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Radiotherapy is a pillar of cancer treatment, which has histor-
ically been used primarily to treat localized disease with curative
intent. With the increasing role of radiotherapy for metastatic
disease and rapid integration of immunotherapy into the standard
of care for various cancers, it has been observed that local radiation
to one malignant site can lead to shrinkage of tumors at other sites,
a phenomenon termed the “abscopal effect.” Historically, there
was little mechanistic elucidation as to how this phenomenon
occurs. However, multiple groups have recently identified associ-
ated immuno-prognostic factors, such as high post-radiotherapy

Introduction

R.H. Mole devised the word “abscopal” (“ab” - away from; “scopus”
- target) in 1953 to describe radiation effects “at a distance from the
irradiated volume but within the same organism” (1). Historically
deemed a rare, dramatic, and unexpected clinical phenomenon, the
abscopal effect (AE) is defined as regression of distant nontreated sites
following primary irradiation to a specific site. However, with the
advent of immunotherapy synergizing with targeted radiotherapy
(RT), the incidence of AEs has sharply risen. Mechanistically, it has
been demonstrated that radiation induces cellular damage, resulting in
the exposure of tumor antigens, which in turn stimulates the release of
inflammatory cytokines. Downstream, this leads to suppression of
regulatory T-cell (Treg) activity and promotion of PD-L1 expression,
thereby turning the irradiated lesion into an “in situ vaccine” (2).
Essentially, when combined with immunotherapy, radiation, via
antigen exposure, provides a connection between innate and adap-
tive immunity, thus enhancing the immune elimination of tumor
cells. What was once regarded as an isolated, sporadic phenomenon
is now under consideration for prospective clinical evaluation.
Furthermore, active investigation into the role of neoantigens,
damage-associated molecular pattern (DAMP) molecules NK cells,
lymphocytes, and cytokines as biomarkers and related molecular
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absolute lymphocyte count, neoantigens, myeloid-derived suppres-
sor cells, and NK cells. The concomitant use of immunotherapy with
radiotherapy has been documented to induce the abscopal effect. As
immunotherapies continue to be incorporated into most cancer
treatment approaches, understanding which patients are more
likely to benefit from an abscopal effect may allow for optimization
of both systemic and radiotherapeutic strategies. This review high-
lights the tumor histologic subtypes and biomarkers of the greatest
utility for the recognition and identification of patients likely to
benefit from the abscopal effect.

mechanisms associated with abscopal effect is underway and will be
explored in this review.

It is well established that the AE is dependent on immune
priming against tumor antigens but is often hampered by tumor
microenvironmental factors and lymphodepletion. These attenuat-
ing variables are conceivably why radiation monotherapy may only
rarely and unreliably elicit AEs (3). More generally, the efficacy of
single-agent immunotherapy is also limited by similar variables,
including maximum tolerated immune activation, poor antigenic-
ity, and negative immune regulation (4). The addition of immu-
notherapy to RT could ameliorate some of these issues. Specifically,
combination therapy could elicit a synergism between the down-
stream molecular effects of both modalities, as depicted in Fig. 1.
Although one should note that synergy between radiation and
immunotherapy is predominantly locally radiosensitizing due to
the factors above, increasing abscopal responses of distant nonir-
radiated lesions have been seen and active investigation into the
underlying mechanisms is underway.

Although AEs have been documented in a diverse spectrum of
cancers, including melanoma, breast cancer, lung cancer, liver
cancer, sarcoma, mesothelioma, and thymic cancer, a unifying
molecular mechanism as to why some types of tumors elicit this
effect more readily than others do has not been well defined. In this
review, we explore the clinical literature suggestive of histologically
based patterns of response, as well as discuss preclinical data
suggestive of possible biomarkers and related molecular mechan-
isms for prognostication of AEs.

Tumor Histologic Subtypes Associated
with Abscopal Effects

Hatten and colleagues (5) reported the first patient-level data meta-
analysis of the AE, which found that more than 60% were reported in
immunogenic tumors, such as lung cancer, renal cancer, and mela-
noma. Similarly, our literature review suggests that AEs predominantly
occur in highly immunogenic tumors, i.e., renal cell carcinoma (RCC),
non-small cell lung cancer (NSCLC), head and neck squamous cell
carcinoma, melanoma, and hepatocellular carcinoma. For an exhaus-
tive list of abscopal cases reported in the literature, we would like to
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Potential abscopal effects resulting from combined RT and immunotherapy. TAA, tumor-associated antigen.

direct the reader to Dagoglu and colleagues’ recent publication (6).
Here, we will focus on tumor types where abscopal effects have been
demonstrated.

Metastatic melanoma

A seminal case report by Postow and colleagues (7) in 2012
introduced the role of AEs in metastatic melanoma. The patient
received surgery for an upper-back primary lesion but had malignant
spread to her right hilar lymph node. She subsequently received 1 year
of treatment with the immune checkpoint inhibitor (ICI) ipilimumab,
after which she developed progression with new pleural-based para-
spinal mass and splenic lesions. She subsequently received palliative
RT to the paraspinal mass. Within 4 months of RT completion, a
decrease in size was seen not only in the primary irradiated paraspinal
lesion but also in the right hilar lymph nodes and splenic lesions,
demonstrating a profound AE. Humoral studies showed presence of
NY-ESO-1 antibodies and high CD4 " ICOS cell levels correlated with
treatment response (7).

In a retrospective study from Italy of 21 patients with metastatic
melanoma with predominantly cutaneous subtype, AEs were seen
in 52% of patients. Median time to AEs after RT exposure was
1 month, and the overall survival duration for patients who
experienced AEs was 22.4 months, compared with 13 months for
patients without AEs. Interestingly, 2 of the patients in the trial who
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did not have AEs had the mucosal melanoma subtype with BRAF-
wild-type tumor profiles (8).

Congruently, another retrospective cohort study in patient with
mucosal melanoma identified 11 patients who were treated with RT
alone and 12 patients with RT and the ICI pembrolizumab. Although
the primary tumor control rate was higher in the combination arm, no
AEs were noted in this histologic subtype (9).

D’Andrea and colleagues (10) summarized 19 cases of malignant
melanoma in which AEs were noted with radiation. Patients had either
received whole-body RT, stereotactic radiosurgery, or stereotactic body
RT (SBRT) to metastatic lesions in the brain, skin, lung, lymph nodes, or
liver. AEs were noted in the distant lung, liver, chest, renal, pelvic, and
skin lesions, with a range of 2 weeks to 9 months for development.

Finally, in one prospective study, 26 patients were enrolled to
evaluate for AEs with hypofractionated RT after their disease pro-
gressed during anti-PD-L1 therapy (11) AEs were noted in 38% (n =
10) of patients. This study was particularly notable, given that AEs
could be elicited even when resistance to immune stimulation with
systemic therapy had developed.

Metastatic non-small cell lung cancer

Multiple preclinical and clinical phase I and II studies have been
conducted in NSCLC, with promising AEs. The earliest case reports for
this histology and for a case of esophageal carcinoma metastatic to the
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lung were published in 1983 (12). D’Andrea and Reddy (13) summa-
rized 19 cases with metastatic NSCLC who received radiation to
metastatic sites in the lung, brain, mediastinum, bone, lymph nodes,
and liver. Some patients also received the immune-active component
of Bacillus Calmette-Guerin (cell wall skeleton; BCG-CWS) or GM-
CSF. Time to AE varied from 3 weeks to 10 months.

Later, Shao and colleagues (14) reported a case of NSCLC with
squamous histology; after developing progression on camrelizumab
(an ICI) and apatinib (anti-VEGFR2), the patient received microwave
ablation to the primary lesion and eventually demonstrated a durable
AE (1 year at the time of the report).

In a retrospective study of 7 patients with NSCLC who received RT
and an ICI (pembrolizumab or nivolumab) concurrently, 43% (n = 3)
of patients had AEs (15). In a prospective study, 16 patients with
metastatic lung cancer received RT and GM-CSF, and 12.5% (n = 2) of
these patients had AEs (16). Similarly, in a prospective study with 6
patients with NSCLC, combined stereotactic RT with nivolumab
resulted in a 67% (n = 4) AE rate (17).

A pooled analysis of two randomized trials in patients with met-
astatic NSCLC, the PEMBRO-RT (phase IT) and MD Anderson Cancer
Center (phase I/II) trials, examined the role of radiation, when
combined with immunotherapy, in amplifying AEs (18). In the
PEMBRO-RT trial, patients received pembrolizumab with or without
RT, with the first dose of pembrolizumab delivered at the end of RT (24
Gy/3 fractions or fx). In the MD Anderson trial, patients received
pembrolizumab with or without concurrent RT (50 Gy/4 fx or 45 Gy/
15 fx). The abscopal response rate (ARR) for patients receiving
pembrolizumab monotherapy was 19.7%, compared with 41.7% for
the pembrolizumab plus RT combination (P = 0.0039). The abscopal
disease control rate (ACR) in unirradiated lesions for patients receiv-
ing pembrolizumab monotherapy was 43.4%, compared with 65.3%
for the pembrolizumab plus RT combination (P = 0.0071). The
median overall survival duration was 8.7 months for patients receiving
pembrolizumab monotherapy, compared with 19.2 months for the
combination (P = 0-0004). The median progression-free survival
durations were 4.4 and 9.0 months, respectively (P = 0.045; ref. 18).

Clinical outcomes improved with synergy with ICI and RT which
was demonstrated in a systematic review and meta-analysis of patients
with NSCLC who received an ICI plus RT by Fiorica and collea-
gues (19) who concluded that the combination globally decreased the
risk of death at 1 year by 24% and at 3 years by 15% compared with
either ICI or RT monotherapy. It should be noted that abscopal
responses were not examined in the above study.

Metastatic renal cell carcinoma

A 1996 article described reports of spontaneous tumor regression for
unknown reasons at distant sites, occurring at a 3-fold higher frequency
in males than in females (20). After primary site radiation, the
incidence of spontaneous regression of tumor at distant sites spanned
between 1% and 7%, most commonly reported with lung metastases.
Numerous reports of spontaneous regression had been seen after a
primary or debulking nephrectomy, but abscopal regression reports
occurring after ionizing radiation have also been seen as below (20).

Wersill and colleagues (21) reported the presence of abscopal
responses in 4 of 28 patients with metastatic RCC who were treated
with stereotactic RT. In two cases, the primary renal masses were
irradiated (32 Gy/8 fx), causing AEs in the lungs and regional lymph
nodes, with durability for 2 years in one case and 9 months in the other.
The other 2 patients received radiation to their lung metastases and
had AEs at other sites, with durability for 2 years in one case and 4 years
in the other.
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Other histologic subtypes

A review of the literature from 1969 to 2014 by Abuodeh and
colleagues (22) summarized case reports on AEs of durable nature.
Among 46 cases, the following histologic subtypes were not discussed
above: 14 cases of diverse types of lymphoma (follicular; Hodgkin;
non-Hodgkin), 4 cases of hepatocellular carcinoma, 3 cases of chronic
lymphocytic leukemia, 2 cases of sarcoma, 1 case of esophageal
adenocarcinoma, 1 case of medullary thyroid carcinoma, 1 case of
Merkel cell carcinoma, and 1 case of cervical carcinoma.

Another systematic review in 2019 reported 94 cases of AEs after RT
with or without immunotherapy. Among these, 1 patient with pan-
creatic cancer and gastric cancer experienced AEs (6).

AEs lasting 24 months were seen in a patient with malignant pleural
mesothelioma treated with a combination of pembrolizumab and
palliative doses of radiation (23). AEs were also reported in the first
reported case of a patient with a metastatic functioning pulmonary
carcinoid tumor who received SBRT (40 Gy/5 fx) to the primary
tumor, with a shrinkage greater than 50% noted in the adjacent lung
metastasis, lasting 12 months at the time of the report (24). Another
series reported 3 patients with metastatic intrahepatic cholangiocar-
cinoma who received upfront SBRT to the hepatic lesions along with
immunotherapy and were noted to have AEs in regional nodal basins
and the retroperitoneum (25).

A phase II trial by Golden and colleagues (26) further demon-
strated the clinical relevance of sustained AEs in patients with lung,
breast, and thymic cancer. GM-CSF was administered subcutane-
ously with conventional radiation (35Gy/10 fx) along with the
investigator’s choice of chemotherapy. Among 41 patients, a 27%
AE rate was noted. Improved median overall survival was seen in
patients who had AE (21 months compared with 8 months for
nonresponders).

Although, AE seems to be an elusive phenomenon, multiple phase
II/III clinical trials have demonstrated AE-related efficacy as compiled
in Table 1. ARRs ranged from 8.3% to 53% regardless of the sequential
or concurrent administration of immunotherapy and radiation modal-
ity with median overall survival from 6.1 months to not reached at the
time of publication. These studies continue to drive the impetus in
warranting further clinical exploration of harnessing the abscopal
phenomenon in diverse tumor histologies.

Biomarkers and Related Molecular
Mechanisms Associated With
Abscopal Effect

A considerable number of publications have proposed biomarkers
associated with preclinical and clinical abscopal trends, both describ-
ing how and predicting when the effect occurs. However, given the
poor reproducibility of the AE, there is an inherent challenge in
accounting for the degree of stochasticism. Here we review biomarkers
and related molecular mechanisms that have been investigated for
their association with AEs.

Mismatch repair and tumor neoantigens

Tumor neoantigens are defined as immune-recognizable upregu-
lated tumor proteins against which antitumor responses are directed.
The induction of DNA damage is the rate-limiting step for generating
an effective burden of neoantigens. Neoantigens can arise from SNV,
insertion-deletion mutations, RNA transcription and splicing errors,
gene fusions, and proteasome-generated spliced peptides (27, 28).

Neoantigens are known to develop primarily due to changes in
peptide sequence and inactivating mutations in canonical DNA
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Table 1. Clinical trials showing abscopal effect in tumor subtypes. (Cont'd)
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Unirradiated

survival

RECIST

Tumor

Sequence Systemic agent (months) sites assessed ARR (%)

Radiation

responses

type (n)

Trial

Unknown 10

7.

Ipilimumab +

Concurrent

1CR SBRT

3

Colorectal

Radiotherapy enhances

nivolumab

24Gy/3 fx

PR

cancer

immunotherapy response in

(n = 40)
Pancreatic

microsatellite stable colorectal

12

4.2

1CR

and pancreatic adenocarcinoma

in a phase Il trial (86)

2 PR

cancer

(n =25)

Abbreviations: CMR, complete metabolic resolution (SUV <2.5) on 18F-FDG PET/CT; CR, complete response; HDR, high-dose brachytherapy; PR, partial response.

@ARR in this study includes resolution of tumor within and outside the radiation field.

Predicting the Abscopal Phenomenon

damage repair (DDR) pathways (29). Mismatch repair (MMR) defi-
ciency is associated with potentiating immunotherapy (ICI) effects,
which has led to the first-ever FDA-approved histology-agnostic
cancer therapy, an ICI for patients with microsatellite instability. In
such patients, frameshift mutations are predictive of response, sug-
gesting that this form of genome instability is particularly active in
generating neoantigens (30). Specific associated MMR pathway factors
predictive of antitumor immune response with ICI treatment include
the MSH2 and MSH6 MMR enzymes (31). Although earlier, we had
explored histologies that could be prognostic to being able to predict
response, predictive biomarkers such as neoantigens despite tumor
histology could be employed. One preclinical study explored this
question by using poorly immunogenic sarcoma cell line through
mechanisms involving the de novo generation of tumor-specific
mutant neoantigens and render noncurative doses of RT to induce
tumor-specific mutant MHC-I neoantigens capable of eliciting func-
tional CD8" T-cell responses which may enhance the synergy of
immunotherapy with RT but further evidence is required to elucidate
the role of neoantigens in eliciting AEs distantly (32).

Infiltrating lymphocytes in the tumor microenvironment

Radiation induces T helper (Th) cell differentiation, with dose-
variable effects on eventual Thl, Th2, and Treg immune response
balance (33). Specifically, animal data suggest that whole body low-
dose radiation (0.075 Gy in 1 fx) tends to bias a more Thl response
phenotype, whereas whole body high-dose radiation (2 Gy in 1 fx)
favors a more Th2 and Treg response phenotype (33). Thl cells
produce IL2 and IFNYy, which stimulate the cytotoxic effects of NK
and T cells. This process in turn further promotes macrophagic
activation, thereby activating the adaptive immune process. On the
other hand, Treg cells, via TGFp, promote immune downregulation
[25]. Multiple preclinical models have investigated the possibility of
using either ICI or cytokine therapy for increasing infiltrating lym-
phocytes to augment tumor cell killing.

Twyman-Saint Victor and colleagues (34) showed a symbiotic
relationship between ionizing radiation and both anti-PD-1/PD-L1
and anti-CTLA-4 blockade in a subset of melanoma cell lines.
Specifically, radiation caused T-cell repertoire expansion. Anti-
CTLA-4 inhibited Tregs, and anti-PD-L1 therapy increased CD8
tumor-infiltrating lymphocytes (TIL). Together, these effects
enhanced tumor-cell killing. Dual therapy with ICI and radiation
demonstrated superiority over either therapy alone.

Another in vitro model demonstrated similar immune-system
activation with ionizing radiation but via a different mechanism:
upregulation of antigen-processing and presentation pathways.
Increases in MHC class I levels led to greater subsequent downstream
activation of CD8" T cells and increased tumoricidality (35, 36).

In an in vivo study, Kamensek and colleagues (37) demonstrated
that after in situ vaccination with TNFow and IL12 gene therapy, their
mouse tumor model exhibited greater tumor mutational burden,
immune infiltration, and expression of MHC class I on tumor cells.
All these factors were associated with a more robust AE.

Murakami and colleagues (34), in a mesothelioma mouse-model,
successfully demonstrated increased reproducibility of an AE by
targeted alteration of radiation-induced immunosuppressive changes.
Their efficacious triple-therapy approach consisted of radiation, an
IL15 super-agonist [IL15 is a known activator of CD8" cells and NK
and T cells], and a glucocorticoid-induced TNF receptor-related
protein (GITR) agonist. RT initially induced CD8" T cells via tumor
antigen exposure. IL15 agonism subsequently augmented the expan-
sion of these specific antitumor memory CD8 T cells, whereas targeted

Mol Cancer Ther; 22(6) June 2023
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GITR agonism caused selective intratumoral depletion of immune-
inhibitory Treg cells (38).

Prospective clinical trials can consider a similar approach
of initially inducing cytotoxic immune induction via radiation,
coupled with both targeted sustained ICI-induced immune en-
hancement and pharmacologic downregulation of immunosuppres-
sive elements. The complex interplay between RT and ICI agents in
the tumor microenvironment—specifically, the ability to affect
immunosuppressive modulation to enhance tumor cell killing—is
under tremendous exploration (39).

Lymphocyte count

Lymphopenia secondary to radiation correlates with poor tumor
outcomes in several malignancies (40). Given how many studies have
shown how lymphocytes mediate AEs, using RT strategies that
minimize lymphocyte death may play a critical role in increasing the
probability of the effect occurring (41).

In one analysis of three phase I/II trials of patients receiving
combined immunotherapy and radiation, it was demonstrated that
increased levels of post-RT absolute lymphocyte counts (ALC) cor-
related with an increased incidence of AEs. Dividing the pooled cohort
into two groups using the median ALC as a threshold, the analysis
showed an abscopal incidence of 34.2% in the ALC-high arm and only
3.9% in the ALC-low arm (41).

Further supportive of the possible role of lymphocytes in the AE,
pre-irradiation lymphocyte counts also appear to play a role. In a study
of 10 patients with liver cancer, Gustafson and colleagues (42) showed
that elevated pre-irradiation neutrophil-to-lymphocyte ratios (NLR)
and lymphocytopenia were both negatively correlated with survival
outcomes. This study also investigated whether peripheral lymphocyte
count could be a good surrogate marker for lymphocytes elsewhere.
Circulating T-cell counts decreased by 50% at the end of RT and took
approximately 3 months to normalize. These trends directly correlated
with lymphocyte counts in adjacent lymph nodes and the tumor
microenvironment, both at the primary lesion and distant metastatic
locations. This information, when combined with the hypothesized
mechanistic role of lymphocytes in the AE, supports a potential role for
peripheral lymphocyte counts as prognosticators (42).

In addition, it is also important to note that radiation has a pro-
moting role in increasing Treg cells, myeloid-derived suppressor cells
(MDSC), and M2 tumor-associated macrophages. These immune-
regulatory elements can cause a deleterious immune-suppressive
environment, leading to lymphocyte depletion and inactivation.
Therefore, studying their role further may help to increasingly clarify
the prognostic context of ALC (43).

Finally, with respect to treatment strategies, given lymphocytes
likely play a key role in mediating AEs, using RT strategies that
minimize lymphocyte death may be worth pursuing. Hypofractiona-
tion could be one such strategy. Hypofractionated radiation refers to
treatment with greater than 2 Gy per fraction, usually in fewer number
and an overall shorter treatment period, compared with conventional
radiation fractionation. One prospective study examined the role of a
conventional RT regimen (50.4 Gy/28 fx) versus a hypofractionated
regimen (30 Gy/3 fx) on T lymphocytes in 20 patients with advanced
pancreatic cancer (44). Compared with the hypofractionated-regimen
cohort, the conventional-RT cohort suffered from greater prolonged T
lymphocyte suppression (50 days vs. 272 days, respectively). Specif-
ically, conventional fractionated radiation resulted in a dramatic
reduction of naive, effector, and memory T-cell subtypes equally,
without concurrent myeloid suppression and with up to 2 years’
time for count recovery. Interestingly, in these depleted lymphocyte
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populations, there was no difference in functional response to cyto-
kines nor any rapid homeostatic cytokine-driven repopulation of cells,
as typically seen in transient lymphopenia. In terms of cytokine levels,
the only significant difference between patients treated with conven-
tional and hypofractionated RT was a relative greater increase in serum
IL15 in the conventional group at the post-RT lymphocyte nadir time
point. Overall, cytokine levels and signaling were not sufficient to
explain the difference in lymphodepletion seen between the two
radiation-fractionation modalities (44).

MDSCs

MDSCs also play an immunosuppressive role in the tumor micro-
environment. In preclinical tumor models, fractionated radiation
downregulated the effect of MDSCs by inducing molecular restructur-
ing, such that antigen recognition increased. One study, in the context
of MDSCs, explored the synergistic effect of anti-PD-L1 and radiation
in mammary and colon adenocarcinoma cell lines. The combined
approach led to a decreased MDSC population via upregulation of self-
death in the tumor microenvironment, which led to relative augmen-
tation of the effector functions of the CD8" T cells. In turn, this led to a
form of positive feedback, with further destruction of the MDSC
population and thus an overall upregulation in immunogenicity of
the tumor microenvironment (45). This was clinically demonstrated in
the translational work reported by Postow and colleagues (7), where
congruent depreciation of MDSC levels were seen with abscopal effects
with exposure to ipilimumab and radiation in melanoma.

Damage-associated molecular patterns

Radiation is known to initiate “immunogenic cell death,” which
leads to increases in DAMPs. DAMPs include molecules, such as high-
mobility group box 1 protein (HMGBI1), adenosine triphosphate
(ATP), and calreticulin, that play a role in immune priming and
neoantigen presentation. Higher DAMP concentration led to down-
stream T-cell activation and proliferation, both critical to the proposed
synergistic mechanism of action of immune modulation and radiation
on AE development (46). Specifically, toll-like receptor 4 (TLR-4) on
dendritic cells, via the HMGB1 pathway, stimulates monocytes, which
subsequently increase the production and release of IL1, IL6, IL8, and
TNEF. This interaction leads to inhibition of intracellular antigen
degradation, thus facilitating greater antigen presentation and thereby
enhancing immune priming (46). To stimulate antigen-presenting cell
aggregation, ATP upregulates their localization to tumors via P2x7
signaling and cytokines, such as IL1f and IL18 (24). In addition,
further maturation, activation, and aggregation of dendritic cells
occurs, leading to helper T-cell activation and downstream increased
cytotoxic T-cell-mediated tumoricidality (35).

NK cells

NK cells constitute a special subtype of lymphocytes, with a unique
immunologic niche, that are also affected by radiation and thus may
also contribute to the AE. NK cells are large granular lymphocytes with
a distinctive cytotoxicity profile. NK cells do not require antigen-
specific presentation nor possess MHC limitations and thus can target
cells spontaneously (47). Operating via the secretion of proinflamma-
tory cytokines and promoting antigen-presenting cell differentiation,
they also activate adaptive cell-mediated immunity to target tumor
cells (47).

Low-dose ionizing radiation has been shown to upregulate NK-cell
function in vitro; on the other hand, high-dose ionizing radiation
tended to do the opposite, although with demonstrable effect atten-
uation with IL2 pretreatment (48). Several competing effects underlie
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this difference. On one hand, radiation induces antigen-presenting
cells to produce stimulatory cytokines, including IL2 and IFNy, that
upregulate NK-cell function. However, radiation also activates immu-
nosuppressive cells, such as Tregs and alternatively activated macro-
phages, which leads to downstream secretion of TGFf3 and subsequent
impaired NK-cell activity. Further downregulation of NK-cell activity
also occurs, albeit indirectly, with radiation-induced PD-L1 and clas-
sical HLA class I upregulation, leading to increased immunogenicity
and thus NK-cell recognition of tumor cells. Conventional fractionated
radiation in breast and prostate have demonstrated increased NK-cell
proliferation. But results have been mixed with SBRT, with increased
numbers seen after radiation in the breast but no change or decreased
numbers seen after radiation in the lung (48).

Direct killing, via transmembrane protein interactions, mediates
NK-cell activity against cancer cells. An area of potential related
targeted immunomodulation in both NK- and tumor-cell mem-
brane-specific agents. In one preclinical model, using NK-cell mem-
brane-cloaked, TCPP-loaded nanoparticles increased tumor thera-
peutic response in both primary and distant lesions (49). Similarly, in
another report, when radiation was combined with matrix metallo-
proteinase inhibitors, tumor cell membrane expression of NKG2D
ligands (NK-cell receptor activators) increased, which led to greater
tumoral NK cell-mediated cytotoxicity (50).

Exosomes

Exosomes are a family of extracellular vesicles, approximately 30 to
100 nm, in the trans-Golgi network. Tumor-derived exosomes (TEX)
transmit immunostimulatory and immunosuppressing data based on
the particles carried and the tumor microenvironment. Immunosti-
mulatory molecules include the immunoglobulin (Ig) superfamily, the
TNF receptor superfamily, the T-cell Ig and mucin (TIM) domain, and
MHC class I and II molecules. Immunosuppressive molecules include
tumor-associated antigens, such as TGFf, PD-1, PD-L1, TRAIL, IL10,
and Fas ligands. Collectively, these have a diverse set of downstream
inhibitory actions, such as inactivation of dendritic cells, effector T-cell
destruction, and proliferation of other immunoinhibitory entities,
such as Tregs and MDSCs (51).

Even outside of immunomodulation, these exosomes possess both
pro- and anti-oncogenic properties. They can activate miRNAs, which
help mediate many of the antitumor effects of ionizing radiation,
including inducing tumor-cell attack, limiting tumor-cell movement,
and promoting tumor-cell apoptosis (52). At the same time, TEXs are
important mediators of pro-oncogenic drivers, promoting neoplasia,
and augmenting tumor resistance via upregulation of angiogenic
signals (53). Exosomes are generated in the tumor microenvironment
and play a key role in modulating it. They stimulate antigen-presenting
cell activity, thereby leading to downstream cytotoxic T-cell activation.
Therefore, harnessing their ability could potentially increase the
probability of AEs, especially in the context of radiation (54).

It has been demonstrated that TEXs carrying heat shock protein 70
also have the ability to stimulate NK cells (55). NK cells can also
transport exosomes. In one preclinical study in melanoma cell lines,
NK-cell exosome delivery led to an upregulation of FAS ligand and
TNFs, enhancing tumoricidal effects (56).

TEXs may also intracellularly affect the tumor microenvironment.
TEXs are effective communicators of the Golgi apparatus, thus giving
them the ability to affect the secretion and localization of various types
of molecules intracellularly. This can have various downstream stim-
ulatory, inhibitory, and transcriptional influences in the cellular
system of tumor cells (56). In the context of RT, preclinical studies
show exosomal miR-21 and miR-7-5p are markedly upregulated in
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primary irradiated and bystander cells. Even when transferred to
specific target cells, TEXs cause DNA damage, with subsequent
autophagy induced via modulation of the EGFR/AKT/mTOR path-
ways. This initially localized and subsequent nonlocalized effect could
help explain AEs (57, 58). Finally, it should be noted that immune cell-
derived exosome (IEX) subtypes can elicit effector T-cell responses
based on specific antigen presentation, another possible mediator of
AEs. Despite robust preclinical models and sustained interest in
investigating exosomes as biomarkers to predict AEs and radioresis-
tance, no promising specific biomarkers for clinical prognostication
have emerged.

AE-upregulating cytokine factors

Another potential area of exploration of the underlying mechanism
of molecular synergism between radiation and immunotherapy, in the
context of the AE, is cytokine factors. In preclinical models, secondary
to ionizing radiation, tumor microenvironments promote the secre-
tion of pro-inflammatory cytokines, such as IFNy and CXCL9/10/16,
which lead to recruitment of T cells to the tumor bed (59). In addition,
ionizing radiation exposure leads to the upregulation of NKG2D
ligand, CD80 molecule, Fas receptor, and ICAM-1 on cancer cell
membranes, thereby elevating their susceptibility to the cytotoxic
effects of cytotoxic T lymphocytes (60). Ionizing radiation leads to
the upregulation of the STING and cyclic guanosine monophosphate-
adenosine monophosphate synthase (cGAS) pathways, which subse-
quently increases type I IFN levels (61). Coupled with IL12 and TNF
secretion by activated M1 macrophages, this mediates further cyto-
toxic response (62).

Translational work by Lai and colleagues (63) supports the above-
described findings; highly immunogenic murine models, MC-38 and
E.G7-OVA, showed increased IFNY levels and AEs after radiation in
distant lesions. Dose dependency was also demonstrated, with greater
effects with a single dose of 15 Gy compared with three 5-Gy fractions.

AE-downregulating cytokine factors

Although we have thus far discussed synergistic interactions, there
are some interactions between radiation and the immune system that
may attenuate AEs. Although these markers have not been directly
demonstrated to affect AEs, they have been shown to influence the
immunogenicity of radiation. Exposure to ionizing radiation mediates
a crucial immunosuppressive protein, TGFf, a known inhibitor of the
immunologic tumor microenvironment. Specifically, TGFp down-
regulates dendritic cells and therefore dysregulates eventual cytotoxic
T-cell activity against tumor cells (64).

As previously discussed, radiation can enhance downstream
immune cancer cytotoxicity through type I IFN. However, radiation
also induces the release of Trex-1, a DNA nuclease that clears the
byproducts of cancer cells required to activate type I IFN (65).
Radiation also activates M2 macrophages in the tumor environment,
which are known secretors of T-cell inhibitory cytokines, such as TGF3
and IL10 (62).

Continuing to identify radiation-associated downregulators of
immunogenicity in the tumor microenvironment, both within and
outside the context of radiation, will be important going forward to
identify negative prognosticators of the AE. Some examples of other
markers under active exploration are KRAS and FLT3 mutations,
which were associated with poorer local control in sequential radiation
phase II trials (66, 67).

A retrospective analysis of 74 patients with early-stage NSCLC
treated with conventional SBRT found worse freedom from recurrence
and cancer-specific survival associated with presence of KRAS

Mol Cancer Ther; 22(6) June 2023

713



Nelson et al.

mutation (68). Similarly, a phase II study of 89 patients with various GI
malignancies, investigating the efficacy of proton-based SBRT admin-
istration to limited liver metastases, found worse local control in
patients with mutant KRAS (69).

FLT3 ligand is a known stimulator of dendritic cells, which act as
primers of T-cell antitumor responses (70). Two ongoing phase I/II
trials are investigating the potential for FTL3 ligand to enhance
radiation-induced AEs. One trial (NCT03789097) is investigating
the combination of FLT3 ligand, radiation, poly-ICLC (polyino-
sinic-polycytidilic acid, an immune cell-activating factor), and
pembrolizumab in non-Hodgkin lymphoma, metastatic breast can-
cer, and head and neck squamous cell carcinoma. Another trial
(NCT04491084) is investigating the possible therapeutic benefits
of combining FLT3 ligand, CD40 agonist antibody, and SBRT in
patients with NSCLC.

Future Directions: Radiomics and the
Radscopal Technique

Exciting developments meriting future investigation in the abscopal
space are underway. Radiomics is a potentially useful and innovative
means to better predict AEs. In a seminal preclinical investigation,
conducted by Mihaylov and colleagues (71) 15 lung cancer murine
models were studied for the presence of AEs after treatment with
hypofractionated RT (8 Gy/1fx) followed by anti-PD-1 therapy.
Approximately 27% of the treated animals experienced an AE. Using
CT and MRI, more than 90 radiomic features were analyzed. Pre-
treatment neutrophil-to-lymphocyte (N:L) ratios were also documen-
ted. Subsequent binary logistic regression of pretreatment imaging
features and N:L ratios was conducted, with an AUC measurement
greater than 0.84, indicating a high AE predictive power for the
approach. It should be noted, however, that this study included a
single tumor model with a small sample size, suggesting a strong need
for further preclinical and clinical inquiry.

Although AEs have been traditionally associated with high-dose
radiation, many pioneering preclinical studies are under way to
evaluate the role of low-dose RT (LDRT) in mediating AEs. In a lung
adenocarcinoma tumor model study by Barsoumian and collea-
gues (72), the addition of LDRT (1 Gy/2 fx) was effective in extending
mouse survival by controlling tumor growth. Mechanistically, anti-
tumor immunity was boosted through activation of T cells, infiltration
of NK cells, polarization of M1 macrophages, and reduction of TGFf}
cytokines, leading to tumor stromal modulation.

Furthermore, optimal antitumor control was achieved by treating
the primary tumor with high-dose radiation (HDRT), using a
schedule of 36 Gy in three fractions, while concurrently treating
the secondary tumor with LDRT, in combination with an anti-PD-1
ICI. The technique of combining HDRT to the primary tumor,
LDRT to the secondary tumor, and an ICI was coined the “RadS-
copal” concept, a potentially novel means of using ionizing radi-
ation for systemic disease control (72). Although this approach is
not classically aligned with the traditional understanding of absco-
pal effect, it has and will continue to be relevant as further studies
are underway. This triple-therapy combination led to a 90% mouse
survival rate over the 50-day observation period, significant control
of both primary and secondary tumors, and reduction of TGFp, a
known tumor microenvironment immunosuppressor, in the TILs of
secondary tumors (72).

Similar translational findings were observed with the combina-
tion of HDRT, LDRT, and anti-PD-1 therapy in preclinical colon
adenocarcinoma murine models and in NSCLC patients (73). In a
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preclinical study, authors found that the approach resulted in 55%
of treated mice experiencing complete AEs. In a clinical study in
patients with metastatic NSCLC (n = 9), the triple-therapy com-
bination induced partial response in 3 patients (33%), and six of
nine LDRT-treated large lesions decreased in size by an average of
28% (73).

From a molecular targeting perspective, moving beyond anti-CTLA
and anti-PD-1 and anti-PD-L1 agents, AEs have also been elicited by
addition of an anti-TIGIT checkpoint inhibitor to therapy with HDRT,
LDRT, and an anti-PD-1 agent. In aggressive 344SQ-P lung adeno-
carcinoma murine models, when the four agents were combined, the
resulting median survival observed at 50 days was higher than that seen
for the combination without anti-TIGIT (74). Given the promising
data, both the triple- and quadruple-therapy approaches warrant
further investigation.

Conclusion

With the prodigious rise of AE reports in the literature, what was
once considered an exceedingly rare, elusive, and random phenom-
enon is now becoming more mainstream. Technologic advance-
ments allowing for improved side effect profile of RT as well as
better understanding of potential systemic benefits of localized RT
have led to increased use of RT in the metastatic setting. This, along
with rapid adoption of immunotherapy, has led to increased
occurrence of AE, and better understanding of how to utilize this
phenomenon clinically. However, despite our advances, much
remains to be discovered about the complex intricacies of these
beneficial off-target effects of local therapy. As seen throughout our
review, a delicate balance is present with every situation of molec-
ular cross-talk, constantly modulated by dynamic tumor microen-
vironmental and other systemic interactions. This complexity is
underscored by the stochastic-appearing nature of AEs. But the
scientific consensus has established a few notable trends. AEs tend
to be seen in immunogenic tumors; thus, stratifying individual
patients’ tumor histologic subtypes and understanding their indi-
vidual immune systems—accounting for their unique tumor spread,
site permeability, and predilection—will all be crucial factors for
predicting and affecting AEs. To maximize clinical utility, prospec-
tive validation of biomarkers in the trial setting, along with a holistic
understanding of molecular mechanisms will be essential to estab-
lishing predictability and reproducibility of AEs.
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