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ABSTRACT

◥

The development of immunotherapy, in particular immune
checkpoint inhibitors (ICI), has revolutionized cancer treatment
in the past decades. However, its efﬁcacy is still limited to subgroups
of patients with cancer. Therefore, effective treatment combination
strategies are needed. Here, radiotherapy is highly promising, as it
can induce immunogenic cell death, triggering the release of proinﬂammatory cytokines, thereby creating an immunogenic phenotype and sensitizing tumors to ICI. Recently, targeted radionuclide
therapy (TRT) has attained signiﬁcant interest for cancer treatment.
In this approach, a tumor-targeting radiopharmaceutical is used to
speciﬁcally deliver a therapeutic radiation dose to all tumor cells,
including distant metastatic lesions, while limiting radiation exposure to healthy tissue. However, fundamental differences between

Introduction
The development of immune checkpoint inhibitors (ICI) revolutionized cancer treatment (1). Key immune checkpoints are inhibitory
T-cell regulators cytotoxic T-lymphocyte–associated protein 4
(CTLA-4) and programmed cell death protein 1 (PD-1; refs. 2, 3).
Antibodies blocking these checkpoints, such as ipilimumab (anti–
CTLA-4), pembrolizumab and nivolumab (anti–PD-1), atezolizumab
and durvalumab (anti–PD-L1), have shown remarkable efﬁcacy in
subsets of patients with cancer (1). However, a signiﬁcant number of
patients do not respond because they fail to generate an effective
antitumor immune response (4). To increase the efﬁcacy in nonresponding patients, combinations with other therapies that create a
more immunogenic tumor microenvironment (TME) and thereby
sensitize tumors to ICI, are needed.
There is considerable evidence that ionizing radiation can boost
antitumor immunity, mostly originating from studies with external
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TRT and conventional radiotherapy make it impossible to directly
extrapolate the biological effects from conventional radiotherapy to
TRT. In this review, we present a comprehensive overview of studies
investigating the immunomodulatory effects of TRT and the efﬁcacy
of combined TRT-ICI treatment. Preclinical studies have evaluated
a variety of murine cancer models in which a- or b-emitting
radionuclides were directed to a diverse set of targets. In addition,
clinical trials are ongoing to assess safety and efﬁcacy of combined
TRT-ICI in patients with cancer. Taken together, research indicates
that combining TRT and ICI might improve therapeutic response in
patients with cancer. Future research has to disclose what the
optimal conditions are in terms of dose and treatment schedule to
maximize the efﬁcacy of this combined approach.

beam radiation therapy (EBRT). However, with EBRT only a limited
number of tumor lesions are irradiated. In targeted radionuclide
therapy (TRT), a radionuclide is either linked to a carrier molecule,
such as a small molecule or a monoclonal antibody directed towards a
TME-associated antigen, or accumulates in lesions of interest by
physiologic uptake (5). Therefore, TRT results in speciﬁc irradiation
of all tumor lesions, regardless of location, while sparing healthy tissue.
This makes TRT an attractive approach to treat patients with metastatic disease or tumors present in close proximity to radiosensitive
organs, to which EBRT would cause severe toxicity (6). TRT has grown
signiﬁcantly over recent years, exempliﬁed by the NETTER-1 trial (7)
and subsequent clinical approval of lutetium-177-DOTATATE
([177Lu]Lu-DOTATATE) for the treatment of neuroendocrine
tumors, the phase III VISION trial with [177Lu]Lu-PSMA-617 for
prostate cancer treatment (NCT03511664), and the development of
agents directed to TME-associated targets (e.g., ﬁbroblast activation
protein), which are not limited to treat one speciﬁc cancer type (8, 9).
The biological effects of radiation depend on many factors
including total absorbed dose, absorbed dose heterogeneity, dose
rate, and fractionation, which are different between EBRT and TRT
and also differ for various types of TRT (6). Deﬁnition of these and
other common radiation terms are included in Table 1 (10). EBRT
involves a homogeneous beam of X-rays with a low linear energy
transfer (LET). EBRT is given to the tumor at a high dose rate often
in a fractionated manner. In TRT the absorbed dose rate is 100 to
1,000 times lower, but the exposure time of the tumor is much
longer. Furthermore, in TRT, the radiation exposure is heterogeneous, consisting of a-, b-, or Auger particles accompanied or
not by X or g rays. These particles have variable LET, path-length,
and half-life, all depending on the radionuclide. b-particles
generally have a multicellular range (1–10 mm) and high energy
(0.1–1 MeV), a-particles have a cellular range (50–80 mm), and
very high energy (5–8 MeV), and Auger electrons have a very
short, subcellular range (1–1,000 nm) and low energy (<25 keV;
refs. 5, 8, 11). Due to these different physical properties, ﬁndings
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Table 1. Deﬁnition of radiation terms.
Radiation
term

Deﬁnition

Absorbed dose Absorbed dose delivered by
rate
ionizing radiation per unit
of time
Fractionation
Exposure to radiation in
several small fractions
LET
Amount of energy deposited
by ionizations per unit
distance as it traverses
matter
Radioactive
Time required for the
half-life
radioactive atomic nuclei
of a speciﬁc radionuclide to
decay to one half of their
initial activity
Range
Average distance that a
charged particle travels
from its source through
matter
Total absorbed Mean amount of energy
dose
deposited per mass in
tissue of interest

Derived SI units
Gray per second (Gy s–1)

Kiloelectronvolt per
micrometer (keV mm–1)

Depending on its
magnitude: seconds (s)
or hours (h)

a-particles: mm
b-particles: mm or cm
Auger-electrons: nm
Gray (Gy), equivalent to
J/kg

Note: Data from ICRU report 96 (ref. 10).

regarding immunologic effects of radiation cannot be directly
extrapolated to TRT (12).
This review aims to (1) describe the immunomodulatory effects of
TRT (2), present an overview of the studies on combined TRT and ICI
to date, and (3) provide directions for future research.

Immunomodulatory Effects of External
Beam Irradiation
EBRT generates local tumor control through DNA damage–
induced cell death, but in rare clinical cases regression of distant
unirradiated lesions has been observed: the “abscopal effect” (13, 14).
Preclinical studies have shown the role of the adaptive immune system
in these abscopal responses. An important mechanism involved is
immunogenic cell death (ICD). ICD can be triggered by reactive
oxygen species, which are formed upon ionizing radiation (15, 16).
To induce ICD-based antitumor immune responses, four steps are
required. First, radiation increases the presence of neoantigens and
tumor-associated antigens resulting in a so-called in situ vaccination
effect (17). Second, cytokines and DAMP, such as ATP, high mobility
group box 1 (HMGB1), calreticulin, and annexin-A1 are released. In
addition, the cytoplasmic DNA-sensing cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon genes (STING) signaling pathway can
be activated by cytosolic DNA (18–20). The resulting type I interferon
response is essential for dendritic cell (DC) function and is therefore a
central player in activation of adaptive immune responses (21–23).
Third, professional antigen-presenting cells (APC), such as DCs are
recruited into the tumor (24, 25). Fourth, tumor-speciﬁc effector T
cells are activated and inﬁltrate the tumor, resulting in a long-lasting
antitumor immune response (26). Opposed to these immunostimulatory effects, radiation also induces suppressive signaling, directly or
indirectly through activation of the cGAS-STING-IFN1 axis (27). This
is characterized by the recruitment of immunosuppressive cells, like
regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSC;
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refs. 28, 29), and PD-L1 upregulation (28, 30). In addition, immune
cells are inherently radiosensitive, thus radiation can also deplete
tumor-inﬁltrating lymphocytes. Whether radiation induces immunostimulatory or -suppressive effects can be dose-dependent. Taken
together, the irradiated TME can be chronically inﬂamed, but also
strongly immunosuppressive (Fig. 1). In this regard, a combination of
EBRT and ICI could improve treatment efﬁcacy. Various preclinical
studies have shown that the combination of EBRT with ICI can
improve treatment outcome. A large phase III trial in patients with
unresectable stage III non–small cell lung cancer (PACIFIC) demonstrated improved progression-free survival and overall survival (31)
and many clinical studies are ongoing [reviewed in (16, 32, 33)].
Nevertheless, the response to EBRT-ICI combination therapy highly
depends on tumor type and many open questions remain about the
optimal dose, fractionation, and treatment schedule for EBRT-ICI
combinations (16).

Immunomodulatory Effects of TRT
TRT with b-emitting radionuclides
Several immunomodulatory effects of irradiation described
for EBRT have also been observed for b-emitting TRT. In a murine
melanoma model, treatment with iodine-131-anti-melanin
([131I]I-anti-melanin) increased the presence of DAMPs annexinA1 and calreticulin (34), demonstrating that b-irradiation may induce
ICD. In two recent preclinical studies with yttrium-90-NM600
([90Y]Y-NM600) activation of the STING-IFN1 pathway and production of pro-inﬂammatory cytokines were observed (35, 36).
Modulation of the immune system by b-emitter TRT is also exempliﬁed by changes in immune-cell inﬁltration. Several studies have
observed an increased inﬁltration of immunostimulatory immune
cells into the TME after TRT, for example CD4þ and/or CD8þ
T cells (34, 36–39), APCs, natural killer cells (36, 40), and other
innate immune cells (34, 36). In addition, the amount of immunosuppressive immune cells, like Tregs or macrophages, was reported to
decrease after TRT (37, 39). However, these events are not always
consistent between all treatments or models. In a recent study using
[177Lu]Lu-albumin the numbers of CD4þ and CD8þ T cells in the
TME were reduced and fewer circulating B cells and DCs were
found (39). b-irradiation can also trigger immunosuppressive features: two independent studies with [177Lu]Lu-anti–PD-L1 and
[177Lu]Lu-anti–integrin-avß3 have shown upregulation of PD-L1
and increased inﬁltration of PD-L1þ immune cells to the TME (38, 41).
In addition, increased expression of Treg-regulated genes and genes
involved in immune tolerance were found after [131I]I-anti-melanin (34).
So far, evidence for abscopal effects of radionuclide therapy is limited to
one case, where 90Y-radioembolization resulted in complete regression of
an untargeted lesion (42).
TRT with a-emitting radionuclides
Although the number of in-depth studies with a-emitter TRT
is relatively limited, there is substantial evidence that a-irradiation
can induce ICD. Radium-223-dichloride ([223Ra]Ra-dichloride)
treatment resulted in calreticulin upregulation and in vitro activation of CD8þ T cells (43). Similarly, studies with thorium-227
(227Th)-conjugates targeted to mesothelin (44, 45) and bismuth213-albumin ([213Bi]Bi-albumin; ref. 46) observed upregulation of
DAMPs and DC activation in vitro. When mice were vaccinated
with [213Bi]Bi-albumin-irradiated cancer cells prior to injection of
non-irradiated cancer cells, immunocompetent but not immunodeﬁcient mice were protected from tumor growth for at least two
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Figure 1.
Immunostimulatory (left) and immunosuppressive (right) effects of radiation. ICD results in the release of DAMPs such as ATP, HMGB1, calreticulin (CALR), and
annexin A1 (ANXA1). This release promotes cross-presentation of tumor antigens by DCs, resulting in expansion of CD8þ T cells. The diversity of the T-cell receptor
(TCR) repertoire on CD8þ T cells and expression of MHC on tumor cells are increased. The presence of cytosolic DNA triggers cGAS-STING signaling, resulting in
IFN1-induced inﬂammatory remodeling. Release of chemokine (C-X-C motif) ligand 9 (CXCL9), CXCL10, and CXCL16 by tumor cells and DCs promotes T-cell
inﬁltration. On the other hand, tumor cells release immunosuppressive C-C motif chemokine 5 (CCL5) and CCL2, which promote inﬁltration of Tregs and myeloidderived suppressor cells (MDSC). Production of TGFb inhibits DC maturation and T-cell cytotoxicity. PD-L1 overexpression on tumor cells results in T-cell inhibition.

months (46). A similar protective effect after vaccination was found
with lead-212 (212Pb) targeted to the melanocortin 1 receptor (47) and
radium-224 (224Ra; ref. 48). In the latter study, the protective effect was
more pronounced in a highly immunogenic tumor model compared
with a weakly immunogenic model. In addition, changes in immunecell inﬁltration upon a-irradiation have been reported. One preclinical
study showed that melanocortin 1 receptor-targeted 212Pb-TRT
increased the number of tumor-inﬁltrating lymphocytes (47) and
increased neutrophil blood counts were found after astatine-211anti-PARP ([211At]At-anti-PARP) therapy (49). However, a decrease
of CD8þ T cells in the TME initially decreased lymphocyte blood
counts, and increased inﬁltration of macrophages and CD4þ T cells
were also observed in the latter study (49). In patients with prostate
cancer, 223Ra-treatment induced changes in circulating immune cells
and immune checkpoint expression. For example, 223Ra can reduce
the number of PD-1 expressing CTLs, increase CTLs expression of
co-stimulatory or inhibitory (PD-L1, PD-1, and TIM-3) checkpoint
molecules, and increase expression of PD-L1 on plasma-derived
exosomes (50–52). In addition, solid tumor biopsies of 223Ra-treated
patients showed PD-L1 upregulation (52).

Preclinical Studies on Combined TRT
and ICI
Combination of b-emitter TRT with ICI
Various preclinical studies have examined combination therapy of
177
Lu-TRT with ICI (38, 39, 41, 53–56). For example, Chen and
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colleagues evaluated a combination of [177Lu]Lu-EB-RGD, targeting
integrin avß3, with anti–PD-L1 in a colorectal cancer model (41). Mice
were responsive to both TRT and ICI monotherapy, but combination
therapy was superior in delaying tumor growth and prolonging
survival. After combined treatment tumors demonstrated reduced
glucose metabolism, a lower vascular density, increased apoptosis,
earlier necrosis, and reduced tumor cell proliferation, compared with
monotherapy. Furthermore, the number of tumor-inﬁltrating CD8þ
T cells signiﬁcantly increased, while the number of Tregs did not
change. Finally, combination therapy generated immunologic memory, as recovered mice rechallenged with cancer cells, rejected
the tumors. Other studies have conﬁrmed the superior efﬁcacy of
177
Lu-TRT-ICI combination therapy in various tumor models and for
different types of ICIs (38, 39, 53–55). Occasionally, efﬁcacy could be
explained by increased inﬁltration of T cells or decreased inﬁltration of
immunosuppressive cells into the TME (38, 39), while others did
not observe these changes (54). Furthermore, immunosuppressive
features like enhanced PD-L1 expression were reported (38). Efﬁcacy
of TRT-ICI combination therapy has also been reported for the
b-emitters 131I and 90Y in various tumor models (34–36, 57). Again,
the immunologic effects of combined treatment were diverse and
sometimes contradictory.
In contrast, several studies do not support the potential efﬁcacy of
b-TRT-ICI. For example, combined [90Y]Y-NM600-ICI therapy could
not control primary tumor growth in a Lewis lung carcinoma model,
while in various other cancer models it could (57). In addition, melanintargeted 177Lu-TRT combined with anti–PD-1 or anti–PD-L1 in a
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melanoma model did not improve therapeutic efﬁcacy compared with
ICI monotherapy, while combination with anti–CTLA-4 therapy was
successful (34). The authors suggest that immunogenic tolerance
dominates the observed immune escape after TRT, as T-cell exhaustion was absent. Finally, one study even reported a negative effect of
combining TRT with anti–PD-1 in a breast cancer model, where
VEGF-targeted 177Lu-TRT monotherapy was very effective, but the
addition of anti–PD-1 diminished the therapeutic effect (56).
Combination of a-emitter TRT with ICI
Combined a-emitter TRT and ICI has shown diverse results. For
example, [212Pb]Pb-VMT01 targeting melanocortin 1 receptor
induced immunogenicity in an otherwise immunotolerant murine
melanoma model (47). In addition, when cancer cells were irradiated
in vitro before injection, the tumor was sensitized to ICI treatment.
Also, combined [212Pb]Pb-VMT01 and ICI (anti–CTLA-4 and
anti–PD-1) more effectively inhibited tumor growth compared with
TRT or ICI monotherapy. Rechallenge of mice that showed complete
response with cancer cells resulted in very slow or absent tumor
growth, indicating the presence of adaptive antitumor immunity.
Superior efﬁcacy of combined a-emitter TRT and ICI has also been
reported for 211At, 213Bi, 225Ac, 227Th, and 223Ra directed to various
targets (45, 49, 52, 58, 59) and in the latter studies, T-cell activation was
observed (45, 52).
In contrast to these ﬁndings, melanin-targeted or PD-L1–targeted
225
Ac-TRT-ICI combination therapy was not superior to monotherapies in a melanoma (54) and breast cancer model (60), respectively.
In the latter study, combination therapy even reduced survival
signiﬁcantly compared with monotherapies, although it was not
reported whether this effect was due to progressive tumor growth
or treatment toxicity (60). In addition, the therapeutic efﬁcacy of
combined [213Bi]Bi-anti-melanin and anti–PD-1 in murine melanoma was dependent on the treatment schedule, with the most
effective growth inhibition when ICI was sandwiched between
two doses of TRT or when TRT was administered after ICI (58).
Finally, combined [213Bi]Bi-anti-melanin and anti–CTLA-4 therapy did not improve TRT monotherapy in a metastatic melanoma
model (61).

Clinical Studies on Combined TRT and
ICI
Several trials with combined TRT and ICI are currently ongoing
(NCT03658447, NCT03805594, NCT04261855, NCT03457948,
NCT03325816). So far, results are only available from the
[177Lu]Lu-DOTATATE (Luthathera) phase I study, which showed
that combined Lutathera and nivolumab treatment was safe and led to
antitumor activity in some patients (62). In addition, two recent case
studies with [177Lu]Lu-DOTATATE-ICI therapy in a patient with an
aggressive pituitary tumor and [177Lu]Lu-DOTATOC-ICI in a patient
with metastatic Merkel cell carcinoma showed safety and antitumor
activity (63, 64). Finally, two phase II trials with [177Lu]Lu-TLX250 in
combination with ICI for the treatment of metastatic clear cell renal
cell carcinoma, are awaited (STARLITE-1 and STARLITE-2).

Discussion and Future Perspectives
Several preclinical studies provide proof-of-concept that TRT-ICI
combination therapy can initiate powerful antitumor immune
responses. On the other hand, a number of studies have reported
negative or contradictory ﬁndings. Therefore, a better understanding
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of radiobiological and immunologic effects is crucial to optimize TRTICI combination therapy for clinical translation.
Absorbed dose to the tumor
How cancer cells die and modulate the TME in response to radiation
depends on the radiation dose (22). With TRT, the tumor absorbed
dose is determined by the administered activity and tracer accumulation and retention in the tumor. The latter is determined by several
factors, such as target expression and tumor perfusion. Dosimetry can
be used to accurately estimate the absorbed dose in the tumor.
However, the absence of dosimetry in most of the published studies
makes it impossible to directly relate tumor dose to immune effects and
to compare ﬁndings between different studies. Furthermore, the extent
of immune modulation may depend on the characteristics of the
radionuclide used. For example, a-particles contain much higher
energies than b-particles and deposit this energy over a much shorter
range at different dose rates. In-depth studies investigating the relation
between the physical properties of the radionuclide and the radiobiological and immunologic effects are lacking. Therefore, future preclinical TRT studies should include dosimetry to assess dose-effect
relationships to elucidate which dose, particle type, or dose rate is
preferred for immune activation.
Tumor characteristics
Various characteristics of the tumor and its microenvironment
determine the response or resistance to TRT, including tumor solidity,
intra-tumor heterogeneity, and mutations of speciﬁc cellular mechanisms such as apoptotic pathways (65). First, the intrinsic radiosensitivity of cancer cells is highly heterogeneous both within and between
tumor types and depends on the genetic background (66, 67). This
affects the type of cell death induced by radiation and, therefore, the
extent of ICD and tumor-associated antigen release (15). Second, TME
characteristics, such as tumor metabolism, perfusion, hypoxia, and
immunogenicity determine responsiveness to both radiation and
immunotherapy, and therefore, most likely also affect radiationinduced immune modulation (22, 68). With regards to TRT, hypoxia
is of particular interest as the effects of a-radiation are less dependent
on oxygen, which potentially makes a-TRT a ﬁtting treatment for
hypoxic tumors that are otherwise resistant to conventional EBRT and
ICI (5). Taken together, resistance to TRT is determined by various
tumor characteristics, which most likely also affect TRTs immunologic
effects.
Finally, it remains to be elucidated which types of targets are
preferred to enhance immune responses. For example, targeting
vasculature did not synergize with ICI therapy (56), and further
research should examine how targeting tumor stroma or other components of the TME would impact immunomodulation. Future
research should investigate the relation between tumor characteristics
and immunologic response to TRT, as these insights are essential to
understand which tumor types will beneﬁt from TRT-ICI combination
therapies in the clinical setting. Elaborate tumor characterization and
careful selection of tumor model would, therefore, improve preclinical
studies on TRT-ICI combination therapy.
Treatment schedule
Mechanistically, sequential TRT followed by ICI is expected to be
most effective, as TRT will induce ICD resulting in an immunogenic
TME followed by ICI to release the brakes of the immune system.
Notably, TRT generally exposes the tumor to a low dose rate over a long
period, which may result in irradiation of inﬁltrating immune cells
potentially hampering the antitumor immune response. Comparison
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of different treatment schedules within one study showed that concurrent administration was more effective than sequential administration (41, 45, 58), but only a limited number of studies included this
comparison and elaborated on the underlying mechanism. In all
studies, different readouts to measure immune effects were used, such
as cytokine release and IHC analysis of tumor tissue, but selecting the
appropriate time-window for these methods is challenging. In vivo
molecular imaging of immune cells and other relevant immune-related
targets could help to elucidate the immune effects of TRT in living
animals or patients. In addition, only one study examined the effect of
fractionation and found that the efﬁcacy of combined TRT-ICI was
decreased (63). Future studies are warranted to directly compare
treatment schedules and fractionation regimens and to investigate the
underlying mechanisms (16). Finally, whether hematologic toxicity
upon TRT might limit ICI efﬁcacy remains unexplored. Therefore, ICI
dose-ﬁnding for TRT combination strategies remains an important
issue for future research to reduce ICI toxicity without compromising
efﬁcacy (69, 70).

Conclusion
TRT is a rapidly expanding ﬁeld aiming to treat patients with
metastatic cancer and its ionizing effects can potentially boost

antitumor immunity. This review provides an up-to-date overview
of the immunomodulatory effects of TRT and its efﬁcacy in combination with ICI. However, the results discussed in this review are
dispersed and the optimal conditions for clinical translation remain
largely unknown. Therefore, in-depth preclinical studies are warranted, to elucidate how absorbed dose, fractionation, and tumor
characteristics are related to neoantigen release, ICD induction, and
long-lasting antitumor immune responses. These studies will have
essential implications for the design of future clinical trials on
combined TRT and ICI.

Authors’ Disclosures
S. Heskamp reports grants from Dutch Cancer Society (12567), Dutch Research
Council (09150172010054), and Telix Pharma during the conduct of the study. No
disclosures were reported by the other authors.

Acknowledgments
This project was supported by grants from the Dutch Cancer Society (12567;
to S. Heskamp) and grants from Dutch Research Council (NWO; 09150172010054;
to S. Heskamp).
Received December 8, 2021; revised February 3, 2022; accepted April 11, 2022;
published ﬁrst April 26, 2022.

References
1. Robert C. A decade of immune checkpoint inhibitors in cancer therapy.
Nat Commun 2020;11:3801.
2. Keir ME, Liang SC, Guleria I, Latchman YE, Qipo A, Albacker LA, et al. Tissue
expression of PD-L1 mediates peripheral T-cell tolerance. J Exp Med 2006;203:
883–95.
3. Sugiura D, Maruhashi T, Okazaki IM, Shimizu K, Maeda TK, Takemoto T, et al.
Restriction of PD-1 function by cis–PD-L1/CD80 interactions is required for
optimal T-cell responses. Science 2019;364:558–66.
4. Esfahani K, Roudaia L, Buhlaiga N, Del Rincon SV, Papneja N, Miller WH Jr. A
review of cancer immunotherapy: from the past, to the present, to the future.
Curr Oncol 2020;27:S87–s97.
5. Institute of Medicine, National Research Council. 4, targeted radionuclide
therapy. Advancing nuclear medicine through innovation. Washington, DC:
The National Academies Press; 2007. p. 173; Available from: https://www.ncbi.
nlm.nih.gov/books/NBK11464/.
6. Pouget JP, Lozza C, Deshayes E, Boudousq V, Navarro-Teulon I. Introduction to
radiobiology of targeted radionuclide therapy. Front Med 2015;2:12.
7. Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B, et al. Phase III
trial of (177)Lu-dotatate for midgut neuroendocrine tumors. N Engl J Med 2017;
376:125–35.
8. Sgouros G, Bodei L, McDevitt MR, Nedrow JR. Radiopharmaceutical therapy in
cancer: clinical advances and challenges. Nat Rev Drug Discov 2020;19:589–608.
9. Langbein T, Weber WA, Eiber M. Future of theranostics: an outlook on precision
oncology in nuclear medicine. J Nucl Med 2019;60:13s–9s.
10. Sgouros G, Bolch WE, Chiti A, Dewaraja YK, Emﬁetzoglou D, Hobbs RF, et al.
ICRU REPORT 96, dosimetry-guided radiopharmaceutical therapy. J ICRU
2021;21:1–212.
11. Ku A, Facca VJ, Cai Z, Reilly RM. Auger electrons for cancer therapy: a review.
EJNMMI Radiopharm Chem 2019;4:27.
12. Constanzo J, Galluzzi L, Pouget J-P. Immunostimulatory effects of radioimmunotherapy. J Immunother Cancer 2022;10:e004403.
13. Mole RH. Whole body irradiation; radiobiology or medicine? Br J Radiol 1953;
26:234–41.
14. Demaria S, Ng B, Devitt ML, Babb JS, Kawashima N, Liebes L, et al. Ionizing
radiation inhibition of distant untreated tumors (abscopal effect) is immune
mediated. Int J Radiat Oncol Biol Phys 2004;58:862–70.
15. Sia J, Szmyd R, Hau E, Gee HE. Molecular mechanisms of radiation-induced
cancer cell death: a primer. Front Cell Dev Biol 2020;8:41.
16. Procureur A, Simonaggio A, Bibault JE, Oudard S, Vano YA. Enhance the
immune checkpoint inhibitors efﬁcacy with radiotherapy induced immunogenic

AACRJournals.org

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

cell death: a comprehensive review and latest developments. Cancers 2021;
13:678.
Jagodinsky JC, Morris ZS. Priming and propagating antitumor immunity: focal
hypofractionated radiation for in situ vaccination and systemic targeted radionuclide theranostics for immunomodulation of tumor microenvironments.
Semin Radiat Oncol 2020;30:181–6.
Vanpouille-Box C, Alard A, Aryankalayil MJ, Sarfraz Y, Diamond JM,
Schneider RJ, et al. DNA exonuclease Trex1 regulates radiotherapyinduced tumor immunogenicity. Nat Commun 2017;8:15618.
Carozza JA, B€ohnert V, Nguyen KC, Skariah G, Shaw KE, Brown JA, et al.
Extracellular cGAMP is a cancer cell–produced immunotransmitter involved in
radiation-induced anticancer immunity. Nat Cancer 2020;1:184–96.
Diamond JM, Vanpouille-Box C, Spada S, Rudqvist NP, Chapman JR,
Ueberheide BM, et al. Exosomes shuttle TREX1-sensitive IFN-stimulatory
dsDNA from irradiated cancer cells to DCs. Cancer Immunol Res 2018;6:
910–20.
Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, et al. STING-dependent
cytosolic DNA sensing promotes radiation-induced type I interferondependent antitumor immunity in immunogenic tumors. Immunity 2014;
41:843–52.
Wang Y, Liu Z-G, Yuan H, Deng W, Li J, Huang Y, et al. The reciprocity between
radiotherapy and cancer immunotherapy. Clin Cancer Res 2019;25:1709.
Kho VM, Mekers VE, Span PN, Bussink J, Adema GJ. Radiotherapy and cGAS/
STING signaling: impact on MDSCs in the tumor microenvironment.
Cell Immunol 2021;362:104298.
Fucikova J, Kepp O, Kasikova L, Petroni G, Yamazaki T, Liu P, et al. Detection of
immunogenic cell death and its relevance for cancer therapy. Cell Death Dis
2020;11:1013.
Galluzzi L, Vitale I, Warren S, Adjemian S, Agostinis P, Martinez AB, et al.
Consensus guidelines for the deﬁnition, detection, and interpretation of immunogenic cell death. J Immunother Cancer 2020;8:e000337.
Formenti SC, Rudqvist N-P, Golden E, Cooper B, Wennerberg E, Lhuillier C,
et al. Radiotherapy induces responses of lung cancer to CTLA-4 blockade.
Nat Med 2018;24:1845–51.
Sato H, Niimi A, Yasuhara T, Permata TBM, Hagiwara Y, Isono M, et al. DNA
double-strand break repair pathway regulates PD-L1 expression in cancer cells.
Nat Commun 2017;8:1751.
Deng L, Liang H, Burnette B, Beckett M, Darga T, Weichselbaum RR, et al.
Irradiation and anti–PD-L1 treatment synergistically promote antitumor immunity in mice. J Clin Invest 2014;124:687–95.

Clin Cancer Res; 2022

OF5

Kleinendorst et al.

29. Kachikwu EL, Iwamoto KS, Liao Y-P, DeMarco JJ, Agazaryan N, Economou JS,
et al. Radiation enhances regulatory T-cell representation. Int J Radiat Oncol Biol
Phys 2011;81:1128–35.
30. Sato H, Okonogi N, Nakano T. Rationale of combination of anti–PD-1/PD-L1
antibody therapy and radiotherapy for cancer treatment. Int J Clin Oncol 2020;
25:801–9.
31. Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al. Overall
survival with durvalumab after chemoradiotherapy in stage III NSCLC. N Engl J
Med 2018;379:2342–50.
32. Sindoni A, Minutoli F, Ascenti G, Pergolizzi S. Combination of immune
checkpoint inhibitors and radiotherapy: review of the literature. Crit Rev Oncol
Hematol 2017;113:63–70.
33. McLaughlin M, Patin EC, Pedersen M, Wilkins A, Dillon MT, Melcher AA, et al.
Inﬂammatory microenvironment remodeling by tumor cells after radiotherapy.
Nat Rev Cancer 2020;20:203–17.
34. Rouanet J, Benboubker V, Akil H, Hennino A, Auzeloux P, Besse S, et al. Immune
checkpoint inhibitors reverse tolerogenic mechanisms induced by melanomatargeted radionuclide therapy. Cancer Immunol Immunother 2020;69:2075–88.
35. Jagodinsky JC, Jin WJ, Bates AM, Hernandez R, Grudzinski JJ, Marsh IR, et al.
Temporal analysis of type 1 interferon activation in tumor cells following
external beam radiotherapy or targeted radionuclide therapy. Theranostics
2021;11:6120–37.
36. Patel RB, Hernandez R, Carlson P, Grudzinski J, Bates AM, Jagodinsky JC, et al.
Low-dose targeted radionuclide therapy renders immunologically cold tumors
responsive to immune checkpoint blockade. Sci Transl Med 2021;13:eabb3631.
37. Hernandez R, Walker KL, Grudzinski JJ, Aluicio-Sarduy E, Patel R, Zahm CD,
et al. (90)Y-NM600 targeted radionuclide therapy induces immunologic memory in syngeneic models of T-cell non-Hodgkin’s lymphoma. Commun Biol
2019;2:79.
38. Ren J, Xu M, Chen J, Ding J, Wang P, Huo L, et al. PET imaging facilitates
antibody screening for synergistic radioimmunotherapy with a (177)Lu-labeled
aPD-L1 antibody. Theranostics 2021;11:304–15.
39. Vito A, Rathmann S, Mercanti N, El-Sayes N, Mossman K, Valliant J. Combined
radionuclide therapy and immunotherapy for treatment of triple-negative breast
cancer. Int J Mol Sci 2021;22:4843.
40. Wu Y, Pfeifer AK, Myschetzky R, Garbyal RS, Rasmussen P, Knigge U, et al.
Induction of antitumor immune responses by peptide receptor radionuclide
therapy with (177)Lu-DOTATATE in a murine model of a human neuroendocrine tumor. Diagnostics 2013;3:344–55.
41. Chen H, Zhao L, Fu K, Lin Q, Wen X, Jacobson O, et al. Integrin avb3-targeted
radionuclide therapy combined with immune checkpoint blockade immunotherapy synergistically enhances antitumor efﬁcacy. Theranostics 2019;9:
7948–60.
42. Ghodadra A, Bhatt S, Camacho JC, Kim HS. Abscopal effects and yttrium-90
radioembolization. Cardiovasc Intervent Radiol 2016;39:1076–80.
43. Malamas AS, Gameiro SR, Knudson KM, Hodge JW. Sublethal exposure to alpha
radiation (223Ra dichloride) enhances various carcinomas’ sensitivity to lysis by
antigen-speciﬁc cytotoxic T lymphocytes through calreticulin-mediated immunogenic modulation. Oncotarget 2016;7:86937–47.
44. Hagemann UB, Ellingsen C, Schuhmacher J, Kristian A, Mobergslien A,
Cruciani V, et al. Mesothelin-targeted thorium-227 conjugate (MSLN-TTC):
preclinical evaluation of a new targeted alpha therapy for mesothelin-positive
cancers. Clin Cancer Res 2019;25:4723–34.
45. Lejeune P, Cruciani V, Berg-Larsen A, Schlicker A, Mobergslien A, Bartnitzky L,
et al. Immunostimulatory effects of targeted thorium-227 conjugates as single
agent and in combination with anti–PD-L1 therapy. J Immunother Cancer 2021;
9:e002387.
46. Gorin JB, Menager J, Gouard S, Maurel C, Guilloux Y, Faivre-Chauvet A, et al.
Antitumor immunity induced after a irradiation. Neoplasia 2014;16:319–28.
47. Li M, Liu D, Lee D, Cheng Y, Baumhover NJ, Marks BM, et al. Targeted alphaparticle radiotherapy and immune checkpoint inhibitors induces cooperative
inhibition on tumor growth of malignant melanoma. Cancers 2021;13:3676.
48. Keisari Y, Hochman I, Conﬁno H, Korenstein R, Kelson I. Activation of local and
systemic antitumor immune responses by ablation of solid tumors with intratumoral electrochemical or alpha radiation treatments. Cancer Immunol
Immunother 2014;63:1–9.
49. Dabagian H, Taghvaee T, Martorano P, Martinez D, Samanta M, Watkins CM,
et al. PARP targeted alpha-particle therapy enhances response to PD-1 immune
checkpoint blockade in a syngeneic mouse model of glioblastoma. ACS
Pharmacol Transl Sci 2021;4:344–51.

OF6 Clin Cancer Res; 2022

50. Kim JW, Shin MS, Kang Y, Kang I, Petrylak DP. Immune analysis of radium-223
in patients with metastatic prostate cancer. Clin Genitourin Cancer 2018;16:
e469–e76.
51. Creemers JHA, van der Doelen MJ, van Wilpe S, Hermsen R, Duiveman-de Boer T,
Somford DM, et al. Immunophenotyping reveals longitudinal changes in circulating immune cells during radium-223 therapy in patients with metastatic
castration-resistant prostate cancer. Front Oncol 2021;11:667658.
52. Vardaki I, Corn P, Gentile E, Song JH, Madan N, Hoang A, et al. Radium-223
treatment increases immune checkpoint expression in extracellular vesicles from
the metastatic prostate cancer bone microenvironment. Clin Cancer Res 2021;
27:3253–64.
53. Choi J, Beaino W, Fecek RJ, Fabian KPL, Laymon CM, Kurland BF, et al.
Combined VLA-4–targeted radionuclide therapy and immunotherapy in a
mouse model of melanoma. J Nucl Med 2018;59:1843–9.
54. Malo ME, Allen KJH, Jiao R, Frank C, Rickles D, Dadachova E.
Mechanistic insights into synergy between melanin-targeting radioimmunotherapy and immunotherapy in experimental melanoma. Int J Mol Sci
2020;21:8721.
55. Guzik P, Siwowska K, Fang HY, Cohrs S, Bernhardt P, Schibli R, et al. Promising
potential of [(177)Lu]Lu-DOTA-folate to enhance tumor response to immunotherapy: a preclinical study using a syngeneic breast cancer model. Eur J Nucl
Med Mol Imaging 2020;48:984–94.
56. Yang Z, Huang Y, Li F, Hamilton D, Li Z. Small molecule-based angiogenic
radionuclide radiation therapy combined with anti–PD-1 immune checkpoint
blockade for triple-negative breast cancer. J Nucl Med 2020;61:382.
57. Brown R, Hernandez R, Grudzinski JJ, Zangl L, Arthur I, Pieper A, et al. Ability of
molecular targeted radionucleotide therapy and anti--CTLA-4 to prevent spontaneous metastases in a preclinical Lewis lung carcinoma model. Int J Radiat
Oncol Biol Phys 2019;105:E498–E9.
58. Jiao R, Allen KJH, Malo ME, Rickles D, Dadachova E. Evaluating the combination of radioimmunotherapy and immunotherapy in a melanoma mouse
model. Int J Mol Sci 2020;21:773.
59. Czernin J, Current K, Mona CE, Nyiranshuti L, Hikmat F, Radu CG, et al.
Immune checkpoint blockade enhances (225)Ac-PSMA617 efﬁcacy in a mouse
model of prostate cancer. J Nucl Med 2021;62:228–31.
60. Josefsson A, Nedrow JR, Park S, Ranka S, Abstract SG. 3052: Combining
a-particle radiopharmaceutical therapy using actinium-225 and immunotherapy
with anti–PD-L1 antibodies in a murine immunocompetent metastatic breast
cancer model. Cancer Res 2016;76:3052.
61. Nosanchuk JD, Jeyakumar A, Ray A, Revskaya E, Jiang Z, Bryan RA, et al.
Structure-function analysis and therapeutic efﬁcacy of antibodies to fungal
melanin for melanoma radioimmunotherapy. Sci Rep 2018;8:5466.
62. Kim C, Liu SV, Subramaniam DS, Torres T, Loda M, Esposito G, et al. Phase I
study of the (177)Lu-DOTA(0)-Tyr (3)-Octreotate (lutathera) in combination
with nivolumab in patients with neuroendocrine tumors of the lung.
J Immunother Cancer 2020;8:e000980.
63. Lin AL, Tabar V, Young RJ, Cohen M, Cuaron J, Yang TJ, et al. Synergism of
checkpoint inhibitors and peptide receptor radionuclide therapy in the treatment
of pituitary carcinoma. J Endocr Soc 2021;5:bvab133.
64. Ferdinandus J, Fendler WP, Lueckerath K, Berliner C, Kurzidem S, Hadaschik E,
et al. Response to combined peptide receptor radionuclide therapy and checkpoint immunotherapy with ipilimumab plus nivolumab in metastatic Merkel cell
carcinoma. J Nucl Med 2022;63:396–8.
65. Suman SK, Subramanian S, Mukherjee A. Combination radionuclide therapy: a
new paradigm. Nucl Med Biol 2021;98–99:40–58.
66. Yard BD, Adams DJ, Chie EK, Tamayo P, Battaglia JS, Gopal P, et al. A genetic
basis for the variation in the vulnerability of cancer to DNA damage.
Nat Commun 2016;7:11428.
67. Rodriguez-Ruiz ME, Vitale I, Harrington KJ, Melero I, Galluzzi L. Immunologic
impact of cell death signaling driven by radiation on the tumor microenvironment. Nat Immunol 2020;21:120–34.
68. Boreel DF, Span PN, Heskamp S, Adema GJ, Bussink J. Targeting oxidative
phosphorylation to increase the efﬁcacy of radio- and immune-combination
therapy. Clin Cancer Res 2021;27:2970–8.
69. Wuyts SC, Schoffelen R, Westdorp H, van Erp NP. Dose ﬁnding of oncolytic
combination therapy: essential to secure the patient’s quality of life. Eur J Cancer
2022;162:237–40.
 Evrard A, Ciccolini J. Cancer
70. Le Louedec F, Leenhardt F, Marin C, Chatelut E,
immunotherapy dosing: a pharmacokinetic/pharmacodynamic perspective.
Vaccines 2020;8:632.

CLINICAL CANCER RESEARCH

