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External beam radiotherapy (EBRT) is used for radical treatment of organ-confined prostate 
cancer and to treat lesions in metastatic disease whereas molecular radiotherapy with 
labelled prostate-specific membrane antigen ligands and radium-223 (223Ra) are indicated 
for metastatic prostate cancer and have demonstrated substantial improvements in 
symptom control and overall survival (OS) compared with standard-of-care treatment. 
Prostate cancer is considered an immunologically cold tumour, so limited studies 
investigating the treatment-induced effects on the immune response have been completed. 
However, emerging data supports that radiotherapy induces an immune response in 
prostate cancer, but whether the response is an anti-tumour or pro-tumour response is 
dependent on the radiotherapy regime and is also cell-line dependent. In vitro data 
demonstrates that single-dose radiotherapy regimes induce a greater immune suppressive 
profile than fractionated regimes; even less is known about the immune response induced 
by molecular radiotherapy agents but evidence suggests that these agents might induce an 
immune-suppressive systemic immune response, indicated by increased expression of 
inhibitory checkpoint molecules such as programmed-death ligand 1 and 2 and that these 
changes could be associated with clinical response. Different radiotherapy modalities can 
induce distinct immune profiles, which can either activate or suppress immune-mediated 
tumour killing and the current pre-clinical models used for prostate cancer research are not 
yet optimal for studying the complexity of the radiotherapy induced immune response.  
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[H1] Introduction  

Prostate cancer is the most common cancer in men in 112 countries and in 2020 it 
accounted for an estimated 1.4 million new cases and 359,000 deaths globally.1,2 In the UK, 
~15–30% of men diagnosed with prostate cancer will present with bone metastasises. 2,3 
More than 40% of men with advanced prostate cancer will experience disease progression 
to metastatic castration-resistant prostate cancer (mCRPC), which is a lethal form of 
prostate cancer that has limited treatment options.3,4 

Radiotherapy has an important role in the treatment of prostate cancer at all stages 
including those with metastatic disease.5,6 External beam radiotherapy (EBRT) delivers high 
energy x-ray beams to the tumour to induce cell killing.7 EBRT is used to treat the primary 
prostate tumour in men who have locally advanced (invade into the capsule that surrounds 
the prostate) or advanced disease (spread to lymph nodes or bones in the pelvis and spine) 
in combination with hormone therapy or chemotherapy.8,9 Men with prostate cancer can 
also receive treatment with brachytherapy. Brachytherapy delivers either high-dose rate 
(HDR) or low-dose rate (LDR) ƴ rays and is usually administered to organ-confined (localized) 
prostate cancer.10,11 

Molecular radiotherapy is used to treat metastatic prostate cancer and is delivered via 
intravenous injection. Radionuclides used in molecular radiotherapy include a range of α 
and β emitting radionuclides.12 These radionuclides are targeted to prostate cancer cells by 
conjugation with prostate-specific membrane antigen (PSMA), such as 177lutetium(Lu)-
PSMA) 13 or are selectively taken up by bone (for example radium-223 (223Ra) 14 adjacent to 
prostate cancer cell invasion.  

The radium isotope, 223Ra, is a calcium mimetic, has natural affinity to bone and is 
preferentially taken up in areas of osteoblast activity including adjacent to bony 
metastases.14 223Ra emits high-energy α particles with a range of up to ~100µm. When 
incorporated in bone adjacent to invasive prostate cancer, α particles emitted by 223Ra 
induce lethal double-stranded deoxyribonucleic acid (DNA) breaks in tumour. 223Ra 
treatment prolongs OS in men with mCRPC (14.9 months versus 11.3 months) as well as 
improving symptomatic measures such as time to first symptomatic skeletal event and bone 
pain, which can affect the health-related quality of life of these men. 2,14,15–17 More recently, 
early clinical trial data suggest that 223Ra might have efficacy in earlier disease settings. 18,19 
Radiolabelled PSMA ligands such as 177Lu-PSMA761 target PSMA present on tumour cells.13 
PSMA is overexpressed 100–1000 times higher in prostate cancer cells than in healthy 
prostate epithelium. 23,20 The medium-energy β particles emitted by 177Lu have a maximum 
range of 2000µm.3 Treatment of men with mCRPC with 177Lu-PSMA671 prolongs OS (15.3 
months versus 11.3 months) and improves symptomatic measures similar to 223Ra.20,21 The 
unique decay scheme of radionuclides might have an important role in the resulting 
efficacy, as the daughter emissions from the radionuclides might differ from the parent 
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radionuclide in terms of emission type and energy. The differences in physical properties of 
the parent and daughter emissions are likely to affect dosimetry and hence DNA damage 
and immune responses. (Figure 1). 

The clinical success of 223Ra and 177Lu has paved the way for the development of other 
radionuclides for treating mCRPC. Currently, two additional radionuclides, 225Actinium 
(225Ac) and 227Thorium (227Th) are being investigated for use in prostate cancer, although 
based on clinical data, 227Th development in prostate cancer is likely to cease and be 
replaced with two additional radionuclides, 212Lead and 211Astatine.22  225Ac and 227Th are 
being developed as a construct conjugated to PSMA or human epidermal growth factor 
receptor 2 (HER2).22 225Ac and 227Th are α-emitting radionuclides and, therefore, fall in the 
same emission class as 223Ra, but because 225Ac and 227Th have different decay schemes and 
energy depositions from 223Ra, different efficacies in inducing cell kill and immune responses 
might result (Figure 1). Comparative efficacy and toxic effect studies for 223Ra, 177Lu, 225Ac 
and 227Th are needed to inform treatment decisions in terms of deciding which radionuclide 
to use for treating prostate cancer. In addition, understanding whether differences exist 
between the immune response induced by the different radionuclides would help provide 
improve personalization of the approach to treating patients.  

The primary mechanism of action for the different radiotherapy modalities used for treating 
prostate cancer is DNA damage to tumour cells leading to cell death.23, 24 However, the 
cellular composition of tumours is complex as tumours contain a variety of cell types 
including immune cells, endothelial cells and fibroblasts .25-28 How radiotherapy modulates 
these cell types and whether this potential modulation can influence the efficacy of 
radiotherapy is not fully established, but mounting evidence from pre-clinical and clinical 
studies demonstrate that radiotherapy can alter the presence or function of immune cells 
within the tumour microenvironment (TME). 29–40 Thus, understanding the immune profile 
of prostate cancer tumours pre-treatment could also be important in understanding the 
mechanism by which radiotherapy modulates the immune response and whether the pre-
treatment immune profile might affect the efficacy of radiotherapy.  

The immune profile of tumours is highly variable, but can be broadly defined as 
immunologically hot or cold depending on the extent of infiltration by lymphocytes and 
other immune effector cells.41,42 Immunologically hot tumours are characterized by large 
numbers of infiltrating CD8-positive T lymphocytes (T cells) and the presence of pro-
inflammatory cytokines such as interferon ƴ, and often display a high tumour mutational 
burden (TMB). By contrast, immunologically cold tumours are characterized by the presence 
of regulatory T cells (Tregs) and suppressive myeloid cells (monocytes and granulocytes), 
low CD8-positive T cell infiltration, and are frequently less mutated than immunologically 
hot tumours.43,44 Tumours from men with prostate cancer are considered immunologically 
cold despite having a high TMB owing to low levels of infiltrating CD8-positive T cells and a 
high presence of suppressive immune cells (Figure 2).28,45,46  

This Review will focus on what is known about the interactions between conventional 
radiotherapy, such as EBRT and brachytherapy, and the immune system. We discuss how 
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that knowledge can be applied to investigate gaps regarding the immune interactions of 
molecular radiotherapies, specifically 223Ra and 177Lu and those that are being developed for 
prostate cancer (such as 225Ac and 227Th). 

 

 

 

 

 

 

 

 

 

 

 

 

 

[H1] Radiotherapy and the immune system  

To understand the interaction between the immune system and radiotherapy, and how 
immune effects could enhance radiotherapy efficacy, understanding the components 
involved in the immune response is important. The immune response can be divided into 
two main sub-types; innate and adaptive, and the immune response to radiotherapy 
involves both of arms of the immune system. 47–50 However, the specificity and cellular 
components involved in the two responses differ. The innate immune response involves 
macrophages, dendritic cells and natural killer (NK) cells and displays a rapid and broad 
response that lacks immune memory.51 By contrast, the adaptive immune response involves 
T cells and B lymphocytes (B cells) and displays a slow antigen-specific response that results 
in immune memory to previously encountered antigens.24,52 

The radiotherapy–immune system interaction is complex. Radiotherapy can affect immune 
function but the pre-treatment immune profile is also important for sustaining the effects of 
radiotherapy, especially when considering combining radiotherapy with immune 
modulatory agents.29–40, 53 The immune profile can affect the initial tumour response to 
radiotherapy as well as induce adaptive resistance to radiotherapy, which is largely linked to 
the ability of radiotherapy to activate or suppress the anti-tumour immune response.54–58 
(Figure 3).  
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Immune activation following radiotherapy involves the cancer immunity cycle — a multi-
step process that requires interaction of the innate and the adaptive immune response and 
defines the processes required to elicit an immune response to cancer.24, 49, 58 A major driver 
of radiotherapy-induced immune activation and the cancer immunity cycle is the induction 
of immunogenic cell death (ICD).33, 54, 56–58 During ICD, radiotherapy-induced damage leads 
to the expression or release of damage-associated molecular patterns (DAMPs) such as high 
mobility group box-1 protein (HMGB1), adenosine triphosphate (ATP) and calreticulin (CALR) 
from or on dying tumour cells.48, 50, 59–60 Release of HMGB1 and ATP and expression of CALR 
can increase the recruitment and maturation of dendritic cells, as well as enhance antigen 
uptake, processing and presentation following phagocytic uptake of dying tumour cells.33, 53, 

58, 61-62 Radiotherapy can also induce phenotypic changes such as upregulation of major 
histocompatibility complex 1 (MHC1), intracellular adhesion molecule (ICAM) and FAS that 
enhance immune surveillance. 53,58,63–67 In addition, the presence of cytosolic DNA occurring 
as a result of radiotherapy-induced cell damage can activate the cyclic GMP-AMP synthase 
(cGAS)– stimulator of interferon genes (STING) pathway, which stimulates the release of 
inflammatory cytokines including interleukin (IL) 1 β, tumour necrosis factor (TNF) and type 
1 and 2 interferons.68 Activation of cGAS–STING also forms part of the immune response to 
radiotherapy by promoting dendritic cell activation 33,53,69 Activation of this innate immune 
response orchestrates the adaptive immune response, with cross-presentation of tumour 
antigen by dendritic cells leading to priming and activation of tumour-antigen specific naive 
T cells in the presence of co-stimulation. Activated T cells then clonally expand and traffic 
out of the lymph nodes. These T cells can then infiltrate into the tumour where they induce 
antigen specific T cell-mediated tumour cell death, which might enhance the efficacy of 
radiotherapy.47  

In contrast to stimulating anti-cancer immune responses, localized radiotherapy can also 
induce immunosuppressive effects. Radiotherapy-induced expression of immune-
modulatory cytokines including IL4, IL6, IL10, and IL33, inactivates NK cells; promotes 
recruitment of a variety of immune suppressive myeloid cells and Tregs; and polarizes 
macrophages and neutrophils towards a pro-tumour phenotype.70–72 Pre-clinical data 
suggest that radiotherapy leads to up-regulation of the expression of macrophage colony-
stimulating factor (MCSF), which promotes macrophages to shift towards a pro-tumour 
phenotype.73 These tumour-supporting macrophages secrete growth factors and anti-
inflammatory cytokines such as transforming growth factor β (TGFβ) and IL10 that suppress 
the immune system by promoting the expansion of Tregs and inducing T cell and dendritic 
cell dysfunction.74–76 In addition, radiotherapy can activate the C-C chemokine receptor type 
2 (CCR2) pathway, which increases the presence of immune-suppressive myeloid cells via 
the STING pathway that can lead to resistance to radiotherapy.75–76 Radiotherapy has also 
been shown to transiently decrease the sensitivity of tumour cells to perforin-mediated 
killing, suggesting that tumours might become resistant to NK and T cell lysis following 
radiotherapy. 38 Furthermore, radiotherapy can induce upregulation of expression of 
checkpoint molecules within the TME.77–79 Inhibitory checkpoint molecules (such as 
programmed death-ligand 1 [PDL1], T-cell immunoglobulin and mucin-domain containing-3 
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[TIM3], and lymphocyte-activation gene 3 [LAG3]) suppress the immune response by 
inducing immune cell exhaustion and anergy. 77-79 Exhausted immune cells have a reduced 
proliferative and survival capacity and have dampened expression of interferon ƴ (IFNγ), 
TNF and granzymes. 77-79 Interest in understanding the relationship between soluble 
checkpoint molecule signalling such as soluble PD-L1 and response to radiotherapy is 
increasing. Emerging data from patients with either primary or recurrent glioma showed 
that radiotherapy increased the plasma concentration of soluble PD-L1 compared with 
baseline.80 Patients with decreased plasma soluble PD-L1 post radiotherapy displayed a 
worse median OS compared with patients with a radiotherapy-induced increase in soluble 
PD-L1, but the mechanistic reason for this difference in soluble PD-L1 was not further 
explored. These data suggest that soluble checkpoint molecules function to counteract their 
membrane form and that monitoring radiotherapy-induced changes in soluble checkpoint 
molecules could provide much needed biomarkers.  

Radiotherapy clearly modulates the immune response both within the TME and 
systemically. However, to add to the complexity, pre-clinical data demonstrates that 
different radiotherapy fraction sizes can influence the response to therapy and that 
expression of many immune components are context-dependent and can have opposing 
effects dependent on the distribution or isoform.81–83 For example, HMGB1 exists as three 
distinct redox isoforms, of which only one stimulates the immune response. However, the 
effect of different radiotherapy schedules on the production of HMGB1 isoforms is not 
clear. 84,85 This observation again highlights the need to improve understanding of the 
immune profile that arises in response to different radiotherapy regimes and modalities. 
Understanding which specific radiotherapy protocols induce an anti-tumour immune 
response will enable treatment to be tailored to improve efficacy of radiotherapy.  

To summarize, the immune system is complex and requires tight regulation of both 
activators and suppressors of the immune response. Radiotherapy-induced cell death can 
activate ICD, leading to immune-mediated tumour cell killing, improving the efficacy of 
radiotherapy. However, the radiotherapy-induced ICD potential differs with radiotherapy 
dose, and understanding these differences will be important when making clinical decisions 
regarding the optimum radiotherapy regime.  

 

 

[H1] EBRT, brachytherapy and the immune response  

Investigations in immune responses to radiotherapy in prostate cancer have largely been 
limited to preclinical models and clinical data from localized disease. The most commonly 
used mouse model of prostate cancer is the TRAMP-C model, which has a myeloid-cell rich 
immune profile reflective of that typically observed in men with prostate cancer. 27,86, 87 This 
profile is characterized by the presence of tumour-associated macrophages (TAMs; CD11b+, 
F480+) that have high CD206 and low inducible nitric oxide synthase (iNOS) expression. 86 
This CD206:iNOS ratio is one of many phenotypes of TAMs that are polarized towards a pro-
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tumour, and immune suppressive phenotype, that lead to poorer clinical outcomes in 
prostate cancer. 87,88  

Data from the TRAMP-C model demonstrate that fractionated radiotherapy (3 x 5 Gy) 
enhances the immunosuppressive TME already present in prostate cancer tumours. 
Fractionated radiotherapy does not reverse or enhance the pro-tumour TAM profile 
observed in prostate cancer tumours pre-treatment but has been shown to increase the 
infiltration of these TAMs, which is thought to be facilitated by the colony-stimulating 
factor-1 – colony-stimulating factor-1 receptor  signalling pathway.35, 40 Fractionated 
radiotherapy also promotes production of IL6 and IL4 by TAMs, resulting in T cell 
dysfunction and dampening of the anti-cancer immune response.81 In addition, fractionated 
radiotherapy increases the infiltration of CD11b+ myeloid cells, which have a role in 
inducing radiotherapy resistance by supporting the formation of a vascular network during 
vasculogenesis.29 Changes to the lymphocyte subsets are also observed with fractionated 
radiotherapy: increased CD4+ T cell infiltration but no effect on the infiltration of cytotoxic 
CD8+ T cells or Tregs. 29 Although, the frequency of CD8+  T cells is not affected,  the 
phenotype is altered, as demonstrated by radiotherapy-induced increases in programmed 
cell death protein 1(PD1) expression.35 Phenotypic immune cell changes like those observed 
with PD1 expression can modulate activity or function of these cells and so are important to 
evaluate. For example, PD1 is a marker of T cell activation, but chronic activation can result 
in exhaustion, leading to reduced immune responses. 89, 90-92 Thus, investigating the duration 
of response is important for understanding the resulting radiotherapy response. In pre-
clinical models, radiotherapy-induced immune changes occur soon after initiation of 
treatment (within 7 days) and are lost by the experimental end point.35 This observation 
suggests that the timing of measurements is important to fully appreciate the induced 
immune response. Hence, protocols collecting patient samples from clinical studies need to 
reflect early (days), intermediate (weeks) and late (months) effects, with the early and 
intermediate potentially providing the key information regarding mechanism of 
radiotherapy-induced immune effects.  

The DVL3 cell line, a genetic model of localized prostate cancer derived from prostate tissue 
taken from a Pten-/-/trp53-/- mouse, has been developed. The DVL3 model is radioresistant 
and retains the morphological and immunological characteristics of localized, high-risk 
prostate cancer observed in men, having an immunologically cold TME, characterized by 
high numbers of CD11b+ myeloid derived suppressor cells (MDSC) and low levels of CD8 T 
cell infiltration.82 Development of the DVL3 model is a much needed step forward for 
modelling the influence of radiotherapy and other treatments on the immune response in 
prostate cancer, but models for assessing immune responses in the metastatic settings are 
still needed. For this setting, the data are limited to in vitro analysis using human prostate 
cancer cell lines. 77, 93 However, data generated from in vitro studies can be used to improve 
the design of pre-clinical and clinical studies when investigating radiotherapy combinations, 
as the in vitro data suggest that fractionation and site of metastasis are important factors in 
investigating radiotherapy-induced immune responses. Single-dose radiotherapy (>10Gy) 
induced a less favourable immune profile in prostate cancer cells, as measured by an 
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increased number of up-regulated immune-suppressive genes (such as PD-L1 and PD-L2) 
than a fractionated regime. Interestingly, the in vitro data suggest that radiotherapy-
induced changes are cell-line dependent, as a second metastatic cell line, LNCaP 
demonstrated minimal changes in immune-related genes after both single-dose and 
fractionated radiotherapy. 77 PC3 cells are human tumour cells derived from bone 
metastasis, whereas LNCaP cells are derived from lymph node metastasis. This differential 
response across cell lines reflects the heterogeneity observed in patients with metastatic 
disease and suggests that the radiotherapy-induced immune responses differ across 
metastatic sites and, therefore, the site of metastasis might be an important factor to 
consider when administering radiotherapy. In another in vitro studying treatment induced 
immune checkpoint expression using PC3 and DU145 metastatic cell lines, both single-dose 
and fractionated radiotherapy increased the release of B7H3-enriched extracellular vesicles, 
decreasing the proliferative capacity of CD8+ T-cells. 93 Suggesting that radiotherapy 
schedule affects the expression of different immune checkpoint molecules to varying 
degrees. This highlights the complexity of the induced immune response and the 
importance of establishing the mechanism behind these responses. Given the increased 
interest in combining radiotherapy with immunotherapeutics, understanding the treatment 
induced immune response is critical for optimising radiotherapy-immunotherapy 
combinations.   

Taken together, although limited, the in vitro and preclinical data show that radiotherapy 
does not reverse the already immune suppressive TME that is characteristic of prostate 
cancer tumours, but can further enhance immune suppression by increasing infiltration of 
other suppressive myeloid cells via changes in the cytokine profile and immune checkpoint 
expression.  

As with the preclinical literature, the clinical data published on radiotherapy-induced 
immune responses is limited to localized disease. 30–34, 36, 37, 39 Comparison of the preclinical 
and clinical data is difficult as the sample type differs, with the majority of the pre-clinical 
data relating to immune changes within the TME (tumour tissue) whereas the clinical data 
are largely focused on systemic immune changes (blood). The reason for this discrepancy 
most probably relates to accessibility of samples, as post-treatment tumour biopsies from 
men with prostate cancer are difficult to obtain. For these reasons, a back-translational 
research approach is preferred as it provides a clinically relevant approach for identifying 
novel targets or mechanistic pathways associated with radiotherapy-induced immune 
responses. Back translation uses patient samples and clinical outcome data to identify 
potential targets for which the mechanism can be further investigated in pre-clinical models. 
The pre-clinical models could also be used to understand the relationship between the TME 
response with what is observed systemically, potentially overcoming issues that might arise 
between sample types.  

The clinical data also demonstrates increased diversity as it compares different radiotherapy 
modalities and adds the complexity of combining radiotherapy with androgen deprivation 
and chemotherapy (Table 1).31–34,36,37,39 The clinical data highlight that different 
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radiotherapy doses and combinations can have opposing immune effects and, therefore, 
could potentially explain the conflicting data in clinical samples. For example, brachytherapy 
alone does not affect the CD4+ subset but when combined with EBRT an overall decrease in 
this population is observed. 33,39 This difference might be a result of the volume of tumour 
that is targeted, as brachytherapy treats the prostate alone, whereas combination 
radiotherapy expands outside the prostate gland to include a margin and often pelvic lymph 
nodes. The clinical data also highlights that radiotherapy might not always induce changes in 
immune cell numbers, but phenotypic changes (such as proliferative capacity, checkpoint 
molecule expression) could be affected differently with distinct radiotherapy modalities. 
Understanding the differences between the induced immune response by different 
radiotherapy modalities is a step towards the much-needed personalized medicine 
approach. An improved understanding of the differences would help clinicians and patients 
make more informed decisions on which radiotherapy and immunotherapy combinations 
are likely be most effective for subsets of patients. 

The lack of comparative studies investigating the effects of different radiotherapy 
modalities, doses and combinations on the proportion of immune subsets and the 
phenotype has created a gap in the knowledge pertaining to the immune response induced 
by radiotherapy in men with prostate cancer.  

 [Au: Table moved to end of document and edited in situ for Production purposes]  

Radiotherapy can increase expression of checkpoint molecules on T cells, so the pre-clinical 
and clinical data support the rationale for combining radiotherapy with immunomodulating 
agents, notably checkpoint inhibitors.40,45,75 However, choosing the right combination is 
essential for success of such strategies. Part of the decision regarding which radiotherapy 
combination is best could be informed by understanding the pre-treatment immune profile 
of the tumours. Immunologically hot tumours might respond more effectively to ICD than 
immunologically cold tumours because they are immune infiltrated, less suppressive and 
have increased numbers of dendritic cells.53 This activation is likely to be followed by T cell 
exhaustion owing to chronic immune cell activation. In these tumours, combining 
radiotherapy with checkpoint inhibitors (such as PD1 and cytotoxic T-lymphocyte associated 
protein 4 inhibitors) could have a favourable effect on patient outcome. However, in the 
case of prostate cancer, in which the tumours are classified as immunologically cold, the 
tumours are less likely to respond to ICD than immunologically hot tumours owing to the 
highly immune suppressive TME and reduced presence of dendritic cells. In this instance, 
checkpoint inhibitors alone are unlikely to improve radiotherapy, but the patient might 
benefit from combined cytokine treatment to switch the pre-existing immune contexture.53 
Thus, this possibility further emphasises the importance of characterizing the immune 
profile before radiotherapy administration.  

 

[H2] Molecular targeted radiotherapy (MRT) and the immune response  
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Published data investigating the immune effects of both 223Ra and 177Lu are limited. The 
data thus far suggest that human prostate cancer cell lines (LNCaP and PC3) that survive 
radiotherapy-induced cell death after initial exposure to 223Ra undergo immune changes, 
including increased expression of histocompatibility leukocyte antigens (HLAs) and CALR, 
which sensitize them to T cell-mediated killing.94,95 In vivo data using mice treated with 223Ra 
at a dose reflecting the clinical regime demonstrate that 223Ra induces an initial (up to 12 
days post treatment) increase in the cytotoxic capabilities of splenic NK cells  This suggests 
that 223Ra induces  both direct effects on immune cell function and an alteration in the 
sensitivity of tumours to immune cell killing.96 To date, no pre-clinical studies have been 
published in which the immune responses induced by 177Lu is investigated.  

Clinical studies investigating the immune effects of 223Ra or 177Lu in prostate cancer are also 
limited and consist of small cohorts. To date, four clinical studies in which the immune 
effects of 223Ra have been investigated have been undertaken and one study on 177Lu has 
been published (Table 2).,97–103 The clinical data demonstrate that 223Ra does not affect the 
frequency of circulating T cells or T cell cytokine production compared with baseline levels. 
Increases in checkpoint molecules (PDL1 and LAG3) and activation markers (inducible T-cell 
costimulator [ICOS] and PD1) are observed in circulating T cells, suggesting that 223Ra might 
induce phenotypic changes on T cells. 223Ra decreases the frequency of circulating CD3-
positive cells that are not T cells, so223Ra could possibly affect other CD3+ populations, such 
as circulating NK-like T cells. This possibility would need to be further investigated as the 
immune phenotyping for 223Ra is currently limited to T cell analysis. In addition, other 
radiotherapy studies have shown that immune-suppression phenotypes associated with 
radiotherapy might be associated with reduced sensitivity of tumour cells to immune-
mediated death as opposed to reduced immune cell function.  

The influence of the 223Ra-induced immune changes on OS outcome have not fully been 
investigated. Interim analysis suggests that men who demonstrate a decrease in the 
frequency of circulating PD1-expressing T cells and an increase in exosomal expression of 
PDL1, LAG3 and IDO after treatment with 223Ra potentially have an unfavourable survival 
outcome [Au: please add the data here as well, or at least some example data from one of 
the studies.] (Table 2).797, 98, 101–103 The potential clinical effect of monitoring changes in 
circulating immune cells emphasises the importance of understanding changes in both the 
tumour-infiltrated and the systemic immune profile, and how these two components 
influence the radiotherapy response. Even less is known about the immune effects of 177Lu 
than 223Ra but current evidence suggests that 177Lu might induce an immunogenic priming 
effect that leads to durable responses to anti-PD1 therapy in patients with mCRPC without 
high mutational burden and microsatellite stability.100 The observed priming effect could 
enable expanded use of checkpoint inhibitors in patients with prostate cancer, as currently 
checkpoint inhibitors are limited to patients with high tumour mutational burden or 
microsatellite instability [Au: Please reference this statement.] . In another study in which 
168 patients were treated with 177Lu-labelled PSMA, high expression of PD-L2 was 
associated with improved response to 177Lu-labelled PSMA. 104 The mechanisms have not 
been elucidated, but the data suggest that an interaction exists between immune-related 
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proteins and MRT response, providing further rationale for the importance of understanding 
the MRT-induced immune response and how this response affects response to therapy. 

In summary, both conventional radiotherapy and MRTs induce an immune response. Data 
for conventional radiotherapy highlights that investigating the effects of different radiation 
doses will be important for understanding the MRT-induced immune response to improve 
MRT efficacy. The lack of concordance between sample collection in pre-clinical and clinical 
studies and absence of reliable pre-clinical prostate cancer models is a challenge that needs 
to be addressed to enable clinically relevant research to be conducted.  

 [Au: Table moved to end of document and edited in situ for Production purposes.]  

[H1] Future directions 

Clearly, pre-clinical models with increased robustness are needed for assessing the 
radiotherapy-induced immune response, especially for the metastatic setting. The use of 
patient-derived models would provide a potential approach for investigating the immune 
response in a more relevant model that closely mimics the human disease and accounts for 
heterogeneity that is observed in patients. 105 In addition, increased research focus needs to 
be applied to understanding how different radiation emissions and absorbed dose modulate 
the immune response, as this knowledge would enable improved understanding of the 
associated radiobiology, which could be applied to developing biomarkers and identifying 
novel combination strategies. Identification of predictive biomarkers of MRT response 
would avoid unnecessary treatment-associated toxic effects in patients who are unlikely to 
respond to MRTs. For those patients who are unlikely to respond to MRT monotherapy, 
understanding the MRT-induced immune response would provide novel combination 
strategies. For example, for patients with prostate cancer, immune checkpoint inhibitors 
have been limited to a small subset of patients: those with high mutational burden and 
microsatellite instability [Au: Please reference this statement.]. Early data for 177Lu suggests 
that 177Lu can prime patients with mCRPC outside of this subset to receive an anti-PD1 
inhibitor and demonstrate durable response 100. This observation suggests a potential 
expanded use of checkpoint inhibitors in prostate cancer. Checkpoint regulation is complex 
and a number of different molecules are involved that go beyond the PD1–PDL1 pathway. 
Despite this complexity, the majority of checkpoint inhibitors developed target the PD1–
PDL1 pathway [Au: Please reference this statement.] , which might not be the most 
relevant checkpoint molecule for all tumour types. Given that both 223Ra and 177Lu are being 
investigated in combination with checkpoint molecules 106,107, understanding the interplay 
between MRTs and the immune response will have an important role in understanding 
which, if any immune checkpoint inhibitors will be best for patients with prostate cancer. 
Together, this knowledge would enable clinicians and patients to make improved informed 
decisions on the type of MRT, dose and combinations to use, which would move cancer 
treatment for patients with prostate cancer closer to the much-needed personalized 
medicine approach.  
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Success in the metastatic setting increases the potential of MRTs to be used in earlier 
disease settings. Clinical data already suggests that 223Ra demonstrates potential benefit in 
patients with hormone-sensitive metastatic prostate cancer97.98. Understanding the 
dependency of MRT efficacy on the immune response and whether this immune context is 
similar in earlier metastatic disease could ultimately improve the overall prognosis of men 
with metastatic prostate cancer. 

 

 

[H1] Conclusions 

EBRT and brachytherapy are standard-of-care treatment options for men with prostate 
cancer at different stages of the disease and have been part of the cancer treatment 
pathway much longer than the approved MRT agents. Thus, that there are more 
publications investigating the immune effects of EBRT and brachytherapy than 223Ra and 
177Lu is not surprising. However, this Review has highlighted that even for EBRT and 
brachytherapy, major gaps still exist in knowledge regarding the immune effects of these 
radiotherapy modalities in prostate cancer. Dampening of the immune response requires 
the presence of suppressive immune cell types such as pro-tumour TAMs, suppressive 
myeloid cells and Tregs and the published data demonstrates that different radiotherapy 
modalities affect the infiltration of these immune cells into the TME. Investigating changes 
in the proportion of immune cells alone is not sufficient to fully address the effects of 
radiotherapy on the immune system. Improved profiling of the cytokines and checkpoint 
molecules is needed to fully understand how radiotherapy can influence the immune 
response. In addition, the lack of comparative studies investigating the immune effects of 
different radiotherapy modalities adds conflict to the published data, with opposing effects 
on the same immune cell type being observed. Comparative studies would enable improved 
understanding of the individual and combined effects of different treatment options, which 
would facilitate informed decisions to be made on the best combinations for individual 
patients, especially when considering combining radiotherapy with immune-modulating 
agents.  

Current preclinical models investigating the immune effects of radiotherapy in prostate 
cancer include the use of mouse models, human prostate cancer cell lines, patient-derived 
xenografts and explants, and organoids. Each of these models offers advantages but only 
mouse models at present are able to sufficiently model radiotherapy-induced immune 
responses.82,105 However, mouse models are still lacking in complexity as they do not take 
into account the immune modulatory effects of previous therapy or radiotherapy 
combination often seen in advanced disease.  

The immune system can enhance the efficacy of radiotherapy by the process of ICD. 
However, for tumours to successfully respond to ICD post radiotherapy, immune active cells 
(such as dendritic cells) and cytokines need to be either present within the TME or recruited. 
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As prostate cancer is considered an immunologically cold tumour, the pre-treatment TME 
has increased importance as the presence of immune-suppressive cells types such as TAMs, 
suppressive myeloid cells and Tregs can reduce the efficacy of radiotherapy. However, 
limitations in collecting matched pre-treatment and post-treatment biopsies are still limiting 
factors when trying to understand how the existing TME could influence radiotherapy 
immune response. 

With respect to MRT, this Review demonstrates that data published on investigating the 
immune effects of 223Ra or 177Lu are limited. The data thus far suggest that 223Ra induces a 
systemic immune response but the consequence of these changes on patient outcome are 
yet to be determined. In addition, no studies detail the effects of 223Ra or 177Lu on the bone 
TME in patient samples. However, limitations in collecting pre-treatment and post-
treatment biopsies might be limiting factors in understanding the effects of radionuclides on 
local immune effects. For this reason, investigating the systemic immune response induced 
by these MRTs that can be measured using liquid biopsies (for example, plasma, serum 
exosomes) are an attractive option.  

The data published on EBRT and brachytherapy suggest that different radiotherapy 
modalities have different immune effects. This observation has highlighted that comparison 
of the immune effects of α (223Ra, 225Ac, 227Th) and β emitters (177Lu) will be crucial to 
identifying how best to use these radionuclides in treating men with prostate cancer. This 
knowledge is important as radionuclides can have more than one emission profile (for 
example, α emitters can decay and emit β particles). In addition, profiling changes observed 
in the cytokine and checkpoint molecules will be important for identifying which MRTs are 
likely to induce an immune suppressive response and has not yet been fully investigated in 
prostate cancer for either conventional radiotherapy or MRTs.  

Another gap in knowledge that comes mostly from the paucity of clinical samples and 
appropriate mouse models is the lack of understanding relating to how the other cells types 
(endothelial cells andfibroblasts) present within the TME affect the radiotherapy-induced 
immune response. This understanding is especially important when thinking about 
combination strategies. Both 223Ra and 177Lu are currently being investigated in combination 
with immune agents in clinical studies.95, 96 Understanding the ability of MRTs to induce ICD 
and immune modulation is of particular importance as clinical data from a Phase Ib study in 
which 223Ra treatment was combined with a PD-L1 inhibitor in men with mCRPC 
demonstrated that no clinical benefit is gained by treating these men with 223Ra plus anti-
PD-L1 therapy.4  

Owing to the systemic and targeted nature, MRTs could improve the OS and quality of life of 
men with prostate cancer with high metastatic tumour burden. Furthermore, MRTs such as 
223Ra might have a role in earlier disease settings, which could ultimately improve the 
overall prognosis of men with prostate cancer.18,19  

To conclude, further research is needed for investigating the role of EBRT, brachytherapy 
and MRT in modulating the immune response. An improved understanding of the 
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interaction between radiotherapy and the immune response could lead to improved 
efficacy of radiotherapy and improved combination strategies. Understanding the 
mechanism by which radiotherapy induces an anti-tumour or pro-tumour immune response 
could also help identify which patients are likely to respond to radiotherapy. Improved 
access to patient samples and accessible ways to monitor immune function and 
radiotherapy response are needed. Translational research from clinical studies is of upmost 
importance, as these samples better reflect the complexity and treatment history that is 
observed with men with mCRPC. 
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 [Au: Tables formatted to journal style]  
Table 1: Clinical studies on the immune effects of EBRT and brachytherapy on prostate 

cancer 
Stage of 
prostate 
cancer  

Type of 
radiotherapy 

Dose Sample 
type 

Effects of 
radiotherapy 
(compared 
with baseline) 

Reference 

Localized  Not specified  
(n = 18) 

70–78 Gy in 
35–39 
fractions. 
 

PBMCs • Decreases 
B cells 
(4.1% to 
1.8%, 
p<0.001). 

• Increases 
proportion 
of NK cells 
(31.1% to 
38.8%, 

30 
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21 

 

p<0.01) 
and 
proliferativ
e capacity. 

• Increases 
proportion 
of Tregs 
(4.2% to 
6.4%, 
p<0.05) 
but not 
proliferativ
e capacity. 

• Decreases 
proportion 
of CD8 T 
cells 
(32.9% to 
24.6%, 
p<0.05) 
but 
increases 
the 
proliferativ
e capacity 
of these 
CD8 T 
cells.  

• No change 
to the 
proportion 
of CD4 T 
cells but 
the 
proliferativ
e capacity 
is 
increased.  

Localized Not specified (n 
=18) 

70–78 Gy in 
35–39 
fractions. 
 

PBMCs • Decreases 
T cells and 
B cells. 

• Increases 
NK and 
Treg. 

• Age of 
patient 
affects 
immune 
cell 
population

31 
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s. 
Localized EBRT (n = 13) Treated for 8 

weeks, dose 
not stated 

Serum, 
plasma 
and 
PBMCs 

• Increases 
HSP72 
(9.8pg/ml 
to 
34.0pg/ml, 
p=0.0002), 
CD8 T cells 
(4.1% to 
8.5%, 
p=0.005) 
and NK 
(2.3% to 
7.4%, 
p=0.001) 
cells. 

• Increases 
in TNF 
(10pg/ml 
to 
17.9pg/ml, 
p=0.01) 
and IL6 
(9.8pg/ml 
to 
32.3pg/ml, 
p=0.01). 

32 

Localized Iodine-125 BT (n = 
36) 

LDR – dose 
not specified.  

Whole 
blood 

• Increases 
granulocyt
es. 

• Decreases 
B cells. 

• No effect 
on the 
proportion 
of CD4 or 
CD8 T cells 
and NK 
cells.  

• Increases 
activation 
status of 
CD4 and 
CD8 T 
cells. 

• Decreases 
suppressiv
e myeloid 
cells.  

• Increase in 

34 
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proportion 
of Tregs. 

Localized EBRT or 
brachytherapy  
(n = 64) 

EBRT: 74 Gy in 
37 fractions  

Serum • Induces 
antigen-
specific 
immune 
response. 

36 

Localized Chemoradiotherapy  
(n = 20) 

45 Gy in 25 
fractions 

PBMCs • Increases 
tumour-
specific 
CD8 T 
cells.  

37 

High-risk 
disease 
(n = 11) 

EBRT or EBRT plus 
brachytherapy  

46 Gy in 23 
fractions 
followed by 
32 Gy in 16 
fractions or a 
single 15 Gy 
HDR 
brachytherapy 

PBMCs Comparing 
EBRT alone 
with EBRT plus 
brachytherapy  
• No 

changes in 
B cells, 
dendritic 
cells, 
monocytes 
and NKs. 

• Ratio of 
CD4:CD8 T 
cells 
decreased 
in EBRT 
plus 
brachyther
apy arm. 

• Proportion 
of CD4 T 
cells 
decreased 
in EBRT 
plus 
brachyther
apy. 

• Proportion 
of CD4 T 
cells 
expressing 
PD1 
increased 
in EBRT 
plus 
brachyther
apy arm. 

• Proportion 
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of CD8 T 
increases 
in EBRT 
plus 
brachyther
apy. 

• IL2 and 
Granzyme 
B 
expression 
on CD8 T 
cells 
increased 
with EBRT 
plus 
brachyther
apy. 

EBRT = external beam radiotherapy; HDR = high dose rate; HSP72 = heat shock protein 72; LDR = low 
dose rate; NK = natural killer; PBMCs = peripheral mononuclear blood lymphocytes; PD1 = 
programmed cell death protein 1 TNF = tumour necrosis factor; Treg = regulatory T cells. 

 

Table 2: The immune effects of Ra-223 or Lu-177-PSMA in prostate cancer from clinical 
studies 

Radionuclide Stage of 
prostate 
cancer 

Effects of MRT (compared with 
baseline) 

Reference 

223Ra mCRPC  
(n = 15) 

Circulating immune cells: 
• No change in central memory, 

effector memory or effector T 
cells. 

• Decreases PD-1 expression on 
effector CD8+ memory T cells.  

• No change to CD27 or CD28 
expression on effector CD8+ 
memory T cells.  

• No change in CD8 effector 
memory T cells that express IL-
7α receptor. However, PD-1 
expression in this subset 
significantly decreased (20.6% 
to 14.6%, p = 0.020)  

• No change in production of 
IFN-γ TNF, and IL13 by CD8 T 
cells.  

 97, 98 

223Ra mCRPC 
 (n = 32) 

• Changes in peripheral antigen 
PA2024-specific T cell 
responses. 

101 

223Ra mCRPC  Circulating immune cells: 102 
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(n = 30) • Decrease in CD3-positive cells  
(~6-month decrease of 20.3% 
[CI -31.8% - -8.8%]). 

• Increase in ICOS, PD1 and PDL1 
on CD4 and CD8 T cells. 

223Ra mCRPC  
(n = 25) 

Circulating exosomes:  
• Significantly increased levels of 

PDL1 (p = 0.049), LAG3 and IDO 
in patients who demonstrated 
unfavourable prognosis after 
treatment.  

103 

177Lu mCRPC  
(n =18) 

• Immunogenic priming effect. 100 

177Lu mCRPC  
(n =168) 

• A high PD-L2 signature 
expression in tumour cells 
associated with better 
prognosis after treatment 
(median OS 17.2 vs 5.7 months 
in higher vs lower PD-L2).  

104 

ICOS = inducible T-cell costimulatory; IDO = indoleamine 2,3-dioxygenase; IFNγ = interferon gamma; 
IL13 = interleukin 13; LAG3 = lymphocyte activation gene 3; mCRPC = metastatic castration-resistant 
prostate cancer; PD1 = programmed cell death protein 1; PDL1 = Programmed death ligand 1; TNF = 
tumour necrosis factor. 
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Figure 1: Radionuclides approved by the FDA or currently under investigation for prostate 
cancer 
Currently two radionuclides, 223Raduim (223Ra) and 177Lutetium (177Lu) are approved for treating men 
with metastatic castration-resistant prostate cancer. The radionuclides 225Actinium (225Ac) and 
227Thorium (227Th) conjugated to either prostate-specific membrane antigen (PSMA) or human 
epidermal growth factor receptor 3 (HER3) are currently in development for men with prostate 
cancer. All four radionuclides (223Ra, 177Lu, 225Ac and 227Th) have multi-step decay schemes with 
varying energy depositions. This energy deposition might result in different efficacies in terms of 
causing DNA damage and any subsequent immune response.  
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Figure 2. Immune cell composition of prostate cancer.  
The tumour immune microenvironment in prostate cancer is rich in myeloid immune cells such as 
macrophages, myeloid-suppressor cells (M-MSC) and PMN-myeloid suppressor cells (PMN-MSC). 
These immune cells (most notably the macrophages) are characterised by reduced expression of NO, 
and increased expression of checkpoint molecules such as PDL1 and secretion of enzymes such as 
Arg and IDO, cytokines such as IL-10 and TGFβ and reactive species such as ROS. The expression or 
secretion of these molecules results in reduced antigen presentation capacity of dendritic cells, 
increased T cell exhaustion and regulatory T cells (Tregs) recruitment. Collectively, this creates an 
immunosuppressive microenvironment that is characteristic of prostate tumours.). Arg = arginases; 
IDO = indoleamine 2,3-dioxygenase; IL10 = interleukin 10; NO = nitric oxide; PDL1 = programme 
death ligand 1; ROS = reactive oxygen species; TGFβ = transforming growth factor beta. 
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Figure 3. Opposing immune activation and immune suppressive effects of radiotherapy.  
Radiotherapy can have opposing immune effects, which can subsequently lead to either enhanced 
tumour-specific immune killing or immune evasion. A | Immune-mediated tumour killing occurs 
when radiotherapy-induced damage causes dying tumour cells to release damage associated 
molecular patterns (DAMPs) (1). Release of DAMPs results in activation of dendritic cells (2) and 
presentation of tumour-specific antigens (3). These dendritic cells then move to the lymph nodes 
and prime naive T cells (3), resulting in expansion of antigen-specific T cell clones (4). These T cells 
traffic to the tumour and induce T cell-mediated tumour cell death (5). B| In the suppressive setting, 
radiotherapy fails to induce immunogenic cell death owing to the high presence of suppressive 
immune cells. Radiotherapy induces release of DAMPs and cytokines such as interleukin 6 (IL6) (1). 
Release of IL6 recruits and activates tumour associated macrophages (TAMs), suppressive myeloid-
cells (M-MSC)such as PMN-myeloid suppressor cells (PMN-MSC) and regulatory T cells (Tregs) (2). 
The presence of these suppressive cell types hinders the activation of dendritic cells and T cells (3) 
and leads to subsequent immune evasion and tumour progression (4)  
 


