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Radionuclide therapy has garnered significant attention for its ability to be precisely delivered to tumor sites, particularly in
metastatic cancers not effectively controlled by conventional external beam radiation. However, the efficacy of radionuclide
therapy alone is often suboptimal, making the exploration of radionuclide-based combination regimens critically important. The
“triple therapy” strategy of PARP inhibitor (PARPi)-sensitized radionuclide therapy (RNT) combined with immune checkpoint
inhibitors (ICI) aims to overcome the limitations of monotherapies through multi-mechanistic synergy, thereby enhancing anti-
tumor efficacy. This review summarizes the synergistic mechanisms underlying this combination strategy, focusing on the DNA
damage and replication stress induced by the synergy between PARPi and RNT, as well as the consequent remodeling of the
tumor microenvironment (TME), including the induction of immunogenic cell death (ICD), alterations in immune cell infiltra-
tion, and the weakening of immunosuppressive barriers. These local effects ultimately synergize with ICI, potentially activating
a robust systemic antitumor immune response. We systematically summarize the preclinical evidence for this strategy, review
the progress of ongoing clinical trials, and discuss its challenges and future directions, aiming to provide a theoretical basis for
optimizing combination cancer therapies.
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Introduction

Radionuclide therapy (RNT) is a precise therapeutic
approach that delivers radionuclides to tumor sites, utiliz-
ing emitted particles (e.g., alpha or beta particles) to induce
DNA damage in tumor cells [1,2]. However, radionuclide
therapy alone often fails to achieve satisfactory therapeutic
outcomes [3]. Furthermore, despite the approval of drugs
like 177Lu-PSMA-617, primary resistance remains a clin-
ical challenge [4]. Therefore, the current research focus
has shifted towards combination therapies, exploring strate-
gies combining RNT with radiosensitizers (e.g., PARP in-
hibitors) [5,6], targeted drugs [7], or other radionuclides [8],
aiming to overcome the limitations of monotherapy and im-
prove efficacy.

Poly(ADP-ribose) polymerase inhibitors (PARPi), a
class of drugs targeting DNA damage repair, inhibit the
repair of DNA single-strand breaks (SSBs) [9]. In tumor
cells with homologous recombination repair (HRR) defi-
ciency (e.g., BRCA1/2 mutations), PARPi-induced repli-

cation fork stalling blocks SSB repair and ultimately con-
verts them into lethal double-strand breaks (DSBs), a pro-
cess known as synthetic lethality [9,10]. Data have shown
that PARPi can enhance tumor sensitivity to radiation [11].
RNT directly induces DSBs, while PARPi indirectly leads
to DSB accumulation by inhibiting SSB repair. Together,
the two agents exhibit significant synergistic lethal effects
in inducing DNA damage, thereby providing a solid molec-
ular foundation for combination therapy.

Moreover, PARPi can trigger immunogenic cell death
(ICD) [12,13], characterized by dying tumor cells releasing
a series of damage-associated molecular patterns (DAMPs)
in a spatiotemporally coordinated manner [14]. These
DAMPs act as “danger signals”, attracting and activat-
ing antigen-presenting cells (e.g., dendritic cells), pro-
moting the cross-presentation of tumor-associated antigens
(TAAs), and thereby initiating adaptive immune responses
against the tumor [15]. Studies have shown that various
chemotherapeutic agents and radiotherapy (RT) are effec-
tive ICD inducers [16,17]. RNT, as a form of internal radi-
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ation therapy, can also induce ICD. Therefore, the “PARPi
+ RNT” combination strategy is expected to enhance tumor
immunogenicity through synergistic ICD induction, creat-
ing favorable conditions for subsequent immunotherapy.

However, the immunosuppressive state prevalent in
the tumor microenvironment (TME) often limits the effec-
tiveness of this ICD-initiated antitumor immune response
[18]. The TME is enriched with various immunosuppres-
sive cells that suppress the function and infiltration of effec-
tor T cells through various mechanisms, including secreting
immunosuppressive cytokines (e.g., TGF-β, IL-10), deplet-
ing essential nutrients, and expressing immune checkpoint
molecules (e.g., PD-L1), thereby aiding tumor immune es-
cape [19,20]. For example, in various tumors such as lung
cancer, renal cell carcinoma, and melanoma, high levels of
MDSCs and Tregs are associated with poor prognosis and
resistance to immune checkpoint inhibitors (ICI) [20,21].
The upregulation of PD-L1 on tumor cells and immune
cells, by binding to PD-1 on T cells, further inhibits T cell
activation and is one of the key immunosuppressive mecha-
nisms [18,22]. Therefore, even if “PARPi + RNT” success-
fully induces ICD and releases tumor antigens, these “brak-
ing” mechanisms in the TME may prevent the immune re-
sponse from effectively initiating or sustaining.

Immune checkpoint inhibitors (ICI), such as anti-PD-
1/PD-L1 antibodies, can relieve the inhibition on T cells
and restore their antitumor cytotoxic activity [20]. How-
ever, the efficacy of ICI is highly dependent on the pre-
existing infiltration of effector T cells in the TME, i.e., so-
called “hot tumors” [23,24]. For “cold tumors” lacking T
cell infiltration, ICI monotherapy often has limited efficacy
[23,25]. Therefore, converting “cold tumors” into “hot tu-
mors” is a key strategy to improve ICI efficacy. Studies
indicate that both PARPi and RNT can activate the cGAS-
STING pathway through DNA damage, inducing type I in-
terferon (IFN) production, thereby promoting dendritic cell
maturation and T cell recruitment, and remodeling the TME
[26,27]. Thus, the “PARPi + RNT” combination therapy is
expected to create amore favorable environment for ICI and
may significantly enhance its efficacy [23].

Synergistic DNA Damage Mechanisms of
PARP Inhibitors and Radionuclide Therapy

The PARP enzyme family, particularly PARP1 and
PARP2, plays a crucial role in maintaining genomic stabil-
ity, with its key function being to recognize DNA single-
strand breaks and initiate the base excision repair path-
way [28,29]. When DNA suffers single-strand damage,
PARP1/2 rapidly recognizes and binds to the damage sites
through its DNA-binding domain and catalyzes the synthe-
sis of substrate NAD+ into poly(ADP-ribose) chains, a pro-
cess called PARylation. This process recruits and activates
downstream repair proteins, enabling efficient damage re-
pair [30]. PARP inhibitors work by competitively binding

to the catalytic active site of PARP enzymes, mimicking
the structure of NAD+, thereby inhibiting their enzymatic
activity [28]. However, the action of PARPi extends be-
yond simple catalytic inhibition. More critically, they can
“trap” PARP enzymes at DNA damage sites, forming sta-
ble and toxic PARP-DNA complexes. This “trapping” ef-
fect physically impedes the progress of DNA repair mecha-
nisms, allowing SSBs that should be rapidly repaired to per-
sist [31]. These “trapped” PARP-DNA complexes interfere
with the normal progression of replication forks, leading
to fork stalling and ultimately converting the original SSBs
into more cytotoxic DSBs [32]. Meanwhile, radionuclide
therapy, for example, using alpha- or beta-particle emitting
nuclides like actinium-225 or lutetium-177, releases high-
LET radiation that directly induces high-density, complex
DSBs within tumor cells [2,33]. Therefore, the combina-
tion of PARPi and RNT constitutes a multi-layered DNA
damage attack strategy: on one hand, PARPi induces DSBs
by inhibiting SSB repair and utilizing the “trapping” mech-
anism; on the other hand, RNT triggers a large number of
DSBs through ionizing radiation. Acting together, they fa-
cilitate uncontrolled accumulation of DSBs within tumor
cells, exceeding the cell’s own repair capacity and leading
to cell death (Fig. 1). This excessive DNA damage load is
a significant challenge even for cells with intact HR func-
tion, but for HR-deficient tumor cells, such as those car-
rying BRCA1/2 mutations, it produces a strong “synthetic
lethal” effect, leading to apoptosis [34,35]. Multiple stud-
ies have shown that, regardless of the HR status of tumor
cells, the combination of PARPi and RNT can significantly
increase tumor cell mortality, demonstrating clear synergis-
tic efficacy [6,36]. Thus, the combination of PARPi and
RNT can effectively broaden the applicable population for
PARPi, enabling some tumors with partially retained HR
function to respond to treatment, providing a solid theoret-
ical basis for combination therapy [37].

Tumor Microenvironment Remodeling
Triggered by DNA Damage

Immunogenic Cell Death (ICD) and Antigen Release
The combined application of PARP inhibitors and ra-

dionuclide therapy, by inducing intense DNA damage and
cell death, triggers typical immunogenic cell death. This is
a non-“silent” form of death characterized by the exposure
of calreticulin (CRT) on the surface of dying cells and the
release of high mobility group box 1 (HMGB1), ATP, and
a large number of tumor-associated antigens (TAAs) and
neoantigens [38]. CRT acts as a key “eat me” signal, pro-
moting the phagocytosis of dead tumor cells by dendritic
cells (DCs) [39]. Simultaneously, released HMGB1 binds
to Toll-like receptor 4 (TLR4) on DCs, while ATP binds to
the purinergic receptor P2RX7. These signals collectively
promote the maturation and activation of DCs [40]. Fur-
thermore, the TAAs and neoantigens released during the
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Fig. 1. Synergistic DNA damage mechanisms of PARP inhibitors and radionuclide therapy. PARPi induces DSBs by inhibiting
SSBs repair and utilizing the “trapping” mechanism; RNT triggers DSBs through ionizing radiation. Combination therapy facilitates
uncontrolled accumulation of DNA damage within tumor cells, leading to cell death. Drawn with jova.ai (https://jova.ai/). PARPi,
poly (ADP-ribose) polymerase inhibitor; SSB, single-strand break; DSB, double-strand break; HRR, homologous recombination repair;
BRCA1/2, breast cancer 1/2; RNT, radionuclide therapy.

cell death process provide a rich source of antigens for pre-
sentation by DCs [41]. This series of events transforms the
death of tumor cells into a “vaccine”-like effect, thereby
initiating the first step of the adaptive immune response:
antigen presentation and T cell priming [42]. Research has
shown that cytotoxicity mediated by cytotoxic T lympho-
cytes (CTL) or natural killer (NK) cells is itself a form
of ICD, effectively promoting cross-presentation of tumor
antigens [39]. In preclinical models, PARPi such as ola-

parib combined with radiotherapy have been confirmed to
induce ICD, characterized by CRT exposure and HMGB1
release, thereby remodeling the tumor immune microen-
vironment [43]. Similarly, radionuclide therapies such as
iodine-131 have also been shown to induce ICD and en-
hance tumor immunogenicity [44]. Therefore, the syner-
gistic effect of PARPi and RNT, by inducing ICD, lays a
crucial antigen and adjuvant foundation for subsequently
activating a robust antitumor immune response.
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Activation of the Type I Interferon Signaling Pathway
The combined action of PARP inhibitors and radionu-

clide therapy can lead to abnormal accumulation of DNA
double-strand breaks. Cytosolic DNA fragments abnor-
mally accumulated in the cytoplasm can serve as endoge-
nous danger signals, recognized by cytosolic DNA sensors
such as cyclic GMP-AMP synthase-stimulator of interferon
genes (cGAS-STING) [13,45]. cGAS catalyzes the genera-
tion of the second messenger cGAMP, which then activates
STING protein, driving the transcription and expression of
type I interferons (IFN-α/β) and various inflammatory cy-
tokines through the TANK-binding kinase 1-interferon reg-
ulatory factor 3 (TBK1-IRF3) signaling axis [46]. Type I
interferon is crucial for antitumor immunity; it can directly
enhance the antigen-presenting capacity of tumor cells, for
example, by upregulating major histocompatibility com-
plex class I (MHC-I) molecules, while powerfully recruit-
ing and activating dendritic cells, CD8+ T cells, and natu-
ral killer cells, and inhibiting the function of regulatory T
cells [47]. Therefore, activating the cGAS-STING pathway
is one of the key mechanisms by which PARPi, combined
with radiation, shifts tumors from an “immune-ignorant”
state to an “immune-inflammatory” state. Research has
confirmed that in hepatocellular carcinoma models, DSBs
induced by olaparib combined with radiotherapy can acti-
vate the cGAS-STING pathway, initiate immunogenic cell
death in distant (abscopal) tumors, and trigger the release
of type I interferons and chemokines, thereby amplifying T
cell priming against tumor neoantigens [46]. In pancreatic
cancer models, 125I combined with olaparib can also acti-
vate the cGAS-STING pathway, promoting antitumor im-
mune responses [48]. Additionally, low-dose radiotherapy
combined with nano-sensitizers and PARPi (e.g., olaparib)
can synergistically trigger the cGAS-STING pathway and
remodel the tumor microenvironment [47]. These findings
indicate that activating the type I interferon response via the
cGAS-STING pathway is a key molecular bridge through
which the PARPi + RNT combination exerts systemic anti-
tumor immune effects.

Modulation of Immunosuppressive Cellular
Components

While activating immune effector cells, the combina-
tion of PARP inhibitors and radionuclide therapy also sig-
nificantly affects the immunosuppressive components of
the tumor microenvironment. Evidence shows that PARP
inhibitors can reduce the recruitment and function of tumor-
associated myeloid-derived suppressor cells by modulating
chemokine expression or through direct effects [49]. Fur-
thermore, the activation of the DNA damage response is
closely associated with the upregulation of programmed
death-ligand 1 (PD-L1) expression on tumor cells, which
is often viewed as an immune escape mechanism, where
tumor cells inhibit infiltrating T cell function by upreg-
ulating PD-L1 [43,50]. However, this upregulation pre-

cisely provides a clear target and “window of opportunity”
for subsequent combination with immune checkpoint in-
hibitors (e.g., anti-PD-1/PD-L1 antibodies), converting the
upregulation of PD-L1 from an immune escape signal into
a vulnerability that can be therapeutically exploited [12]. In
preclinical studies, PARPi (e.g., niraparib) combined with
radiotherapy has been confirmed to upregulate PD-L1 ex-
pression on tumor cells, thereby creating favorable condi-
tions for combination with anti-PD-1 therapy [43]. Simi-
larly, in tumor bearing mouse models, the combination of
radionuclide therapy and immune checkpoint inhibitors can
produce synergistic antitumor effects and establish durable
antitumor immunity [44]. In ovarian cancer models, com-
bined delivery of PARPi and USP1 inhibitors enhances
DNA damage, activates the STING pathway, and remod-
els the tumor microenvironment by increasing CD8+ T cell
infiltration, thereby improving tumor sensitivity to immune
checkpoint blockade therapy [51]. This evidence indicates
that PARPi + RNT not only downregulates immunosup-
pressive cells (e.g., MDSCs) but also exposes the tumor’s
immune vulnerabilities by inducing PD-L1 upregulation,
paving the way for sequential combination with immune
checkpoint inhibitors to achieve deep and durable immune
clearance.

Synergistic Immune Activation Combined With
Immune Checkpoint Inhibitors

Relieving T Cell Exhaustion and Amplifying Effector
T Cell Function

The combination of PARP inhibitors and radiation can
initiate antitumor immune responses and promote the in-
filtration of effector T cells into the tumor microenviron-
ment [46]. However, these infiltrating T cells often enter
a functionally limited “exhausted” state within the TME
due to persistent antigen stimulation and immunosuppres-
sive signals [52]. Exhausted T cells, particularly terminally
exhausted CD8+ T cells, exhibit significantly reduced pro-
liferation, cytokine secretion, and cytotoxic killing capac-
ity [53,54]. Immune checkpoint inhibitors (ICI), such as
drugs targeting the PD-1/PD-L1 pathway, can block these
inhibitory signals, thereby “reinvigorating” exhausted T
cells and restoring their function [55]. In the TME pre-
remodeled by PARPi+RNT, this “reinvigoration” effect is
greatly enhanced. The synergistic effect of PARPi and
radiotherapy can induce DNA double-strand breaks, acti-
vate the cGAS-STING pathway, trigger immunogenic cell
death, and release a large number of tumor neoantigens
and inflammatory signals, such as type I interferons and
chemokines like CXCL9 and CXCL10 [46]. This TME,
rich in tumor antigens and inflammatory signals, provides
a more favorable environment for ICI action. At this point,
a greater number of newly activated T cells are available for
“rescued”, and the inflammatory environment is conducive
to sustained T cell activation [56]. Preclinical studies con-
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firm that in pancreatic cancer models, olaparib combined
with radiotherapy enhances type I interferon-mediated im-
mune signaling, increases the frequency and activity of
CD8+ terminally differentiated effector T cells, thereby sig-
nificantly improving tumor sensitivity to αPD-L1 therapy
[56]. Furthermore, in immunologically cold tumor models,
the combined use of RNT and ICI can activate the produc-
tion of pro-inflammatory cytokines in the TME, promote
the invasion and clonal expansion of effector CD8+ T cells,
and reduce spontaneous metastasis [57]. Therefore, based
on the PARPi + RNT-induced immunostimulatory TME,
ICI can more effectively relieve T cell exhaustion and am-
plify effector T cell function, resulting in a powerful and
durable antitumor immune effect.

Induction of Abscopal Effects and Immune Memory
Formation

An important potential advantage of the “triple ther-
apy” (PARPi + RNT + ICI) is its potential to induce “absco-
pal effects”, whereby treatment of a locally irradiated tumor
lesion can trigger immune-mediated regression of distant,
non-irradiated metastatic lesions. The key mechanism lies
in the local treatment triggering a systemic antitumor im-
mune response (Fig. 2). The combination of PARPi and
radiotherapy can induce significant DNA damage and ac-
tivate the cGAS-STING pathway, which not only triggers
immunogenic cell death in the primary tumor but also re-
models the immune microenvironment of distant (absco-
pal) tumors [46]. This remodeling manifests as the re-
lease of type I interferons and specific chemokines (e.g.,
CXCL9, CXCL10, CXCL11, CCL5), thereby amplifying
T cell priming against tumor neoantigens, leading to the in-
flux of activated, neoantigen-specific CD8+ T cells into dis-
tant tumors [46]. These systemically activated T cells, par-
ticularly those withmemory potential, can recognize and at-
tack tumor cells expressing the same antigens in other parts
of the body via the bloodstream [58]. Preclinical models
have confirmed that compared to any single or dual therapy,
the combination of PARPi, radiotherapy, and ICI can more
effectively control the growth of primary and metastatic le-
sions and prolong survival [46,56]. For example, in hepato-
cellular carcinoma models, olaparib enhances the systemic
antitumor effects induced by radiotherapy by activating the
STING-chemokine signaling pathway, thereby improving
responsiveness to immune checkpoint inhibitors [46]. In
pancreatic cancer models, olaparib combined with radio-
therapy not only enhances type I interferon production, sen-
sitizing tumors to αPD-L1, but also induces durable im-
mune memory, as evidenced by cured mice rejecting tu-
mors upon rechallenge [56]. In preclinical models of small
cell lung cancer and BRCA1-mutated tumors, radiother-
apy combined with PARP inhibitors and immune check-
point inhibitors could remodel the tumor microenvironment
and improve systemic antitumor effects [59,60]. Although
the delivery methods of radionuclide therapy and external

beam radiotherapy differ, the radiobiological mechanisms
they induce are comparable [61]. Although there are cur-
rently no definitive research results for “PARPi + RNT +
ICI” triple therapy, these findings regarding external beam
radiotherapy suggest that the PARPi + RNT combined with
ICI strategy may not only be a local intensification therapy
but also a potential systemic immunotherapy strategy. By
inducing systemic immune responses and immune memory
formation, it holds significant promise for controlling ad-
vanced metastatic tumors.

Preclinical Evidence and Current Status of
Clinical Trials

Key Preclinical Model Studies
In various preclinical tumor models (including neu-

roendocrine tumors, small cell lung cancer, and pancreatic
cancer), 177Lu-targeted radiotherapy combined with PARPi
has shown the potential to delay tumor growth and pro-
long survival more effectively than monotherapy [6,62,63].
In preclinical studies on small cell lung cancer (SCLC),
Rauch H et al. [6] evaluated the combined efficacy of
SSTR2-targeted radionuclide therapy ([177Lu]Lu-DOTA-
TOC) with PARPi (olaparib or rucaparib). Although SCLC
cell lines (H69 and H446) exhibited low SSTR2 expres-
sion levels, in vitro experiments showed that combination
therapy significantly enhanced efficacy, increasing treat-
ment potency by 2.9 to 67 times compared with [177Lu]Lu-
DOTA-TOC alone, and leading to decreased clonogenic
survival and more persistent DNA damage [6]. In tumor-
bearing mouse models, combination therapy also signifi-
cantly prolonged tumor doubling time and median survival
of mice, with effects superior to any monotherapy [6]. This
study indicated that even for tumors with low SSTR2 ex-
pression, adding PARPi could significantly enhance the ef-
ficacy of targeted radionuclide therapy [6]. This combi-
nation therapy not only directly kills tumor cells but also
remodels the tumor microenvironment (TME). When fur-
ther combinedwith immune checkpoint inhibitors (ICI) like
anti-PD-1, stronger immune activation effects can be ob-
served, specifically manifested as a significant increase in
tumor-infiltrating CD8+ T cells, a reduction in regulatory
T cells (Tregs), and the potential induction of “abscopal
effects” against distant untreated tumors, providing strong
evidence for overcoming tumor immunosuppression [64].
Luna-Gutiérrez M et al. [65] developed a PD-L1-targeted
radiolabeled peptide [177Lu]Lu-iPD-L1. In vitro and in vivo
experiments demonstrated that this agent exhibited specific
targeting ability toward PD-L1 and could deliver consid-
erable radiation doses to tumors [65]. The results showed
that [177Lu]Lu-iPD-L1 treatment significantly increased
the expression levels of activated macrophages, PD-L1, IL-
10, and TGFβ in PD-L1-positive tumors, suggesting im-
munomodulatory effects [65]. In another study, a novel
dimeric radiopharmaceutical [177Lu]Lu-DOTA-2P(FAPI)2
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Fig. 2. Themechanism of action of RNT, PARPi, and ICIs in their triple antitumor activity. The combined action of PARPi and RNT
causes DNA damage, triggers ICD, activates the type I interferon signaling pathway, reshapes the tumor microenvironment, and then
synergizes with immune checkpoint inhibitors for immune activation. Drawn with jova.ai (https://jova.ai/). PARPi, poly (ADP-ribose)
polymerase inhibitor; ICD, immunogenic cell death; CRT, calreticulin; HMGB1, high mobility group box 1; TAA, tumor-associated
antigen; cGAS-STING, cyclic GMP-AMP synthase-stimulator of interferon genes; APC, antigen-presenting cells; DC, dendritic cell;
NK cell, natural killer cell; IFN, interferon; MHC-I, major histocompatibility complex class I; MDSC, myeloid-derived suppressor cell;
PD-1, programmed death 1; PD-L1, programmed death-ligand 1.

effectively induced DNA double-strand breaks and upreg-
ulated PD-L1 expression [66]. When [177Lu]Lu-DOTA-
2P(FAPI)2 was combined with anti-PD-L1 monoclonal an-
tibodies, it showed excellent antitumor efficacy in animal
models, even eliminating tumors and inducing 100% tu-
mor rechallenge rejection, indicating the generation of im-
mune memory [66]. Mechanistic studies revealed that this
combination therapy could remodel the tumor microenvi-
ronment, increasing CD8+ T cell infiltration while reduc-
ing regulatory T cells [66]. In ovarian cancer (especially
those harboring BRCA mutations or homologous recombi-
nation deficiency-positive) and triple-negative breast can-
cermodels, similar synergistic patterns have been validated.
PARPi, by sensitizing RNT targeting folate receptors and
other targets, when combined with ICI, showed enhanced
antitumor activity across different tumor types [67]. This
suggests that the triple strategy (PARPi + RNT + ICI) may
have universal, cross-tumor potential. However, in preclin-

ical studies on prostate cancer, combining prostate-specific
membrane antigen-targeted radionuclide therapy (PSMA-
TRT) with three PARPi (veliparib, olaparib, talazoparib)
showed that the combination did not synergistically affect
clonogenic survival or cell viability in vitro [68]. DNA
damage analysis indicated that only the combination with
veliparib significantly increased DNA breaks, while no
such effect was observed with other PARPi [68]. In vivo ex-
periments also failed to show improved tumor control with
combination therapy compared to PSMA-TRT monother-
apy [68]. Therefore, the data from this study do not sup-
port the hypothesis that combining PSMA-TRTwith PARPi
would produce synergistic antitumor effects in prostate can-
cer models [68]. This highlights the necessity for in-depth
preclinical validation of combination therapies in different
cancer models.
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Table 1. Ongoing clinical trials on the combined treatment of RNT, PARPi, and ICIsa.
NCT Number Conditions PARPi RNT ICIs Phases Study Status

NCT05392686 Lung Cancer PARP inhibitor No PD-1 inhibitor II Recruiting
NCT06502691 Metastatic Breast Carcinoma PARP inhibitor Fluorine F 18 Fluorthanatrace Immune Checkpoint Inhibitor I/II Recruiting
NCT06446206 Platinum-sensitive Relapsed Ovarian Cancer Fluzoparib No Adebrelimab II Not yet recruiting
NCT05524935 Uveal Melanoma, Ocular Melanoma Olaparib No Pembrolizumab II Recruiting
NCT07269158 Biliary Tract Neoplasms Venadaparib No Durvalumab or Pembrolizumab I/II Not yet recruiting
NCT05201612 Metastatic Colorectal Cancer Olaparib No Pembrolizumab II Recruiting
NCT04592211 Gastric Cancer Stage IV Olaparib No Pembrolizumab I/II Recruiting
NCT02484404 Colorectal Neoplasms, Breast Neoplasms Olaparib No Durvalumab I/II Active, not recruiting
NCT04375267 Neuroendocrine Tumors, Thymoma Olaparib 177Lu-DOTATATE No I Active, not recruiting
NCT05053854 Neuroendocrine Tumors Talazoparib 177Lu-DOTA-octrotate No I Recruiting
NCT06607692 Solid Tumor Cancer Olaparib 177Lu-DOTATATE No II Recruiting
NCT05870423 Neuroendocrine Tumors Olaparib 177Lu-DOTATATE No I Recruiting
NCT04086485 Gastroenteropancreatic Tumors, Neuroendocrine Tumors Olaparib 177Lu-DOTATATE No I/II Recruiting
NCT05150236 Prostatic Neoplasms, Genital Neoplasms No 177Lu-PSMA-617 Ipilimumab, Nivolumab II Active, not recruiting
NCT07059494 Hepatocellular Carcinoma No Y∧90 Radioembolization Atezolizumab IV Recruiting
NCT03215095 Thyroid Cancer No Radioiodine (RAI) Durvalumab I Active, not recruiting
NCT02914405 Neuroblastoma No 131-I Metaiodobenzylguanidine Nivolumab I Active, not recruiting
NCT04261855 Metastatic Merkel Cell Carcinoma No 177Lu-DOTATATE Avelumab IB/II Recruiting
ICI, immune checkpoint inhibitor; RNT, radionuclide therapy; PARPi, poly (ADP-ribose) polymerase inhibitor.
a Source https://www.clinicaltrials.gov, limited to studies with “Not yet recruiting”, “Recruiting”, “Enrolling by invitation” and “Active, not recruiting” status.
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Ongoing Clinical Studies

Currently, clinical research on the combination of ra-
dionuclides with PARPi and ICI is primarily in Phase I, with
the focus on exploring adverse reactions and patient toler-
ance. A Phase I clinical trial evaluated the feasibility and
toxicity of combining the PARP inhibitor olaparib with the
radionuclide therapy 177Lu-DOTATATE in patients with
somatostatin receptor-positive tumors [69]. The study en-
rolled 18 patients, most of whom had pancreatic or small in-
testinal neuroendocrine tumors or atypical lung carcinoids.
Patients received standard-dose 177Lu-DOTATATE (7400
MBq, up to 4 cycles) combined with dose-escalated ola-
parib (50–300 mg, twice daily) [69]. The results showed
that the combination of 177Lu-DOTATATE and olaparib
was generally well-tolerated. Themain dose-limiting toxic-
ity was thrombocytopenia, observed in 3 patients in the 300
mg olaparib dose group. Other toxicities were mild, pri-
marily manifested as low-grade myelosuppression, nausea,
and fatigue [69]. Based on these findings, the researchers
suggested a starting dose of olaparib at 200 mg twice daily
for future studies, with consideration for escalation to 300
mg twice daily based on patient tolerance [69]. A Phase I
clinical study on Lutathera (177Lu-DOTATATE) combined
with nivolumab for treating lung neuroendocrine tumors
enrolled 9 patients. It was the first to demonstrate that
the combination of Lutathera (PRRT) and nivolumab (im-
munotherapy) is safe and feasible for lung neuroendocrine
tumors (including SCLC), and preliminary antitumor activ-
ity was observed. However, the sample size was small, and
the study was an early exploratory trial, limiting definitive
conclusions regarding efficacy [70]. In contrast, another
Ib phase clinical trial evaluating the safety and efficacy
of atezolizumab combined with radium-223 dichloride in
patients with metastatic castration-resistant prostate cancer
(mCRPC) reported higher toxicity in the combination ther-
apy than that of either agent alone, without clear evidence
of clinical benefit in terms of efficacy. This study tested
a theoretically justified combination therapy (radiotherapy
+ immunotherapy) but failed to achieve the expected syn-
ergistic effect in mCRPC patients, instead increasing risks.
Therefore, it did not support further clinical development
[71]. Nevertheless, preliminary case experiences suggest
that the combination of 177Lu-PSMAwith pembrolizumab,
or sequential use after olaparib pretreatment, may be toler-
able in individual patients, providing a preliminary safety
and feasibility basis for future larger-scale clinical studies
[72]. In summary, based on current data analysis, some
combination therapies have not demonstrated the theoret-
ically expected synergistic efficacy but are associated with
increased toxicity, while other clinical evidence supports
the benefit of combination therapy. However, most stud-
ies are in the Phase I exploratory stage. Future clinical re-
search should further investigate the feasibility of combi-
nation therapy across different tumor types, molecular phe-
notypes, drug dosages, and treatment sequences. Ongoing

clinical studies investigating radionuclide-based combina-
tion therapies are shown in Table 1.

Challenges and Future Perspectives

Toxicity Management and Therapeutic Window
Optimization

The primary challenge in the clinical translation of
combination therapy (PARP inhibitors, radionuclide ther-
apy, and immune checkpoint inhibitors) is the potential
for overlapping toxicities. Both PARP inhibitors and ra-
dionuclide therapy can cause myelosuppression, while im-
mune checkpoint inhibitors may trigger a range of immune-
related adverse events. PARPi-related hematological toxi-
cities, including anemia, neutropenia, and thrombocytope-
nia, have been widely reported in real-world studies across
various cancers such as ovarian and prostate cancer [73,74].
A retrospective study by Hatch RV et al. [73] on patients
with ovarian and endometrial cancer showed that approx-
imately half of the patients required dose adjustments due
to toxicity. PARP inhibitors like niraparib also exhibit dis-
tinct toxicity profiles, such as hypertension and thrombo-
cytopenia [75]. Radionuclide therapies, such as peptide
receptor radionuclide therapy (PRRT) and PSMA-targeted
therapy, also carry risks of myelosuppression and specific
organ toxicities, such as radiation damage to the kidneys
and salivary glands [76,77]. Immune checkpoint inhibitors
can lead to various immune-related adverse events, includ-
ing pneumonitis, colitis, hepatitis, and myocarditis [78,79].
Therefore, meticulous dose exploration and optimization
of administration regimens are crucial. Future research
should manage toxicity through strategies such as intermit-
tent dosing and sequential administration, supplemented by
active supportive care [80]. Another important direction
for expanding the therapeutic window is the development
of novel agents. For example, developing new radionu-
clide drugs with higher tumor targeting and lower normal
tissue toxicity, such as alpha-particle emitters (e.g., 225Ac),
which demonstrate potent antitumor efficacy and a rela-
tively favorable toxicity profile [81]. In addition, radiola-
beled antibodies that specifically target tumors, such as Y-
90 ibritumomab tiuxetan and I-131 tositumomab targeting
CD20, have been approved for use in non-Hodgkin lym-
phoma and have shown significant therapeutic effects [82].
In order to increase tumor-to-healthy organ activity concen-
tration ratios and further improve the therapeutic effect, a
pre-targeting strategy has been developed, which involves
first injecting unlabeled antibodies, followed by adminis-
tering radioactive ligands after they bind to the tumor [83].
Concurrently, developing next-generation, more selective
PARP1-selective inhibitors aims to improve efficacy and
widen the therapeutic window [84]. Furthermore, utiliz-
ing targeted nanoplatforms for the simultaneous delivery of
radionuclides and PARPi, or designing bifunctional small-
molecule drugs, can achieve more precise tumor targeting
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and synergistic effects, thereby enhancing efficacy while
reducing systemic toxicity [85].

Exploration of Biomarkers and Patient Stratification
Not all patients benefit equally from combination ther-

apy, and discovering reliable predictive biomarkers for
precise patient stratification is an urgent need. Potential
biomarkers span multiple levels. The first is the tumor-
intrinsic DNA damage repair gene defect status, such as
BRCA1/2 mutations and homologous recombination de-
ficiency scores. Substantial evidence indicates that tu-
mors harboring BRCA mutations or HRD are highly sen-
sitive to PARP inhibitors, and this sensitivity may extend
to combination therapies [86,87]. The second is the base-
line immune profile of the tumor microenvironment, such
as CD8+ T-cell infiltration density, PD-L1 expression lev-
els, and specific immune gene signatures. These features
can reflect the tumor’s immunogenicity and its potential re-
sponsiveness to immunotherapy [88]. Thirdly, treatment-
induced dynamic biomarkers include peripheral blood lev-
els of interferon-gamma (IFN-γ), dynamic changes in cir-
culating tumor DNA (ctDNA), and shifts in immune cell
subsets (e.g., T cells, myeloid-derived suppressor cells).
For instance, in a window-of-opportunity trial in head and
neck cancer, olaparib treatment upregulated tumor PD-L1
expression, suggesting that treatment-induced changes in
the immune microenvironment can serve as biomarkers
[89]. Dynamic monitoring of ctDNA has been shown to
assess PARP inhibitor activity and may be used to iden-
tify therapeutic windows [86]. Integrating multi-omics data
(e.g., genomic, transcriptomic, proteomic) to build predic-
tive models is a future trend. This comprehensive analytical
approach can more holistically capture tumor heterogene-
ity, immune status, and potential for treatment response,
thereby guiding individualized treatment decisions to en-
sure that triple therapy is applied to patient populationsmost
likely to benefit, while avoiding unnecessary toxicity in pa-
tients who are non-responsive or at high risk [88].

Novel Combinations and Technological Innovations
Beyond combination with PD-1/PD-L1 inhibitors, fu-

ture explorations could involve combining PARP inhibitors
and radionuclide therapy with other immunomodulators to
further activate or modulate immune responses. For ex-
ample, combinations with anti-CTLA-4 antibodies, ago-
nistic antibodies (e.g., anti-OX40, anti-GITR), cytokine
therapies, or cancer vaccines are possible [90]. These
combinations aim to overcome resistance that may arise
from single immune checkpoint inhibition and synergisti-
cally enhance antitumor immunity through multiple path-
ways. In terms of technological innovation, developing
targeted nanoplatforms capable of simultaneously deliver-
ing radionuclides and PARP inhibitors, or designing bifunc-
tional/multifunctional small-molecule drugs, is a crucial di-
rection for achieving more precise tumor targeting and syn-

ergy. For instance, research has utilized tumor-targeting
peptide-modified mesoporous polydopamine nanoparticles
to co-deliver a WEE1 inhibitor and a PARP inhibitor, sig-
nificantly reducing toxicity while enhancing therapeutic ef-
ficacy in ovarian cancer [85]. Similarly, functionalized
carbon nanotubes can serve as carriers for selective tumor
targeting of radionuclides or drugs, thereby reducing “on-
target, off-tumor” toxicity [91]. Furthermore, leveraging
artificial intelligence to optimize treatment planning and
dose prediction will greatly enhance the precision of ra-
dionuclide therapy. In radionuclide therapy, accurate quan-
titative SPECT imaging and individualized dosimetry are
critical for assessing organ (e.g., kidney, bone marrow) ab-
sorbed doses and predicting efficacy and toxicity [92,93].
Ryhiner M et al. [94] established a mathematical model
specifically designed to investigate combination treatment
regimens involving radiopharmaceutical therapy and PARP
inhibitors. This model predicts outcomes based on DNA
absorbed dose and the resulting radiobiological response,
and was calibrated and validated through in vitro experi-
ments. The study treated NCI-H69 cells with [177Lu]Lu-
DOTA-TOC combined with different PARP inhibitors (e.g.,
olaparib, rucaparib, talazoparib). Model validation showed
that predicted values deviated from experimental results
within the error margin [94]. Simulation analyses indicated
that during lutetium therapy, the radiosensitizing effect of
rucaparib could reduce tumor cell numbers by 99.2%, and in
tumors with homologous recombination deficiency, reduc-
tions could reach 99.99%. The model also predicted rela-
tive tumor shrinkage after combination therapy (e.g., with
olaparib) based on patient body weight [94]. These results
provide a computational modeling foundation for system-
atically exploring and optimizing such combination clini-
cal protocols [94]. Collectively, these technological inno-
vations and novel combination strategies complement each
other, jointly advancing targeted radio-immunotherapy to-
ward greater efficacy and safety.

Conclusion

In summary, radionuclide therapy is a rapidly evolv-
ing field aimed at treating patients with metastatic cancer.
Its triple-therapy combinationwith PARP inhibitors and im-
mune checkpoint inhibitors represents a significant explo-
ration in the paradigm shift of cancer treatment from single-
targeted approaches to systemic, sequential immune modu-
lation. Its core logic lies in constructing a complete cas-
cade from inducing DNA damage in tumor cells to trig-
gering adaptive immune responses. The synergy between
PARP inhibitors and RNT is not merely an additive cyto-
toxic effect; however, more importantly, by inducing repli-
cation stress and DNA double-strand breaks, it triggers im-
munogenic cell death and activation of the cGAS-STING
pathway—a crucial “turning point” that transforms local
damage events into signals for systemic immune activation.
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This mechanism serves as the “cornerstone” for the sub-
sequent action of immune checkpoint inhibitors, substan-
tially reshaping the tumor microenvironment, converting
“cold tumors” into “hot tumors”, and creating prerequisites
for immunotherapy. Although the outcomes of the various
combination therapies discussed in this review vary across
different cancer types, the positive results of the triple-
therapy combining radiotherapy, PARP inhibitors, and im-
mune checkpoint inhibitors in preclinical models suggest
that, at least in certain specific tumor types, the combina-
tion of TRT, PARP inhibitors, and immune checkpoint in-
hibitors is a promising strategy, warranting further in-depth
preclinical research.
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