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The majority of cancer patients will be treated with radiotherapy, either alone or together with chemotherapy and/or

surgery. Optimising the balance between tumour control and the probability of normal tissue side effects is the

primary goal of radiation treatment. Therefore, it is imperative to understand how irradiation affects both normal

and cancer tissue. Here, we discuss how organoids, three-dimensional tissue-resembling structures derived from

tissue-resident, embryonic or induced pluripotent stem cells, have a growing importance in the field of radiation

biology research.

radiation  radiobiology  organoids

1. Introduction

With an ever-aging population the number of people diagnosed with cancer is constantly growing . Therefore,

there is an even greater onus on the need to develop both current and new methods to enhance the efficacy of

cancer treatments. Traditional cancer treatments, such as radiotherapy, chemotherapy and surgery, are still the

most common modalities, but newer treatments such as immunotherapy are becoming more and more prevalent.

Radiotherapy (either alone or in combination with surgery and/or chemotherapy) is used to treat over half of all

cancer patients, with a curative intent in the majority of these cases . Furthermore, the number of patients

undergoing radiotherapy is predicted to increase even further due to an aging and growing population, as well as

rapid technological advances in radiotherapy delivery practices . The primary goal of radiotherapy, as with all

other forms of cancer treatment, is to maximise the therapeutic window. The therapeutic window describes the

balance between the probability of increasing tumour cell kill while minimising the probability of normal tissue

complications. This can be achieved by using drugs which target the intrinsic vulnerabilities of a tumour to make it

more susceptible than healthy tissue, or alternatively by physically targeting the tumour with greater accuracy and

minimising the co-irradiated normal healthy tissue (Figure 1).
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Figure 1. Optimising the therapeutic window of radiotherapy. The therapeutic window describes the balance

between the probability of tumour control (blue line) and normal tissue complications (yellow line). There are three

main rationales behind broadening the therapeutic window in radiation treatment: (1) Increasing tumour sensitivity

using radiosensitisers, reducing the dose required for tumour kill (blue line shifts to the left), (2) protecting normal

tissue using radioprotectors or mitigators, thus increasing the tolerable dose of normal tissue (shifting the yellow

line to the right) or (3) high precision dose delivery which can reduce the volume of co-irradiated normal tissue

(effectively shifting the yellow line to the right) while in the case of charged particles an increased relative biological

effectiveness reduces the dose required for tumour control. Abbreviations: PARP; poly-ADP ribose polymerase,

ATM; ataxia telangiectasia mutated, TGF-β; transforming growth factor beta, IMRT; intensity-modulated radiation

therapy, SBRT; stereotactic body radiation therapy, MRI; magnetic resonance imaging. Created with

BioRender.com.

The development of high precision means of dose delivery, such as intensity modulated radiation therapy ,

stereotactic radiation therapy   and charged particle radiotherapy , have allowed for substantial reductions in co-

irradiated normal tissue during therapy. These strategies enable better sparing of crucial organs  or sub-regions

 within organs during treatment or dose escalation to the tumour. Furthermore, real-time advanced imaging, such

as magnetic resonance imaging (MRI), during radiation therapy has been suggested as a means to further

optimise the delivery of radiation to the target tumour with an increased sparing of the surrounding healthy tissue.

Initial in vitro studies showed no changes in survival in response to X-rays when a magnetic field of 1.5 T was

applied . Indeed, combining X-ray therapy with MRI-guidance has been successfully applied in clinical practice

to increase the accuracy of dose delivery and thus spare a greater proportion of healthy tissue . Particle

therapies, such as proton therapies, can modulate the dose to encompass the whole tumour in a so-called “spread-

out Bragg peak” with a minimised entrance dose and negligible exit dose, sparing healthy tissue .
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Furthermore, MRI-guided proton therapy has also been proposed   and early in vitro findings suggest that a

magnetic field perpendicular to the radiation beam has no effect on the radiobiological effectiveness of the dose

, while a magnetic field longitudinal to the beam slightly changes the effectiveness , emphasising the potential

of such advances in a clinical setting. Further advances in radiation delivery include FLASH radiotherapy, which

delivers ultra-high dose rates of ionising radiation which are believed to reduce normal tissue complications

compared to conventional dose rates , although the therapeutic window of FLASH therapy still needs to be

addressed .

All of these technological advances in the field of radiation beam delivery have significantly reduced the amount of

co-irradiated healthy tissue during radiation treatment; however, none of these developments can completely

eliminate dose to the surrounding tissue. Therefore, it is still necessary to develop in vivo and in vitro models to

improve understanding of the mechanisms involved to better protect and/or regenerate normal tissue or to target

intrinsic vulnerabilities of a tumour to enhance radiotherapy efficacy. These models should also take the therapeutic

window into account as there is often an overlap between these mechanisms in both normal tissue and tumours, a

feature which is regretfully often overlooked.

2. Organoids and Regeneration of Radiation-Induced
Damaged Tissue

Since the identification of Lgr5 as a marker for intestinal stem cells , one of the most studied and established

organoid models are the gastrointestinal “mini-gut” organoids. Originally established from mouse small intestinal

stem cells , organoid “mini-gut” models have subsequently been established from human stem cells , as well

as from various different locations along the gastrointestinal tract, including stomach , colon  and oesophagus

. Furthermore, pluripotent stem cells have been utilised to successfully generate intestinal   and

oesophageal   organoid cultures. These models have opened novel avenues of study for intestinal development,

cancer progression   and other diseases, such cystic fibrosis .

While there have been only a limited number of studies using organoids to investigate radiation-induced

gastrointestinal injury, some recent studies have used organoids to complement and reinforce important insights

from in vivo mouse studies . Wang et al.   demonstrated using intestinal crypt organoids that selective

inhibition of radiation-induced p53-mediated apoptosis using CHIR99021, an inhibitor of glycogen synthase kinase-

3 (GSK-3), can protect intestinal stem cells against radiation due to an increased survival of Lgr5+ cells. This was

recapitulated in vivo, indicating a pivotal role for p53 post-translational modifications in intestinal stem cell

responses to irradiation . More recently, using intestinal organoids from mouse jejunum and human colon,

Bhanja et al.   revealed the potential of BCN057, an anti-neoplastic small molecular agent, to mitigate radiation-

induced gastrointestinal syndrome in normal tissue. Interestingly, BCN057 did not have a radiomitigative effect in

tumour-derived organoids with these findings again mimicking in vivo findings. The same group also investigated

the potential of repurposing auranofin, an anti-rheumatoid drug containing gold, as a radioprotective agent against

intestinal injury . In both in vivo mice and ex vivo human colon organoids treatment with auranofin significantly

reduced the toxicity of radiation . Furthermore, Martin et al.   recently demonstrated that the profile of the
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Lgr5+ stem cell population of the large and small intestines following irradiation of organoids could act as a marker

for predicting the sensitivity of these organs to radiation. The authors validated their approach using organoids with

a well-established in vivo microcolony assay which quantifies the number of regenerating crypts per small intestinal

circumference . This assay is regarded as a benchmark assay for establishing the radiosensitivity of intestinal

stem cell survival and highlights the potential of intestinal organoids to predict radiation responses . These

studies demonstrate the strength of “mini-gut” organoids as a model for radiation studies of the gastrointestinal

tract and also the opportunities for radiobiological studies in other organoid systems, particularly in tissues which

lack accurate in vitro models for radiobiological studies.

Radiotherapy is used to treat the majority of head and neck cancer patients, either alone or in combination with

surgery and/or chemotherapy . Frequently, irradiation of head and neck tumours leads to the unavoidable co-

irradiation of salivary glands, with almost half of head and neck cancer patients subsequently suffering from

radiation-induced xerostomia due to hyposalivation. This drastically impacts on the quality of life of patients due to

impaired chewing, swallowing, speaking and an increased risk of oral infections . In vivo studies using rats have

shown that sparing a region of the salivary gland which contains a high density of tissue specific stem/progenitor

cells has been shown to reduce the effects of salivary gland irradiation . Therapeutic options are available to

stimulate salivary gland flow post-irradiation but are limited in their effectiveness . Therefore, a need for a more

long-term strategy for salivary gland regeneration following radiotherapy remains . While in vivo animal models

have provided a wealth of knowledge as to the mechanisms behind salivary gland regeneration following injury,

including radiation-induced damage , there is a limited number of in vitro systems to accurately

study salivary glands following irradiation. Thus there is a growing niche for new models such as organotypic slice

cultures   and organoids in the area of salivary gland radiation research.

Recently, our group has established protocols for the isolation and expansion of both murine   and human 

submandibular salivary gland stem/progenitor cells. Using these protocols, we have shown that transplantation of

enriched murine or human stem/progenitor cell populations improved functional readouts of irradiated mice salivary

glands . However, this effect may not only be directly from the expansion of the stem/progenitor cells in the

transplanted tissue, but also due to paracrine effects of the transplanted cells acting on the recipient tissue   .

Another recent study by Tanaka et al. has demonstrated the ability to derive salivary gland stem cells from

embryonic stem cells . Upon transplantation into parotid gland-defective mice, the induced salivary gland cells

(transplanted either alone or together with mesenchymal cells) were capable of generating mature salivary gland

tissue. The newly generated tissue was also shown to be functional as demonstrated by an increased saliva

secretion in transplanted mice . Combined, these studies hold significant preclinical promise for studying the

mechanisms behind salivary gland regeneration and amelioration of salivary gland damage, both irradiation and

non-irradiation induced damage . However, the translation of any embryonic stem cell derived treatment 

to a clinical application is always likely to be hindered by ethical concerns  and safety concerns regarding

tumorigenicity .

Our models have been successfully utilised to study the survival responses of salivary gland stem/progenitor cells

. The salivary gland stem/progenitor organoids demonstrated a disproportionate sensitivity to low dose of
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radiation which was recapitulated in a functional low dose sensitivity in vivo . While low dose hypersensitivity is

not a new phenomenon , this was the first study to show the relevance of this phenomenon in

stem/progenitor cells, with a potential clinical relevance. Furthermore, we have recently developed a protocol for

the culturing of parotid salivary gland organoids and demonstrated that parotid gland stem cells display a similar

radiosensitivity as those of submandibular salivary glands . Importantly, as organoids are derived from

stem/progenitor cell populations, they allow for the study of a more stem/progenitor specific response. As

stem/progenitor cells play a prominent role in tissue regeneration following irradiation, models which allow for the

understanding of these cells are crucial to protecting these tissues.

3. A platform for treatment response studies; moving
towards personalised treatment?

The concept of precision treatments has been of growing interest in many fields of research in recent years,

particularly oncology, as there a wide variability of patient responses to standard ‘one size fits all’ treatment

regimens. In some cases, genetic factors which can be specifically targeted in a ‘personalised’ manner are already

known, for example non-small cell lung cancer patients with an activating mutation in tyrosine kinase are

particularly sensitive to treatment with tyrosine kinases inhibitors such as gefitinib . However, for other cancers,

such as oesophageal cancers and locally advanced rectal cancers, there are currently no accurate predictors of

patient responses to treatment. The standard of care for oesophageal cancer consists of neo-adjuvant

chemoradiotherapy followed by surgery, with a complete pathological response observed in approximately a

quarter at the time of surgery but no response in approximately one fifth of patients . Similarly, for neoadjuvant

chemoradiotherapy treatment of colorectal cancer while approximately one fifth of patients show a complete

pathological response, almost 40% of patients show no benefit to the treatment . In both cancers, patients would

clearly benefit from more robust pre-treatment predictive models.

Therefore, there has been a concentrated effort in the field of organoids to establish reliable predictors of colorectal

cancer treatment response to both chemotherapy alone and neoadjuvant chemoradiotherapy . Van de Wetering et

al. established colorectal cancer organoids, alongside paired healthy tissue, and demonstrated that the organoids

recapitulated the genetic profiles and mutational spectra of the tumours of origin. Furthermore, by performing

screening of 83 compounds, including both clinically used drugs and experimental compounds, the authors showed

that the organoids facilitated the high-content drug screening , which could facilitate precision treatments in the

future. Interestingly, a later study by Ooft et al. investigating treatment response of metastatic colorectal cancer

using organoids, was able to predict accuracy of irinotecan monotherapy and 5-flurouracil/irinotecan dual therapy,

with 80% and 83.3% respectively. While greater accuracy is required to implement predictive models in a clinical

setting, these studies show the developing potential of organoids in precision medicine. Furthermore, in recent

years, there has been an increasing number of studies aimed at identifying and repurposing already available

drugs as radiosensitisers . Drugs which can be repurposed offer cheaper and quicker alternatives to developing

new drugs from scratch, while many of the adverse side effects are already known . The possibilities to quickly and

accurately screen drugs, as shown in the studies of van de Wetering et al. and Ooft et al. , in cancer organoids will
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greatly increase the possibilities in precision medicine and further benefit the search for potentiators of radiation

therapy.

Indeed, recent studies by Ganesh et al. and Yao et al. have focussed on rectal cancer organoids for predicting

patient responses to neoadjuvant chemoradiotherapy (Table 1 summarises the different cancer organoids that

have been used in studies of radiation responses). Both studies further consolidated other evidence that rectal

organoids faithfully recapitulate the tumours of origin, performing histopathological and mutational comparisons

between the two . Moreover, Ganesh et al. showed that upon xenotransplantation of the organoids into mice they

were found to metastasise to the same locations as the original tumours. Importantly, upon treating the organoids

with chemotherapeutic drugs (such as 5-Flurouracil and oxaliplatin) heterogeneous treatment responses correlated

with the clinical progression-free survival of patients. Interestingly, organoids which displayed resistance to

radiation were derived from patients who either were resistant to therapy or showed disease recurrence following

treatment . Yao et al. also correlated the therapeutic clinical outcomes to the standard neoadjuvant

chemoradiotherapy with the organoid outcomes following treatment 5-Flurouracil, irinotecan or radiation. In sixty-

eight out of the 80 patient-derived organoid lines generated, at least one of the three treatment courses was found

to be predictive of the patients tumour regression score after surgery . Furthermore, in a recent study, Pasch et al.

established patient-derived cancer organoids and were prospectively able to predict the treatment response of a

patient with metastatic colon cancer . These studies combined with the works of van de Wetering et al. and Ooft et

al. provide a significant step towards a model for patient-specific response prediction.

4. Concluding remarks

While it could be questioned if a response prediction accuracy of approximately 80-85% is good enough, this will

surely only improve as the models themselves are further optimised. Combining clinical patient imaging techniques

currently used to predict patient responses, such as PET/CT, with the in vitro predictions from organoids may in the

future bring around more accurate means to forecast treatment outcomes. Understanding the mechanisms behind

tissue regeneration are key to mitigating radiation-induced side effects, whether it is by stem cell therapy or through

druggable targets to protect against damage, and organoids have already proven themselves as excellent models

for such studies.
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