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1. ZUSAMMENFASSUNG

Lungenkrebs ist weltweit einer der haufigsten und todlichsten bosartigen Tumore, wobei der
nicht-kleinzellige Lungenkrebs der haufigste Subtyp ist. Neben der Operation und der
Chemotherapie ist die Strahlentherapie zu einem der grundlegenden Ansétze fur die
Behandlung von Lungenkrebs geworden, die bei etwa 60-70 % der Patienten zum Einsatz
kommt. Insbesondere bei Tumoren, die schwer zuganglich sind, in kritische Funktionsbereiche
eindringen oder nicht operativ entfernt werden kdnnen, ist die Strahlentherapie unverzichtbar
geworden. Nicht-kleinzelliges Lungenkarzinom hat eine relativ hohe Rate an Fernmetastasen
(etwa 57 %), und die Strahlentherapie kann den direkten Tod von Tumorzellen herbeifiihren,
die Tumornekrose fordern, Tumorantigene freisetzen und das Immunsystem aktivieren,
wodurch die Mikroumgebung des Tumors verandert und die Antitumorimmunitat geférdert wird.
Die Beobachtung des Abszesseffekts in einigen Fallen deutet darauf hin, dass die
Strahlentherapie zusatzlich zu ihrer lokalen therapeutischen Wirkung auch eine systemische
Antitumorwirkung hat. Auch die Kombination von Immun-Checkpoint-Inhibitoren mit einer
Strahlentherapie kann nachweislich den Abskopierungseffekt auslésen. Der Mechanismus ist
jedoch nach wie vor unklar, und es fehlt an geeigneten Tiermodellen zur Untersuchung des
Abskopeffekts, was den Bedarf an Tiermodellen zum besseren Verstandnis dieses

Phanomens unterstreicht, das ein gro3es klinisches Potenzial hat.

In dieser Studie wurden Tiermodelle von Tumoren und Metastasen erstellt, indem nicht-
kleinzellige Lungenkrebszellen (KP-Zelllinie) in die Flanken immunkompetenter Mause geimpft
und spezifische Strahlentherapieschemata auf der Grundlage der biologisch wirksamen Dosis
(BED) festgelegt wurden. Die Strahlentherapie zielte auf den Tumor auf einer Seite der Maus
(den Primartumor), gefolgt von einer PD-1-Antikorperinjektion zur Immuntherapie. Die
Tumorvolumina wurden aufgezeichnet, und es wurden Wachstumskurven erstellt. Mit Hilfe der
Durchflusszytometrie wurden Veranderungen bei Leukozyten, CD4+ T-Zellen, CD8+ T-Zellen
und die Expression von Tumorzelloberflachenantikdrpern in sekundaren Tumorherden
analysiert. Im Vergleich zur Kontrolle und zur Immuntherapie allein hemmte die
Strahlentherapie in Kombination mit der Immuntherapie unter demselben Schema das
Wachstum der Sekundéartumore. Das Bestrahlungsschema 8,7Gyx5F war beim Vergleich des
Sekundartumorwachstums wirksamer als das 24Gyx1F-Schema. Eine
durchflusszytometrische Analyse der immunologischen Mikroumgebung im
Sekundartumorgewebe zeigte eine erhohte Infiltration von Leukozyten, CD4+ T-Zellen und
CD8+ T-Zellen sowie eine erhohte Expression von PD-L1 und EpCAM bei Mausen, die eine
8,7Gyx5F-Strahlentherapie in Kombination mit einer PD-1-Behandlung erhielten. Eine
kontinuierliche fraktionierte Strahlentherapie war bei der Kontrolle von Sekundartumoren

wirksamer als eine einzelne Strahlendosis im Vergleich zu einer Strahlentherapie mit der
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gleichen BED. Wenn das Strahlentherapieschema konsistent war, zeigte die kombinierte
Behandlung aus Strahlen- und Immuntherapie eine bessere Tumorkontrolle als die
Strahlentherapie allein. Die Mause dieser Gruppe wiesen eine verstarkte Infiltration von
Immunzellen auf, was auf eine antitumorale Immunaktivitat hinweist. Diese Studie liefert
wichtige experimentelle Grundlagen fir die klinische Umsetzung der kombinierten Strahlen-
und Immuntherapie und bietet erste Einblicke in den Mechanismus der strahleninduzierten
abskopischen Effekte. Fur eine umfassende Bewertung der klinischen Aussichten dieser
kombinierten  Behandlungsstrategie ist jedoch eine weitere Optimierung der

Versuchsprotokolle und der Datenanalyse erforderlich.
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2. ABSTRACT

Lung cancer is one of the most prevalent and deadliest malignant tumors worldwide, with non-
small cell lung cancer being the most common subtype. Besides surgery and chemotherapy,
radiotherapy has become one of the fundamental approaches for lung cancer treatment, with
approximately 60%-70% of patients requiring it. Radiotherapy has become indispensable,
particularly for tumors that are difficult to access, invade critical functional areas, or cannot be
surgically removed. Non-small cell lung cancer has a relatively high rate of distant metastasis
(around 57%), and radiotherapy can induce direct tumor cell death, promote tumor necrosis,
release tumor antigens, and activate the immune system, thereby altering the tumor
microenvironment and promoting antitumor immunity. The observation of the abscopal effect
in some cases suggests that radiotherapy has a systemic antitumor effect in addition to its
local therapeutic effect. The combination of immune checkpoint inhibitors with radiotherapy
has been demonstrated to cause the abscopal effect as well. However, the mechanism
remains unclear, and suitable animal models for studying the abscopal effect are lacking,
emphasizing the need for animal models to better understand this phenomenon, which holds

significant clinical promise.

This study established animal models of tumors and metastases by inoculating the NSCLC
Genetically Engineered Mouse Model (GEMM) [Kras®?PTp537°(KP)] cells into
immunocompetent mice flanks and determined specific radiotherapy regimens based on the
biologically effective dose (BED) values. Radiotherapy targeted the tumor on one side of the
mouse (the primary tumor), followed by PD-1 antibody injection for immunotherapy. Tumor
volumes were recorded, and growth curves were obtained. The study employed flow cytometry
to examine alterations in leukocytes, CD4+ T cells, CD8+ T cells, and the expression of tumor
cell surface antibodies in secondary tumor foci. Compared to control and immunotherapy alone,
radiotherapy combined with immunotherapy under the same regimen inhibited the growth of
secondary tumors. The 8.7Gyx5F radiotherapy schedule was more effective than the 24Gyx1F
schedule when comparing secondary tumor growth. Flow cytometry analysis of the immune
microenvironment in secondary tumor tissues showed increased infiltration of leukocytes,
CD4+ T cells, and CD8+ T cells, along with increased expression of PD-L1 and EpCAM in
mice receiving 8.7Gyx5F radiotherapy combined with PD-1 treatment. Continuous fractionated
radiotherapy was more effective than a single dose of radiation in controlling secondary tumors
compared to radiotherapy with the same BED. When the radiotherapy regimen was consistent,
the combined treatment of radiotherapy and immunotherapy showed better tumor control than
radiotherapy alone. Mice in this group exhibited enhanced infiltration of immune cells,
indicating antitumor immune activity. This study provides important experimental groundwork

for the clinical translation of combined radiotherapy and immunotherapy and offers initial
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insights into the mechanism of radiation-induced abscopal effects. However, further
optimization of experimental protocols and data analysis is needed for a comprehensive

assessment of the clinical prospects of this combined treatment strategy.
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3. INTRODUCTION

3.1Lung Cancer

Lung cancer is a malignant tumor of the bronchial mucous membrane or lung glands. Before
the age of 75, an individual's lifetime cancer death risk is roughly 20%. In 2021, cancer caused
approximately 10 million deaths globally, making it the leading cause worldwide!. With 2.21
million new cases, lung cancer came in second on the list of cancer diagnoses in 2020. Lung
cancer was the main cause of contributor to fatalities caused by cancer in 2020 (World Health
Organization, 2022). Based on morphology, immunohistochemistry, and molecular markers,
lung cancer is categorized into two primary types: small cell lung cancer (SCLC) and non-small
cell lung cancer (NSCLC)?2.

3.1.1. Risk Factors and Symptoms

Smoking remains the most critical risk factors critical lung cancer. Additional factors linked to
the chance of developing lung cancer include a history of secondhand smoke (2.7% percent
of new cases, or approximately 6400 cases in 2022), asbestos, radon, organic chemicals,

radiation, air pollution, occupational exposure and family history®*.

Lung cancer has very complex clinical manifestations. In general, the early symptoms of lung
cancer are usually mild or uncomfortable. However, the manifestations of central lung cancer
manifest earlier and are severe®>. Common symptoms of lung cancer include cough, blood in

the sputum, or hemoptysis, difficulty in breathing, hoarseness and chest pain®”.

3.1.2. Classification of the Non-small Cell Lung Cancer and Staging

NSCLC comprises about 80% of all lung cancers. It is often categorized into three histological
groups: adenocarcinoma (AD), squamous cell carcinoma (SCC), and large cell carcinoma
(LCC). Other distinguished types are adenosquamous carcinoma, carcinoid sarcoma, and

unclassified cancers*®.

Present-day therapeutic staging of lung cancer is determined by the eighth edition of the
AJCC/TNM staging system for NSCLC, which was implemented in the United States on
January 1%, 2018%. The guidelines are derived from the International Association for the Study

of Lung Cancer (IASLC) 2016 proposal to revise TNM staging?*.
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Table 1. Eighth edition guidelines of AJCC/TNM staging of NSCLC: definition of T, N, and M

Table was taken/edited from Detterbeck et al., 20182,

T (primary tumor)

TO No primary tumor
Tis Carcinoma in situ (squamous or adenocarcinoma)
Ti Tumor <3 cm

Tlmi Minimally invasive adenocarcinoma

Tla Superficial spreading tumor in central airways®

Tla Tumor <1 cm

Tlb Tumor >1 but <2 cm

Tlc Tumor >2 but <3 cm
T2 Tumor >3 but <5 ¢m or tumor involving: visceral pleura,’ main bronchus (not carina), atelectasis to hilum}

T2a Tumor >3 but <4 ¢m

T2b Tumor >4 but <5 ¢m
T3 Tumor >5 but <7 cm or invading chest wall, pericardium, phrenic nerve; or separate tumor nodule(s) in the same lobe
T4 Tumor >7 cm or tumor invading: mediastinum, diaphragm, heart, great vessels, recurrent laryngeal nerve, carina, trachea, esophagus,

spine; or tumor nodule(s) in a different ipsilateral lobe
N (regional lymph nodes)
NO No regional node metastasis
N1 Metastasis in ipsilateral pulmonary or hilar nodes
N2 Metastasis in ipsilateral mediastinal or subcarinal nodes
N3 Metastasis in contralateral mediastinal, hilar, or supraclavicular nodes
M (distant metastasis)

MO No distant metastasis
Mla Malignant pleural or pericardial effusion’ or pleural or pericardial nodules or separate tumor nodule(s) in a contralateral lobe
MIb Single extrathoracic metastasis
Milc Multiple extrathoracic metastases (1 or >1 organ)

*Superficial spreading tumor of any size but confined to the tracheal or bronchial wall. jAtelectasis or obstructive pneumonitis extending to hilum: such tumors are classified as
T2aif >3 and <4 cm, T2b if >4 and <5 cm. {Pleural effusions are excluded that are cytologically negative, nonbloody, transudative, and clinically judged not to be due to cancer.

Table 2. TNM staging of lung cancer based on eighth edition guidelines of the AJCC/TNM staging system for NSCLC
Table was taken/edited from Lababede et al., 2018,

Stage group

Stage 0 TisNOMO
Stage I Stage I A T1NOMO
Stage I B T2aNOMO
Stage I Stage ITA T2bNOMO
Stage IIB T (1-2) N1IMO
T3NOMO
Stage I Stage A T (1-2) N2MO
T3N1MO
T4N (0-1) MO
Stage B T (1-2) N3MO
T (3-4) N2MO
Stage IIC T (3-4) N3MO
Stage IV Stage IVA Any T, Any N, M1a, b
Stage IVB Any T, Any N, M1c
3.1.3. Treatment Options for Non-small Cell Lung Cancer

The treatment of NSCLC requires different treatment options contingent upon the individual’s

physiological state, cancer histopathology, molecular classification, degree of infiltration, and
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growth rate. Treatment options for NSCLC need to be discussed and developed by a
multidisciplinary team (MDT). Current NSCLC treatments include surgical resection,
radiotherapy (RT), chemotherapy, and immunotherapy as monotherapy or combination
therapy®. These novel therapies have improved the survival rate among patients diagnosed
with NSCLC.

NSCLC
Surgery (+ Radiotherapy)

Stage | and Il { Radiotherapy

+Chemotherapy
m [ Radiotherapy/Chemotherapy+Surgery+Radiotherapy/Chemotherapy
Therapy=Stage IV ?
PS 0-1, PD-L1250% -~ — Pembrolizumab(+Chemotherapy)
PS 0-1, PD-L1<50% --— Pemorolizumab+Chemotherapy or Nivolumab+Ipilimumab

Platinum-based doublets+3rd-Generation Agent
ScC [

Atezolizumab/Pembrolizumab and Carboplatin Plus Paclitaxel

Platinum-based +3rd-Generation Agent
Non-SCC [
After Chemo: Pemetrexed, Bevacizumab +Atezolizumab/Pemetrexed, Pembrolizumab

Figure 1. Current treatment options for NSCLC
Figure was taken/edited/adapted from Daniel et al., 20228,

Surgery remains the primary option for treating stage | and Il NSCLC**. For NSCLC staged as
stage IlIA, the choice of surgery needs to be evaluated based on more refined staging criteria,
as stage IllA is a non-homogeneous group, coupled with the fact that many patients may be
unresectable!®8, According to treatment guidelines, some individuals with stage IV NSCLC
are advised to have surgical procedures. However, the available evidence is limited. At the
same time, for patients with mediastinal lymph node malignancy or locally progressed tumors

in stage 1V, surgery should be recommended more rarely due to its limited benefits?’.

Radiotherapy (RT) can be used at any stage of NSCLC*°, Stereotactic body radiotherapy
(SBRT) is a viable treatment choice for individuals with early-stage NSCLC who are not
suitable candidates for surgical intervention?°. For the locally advanced NSCLC, radiotherapy
can be used as a curative treatment that, combined with chemotherapy, provides a better
treatment option for patients?’. RT can be a local treatment of limited recurrence and
metastases and palliative care (pain relief, relief of compression obstruction, and other needs)

in advanced patients with incurable extensive metastases?-24,
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Chemotherapy significantly affects the management of NSCLC. However, not all NSCLC
patients require chemotherapy. It is generally accepted that chemotherapy is mostly used for
locally advanced NSCLC and metastatic cases?. Postoperative adjuvant chemotherapy is also
used as a means of consolidation after surgery?®-28, Besides, clinical data have shown that

neoadjuvant chemotherapy can provide good therapeutic effects for NSCLC patients?%:°,

Immunotherapy is a method of treatment that activates the immune system of the patient to
find and attack cancer cells®L. Inmunotherapy can achieve this by enhancing or increasing the
natural defenses of the host to recognize and eliminate cancer cells®. Alternatively, artificially
synthesized molecules may be used to activate the immune system to identify and eliminate

tumor cells.

The treatment of NSCLC should be complex treatment®*. The choice of comprehensive therapy
needs to be carried out after the patient's performance status (PS) assessment®®. The MDT
must consider several aspects to decide the best-personalized treatment strategy. In general,
systemic therapy (encompasses targeted therapy and immunotherapy), clinical trials, and
palliative care will be the treatments of choice, according to the disease's extension and the
patient's health status®.

3.2Abscopal Effect

W.H. Mole first described the abscopal effect in 1953, where the prefix Ab meant “position
away from” and scopos described “a mark or target for shooting at.”® It refers to observing an
overall effect on the spread of cancer to other body parts following a localized treatment of
one of the tumors®®4°, The most obvious proof of this effect is the significant reduction of both
primary and metastatic tumors after RT. While the abscopal effect is rare in solid tumors*..
Several clinical case reports have indicated the abscopal effect in the treatment of melanoma*?,
renal cell carcinoma*®, breast cancer*4, hepatocellular carcinoma?®, and other metastatic solid

tumors*® many years after it was initially referred to.
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Figure 2. True abscopal effect in a patient with metastatic non-small cell lung cancer

The figure was adapted from Vilinovszki et al., 2021

3.2.1. Abscopal Effect as a Potential Treatment for Cancer

The abscopal effect is a novel approach to tumor treatment method*’. The benefits of the
abscopal effect were considered to be used to enhance treatment efficiency*®*° and decrease

the occurrence of metastases among individuals undergoing local RT for primary tumors5%5%,

According to the National Comprehensive Cancer Network (NCCN) guidelines, most cancer
patients can benefit from systemic therapy®?®3. Nevertheless, systemic treatment may cause
serious adverse reactions in patients, and severe discomfort may also affect the psychological
well-being of many patients prior to, during, and subsequent to the medical intervention.
Although the abscopal effect cannot replace systemic therapy, it will enhance the efficacy of

systematic treatment and the optimize the patients’ experience>*¢.
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In radiation oncology, the abscopal effect of RT has been described as tumor regression in
non-irradiated lesions®’, indicating that local tumor treatment can have systemic effects®®. With
the development of RT and immunotherapy techniques, increasing clinical evidence further
supports the objective existence of the abscopal effect>>®°. Due to the particularity of the
abscopal effect, the abscopal effect as a treatment can be much better with fewer side effects®.
Therefore, an improved understanding of the abscopal effect in clinical applications will help
support precision medicine to improve the quality of lifestyle of patients®?, and increase the RT
and immunotherapy efficacy®2%2. This also proves that the use of the abscopal effect to treat

tumors has become an active area of cancer research®*.

3.2.2. Potential Mechanisms of the Abscopal Effect

Many scholars have conducted various studies to understand how the abscopal effect occurs.
The purpose is to clearly understand how to trigger the abscopal effect and transform the
abscopal effect into one of the clinical treatment options. However, the precise underlying
process responsible for the abscopal effect remains unclear.
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Figure 3. Potential mechanism of the abscopal effect
The figure was adapted from Ngwa et al., 2018%°

Azami et al. reported that RT alone can trigger abscopal effects®. However, the abscopal effect
caused by RT monotherapy triggers are still rare. With the rise of immunotherapy, more cases
of the abscopal effect have been observed in clinical treatments. Franzese et al. reviewed that
anticancer medications can affect the immune response of the host and the immunogenicity
characteristic of cancerous cells. RT and immunotherapy interact and synergize to cause the
abscopal effect, tumor xenogenesis, and immunogenic cell death (ICD)%. Therefore, tumor
immunity was thought to play an essential role in generating the abscopal effect’’. Muro et al.

reported a case about an advanced gastric cancer and brain metastases patient subjected to
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RT and anti-PD-1(Programmed Death-1) demonstrated successfully inducing the abscopal

effect®s.

The abscopal effect may be associated with the in situ vaccine response elicited by RT®.
Newly generated antitumor immune responses have been observed post-RT in murine models
and some patients’®. Regional RT induces tumor cell death, releasing immunogenic factors
through ICD", and produces antitumor immunity via the release of damage-associated

molecular’?7"".
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Figure 4. Therapies that might affect the cancer-immunity cycle

The figure was adapted from Chen and Mellman, 2013

The tumor microenvironment (TME) was a factor in the response to cancer immunotherapy.
Immune markers often serve as prognostic indicators of individual survival, regardless of the
specific treatment. RT is commonly administered to individuals with cancer because of its
ability to kill cancer cells directly. By encouraging the recruitment and functioning of effector T
cells, RT can influence TME, and the abscopal effect was also associated with RT-induced
remodeling of TME"®®, Chemokines may be induced to recruit effector T cells, effectively
transforming the tumor into an "inflammatory" tissue vulnerable to T-cell attack?®. Therefore,

RT may have pro-inflammatory response in stromal cells and cancer cells in the TME®1#2,
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3.2.3. Radiotherapy and the Abscopal Effect

RT has become one of the three primary treatments for malignant tumors. Approximately 50%
of cancer cases worldwide are treated with RT, and more than 70% of patients with malignant
tumors need RT at some stage of their treatment®. RT has enhanced the ability to locally
manage tumors and increase the overall survival rate for many people with cancerous
growths®-2°, RT demonstrates superior outcomes in achieving localized tumor control while

minimizing adverse effects®.

RT generally kills cancer cells through both direct and indirect effects®%. Direct effect via
high-energy X-rays, gamma rays, or neutron beams to kill tumor cells®, those rays can directly
damage double-stranded DNA®"%8, Indirect effect means that RT on water molecules in cancer
cells to form oxygen free radicals. The large number of free radicals released can kill cancer
cells®®. The degree of the killing induced by RT is positively associated with the rate at which
cells grow but inversely correlated with the level of cell differentiation'®. The killing efficiency
of radiation on tumor cells is higher than on normal tissue cells because of the lower growth
rate and differentiation degree of cancer cells.
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Figure 5. Cellular constituents of the tumor microenvironment that shape tumor immunological landscape

The figure was adapted from Cui and Guo, 2016
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RT can change the way tumor cells interact with their surrounding environment and activate
immune responses, which is one of the potential mechanisms for the abscopal effects!02103,
The TME is an important mediator of response to local and systemic RT94105, TME refers to
the components surrounding tumors, such as surrounding blood vessels, immune cells,
fibroblasts, signaling molecules, and extracellular matrix (ECM)%¢1%7 Immune cells in the TME
will influence the proliferation and development of tumor cells. Recent research has

increasingly emphasized the impacts of RT on the TME%8:109,

RT not only directly destroys malignant cells but also activates immunological responses!??,
thereby inhibiting the growth of cancer cells located beyond the region exposed to radiation!?,
The generation of the abscopal effect is closely related to this'!2'3, RT can extend the scope
of immunotherapy to non-immunogenic tumors*4. For individuals who develop immunity to
immune checkpoint inhibitors (ICl), RT may still be an effective treatment!'®. Multiple ongoing
clinical trials are assessing the effectiveness of RT combined with ICIs!16117,

The target cells, triggers, and mechanisms of action of the abscopal effects remain unclear®.
Combination treatment strategies often produce more significant the abscopal effects than RT
alone®. From 1969 to 2014, only 46 cases reported the abscopal effects caused by RT alone,
and the concurrent use of RT with immunotherapy has the potential to improve abscopal
effect!®, This treatment approach is consistent with precision medicine and provides

significant benefits at a lower cost*°.

3.2.4. Immunotherapy and the Abscopal Effect

In the last few decades, immunotherapy has become essential for treating some types of

cancer'?, Six main types of immunotherapies are at present being utilized in cancer therapy*?*:
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Table 3. Types of cancer immunotherapy

Types of cancer immunotherapy

Checkpoint inhibitors are a type of immunotherapy that block different checkpoint proteins. These drugs

Checkpoint inhibitors . . . . .
! basically take the 'brakes' off the immune system, which helps it recognize and attack cancer cells.

CAR T-cell therapy is a type of adoptive cell transfer. This therapy takes some T-cells from a patient's
Chimeric antigen receptor (CAR) T-cell therapy | blood, mixes themwith a special virus that teaches T-cells how to attach to tumor cells, and then gives the
cells back to the patient so they can find, attach to, and kill cancer.

Cytokines are a group of proteins that are found naturally in the body. They help to boost the immune
Cytokines system. Manufactured versions of these proteins are a cancer treatment. This treatment uses cytokines (
small proteins that carry messages between cells) to stimulate the immune cells to attack cancer.

Oncolytic viruses This treatment uses viruses modified in a lab to infect and kill certain tumor cells,

These are manufactured versions of immune system proteins. mAbs can be very useful in treating cancer

M lonal antibodi Abs or MoAb: . .
onoclonal antibodies (mAbs or MoAbs) because they can be designed to attack a particular part of a cancer cell.

Unlike vaccines to prevent disease, cancer treatment vaceines are for people who already have cancer.

. These vaceines are mainly available as part of clinical trials. Vaceines are substances put into the body to
Cancer vaccines . . P . . Lo
start an immune response against certain discases. We usually think of them as being given to healthy

people to help prevent infections. But some vaccines can help prevent or treat cancer.

The advancement of precision medicine, particularly in personalized medicine and cancer
treatment, has witnessed significant progress in recent years'??2. Immunotherapy, either as a
standalone approach or in conjunction with conventional modalities like RT and chemotherapy,
has emerged as the conventional therapeutic regimen for numerous cancers, exhibiting
noteworthy success'?. Among the immunotherapeutic strategies, Immune checkpoint
inhibitors (ICI) represent a pivotal category*?*. As a type of antitumor immunotherapy, ICI
exerts its effects by boosting anticancer effects through the targeted modulation of
immunologic receptors on the surface of T cells!?®. The advent of ipilimumab in 2011 marked
a pivotal milestone, as IClIs distinguished unique therapeutic option'?® because they had long-
lasting effects with low toxicity profile'?’. In contrast to conventional treatment approaches, ICls
reinvigorate the host immune system?¢, These immune checkpoints can inhibit and stimulate

related pathways to affect immune cell activity*?°.

The most popular immunotherapeutic medications during the previous decade have been
antibodies that specifically bind to immunological inhibitory receptors, like CTLA-4, PD-1, and
PD-L'*, Researchers have discovered a multitude of novel immune checkpoint targets,
including lymphocyte activation gene 3 (LAG-3), T cell immunoglobulin and mucin-domain
containing protein 3 (TIM-3)3!. The US Food and Drug Administration (FDA) has approved
three ICI classes for therapeutic purposes for various cancers: PD-1 inhibitors (Nivolumab,
Pembrolizumab, and Cemiplimab), PD-L1 inhibitors (Atezolimumab, Durvalumab, and
Avelumab), and CTLA-4 inhibitors (Ipilimumab)**2,
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3.2.4.1 PD-1 and Its Role in Immunotherapy

PD-1 is an inhibitory receptor critical in programmed death signaling, exerting regulatory
control over T-cell-mediated responses'®. Its involvement includes the reduction of cytokines
and modulation of the CD28 co-stimulatory signaling pathway, resulting in the suppression of
cell proliferation®**, Within the TME, PD-1 expression is discernible across various immune cell

types, encompassing activated monocytes, DCs, NK cells, T cells, and B cells'®®,

PD-1 has two ligands, PD-L1 and PD-L2¢, which play crucial roles. PD-L1, present in both
tumor cells and immune cells, has been identified as a biomarker that can predict the efficacy
of anti-PD-1/PD-L1 antibodies in treating individuals with various forms of cancer*’. Also
referred to as B7-H1 or CD274, PD-L1 assumes a pivotal role in suppressing the cancer-
immunity cycle by attaching to negative regulators of T-cell activation!*®, Consequently, the
ligation of PD-L1 impedes the migration and proliferation of T cells, therefore constraining
tumor cell death (Figure 6)**°. Tumor cells evade immune detection by using the PD-1/PD-L1
pathway, thereby reducing cellular immune responses'®. This multifaceted interplay
underscores the significance of the PD-1/PD-L1 axis in shaping immune responses within the

context of cancer immunotherapy?4Z.

Pembrolizumab Atezolizumab

Nivolumab Avelumab

Cemiplimab Durvalumab

T cell 1CR MHC  Cancer cell
( Peptide \) p

Dendritic cell Cancer cell proliferation

Figure 6. Immune checkpoint inhibitors approved by US FDA.

Taken from Shiravand et al., 202242,
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3.2.4.2 Clinical Applications of PD-1/PD-L1 Inhibitors

Immunotherapy has shown significant effectiveness in cancer treatment, particularly with the
clinical utilization of PD-1/PD-L1 antibodies'®*-147, This therapeutic approach has markedly
prolonged survival rates among patients afflicted with melanoma, lung, and liver cancers!4-1%,
While RT was traditionally regarded as a localized treatment modality, combining
immunotherapy and RT is no longer just a local treatment method for malignant tumors and

has become an integral part of systemic cancer treatment.

Pembrolizumab

Pembrolizumab, a PD-1 inhibitor, has gained attention for its effectiveness in treating various
cancers, including rare and in late-stage ones. Clinical trials have demonstrated its ability to
improve survival rates among patients with melanoma®®!, NSCLC2%%3 and other
malignancies!®*-1%¢, The drug works by blocking the association between PD-1 and PD-L1/PD-

L2, thereby enhancing the immune response against tumor cells®"1%8,

Cemiplimab

Cemiplimab, another PD-1 inhibitor, is recommended by the 2020 European multidisciplinary
guidelines and NCCN as a first-line treatment for cancer patients!>®-16%, |t has shown significant
anticancer properties in individuals with metastatic cutaneous squamous cell carcinoma and
has a favorable safety profile'®2. Cemiplimab works similarly to pembrolizumab, enhancing T

cell activity by inhibiting the PD-1 pathway.

Atezolizumab

Atezolizumab is a monoclonal antibody that targets PD-L1%3, The FDA has approved it for
adjuvant therapy for individuals with stage Il and IlIA NSCLC following surgery and
chemotherapy®*. In the randomized phase Il trial, Atezolizumab has shown a statistically
significant improvement in mortality among individuals with recurrent NSCLC tumors that
express an intermediate or high level of PD-L1'%516¢  Atezolizumab inhibits the interaction

between PD-L1 and PD-1, which enhances the killing of tumors by T cells*®’.

Avelumab
Avelumab is another PD-L1 inhibitor that attaches directly to PD-L1, preventing its interaction
with PD-1 and enabling a robust T cell-mediated antitumor response'®. The FDA determined

that Avelumab is a breakthrough antitumor medicine with a good safety profile®°.
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Durvalumab

Durvalumab binds specificity to PD-L1 and inhibits its interactions with PD-1 and CD80'°. This
dual inhibition amplifies the immune system's ability to detect and attack cancer cells.
Durvalumab has shown antitumor effects in certain types of tumors'’*-1"3, |ts approval and
usage are based on clinical trials showing improved patient outcomes and manageable safety

profiles.

3.2.4.3 Synergistic Protential of Radiotherapy and PD-1 Inhibitors in Inducing the
Abscopal Effect

Increasing cases of the abscopal effect of local RT has been documented since the clinical
implementation of ICIs'’4. Several trials and cases have documented a relatively low overall
incidence of the abscopal effect when RT only. This limited efficacy may be related to the
inherent inadequacy of RT in overcoming the immunological resistance inherent to malignant
tumors. Given the capacity of immunotherapy to remodel adaptive immune cell responses, the
synergistic combination of RT and immunotherapy holds promise for augmenting antitumor

immune responses and increasing the likelihood of eliciting the abscopal effect!’>177,

Theelen et al., the compiled results of two Pembro-RT studies'’®17® showed that the abscopal
effect objective response rate in the PD-1 monoclonal antibody combined with the RT group
was more significant than in the PD-1 monotherapy group. SBRT is also called stereotactic
ablative radiation therapy'®. Recently, numerous clinical cases have been reported

highlighting the abscopal effects after SBRT conjunction with anti-PD-1/PD-L1 therapy8-18°,

Tumor cells show upregulation of PD-L1 expression, which leads to the activation of T
lymphocytes and their subsequent death through PD-1 ligation, thereby inhibiting the
recognition and eliminating tumor cells®187 Although many studies have used animal models
to confirm that RT combined with PD-1 can stimulate the abscopal effect, translating of these
findings to clinical applications remains a formidable challenge in cancer research. Engert et
al. (NCT03480334) conducted a clinical experiment, the researchers hypothesized that local
RT induces an immunogenic effect, which in combination with Nivolumab may synergize and
promote enhanced systemic (i.e., abscopal effect) response, then provide patients may have
the possibility of a better survival benefit; the study is still ongoing. Several ongoing clinical
trials based on PD-1 inhibitors induced the abscopal effect including NCT03480334,
NCT04873440, and NCT05435053.
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Table 4. Ongoing trials about the abscopal effect from clinicaltrials.gov

Table was taken from Zhang, 2020,

NCT
number

NCTO03480334

NCT04238169

NCT04168320

NCT03396471

NCT04245514

NCT03993678

Hospital/

Institute

Cologne
University
Hospiltal

Xingiao
Hospital of
Chongging

KABEG
Klinikum
Klagenfurt,
Institute for
Radiation
Oncology

Mayo Clinic;
MD
Anderson
Cancer
Center

Kantonsspital
Aarau

Aarau,
Switzerland

Kantonsspital
Graubiinden

Chur,
Switzerland

Status
Recruiting

Not yet

recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Study Title

Abscopal Effect of
Radiotherapy and
Nivolumab in
Relapsed Hodgkin
Lymphoma After
Anti-PD1 Therapy

Clinical Trial Assessing Non-Small-Cell

the Efficacy of
Abscopal Effect
Induced by SBRT
and Immunotherapy
in Advanced NSCLC

SBRT-based PArtial
Tumor Irradiation of
HYpoxic Segment

Study of
Pembrolizumab and
Concurrent
Radiation in Patients
With Previously
Treated Carcinoma
of Unknown
Primary

Multimodality
Treatment in Stage
111 Non-small Cell
Lung Cancer
(NSCLC)

Intratumoral Injection
of 1P-001 Following
Thermal Ablation in
Patients With
Advanced Solid
Tumors.

Conditions

Classical
Hodgkin
Lymphoma

Lung Cancer
Stage IV

Unresectable
Malignant
Solid
Neoplasm

Carcinoma,
Unspecified
Site

Non-small Cell
Lung Cancer

Advanced Solid
Tumors

Interventions

Nivolumab plus 2
radiotherapy

Drug: Bevacizumab 2
Drug: Toripalimab

Radiation: SBRT- 1
PATHY (SBRT-
based PArtial
Tumor
irradiation
largeling
HYpoxic segment

Drug: 2
Pembrolizumab

Radiation: External
Beam Radiation
Therapy

Drug: Durvalumab 2
Radiation:
Radiotherapy

Drug: IP-001 1-2
Device: Thermal

Ablation

Outcome

Phase Measures

Abscopal response
rate

Objective response
rate

Objective response
of non-target
lesion

Progression-free
survival (PFS)

Bystander and
abscopal effects

Overall survival

Progression-free
survival

Abscopal Response
Rate

Response Rate

Assess Adverse
Events

Event-free survival
(EFS)at 12
months

Event-free survival
(EFS)

Recurrence-{ree
survival (RFS)
after RO resection

Toxicity and tumor
control

Because of the occurrence of clinically observable the abscopal effect is rare, prospective

studies with big sample sizes and prolonged follow-up periods are needed. The clinical efficacy

and target beneficiary populations of abscopal effects in the context of combined RT plus

immune checkpoints need to be conducted in future studies before the abscopal effects can

be used in clinical treatments®.

3.3Immune Cells Composition of the Tumor Microenvironment
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The TME encompassed the neighboring milieu where tumor cells reside, comprising nearby
blood vessels, immune cells, fibroblasts, as we know well, while including various signaling

molecules, and extracellular matrix*®°.

Immune cells are critical components of theTME*®, In general, the immune cells associated
with tumors can be categorized into two groups: immune cells that work against the tumor and
immune cells that support tumor growth!®2, The immune cells that counteract tumors mostly
consist of effector T cells (including CD8+ cytotoxic lymphocytes and effector CD4+ T
lymphocytes), natural killer cells (NK cells), dendritic cells (DCs), M1-polarized macrophages
and N1-polarized neutrophils'®3. The immune cells that primarily promote tumor growth are

regulatory T (Treg) cells and myeloid-derived suppressor cells (MDSCs)%.
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Figure 7. Immune cells composition of the tumor microenvironment

Taken from Pefia-Romero and Orenes-Pifiero, 2022%,

3.3.1. Role of T Cells in the Tumor Microenvironment

T cells are an important class of immune cells. Under normal circumstances, the T cell
population and their subsets is relatively stable in the surrounding tissues!®®. T cells in spleen,
lymph nodes, and peripheral blood account for approximately 30%, 75% and 60% to 80% of
immune cells, respectively. Changes in the total amount and proportion of T cells or their
subpopulations are indicative of immune abnormalities linked to the occurrence and

development of certain diseases!®’.
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With highly heterogeneous cell populations, T cells can be classified into distinct groups and
subsets, mainly based on the composition of the T cell receptor (TCR) double peptide chain,

the expression of surface CD molecules, and the functional characteristics of yo T cells.

According to the composition of the TCR double peptide chain, it can classification includes af8
T cells and y3 T cells'®®. ap T cells are the primary T cells in the adaptive immune response,
accounting for 90% to 95% of T lymphocytes in peripheral blood. These cells have a CD3+
CD2+ CD4+ CD8- (or CD4- CD8+) phenotype!®®. yd T cells are one type of lymphocyte that is
innate and can be categorized into different functional groups, including primary/naive T cells
(Tn), effector T lymphocytes (Te), helper T cells (Th), memory T cells (Tm), Treg cells and
cytotoxic T cells (Tc)2%.

Mature T cells can be categorized as CD4+CD8- or CD4-CD8+ cells based on the presence
of CD4 and CD8 molecules?®. According to the CD45 molecular isoforms on the cell surface,
CD4+ cells can be classified into two subtypes: CD45RA+ and CD45RO+ T cells, which are
the essential characteristics of naive T cells and memory T cells, respectively?°2,

3.3.1.1 Role of CD8+ T Cells in the Tumor Microenvironment

As the main lymphocytes, CD8+ T cells are essential in antitumor immune responses. These
cells inhibit tumor growth and destroy the spread of cancer by directly identifying and
eliminating malignant cells?°®. CD8+ T cells are considered an indicator of cancer regression?%4,
and activation is initiated through T cell receptor (TCR) binding to antigenic peptides produced
by major histocompatibility complex class | molecules (MHC-1)?%. Once activated, they
proliferate and differentiate into effector CD8+ cytotoxic T lymphocytes (CTL)?%, which target

infected cells and ultimately eliminate tumor cells (Figure 8).
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Figure 8. Infiltration of CD8+ T cells into tumors
Taken from Xie et al., 20212%",
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Immune checkpoints are crucial in regulating CD8+ T cell activation and serve as the key
signaling axis for controlling the exhaustion of tumor-specific CD8+ T cells?%¢-219, There is a
positive association between the quantity and distribution of CD8+ T lymphocytes at the
location of tumors and the clinical diagnosis of multiple types of tumors and patient prognosis?.
However, during the process of tumor metastasis, the efficacy of CD8+ T lymphocytes is easily
damaged??, and their concentration, especially the concentration of CTL, is extremely

responsive to inflammatory factors that either promote or suppress the TME?%,

Overall, CD8+ T cells protect normal host tissues, inhibit virus-infected cells, and destroy tumor
cells?**. However, tumor dynamic interactions are complex, immune responses in the TME are
suppressed, and tumors progress through local invasion and distant metastasis. Tumor-
associated stromal cells and immune cells jointly shape the TME?!®, impairing the recruitment,
activation, and cytotoxicity of CD8+ T lymphocytes (Figure 9). Therefore, an in-depth study of
the interplay among CD8+ T lymphocytes and the TME has crucial clinical value for developing

new antitumor immunotherapies?6,
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3.3.1.2 Role of CD4+T Cells in Tumor Microenvironment

CD4+ T cells referred to as helper T lymphocytes (Th cells), serve as central coordinators in
immune responses and significantly affect the amplification and regulation of cellular immune
responses?Y’. Its activation signal initially comes from the interaction of the TCR and MHCII-
antigen peptide complex?'8, Naive CD4+ T lymphocytes (ThO) were distinguished into multiple
subgroups, comprising Thl, Th2, Th17, Tfh, and Treg?'® each with unique functions in the
TME (Figure 10). These Th lymphocytes play a key role in promoting an efficient imuune
response against tumors, regulating adaptive immune responses, and influencing the TME,

and are considered potential targets for immunotherapy?%.
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Figure 10. CD4+ T cell subsets
Taken from Belikov, 201672,

Th1 releases cytokines, including IFN-y, interleukin (IL)-2, and TNF-3222, which are crucial for
stimulating CD8+ T Ilymphocytes and inhibiting tumor development. However, the
immunosuppressive properties of the TME may impede the transformation of ThO cells into
Th1 cells®?%224 In contrast, Th2 releases IL-4, IL-5, IL-10, IL-13, and other cytokines, inhibiting
the differentiation of ThO cells into Thl cells and promoting tumor-associated macrophages
(TAMs) and immunosuppressive cell proliferation and differentiation?®. The TME

immunosuppression determines the drift of Th1/Th2 ratio onto Th2 cells within the tissues of
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cancer. Therefore, the Th1/Th2 ratio is also commonly used to predict the efficacy of antitumor

drugs and tumor prognosis??®,

Tregs are a discrete subgroup of the CD4+ T lymphocytes family that exhibit distinctive
phenotypes and functions. Treg cells provide immunosuppressive effects to counteract
aberrant immunological responses resulting from excessive activation of autoreactive T
lymphocytes to maintain autoimmune tolerance and immune homeostasis??’. Conversely, Treg
cells suppress the activity of CD8+ T lymphocytes in the TME by releasing inhibitory
substances such as IL-10 and TGF-B, and influencing the development of DCs?28, Further, it
induces immune evasion by tumors and thus emerges as a promising focus for medical
treatment. It reported that the through anti-CTLA-antibody inhibition of Tregs can enhance the
killing function of effector T lymphocytes and improve antitumor efficacy??2%,

The TME exhibited a substantial rise in the proportion of Th17 cells. Th17 secretes cytokines
like IL-17F, IL-21, IL-22, and IFN-y, inhibiting tumor growth and proliferation through antitumor
angiogenesis and attracting and activating CD8+ T cells?t. Th17 not only has antitumor effects
but also has tumor-promoting effects®*2. Promote tumor development and proliferation by
releasing immunosuppressive substances, like IL-10. Therefore, the function of Th17 in the
TME needs to be explored further?33:234,

Th9 cells exhibit better antitumor properties than Thl and Th172%-243 put may also promote
tumor growth?*4. Th22 cells play major functions in mucosal defense, tissue repair, and wound

healing, but their overexpression may lead to tumor growth?#,

Overall, subsets of CD4+ T lymphocytes exhibit distinct functional roles in tumor tissues, with
some promoting immune responses against tumors and others supporting tumor development.
Their interactions are regulated by multiple factors in the TME, which is vital to better

understanding and developing novel anticancer immunotherapies?4.

3.3.2. Role of B Cells in the Tumor Microenvironment

B cells, as specialized immune cells, have the responsibility of producing antibodies, antigen
presentation, and cytokine secretion?¥’, play a pivotal role in tumorigenesis?*¢, They tend to
accumulate at tumor margins, particularly in adjacent lymph nodes close to the TME?*.
Although fewer B cells infiltrate the TME compared to T cells, they can still exert pro- and

antitumor roles?®°,
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Traditionally viewed B cell as having predominantly tumor-promoting functions??. B cells were
thought to facilitate the expansion and advancement through the production of immune
complexes?? and antitumor antibodies?*3%*, In human studies, tumors with high B cell
infiltration are linked to poor outcomes and heightened invasiveness?>®>2%, Similar to Tregs,
Breg cells stimulate tumor invasion®’ by producing IL-10 and TGF-B cytokines that promote

the immunosuppressive phenotype of macrophages, neutrophils, and cytotoxic T cells?%8,

However, further studies in recent years have found that B cells also have antitumor immune
effects®® (Figure 11). An analysis of 69 existing studies found that more than half reported that
B cell infiltration was associated with a positive patient prognosis?®. B cells can cluster around
tumor margins, forming intricate tumor-associated immunological aggregates, for example,
tumor-associated tertiary lymphoid structures (TLS)?%. The formation of TLS contributed by B
cells facilitates the maturation and subtype switching of B cells that are specific to tumors, and
they also play a role in the formation of T cell responses that are unique to tumors?®?, TLS
composition varies according to tumor stage and origin, and its presence has prognostic
implications for various cancers?®. B cells be considered crucial cancer predictors?®, engage
in antigen-specific interactions with T cells, notably within TLS and tumor-infiltrating
lymphocyte populations?“. Their antigen presentation to CD4+ and CD8+ T cells and

generates antigen-specific immune responses in the TME?265266,

The various immunotherapy modalities are based on the dual function of B cells in TME267-27°,
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3.3.3. Role of NK cells in Tumor Microenvironment

Discovered in 1973, NK cells are lymphocyte-like cytotoxic innate immune cells?’?, essential
to innate immunity, with a natural capacity to eliminate tumor cells and infected cells?’2-2"4,
Functionally, NK cells participate in the process of cellular-mediated tumor cell elimination or
secreting inflammatory cytokines?’®. Unlike T and B cells, NK cells may recognize and kill target

cells without specific antigen-sensitizing signals?7®.

In addition, Street et al.?’” found the cytotoxic effect of NK cells plays a vital role in inhibiting
tumor growth. Imai et al.?’® evaluated the cytotoxicity of NK cells in the peripheral blood of
tumor patients and revealed that tumor metastasis is closely related to low activity NK cells.
The degree of NK cells infiltration in the malignancy region influences the effect of
immunotherapy?’®%°, and the recruitment of targeted NK cells to the malignancy can
effectively improve the antitumor immune response?!. NK cells also contribute significantly to
enhancing the antitumor ability of others immune cells. Specifically, NK cells generate a range
of pro-inflammatory cytokines, such as IFN-y, GM-CSGF, TNF, etc?82283,

NK cell activity can be determined by regulating the negative signals induced by inhibitory
receptors on the surface of NK cells or positive signals delivered by activating
receptors?®*. MHC | molecules on the surface of normal cells can attach to the inhibiting
receptors located on the surface of NK cells?®, thereby controlling the killing function of NK
cells?86-288  Syrface receptors that have an inhibitory function on NK cells are usually dominant
under normal physiological conditions. However, when tumors appear in the body, the
activation signal induced by the activation receptor is stronger than the inhibition receptor’s,

prompting NK cells to play a cytotoxic role?8%-2%2,

The effector function of NK cells is determined due to the existence of activation and inhibitory
receptors on their cell surface?®. Changes in the presentation of corresponding ligands on the
surface of malignant cells also affect the balance of the receptor signals and the activation of
NK cells?®42%_NK cells are the main defense against malignant cells. They are very effective

in eliminating circulating malignant cells but less efficient in TME?’.
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Taken from Shimasaki et al., 202027

3.3.4. Granulocytes and Neutrophils

Granulocytes are a type of white blood cells, including neutrophils, eosinophils, and
basophils?®®, Their cytoplasm contains enzymatic granules. The function of each kind of
granulocyte is unique. Within that group, neutrophils are the most prevalent form of granulocyte
in the body, accounting for two-thirds of all white blood cells, accounting for approximately 40%
to 60%2°°3° Neutrophils are crucial in fighting infections and maintaining immunological
balance. In the TME, tumor-associated neutrophils (TANS) are also involved in complex

antitumor and pro-tumor processes3°-3%,

Neutrophils with antitumor effects are called "N1" TANs, whereas those with protumor effects
are referred to as "N2" TANs. TME affects the equilibrium of N1 and N2 subsets through
secretion of various cytokines®%4-2%, TANs engage with other lymphocytes inside the TME and
modulate their function®"’. In mice with 4T1 tumors, N2 TANSs inhibited the ability of NK cell to
eliminate tumor cells, thereby promoting malignant metastasis®®. In contrast, N1 TANs
produce chemokines that recruit CD8+ T cells to the TME3%®31°, They release cytokines to

stimulate cytotoxic CD8+ T lymphocytes, promoting antitumor effects311:312,

Neutrophils could contribute to the abscopal effect. Takeshima et al.,**® study showed the
TANSs recruited by RT cause sterile inflammation, ultimately activating tumor-specific cytotoxic

T lymphocytes, recruiting them to the location of the malignancy, and causing malignancy
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regression. This is also consistent with the research conclusion of Faraoni et al.,?** that TANs
affect the appearance of the abscopal effect. Although the above studies indicate that
neutrophils might have a beneficial impact on the abscopal effect, it is also important to note
that neutrophils may participate in immunosuppression®® under certain circumstances,

negatively impacting the abscopal effect.

Tumor initiation Tumor regression
and progression
Genetic Cytotoxicity
instability ROS ROS anci!nr'r‘nit:t;:)t:sis
0000 b
Tumor cell CTL-mediated
proliferation NE NE lysis of cancer cells
[ )
K X 0o
L hadiig MMP-9 “oon X
ECM remodeling OosM Tumor cell
Tum.or invasion HGF TRAIL apoptosis
— VEGFs
Angiogenesis MMP-9 . Angiogenesis
Lymphangiogenesis Bv8 Neutrophil VEGF-A155b inhibition
Immunosuppression Argi n_i o Immunostimulatory
X depletion Arginaselow activity
®
CD8 Treg  TGF- TGF-Bblockade ® .5 *
cDs

Figure 13. Dual role of neutrophils in cancer-related inflammation
Taken from Galdiero et al., 2018%2

3.4Aim of the Thesis

Cancer remains a significant disease that seriously threatens human health. In NSCLC, RT is
a crucial treatment. Approximately 60%-70% of NSCLC individuals obtain RT while undergoing

treatment.

With the continuous advancement of technology and comprehensive RT, the status of high-
dose radiotherapy (HDRT) is gradually rising. HDRT may direct malignant cell death, increase
tumor necrosis, generate tumor antigens, stimulate the immune system, and transform the
TME from an immune desert state to an inflamed state with immune cell infiltration®!®, The
abscopal effect observed in rare HDRT cases can extend local therapeutic effects to systemic

antitumor effects. Although immune checkpoint blockade improves the survival rate of locally
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advanced and metastatic NSCLC, majority individuals be unsuccessful in demonstrate an

optimal reaction to anti-PD-1/anti-PD-L1 monoclonal antibodies.

With the rise of immunotherapy, reports of the abscopal effects have gradually increased.
Therefore, therapies that induce the abscopal effects may positively impact treating patients
with advanced metastatic malignancies. Nevertheless, the specific mechanism of the abscopal
effect remains uncertain. Therefore, establishing the abscopal effect animal models will
provide an experimental platform for in-depth research of the molecular mechanisms
underlying the abscopal effects, which is expected to improve existing treatment options or

develop new treatments. The objectives of the present investigation are:

1. To study the therapeutic effect of RT combined with anti-PD-1 therapy on tumor-bearing

mice;

2. To study the impact of different RT doses on treatment based on similar BED;

3. To explore the link between the induction of the abscopal effect and the dosage.
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4. MATERIAL AND METHODS

4.1 Materials

41.1. Chemicals and Solutions

Product Company
ACK lysis buffer Gibco
Brefeldin A BioLegend
CD8a Microbeads Miltenyi Biotec
DMEM (1x) Gibco

DMSO ITW Reagents
DPBS (1x ) (w/o Ca and Mg) Gibco

DPBS (1x) (with Ca and Mg) Gibco

Ethanol Carlroth

FBS Gibco

Heparin BBraun

IL-2 BioLegend
Isoflurane Piramal
Ketamine Zoetic Inc.
L-Glutamine Lonza/Bioyzm
LS MACS column Miltenyi Biotec
NEAA Gibco
Penicillin/Streptomycin Lonza/Bioyzm
Percoll

PBS (10x) Invitrogen
RPMI (1x) Gibco

Tag it-Violet Invitrogen
True-Nuclear Transcription Factor Buffer Set BioLegend
Trypan blue solution Sigma

0.5% Trypsin-EDTA Solution 10X Sigma
Xylazine Bayer

Zombie NIR BioLegend
B-Mercaptoethanol Sigma

40



4.1.2. Buffers and Media

Buffer or Media Ingredients Conc./Volume

Cell culture medium DMEM 445 mL
FBS 10%
Penicillin/Streptomycin 1%

cDMEM DMEM 417 mL
FBS 10%
L-glutamine 1%
NEAA 6 mL
Sodium pyruvate 6 mL
Sodium bicarbonate 6 mL
Penicillin/Streptomycin 1%
B-Mercaptoethanol 0.00168%

Dissociation buffer RPMI 439 mL
FBS 10%
Penicillin/Streptomycin 1%
Collagenase IV (1:2000)
Dnase | (1:100)
Brefeldin (1:2000)

MACS buffer BSA 0.5%
EDTA 2 mM
DPBS (w/o Ca and Mg)

Grinding buffer DPBS (with Ca and Mg) 480 mL
FBS 2%
L-glutamine 5mL
Penicillin/Streptomycin 1%
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4.1.3. Antibodies
Product Conjugate(s) Clone Company
Flow cytometry
Nur77 FITC(Alexa Fluor™ 488) | 12.14 eBioscience
CD4 PerCP/Cy5.5 GK15 BioLegend
CD49b PE DX5 BioLegend
CD3 PE 17A2 BioLegend
Foxp3 PE 150D BioLegend
PD-L2 (CD273) | PE TY25 BioLegend
Eomes PE X4-83 BD Biosciences
Ly6C PE/Dazzle594 HK1.4 BioLegend
CD107a PE/Dazzle594 1D4B BioLegend
PD-1 (CD279) PE/Dazzle594 29F.1A12 BioLegend
PD-L1 PE/Dazzle594 10F.9G2 BioLegend
CD103 PE/Cy7 2E7 BioLegend
CD62L PE/Cy7 MEL-14 BioLegend
CD8 PE/Cy7 53-6.7 BioLegend
T-bet PE/Cy7 4B10 BioLegend
NKp46 APC 29A1.4 BioLegend
CD8a APC 53-6.7 BioLegend
CTLA-4 APC UC10-4B9 BioLegend
Ep-CAM APC G8.8 BioLegend
RORyt APC(Alexa Fluor® 647) Q31-378 BD Biosciences
CD45 Alexa-700 30-F11 BioLegend
Ly6G Bv421 1A8 BioLegend
CD69 Bv421 H1.2F3 BioLegend
Ki-67 Bv421 16A8 BioLegend
GATA3 Bv421 16E10A23 BioLegend
CD19 BV510 6D5 BioLegend
CD8a BV510 53-6.7 BioLegend
CD25 BV510 PC61 BioLegend
CD11c BV605 N418 BioLegend
CD134 (OX-40) BV605 OX-86 BioLegend
TIM-3 BV605 RMT3-23 BioLegend
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CD11b BV650 M1/70 BioLegend

CD44 BV650 IM7 BioLegend

LAG-3 BV650 CcoB7W BioLegend

IFN-y BV650 XMG1.2 BioLegend

Isotype control

Mouse IgG1, | FITC (Alexa Fluor™ 488) | P3.6.2.8.1 eBioscience

kappa

Mouse IgG1, K PE MOPC-21 BioLegend

Rat IgG2a, PE RTK2758 BioLegend

Rat IgG2a, k PE/Dazzle594 RTK2758 BioLegend

Rat IgG2b, PE/Dazzle594 RTK4530 BioLegend

Armenian APC HTK888 BioLegend

Hamster IgG

Armenian Bv421 HTK888 BioLegend

Hamster IgG

Rat IgG1, BV605 RTK2071 BioLegend

Rat IgG2a, k BV605 RTK2758 BioLegend

Rat IgG1, BV650 RTK2071 BioLegend
4.1.4. Laboratory Equipment

Device Company

Cytoflex S Beckman Coulter

Cell culture centrifuge

HERMLE Labortechnik GmbH

Cell culture incubator

Axon Labortechnik GmbH

Lab centrifuge

HERMLE Labortechnik GmbH

TrueBeam STx

Varian

4.1.5. Software

Flow cytometry data analysis: CytExpert 2.3
Statistics and graphs: GraphPad PRISM, version 8.0.2

Bibliography: Zotero 6.0.8
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4.2Methods

4.2.1. Animal Experiments

The animal studies were conducted at the Security Level 1 (S1) facility. The animal
experiments were designed under the German Animal Protection Act of the Cologne
Government (Animal Experiment License number 81-02.04.2017.A511) and complied with the
ethics committee requirements. The mice were kept in different groups of up to 5 per cage,
following a 12-hour cycle of darkness and light. The food and bedding were completely

sanitized. Experimental mice were scored daily and written down the score sheet.

4.2.1.1 Mouse Strains and Cell Line

Nur77 mice [C57BL/6-Tg(Nr4al-EGFP/cre)820Khog/J] were purchased from Jackson
Laboratory (strain#:016617) in this study. These mice have been genetically modified to carry
green fluorescent protein fusion (GFP) protein driven by the Nur77 promoter. The experimental
animals of the Nur77 line were obtained from heterozygous breeding. The cell line used in the
murine flank tumor model is derived from the NSCLC Genetically Engineered Mouse Model
(GEMM) [Kras®'?PTp537~(KP)].

4.2.1.2 Tumor Inoculation and Preparation

Tumor cells cell culture and preparation
All tumor cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco),
supplemented with 10% fetal calf serum (Gibco) and 1% Penicillin/Streptomycin (Lonza). Cells
were maintained at 37°C and 5% CO: in a humidified incubator and passaged every 3—4 days
(1:10-1:20 dilution). The routine passage was performed by rinsing with phosphate-buffered
saline (PBS), then incubating in 10 mL of 0.05% trypsin EDTA (Gibco) at 37°C and 5% CO;
for 5—8 minutes, removing of cells, and centrifugating them at 500 g for 5 minutes. Cell pellets
were resuspended in 10 mL fresh complete media and divided into a new Petri dish. Cells
utilized for tests were kept in the log phase of growth for a minimum of 24 hours before to
usage. Before inoculation, cells were washed with PBS, collected using trypsin-EDTA,
subjected to centrifugation at 500 g for 5 minutes, and then suspended in fresh media. The
cell count was determined using trypan blue and a hemocytometer. The counted cells were
resuspended in the suitable volume of PBS to achieve the desired experiment density of 1x10°
cells/100 pL. The prepared cells were kept on ice before injection.
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Flank tumor inoculation

The experimental mouse was placed in the anesthesia induction box connected with isoflurane.
While administering the anesthesia, the oxygen flow was set at 1 L/min (the oxygen flow was
reduced or increased appropriately based on the experience), and isoflurane was adjusted to
the concentration of approximately 4%—5%; Isoflurane was set at a concentration of 2% to 3%
when the respiratory mask was connected for sustaining the anesthesia. When the
spontaneous movement of the inter tendon reflex of the mouse, the mouse was taken out of
the anesthesia induction box and placed under the continuous anesthesia device.
Approximately 1x10° KP cells were subcutaneously injected into bilateral flanks at a dose of
100 pl per side. After subcutaneous injection, the mouse was disconnected from the
continuous anesthesia and observed on the open heating plate until it recovered from
anesthesia.

4.2.1.3 Tumor Irradiation

Measurement of tumor volume
A vernier caliper was used for measuring the tumor volume. It was calculated according to the

length=(width)?Z

formula Tumor volume = and was expressed in mm3. The tumor volumes were

measured every two days. The treatment plan was carried out when the tumor volume reached
100-200 mm3,

Radiotherapy

Approximately 1x10° cells were injected into bilateral flanks subcutaneously on day 0, as
previously explained in section 4.2.1.2. After the tumor volume reached 100-200 mm3 (18-21
days), mice were irradiated on one side of the tumor. During radiation, mice were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg), with a maximum injection volume of 250
pl/mouse. The mice were fixed on the operating table after the appropriate depth of anesthesia
was reached. Their eyes were protected from drying by applying a small amount of eye cream.
The exact position of the tumor was located with the assistance of a medical physicist, and
separate experimental groups were irradiated with 24Gyx1F, 8.7Gyx5F, 8Gyx3F, 5Gyx5F, and
2Gyx5F dosages. Mice were irradiated with a TrueBeam STx machine with 9 MeV electrons,
a source-to-surface distance of 100 cm, and an electron tube for 6 x 6 cm? fields with a cut-out
of 2 cm diameter. The light field was focused on the tumor with a 5-8 mm margin to avoid
scatter radiation, and all other regions were shielded. RT lasted approximately 3—-5 minutes.
After RT, the mice were placed on a heating pad in a quiet environment until they were fully

awake. These experimental animals were transported back to room S1 in the animal facility.
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4.2.1.4 Anti-PD1 Immunotherapy

Anti-PD-1 immunotherapy

When the tumor volume reached 100-200 mm3, the mice in the experimental group
intraperitoneally received anti-PD-1 immunotherapy (150 pl/mouse). The mice who were
treated with RT combined with immunotherapy received anti-PD-1 injections three times per
week-starting from 6 hours after RT until the animal experiment was terminated. These

experimental animals were transported back to room S1 in the animal facility.

4.2.2. Organs Isolation

Preparation
Items: Clean surgical instruments, dissecting forceps, dissecting scissors, 6 cm petri dish, 1.5

mL tube, 0.5 mL syringe, 20 mL syringe, 27G needle, ice box, beaker, and aluminum foil.

Reagents: Isoflurane, PBS buffer (without calcium and magnesium), PBS buffer (with calcium

and magnesium), heparin, and 20% sucrose solution.

The experiment procedure

4.2.2.1 Cardiac Perfusion

Mice were euthanized with isoflurane in sterile conditions and fixed on the operation table after
confirming that breathing had stopped. The heart was fully exposed for cardiac perfusion using
clean surgical instruments. A 27G needle was used to puncture the left ventricle of the heart,
then inserted into the ascending aorta, and fixed it. The needle was connected with a 20 mL
syringe containing PBS buffer (without calcium and magnesium). Surgical scissors were used
to open the right atrial appendage and simultaneously push the syringe for cardiac perfusion.
The perfusion process was stopped when the color of the lungs and liver of the mice became

pale.

4.2.2.2 Target Organ Extraction:

1. Apical blood collection
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The apical blood sampling of mice was carried out before the heart perfusion. After fully
exposing the heart, a 0.5 mL syringe (without the dead space) was used to puncture the right
ventricle of the mouse to collect apical blood. After extracting the apical blood (150-200 pL),
the syringe was pulled out, and slowly injected the blood sample was transferred into a 1.5 mL
tube coated with heparin. The collected blood samples were stored in the ice box until further

experiments were performed.

2. Lymph nodes

Lymph nodes were collected after the cardiac perfusion. To collect the axillary lymph nodes
and inguinal lymph nodes on both sides of the mouse, surgical instruments were used to fully
expose the lymph nodes of the target mouse to the surgical field. The whole operation was
gently performed to ensure that the integrity of the lymph nodes was not damaged while
collecting them. The collected lymph nodes were placed in a 6 cm Petri dish containing PBS
buffer (without calcium and magnesium), sealed with paraffin film, and placed in the ice box.

3. Tumors

Tumors were dissected entirely after cardiac perfusion. The abdominal costal tumor skin and
mucosa were separated with surgical instruments, and the tumor was completely exposed to
the surgical field. The tumor was dissected and separated from connective tissue along the
boundary of the tumor using surgical scissors and tweezers and placed in 6 cm Petri dishes

containing PBS buffer (with calcium and magnesium) in the ice box.

4. Spleen

The spleen was also harvested after cardiac perfusion. The abdominal cavity of the mouse
was opened, and mice were fixed on the operating table to expose the surgical field of vision.
The spleen is located on the left side of the mice. The stomach was pulled and separated from
the intact spleen using surgical tweezers. The spleen was then put into a 6 cm Petri dish
containing PBS buffer (without calcium and magnesium), sealed with paraffin film, and

preserved in the ice box.

4.2.3. Isolation of Immune Cells

4.2.3.1 Isolation of Immune Cells from Tumors

Initially, tumor weights were determined and recorded in milligrams. Tumors were dissected
into small fragments and put into a 50 mL conical tube filled with tumor dissociation buffer and
DNase | (final concentration: 50 ug/mL), Collagenase IV (1:1000) and Brefeldin (1:100) (100
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mg use 1 mL). The tumor samples were incubated at 37°C for 45—-60 minutes on a rocker for
sufficient dissociation. After digestion, tumor samples were filtered through a 70 um cell
strainer. Undigested tumor samples were grinded with a syringe plunger and rinsed with RPMI
+ 10% FBS buffer. The cell pellet was collected by centrifugation at 500 g for 5 minutes at 4°C.
Later the pellet was resuspended in 1 mL of ACK lysis buffer and incubated at room
temperature (21-23°C) for 5 minutes to remove red blood cells. After the incubation, cells were
washed with PBS buffer (calcium and magnesium free). The washed cell pellet was
resuspended in 30% Percoll solution, and the cells were purified by density gradient separation
by centrifuging at 1800 g 20°C for 25—-30 minutes. The cell pellet was obtained from the second
centrifugation step, the supernatant was removed, and fresh 1 mL of PBS buffer (without

calcium and magnesium) was added to resuspend the cells.

4.2.3.2 Isolation of Immune Cells from Spleen

The spleen was removed from the ice box and weight was recorded in milligrams. Then, it was
placed into a 70 um cell strainer, ground by a syringe plunger, and rinsed with PBS buffer from
the filter. The spleen cell pellet was collected after centrifugation at 500 g for 5 minutes at 4°C,
resuspended in 1 mL of ACK lysis buffer, and incubated at room temperature (21-23°C) for 5
minutes to remove red blood cells. After incubation, PBS buffer was used for lysis termination
and washing. The spleen sample was washed with PBS buffer (without calcium and
magnesium) at least 2 times, using the centrifuge at 500 g for 5 minutes at 4°C. Then, the
supernatant was removed and fresh 5 mL PBS buffer (without calcium and magnesium) was

added to the cell pellet to resuspend the cells.

4.2.3.3 Isolation of Immune Cells from Blood

The blood samples were placed in a 37°C water bath or a room temperature shaker for at least
15 minutes, and then 500 ul ACK lysate was added to lyse red blood cells. After incubation at
room temperature for 5 minutes, the process was terminated by adding PBS buffer (without
calcium and magnesium). The blood samples were washed two times with PBS buffer (without
calcium and magnesium) by centrifugation at 400 g for 5 minutes. After removing the
supernatant, fresh 600 pl PBS buffer (without calcium and magnesium) was added to

resuspend the cells.
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4.2.3.4 Isolation of Immune Cells from Lymph Nodes

Dissected lymph nodes samples were placed on the rough surface of the sliding glass. Lymph
node grinding buffer (30 pl) was added to the sliding glass, and the rough surfaces of the two
glass slides were ground against each other. The cells were washed from the rough surface
of the slide into a 70 um cell strainer using lymph node grinding buffer and collected into a 15
mL conical tube after filtration. The lymph node cell pellet was collected by centrifuging at 4°C
for 5 minutes at 350 g. After removing the cell pellet supernatant, a fresh 600 ul PBS buffer

(without calcium and magnesium) was added to resuspend the cell pellet.

4.2.4. Flow Cytometry Analysis

Staining

1. Surface staining

The single-cell suspensions were prepared by extracting the cells from different tissues
(obtaining cell pellet by centrifugation) and resuspending them in 100 pl PBS buffer (without
calcium and magnesium). Samples were stained with Zombie NIR (1:500) and surface staining
antibodies (1:200) according to the already labeled groups and incubated at 4°C for 20 minutes.
Next, samples were rinsed twice with PBS (without calcium and magnesium). The cell pellets
of samples that did not require intracellular staining were fixed with 1% formalin. For
intracellular staining, cell pellets were fixed with 1x transcription factor fix solution, and all
samples that were resuspended in the fixatives were incubated overnight at 4°C. The samples
that did not require intracellular staining were washed twice after overnight incubation with PBS
(without calcium and magnesium), and 200 ul PBS (without calcium and magnesium) was used

to resuspend cells before the flow cytometry measurements.

2. Intracellular staining

The cell samples were washed after overnight incubation with 1x Perm buffer, the cell pellet
was resuspended in 100 pl of 1x Perm buffer, and 1 pl of the corresponding type of fluorescent
antibodies (Nur77, Foxp-3, Ki-64, T-bet, RORyt, GATA3, and Eomes) were added. The
samples were incubated at room temperature for 30 minutes while being shielded from light
and then washed with 1x Perm and PBS buffer (centrifugation at 500 g and 4°C for 5 minutes).
After washing, added 200 pl PBS buffer (without calcium and magnesium) was added to

resuspend the cells before flow cytometry measurements.

Flow cytometry measurements
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All samples were placed in the flow cytometer for measurement and data collection. The total
sample to be taken was set at 500,000 cells or 200 pl volume. The flow cytometry data were

analyzed using the CytExpert 2.3 software.

4.2.5. Statistical Analyses

Flow cytometry data were analyzed using CytExpert 2.3, and statistical analyses were
conducted using GraphPad Prism 8.0.2 software. Data were reported the mean + SD unless
specified otherwise stated. Means for independent data were compared using either one-way
or two-way ANOVA, followed by post hoc tests such as Tukey’s, Dunnett’s, or Sidak’s tests to
account for multiple comparisons. For mean tumor growth curves, significance was determined
between treatment arms via one-way ANOVA or unpaired t-test. P-value of <0.05 was

considered statistically significant. All P-values are reported as: *p<0.05, *p<0.01, **p<

0.001, and ****p=<0.0001.
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5. RESULTS

5.1In vivo Radiotherapy Set-up and Delivery Procedure

The tumor-bearing mice were anesthetized and fixed on the bed of the RT equipment in a
prone position to fully expose the tumors and irradiate them. The laser was used for positioning
the beam, and electron beam RT was performed under optical guidance. The energy used for
the treatment was 9 MeV, a source-to-surface distance of 100 cm, and the electron tube for 6
X 6 cm? fields with a cut-out 2 cm diameter. The light field was focused on the tumor with a 5-

8 mm margin to avoid scatter radiation, and all regions were shielded.

s e

= SRR ATAYAVAVA |

Figure 14 (Figure 5.1). Radiotherapy set up. Radiotherapy equipment TrueBeam STx machine (Left). Mice were anesthetized
in the prone position, fixed on the bed, and received electron beam radiotherapy with 9 MeV energy after laser localization under

optical guidance (Right).

5.2Administration of Radiotherapy with or without Anti-PD-1 Therapy to
Tumor-bearing Mice

The cell line used in the murine flank tumor model is derived from the NSCLC Genetically
Engineered Mouse Model (GEMM) [Kras®'?°Tp53~-(KP)]. The mice inoculated with KP cells
were divided into groups and treated with specific combinations (RT, immunotherapy, or both)
to compare and evaluate the therapeutic efficacy of RT and immunotherapy in mice with flank
tumors. Treatment was started when the tumors reached 100-200 mm?3 in size and the
particular day was recorded as Day 0 to ensure easy tumor localization and administration of
RT. The tumor volumes were measured and recorded every two days using calipers. According
to our experimental set-up, mice received different fractions and doses of RT (1 fraction of
24Gy and 5 fractions of 8.7Gy). The RT treatment doses were based on similar BED

calculations, which were evaluated and confirmed by the radiotherapist and the radiation
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technologist. A control group was set up that received only anti-PD-1 intraperitoneal injection
to evaluate the effect of anti-PD-1 monotherapy. Further, an untreated control group that did
not receive any treatment was set up. In the group that received RT, the primary tumor (located
on one side) was treated with RT. The secondary tumor (located on the other side) was not
directly irradiated and was investigated for the abscopal effect (Figure 5.2A). Data were
normalized for tumor volume at the start of treatment to better compare related treatment

outcomes.

The mouse group that received 8.7Gyx5F radiation dose combined with anti-PD-1
immunotherapy treatment exhibited smaller tumor volumes than the untreated control group
and group received monotherapy with anti-PD-1 (Figure 5.2B above). However, statistically
significant differences were observed only in comparison with the anti-PD-1 monotherapy
group. In the mouse group that received only 8.7Gyx5F RT dose, tumor control was seen over
time and tumor progression was observed in the untreated control group and group received
monotherapy with anti-PD-1; however, statistically significant differences were not observed
(Figure 5.2B above). Next, the primary and secondary tumors within the group that received
8.7Gyx5F RT combined with anti-PD-1 immunotherapy were compared, the tumor volume was
statistically significant (p = 0.0059). However, no significant distinction was seen in the
between-group comparison in the mouse group that received only 8.7Gyx5F RT (Figure 5.2B

above).

The results of the mouse group that received 24Gyx1F RT showed that combining of anti-PD-
1 immunotherapy with RT could relatively control the tumor progression over time. However,
there is no significant difference in the statistical analysis results (Figure 5.2B below).
Furthermore, the between-group comparisons of primary and secondary tumors in the groups
that received 24Gyx1F RT combined with anti-PD-1 immunotherapy and 24Gyx1F RT alone
indicated statistically significant differences (p values were 0.0375 and 0.0163, respectively;
Figure 5.2B below).

Since the RT regimens for 8.7Gyx5F and 24Gyx1F were calculated based on the same BED
and segmented accordingly, their therapeutic effects were expected to be similar. The results
also confirmed that the same BED with different segmentation schemes was feasible. In the
between-group comparison, the control of the primary tumor that received direct RT was better
than that of the secondary tumor. However, no significant difference was found in the 8.7Gyx5F

RT only group.
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Figure 15 (Figure 5.2). Comparison of different radiation doses based on similar BED control in mice bearing flank tumors.
(A) Mice experiment scheme. KP cells were inoculated flank tumor in the wild-type mice (1x10° cells/side), and tumor growth was
measured with a vernier caliper every 2 days. Based on different treatment schemes, mice were divided into diverse groups. Data
are representatives of different groups (n = 5-10). (B left) 8.7Gyx5F radiotherapy administered with or without anti-PD-1 treatment.
(B right) 24Gyx1F radiotherapy administered with or without anti-PD-1 treatment. P values were determined by one tailed unpaired
t test for pairwise comparison and one-way ANOVA with Tukey’s post-test for time-associated comparison among multiple groups.
*p<0.05, **p<0.01, **p=<0.001, and ****p<0.0001.

5.3Evaluation of the Abscopal Effects of Combined Radiotherapy and
Immunotherapy Treatment

The RT groups based on similar BED were simultaneously compared with the untreated control
and anti-PD-1 monotherapy groups to further investigate whether RT with or without
immunotherapy could induce the abscopal effect. The growth curves of tumor volume and
tumor growth rate were recorded.
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In comparison to the volume of the tumor in the untreated control group, the secondary tumor
volume in tumor-bearing mice was relatively controlled for progression over time in all the
treatment groups. However, statistical analysis revealed that compared with the ani-PD-1
monotherapy group, the secondary tumor volume significantly decreased in the group that
received 8.7Gyx5F RT combined with anti-PD-1 treatment (p = 0.0018).

For comparisons of tumor growth rates, data from all groups of tumor-bearing mice could not
be obtained because secondary tumors were not relatively controlled for progression over time.
For example, the group receiving only 24Gyx1F radiation showed much rapid tumor progress,
and the growth rate even exceeded the untreated control group. However, a statistically
significant difference in secondary tumor volume was observed between the group receiving
8.7Gyx5F radiation dose combined with anti-PD-1 therapy and the group receiving only anti-
PD-1 monotherapy (p = 0.0013). The tumor growth rates were calculated and plotted based
on tumor volume at the start of treatment (Figure 5.3B).

While comparing RT with or without anti-PD-1 therapy depending on different fractions of
similar BED, although tumor volumes were controlled by treatment over time, statistically
significant differences were not observed among most groups. However, a different conclusion

was obtained from comparing the tumor volumes after normalizing the tumor growth rate.
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Figure 16 (Figure 5.3). Tumor burden in different mouse groups: secondary tumor size curves and growth rate curve
after radiotherapy with or without anti-PD-1 immunotherapy. (A) KP cells were inoculated flank tumor in wild-type mice (1x10°
cells/side), and tumor growth was measured with a vernier caliper every 2 days. Secondary tumor is the one that was not irradiated
directly. (B) KP cells were inoculated flank tumor in wild-type mice (1x10° cells/side), and tumor growth was measured with a
vernier caliper every 2 days. Secondary tumor is the one that was not irradiated directly. Tumor growth rates were normalized by
comparing tumor volumes to those at the start of treatment. Data are representatives of different groups (n = 5-10). P values were
determined by one-way ANOVA with Tukey’s post-test for time-associated comparison among multiple groups. *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001.
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5.4Analysis of Cell Death and Expression of Cell Surface Antibodies in

Secondary Tumor Tissues

Flow cytometry was performed to quantitatively compare cell death and cell surface antibody
expression in secondary tumor tissues. Exclude adhesions and cellular debris based on
forward scatter area (FSC-A) versus side scatter (SSA) and height (FSC-H) and ignore
adhesions and cells by gating on Zombie NIR positive cells for dead cell fragments. The living
cell population with CD45+ surface expression was selected to label leukocytes. Since the
cells detected by this channels setting are derived from single cell suspensions prepared from
tumor tissue, CD45- surface expression is defined as tumor cells. After labeling tumor cells
was complete, EpCAM, PD-L1, and PD-L2 surface expression was assessed in all tumor cells
(Figure 5.4A).

The impact of tumor weight and necrosis was excluded by considering only the quantitative
comparison of cell counts. Flow cytometry-based analysis revealed that the living cell counts
in the treatment groups were lower than those in the untreated control group, except for the
counts in the 8.7Gyx5F RT combined with anti-PD-1 immunotherapy group. Nevertheless, the
disparity did not reach statistical significance (Figure 5.4B). Notably, in the 8.7Gyx5F RT group
treated with a combination of anti-PD-1 immunotherapy, the living cell count of the secondary
tumor tissue was significantly different from the that in the treatment group receiving only
8.7Gyx5F RT (p = 0.0035). Although radiation regimens of 8.7Gyx5F and 24Gyx1F RT had
the same BED, a statistically significant difference was also observed in viable cell counts in
the secondary tumor after two different radiation doses (p = 0.0176). The difference in living
cell counts between the 8.7Gyx5F RT combined with anti-PD-1 immunotherapy group and the
anti-PD-1 monotherapy group was statistically significant (p = 0.0009; Figure 5.4B).

The flow cytometry-based quantitative analysis of tumor cells and leukocytes in the secondary
tumor yielded similar results. Notably, leukocyte counts were significantly different between
the 8.7Gyx5F RT combined with anti-PD-1 immunotherapy and the untreated control groups
(p =0.0017; Figure 5.4B).

Furthermore, the presentation of specific antibodies on the surface of secondary tumor cells in
different treatment groups was analyzed by flow cytometry. In all RT groups, the expression of
EpCAM and PD-L1 on tumor cells did not significantly change compared with that in the
untreated group (Fig. 5.4C). Conversely, the expression of PD-L2 was dramatically reduced in

treated groups compared to the untreated group (p=<0.0001; Figure 5.4C).
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A. Gating strategy to identify tumor cells and tumor cell surface antibody expression
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Figure 17 (Figure 5.4). Flow cytometric gating strategy and analysis to identify tumor cells surface antibodies of interest.

(A) Quantification of representative flow cytometry staining of tumor cells and corresponding cell number (B) percentages of tumor

cells showing EpCAM, PD-L1, and PD-L2 expression (C) in the secondary tumor after treatment (n = 5-10 mice/group). P values

were determined by one-way ANOVA with Tukey’s post-test for time-associated comparison among multiple groups. *p<0.05,

**p<0.01, ***p<0.001, and ****p<0.0001.
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Although there was not a noticeable statistical distinction among the groups that received the
same irradiated dose with or without anti-PD-1 immunotherapy, a comparative analysis was
performed between all the groups that received RT and those that received anti-PD-1
monotherapy. The results indicated that the expressions of EpCAM and PD-L1 in tumor cells
from the groups that received RT were statistically different from those in the group receiving

anti-PD-1 monotherapy (Figure 5.4C).

5.5Analysis of Immune Cell Expression in Secondary Tumors

Next, using flow cytometry to evaluate different therapies that might induce changes in the
immune infiltration into the tumor, tumor samples from different treated groups were analyzed
for immune cell populations. Cellular debris was excluded depended on FSC-A versus SSA
and doublets by FSC-H versus FSC-A. Exclusion of deceased cells were achieved by applying
a gating strategy that specifically targeted cells that did not exhibit Zombie NIR fluorescence.
All immune cells were identified by CD45+ surface expression and CD4 and CD8 surface
markers were used to distinguish CD4+ T and CD8+ T subpopulations of T cells. CD8+ T cells
are cytotoxic immune cells, using the Emoes+ marker to label the activated CD8+ T cells.
CD4+ Th cells offer auxiliary functions to other cells of the immune system, particularly antigen-
presenting cells during their activation and maturation. There are distinct subpopulations of
CD4+ Th cells, including Thl, Th2, and Th17. Each subtype was differentiated from common
CD4+ cells by specific cytokines as they showed distinct transcription factor and cytokine
profiles. To identify Th cell subsets, T-bet+, GATA-3+, and RORyt+ markers were used for Thl,
Th2, and Th17, respectively (Figure 5.5A).

Based on the flow cytometry results, | calculated the corresponding cell numbers and
guantified the absolute cell numbers in addition to percentage comparisons. Notably, our
results showed that the CD4+ T cell count in the secondary tumor of the 8.7Gyx5F RT
combined with the anti-PD-1 immunotherapy group was markedly greater than the level
noticed in the control group. No statistically significant differences were found in the CD8+ T

cell counts in the secondary tumors from all the treatment groups (Figure 5.5B).
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Figure 18 (Figure 5.5). Flow cytometry gating strategy and analysis to identify specific intracellular transcription factors
of the immune cells. (A) Representative quantitative flow cytometry staining of CD4+ T cells and CD8+ T cells (B) and identifying
Thl, Th2 and Th17 cells (C) Next, compared the Th1/Th2 ratio (D) in the secondary tumor after treatment (n = 5-10 mice/group).
P values were determined by one-way ANOVA with Tukey’s post-test for time-associated comparison among multiple groups.
*p<0.05, **p<0.01, **p<0.001, and ****p<0.0001.
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The differences in the absolute numbers of different subpopulations of Th cells were further
compared. The results revealed that the 8.7Gyx5F RT combined with the anti-PD-1
immunotherapy group had significantly higher Thl and Th2 counts than those in other groups.
However, when Th17 cell counts were analyzed, significant differences were found only in the
8.7Gyx5F RT combined with the anti-PD-1 immunotherapy group and the 24Gyx1F RT
combined with the anti-PD-1 immunotherapy group (Figure 5.5C).

The value of Th1/Th2 drift is the ratio of T cell Th1/Th2 subtypes. It is crucial to acknowledge
that the significance of Th1/Th2 drift is not absolute, but dynamic and can change with time
and treatment. Th1/Th2 drift values need to be evaluated in a changing environment to
understand the immune response better. Further, Th1/Th2 cell populations were analyzed in
the non-irradiated tumors from different treatment groups. The Th1/Th2 value in the 24Gyx1F
RT combined with the anti-PD-1 immunotherapy group was higher than that in the other groups,
and the disparity was statistically significant (Figure 5.5D).
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6. DISCUSSION

6.1Mechanism of the Abscopal Effect is Still an Unsolved Question

RT is a highly prevalent modality for the treatment of malignancies, and the reports on
radiation-induced the abscopal effects dates back to 1953%. In recent years, with the rise in
immunotherapy-based cancer treatments, several clinical case reports on the abscopal effect
have been presented, and efforts are underway to clarify the molecular mechanism of this
phenomenon to reasonably utilize this effect to formulate personalized treatment plans for
patients. Currently, mice are most commonly used to construct animal models and to explore
the mechanism of the abscopal effect by combining RT and immunotherapy. The method
involves the inoculation of tumor-inducing cells on both sides of the abdominal flanks of mice
and allow them to grow into tumors. When the tumor volume reaches a certain level, the mice
are treated with RT and immunization. The tumor that is not directly irradiated is defined as the
secondary tumor and is observed for distant effects. Furthermore, to observing the changes in

the tumor volume, tumor tissues have also been extensively evaluated384044.51,58.6064,68,79,317-
325

All the experiments were designed based on the previous researcher. The wild-type mice were
chosen for tumor-bearing mice because the complex immune environment was more
convincing in the experimental results. After all, the use of nude mice does not allow rigorous
research on some neo-antigens. In addition, | did not select the rectal cancer cell line with
highly immunogenic because although the NSCLC is not highly immunogenic, it is the
predominant form of lung cancer. The tumorigenicity of the KP cell line used in this research
work has been verified in multiple investigations. The expression of EpCAM and PD-1 in the
KP cell line was also tested in vitro by flow cytometry detection (data not shown). | have also
conducted many tests to adjust the concentration of inoculated cells. This study needs to be
designed so that the tumors do not progress too rapidly to prevent massive necrosis in the
tumor tissue. The final concentration of KP cells inoculated mice was 1x10° cells/ 100 uL per

side.

Therefore, the wild-type mice were inoculated with NSCLC cell line (KP) that is mutant for Kras
(KrasG12D) and have lost P53 (Tp537") in my experiments. After tumor formation, the health
status of mice and tumor volume were recorded. RT with or without immunization was initiated
after the tumor volume reached a specific average value. In this part of the experimental design,

| need to solve the following problems: measurement of mouse tumor volume and
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determination of tumor volume to start treatment, choice of RT dose and schedule, and choice

of immunotherapy.

Based on the literature review??, the tumor volume was calculated as: Tumor volume =

length=(width)2
2

2Gyx5F. In addition to the safety assessment, the primary consideration was to find the

. In earlier experiments, we tested the conventional fractionation scheme of RT

appropriate tumor volume to start the treatment. The treatment was started with a tumor
volume of 200mm3 in consultation with a professional medical physicist. However, direct
irradiation of tumors at 200 mm3 volume did not induce regression, as expected, and the
progression was uncontrollable (data not shown). Therefore, in subsequent experiments, the
starting tumor volume was 100 mm3. This experimental design also considered that
implementing RT is very difficult if the tumor volume is too small. It is difficult to fix the tumor
in actual operation, which also increases the difficulty of setting the RT plan. Simultaneously,
skin damage was observed in the mice that received direct irradiation. In consultation with Pl
and a professional medical physicist, the Bolus used during RT was removed to reduce the
amount of skin exposure and discomfort of the mice. The appropriate skincare was

administered to mice, under the guidance of a veterinarian, after RT.

The next focus is on the choice of RT regimen. There is no standard treatment plan to decide
the RT dose of flank tumors in mice; however, 8Gyx3F RT plans are more frequently reported
in the literature. At this point, I'm still skeptical. In comparison of different RT regimens, the RT
plan as a variable factor should be strictly controlled. It is worth noting that calculating of the
prescribed dose of RT is not a simple mathematical operation, and the choice of RT scheme
needs to be calculated according to the calculation formula of BED.

In contrast, in the published studies, the RT fractionation scheme of 8Gyx3F was often
compared with the plan of 10Gyx1F174327.328.328-335 - After the BED calculation, we found that
the BED value was 43.2 of 8Gyx3F, and the BED value was 20 of 10Gyx1F. It was clear that
the BED of the two treatment regimens was different, and the difference was not slight. Of
course, the status of BED in RT is clear, and its importance has been confirmed®*. Therefore,
in my experimental design, the BED calculation was carried out to design the RT segmentation
plan, referring to the RT doses used by previous researchers and after confirmation by clinical

medical physicians and medical physicists.

After the preliminary RT experimental protocol was determined, the next question was about
the choice of the immunotherapy dosage form. In the context of previous research and clinical

practice, my experimental protocol uses anti-PD-1 for immunotherapy. Similarly, the reference
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of dose and cycle is also implemented in the existing research conclusions. The
immunotherapy was administered intraperitoneally three times a week based on the small
body weight of the mice as a dose of 150 pl. Regarding the timing of immunotherapy, although
| also chose the plan of radiotherapy and then immunotherapy according to the experiments
that have been completed in the past, this point is worth thinking about. The immune
consolidation model of the PACIFIC study was indeed successful. However, from some real-
world researches have revealed a high incidence of pneumonia in patients treated with
sequential therapy. The timing of starting immunotherapy after RT may also be related to

efficacy of the treatment®*’.

After determining the framework of the trial protocol, direction, and some details, | selected the
most commonly used 8Gyx3F radiotherapy protocol based on the published research results
and designed another set of 5Gyx5F radiotherapy protocols based on the BED formula. At the
beginning of the experiment, the same batch of mice was divided into treatment and control
groups. The treatment group was further divided into subgroups according to RT and
immunotherapy regimens. When the tumor volume increased to approximately 100 mms3, RT
was initiated according to the treatment plans; the anti-PD-1 antibodies were administered to
the designated group 6 hours after RT. Notably, the frequency of 8Gyx3F RT was every other
day for 3 sessions. The frequency of 5Gyx5F RT was once a day. After RT was completed, 3
weekly doses of anti-PD-1 were continued injected intraperitoneally in mice of designated
groups according to the experimental plan until the tumor volume reached the end point of the
study, or the experiment was terminated according to the evaluation of the status of the mice.
The time from tumor inoculation to the end of the experiment was approximately 30-40 days.
Unfortunately, the collected data did not yield the expected results from the analysis of tumor
volume and growth rate alone (data not shown). The possible reasons may be the lack of an
adequate number of mice in the groups and the mice leaving the group due to the state of the
experimental mice during the intermediate and advanced phases of therapy. However, this
group of experiments is not meaningless. The tumor volume analysis revealed that the simple
tumor volume did not decrease significantly with the progression of the disease; it even further
increased after treatment. Notably, the tumor became relatively soft to the touch, suggesting
that our treatment had an effect. The control groups were refined considering that the treatment
plan included combination of RT and immunotherapy. Therefore, in addition to the untreated
control group, only RT and anti-PD-1 monotherapy groups were added to the experimental

setup.

Based on the above reasons, the experimental plan was optimized again. In selecting the RT

plan, | chose the 24Gyx1F program with the same dose as the mathematical calculation of

62



8Gyx3F. The high-dose single fractionation was based on the 20Gyx1F dose setting
mentioned in the existing research literature and was evaluated by a professional radiation
physicist. Similarly, according to the calculation of BED, the 8.7Gyx5F RT plan was formulated
as a control with different segmentation methods of 24Gyx1F. A higher number of mice (n =
5-8) were included in each group in this setup. Further, the secondary tumor was evaluated
for the abscopal effect. The comparison of tumor volume data showed that the tumor
development was best in the 8.7Gyx5F RT combined with the immunotherapy group. The
tumor growth rate was also assessed to assess the tumor growth. Notably, the results showed
that the increase in tumor volume growth was accelerated in the 24Gyx1F RT only group.
Therefore, the study of the abscopal effect should not only stop at the changes of the general
tumor but also need to analyze the cellular and molecular level of tissues such as tumor

samples.

Therefore, | performed single-cell sample preparation, and flow cytometry-based analysis of
tumors and other tissues was conducted. Digestion of tumor tissue and preparation of single-
cell samples have also been challenged and adjusted. Because the obtained tumor samples
are from mice that have been treated and survived for a long time, necrosis occurs in the tumor
samples, so it is essential to remove the necrosis and purify the sample. Further, challenges
were experienced in flow cytometry gating, and the removal of adhesions once became a
significant problem that hindered data analysis. The Percoll purification resolved the problems,

and relatively precise gating and data analysis were performed appropriately.

Multiple researches have demonstrated that RT combined with immunotherapy has
advantages in inducing systemic antitumor effects with increased immune cells in tumor tissue
in comparison to that in the tissues of unirradiated mice. These observations suggest that the
activation of systemic immunity is key to the abscopal effect. Therefore, white blood cell counts
were analyzed in the secondary tumor tissues. Higher leukocyte counts were observed in the
8.7Gyx5F RT+anti-PD-1 immunotherapy group, suggesting activation of systemic immunity in
mice. However, In the group that received the 24Gyx1F RT, the white blood cell counts were
similar with and without immunotherapy groups, which possibly confirmed the conclusion of
the tumor volume curve. However, 8.7Gyx5F RT-only and anti-PD-1 monotherapy groups
showed much lower white blood cell counts than the other groups. Still, the curve of tumor
volume showed a tumor control effect. Furthermore, CD4 and CD8 antibodies were used to
differentiate the leukocytes of tumor cells, and the cytometric analysis of CD4+ T cells also

supported their role in suppressing tumors.
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CD4+ T cells are a highly heterogeneous group of cells. In 1986, Mosmann et al.**® published
a seminal article describing the CD4+ Th cell population as a heterogeneous subpopulation
that produces cytokine classes and their functions according to CD4+ Th clones divided into
two subgroups, Thl and Th2. The homeostasis is preserved by the ratio of Thl to Th2. An
unbalanced proportion indicates the presence and progression of diverse ailments. Thl cells
have an essential role in the antitumor process, while Th2 cells significantly affect the
promotion of tumors. In clinical case studies, Th2 cells predominate in tumor growth. Among
them, the spite of NSCLC was positively correlated with Th23%°, Many studies have reported
that tumor tissues secrete Th2 cytokines, which is one of the mechanisms of tumor immune
escape when the body is in a state of Th2 cytokine predominance. The drift between Thl and
Th2 has an essential impact on tumor immunity, and it is one of the means of tumor
immunotherapy to promote the reversal of Th2 to Th13%. This is also reflected in the fact that
there is indeed a Th2 drift in the group with poor tumor growth control in the treatment group.

To illustrate these issues further, | contrasted the expression of EpCAM, PD-L1, and PD-L2 in
tumor tissues. Among the CD28 family, PD-1 is the second T-cell co-inhibitory receptor-
stimulated on T cells in response to TCR activation or specific cytokines®!. Two ligands
expressed on antigen-presenting cells, PD-L1/B7-H1 and PD-L2/B7-DC, are bound to PD-1.
Besides impairing early TCR/CD28 signaling, PD-1 binding to PD-L1 or PD-L2 also reduces
IL-2 synthesis, T-cell proliferation, T-cell effector function, and T-cell survival. Tumor cells
usually upregulate PD-L1 expression and, by binding to PD-1, inhibit antitumor T cell
responses and evade immune system attack®*2. Upregulation of PD-1 expression is associated
with T cell exhaustion in cancer and has been shown in multiple human tumor cells. Blocking
PD-1 or PD-L1 using antagonistic monoclonal antibodies enhances antitumor activity immune
response. One of the critical ligands of the PD-1 signaling pathway, PD-L2 binds to PD-1
second in importance after PD-L1. In immunotherapy, when PD-L2 and PD-L1 coexist, PD-1
preferentially binds to PD-L2. Previous studies have also confirmed that the combined analysis
of PD-L2 and PD-L1 can better predict the efficacy of immunotherapy. According to my
research, PD-L2 has an advantage when combining PD-1 and anti-PD-1, which supports the
impact of immunotherapy. This is supported by the expression outcomes of PD-L1 and PD-L2
on the surfaces of cancerous cells. Further, EpCAM expression on tumor cells was also
analyzed. The EpCAM is only expressed on tumors derived from epithelial cells, its high
expression is related to tumor advancement and poor outcomes. However, in my case, there
is no way to get full support from the results. Further research is needed to obtain full support

for these results.
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In the follow-up data analysis and literature review, another point that caught my attention: the
sex of the animals. Beery and Zuker analyzed more than 2000 animal experiments and found
that most researchers prefer to choose male animals for experiments, the ratio of males to
females is as high as 1:5.5%*3. Because, in the past, researchers believed that male animals
were used in animal experiments to avoid the interference of female estrus cycles. Compared
with males, females have more obvious changes in estrogen and progesterone cycles, so it is
believed that the use of male animals can yield more stable data. Recent studies have shown
that the variation of various physiological indicators in female mice during the entire hormonal
cycle is not more significant than that in male mice*. Even the individual variation of some
sex-differential phenotypes in male animals is more evident than in females. Individual
differences in hormone levels have implications for cancer treatment®*. In some experiments,
using a large number of male animals, will cause additional casualties, because of the
possibility of biting and causing wounds/injuries. Further, it can also lead to biased
experimental results by ignoring gender differences. Considering the possibility of bias, NIH
recommends that all experiments currently performed on male animals can also be performed
on females. Therefore, the selected animals should contain both males and females, except
in some extraordinary experiments with specific requirements. Taking into account the
differences in drug toxicity in different genders, an equal number of male and female animals
should be included in the experimental design. If there is a significant difference in drug

toxicities, the LD50 value should be determined separately for each group*.

The analysis of lymphocytes in different strains of mice revealed sex-specific significant
differences in the concentration of mouse immune cells®*’. In C57BL/6NCr mice, the results
indicate that gender may affect the distribution of immune cell subpopulations in C57BL/6NCr
mice. This includes significant increases in neutrophils and splenic macrophages and sex
differences in changes in bone marrow B cell levels. These findings carry significant
ramifications for comprehending sex-related differences in the mouse immune system and
designing sex-sensitive experimental studies. Gender has long been recognized as a critical
factor affecting cancer incidence, prognosis, and response to treatment3*. In clinical cases,

we can observe differences in treatment outcomes by cancer type and gender34-3%3,

In summary, mice with a C57BL background were used in this study, the sex ratio of
experimental mice should be controlled at 1:1, or a detailed grouping of different genders
should be performed in the data analysis. This may lead to more convincing results to support

the experimental hypothesis.
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6.20utlook

This study validated the protocol for introducing the concept of BED in the observational study
of the abscopal effects. Further, tumor samples were evaluated using different staining
strategies. However, the data needs to be further optimized. For example, comparing the
activation and depletion signals of B, NK, and T cells may provide more reliable evidence for
the abscopal effects. The experimental protocol used in the study can be further optimized by
sampling and analysis at different time points after the completion of RT because the homing
and transformation time of T cells may change due to different RT regimens. Therefore, when
the tumor volume reached the experimental endpoint, it may be possible that most of the T
cells were already in a depleted state, resulting in the unexpected results in the parameter

table of tumor volume. Moreover, it is worth noting that the observation endpoint of the tumor
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volume in the published studies is set at 1500 mm?, leaving a more extended time window to
observe the treatment effect. Further, considering the possible bias because of the sex of the
experiment mice, the results may be more convincing if the subgroups of genders will be

compared for different parameters.
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