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Abstract

Radiopharmaceutical therapy or targeted radionuclide therapy (TRT) is a well-established class of
cancer therapeutics that includes a growing number of FDA-approved drugs and a promising
pipeline of experimental therapeutics. Radiobiology is fundamental to a mechanistic
understanding of the therapeutic capacity of these agents and their potential toxicities. However,
the field of radiobiology has historically focused on external beam radiation. Critical differences
exist between TRT and external beam radiotherapy with respect to dosimetry, dose rate, linear
energy transfer, duration of treatment delivery, fractionation, range, and target volume. These
distinctions simultaneously make it difficult to extrapolate from the radiobiology of external beam
radiation to that of TRT and pose considerable challenges for preclinical and clinical studies
investigating TRT. Here, we discuss these challenges and explore the current understanding of the
radiobiology of radiopharmaceuticals.

General Radiobiological Properties of Radiopharmaceuticals

Radiopharmaceutical therapy or targeted radionuclide therapy (TRT) differs from
conventional external beam radiation therapy (EBRT) in several important ways.! EBRT is
generally given with low linear energy transfer (LET) photons and electrons (0.2 keV/um),
at a high dose rate (eg, 1-2 Gy/min), with well-defined dosimetry, often with a fairly
homogeneous dose distribution in the targeted field, and commonly as part of a fractionated
treatment regimen. In contrast, TRT uses radionuclides that are conjugated to a carrier, such
as an antibody, peptide, or ligand. The specific radionuclide used has a physical half-life,
and unique activity decay spectrum that may consist of alpha or beta particles, auger
electrons and gamma emissions of varying energies. Dose deposition in the targeted tumor is
heterogeneous secondary to the emission properties of the radionuclide utilized and
characteristics of the tumor, such as size and the distribution/density of the target of the TRT
carrier. In addition, the effective half-life of the radiopharmaceutical, determined by both the
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biological half-life of the carrier and the physical half-life of the radionuclide, is an
important determinant of tumor uptake and retention. The radiation exposure from TRT is
continuous, with an exponential decay over hours to days/weeks, with a low absorbed dose
rate, usually less than 0.5 Gy/h.1 The biological response to continuous, exponentially
decreasing low dose rate radiation is markedly different from the response to EBRT (high
dose rate, short exposure time) in terms of a variety of factors including effects on cell cycle,
proliferation, signal transduction pathways, inflammation, and adaptive/compensatory
responses, with the relative importance dependent upon the dose rate, total dose and tissue
irradiated.? Dosimetry (Medical Internal Radiation Dose) with TRT is also much less well
defined than for EBRT.1

Basic Principles of Radiobiology Applied to TRT

The biological effect of TRT is determined by a large number of complex and interacting
factors, including direct tumor and normal organ damage, and indirect/bystander and
abscopal effects (Fig. 1), which will be discussed below. In aggregate, these effects
ultimately determine both acute and late effects of radiation in tumors and normal tissues.3
Many of the basic radiobiological principles of EBRT also apply to TRT.#° The LET of the
radionuclide determines the depth of penetration in tumor/tissue® as well as the density of
ionization or energy transferred per unit depth travelled. For example, beta and gamma
emissions have a LET of 0.2 keVV/um and a depth of penetration of 12 mm or more in the
case of gamma emissions. In contrast, Auger electrons have a LET of 4-25 keV/um, with a
range of less than 1 um, and alpha particles have a LET of 50-230 keV/um and a depth of
penetration of 50-100 um. Most radionuclides emit multiple types of radiation as they decay.
High LET is associated with increased biological effectiveness, low oxygen enhancement
ratio, and relatively low cell cycle dependent radiosensitivity. The biologically effect dose
(BED) is the product of the relative effectiveness and total dose (D). BED is based on linear
quadratic dose terms and was developed as a means to correlate biological responses to
fractionated regimens, with a dose-related quantity. For very low doses/fraction (eg,
protracted irradiation from a radionuclide), there are concerns about the validity of the linear
quadratic model, which does not adequately take into account proliferation, repair of
sublethal damage, or adaptive responses during treatment at low dose rates (LDR). In order
to make the BED more relevant to TRT, the relative effectiveness for radionuclides should be
modified for these LDR.

Biological Effects of Dose Heterogeneity

The dose distribution with TRT is very heterogeneous compared to that typically achieved
with EBRT, with relatively hot and cold areas. This is evident from the use of theranostic
imaging and personalized dosimetry, with TRT commonly delivering a heterogeneous
radiation dose across a tumor, with variation compounded when comparing across tumor
sites, patients and disease histologies. This dose heterogeneity or nonuniformity occurs at
both the tumor/tissue and subcellular level and is biologically meaningful. For example, a
given effect requires a higher dose when the dose distribution is nonuniform.® The
magnitude of the difference in dose required for a calculated survival fraction is greater for
high LET alpha particles than for low LET beta particles.>’8 Dose heterogeneity in normal
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tissues, such as the kidney, may result in increased damage within a specific tissue region,
and thereby contribute to toxicity (eg, renal toxicity).

Modeling of tumor dose heterogeneity poses a challenge to preclinical and clinical studies
on the radiobiology of radiopharmaceuticals. The dose heterogeneity from TRT is affected
by both the targeting vector (eg, specificity, affinity, and stability) and the physical properties
of the radionuclide,® as well as tumor perfusion and permeability.1%11 The dynamics and
effects of dose gradients during TRT are complex, and are affected by a number of factors
including location in the tumor, proximity to sensitive normal tissues, vascularity, and
hypoxial2 (Fig. 1). Ex vivo biodistribution studies can be used in preclinical models to
estimate dose distribution as a function of time, but this is not feasible in clinical settings
where imaging-based dosimetry approaches are critical. The use of SPECT/CT or PET/CT
of theranostic agents, paired with advanced dosimetry calculation can illuminate patient-
specific and tumor-specific dose heterogeneity in preclinical and clinical settings.13
Additional imaging strategies such as MRI with time-resolved contrast kinetics may resolve
dynamic changes in tumor perfusion and permeability and these have been correlated with
tumor response to TRT.10

The biological consequences of heterogeneous tumor dose distribution following TRT have
not been fully elucidated. For many TRT applications, it is unknown whether a minimum
threshold dose, mean dose, or maximum dose is most important for predicting tumor
control. Furthermore, it is generally unknown whether such parameters equally apply to all
tumor volumes including radiographically occult sites and isolated or circulating tumor cells,
which are not typically accounted for in dosimetry. Intriguingly, nonuniform TRT
distribution across a single tumor volume may be advantageous and preclinical studies
suggest that a bystander effect of radiation may augment tumor control probability in
settings of dose heterogeneity.1*1> On the other hand, heterogeneity in micro-dosimetry
may highlight advantages and disadvantages of distinct radionuclides. Those emitting short-
range radiation (eg, alpha particles and Auger electrons) may be optimal for triggering target
cell death and radiation-dependent phenotypic changes in target cells because these
radionuclides effectively deliver dose to the cell taking up TRT. However, such radionuclides
may be ineffective in modulating the tumor microenvironment or local immune response due
to limited delivery of radiation to tumor stroma. Conversely, radionuclides emitting longer-
range radiation (eg, beta particles and gamma rays) rely on “crossfire” radiation from
neighboring cells to deliver full dose at target cells. This may limit the effect of such agents
against isolated or circulating tumor cells while ensuring dose delivery to tumor stroma.
Additional studies are needed to determine how such dose heterogeneity from TRT may
affect clinical and radiobiologic endpoints.

Direct Versus Indirect/Bystander Effects

TRT can have direct cytotoxic effects as well as indirect or bystander effects, the relative
contribution of each being dependent in part on the radiobiological characteristics of the
TRT, such as absorbed dose rate and LET, and may involve different signaling pathways.
Bystander effects occur in adjacent nonirradiated cells, that are similar to that observed in
irradiated cells. These may include mutations, clastogenic effects, cell death, apoptosis and

Semin Radliat Oncol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Morris et al.

Page 4

cellular transformation, and occur primarily at doses less than 1 Gy or at LDR.116 These
have been studied much less with radionuclide therapy than EBRT, with the heterogeneity,
kinetics and dose/dose rate gradient of TRT adding to the complexity.12 With bystander
effects, irradiated cells communicate with nonirradiated cells through gap junctions.>:17
Many different cell types may be involved, including tumor cells, fibroblasts and endothelial
cells. Mediators of bystander effects may include secreted/shed soluble factors and stress
mediators, apoptotic factors, inflammatory response cytokines, reactive oxygen (ROS) and
nitrogen species, calcium and extracellular DNA.16:18.19 Scavengers of ROS can abolish the
bystander response.2° Intercellular communication can be bidirectional, 1221 and under some
circumstances result in protection rather than damage. The extracellular matrix and tumor
immune microenvironment may be affected and signaling pathways other than those
involved in direct cell killing may be involved. For example, direct effects on DNA activate
different signaling pathways than indirect oxidative stress-induced bystander effects on
DNA.22 While there is a dose rate effect, there is no clear dose response relationship for the
bystander effect.!

Dose and Dose Rate Effects

The typical dose rate (DR) from TRT is 0.01-1.0 Gy/h. Dose effects include type of
radiation-induced damage, gene expression and mode of cell death. The cumulative total
absorbed dose in tumor or normal tissue is the sum of dose from direct irradiation, crossfire,
and nonspecific dose deposition from circulation of the radiopharmaceutical. There is a
positive correlation between tumor absorbed dose and tumor cell killing, although this
relationship is not strong for lymphoma. Importantly, the dose response relationship in TRT
is less well defined than with EBRT.

Radiopharmaceuticals deliver radiation over protracted time with a continuously varying and
exponentially decreasing DR.23 The energy and dose-deposition pattern as a function of
diameter or depth varies for specific radionuclides.6 The absorbed DR in TRT is determined
by a number of factors including the T1/2 of the radionuclide, specific activity, biologic T1/2
of the carrier (eg, antibody, ligand, and peptide) as determined by transit, uptake and
clearance times, and by repair of sublethal damage.! As expected, at LDR, the radiation is
more sparse, and generally less damaging that high DR (HDR) radiation, resulting in
repairable sublethal damage.

As above, generally the efficacy of LDR is less than that of HDR irradiation, with LDR
irradiation being delivered over a longer period of time than HDR irradiation.® Although one
would therefore predict that LDR radiation is less effective than EBRT/Gy, this is not always
true.1 For example, synchronization of cells in the radiosensitive part of the cell cycle (eg,
G2/M) with continuous irradiation, defects in detection of low levels of DNA damage, and
the relative contribution of nontargeted effects can play a role in determining the efficacy of
LDR.1 There is also the phenomena of an inverse DR effect?425 or low dose hyper-
radiosensitivity,12 usually observed at very low doses (eg, 0.01-10 Gy, but typically less than
or equal to 1 Gy) and very low DR such as 0.003-0.3 Gy/min. This has been shown in vitro
with a variety of cell types as well as in vivo animal models, and is more common in
leukemia and lymphoma models.26-28
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Adaptive/Compensatory Responses

Adaptive or compensatory responses can diminish the effect of radiation over time and may
be evidenced by a decrease in the magnitude of radiation-induced damage when a high dose
of radiation follows a low dose.12 DR patterns from radionuclides are characterized by an
initial exponential increase in the DR, followed by an exponential decrease in DR over time.
Howell et al?3 studied the effect of changing DR during the uptake phase of a
radiopharmaceutical. With slower uptake of a radiopharmaceutical, the initial rate of
increase in DR is lower, and there is a flattening of the shoulder on the survival curve. This
means that the biological effect is less, secondary to an adaptive response from the initial
phase of the exposure. This has been confirmed by others2? as well in preclinical animal
studies, 30 where slow effective uptake of radiopharmaceuticals by tumors was less effective
than fast uptake at inhibiting xenograft tumor growth. Possible mechanisms include
induction of DNA repair enzymes DNA double strand breaks with blunt or staggered ends
(that can induce an adaptive response)3! and changes in cell cycle distribution.23 Of note,
this effect may not be as relevant to high LET (eg, alpha) radiation.32 Therefore, absorbed
dose may not accurately predict the surviving fraction. Current models may overestimate
BED at low DR and underestimate them at high DR, so that rate of uptake, DR and maximal
DR should be factored into predictive models.23

Effect of Fractionation

It has long been known that prolongation of the overall treatment time spares early reactions,
with little sparing effect on late reactions. The rationale for fractionation is to allow for
repair of sublethal damage in normal tissues, reoxygenate hypoxic cells in tumors, and
redistribute tumor cells in the cell cycle into more radiosensitive phases and/or promote
proliferation of relatively radioresistant cancer stem cells.* Compared with EBRT, there is
very limited data on fractionation with TRT. For example, in a study of 177-Lu-octreotate in
16 patients, all cycles of TRT contributed approximately equally to the absorbed dose in
kidneys, but in tumor, there was a decrease with each subsequent cycle (eg, 35% cumulative
dose after the first treatment vs 15% of the cumulative dose after the 4th dose). Presumably
this was due, in part, to saturation or down regulation of the targeted peptide receptors, and
also possibly to an adaptive response.33 This is consistent with clinical outcomes reported by
Van Essen et al,34 and suggests that the use of lower number of cycles with higher activities
may be advantageous.3> When factoring in BED as a function of absorbed dose to kidneys
for either 90-Y or 177-Lu based TRT, with fractionation the kidneys are able to tolerate
higher total absorbed doses, presumably due to repair between cycles.36

Effects of TRT on Immunomodulation of the Tumor Microenvironment

Even though TRT has limited therapeutic range, they can elicit immunomodulatory effects
on tumor cells as well as the tumor microenvironment (Fig. 1). Tumor cell death triggered
by radiation is immunogenic and characterized by pro-inflammatory translocation of
calreticulin to the plasma membrane and extracellular release of HMGB1 and ATP.37-40
Such immunogenic cell death can be synergistic with immune checkpoint inhibitors and
cancer immunotherapy. On the other hand, cells receiving a sub-lethal dose of radiation
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undergo phenotypic changes that may alter their susceptibility to immune response. Doses as
low as 2-4 Gy have been shown to increase expression of MHC-I on the surface of cancer
cells and this has been observed following alpha-emitting TRT.4? Radiation also activates a
type | interferon response in surviving cells via the cGAS/STING pathway*! and this is
critical to the cooperative interaction of radiation with certain immunotherapies.#2

TRT affects components of the tumor microenvironment and this may have positive and
negative influences on antitumor immunity. Radiation increases expression of vascular and
matrix adhesion proteins and induces production of inflammatory cytokines.#344 These
effects are observed at low doses (between 2 and 5 Gy) and at LDR.#° Radiation also
modifies the composition of tumor infiltrating immune cells through rapid effect and direct
cytotoxic effect on radiation-sensitive tumor-infiltrating lymphocytic lineages.*® This is
observed with low doses (1-4 Gy) and at LDR,* suggesting that TRT may create a window
of opportunity by temporarily depleting exhausted, anergic, and suppressive lymphocytes
from the tumor microenvironment and enabling subsequent reconstitution with a more
favorable infiltrate. Although research on radiation and cancer immunotherapy has been
mostly focused on the adaptive immune system, radiation also has a strong effect on innate
immune cells.4”48 For example, irradiation can modulate the phenotype of tumor associated
macrophages?® as well as natural killer (NK) cells. NK cells are an important component of
the innate immune system and there is growing interest in NK-mediated cancer
immunotherapy. Radiation can induce NKG2D ligand, a key NK cell activating ligand,
overexpressed in cancer cells,>0 and several preclinical studies show that radiation can
potentiate NK cell-based cancer immunotherapy.>1-53

While radiation consistently induces a local inflammatory response, focal radiation of a
single tumor site rarely leads to a sustained and systemic antitumor immune response.>* This
may reflect a negative impact of distant tumor sites on the priming and propagation of
systemic antitumor immunity from a focal site. While focal radiotherapy can dramatically
alter the immune landscape in a targeted tumor, it does not alter the landscape within all
tumors. Immune suppressive cells and pathways in these nonradiated tumors may quench the
activation of effector immune cells emerging from the radiated site or may circulate between
tumor sites and reconstitute a suppressive tumor microenvironment at the radiated site.>®
Consequently, to engage radiation in effectively priming and propagating antitumor
immunity, it may be beneficial to deliver immunomodulatory radiation to the collective
tumor microenvironment at all tumor sites. TRTs enable effective delivery of radiation to all
tumor sites in settings of metastatic disease without triggering systemic lymphopenia.
Combining TRT with immunotherapies may overcome mechanisms that currently limit the
effectiveness of these agents as monotherapies. Further studies are warranted to evaluate
whether TRT may prime and propagate a more effective response to immunotherapies by
delivering immunomodulatory radiation to all tumor microenvironments.

Combination Therapies With TRT

It is well recognized that many therapeutic agents can potentiate the effects of radiation.>®
These agents include classic radiosensitizers, chemotherapeutic agents, biologically targeted
agents, and recently developed nanoparticles that are made from high Z materials.>” The

Semin Radliat Oncol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Morris et al.

Page 7

mechanisms of synergy between these agents and radiation have been studied extensively
and beyond the scope of this review. Although most of these studies utilized external beam
radiotherapy, given the fact that the mechanisms of action between x-ray treatment and
radioisotopes are the same, the data from these reports can be directly applied to TRT as
well.

Several preclinical studies have examined combination therapy with TRT. Because TRT is a
systemic agent just like other therapeutics, these studies were focused on combining TRT
with chemotherapeutics into a single combined agent using nanotechnology. One of the
earliest studies engineered a folate-targeted nanoparticle that contained both yttrium-90 and
paclitaxel.>8 The combination agent was studied in a mouse model of ovarian cancer
peritoneal metastasis. The investigators demonstrated that combination treatment with both
TRT and paclitaxel improved therapeutic efficacy. Another such study examined the
combination of 1-131 with paclitaxel as cancer treatment in a mouse model of breast cancer.
59 The investigators formulated 1-131 labeled albumin-based nanoparticles containing
paclitaxel. They showed the combination of 1-131 and paclitaxel is significantly more
effective than either therapy alone.

Clinical experience combining TRT and other agents have been limited, largely due to the
limited number of clinical TRT available. Both 131|-tositumomab and °Y-ibritumomab
tiuxetan were studied in the context of chemotherapy for lymphomas but they are not given
concurrently.89 In a case report, 1311-MIBG was combined with sunitinib to treat a patient
with metastatic paraganglioma with an excellent response.8! The largest clinical experience
of combination therapy is with radium-223 in prostate cancer. In a large randomized phase
I11 trial, abiraterone was compared to abiraterone with radium-223 in metastatic castration
resistant prostate cancer patients.52 The study randomized 806 patients and the addition of
radium-223 did not improve symptomatic skeletal event-free survival. Radium-223 is also
being studied in combination with docetaxel in prostate cancer patients. Morris et al.
recently reported from a phase | dose escalation and randomized phase Ila trial that the
combination was safe and well tolerated.53 A large randomized phase 111 trial comparing
docetaxel to docetaxel with radium-223 is ongoing.

Another promising combination approach with TRT is to combine TRT with cancer
immunotherapy. Radiation has been shown to stimulate the immune system and improve
cancer immunotherapy response.54 Before cancer immunotherapy achieved clinical success,
there were already many preclinical studies demonstrating the synergistic effects between
radiation and cancer immunotherapy. Much of the work was done by Formenti and Demaria
and colleagues who showed radiation can improve the response of immune checkpoint
inhibitors in mouse models of cancer.55:66 Although we do not have a complete
understanding of the interplay between radiation and immunotherapy, the
immunomodulatory mechanisms of radiation enable the development of an antigenic
“cascade” (expansion of T cell clones that are reactive against a variety of tumor antigens).5”
This is critical to the success of immunotherapy. Strongly immunogenic antigens are usually
lost during tumor development and progression as tumors evade the immune system.58 69
Effective immunotherapy commonly relies on the immune system to recognize a multitude
of tumor antigens. The antigenic cascade primed by radiotherapy may therefore promote
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response to immunotherapy.’?,”! Radiation can also induce the release of immune
modulating molecules called damage-associated molecular patterns that can further enhance
immunotherapy. For example, radiotherapy can cause the release of alarmins.”2 One
particular alarmin released by radiotherapy, HMGB1, is known to induce maturation of
dendritic cells to promote a cytotoxic T-lymphocyte response through cross presentation of
tumor antigens.39,73 The mechanisms of synergy between radiation and immune checkpoints
were best demonstrated by Minn and colleagues, who showed that radiation enhances the
diversity of the T cell receptor repertoire, anti-CTLA-4 increases T cell expansion, and anti-
PD-1 prevents T cell exhaustion.’#

Combination TRT and cancer immunotherapy has been studied preclinically. Chao et al.
examined the combination of 1-131 and anti-CTLA-4 and showed that I1-131 improved
response and prevented tumor recurrence in mouse model’s cancer.”® Clinical experience
with combination radiation and immunotherapy has not been robust. There is evidence that
radiotherapy can improve outcomes in several retrospective studies, including a recent report
by Lee and colleagues that previous treatment with radiotherapy in patients with advanced
NSCLC results in longer progression-free survival and overall survival with pembrolizumab
treatment than that seen in patients who did not have previous radiotherapy.”® However,
many randomized trials have been conducted to evaluate the combination of radiation and
cancer immunotherapy and there has been limited reports of positive data. Thus, further
understanding of radiation’s effect on the immune response is needed to improve clinical
investigations and these combination studies.

Questions for the Future

‘Ongoing work on the radiobiology of TRT will help to better elucidate the underlying
biology and facilitate optimization of treatment regimens with theranostic agents. There are
a number of important questions to address in the future,2 including (1) what TRT dose/
fractionation regimens are associated with damaging vs protective bystander effects, as well
as abscopal effects, (2) what is the contribution of predosing on the development of
radioresistance using fractionated regimens, and (3) what level of activity/dose/dose rate is
required for inverse dose rate effects and hyper-radiosensitivity? Ideally, TRT should use
radiopharmaceuticals with the energy, half-life and activity optimized to induce hyper-
radiosensitization, and suppress radiation-induced adaptive responses, in order to maximize
tumor cell killing without activating radioresistance responses.
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Figurel.
The radiobiological effects of TRT on tumor cells and the tumor-immune microenvironment

are multifaceted and change with the type, range, rate, and dose of radiation emitted from a
given radionuclide. In tumor cells (upper right), DNA damage (1) is thought to be the
primary mechanism of TRT-induced cell death. In addition, lower doses of radiation from
TRT may elicit sublethal DNA damage that is detected by the sensor cGAS and leads to the
production of type I interferon. (2) Type | interferon may help to prime tumor antigen (TA)-
specific T cells by inducing antigen uptake and maturation of antigen presenting cells (APC)
such as dendritic cells. (3) Cellular debris is phagocytosed by APC’s and (4) presented to T
cells. (5) T cells mount an adaptive response to the tumor antigen which can lead to local
and distant tumor cell killing. (6) Radiation also impacts the tumor microenvironment by
increasing leukocyte infiltration into tumor tissue by changing vessel structure (ie,
normalization), increased adhesion molecule expression on endothelium, and by triggering
the expression and release of chemokines and cytokines. (7) Radiation from TRT may also
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kill or alter the function of immune cells in the tumor microenvironment. The
radiobiological effects of dose rate and LET associated with TRT on tumor cells and the
tumor microenvironment are poorly understood. A-C illustrate the dosimetric envelope for
(A) medium range (millimeter), (B) long range (centimeter), and (C) short range
(micrometer) radiation emitted from a tumor cell selective TRT in the tumor
microenvironment. Figure graciously provided by Dr. Bryan Bednarz, University of
Wisconsin.
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