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Abstract: Since the momentous discovery of X-rays, high-dose radiotherapy (H-XRT) has been a
cornerstone for combating cancer. The high-energy electromagnetic waves induce direct damage to
tumor-cells” DNA, thereby halting cell growth and proliferation, and eventually leading to tumor
eradication. Furthermore, recent evidence suggests that H-XRT may have immunomodulatory
properties which arise from its ability to induce the release of neoantigens, which in turn prime T-cells
and contribute to T-cell repertoire diversity. Throughout the years, there have been different treatment
modalities introduced as complements to H-XRT that have yielded greater results than monotherapy
alone. In this review, we will discuss preclinical and clinical data related to the recently introduced
low-dose radiotherapy (L-XRT) modality. We will also explore the justification for combining L-XRT
and H-XRT, which became known as the “RadScopal Technique”, as a novel immune adjuvant to
treat cancer. In this analysis, we detail and dissect the physiological mechanisms of action of each
modality and describe the synergistic amalgamation effect observed on primary and metastatic
tumors. Finally, we will explore the impetus for further studies to investigate combinations of the
“RadScopal Technique” with various immune-oncology drug candidates.
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1. Introduction

The word “Light” is often used synonymously with what is referred to scientifically as
“Visible light”, but this understanding is distorted. “Visible light” is but only one narrow
category on the spectrum of “Light” otherwise known as the electromagnetic spectrum. The
spectrum is a distribution of electromagnetic waves based on their wavelengths. Towards
the decreasing wavelengths and increasing frequency end of the spectrum are X-rays and
Gamma rays, which possess high photon energy that can be harnessed to kill cancer cells.
The progression in our understanding of the physical nature of electromagnetic waves
ultimately led to a cross-pollination of physics and medicine in what became known as
Radiation Therapy. The use of high-intensity radiation has been common for over a century
to treat cancer.

X-rays were discovered by Wilhelm Conrad Rontgen in 1895; one year later, Emil
Herman Grubbe treated a breast cancer patient with X-rays. The mechanism as we have
come to understand it is that X-ray photons contain sufficient energy to disrupt molecular
bonds and ionize atoms, consequently leading to breaks in the DNA structure and ulti-
mately resulting in tumor cell death. This was trail-blazing in the field of medicine and a
major milestone in Radiation Oncology. Due to radiation’s poor tissue penetration with
techniques and machines available back then, skin malignancies were the most frequently
treated cancers. In the 1910s, William Coolidge revolutionized the fields of radiology and
radiation oncology with his invention of the X-ray tube which utilized a heated filament as
the source of electrons. The X-ray tube enabled the treatment of deeper and more advanced
malignancies. However, the high-intensity X-rays also resulted in greater side effects [1]. In
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an effort to minimize adverse effects, radiation fractioning was proposed as a way of admin-
istering a high total radiation dose divided over numerous fractions. Classically, radiation
fractionation incrementally harms tumor cells with each fraction, reaching a point where the
cumulative damage is irreversible, and the cancer cells halt their growth and division and
eventually die. In this context, radiation has been used as monotherapy, or more recently
in conjunction with various immunotherapies [1], which we will further discuss in this
review. In the 1920s, another technique was put forward to more accurately ablate primary
and oligometastatic tumors called stereotactic body radiation therapy (SBRT). SBRT was
first proposed in an attempt to treat intracranial tumors which required very high precision
in order to spare healthy surrounding neural tissue. The technique divides the radiation
dose into several beams that are delivered from different angles, but all converging toward
one isocenter. Hypofractionated SBRT as we know it today delivers doses of 6 Gy-15 Gy
per fraction, up to five fractions total. SBRT has demonstrated outstanding outcomes when
used to treat early-stage non-small cell lung cancer in individuals who cannot undergo
surgery. Moreover, it was proven efficacious in other solid tumor types such as pancreatic,
head and neck, liver, kidney, prostate, and renal systems [2].

In addition to inflicting direct damage to cancer cells, H-XRT has also been shown
to have various immunomodulatory effects. One of those effects arises from its ability
to elicit the release of neoantigens, which in turn prime T-cells and contribute to T-cell
repertoire diversity [3]. This is pivotal for establishing adaptive immunity to cancer cells
and promoting a systemic antitumor response. The immunomodulation effects of H-XRT
constitute the underlying mechanisms that initiate the abscopal response. Essentially,
secondary unirradiated lesions benefit from the immune-mediated response that is induced
by H-XRT directed to primary lesions [4]. The concept of the abscopal response was
further buttressed when various immunotherapy agents complementing H-XRT produced
synergistic effects [5,6].

More recently, there has been increasing interest in low-dose radiation (L-XRT) as a
complement to H-XRT, immunotherapy, and/or cell therapy, as it has been observed to
enhance systemic anti-tumor effects. A primary mechanism of L-XRT’s action is its ability
to modulate the inhibitory tumor stroma, which primarily facilitates the infiltration of
effector immune cells [7,8]. Low-dose radiation is able to counteract the disadvantages of
high-dose radiation such as reducing TGF-f inhibitory cytokine. Since low-dose radiation
acts as a countermeasure to high-dose radiation, they can be paired together to attain better
results [8]. The novel strategy of combining H-XRT directed at the primary tumor and
L-XRT directed at secondary metastatic tumors is coined “RadScopal Technique” [7,8]
(Figure 1). We will next dissect the benefits of using the RadScopal strategy in combination
with currently available immunotherapies, as well as propose new immune-oncology
candidates with promising synergistic potential.
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Figure 1. Schematic summary of the RadScopal technique combining high-dose (H-XRT) and low-
dose radiation (L-XRT) to elicit local and systemic antitumor responses. In brief, at the primary
tumor site, H-XRT releases antigens and danger signals, upregulates MHC-], activates the STING
pathway, and helps prime T-cells in the TME and draining lymph nodes. TGF-$3, Tregs, and fibrosis
signals are also upregulated at the primary site; however, the immune benefits of hypofractionated
stereotactic H-XRT outweigh the side effects. Next, the primed T-cells traffic systemically to secondary
tumor sites where L-XRT plays its critical role in overcoming the inhibitory stroma and generating a
cytokine/chemokine gradient to pull in the effector T-cells and NK cells. L-XRT also reprograms the
TME by reducing cancer-associated fibroblasts (CAFs), reducing TGF-f3, and polarizing TAMs into
an M1 phenotype. Altogether, the RadScopal technique can benefit from and elevate the efficacy of
currently available immune-oncology agents in a reciprocal fashion.

2. High-Dose Radiation (H-XRT) in Immune Priming and Abscopal Responses

Hypofractionated high-dose radiation provides numerous benefits. For example, it
increases MHC class I expression in the tumor microenvironment (TME) and enhances anti-
gen release [9]. This is especially favorable towards patients who are anti-PD1-resistant as
they tend to present with decreased MHC class I expression. This suggests that H-XRT may
in part serve as a method for reversing resistance to anti-PD1 [9]. In that context, it is also
critical to consider the sequence and schedule of anti-PD1 administration relative to H-XRT,
as others have shown that the sequence aspect can alter the potency of induced abscopal
responses [10]. Meanwhile, the release of tumor neoantigens in response to H-XRT assists
in T-cell priming and T-cell receptor (TCR) repertoire diversification. Determining optimal
radiation dosage is often a challenge as some dose ranges can cause undesirable effects.
For example, administering radiation doses above 12-18 Gray (Gy) per fraction induced
the activation of DNA exonuclease Trex1. This resulted in the degradation of cytosolic
DNA, preventing the activation of the cGAS-STING pathway [11]. The activation of the
cGAS-STING pathway in dendritic cells and macrophages triggers the synthesis of type-I
interferons (IFNs) which help prime T-cells and drive adaptive immunity. Furthermore,
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H-XRT turns immunologically “cold” tumors into “hot” by inducing the death of cancer
cells, resulting in the release of proinflammatory mediators, such as damage-associated
molecular patterns (DAMPs), calreticulins, ATP, and high-mobility group box 1 protein
(HMGB1), which stimulate Toll-like receptor 4 (TLR4). Together, these signals produce a
robust inflammatory cytokine response that encourages dendritic cell maturation, the ele-
vation of costimulatory signals that aid in the cross-priming of cytotoxic CD8" T-cells, and
the upregulation of chemokine receptors. Effector-adaptive immune cells will eventually
be attracted to and activated by this chain of events to produce antitumor effects [12,13].

On the other hand, H-XRT may have certain side effects including TGF-B and Tregs
upregulation [14]. Priming T-cells with H-XRT may also accelerate T-cell exhaustion.
Therefore, it is imperative that high-dose radiation be coupled with immune checkpoint
inhibitors (IClIs) such as anti-CTLA-4 and anti-PD1 to block Tregs and mitigate exhaustion
respectively. Checkpoint inhibitors can thus be used wisely to reduce fatigue and partially
restore antitumor functions. In high-tumor-burden models, however, checkpoint blocking
fails to sustain optimum effectiveness, necessitating further therapies to overcome the
suppressive tumor stroma. Radiotherapy is one such technique for resetting the tumor
microenvironment and optimizing systemic anticancer outcomes [15]. This opened the
door for a variety of studies to promote abscopal responses and harness the benefits of
radiation locally as well as halt tumor growth at metastatic sites [16].

In one study using a mouse model of anti-PD1 resistant lung adenocarcinoma, the
authors examined the effectiveness of an OX40 agonist as a costimulatory molecule in
conjunction with H-XRT [17]. Secondary tumors were not treated in order to study the
effects of abscopal outcomes, whereas primary tumors received 12 Gy x 3 dose followed
by intratumoral injection of the anti-OX40 monoclonal antibody. The combination of
radiotherapy and OX40 activation successfully reduced lung metastases, decreased local
and systemic anticancer growth, and significantly prolonged survival. The expansion of
CD4* and CD8" T-cells was aided by this treatment plan. OX40 expression on T-cells
in tumors and spleens was upregulated by radiotherapy, and the proportion of splenic
CD103* dendritic cells was increased [17].

Similarly, in our work with the glucocorticoid-induced tumor necrosis factor (TNF)—
related protein (GITR) agonist, we treated the same anti-PD1 resistant mouse model with
a combination of H-XRT, anti-GITR, and anti-PD1. Our results showed that H-XRT in
conjunction with either anti-PD1 or anti-GITR alone showed no dramatic improvements.
However, with the triple combination therapy of H-XRT, anti-GITR, and anti-PD1, there
were significant results, where secondary tumors completely flatlined in 4 out of 11 treated
mice. In addition, long-term effector memory was generated that was detected by flow
cytometry phenotyping of spleens and secondary tumor-draining lymph nodes, proving
that this triple therapy helped to combat recurrent cancer [14].

On the clinical level, a phase II trial of Ipilimumab with stereotactic radiation showed
favorable results in terms of abscopal response and toxicity. Patients were treated with
Ipilimumab (Ipi) for four cycles every three weeks and stereotactic radiation on the day of
the first Ipi cycle (concurrent treatment) or the week after the second Ipi cycle (sequential
treatment) was administered. Patients were given H-XRT in either 50 Gy in 4 fractions or
60 Gy in 10 fractions to the liver or the lung. Ipi is a monoclonal antibody that targets the
checkpoint inhibitor CTLA-4 expressed by Tregs, hence liberating effector immunity from
suppression. The combination of H-XRT + anti-CTLA-4 produced an abscopal response,
where nonirradiated tumor volume had a clinical benefit rating of 26%. In terms of toxicity,
adverse effects of diarrhea, ALT/AST elevation, and skin rash were the most common [18].

Another technique that we studied was pulsed radiotherapy, which treats two to
four tumor lesions with two to three irradiation cycles, separated by about a one-month
gap between each cycle. The idea was to reinitiate the cancer-immunity loop with each
cycle, which starts with the production of cancer-associated neoantigens due to irradiation
damage and continues via the activation of innate and adaptive immune responses, culmi-
nating in further tumor-cell death. In other words, with each irradiation cycle comes the
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opportunity for neoantigens to be generated which once presented to T-Cell Receptors lead
to T-cell priming and clonal expansion. Consequently, the TCR repertoire of the tumor-
specific T-cells grows wider and more diverse with each cycle, leading to increasingly more
effective and robust immune responses [19]. In addition to its effect on TCR repertoire
diversification, pulsed radiotherapy can also improve immunological memory and mold
the tumor-directed T-cell populations, especially when combined with immunotherapy [19].
The notion of pulsed radiotherapy, comprising multiple radiotherapy cycles, relies on cre-
ating tumor-associated antigens with each treatment cycle to build cellular and humoral
memory, similar to traditional vaccines that may require booster shots to bring about
long-lasting memory [12].

3. Low-Dose Radiation (L-XRT) to Overcome the Tumor Stroma

Traditionally, high-dose radiation has been used to treat cancer patients; however,
now scientists are beginning to investigate the benefits of low-dose radiation and how it
can be used to promote an enhanced antitumor response and prolong survival. Low-dose
radiation is defined as 0.5-2 Gy per fraction for up to 1-10 Gy total [8]. In our preclinical
studies using murine models, we found that 1 Gy x 2 fractions was able to modulate
the TME and address the surrounding inhibitory stroma. In the first 24 h after L-XRT,
analysis of the tumor-infiltrating lymphocytes (TILs) showed a significant decrease in
Transforming Growth Factor 3 (TGF-$) inhibitory cytokine, which is correlated with M2
tumor-associated macrophages (TAMs), compared to non-treated control tumors. Then,
2-3 days after receiving L-XRT, there was an increase in the infiltration of effector T-cells as
well as NK cells, helping elicit a better antitumor response. Furthermore, L-XRT polarized
the TAMs from the protumor M2 phenotype to the antitumor M1 phenotype [7]. Upon
looking at the draining lymph nodes, we also detected an upregulation of activated CD4*
and CD8" T-cells expressing the CD44 activation marker. Additionally, in a single-tumor
3445Q lung adenocarcinoma model, 1 Gy x 2 dose alone was capable to control tumor
growth and extend survival. Moreover, the efficacy of x-PD1 and «-CTLA-4 checkpoints
was significantly improved when combined with L-XRT [7]. In the same context of tumor
stroma, L-XRT decreased cancer-associated fibroblasts (CAFs), identified by FAP and
5100A4 histological stains, and allowed for increased infiltration of immune cells [20].

In our review regarding low-dose radiation to liver metastasis, we once again showed
that L-XRT to the whole liver (1.4 Gy x 4 fractions) can reprogram the TME from immune
suppressive to immune active in a patient with multi-organ metastases and refractory
to prior T-cell therapy. Ipilimumab + Nivolumab immunotherapy was maintained as a
treatment backbone and the patient presented with a complete response in the liver upon
19-month follow-up, but with no response in lesions that did not receive L-XRT [8]. One of
the major advantages of L-XRT is that it does not cause DNA damage like H-XRT and can be
administered safely to or in the proximity of critical organs. In fact, in a phase II clinical trial,
low-dose radiation combined with high-dose radiation dramatically improved antitumor
responses in «-PD1/«-PDL1 refractory patients [21]. This combination is powerful because
low-dose radiation is able to mitigate some of the adverse effects caused by high-dose
radiation such as the upregulation of TGF-3. In the same study, we assessed the infiltration
of CD4 T-cells, CD8 T-cells, and NK cells in a head and neck cancer case treated with
L-XRT. The fold increases in these populations were 4.3, 2.3, and 187 folds respectively [21].
In the context of the preclinical and clinical data above, L-XRT can be used to enhance
cell-based therapies, such as CAR-T and CAR-NK, by improving their tumor infiltration
rate and persistence.

The tumor microenvironment is characterized by a network of tumor, stromal, and
tolerogenic immune cells that promote immunosuppressive effects [22]. For example, the
TME promotes the infiltration of myeloid-derived suppressor cells (MDSCs) into tumors.
MDSCs express high levels of arginase and Indoleamine 2,3-dioxygenase (IDO-1) that
inhibit T-cell responses; they also contribute to Treg recruitment into the TME via the
secretion of chemokines such as CCL3, CCL4, and CCL5 [22]. Metabolites such as reactive
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nitrogen species (RNS) and reactive oxygen species (ROS) can reduce T-cell immune
responses when present in excess but can also activate and expand effector T-cells at
metronomic doses [23]. L-XRT may indeed help to shift the balance towards desired
antitumor outcomes by reprogramming the TME. For example, in a murine ID8 ovarian
model, 1 Gy treatment resulted in lymphocyte, NK cell, macrophage, and DCs inflow with
high infiltration of CD8* and CD4" T-cells [24]. Furthermore, weekly administration of 1 Gy
treatment maintained immune cell recruitment [24]. Another study with a murine B16F10
melanoma model showed that 1.25Gy total body irradiation treatment reduced Tregs
and increased effector memory T-cells leading to reduced tumor burden and improved
survival [25].

Tumor metabolism also plays a vital role in the TME; it can adapt to support tumor
growth, angiogenesis, and metastasis. Intracellular ROS can have different effects on tumor
cells depending on dose and exposure time. Tumor cells can undergo metabolic repro-
gramming to optimize intracellular ROS levels in the TME to drive malignant progression
and promote survival and metastasis [26]. For example, aberrant expression of the KRAS
oncogene can transform normal cells into malignant phenotypes and induce the production
of ROS at a level that benefits malignant cells [27]. L-XRT (0.1Gy) was found to suppress
the transformation by inducing antioxidants and reducing ROS [27]. However, once tu-
mors are formed, L-XRT is shown to overproduce ROS within tumor cells by inducing
mitochondrial stress, leading to tumor instability and apoptosis [28]. In a cohort study
of 32 patients with solid metastatic tumors, lesions were treated with hypofractionated
L-XRT of 4 Gy x 3 fractions given on days 1, 3, and 5, along with a single shot of anti-PD1
administered on day 2. The combination treatment resulted in a complete response in
2 patients, partial response in 12 patients, and stable disease in 18 patients with improved
quality of life [29]. In conclusion, L-XRT seems to have differential effects on different cell
types in the context of ROS production and it is critical to understand its unique impact on
immune cells vs tumor cells as elaborated above.

4. RadScopal as an Immunotherapy Booster

RadScopal is a unique technique where H-XRT is applied to a primary tumor and
L-XRT is applied to secondary tumor(s) in patients undergoing or who have progressed
on immunotherapy. This method allows a phenomenon we call the prime pull method to
occur. The combination of H-XRT, which primes the T-cells, and L-XRT, which pulls in and
activates the T-cells takes place. By taking both routes of high and low-dose radiation, we
also incorporate both the advantages and disadvantages of each method. In essence, when
L-XRT is added to H-XRT it helps mitigate a lot of disadvantages of H-XRT. Radscopal is
also evidently different from the traditional abscopal response where distant sites are not
exposed to radiation [18].

RadScopal immunoradiation involves both high-dose radiation in the primary tumor
for immune priming and low-dose radiation in the secondary tumor for facilitating immune
cell infiltration and tumor killing. Therefore, strategies that can improve either immune
priming or attracting immune cells or both may enhance the treatment efficacy of Rad-
Scopal immunoradiation. NBTXR3, a hafnium oxide nanoparticle, was initially designed
to increase radiation energy deposition in adjacent tumor cells [30]. It allows effective
tumor destruction at a relatively low dose of radiation. In recent years, an increasing body
of data has demonstrated that NBTXR3 is able to enhance antitumor immune activation
in various models [31,32]. The potential of the immune modulation effect of NBTXR3
was discovered through the finding that it increases cGAS-STING pathway response [33].
Activation of the cGAS-STING pathway can lead to enhanced activation of dendritic cells,
elevated expression of type I interferon, and subsequent CD8 T-cell activation [34]. Our
data demonstrates that NBTXR3 in combination with localized photon therapy resulted
in a significant increase in tumor apoptosis in the irradiated tumors and higher CD8
T-cell infiltration in the unirradiated tumors [32]. Subsequent studies showed that the
combination of NBTXR3 with RadScopal immunoradiation led to remarkable treatment
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efficacy in 344SQR anti-PD1 resistant metastatic lung cancer [35]. This combination therapy
not only effectively contained the growth of the primary tumors that received high-dose
radiation, but also eradicated secondary tumors treated with low-dose radiation. In addi-
tion, NBTXR3-mediated RadScopal immunoradiation significantly reduced the number of
lung metastases. The mice treated with this combination therapy developed potent and
long-term memory immune responses. Analysis of the immune landscape of the low-dose
radiation-treated tumors indicates that this combination therapy reshapes T-cell repertoire,
which may enhance tumor antigen recognition and targeting. Moreover, major immune
pathways in tumors related to adaptive response, innate response, T-cell function, NK cell
function, etc. were markedly upregulated by NBTXR3-RadScopal radiotherapy. We also
observed increased infiltration of CD8 T-cells and decreased infiltration of Tregs in the
low-dose radiation-treated tumors. Collectively, these findings demonstrate that NBTXR3
in combination with RadScopal radiotherapy is able to favorably modulate the tumor
immune microenvironment and maximize tumor killing at the tumors that received either
high-dose radiation or low-dose radiation.

Spatially fractionated radiotherapy, also known as GRID, can overcome radiation dose
limitations while still preserving normal tissue function. A matrix with several pencil-like
openings is used at the tumor site. Part of the tumor site is shielded by the matrix while
radiation beams are delivered through the openings. From an immunological perspective,
this also allows the partial sparing of immune cells in the TME that are needed for antigen
presentation and priming T-cells. A clinical study of 71 patients with advanced large tumors
demonstrated that single doses of 10-20 Gy had effective tumor control with no damage
to epidermal and subcutaneous tissue [36]. The mass effect response was 72.5% including
CR/PR, with head and neck patients benefiting the most from the utilized GRID approach.
The latter can also be used at the microscopic level, which allows the delivery of greater
radiation doses. Doses of up to 4000 Gy can be administered via 25 um microbeam arrays
without permanently compromising vasculature and tissue framework [37]. This could
resolve lung fibrosis caused when delivering conventional therapies.

The micro-slit uses parallel beams approximately 25 pm to 75 um wide. This provides
tissue-sparing effects while allowing the administration of higher radiation doses. A preclin-
ical murine EMT-6 carcinoma model compared cross-planar beams (410 Gy, 520 Gy, 650 Gy),
vertical beams (410 Gy, 520 Gy, 650 Gy), and broad beam (30 Gy, 38 Gy, 45 Gy) treatments
in murine hind legs administered as single fractions [38]. They found that toxicity and leg
dysfunction were significantly lower in vertical and cross-planar beams compared to broad
beams [38]. These findings suggest that micro-slit single fraction treatments have robust
antitumor efficacy. Another preclinical model delivered micro-slit radiation treatment
as an alternative to whole-brain radiation, as the latter has the potential for irreversible
encephalon damage [39]. Doses of 96 Gy to 960 Gy for micro-slit beams and 24 Gy to 120 Gy
for broad beams were used. The broad beams resulted in demyelination and hemorrhaging,
whereas the micro-slit beams preserved tissue structure and function at higher doses. Cur-
rently, GRID and micro-slit radiation therapies must be further explored to determine their
efficacy in the context of the RadScopal technique and their ability to spare immune cells
to mount proper antitumor responses. For instance, The H-XRT portion of the RadScopal
regimen can be delivered to primary tumors in form of a GRID or Lattice radiation to
maintain the release of tumor-associated antigens while saving antigen-presenting cells
and T-cells in surrounding tissue. On a single lesion level, GRID radiation may also be
interpreted as “local RadScopal”, where high and low-dose radiation spots are created
beneath the GRID matrix, resembling RadScopal on a miniature level.

5. Future Directions and Immune Oncology Drug Candidates to Combine with
RadScopal Therapy

In order to fine tune the RadScopal technique as well as predict its effect, it is critical to
understand the different factors that are involved in generating the response. Considering
all the factors involved allows us to explore ways of modulating them in order to increase
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antitumor efficacy. The first element to consider is the selection of lesion(s) to be irradiated.
Coupled with this variable is the determination of radiation dosage and fractionation which
are important parameters in influencing antitumor responses [40]. In an effort to consider
different radiation schemas, some mathematical models have been constructed in order
to compare different radiotherapy protocols. This can allow us to determine the optimal
radiation doses required to yield a robust systemic antitumor immunity [40]. Other factors
that predict responses are the availability of systemic T-cells, their trafficking to tumor
sites and their ability to infiltrate the TME [41]. The trafficking and infiltration of T-cells
are largely aided by the L-XRT of the RadScopal technique [7]. However, other variables
such as T-cell exhaustion as well as their metabolic profile within the TME can also have a
serious impact on the immune response. Lastly, target lesion volume and its location play a
huge role in determining treatment plans. Lesions located near critical organs may present
a challenge to H-XRT, and L-XRT may be considered as an alternative to spare surrounding
tissue. Given the unique biology of the RadScopal technique described above, it may
provide and receive reciprocal benefits from immune agents currently under development
involved in priming (signal 1), costimulation (signal 2), and activation/expansion by
soluble factors (signal 3). All three signals are necessary to drive a potent T-cell activation
and develop long-term memory [42].

To start with signal 1, It is previously described that H-XRT helps initiate the priming
step by upregulating MHC-I and producing IFNs [9]. This step can be enhanced by
combining with non-fucosylated anti-CTLA-4, a second-generation anti-CTLA-4 antibody
with enhanced Treg depletion capacity, which in turn enables better priming of T-effectors
(NCT04785287). A similar outcome may be achieved by using anti-CCR8 monoclonal
antibody. It has been shown that tumor resident Tregs express high levels of CCRS that can
be specifically depleted by anti-CCR8 without depleting systemic Tregs [43]. This approach
reduces systemic toxicity and focuses efficacy on primary as well as secondary lesions,
which renders it highly suitable to combine with RadScopal. Another new approach to
facilitate priming is to block CD73 expressed by stromal cells and a subset of T-cells, hence
improving the availability of ATP in the TME, which serves as an energy reservoir for
dendritic cells and macrophages to improve antigen presentation, a critical step in the
priming process [44].

Proceeding to signal 2 and costimulation, there are several agonists tested as monother-
apy or with checkpoint inhibitors, but not yet fully utilized with radiation at least on the
clinical level. The importance of costimulation stems from its ability to complement the
initial TCR signal and sustain the immune activation cascade, otherwise, T-cells become
anergic and eventually die. Classical signal 2 agents include agonists to CD28, OX40,
4-1BB, and CD40. The RadScopal technique orchestrates both innate and adaptive immu-
nity to systemically treat solid tumors. The innate response can be amplified by using
anti-CD40 for instance, to polarize macrophages from M2 to M1 and produce a set of
antitumor proinflammatory cytokines [45]. The adaptive arm on the other hand can be
boosted through 4-1BB for example, to induce T-cell trafficking and generate effector and
central memory [46]. Other small molecules are also under development to maintain CD28
costimulation and prolong the survival and function of T-cells and NK cells to achieve
better outcomes. One such molecule is CBL-B inhibitor (CBL-Bi) that has high potential to
be combined with the RadScopal approach, given the molecule’s ability to liberate PI3K
and AKT, and eventually activate NF-kB in T-cells and NK cells [47].

Moving forward to signal 3 to attain a full-fledged immune activation, The RadScopal
technique can benefit from a wide variety of soluble factors to achieve the culmination
of its potential. These include next-generation cytokine therapies, such as pegylated IL-2
(PEG-IL-2) for slow and prolonged release of IL-2, augmenting the expansion of newly
primed T-cells post radiation; engineered IL-2 that binds to 3 and y chains of the receptor
but does not engage with the high-affinity o« chain, which preferentially expands T-effectors
but not Tregs [48]; engineered IL-12 cytokine that shifts the balance towards Th1 responses
and polarizes macrophages to antitumor M1 phenotype [49]; and IL-15 which does not
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only activate and expand NK cells, but also augment with T-cell memory generation on the
long run [50,51].

Finally, it is critical to address activation-induced exhaustion, especially after strong
combinatorial regimens with RadScopal + immune agents. To overcome this hurdle, there
are checkpoint inhibitors that can be used with or without anti-PD], to target TIM-3, LAG-3,
and TIGIT on exhausted T-cells and NK cells [52], or to block intracellular downstream
targets such as SHP-2 [53]. However, there are instances where the cells are terminally
exhausted and hard to rejuvenate, leading to acquired resistance in conjunction with other
immune evasion mechanisms deployed by tumors. In such cases, we seek to deliver
a second pulse of RadScopal treatment to reset the TME of primary and secondary tu-
mors, restart the immune cycle, and initiate a second wave of priming, costimulation,
activation/proliferation, trafficking, infiltration, and tumor killing in that particular order.
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