Nivolumab in combination with:
novel combinations. (PORTER) Drug: NKTR-214 (Cohort A)
Radiation: SBRT (Cohort B)
Drug: CDX-301 (Cohort B and C)
Drug: Poly-ICLC (Cohort B)
Drug: INO-5151 (Cohort C)
Cellectra 2000—-Electroporation device (Cohort C)
Prostate cancer with oligometastatic relapse: NCT03795207 Randomized Phase 2
combining streotactic ablative radiotherapy and SBRT +/- Durvalumab
durvalumab (MEDI4736). (POSTCARD)
Local ablative therapy for hormone sensitive NCT03784755 Randomized Phase 3
oligometastatic prostate cancer. (PLATON) Standard of Care +/- SBRT
Targeted radiotherapy in androgen suppressed NCT03644303 Non-Randomized
prostate cancer patients. (TRAP) SBRT + ADT
PEACE V: Salvage treatment of oligorecurrent nodal NCT03569241 Randomized Phase 2
prostate cancer metastases. (STORM) MDT (salvage lymph node dissection or SBRT) + ADT +/- Whole
pelvic radiotherapy
Focal radiation for oligometastatic castration NCT03556904 Randomized Phase 2
resistant prostate cancer. (FORCE) SOC with either abiraterone, enzalutamide or docetaxel +/-
Radiation therapy (Either conventional RT or SBRT)
Apalutamide with or without stereotactic body NCT03503344 Randomized: Phase 2
radiation therapy in treating participants with Apalutamide +/- SBRT
castration resistant prostate cancer. (PILLAR)
Stereotactic Body Radiation Therapy in Treating NCT03541850 Non-Randomized
Patients with Localized Prostate Cancer that Have Radiations: SBRT
Undergone Surgery Drug: ADT
Phase Il Randomized trial of radiation therapy in NCT03449719 Randomized Phase 2
oligometastatic MCRPC (ARTO) ADT + Abiraterone/Pred +/- SBRT
Radium Ra 223 dichloride, hormone therapy and NCT03361735 Non-randomized Phase 2
stereotactic body radiation therapy in treating ADT + Radium 223 and SBRT
patients with metastatic prostate cancer.
Radium-223 and radiotherapy in hormone naive NCT03304418 Non-Randomized Phase 2
men with oligometastatic prostate cancer to bone. Radium 223 + SBRT
(RROPE)
Systemic and tumor directed therapy for NCT03298087 Non-Randomized Phase 2
oligometastatic prostate cancer. Radical prostatectomy followed by MDT with SBRT + ADT,
Abiraterone/Prednisone and Apalutamide
(Continued)
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TABLE 2 | Continued

Title ClinicalTrial.gov Intervention/Treatment Phase
Identifier

Trial of ADT and SBRT vs. SBRT for intermediate NCT03056638 Randomized Phase 3
prostate cancer SBRT +/- ADT
A study of definitive therapy to treat prostate cancer NCT03043807 Non-Randomized Phase 2
after prostatectomy. ADT + Docetaxel followed by adjuvant RT and SBRT to

oligometastatic lesions along with Abiraterone and Apalutamide
Pembrolizumab in combination with intratumoral NCT03007732 Randomized Phase 2
SD-101 therapy. ADT, Abi/Pred, Pembrolizumab and SBRT +/- SD-101
Management of castration resistant prostate cancer NCT02685397 Randomized Phase 2
with oligometastases. (PCS IX) ADT + Enzalutamide +/- SBRT Phase 3
Stereotactic body radiation therapy in treating NCT02296229 Non-Randomized
patients with localized high-risk prostate cancer. Radiation: SBRT

Drug: Androgen deprivation therapy.
Fairly brief androgen suppression and stereotactic NCT02229734 Non-Randomized Phase 2
radiotherapy for high risk prostate cancer—Protocol ADT + SBRT
2. (FASTR-2)
Radiation and androgen ablation for prostate NCT01517451 Non-Randomized Phase 1
cancer. SBRT + ADT Phase 2

fractionation (5 x 2Gy) in combination with an anti-PD-1
antibody and reported local and systemic immune responses in
mice with CT26 colon carcinoma xenografts (46). In this model,
there was a high level of concordance between T-cell receptors
from irradiated and non-irradiated tumors, whereas only 0.5% of
T cells were unique to the irradiated tumor. This suggests that
most of the reactive T cells in this model were responding to pre-
existing antigens rather than neo-antigens created by radiation-
induced injury. Therefore, in some circumstances, radiation
may lead to increased release of tumor associated antigens
(TAA) rather than directly generating new TAA. Indeed, many
studies have reported enhanced priming of T cell responses
after treatment with hypofractionated RT due to increased
presentation of TAA to CD8+ T cells in draining lymph nodes
(42, 43, 47, 48). Whether SBRT doses in certain circumstances
can generate an increased number of TAAs remains an area
of inquiry.

Whether these immunomodulatory effects are related to
the fractionation scheme or the biological dose achieved with
ablative therapy was further tested in a study with syngeneic
mouse lung and melanoma tumors under the same biologically
equivalent dose (BED) (49). In this study, when compared
with conventional fractionation, ablative therapy suppressed
recruitment of MDSCs, which in turn allowed for increased
cytotoxic activity of CD8+ T cells. Treating with anti-PD-
L1 antibody further improved the effects of ablative therapy
on mouse survival (49). In further support of this strategy,
PD-1 blockade can reverse adaptive immune resistance when
combined with high dose hypofractionated therapy but not
with daily fractionation (50). Lastly, in addition to its effect
on the tumor immune microenvironment, other studies have
shown that hypofractionated RT can alter the tumor stroma (41).
For instance, a recent study developed a dynamic model that
confirmed indirect tumor cell death caused by SBRT through its
effect on tumor-associated endothelial cell vascular damage (51).

In addition to the above pre-clinical data a recent phase
1 clinical trial also suggested a beneficial immune effect to
SBRT in combination with immunotherapy (52). In this study,
patients with advanced solid tumors progressing on standard
therapy received SBRT to up to four metastatic lesions followed
by pembrolizumab. Pre and post SBRT biopsy specimens were
analyzed in a subset of patients. In the 68 patients with imaging
follow up, the objective response rate was 13.2%. Expression
of interferon gamma-associated genes from post-SBRT tumor
biopsy specimens significantly correlated with non-irradiated
tumor response further suggesting a complementary role of SBRT
in combination with immunotherapy.

Another report demonstrated that SBRT and CTLA-4
blockade with ipilimumab induced systemic anti-tumor T cells in
chemo-refractory metastatic non-small cell lung cancer, a clinical
context in which anti-CTLA-4 antibodies had previously failed to
demonstrate efficacy alone or in combination with chemotherapy
(53). In this study, increased serum interferon f after radiation
and early dynamic changes in blood T cell clones were the
strongest predictors of response. Whether radiotherapy can
reliably induce immune responses in combination with immune
checkpoint inhibition remains an area of active investigation
(54). Similar prospective trials are currently addressing the
potential impact of SBRT on altering the natural history of
prostate cancer and will provide a rich source of correlative
markers to address the effects on the TME.

TRANSLATING THE BIOLOGY OF SBRT TO
THE CLINIC

SBRT is an increasingly used treatment modality for both
localized and metastatic disease and multiple ongoing trials
(Table 2) are now examining ways in which to achieve superior
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clinical outcomes through novel combinations of SBRT with
systemic therapy.

Localized Prostate Cancer

ADT can synergize with conventional RT by inducing
radiosensitivity due to its effect on tumor cell DNA repair
inhibition (55). However, the higher radiation doses achieved
with SBRT as well as its immune priming effects may obviate the
need for ADT. Alternatively, the immunostimulatory effects of
ADT may synergize with SBRT. Several trials are testing whether
ADT can improve outcomes in men treated with SBRT alone
(NCT01517451, NCT03056638, NCT02296229, NCT02229734).
Notable among these studies is NTC03056638, a randomized
phase 3 trial, in which patients are randomized to SBRT (8 Gy x
5 fractions) plus placebo vs. SBRT plus 6 months of ADT in men
with intermediate risk localized disease. The primary endpoint
of the study is pathologic complete response on a post-treatment
biopsy 24-30 months after treatment. Larger studies with an
MFS endpoint will likely be needed to establish SBRT with ADT
as a standard of care for unfavorable intermediate and high risk
localized prostate cancer.

Metastatic Prostate Cancer

(Hormone-Sensitive and CRPC)

Based on the impressive safety profile of SBRT used in the
context of the STAMPEDE trial, several trials are extending these
results to test the hypothesis that SBRT can eradicate MRD
in oligometastatic hormone sensitive prostate cancer. Notably,
RADIOSA (NCT03940235), a randomized phase II trial in
patients with oligometastatic prostate cancer with a maximum
of 3 lesions, aims to compare progression-free survival between
SBRT to all metastatic lesions alone or in combination with
6 months of ADT. The PLATON trial (NCT03784755) will be
a randomized phase 3 trial which will test if SBRT adds to
standard of care (SOC) systemic therapy. Patients with newly
diagnosed metastatic prostate cancer with up to 3 metastatic
lesions amenable to ablative therapy (SBRT or surgery) will be
treated with SOC systemic therapy plus local ablative therapy
to all sites of disease vs. SOC alone. Of note, radiation to the
primary if previously untreated is allowed in both arms as per
STAMPEDE. Primary outcome will be failure free survival and
secondary outcomes include rPFS, and OS.

Checkpoint inhibitors have had limited benefit in the
treatment of patients with metastatic prostate cancer (56). The
phase 3 trial of ipilimumab vs. placebo after radiotherapy (8 Gy
x 1) in patients with mCRPC that had progressed after docetaxel
chemotherapy failed to demonstrate improvements in OS (57).
However, the trial reported signs of clinical activity with some
patients showing reductions in PSA and improvement in PFS.
Later, another randomized phase 3 trial compared ipilimumab
vs. placebo in asymptomatic or minimally symptomatic patients
with mCRPC naive to chemotherapy (58). As with the previous
trial, ipilimumab did not improve OS but again demonstrated
increased PFS and PSA response rates in a subset of the
patients. PD-1 blockade has had similarly disappointing results.
Nivolumab failed to induce any anti-tumor responses in the
first 17 patients with mCRPC treated. In a non-randomized

parallel arm study of 258 patients, pembrolizumab treatment
was associated with a 6% PSA response rate and 5% soft
tissue tumor response rate. Whether SBRT, through its reported
immunostimulatory effects, can synergize with anti-PD-(L)-1
checkpoint blockade is the subject of multiple ongoing trials.

Notable among the ongoing trials is POSTCARD, a
randomized phase II trial that will test SBRT with or without
durvalumab, a monoclonal antibody against PD-L1, in patients
with oligometastatic hormone sensitive prostate cancer. Patients
with up to 5 bone or lymph node metastases as seen on Ga-
68-PSMA PET/CT will be included. Primary outcome will be
PFS with secondary outcomes including ADT free survival,
time to castrate resistance, prostate cancer specific survival, and
OS. This innovative trial will provide an important dataset to
assess whether PD-L1 blockade immunotherapy enhances the
treatment response to SBRT.

Several trials including the FORCE trial (NCT03556904) are
testing whether the addition of radiotherapy to SOC systemic
therapy improves objective PFS compared to systemic therapy
alone in patients with oligometastatic CRPC. In this trial,
patients with up to 5 metastatic lesions will be randomized
into the different treatment arms. Systemic therapy will consist
of abiraterone, enzalutamide, or docetaxel in combination
with ADT. Radiation will range between conventional 30 Gy
in 10 fractions to SBRT with 50Gy in 5 fractions. While
this trial does not limit radiation to SBRT alone and allows
for conventional radiation schedules, it will help determine
whether MDT with radiation adds to the efficacy of different
systemic therapies. Correlative studies on peripheral blood
and on-treatment biopsies should substantially add to our
understanding of the effects of various RT schedules on
the TME.

The development of mCRPC is associated with multiple
changes to the immune TME. A recent report showed that
CRPC cells are more resistant to RT combined with ADT
and demonstrate higher levels of MDSCs when compared to
hormone sensitive cells (59). These immunosuppressive cells
exert a regulatory effect on T cell effector cells promoting an
immune permissive environment which makes a T cell response
less likely. Multiple trials (NCT03835533, NCT03007732) are
testing novel immunotherapeutic combinations along with SBRT
with aims to bypass the immunosuppressive microenvironment
of CRPC and thus stimulate T cell anti-tumor responses.
Notable in this group is PORTER (NCT03835533) cohort
B, an active trial testing SBRT (30—50Gy in 1-5 fractions)
in combination with Nivolumab, CDX-301 (a recombinant
human FIt3L) (60) and Polyinosinic-polycytidylic acid-poly-1-
lysine carboxymethylcellulose (poly-ICLC). CDX-301 has been
previously shown in clinical studies to expand key subsets
of myeloid and plasmacytoid dendritic cells (60) Poly-ICLC
is a synthetic double stranded RNA complex that has been
shown to activate toll-like receptor 3 and stimulate intratumoral
immune responses in patients (61). By combining radiation with
checkpoint inhibition and other novel immunotherapy agents,
this and other trials aim to overcome the immunosuppressive
environment of CRPC and succeed where previous checkpoint
monotherapy trials had failed.
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CONCLUSION

SBRT is an increasingly used treatment for men with early stage
favorable risk prostate cancer. Its use in high risk and metastatic
prostate cancer has demonstrated impressive preliminary data
with respect to tolerability and oncologic outcomes. Here we
have reviewed, the unique radiobiology of SBRT with respect
to DNA repair, immunogenic cell death, and downstream T
cell priming and the various novel clinical trials that have
used SBRT in innovative ways with standard and investigational
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