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HIGHLIGHTS

* In an abscopal response, tumor regression occurs at a distant metastatic site following local radiation treatment.

* Radiation therapy can prime the immune system by creating a T-cell mediated response that acts locally and distally.

» Immune checkpoint blockade may synergize with radiotherapy to enhance local tumor control and systemic response.

* Prospective trials will evaluate the combination of radiation and immunotherapy in the definitive and metastatic setting.
* Th optimal timing, radiation dose, and technique in combination with immunotherapy have yet to be determined.

ARTICLE INFO ABSTRACT

Article history: Immunotherapy (IO) is an important new pillar in the treatment of solid tumors, and the integration of 10 agents

Received 31 December 2018 with chemotherapy, targeted therapy, surgery and radiation has yet to be defined. As preclinical and clinical stud-
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ting. Through immune priming, radiation may enhance local tumor control at the irradiated site, as well as induce

a systemic response to control distant metastasis, known as the abscopal effect. On a mechanistic level, radiation

ﬁfﬁfgﬁherapy therapy releases tumor neoantigens and activates an adaptive immune response that is mediated by cytotoxic T-
Gynecologic cancer cells, which then hone to sites of irradiated tumor as well as non-irradiated tumor metastases to induce immu-
Cervical cancer nogenic tumor cell death. Although the abscopal effect is rare in clinical practice, strategies that combine immune
Endometrial cancer checkpoint blockade with radiation are being studied to overcome immune tolerance or suppression and in-
Ovarian cancer crease systemic response rates to I0 agents. Gynecologic cancers are attractive targets for immune checkpoint
Checkpoint inhibitors blockade, and 10 agents may be used in combination with definitive chemoradiotherapy to enhance radiosensi-
tivity and thus local control for unresected disease as well as control distant micrometastatic spread. For patients
with metastatic disease, immune checkpoint blockade in combination with stereotactic radiotherapy is being
evaluated as a strategy for immune activation and tumor cytoreduction. In this review, we highlight the current
use of [0 agents in gynecologic cancer, describe the immunogenic potential of radiation through clinical observa-
tion and preclinical study, and discuss strategies for combining IO and radiation in reported and ongoing clinical

trials.
© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

The successful clinical introduction of immune checkpoint blockade
is rapidly changing treatment paradigms in oncology. In the metastatic
setting, durable clinical responses have been reported in a variety of
tumor types, such as melanoma, non-small cell lung cancer, renal cell
carcinoma, and bladder cancer. For patients with metastatic disease
that has progressed through conventional treatment and was once con-
sidered chemotherapy-refractory, immune checkpoint blockade has
multiple approved indications for an expanding list of both solid and he-
matologic tumors. This class of immunotherapy (I0) agents includes an-
tibodies directed against CTLA-4, PD-1 and PD-L1, which act against
inhibitor pathways on activated T-cells and amplify the immune re-
sponse. As single agents, the response rates for immune checkpoint in-
hibitors that have gained clinical approval are on the order of 20 to 40%.
However, for women with gynecologic malignancies, clinical activity of
immune checkpoint blockade has been modest with single agents, al-
though a noteworthy exception is the use of PD-1 inhibitors for the
treatment of microsatellite instability-high (MSI-High) or mismatch-
repair-deficient ({IMMR) metastatic endometrial cancer, which was
granted accelerated FDA approval based on biomarker status and agnos-
tic of treatment site [1]. Conditional approval for the use of a PD-1 inhib-
itor was also recently granted for patients with recurrent or metastatic
cervical cancer selected for positive tumor staining for the ligand PD-
L1. The overall response rate (ORR) on independent review was 14%
for patients with PD-L1 positive tumors, most of which were durable re-
sponses lasting >6 months, and there was no clinical activity for those
with PD-L1 negative tumors [2]. In order to enhance response rates to
10 agents and broaden the indications for treatment, new approaches
with combinatorial therapy are needed, and the addition of radiation
has synergistic potential given its inherent immunogenic properties.
The biological mechanisms of immune activation by radiation are im-
portant to understand as the basis for the combination of immune
checkpoint blockade and radiation, as it is now well understood that
radiation-induced cell damage is regulated by immune mechanisms
through action on the cancer cell as well as the tumor microenviron-
ment. This review will discuss the use of 10 agents in gynecologic can-
cers as well as the role and rationale of combined IO and radiation
strategies in clinical trials, including those that have been reported
and studies underway.

2. Immune checkpoint blockade in gynecologic cancers
2.1. Ovarian cancer

The immunogenicity of ovarian cancer has been shown to be an im-
portant prognostic determinant for patient survival, and therefore a
promising tumor type for the study of 10 agents. In advanced disease,
T-cell infiltration of tumors, and specifically effector CD8+ T cells, is

independently associated with improved overall survival [3-6]. Fur-
thermore, upregulation of immune checkpoints such as PD-L1 on
tumor cells may represent an important mechanism to evade immune
surveillance through inhibitory pathways that block activated T-cells.
PD-L1 expression has been shown to be inversely correlated with CD8
+ T cell infiltration, and in a cohort of 70 ovarian cancer patients, 5-
year survival rates were significantly worse for those patients with
high PD-L1 expression compared to those with low expression (53%
vs. 80%, respectively, p = 0.016) [3].

Single agent immune checkpoint blockade has shown low to modest
efficacy in unselected patients with recurrent ovarian cancer with re-
sponse rates ranging from 6 to 15% [7-9]. Single agent pembrolizumab
(anti-PD-1) was studied in a large 2-cohort phase II study (KEYNOTE-
100) that enrolled 378 patients with recurrent advanced ovarian cancer
following platinum-based chemotherapy, and stratified by number of
prior chemotherapy lines and platinum-free interval [10]. PD-L1 ex-
pression was quantified by a combined positive score (CPS) assay,
which evaluates PD-L1 staining on both tumor and immune cells.
Among the 97 patients enrolled in the training set, the ORR to
pembrolizumab was 9% in unselected patients, 14% for those with a
CPS score of 1 or higher, and 25% with a score of 10 or higher. For cohorts
A and B, the ORR was 17.1% for those with a CPS score of 1 or higher.
Many of these IO agents are now being evaluated in the front-line set-
ting in combination with platinum-based chemotherapy, as well as in
patients with platinum-resistant and refractory disease with second-
line regimens including anti-angiogenic agents.

As many ovarian cancers may induce an immunosuppressive tumor
microenvironment, dual immune checkpoint inhibition may improve
response rates and clinical outcomes by inhibiting 2 distinct pathways
of immune modulation. In a recently reported analysis of the NRG clin-
ical trial NRG-GY003, the addition of ipilimumab (CTLA-4 inhibitor) to
nivolumab (PD-1 inhibitor) improved tumor response and
progression-free survival (PFS) compared to nivolumab alone among
100 patients with recurrent epithelial ovarian cancer [11]. Within
6 months of randomization, the response rate for the combination was
31% compared to 12% for nivolumab alone (odds ratio 3.3), and the haz-
ard ratio for PFS was 0.5, favoring combined checkpoint blockade.

2.2. Cervical cancer

Cervical cancer is a promising target for I0 agents given its associa-
tion with HPV infection and persistence and the presence of viral
oncoproteins. In addition, PD-L1 or PD-L2 expression has been identi-
fied in a large proportion of tumors (67%), supporting the rationale for
PD-1/PD-L1 blockade in cervical cancer patients [12]. Pembrolizumab
was recently granted conditional FDA approval for PD-L1 positive ad-
vanced cervical cancer following progression on first line systemic ther-
apy [13]. Among the 77 recurrent cervical patients with PD-L1 positive
disease, the ORR was 14.3% and 91% had an ongoing response after
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>6 months of follow-up. The median duration of response had not yet
been reached (range, 4.1 to 18.6 months). Nivolumab is also being
tested in combination with ipilimumab in HPV-positive cervical, vaginal
and vulvar cancer.

2.3. Endometrial cancer

PD-1 inhibition has demonstrated clinical activity in women with
MSI-high or dMMR recurrent endometrial cancer, and this indication
has received FDA approval based on biomarker status independent of
disease site. Due to an increased load of somatic mutations, tumors
with mismatch-repair deficiency may be particularly susceptible to im-
mune checkpoint blockade. In a phase II trial of 41 patients,
pembrolizumab led to an improved immune-related PFS rate of 78%
for dMMR colorectal cancers compared to 11% for those with
mismatch-proficient disease [1]. Patients with dMMR non-colorectal
cancer had similar responses, which included 2 patients with endome-
trial cancer. Median PFS and OS were not met for those with dMMR dis-
ease. Based on the molecular subgroups put forth by The Cancer
Genome Atlas [14], the Polymerase E (POLE)-ultramutated and MSI-
hypermutated subgroups fit within the classification of MSI-high or
dMMR tumors. These subgroups have been shown to have high
neoantigen loads and increased number of tumor infiltrating lympho-
cytes (TILs) with overexpression of PD-1 and PD-L1 in TILs and
intraepithelial immune cells [15]. Trials of IO agents that incorporate
predictive biomarkers, such as endometrial cancer molecular subtypes
and PD-L1 immunostaining, are underway. As in ovarian cancer, 10
agents will also be combined with first-line chemotherapy regimens
both in unselected and selected populations, including those with
MSI-high, dMMR and/or POLE-mutated cancers.

3. Immune activation by radiation therapy

A more substantial understanding of the immunogenic potential of
radiation has developed over the last several decades through clinical
observation, preclinical experimentation, and more recently, prospec-
tive study, as discussed herein. Radiation therapy is a complex thera-
peutic agent, which acts by the principle mechanism of double-strand
DNA damage that ultimately leads to cell death. The most well-
recognized pathway of radiation-induced cellular lethality is mitotic ca-
tastrophe, although alternative pathways of cell death exist, including
apoptosis, necrosis, autophagy and senescence, all of which lead to a
complex interplay between the host immune system and the tumor mi-
croenvironment [16]. In 1979, a seminal series of preclinical experi-
ments by Stone et al. established the importance of host
immunocompetence as a determinant of radiation response [17]. In a
syngeneic mouse model of fibrosarcoma, the radiation dose required
to control tumors was significantly lower in immunocompetent mice
compared to those that were immunodepleted through whole body ra-
diation or thymectomy. These findings suggested that local tumor con-
trol by radiation was dependent on a functional immune system. When
the immune system of the mouse model was stimulated by bacterial in-
jection, the radiation dose required to control tumors was further de-
creased. Furthermore, the immunodepleted mice were more likely to
develop distant metastasis, suggesting that the immune system is a de-
terminant of both local tumor control as well as distant metastatic
spread. It is now well understood that radiation therapy can prime the
immune system by generating a cytotoxic adaptive immune response
that is now recognized as immunogenic cell death. Immunostimulation
by radiation leads to a cascade of molecular events both at the local level
as well as through systemic immune mediators, and creates a pro-
inflammatory environment through increased tumor antigen uptake
and presentation by dendritic cells, release of proinflammatory cyto-
kines and chemokines, cytotoxic T-cell activation, and upregulation of
immune receptors on tumor cells [18].

4. Systemic effects of immune activation by radiation
4.1. Clinical reports of the abscopal effect

The abscopal effect is a rare but intriguing clinical phenomenon
whereby tumor regression occurs at a distant metastatic site or sites fol-
lowing local radiation treatment. Derived from the Latin “ab scopus”, or
away from the target, the abscopal effect was first reported in the clini-
cal literature in 1953, [19] and has since been described in case reports
of diverse tumor types, such melanoma, renal cell carcinoma, adenocar-
cinoma of the lung and esophagus, and hepatocellular carcinoma [20].
The abscopal effect is now understood to be an immune-mediated re-
sponse to radiation, although its incidence is exceedingly rare, as a sys-
tematic review recently identified an estimated 46 cases in the medical
literature from 1969 through 2014 [21]. In this clinical review, the
abscopal effect was observed across diverse tumor types and patients,
including both men and women, with ages ranging from 28 to
83 years. The radiation treatment parameters varied significantly with
cumulative delivered dose as low as 0.5 Gy and as high as 61 Gy, to vis-
ceral (lung, liver, kidney), skin, bone, and nodal sites. Most patients
were treated with external beam radiation, although abscopal re-
sponses have also been reported with high-dose-rate (HDR) brachy-
therapy. Most patients were treated with conventional fractionation of
1.8 to 2 Gy per day, although some received stereotactic body radiother-
apy (SBRT) to doses of 26-40 Gy in 1-5 fractions. The median timing of
the abscopal response was 2 months (range, 0-24 months), and the site
of the observed response included liver, skin, bone, lung and nodal sites.
Several of these tumor types, such as melanoma and renal cell carci-
noma, have well known immunogenic potential, whereas spontaneous
regression of the primary site or metastatic disease has been observed in
extremely rare instances [22,23]. Among the gynecologic cancers, an
abscopal response has been reported in one patient with local advanced
cervical cancer, a 69 year old woman with FIGO IlIB squamous cell car-
cinoma of the cervix who received pelvic radiation and HDR brachyther-
apy [24]. Due to cost limitations, concurrent chemotherapy and planned
sequential para-aortic radiation for bulky nodal disease were not deliv-
ered. Remarkably, radiographic regression of the untreated bulky para-
aortic nodes was observed, and the patient's serum SCC antigen normal-
ized, although the duration of response and clinical follow-up time were
not reported.

Renewed interest in the abscopal effect has emerged with the suc-
cessful clinical introduction of immune checkpoint blockade. In a semi-
nal case report published in 2012, [25] a female patient with metastatic
melanoma was treated with palliative radiotherapy to a paraspinal
mass while on a maintenance course of ipilimumab over a 19-month
period. Although the patient had experienced progression while on im-
munotherapy, within 4 months of radiation treatment imaging revealed
regression at sites both within and outside of the treated radiation field.
The authors also reported changes in peripheral blood immune cell pop-
ulations and antibody titers to various antigens after radiation treat-
ment that correlated with clinical response and postulated that
radiotherapy may have an immunomodulatory role in expanding an ac-
tivated T-cell population. This case report was the first evidence of an
abscopal response by radiation in a patient who was receiving a CTLA-
4 inhibitor and has since led to the development of many new trials ex-
ploring the combination of immunotherapy and radiation to increase
systemic response rates in the metastatic setting.

In the gynecologic cancer literature, another report describes a pa-
tient with metastatic endometrial cancer who experienced multiple
abscopal responses following several courses of palliative radiotherapy
while on nivolumab [26]. The patient was initially diagnosed with
FIGO stage I1IC2 grade 1 endometrial cancer following surgical staging,
and experienced disease progression on carboplatin and paclitaxel che-
motherapy. Following additional treatment with doxorubicin,
topotecan, then oral melphalan with disease progression, she received
nivolumab in the setting of a tumor with presumed microsatellite
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instability (absent expression of the MMR proteins MLH1 and PMS2).
Following a palliative course of radiotherapy to the left thigh of 25 Gy
in 5 fractions, there was clinical resolution of fungating masses involv-
ing the thigh, as well as a decrease in the size of hepatic metastasis, ret-
roperitoneal lymphadenopathy and a sigmoid nodule. Subsequent
imaging 2 months later showed progression, including a large symp-
tomatic L3 vertebral metastasis for which palliative radiotherapy was
again delivered with radiographic response both within and outside
the radiation field, a pattern that was repeated over 5 courses of radia-
tion. Although initial pseudoprogression may also explain the clinical
response, the authors note the patient had further progression on
nivolumab at 15 months, and further response following the fourth
and fifth course of palliative radiation that led to clinical improvement
and ongoing survival at last follow-up at 28 months. The mechanism
of the abscopal effect in this patient is unknown, although may be re-
lated to MMR deficiency in the primary tumor with a high mutational
burden and tumor-specific neoantigens, which are known prognostic
determinants for immunotherapy response that could synergize with
radiotherapy. A second case report describes a patient with metastatic
neuroendocrine cervical cancer and progression following first-line cis-
platin and etoposide [27]. In the setting of clinical deterioration related
to her disease burden, SBRT was delivered to an abdominal mass with a
dose of 20 Gy in 4 fractions with concurrent nivolumab and sandostatin.
The patient had a remarkable response to treatment with disease re-
gression both within and outside the radiation field and a near-
complete radiographic response at 10 months. Genomic profiling re-
vealed high tumor mutational burden as well as an MMR gene defect.

4.2. Mediators of the abscopal response

An established body of preclinical work has shown that the abscopal
effect is mediated by cytotoxic T-cells, and that radiation can boost the
abscopal response by increasing tumor immunogenicity. On a mecha-
nistic level, radiation therapy results in release of tumor neoantigens
through cellular damage and necrosis, which are then taken up by

Radiation therapy
to local tumor

Immature DC

antigen presenting cells (APCs) such as dendritic cells. With a substan-
tially increased number and diversity of tumor antigens released by ra-
diation, immune system priming occurs when APCs travel to regional
lymph nodes to present tumor-specific antigens to cytotoxic (CD8+)
T-cells. Activated T-cells then hone to the site of the irradiated tumor
as well as non-irradiated tumor metastases to induce immunogenic
tumor cell death, which enhances local tumor control as well as
abscopal responses at distant non-irradiated sites (Fig. 1). Local radia-
tion also releases cellular danger-associated molecular patterns,
known as DAMPs, as well as cytokines, which enhance immune cell traf-
ficking though induction of an inflammatory response [28].

Despite the immunogenic potential of radiation, the rarity of the
abscopal response in clinical practice is likely related to mechanisms
of immune tolerance or suppression within the tumor microenviron-
ment. Tumors can evade the host immune system through release of
immunosuppressive cytokines such as TGF-p, or upregulate receptors
that result in immune tolerance such as PD-L1 [29]. The recruitment
of regulatory T-cells also has an immunosuppressive effect, through
the release of immunosuppressive cytokines or upregulation of CTLA-
4, In addition to tumor-related factors, determinants of the abscopal re-
sponses are likely dependent on clinical factors, including the degree of
myelosuppression, specifically lymphopenia, as well as prior treatment
with radiation and/or chemotherapy [30].

Many current clinical trials are focused on combinatorial therapy to
overcome immune suppression and enhance the response rates to im-
munotherapy. These immunologic properties of radiation may compli-
ment the immune stimulatory effects of both CTLA-4 and PD-1
pathway inhibition, as preclinical studies have demonstrated synergies
with both classes of agents and radiation [31] in terms of improved local
and distant control, including abscopal regression of established tumors
outside of the radiation treatment field [32]. Preclinical results of radia-
tion combined with PD-1 inhibitors have shown clinical promise, al-
though the highest response rates have been observed with the
combination of radiation and dual checkpoint blockade. In preclinical
study by Twyman-Saint Victor et al., focal radiation and CTLA-4 and

IMMUNE RESPONSE
Immunogenic tumor cell death
Local tumor control
Abscopal response at distant sites

‘.

‘ Non-irradiated

metastatic tumor
4 \/
D8+ &£

T-cell

MHC-I receptor
Tumor neoantigens
T-cell receptor
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PooAeY
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Fig. 1. Mechanism of the abscopal effect and generation of an adaptive immune response. A) Radiation therapy to a local tumor releases tumor neoantigens, which are taken up by antigen
presenting cells (APCs) such as macrophages and dendritic cells. B and C) Radiotherapy also results in the release of damage-associated molecular patterns (DAMPs) and pro-inflammatory
cytokines that leads to maturation and activation of dendritic cells. Upregulation of PD-L1 and MHC class I on tumor cells also occurs. The APCs then migrate to lymph nodes to present the
tumor neoantigens to cytotoxic (CD8+) T-cells. D) Activated T-cells induce immunogenic tumor cell death by acting on primary irradiated tumor as well as distant metastatic sites.

Abbreviations: MHC, major histocompatibility complex.
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Table 1
Comparison of radiation treatment parameters for involved field radiotherapy versus ste-
reotactic body or ablative radiotherapy.

Involved field RT SBRT/SABR
Technique 3D conformal, IMRT or VMAT IMRT or VMAT
Fractionation Conventional Hypofractionation
(1.8-2 Gy per fraction) (5-10 Gy per
fraction)
Cumulative dose 45-65 Gy in 25-35 fractions 24-60 Gy in 3-5
and # fractions fractions;
18-24Gyin 1
fraction
Length of RT 5-7 weeks 1 day to 2 weeks
Timing of RT 5 days per week 2-3 fractions per
week
Dose gradient Less steep Very steep

Treatment volume Large fields with primary site and

elective nodal radiation

Involved site only;
no elective nodal
radiation

Liver, lung and bone
metastasis

Treatment site Pelvic RT, extended field RT

Abbreviations: IMRT: intensity modulated radiotherapy; RT: radiotherapy; SABR: stereo-
tactic ablative radiotherapy; SBRT: stereotactic body radiotherapy; VMAT: volumetric
modulated arc therapy.

PD-1 inhibition led to 60-80% response rates across tumor models, [33]
significantly greater than any single component or the combination of
dual checkpoint blockade without radiation.

5. Clinical trials of combined immunotherapy and radiation

Prospective clinical studies of I0 agents and radiation are limited, al-
though phase III trials have been reported in the metastatic and adju-
vant setting for prostate and lung cancer. The clinical trials that have
evaluated the combination of immunotherapy and radiation have not
led to a consensus on the optimal timing, dose or setting. Most trials ini-
tiated to date have selected hypofractionated regimens with delivered
doses >6 Gy per fraction and delivery of radiation within 1 week of ini-
tiation of immunotherapy. A relatively small number of trials have eval-
uated radiation dose through dose escalation or randomized
comparison, or the sequencing of radiation and immunotherapy [34].

5.1. Metastatic setting: harnessing the abscopal response

In patients with metastatic disease, several clinical studies have eval-
uated the combination of checkpoint blockade and multi-site SBRT to
target metastatic sites with ablative doses of radiation. As clinical re-
sponse rates to immunotherapy remain low and have been shown to
be correlated with disease burden, [35] the use of SBRT may be a prom-
ising strategy for tumor cytoreduction as well as to enhance immune re-
sponse through tumor antigen release, increased T-cell infiltration and
activation of innate immunity [36,37]. A phase III trial of 799 patients
with metastatic castrate and chemotherapy-resistant prostate cancer
randomized patients to ipilimumab or placebo following a single 8 Gy
dose of radiation to up to 5 bony metastatic sites [38]. Although there
was no difference in overall survival, post hoc subset analysis revealed
a survival benefit for patients with good prognostic features, although
a follow-up study in this population did not confirm these findings
[39]. A prospective phase I study has also evaluated the safety of
pembrolizumab with multisite SBRT in 79 patients with metastatic
solid tumors that had progressed on standard treatment. Radiation
was delivered to 2-4 sites with doses of 30 to 50 Gy delivered in 3 to
5 fractions with pre-defined dose de-escalation in the setting of toxicity
[40]. Most patients received treatment to 2 sites, which were most com-
monly lung or mediastinum (45%), abdomen or pelvis (19%), liver (16%)
or bone (11%). The study population included 9 patients with ovarian/
fallopian tube cancer, 6 with endometrial cancer, and 1 patient each
with cervical and vaginal cancer. Six dose-limiting toxicities (DLTs)
were observed, including grade 3 pneumonitis, grade 3 colitis and
grade 3 hepatic toxicity. The overall DLT rate was <10% and similar to
that reported for patients who previously received radiotherapy who
were treated with pembrolizumab [41]. The observed toxicities were
most commonly within the irradiated field, and therefore difficult to de-
termine if the adverse event (AE) was related to radiation, immunother-
apy or the combination. Overall, the treatment was considered well
tolerated with acceptable toxicity and there were no radiation dose re-
ductions. The overall objective response rate was 13.2%, and out-of-field
response rate for non-irradiated target metastases by RECIST was 14%.
The abscopal response rate, defined as a 30% reduction in any single
non-irradiated RECIST target lesion, was 27%. From these data, it re-
mains unclear if SBRT can potentiate the efficacy of PD-1/PD-L1/CTLA-

Fig. 2. Comparison of radiation dose distribution for (A) extended field radiotherapy with lymph node boost delivered by conventional fractionation and (B) SBRT to involved para-aortic
lymph node. The planning target volume is represented by red contour. Extended field radiotherapy includes elective nodal radiation of pelvic and para-aortic lymph nodes with additional

boost dose to involved nodes (purple contour).
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4 inhibition as the ORRs were relatively low and comparable to other
unselected, heavily pretreated populations with advanced solid tumors.

For patients with metastatic gynecologic cancer, radiation could be
added to immunotherapy when given for approved indications, such as
MSI-high or dMMR endometrial cancer and PD-L1 positive cervical can-
cer, or in populations with low clinical response rates in hopes of enhanc-
ing systemic response through the abscopal effect. To evaluate the
potential synergy of radiation and immunotherapy observed in preclini-
cal studies, radiation may be delivered to one or more metastatic sites
concurrently with checkpoint blockade, including for tumors which are
known to be poorly immunogenic, such as ovarian cancer. As shown in
Table 2, several phase II trials will evaluate the overall response rate for
the combination of a PD-1 or PD-L1 inhibitor and stereotactic radiation
therapy for patients with recurrent, persistent or metastatic ovarian, en-
dometrial and cervical cancer. There are also 2 phase I studies that will
evaluate the safety and tolerability of dual checkpoint blockade (anti-
PD-L1 and anti-CTLA-4) and hypofractionated radiotherapy for recurrent
gynecologic cancer, one of which will report the abscopal response rate
for non-irradiated RECIST target lesions.

5.2. Adjuvant setting: controlling micro-metastatic disease

Systemic control with immunotherapy may be most effective in the
adjuvant setting when immune activation is harnessed to control dis-
tant micro-metastatic disease. In the phase IIl PACIFIC trial, 713 patients
with stage III, locally advanced and unresectable non-small cell lung

241

cancer were randomized to receive the PD-L1 inhibitor durvalumab or
placebo following definitive chemoradiotherapy with a platinum-
based regimen. The administration of durvalumab commenced within
42 days after chemoradiotherapy and was delivered every 2 weeks
until disease progression for up to 12 months. The co-primary endpoint
of PFS was met with the addition of durvalumab, which was a median of
16.8 months compared to 5.6 months with placebo, and led to FDA ap-
proval for the use of adjuvant durvalumab after standard treatment. The
PFS benefit was observed across all prespecified subgroups, and in con-
trast to the metastatic setting, was independent of biomarker status, as
patients with both PD-L1 positive and negative tumors experienced
clinical benefit. The incidence of new brain metastasis was also lower
with durvalumab (5.5% vs 11%) as were new metastatic lesions (20%
vs 32%), [42] suggestive of a promising role in systemic control. In an up-
dated follow-up, durvalumab also significantly prolonged overall sur-
vival, which at 24 months was 66% with the study drug and 56% with
placebo [43].

The addition of ipilimumab following definitive chemoradiation for
advanced cervical cancer has been evaluated in a phase I NRG study
[44]. Given the high rate of systemic progression among patients with
node positive disease, concurrent and/or adjuvant immunotherapy is a
promising approach for future study. Following extended field radio-
therapy and weekly cisplatin, sequential ipilimumab was given at 2
dose levels with a dose expansion cohort. The authors reported that out-
back ipilimumab was well tolerated, as 90% of patients received 4 cycles.
Three patients (16%) had acute grade 3 toxicity, including elevated

Table 2
Ongoing clinical trials of combined immunotherapy and radiation for metastatic or recurrent gynecologic cancer.
Identifier Phase N Title Disease Treatment Radiation details Primary outcome  Secondary
outcomes
NCT03277482 1 32 Durvalumab, Tremelimumab, Metastatic or Durvalumab every 4 weeks 25 Gy in 5 fractions  Incidence of DLTs  « Abscopal RR
and Radiotherapy in Recurrent  recurrent for 1 year; tremelimumab to an abdominal or * LC/LRR
Gynecologic Cancer gynecologic cancer every 4 weeks for 4 cycles; pelvic site (level 0), * 0S
EBRT at day 1 or 8 Gy in single * ORR
fraction (level — 1) « PFS
= Response
duration
NCT03452332 1 18 Stereotactic Ablative Cervical, vaginal or Durvalumab every 4 weeks  SABR (24 Gy in 3 Incidence of DLTs < Clinical RR
Radiotherapy (SABR) in vulvar cancer up to 8 cycles; fractions) given cycle Incidence of AEs = Objective
Combination with Durvalumab tremelimumab every 4 1,day 7 response
and Tremelimumab in Patients weeks for 4 cycles; EBRT at (CRor PR)
with Cervical, Vaginal, or Vulvar day 1 « OS
Cancer « PFS
» Time to
next
treatment
NCT03192059 11 43 Study of Pembrolizumab, Advanced and/or  Vitamin D, aspirin, Stereotactic RT (24 Objective RR at 26+ Best overall
Radiation and Immune refractory cervical cyclophosphamide, Gy in 3 fractions) weeks by irRC response
Modulatory Cocktail in cancer, lansoprazole, followed by « Incidence of
Cervical/Uterine Cancer endometrial pembrolizumab every 21 DLTs
(PRIMMO) cancer, or uterine  days and RT; daily curcumin « Objective
sarcoma supplement RR by
RECIST
* 0S
* PFS
* QOL
assessment
NCT03312114 11 29 Anti—PD-L1 and SAbR for Recurrent or Avelumab and SABR SABR ORR per RECIST ¢ CRrate
Ovarian Cancer persistent * 0S
epithelial ovarian, * Median
primary peritoneal response
or fallopian tube duration
cancer » Time to
progression
NCT03614949 11 26 SBRT and Atezolizumab in the Recurrent, SBRT followed by SBRT (24 Gy in 3 ORR by « 0OS

Management of Recurrent,
Persistent, or Metastatic Cervical
Cancer

persistent or
metastatic cervical
cancer

atezolizumab 1 week later,
every 3 weeks

fractions) to 2 or
more sites

immune-modified
RECIST

PFS

Abbreviations: AE: adverse event; CR: complete response; DFS: disease-free survival; DLT: dose-limiting toxicity; EBRT: external beam radiotherapy; LC: local control rate; LRR: local re-
sponse rate; ORR: overall response rate; OS: overall survival; PFS: progression-free survival; PR: partial response; QOL: quality of life; RR: response rate; RT: radiotherapy; SABR: stereo-

tactic ablative radiotherapy; SBRT: stereotactic body radiotherapy.
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lipase, rash, and neutropenia. Additional clinical studies are underway
to evaluate the potential additive or synergistic effect of radiation with
checkpoint blockade on both systemic response and local control for pa-
tients with locally advanced, unresectable disease, as discussed below.

5.3. Unresectable disease: enhancing local control

Immune checkpoint blockade is also an attractive option to enhance
radiosensitivity and thus local control in patients with unresected dis-
ease. Radiation has been shown to increase the density of TILs in the ir-
radiated site, and pre-clinical models have demonstrated improved
tumor control in combination with both CTLA-4 and PD-1/PD-L1 inhib-
itors. In the PACIFIC trial, the use of adjuvant durvalumab following che-
moradiation led to higher objective response rates compared to placebo
(30% vs. 18%, p < 0.001), and among patients with a response, 74% of
those in the durvalumab arm had an ongoing response at 18 months
compared to 52% with placebo [43]. In the locally advanced lung cancer
population, such gains in both local and distant tumor control may likely
have an impact on tumor-related morbidity, and would be clinically
meaningful among gynecologic cancer patients as well.
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6. Definitive chemoradiation and immunotherapy for gynecologic
cancer

Building upon the phase I concept of adding outback ipilimumab fol-
lowing definitive chemoradiotherapy for node positive cervical cancer,
several phase I and II studies will evaluate the safety as well as efficacy
of definitive chemoradiation, including external beam radiotherapy,
weekly cisplatin and brachytherapy, with concurrent or adjuvant PD-1
or PD-L1 inhibition (Table 3). Within the NRG cooperative group, the
timing of atezolizumab (anti-PD-L1) as an immune primer will be eval-
uated in arandomized phase I study, delivered either 3 weeks prior and/
or concurrently with chemoradiotherapy in patients with high risk, ad-
vanced stage cervical cancer. The primary endpoint will evaluate
atezolizumab sequencing on immune activation through the measure-
ment of T-cell receptor clonal expansion in peripheral blood. An alter-
nate sequencing strategy will be evaluated in a phase II study of
pembrolizumab (anti-PD-1) delivered either concurrently or sequen-
tially with chemoradiation in a similar population of locally advanced
cervical cancer. These 2 trials, as well as a phase I study of chemoradia-
tion and concurrent nivolumab, will evaluate the incidence of DLTSs,
disease-related outcomes and correlative endpoints such as changes in

Table 3
Ongoing clinical trials of definitive radiation with concurrent and adjuvant immunotherapy for locally advanced cervical cancer.
Identifier Phase N Title Disease Treatment Radiation details Primary Secondary
outcome outcomes
NCT03298893 1 21 Nivolumab in Association with Locally advanced Nivolumab every 2 IMRT with or Incidence of * ctDNA het-
Radiotherapy and Cisplatin in cervical cancer (stages weeks (240 mg or 1 without nodal boost DLTs erogeneity
Locally Advanced Cervical Cancers [B2-IVA) mg/kg) with CRTand 5 and weekly cisplatin * DFS
Followed by Adjuvant Nivolumab months thereafter followed by « Incidence of
for up to 6 Months (NiCOL) brachytherapy AEs
* Incidence of
SAEs
* ORR
« PFS
e Tumor
molecular
analysis
e Tumor PD-L1
expression
NCT03738228 1 40  Anti PD-L1 (Atezolizumab) as an Stage IB/IIA cervical Randomized to day Extended field RT Measurements < Correlation of
Immune Primer and Concurrently — cancer with PALN or —21orday0 with weekly in T-cell PD-L1
with Extended Field stage IIB/III/IVA atezolizumab with CRT  cisplatin, receptor clonal expression
Chemoradiotherapy for Node cervical cancer with every 3 weeks for 3 image-guided expansion in and post--
Positive Locally Advanced Cervical pelvic and/or PALN cycles brachytherapy peripheral treatment
Cancer blood PET-CT
» 2-year DFS
» Frequency
and severity
of AEs
* Incidence of
DLTs
« Serial mea-
surements of
T-cell
clonality and
diversity
NCT02635360 1I 88  Pembrolizumab and Locally advanced Randomized to EBRT with weekly Changes in * Incidence of
Chemoradiation Treatment for cervical cancer concurrent or cisplatin followed by immunologic distant
Advanced Cervical Cancer sequential brachytherapy markers at 6 metastasis
pembrolizumab with and 12 weeks  + Metabolic RR
CRT every 21 days for 3 Incidence of by PET/CT at
months DLTs 12 weeks
+ 0S
« PFS
NCT03612791 11 190 Trial Assessing the Inhibitor of Stage IB2-IIA cervical ~ Randomized to CRT Pelvic +/— PFS -

Programmed Cell Death Ligand 1
(PD-L1) Immune Checkpoint
Atezolizumab (ATEZOLACC)

pelvic nodes, stage
1IB-IVA, or stage IVB

with para-aortic nodes

cancer with positive

alone or CRT with
concurrent and
adjuvant atezolizumab
every 21 days for up to
20 cycles

para-aortic EBRT
with nodal boost
and weekly cisplatin
followed by
brachytherapy

Abbreviations: AE: adverse event; CRT: chemoradiation; ctDNA: circulating tumor DNA; DFS: disease-free survival; DLT: dose-limiting toxicity; EBRT: external beam radiotherapy; ORR:
overall response rate; OS: overall survival; PALN: para-aortic lymph nodes; PFS: progression-free survival; RR: response rate; RT: radiotherapy; SAE: serious adverse event.
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serum immunologic markers, tumor molecular analysis and PD-L1 ex-
pression. The largest study (ATEZOLACC, Gustave Roussy) is a random-
ized phase II trial of definitive chemoradiation with or without
concurrent and adjuvant atezolizumab (anti-PD-L1) with a planned ac-
crual of 190 patients with high-risk or advanced cervical cancer with a
primary study endpoint of PFS. Such combinatorial and sequencing ap-
proaches could also be evaluated in patients who receive definitive radi-
ation in the salvage setting, such as vaginal and/or nodal recurrence
related to endometrial cancer, given the relatively high rates of local
and systemic failure, [45] as well as promising clinical activity for
dMMR tumors.

7. Optimizing radiation parameters with immunotherapy

Radiation technique and delivery has been evolving rapidly over the
last decade, with the introduction of highly conformal radiation ap-
proaches, such as intensity modulated radiotherapy (IMRT),
volumetric-modulated arc therapy (VMAT) and particle beam therapy
such as proton beam, with the goal of enhancing the therapeutic
index of radiation. Image-guided brachytherapy with CT, MRI and/or
US guidance has also led to improved local control rates for patients
with advanced gynecologic cancer [46,47]. These techniques allow for
the delivery of higher radiation doses while maintaining or lowering
the associated acute and long-term toxicity risk. The increased
conformality of the delivered dose with associated steep dose drop off
to adjacent uninvolved tissues has also allowed a shift from conven-
tional fractionation of 1.8-2 Gy daily to hypofractionated approaches
that may range from 5 to 10 Gy daily, and up to 24 Gy in a single dose
(Table 1, Fig. 2). Improved immobilization, advanced imaging modali-
ties such as MRI and PET-CT for radiation planning, as well as the ability
to track tumor and organ motion, has allowed for further dose escala-
tion and the adoption of radiation delivery that is considered ablative
in nature, including stereotactic radiosurgery (SRS) for brain metastases
and SBRT or stereotactic ablative radiotherapy (SABR) for
oligometastatic disease, including sites in the lung, liver, abdomen and
bone. Hypofractionated radiation, such as SBRT, SABR and HDR brachy-
therapy, are considered especially promising modalities for combina-
tion with immunotherapy, as higher dose per fraction is more likely to
induce tumor cell death via necrosis and senescence, which are consid-
ered more pro-inflammatory to induce an immunogenic response. Most
preclinical studies have shown that hypofractionated regimens of 24 Gy
delivered in 3 fractions and 30 Gy in 5 fractions are superior to a single
ablative dose of 20 Gy [48].

Conventional, large field radiation therapy is commonly used for pa-
tients with bulky or locally advanced cervical and vulvar cancer, vaginal
cancer, and advanced or recurrent endometrial cancer. For these indica-
tions, the radiation field comprehensively treats the pelvis to encom-
pass the draining lymphatics as well as the primary site, often
including the entire gynecologic tract. An unintended consequence of
comprehensive pelvic radiation, or in some cases extended field radio-
therapy to treat the para-aortic lymph nodes, is bone marrow suppres-
sion, which often leads to lymphopenia and neutropenia during
treatment. Large radiation fields not only expose a greater volume of
functional bone marrow to its cytotoxic effects, but also the circulating
lymphocytes, which are exquisitely sensitive to radiation doses on the
order of 0.5 Gy, and the lymph node basins where immune priming of
tumor antigen would occur. Protracted radiation courses over
5-7 weeks may also be more likely to exhaust T-cell populations. Nev-
ertheless, preclinical studies have also demonstrated immunologic ef-
fects and potential efficacy of low-dose fractionated radiation therapy
[49]. Among clinical reports of melanoma patients treated with radia-
tion and ipilimumab, a systemic review found that patients who re-
ceived multiple fraction radiation regimens (<3 Gy per fraction) had
the most favorable response of index lesions outside the radiation
field. As there is preclinical and limited clinical evidence to support
both low dose and high dose approaches, [36] the optimal timing,

radiation dose and technique in combination with immunotherapy
have yet to be determined. Other parameters such as the specific target
site and the sequencing and timing with IO agents also require study in
the context of a clinical trial.

8. Potential toxicities of immunotherapy and radiation

The immune-related adverse events (ir-AEs) of checkpoint inhibi-
tors are related to an inflammatory or immune-mediated mechanism
that may affect any normal tissue or organ. The most common
immune-mediated toxicities include colitis, pneumonitis, dermatitis,
and hypo/hyperthyroidism, and less frequently nephritis, hepatitis,
pancreatitis, and myositis [50]. Myocarditis and hypophysitis may also
occur and are considered rare. The incidence of severe ir-AEs is higher
with CTLA-4 inhibitors compared to PD-1 or PD-L1 inhibitors alone,
and increases greatly with the combination [51]. With the addition of
radiation, concern for increased toxicity is related to the site of radiation,
such as pneumonitis risk for the treatment of lung cancer, and colitis for
patients with pelvic malignancies. To date, the available data do not sug-
gest an increased risk of immune-related toxicity with radiation [52]. In
the randomized trial of ipilimumab and radiation for prostate cancer,
the frequency and severity of gastrointestinal AEs were similar for
those who received bone-directed radiotherapy to the pelvis and
those who did not [38]. In the phase Il lung cancer trial, grade 3 or 4
AEs of any cause occurred in 31% of the patients who received adjuvant
durvalumab compared to 26% of those in the placebo group [43]. Lung
toxicity did not appear to be increased with the addition of sequential
durvalumab, with pneumonitis rates of 1.3% in both treatment arms,
and pneumonia rates of 1.1% and 1.3% with durvalumab and placebo, re-
spectively. A comprehensive toxicity assessment has also been per-
formed in a retrospective study of 133 patients with metastatic lung,
melanoma or renal cell cancer who received 286 courses of radiation
and at least 1 cycle of a CTLA-4 or PD-1 inhibitor [53]. Most patients
(50%) received radiation prior to immune checkpoint blockade at a me-
dian of 71 days, and the most common site was whole brain radiother-
apy (58%) followed by thoracic (13%) and spine radiation (11%). As
expected, patients who received both CTLA-4 and PD-1 inhibitors had
significant higher rates of ir-AEs than those with monotherapy (71%
vs. 29%, respectively, p < 0.01), and grade 3-4 toxicities were highest
among patients receiving a CTLA-4 inhibitor compared to a PD-1 inhib-
itor (20% vs. 4%). Notably, patients who received radiation during or
after checkpoint blockade had similar rates of ir-AEs compared to
those who received radiation prior to checkpoint blockade. Of interest,
there was no association between the specific ir-AE and the site that
was irradiated. As many patients with recurrent or metastatic gyneco-
logic cancer receive palliative radiotherapy for indications such as
bleeding or pain, ongoing toxicity reporting from prospective and retro-
spective studies is warranted, including for patients with endometrial
and cervical cancer who are receiving PD-1/PD-L1 inhibitors for ap-
proved indications.

9. Conclusions

Immunotherapy, and specifically immune checkpoint blockade, rep-
resents an important new therapeutic modality for many patients with
advanced and treatment-refractory cancer. As response rates to 10
agents have been modest in the gynecologic cancer population, novel
combinatorial approaches with hypofractionated radiation or definitive
chemoradiation are currently under investigation. Through immune
system priming, radiation treatment has the potential to enhance sys-
temic response rates to immunotherapy through the abscopal effect,
as well as increase local tumor control at the irradiated site. Careful pro-
spective study will be required to determine the optimal integration of
immunotherapy, chemotherapy and radiotherapy, as there are many
unanswered questions related to the radiation treatment site, volume
and delivered dose, as well as sequencing with 10 agents. In the
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metastatic setting, patients with PD-L1 negative cervical cancer and
MSI-low or MMR-proficient endometrial cancer are not candidates for
anti-PD-1 therapy, and future trials should consider combinatorial strat-
egies for these populations, as well as for patients who experience dis-
ease progression during or following exposure to I0 agents. Many
trials have and will continue to incorporate correlative endpoints to
identify predictive and prognostic factors of response, as well as
treatment-resistance, which promises to better select patients for im-
munotherapy combinations and guide future trial development.

Author contribution

L.L. wrote the manuscript text and generated the figures and tables.
U.M. provided intellectual and editorial contributions.

Acknowledgements

The authors would like to thank Teresa Cheng for her editorial con-
tribution to the manuscript and with assistance in collating the primary
literature and generating Fig. 1.

Conflict of interest statement

L.L. is the principal investigator of an investigator-initiated clinical
trial sponsored by AstraZeneca and receives grant support from the
Koch Institute at the Massachusetts Institute of Technology. U.M. re-
ceives personal fees for multiple advisory board positions and consult-
ing work.

References

[1] DT. Le, et al.,, PD-1 blockade in tumors with mismatch-repair deficiency, N. Engl. J.

Med. 372 (26) (2015) 2509-2520.

U.S. Federal Drug Administration, FDA approves pembrolizumab for advanced cervi-

cal cancer with disease progression during or after chemotherapy, [cited 2018 Octo-

ber 27]; Available from https://www.fda.gov/drugs/informationondrugs/

approveddrugs/ucm610572.htm 2018.

.Hamanishi, J., et al., Programmed cell death 1 ligand 1 and tumor-infiltrating CD8+

T lymphocytes are prognostic factors of human ovarian cancer. Proc. Natl. Acad. Sci.

U.S. A, 2007. 104(9): p. 3360-5.

Zhang, L., et al., Intratumoral T cells, recurrence, and survival in epithelial ovarian

cancer. N. Engl. J. Med., 2003. 348(3): p. 203-13.

Sato, E., et al, Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high CD8

+/regulatory T cell ratio are associated with favorable prognosis in ovarian cancer.

Proc. Natl. Acad. Sci. U. S. A., 2005. 102(51): p. 18538-43.

Nielsen, J.S., et al., CD20+ tumor-infiltrating lymphocytes have an atypical CD27-

memory phenotype and together with CD8+ T cells promote favorable prognosis

in ovarian cancer. Clin. Cancer Res., 2012. 18(12): p. 3281-92.

Brahmer, J.R,, et al., Safety and activity of anti-PD-L1 antibody in patients with ad-

vanced cancer. N. Engl. ]. Med., 2012. 366(26): p. 2455-65.

Hamanishi, J., et al., Safety and antitumor activity of anti-PD-1 antibody, nivolumab,

in patients with platinum-resistant ovarian cancer. J. Clin. Oncol., 2015. 33(34): p.

4015-22.

Disis, M.L, et al., Avelumab (MSB0010718C), an anti-PD-L1 antibody, in patients

with previously treated, recurrent or refractory ovarian cancer: a phase Ib, open-

label expansion trial. . Clin. Oncol., 2015. 33(15_suppl): p. 5509-5509.

[10] Matulonis, U.A., et al., Antitumor activity and safety of pembrolizumab in patients
with advanced recurrent ovarian cancer: interim results from the phase 2
KEYNOTE-100 study. J. Clin. Oncol., 2018. 36(15_suppl): p. 5511-5511.

[11] Burger, R.A,, et al, The addition of a CTLA4 targeted therapy to a PD-1 targeted ther-
apy could benefit women with ovarian cancer, in Biennial Meeting of the Interna-
tional Gynecologic Cancer Society (IGCS). 2018: (Kyoto, Japan).

[12] Howitt, B.E,, et al., Genetic basis for PD-L1 expression in squamous cell carcinomas
of the cervix and vulva. JAMA Oncol, 2016. 2(4): p. 518-22.

[13] Chung, H.C, et al,, Pembrolizumab treatment of advanced cervical cancer: updated
results from the phase 2 KEYNOTE-158 study. ]. Clin. Oncol., 2018. 36(15_suppl):
p. 5522-5522.

[14] Cancer Genome Atlas Research, N, et al., Integrated genomic characterization of en-
dometrial carcinoma, Nature 497 (7447) (2013) 67-73.

[15] B.E. Howitt, et al., Association of polymerase e-mutated and microsatellite-instable
endometrial cancers with neoantigen load, number of tumor-infiltrating lympho-
cytes, and expression of PD-1 and PD-L1, JAMA Oncol 1 (9) (2015) 1319-1323.

[16] D.Eriksson, T. Stighrand, Radiation-induced cell death mechanisms, Tumour Biol. 31
(4) (2010) 363-372.

[17] H.B. Stone, LJ. Peters, L. Milas, Effect of host immune capability on radiocurability
and subsequent transplantability of a murine fibrosarcoma, J. Natl. Cancer Inst. 63
(5) (1979) 1229-1235.

2

[3

[4

5

[6

[7

8

[9

[18] Sharabi, A.B., et al., Radiation and checkpoint blockade immunotherapy:
radiosensitisation and potential mechanisms of synergy. Lancet Oncol, 2015. 16
(13): p. e498-509.

[19] R.H. Mole, Whole body irradiation; radiobiology or medicine? Br. ]. Radiol. 26 (305)
(1953) 234-241.

[20] Siva, S., et al.,, Abscopal effects of radiation therapy: a clinical review for the radiobi-
ologist. Cancer Lett., 2015. 356(1): p. 82-90.

[21] Y. Abuodeh, P. Venkat, S. Kim, Systematic review of case reports on the abscopal ef-
fect, Curr. Probl. Cancer 40 (1) (2016) 25-37.

[22] A.Thoroddsen, et al., Spontaneous regression of pleural metastases after nephrec-
tomy for renal cell carcinoma—a histologically verified case with nine-year follow-
up, Scand. J. Urol. Nephrol. 36 (5) (2002) 396-398.

[23] J.L. Smith Jr., J.S. Stehlin, Jr., Spontaneous regression of primary malignant melano-
mas with regional metastases, Cancer 18 (11) (1965) 1399-1415.

[24] Takaya, M., et al., Abscopal effect of radiation on toruliform para-aortic lymph node
metastases of advanced uterine cervical carcinoma-a case report. Anticancer Res.,
2007. 27(1B): p. 499-503.

[25] Postow, M.A,, et al., Immunologic correlates of the abscopal effect in a patient with
melanoma. N. Engl. J. Med., 2012. 366(10): p. 925-31.

[26] ML.S. Oh, Y.K. Chae, Repeated abscopal effect with radiotherapy and programmed
death 1 blockade in mismatch repair-deficient endometrial cancer, JCO Precis
Oncol (2) (2018) 1-6.

[27] Sharabi, A, et al., Exceptional response to nivolumab and Stereotactic Body Radia-
tion Therapy (SBRT) in neuroendocrine cervical carcinoma with high tumor muta-
tional burden: management considerations from the center for personalized
cancer therapy at UC San Diego Moores Cancer Center. Oncologist, 2017. 22(6): p.
631-637.

[28] Chajon, E., et al., The synergistic effect of radiotherapy and immunotherapy: a prom-
ising but not simple partnership. Crit Rev Oncol Hematol, 2017. 111: p. 124-132.

[29] S.H.Wrzesinski, Y.Y. Wan, R.A. Flavell, Transforming growth factor-beta and the im-
mune response: implications for anticancer therapy, Clin. Cancer Res. 13 (18 Pt 1)
(2007) 5262-5270.

[30] J.Kang, S. Demaria, S. Formenti, Current clinical trials testing the combination of im-
munotherapy with radiotherapy, ] Immunother Cancer 4 (2016) 51.

[31] Sharabi, A.B., et al., Stereotactic radiation therapy combined with immunotherapy:
augmenting the role of radiation in local and systemic treatment. Oncology
(Williston Park, NY), 2015. 29(5).

[32] Sharabi, AB., et al., Stereotactic radiation therapy combined with immunotherapy:
augmenting the role of radiation in local and systemic treatment. Oncology
(Williston Park), 2015. 29(5): p. 331-40.

[33] Twyman-Saint Victor, C., et al., Radiation and dual checkpoint blockade activate
non-redundant immune mechanisms in cancer. Nature, 2015. 520(7547): p.
373-7.

[34] CB.Johnson, R. Jagsi, The promise of the abscopal effect and the future of trials com-
bining immunotherapy and radiation therapy, Int. J. Radiat. Oncol. Biol. Phys. 95 (4)
(2016) 1254-1256.

[35] Huang, A.C,, et al., T-cell invigoration to tumour burden ratio associated with anti-
PD-1 response. Nature, 2017. 545(7652): p. 60-65.

[36] S.Demaria, S.C. Formenti, Radiation as an immunological adjuvant: current evidence
on dose and fractionation, Front. Oncol. 2 (2012) 153.

[37] Deng, L, et al., Irradiation and anti-PD-L1 treatment synergistically promote antitu-
mor immunity in mice. J. Clin. Invest., 2014. 124(2): p. 687-95.

[38] Kwon, E.D., et al., Ipilimumab versus placebo after radiotherapy in patients with
metastatic castration-resistant prostate cancer that had progressed after docetaxel
chemotherapy (CA184-043): a multicentre, randomised, double-blind, phase 3
trial. Lancet Oncol, 2014. 15(7): p. 700-12.

[39] .Beer, T.M,, et al., Randomized, double-blind, phase III trial of ipilimumab versus pla-
cebo in asymptomatic or minimally symptomatic patients with metastatic
chemotherapy-naive castration-resistant prostate cancer. J. Clin. Oncol., 2017. 35
(1): p. 40-47.

[40] Luke,]J., et al., Safety and clinical activity of pembrolizumab and multisite stereotac-
tic body radiotherapy in patients with advanced solid tumors. J. Clin. Oncol., 2018.
36(16): p. 1611-1618.

[41] Shaverdian, N., et al., Previous radiotherapy and the clinical activity and toxicity of
pembrolizumab in the treatment of non-small-cell lung cancer: a secondary analysis
of the KEYNOTE-001 phase 1 trial. Lancet Oncol, 2017. 18(7): p. 895-903.

[42] Antonia, SJ., et al., Durvalumab after chemoradiotherapy in stage Ill non-small-cell
lung cancer. N. Engl. J. Med., 2017. 377(20): p. 1919-1929.

[43] Antonia, SJ., et al., Overall survival with durvalumab after chemoradiotherapy in

stage III NSCLC. N. Engl. J. Med., 2018.

Mayadev, J., et al., A phase I study of sequential ipilimumab in the definitive treat-

ment of node positive cervical cancer: GOG 9929. ]. Clin. Oncol., 2017. 35(15_

suppl): p. 5526-5526.

[45] Creutzberg, C.L. et al,, Survival after relapse in patients with endometrial cancer: re-
sults from a randomized trial. Gynecol. Oncol., 2003. 89(2): p. 201-9.

[46] Charra-Brunaud, C,, et al., Impact of 3D image-based PDR brachytherapy on outcome
of patients treated for cervix carcinoma in France: results of the French STIC pro-
spective study. Radiother. Oncol., 2012. 103(3): p. 305-13.

[47] Potter, R, et al., The EMBRACE II study: the outcome and prospect of two decades of
evolution within the GEC-ESTRO GYN working group and the EMBRACE studies.
Clin Transl Radiat Oncol, 2018. 9: p. 48-60.

[48] Dewan, M.Z., et al., Fractionated but not single-dose radiotherapy induces an
immune-mediated abscopal effect when combined with anti-CTLA-4 antibody.
Clin. Cancer Res., 2009. 15(17): p. 5379-88.

[49] Farooque, A, et al., Low-dose radiation therapy of cancer: role of immune enhance-
ment. Expert. Rev. Anticancer. Ther., 2011. 11(5): p. 791-802.

[44


http://refhub.elsevier.com/S0090-8258(19)30490-1/rf6005
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf6005
https://www.fda.gov/drugs/informationondrugs/approveddrugs/ucm610572.htm
https://www.fda.gov/drugs/informationondrugs/approveddrugs/ucm610572.htm
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0010
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0010
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0015
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0015
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0015
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0020
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0020
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0025
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0025
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0025
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0030
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0030
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0035
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0035
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0040
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0040
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0040
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0045
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0045
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0050
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0050
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0050
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0055
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0055
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0055
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0060
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0060
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0065
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0065
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0065
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0070
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0070

L. Lee, U. Matulonis / Gynecologic Oncology 154 (2019) 236-245 245

[50] M.A. Postow, R. Sidlow, M.D. Hellmann, Immune-related adverse events associ- [52] Verma, V., et al,, Toxicity of radiation and immunotherapy combinations. Adv Radiat
ated with immune checkpoint blockade, N. Engl. ]J. Med. 378 (2) (2018) Oncol, 2018. 3(4): p. 506-511.
158-168.

[51] Larkin, J., et al., Combined nivolumab and ipilimumab or monotherapy in untreated
melanoma. N. Engl. J. Med., 2015. 373(1): p. 23-34.

[53] Bang, A, et al., Multicenter evaluation of the tolerability of combined treatment with
PD-1 and CTLA-4 immune checkpoint inhibitors and palliative radiation therapy. Int.
J. Radiat. Oncol. Biol. Phys., 2017. 98(2): p. 344-351.


http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0075
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0075
http://refhub.elsevier.com/S0090-8258(19)30490-1/rf0075

	Immunotherapy and radiation combinatorial trials in gynecologic cancer: A potential synergy?
	1. Introduction
	2. Immune checkpoint blockade in gynecologic cancers
	2.1. Ovarian cancer
	2.2. Cervical cancer
	2.3. Endometrial cancer

	3. Immune activation by radiation therapy
	4. Systemic effects of immune activation by radiation
	4.1. Clinical reports of the abscopal effect
	4.2. Mediators of the abscopal response

	5. Clinical trials of combined immunotherapy and radiation
	5.1. Metastatic setting: harnessing the abscopal response
	5.2. Adjuvant setting: controlling micro-metastatic disease
	5.3. Unresectable disease: enhancing local control

	6. Definitive chemoradiation and immunotherapy for gynecologic cancer
	7. Optimizing radiation parameters with immunotherapy
	8. Potential toxicities of immunotherapy and radiation
	9. Conclusions
	Author contribution
	Acknowledgements
	Conflict of interest statement
	References


