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ABSTRACT

Gulen, A.E., Immunomodulatory Effects of Novel Immune Costimulator SA-4-1BBL
in NNK Induced Lung Cancer Preclinical Model, Hacettepe University Graduate
School Health Sciences Basic Oncology Department of Tumor Biology and
Immunology Philosophy Thesis, Ankara, 2024. Immune checkpoint inhibitors hold
promise in treating various malignancies, but their use is limited due to side effects
and treatment resistance. Therefore, the immune costimulation pathway is an
important target to enhance immune responses and overcome immune suppression
in cancer immunotherapy. 4-1BB (CD137) is a potent molecule that initiates a
costimulatory signal in the 4-1BB/4-1BBL pathway, making it a promising candidate
for new therapeutic approaches that can be developed in the clinic. 4-1BB, also
known as TNFR-9, is a costimulatory molecule belonging to the TNFR superfamily. The
4-1BB receptor is not continuously expressed on immune cells; its expression begins
with immune activation of the cells. It is expressed in T cells, natural killer cells, and
B cells, enhancing their survival and functionality. 4-1BBL s a protein that is functional
only in its soluble form. Preclinical studies in mice after cloning the natural ligand for
CD137 have shown that 4-1BBL provides therapeutic benefits in various solid and
hematological malignancies. Agonistic 4-1BB antibodies have been used in both
preclinical and clinical studies, but their application has been hindered due to
reported hepatotoxicity. This limitation presents challenges for the broader clinical
adoption of approaches involving agonistic 4-1BB monoclonal antibodies. Therefore,
in this thesis, an alternative structure of the 4-1BBL protein has been designed. The
recombinant form of the 4-1BBL protein was produced by fusing the extracellular
segments of mouse 4-1BBL with streptavidin.

In this thesis study, during the first 8 weeks, NNK, the most potent carcinogen in
tobacco, was administered intraperitoneally to A/J mice weekly to induce lung
cancer. To investigate the immunomodulatory effects of SA-4-1BBL, mice were
injected subcutaneously with 100 pg SA-4-1BBL in the sixth and eighth weeks. The
mice were observed for toxicity and side effects during an 18-week follow-up through
their body weights and general examinations. Under the same conditions of NNK and
SA-4-1BBL administration, some mice were separated, and in vivo depletion of
different immune cell populations was performed. Depletion antibodies with in vivo
activity and reactivity for CD4+, CD8+ T lymphocytes, and NK cells were administered
intraperitoneally to the depletion group animals in the sixth and eighth weeks of NNK
injections. The animals were monitored for clinical status and body weights to
investigate possible side effects of in vivo depletion antibodies. In vivo cell depletion
was observed to create no differences among experimental groups. The doses of in
vivo depletion antibodies used were sufficient to cause depletion of CD4 and CD8



lymphocytes. At the end of the 18th week, the mice were sacrificed, and their lungs
were evaluated for macroscopic and microscopic tumor formation. In this evaluation,
it was observed that the number of macroscopic and microscopic tumors in the lung
tissues of the mice treated with SA-4-1BBL was significantly reduced compared to the
control group that did not receive the treatment. In vivo depletion of CD4+, CD8+ T
lymphocytes, and NK cells abolished the protective effect of SA-4-1BBL monotherapy.
A significant increase in macroscopic and microscopic tumor nodule formation was
observed in the group with depleted CD4+ T cells. In vivo depletion of CD8+ T
lymphocytes and NK cells resulted in a marked increase in microscopic tumor nodule
formation, but no significant change was observed in macroscopic tumor nodule
formation. These findings suggest that CD4+ T lymphocytes are essential for
establishing an antitumor immune response, which aligns with a previous study using
SA-4-1BBL. Given the nature of carcinogen-induced cancer models, it is possible to
form metastases or tumor foci in different organs. Therefore, the mice were
thoroughly evaluated on the termination day, and all organ systems were checked
for metastases and tumor formation. Interestingly, one mouse in the in vivo CD4+ T
lymphocyte depletion group showed a metastatic mass near the mandible. This
lesion was also removed on the termination day and tissue was collected for
histopathological analysis. The analyses showed that this lesion was metastatic and
had the same histopathological phenotype as the nodules observed in the lungs. In
flow cytometry analysis of leukocytes infiltrating the tumor, the mass showed a 14-
fold increase in PD1+ CD4+ T lymphocytes and PD1+ CD8+ T lymphocytes (PD-1,
programmed cell death protein 1) compared to the lungs with microscopic tumor
nodules. Additionally, in vivo depletion of CD8+ T lymphocytes significantly reduced
the protective effect of SA-4-1BBL monotherapy. The microscopic tumor nodules in
mice treated with SA-4-1BBL but depleted of T lymphocytes or NK cells were
significantly larger compared to the NNK control under comparable conditions. These
data indicate that the immunotherapeutic efficacy of SA-4-1BBL relies on the
presence of T lymphocytes and NK cells. Furthermore, lungs and lung-draining lymph
nodes were collected and processed for detailed immunophenotyping to isolate
immune cells infiltrating the tissue and compare differences in immune cell
populations among different treatment groups. Compared to the control group (NNK
+ saline), it was shown that SA-4-1BBL significantly increased the absolute number of
CD4+ central memory T cells (CD4+CD44highCD62Lhigh) in the lungs and lung-
draining lymph nodes (p < 0.05). The number of naive CD4+ T lymphocytes
(CD4+CD44lowCD62Lhigh) in the lung-draining lymph nodes of the SA-4-1BBL
treatment group was significantly higher compared to the control group. Moreover,
in the lung-draining lymph nodes of animals treated with SA-4-1BBL, a significant
decrease was observed in the absolute number of PD-1+ CD8+ T lymphocytes due to
the immunomodulatory effect of SA-4-1BBL. The programmed cell death protein 1



(PD-1) receptor is a critical immune checkpoint receptor primarily expressed on the
cell membranes of activated T cells. PD-1/PD-L1 binding provides inhibitory signals
that reduce immune activation. The decrease in PD-1+ CD8+ T lymphocytes in the SA-
4-1BBL treatment group may serve as an additional mechanism to support its
antitumoral immunomodulatory effect.

Our study results observed that SA-4-1BBL treatment suppressed lung cancer
development. T lymphocytes and NK (natural killer) cells played a significant role in
this suppression. In vivo depletion of these immune cells was shown to be responsible
for reducing the antitumoral protective effect of SA-4-1BBL. Our thesis study results
suggest that SA-4-1BBL, an immune checkpoint stimulator, is a candidate that can
create a protective immune response as a single agent in a chemically induced
preclinical lung cancer model.

Keywords: 4-1BB, cancer immunotherapy, lung cancer, NNK, immunomodulation

Supported by: This thesis project was funded by the U.S. Department of Defense.
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OZET

GULEN, A.E., immiin Kostimiilator SA-4-1BBL’nin NNK ile indiiklenmis Akciger
Kanseri Preklinik Modelindeki immiinomodiilator Etkileri, Hacettepe Universitesi
Saghk Bilimleri Enstitiisii, Temel Onkoloji Bilim Dal Tiimor Biyolojisi ve
immiinolojisi Programi Doktora Tezi, Ankara, 2024. immiin kontrol noktasi
inhibitorleri, farkh malignitelerin tedavisinde umut vericidir ancak kullanimlari, yan
etkileri ve tedavi direnci nedeniyle kisithdir. Bu nedenle immiin kostimulasyon yolagi
immun yanitlar arttirmak ve kanser imminoterapisindeki immin baskilamanin
Ustesinden gelinmesi agisindan onemli bir hedef olarak bulunmaktadir. 4-1BB
(CD137), 4-1BB/ 4-1BBL yolaginda kostimulator sinyali baslatan etkili bir molekildar.
Bu nedenle klinikte gelistirilebilecek yeni tedavi yaklagimlari igin de iyi bir adaydir. 4-
1BB, TNFR super ailesine ait bir kostimilatér molekildir ve TNFR-9 olarak da
adlaniriimaktadir. 4-1BB reseptori, immun hiicrelerde devamli ifade edilmez, ifadesi
hiicrelerin immun aktivasyonuyla baslar. T hiicreler, dogal 6ldirici hicreler ve B
hicrelerde ifade edilerek sagkalimlarini ve islevselliklerini arttirici etkide bulunur. 4-
1BBL, yalnizca ¢6zliniir formunda islevsel olan bir proteindir. CD137 igin dogal
ligandin klonlanmasi sonrasi farelerde yapilan 6n klinik ¢alismalar, 4-1BBL'nin gesitli
solid ve hematolojik malignitelerde terapoétik faydalar sagladigini gosterilmistir.
Agonistik 4-1BB antikorlari hem 6n klinik ¢alismalarda hem de klinik calismalarda
kullanilmistir, ancak uygulamalari bildirilen hepatotoksisite nedeniyle engellenmistir.
Bu kisitlama, agonistik 4-1BB monoklonal antikorlari igeren yaklagimlarin klinik olarak
daha genis capta benimsenmesi icin zorluklar olusturur. Bu nedenle, bu tez
¢alismasinda alternatif bir yapida olan 4-1BBL proteini tasarlanmistir. 4-1BBL
proteininin rekombinant formu fare 4-1BBL’nin hiicre disi bolimlerinin streptavidinle
birlestirilmesiyle Uretilmistir. Bu tez ¢calismasinda, ilk 8 hafta boyunca titinin en
potent karsinojeni olan NNK, akciger kanserini A/J farelerde olusturmak icin haftalik
olarak intraperitoneal yolla farelere verilmistir. SA-4-1BBL’nin immuinmodilator
etkilerini incelemek icin de fareler, altinci ve sekizinci haftalarda 100 pg subkutan SA-
4-1BBL ile enjekte edilmistir. Fareler, 18 haftalik takipleri stiresince viicut agirliklari ve
genel muayeneleriyle toksisite ve yan etki olusumu agisindan gozlenmistir. NNK ve
SA-4-1BBL uygulamasinin ayni kosullari altinda, bazi fareler ayrildi ve farkli immin
hiicre popilasyonlarinin in vivo baskilanmasi gerceklestirildi. CD4+, CD8+ T lenfositler
ve NK hiicre popiilasyonlari icin in vivo aktivite ve reaktiviteye sahip deplesyon
antikorlari, NNK enjeksiyonlarinin altinci ve sekizinci haftalarinda intraperitoneal
enjeksiyon yoluyla baskilanma grubu hayvanlarina ayni anda uygulandi. Olasi in vivo
baskilayici antikor yan etkilerini arastirmak icin hayvanlar klinik durumlari ve viicut
agirliklari kullanilarak izlendi. In vivo hicre baskilanmasi, deneysel gruplar arasinda
herhangi bir farklihk olusturmadigi gézlendi. Kullanilan in vivo baskilayici antikor
dozlarinin, CD4 ve CD8 lenfosit baskilanmasina neden olacak kadar yeterli oldugu
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goraldu. 18. haftanin sonunda, fareler sakrifiye edildi ve akcigerleri makroskopik ve
mikroskopik timoér olusumu agisindan degerlendirildi. Bu degerlendirmede, SA-4-
1BBL tedavisi alan farelerin akciger dokularinda, tedavi almayan control grubuna gore
anlamli derecede makroskopik ve mikroskopik timor sayilarinin azalmis oldugu
gorllmustiir. CD4+, CD8+ T lenfositler ve NK hiicrelerinin in vivo baskilanmasi, SA-4-
1BBL monoterapisinin koruyucu etkisini ortadan kaldirmistir. CD4+ T hdicreleri
baskilanmis grupta, makroskopik ve mikroskopik timor nodil olusumunda anlamli
bir artis gortldi. CD8+ T lenfositlerinin ve NK hicrelerinin in vivo baskilanimi,
mikroskopik timoér nodil olusumunda belirgin bir artisa neden oldu, ancak
makroskopik timor nodil olusumunda anlamli bir degisiklik gézlenmedi. Bu bulgular,
CD4+ T lenfositlerin antitimoral bagisiklik yanitini olusturmak igin esas oldugunu ve
bu bulgunun SA-4-1BBL kullanilarak yapilan ge¢mis bir ¢alismayla paralel oldugunu
one sirmektedir. Kanserojenle indiklenen kanser modellerinin dogasi geregi, farkl
organlarda metastaz veya timor odagl olusumu mimkindir. Bu nedenle,
sonlandirma gininde fareler detayli bir sekilde degerlendirildi ve tim organ
sistemleri metastaz ve timor olusumu agisindan kontrol edildi. ilging bir bulgu olarak,
in vivo CD4+ T lenfositler baskilanan gruptaki bir fare, mandibula yakininda
metastatik bir kitle odagi gosterdi. Sonlandirma gliniinde bu lezyon da ¢ikarildi ve
histopatolojik analizler igin doku toplandi. Analizler, bu lezyonun metastatik oldugunu
ve akcigerlerde gozlemlenen nodiillerle ayni histopatolojik fenotipe sahip oldugunu
gosterdi. Tumoru infiltre eden I6kositlerin akim sitometrisi analizinde, kitle,
mikroskopik timaor nodilleri olan akcigerlere gére PD1+ CD4+ T lenfositleri ve PD1+
CD8+ T lenfositlerinde (PD-1, programlanmis hiicre 6lim protein 1) 14 kat artis
gosterdi. Ayrica, in vivo CD8+ T lenfosit baskilanimi, SA-4-1BBL monoterapisinin
koruyucu etkisinde belirgin bir azalmaya neden oldu. SA-4-1BBL tedavisi alan farelerle
karsilastirnldiginda, SA-4-1BBL uygulanmis ancak T lenfositleri veya NK hicreleri
baskilanmis olan farelerdeki mikroskopik timor nodilleri, NNK kontroli ile
karsilastirilabilir sekilde anlamli derecede daha bulyiik boyutlara sahipti. Bu veriler,
SA-4-1BBL'nin imminoterapdtik etkinliginin T lenfositler ve NK hiicrelerinin varligina
dayandigini isaret etmektedir. Ayrica, akcigerler ve akcigeri drene eden lenf nodlari
toplandi ve islenerek dokuyu infiltre eden bagisiklik hicrelerini izole etmek icin
ayrintill immiinfenotipleme gerceklestirildi ve farkli tedavi gruplari arasinda immin
hiicre populasyonlarindaki farklar karsilastirildi. Kontrol grubu (NNK + salin) ile
karsilastirildiginda, SA-4-1BBL'nin akcigerlerde ve akcigeri drene eden lenf nodlarinda
CD4+ merkezi bellek T hicrelerinin (CD4+CD44yiksekCD62Lyliksek) mutlak hiicre
sayisini 6nemli 6lclide artirdigi gosterildi (p < 0.05). SA-4-1BBL tedavi grubunun
akcigeri drene eden lenf nodlarinda, naif CD4+ T lenfositlerinin
(CD4+CD44dusiikCD62Lyliksek) sayisi kontrol grubuna goére 6nemli Olciide daha
yiksekti. Dahasi, SA-4-1BBL tedavisi alan hayvanlarin akcigeri drene eden lenf
nodlarinda, SA-4-1BBL'nin imminomodulator etkisi ile, PD-1+ CD8+ T lenfositlerinin
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mutlak hiicre sayisinda onemli bir azalma gozlendi. Programlanmis hiicre 6lim
protein 1 (PD-1) reseptori, oncelikle aktive T hiicrelerinin hiicre membranlarinda
ifade edilen kritik bir immun kontrol noktasi reseptoridir. PD-1/PD-L1 baglanmasi,
immun aktivasyonu azaltan inhibe edici sinyaller saglar. SA-4-1BBL tedavisi alan
grupta PD-1+ CD8+ T lenfositlerindeki azalma, antitimdéral immin modulator etkisini
desteklemek igin ek bir mekanizma olarak hizmet edebilir. Calisma sonuglarimizda,
SA-4-1BBL tedavisiyle akciger kanseri gelisiminin baskilanmis oldugu gézlendi. Bu
baskilanmada, T lenfositler ve NK (dogal 6ldirtcl) hiicrelerin dnemli rol oynadigi
bulundu. Bu immin hiicrelerin in vivo baskilanmasinin da SA-4-1BBL'nin antitimoral
koruyucu etkisinin azalmasinda sorumlu oldugu gosterildi. Tez ¢alismasi sonuglarimiz,
immun kontrol noktasi uyaricisi olan SA-4-1BBL'nin kimyasal olarak olusturulmus
preklinik akciger kanseri modelinde tek ajan olarak koruyucu immiin yanit
olusturacak bir aday oldugunu gostermektedir.

Anahtar kelimeler: 4-1BB, kanser immiuinoterapisi, akciger kanseri, NNK,
imminomodulasyon

Destekleyen kurum: Bu tez projesi, ABD Savunma Bakanlg tarafindan
desteklenmistir.
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1. INTRODUCTION

In recent years, immunotherapeutic approaches based on checkpoint inhibitors have
shown remarkable progress and high success rates for treating malignancies. The
immune co-stimulation pathway is a promising target to augment antitumoral
immune responses by overcoming the immunosuppressive tumor niche, which can
lead to resistance to therapies with immune checkpoint inhibitors. CD137, also called
4-1BB, can be used for effective immune costimulation. The 4-1BB/ 4-1BBL binding
initiates a potent costimulatory response essential in effective T lymphocyte
proliferation, function, and longer timespans. One limitation of using 4-1BBL is that
it has a costimulatory function in its soluble form. To overcome this obstacle, a
recombinant form of the 4-1BB ligand was produced by integrating the extracellular
portions of murine 4-1BB ligand into a modified variant of streptavidin (SA-4-1BBL).
In this thesis study, we aimed to prevent lung tumor formation in a preclinical model
by using a nicotine derivative, NNK, and see the immunomodulatory effects. To
induce lung tumorigenesis in A/J mice, for eight weeks, tobacco carcinogen NNK was
intraperitoneally applied. To investigate the effects of SA-4-1BBL treatment, mice
were subcutaneously injected simultaneously with SA-4-1BBL. We showed that lung
tumorigenesis was inhibited in animals by SA-4-1BBL treatment. T lymphocytes and
NK cells were essential for this inhibition; thus, in vivo depletion of these immune
cells weakened the antitumoral protective effect of SA-4-1BBL. The SA-4-1BBL
administration significantly decreased microscopic and macroscopic lung tumor
nodule formation during eight weeks of exposition to NNK. This study suggests that
the SA-4-1BBL agent can be a single treatment candidate to develop a protective
antitumoral immune response for NNK-induced lung tumorigenesis in mice. To our
knowledge, this is one of the first studies to show that immune checkpoint
stimulators can be used to prevent chemically induced lung cancer. These results may
be extended to different scenarios in other malignancies, including breast and
prostate cancers. By their nature, with improved diagnostics, they can be detected at
the preneoplastic stage, and their carcinogenesis can be stopped in the early stages
using potent molecules, such as SA-4-1BBL.



2. GENERAL INFORMATION

2.1 Information about cancer and epidemiology

2.1.1 Risk factors and etiologies of cancer

Cancer has a multifactorial and complex nature that is triggered and
progressed by a combination of lifestyle, environmental, and genetic determinants
(1). Approximately one-third of cancer-related deaths result from modifiable risk
factors and can be reduced by 30%-50% by avoiding these factors and using
screening and early detection methods. Known major risk factors for cancer
formation include tobacco exposure, alcohol intake, obesity, exposure to ultraviolet
radiation, infectious agents (e.g., human papillomavirus, Helicobacter pylori), and
genetic predisposition (2,3). Environmental exposure to carcinogens, such as
asbestos, benzene, and radon gas can also increase the risk of cancer (4).
Furthermore, diet styles, such as high levels of processed meat consumption,
insufficient intake of fruits and vegetables, and consumption of preserved or canned
foods containing nitrates, may contribute to cancer development (5).

2.1.2 Epidemiology of Cancer

Cancer is one of the major public health concerns worldwide, with each year
millions of newly diagnosed cases. As reported by the World Health Organization
(WHO), cancer is the second leading etiology of mortality globally, back of
cardiovascular diseases. Cancer is responsible for an approximated 10 million deaths
only in 2020. The prevalence of common cancer types varies globally; however,
breast, lung, and colorectal cancers are the most frequently diagnosed cancer types
globally in 2020. Breast cancer accounts for approximately 2.26 million newly
diagnosed patients, followed closely by lung cancer with 2.21 million new patients,
and colorectal cancer with 1.93 million new patients. Despite not being the most
prevalent as measured new cases, lung cancer was associated with the highest
mortality rate in 2020, resulting in approximately 1.8 million deaths (6). In the United
States, cancer remains a major reason of morbidity and mortality, with approximately
1.9 million new cancer cases and 609,000 cancer-related deaths projected in 2022
(7). Cancer mortality rates depend on cancer type, with lung cancer being the
principal cause of cancer-related mortality worldwide (8).

2.1.3 Current Success Rates of Cancer Therapies



The success of cancer therapy depends on various factors, including cancer
type, stage at diagnosis, current treatment modalities, and patient-specific factors
(age, comorbidities, and sex). Some cancers, such as certain subtypes of skin cancer,
like basal cell carcinoma and early-stage breast cancer, have high cure rates with
appropriate treatment (9). The therapy success rates for advanced or metastatic
cancers are mostly not as high as those for other cancer types, and many patients
may require further treatment or may be selected for palliative care to manage
symptoms and improve their quality of life (10). Thus, despite advances in early
detection methods and promising treatment approaches, cancer mortality rates
remain high, highlighting the need for cancer research and improving therapeutic
strategies in the future (11).

2.2 Information about smoking, cigarette smoke and NNK

2.2.1 Lung cancer
2.2.1.1 Histological Diversity

Lung malignancies are classified into diverse histopathological classes, with
non-small cell (NSCLC) and small cell lung cancer (SCLC) representing the major
categories. NSCLC includes the histopathological classes as adenocarcinoma,
squamous cell carcinoma (SCC), and large cell carcinoma, covering approximately
85% of all lung malignancies diagnosed in the clinic, each exhibiting distinct
clinicopathological features and therapeutic implications (12). SCLC, although less
prevalent among patients diagnosed with lung cancer, has unique challenges owing
to its aggressive nature and limited treatment options (13).

2.2.1.2 Molecular Landscape

Advances in molecular oncology have resolved the genomic landscape of lung
cancer by uncovering distinct driver mutations and molecular alterations. Mutations
in genes such as EGFR, ALK, ROS1, and BRAF in NSCLC and molecular alterations in
TP53 and RB1 in SCLC have become essential in guiding targeted therapies and
determining the prognosis (14).

2.2.1.3 Challenges in Early Detection and Diagnosis
Early detection remains a formidable challenge in lung cancer management,

with a substantial number of cases being diagnosed at advanced stages. This delayed
diagnosis complicates treatment strategies and contributes to the overall high



mortality rate of the disease (15). Clinical management of lung cancer remains a
formidable challenge, compounded by late-stage presentations and intrinsic
resistance to conventional treatments. Despite these challenges, the last decade has
witnessed significant strides in therapeutic paradigms, including the advent of
immune checkpoint inhibitors and targeted therapies that have ushered in a new era
of precision medicine (16). Therapeutically, lung cancer management has undergone
transformative shifts with the advent of targeted therapies and immune checkpoint
inhibitors. However, challenges such as intrinsic and acquired resistance to
treatment, coupled with the elusive nature of certain subtypes, such as SCLC,
underscore the need for continued research and innovation (17).

2.2.1.4 Approved and Promising Immune-Based Therapies in Lung
Cancer: A Clinical Revolution

Over the past three decades, a multitude of therapeutic strategies have been
employed for Small Cell Lung Cancer (SCLC); nevertheless, there remains a notable
absence of groundbreaking advancements that could enhance the overall survival
rates (18). While the impact of the immune system on cancer has been recognized
for an extended period, recent research has led to the approval of
immunotherapeutic approaches, such as immune checkpoint inhibitors, oncolytic
viruses, and BIiTE antibody constructs, for clinical use (19). CAR-T cell therapies,
exemplified by axicabtagene ciloleucel (Yescarta) and tisagenlecleucel (Kymriah),
have shown the potential of engineered T cells to target hematological malignancies
(20). Bispecific antibodies such as blinatumomab have highlighted innovative
approaches that directly redirect immune cells to engage cancer cells (21). In
addition, the emergence of immune checkpoint inhibitors, like anti-PD1 (nivolumab)
and anti-CTLA-4 (ipilimumab), has marked a watershed moment in cancer treatment.
Since 2015, they have been administered in clinical settings for non-small cell and
small cell lung cancer since 2018. These immune therapies, by releasing the brake
mechanisms of T cell activation, have induced significant efficacy across various types
of malignancies, from melanoma to lung cancer. The clinical success rate of these
agents has been indicated in clinical trials, including the CheckMate and KEYNOTE
studies, validating the efficacy and safety profiles (22—24). Despite using combination
therapies, the overall response rate (ORR) was 25%. Additionally, the administration
of immune checkpoint inhibitors continues to be plagued by the frequent occurrence
of immune-related adverse effects (irAEs), compounding the challenge of low
therapeutic efficacy (25). This underscores the crucial role of immune system
modulation as a pivotal element in generating a response against lung cancer,
particularly in the context of smoking. Consequently, there is a need to develop
innovative immune intervention strategies that utilize novel therapeutic molecules



in a preventive orientation. Modulating immune responses holds the potential to
specifically target high-risk populations, including individuals with a history of
smoking or passive smokers who are susceptible to Small Cell Lung Cancer
characterized by a complex tumor mutational burden (25).

2.2.2. Epidemiology of Smoking and Lung Cancer

Smoking is the leading etiology of lung cancer pathogenesis, with
approximately 85% of cases attributed to tobacco smoke exposure. According to
World Health Organization (WHO) data, tobacco use, and exposure are responsible
for more than 7 million mortality per year globally, with over 6 million deaths
attributed to direct tobacco use and approximately 890,000 deaths due to
secondhand smoke exposure (15). In the United States, lung cancer is the second
most common malignancy and the main cancer type of cancer-related death in both
sexes (26).

2.2.3. Biological mechanisms underlying smoking-induced lung cancer.

Tobacco smoke contains more than 7000 toxic chemicals, including tobacco-
specific nitrosamines (TSNAs), polycyclic aromatic hydrocarbons (PAHs), volatile
organic compounds (VOCs), and aromatic amines. (27). These carcinogens can induce
DNA damage, cause mutations, and genomic instability in lung cells, which can drive
the induction and advancement of lung cancer (28). Furthermore, it can promote
inflammation, oxidative stress, and immune dysregulation in the lung
microenvironment, which can contribute to carcinogenesis, allergies, asthma, and
other lung diseases (29).

2.2.4. The Most Potent Carcinogen Form of Nicotine: NNK (4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone)

In tobacco, the main alkaloid found is nicotine, but by nitrosation tobacco-
specific nitrosamines occur (Figure 1) (27) . Despite the incomplete understanding of
the carcinogenic mechanisms of nicotine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) remains as the most potent carcinogenic nitrosamine form of
nicotine in both humans and various classes of animals (30-32).
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Figure 1. Tobacco-specific nitrosamines form by nicotine nitrosation. (27)

2.3. A/J) mice and lung tumor models

Mouse models are invaluable tools to unravel the complexities of various
diseases in preclinical research. In cancer research, specific models are used to
explore tumorigenesis, progression, and therapeutic interventions. Mouse models
are at the forefront of preclinical research and offer insights into the intricacies of
lung cancer that transcend the limitations of in vitro studies. These models, with their
genetic, physiological, and immunological similarities to humans, provide a platform
for understanding the molecular mechanisms, genetic predispositions, and
environmental influences that contribute to lung cancer development (33). Different
mouse strains utilized in lung cancer research exhibit heterogeneity among human
populations. Each mouse strain harbors unique genetic backgrounds, different levels
of susceptibility to carcinogens, and responses to therapeutic interventions, allowing
cancer researchers to adapt their investigations to specific aspects of lung cancer
biology (34). Among the different mouse strains, A/J mice have emerged as a
particularly valuable model for studying smoking-related lung cancer. This strain
exhibits increased susceptibility to lung adenocarcinoma upon exposure to tobacco
smoke and its derivatives, making it an applicable model for replicating the human
scenario of smoking-associated lung cancer (35,36). A/J mice, characterized by their
genetic predisposition and increased sensitivity to lung carcinogens, have been
extensively employed in preclinical studies exploring the etiology and progression of
lung cancer (30-32,37,38). Notably, the Ah locus, responsible for the metabolism of
polycyclic aromatic hydrocarbons found in tobacco smoke (39), and the Pas1 locus



related to the Kras2 gene play a critical role in the strain's heightened vulnerability to
smoking-related lung cancer (40).

2.4. Tlymphocytes

2.4.1. T Lymphocytes: The Architectures of Adaptive Immunity

T lymphocytes, which are generated in the bone marrow and “educated” in
the thymus, represent a diverse population of immune cells with specialized
functions against infections and malignancies. CD8+ (cytotoxic) T cells and CD4+
(helper) T cells form the essence of T-cell diversity, each of which has distinct roles in
immune surveillance and response (41). The T cell activation hinges on the intricate
interplay of T cell receptors with antigen-presenting cells (APC), guiding the immune
cells toward a specialized defense against specific threats such as infections and
malignancies. Through antigen presentation and activation, T cell metabolism
changes to adapt to the differentiation of distinct T cell subtypes (42).

2.4.2. T Lymphocytes in Cancer: Guardians and Adversaries

Within the complexity of cancer biology and immunology, T lymphocytes have
emerged as pivotal players with dual roles in malignancies. Immune surveillance, the
potential of T lymphocytes to identify and eliminate aberrant cells, is a critical
defense mechanism against tumorigenesis (43). Nevertheless, cancer cells often
develop various immune evasion strategies, creating an immunosuppressive tumor
microenvironment that compromises effective T cell function and even modifies their
metabolism (44). This elaborate interplay highlights the importance of understanding
the biology of T-cell subtypes in the context of cancer. T cells are classified into
subtypes depending on their immune function using specific cell markers.

2.4.2.1. CD8+ (Cytotoxic) T Cells

CD8+ (cytotoxic) T cells are the main T cell population that play a role in
antitumor immune defense. With their T-cell receptors, they recognize tumor
antigens present on aberrant cancer cells with their MHC-I. Subsequently, they
employed perforin-and granzyme-B-mediated cytotoxicity. After finishing their
effector functions, some cells exhibited effector and central memory (Tcm and Tem).

2.4.2.2. Central Memory T Cells (Tcm)



They are a subset of memory CD8+ (cytotoxic) T cells that contribute to long-
term immune memory after the eradication of infections or malignancies (45). They
were identified by their CCR7, CD45R0O, and CD62L antigens. Likewise, they are
mostly found in secondary (peripheral) lymphoid organs (spleen and lymph nodes),
and CD62L plays a role in their entry into lymph nodes through the high endothelial
venules (46). In addition, they patrol between the blood and secondary (peripheral)
lymphoid organs. Owing to their homing features to lymphoid tissues, they play a role
in rapid responses upon re-exposure to antigens specific to them. After antigen
recognition, they exhibited a higher proliferative response than naive T cells. T-bet
and Eomes play important roles in transcriptional regulation (47). Bcl-6 expression
induces a stem cell-like phenotype. Their lifespan is longer than that of the effector
memory (Tem) and effector T cells.

2.4.2.3. Effector Memory T cells (Tem)

Unlike Tcm, its primary role is to supply quick responses in peripheral tissues.
Their lifespan was shorter than that of the Tcm cells. They express CD45R0O but do
not express CCR7 and can be differentiated from Tcm cells using this marker. They
can be found in non-lymphoid tissues as first defenders, especially for local infections.
Their transcriptional regulation is dominated by T-bet to prime immediate effector
functions (47).

2.4.2.4. HelperT Cells (CD4+ T Cells)

They contribute to fine-tuned immune responses through their subsets. CD4+
T cells are subclassified into subsets based on their immune function using cell
markers (48-50).

2.4.2.5. ThiCells (T-helper 1)

They secrete TNF-a and IFN-y to promote cell-mediated cytotoxic responses
against pathogens and aberrant cells, such as cancer cells (49,50).

2.4.2.6. Th2 Cells (T-helper 2)

They can be identified by their IL-4, IL-5, and IL-13 secretion properties. They
conduct humoral immunity and take a role in B cell activation and maturation.



Furthermore, they may contribute to an immunosuppressive microenvironment in
tumorigenesis (49,50).

2.4.2.7. Th17 Cells (T-helper 17)

Their IL-17, IL-21, and IL-22 secretion differentiates them from other CD4+ T
cell subtypes. They involve inflammatory responses in mucosal surfaces (49,51,52).

2.4.2.8. Regulatory T Cells (Treg)

Their main role is tailoring local immune responses by providing suppression
mechanisms. They secrete IL-10, and TGF-B inhibitory cytokines to regulate immune
response in the environment. They express CD4, CD25, and Foxp3 and can be
detected by these markers (53).

2.4.2.9. Gamma Delta T Cells (yé6 T Cells)

Differently from CD4 and CD8 T cells, gamma delta T cells express a T cell
receptor constructed with y and 6 subunits and distinguished by this molecule. This
feature gives them the capacity to recognize unconventional antigens, especially
stress-induced molecules, and non-peptide antigens. In cancer, they play a role in
tumor immunosurveillance. They are located especially at mucosal sites involved in
immune surveillance (54).

2.4.3. T cell activation, costimulation, CD137

The activation of naive T cells involves three pivotal stages according to the
current understanding (55). The first stage, known as “Signal-1”, encompasses the
binding between the T cell receptor and the peptide antigen containing major
histocompatibility complex (MHC) (56). Moving on to “Signal-2”, this stage results
from the interaction of costimulatory molecules with their receptors, which can be
either stimulator (activator) molecules, like CD28/B7-1, or inhibitory, as seen in CTLA-
4/CD80 interactions (57). These costimulatory molecules play a critical role in
governing T cell regulation and maintaining the balance of immune responses (55).
After costimulation, “Signal-3” comes into play, inducing the differentiation and
expansion of T cells driven by cytokines. The precise sequence of these three steps is
of utmost importance, and any pre-exposure can potentially inhibit the activation of
T cells (58).
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2.5. Exploring CD137 as an Immunotherapeutic Beacon

Between the options of potential immunotherapeutic targets, CD137 (4-1BB)
emerges as a signal of promise. CD137, also known as 4-1BB, is a co-stimulator
molecule belonging to the tumor necrosis factor receptor (TNFR) superfamily and can
be named as TNFR-9 (59). The CD137 receptor is not continuously expressed on
immune cells but it can be found in various immune cell populations (Figure 2) (59).
The expression starts with the immune activation of the cells. As illustrated in Figure
3, activation of CD137 enhances the proliferation and survival capacities of T cells
(60), the cytotoxic activity of NK cells (61,62), mature B lymphocyte formation (63)
and dendritic cells (64,65), rendering them attractive candidates for clinical
translation. CD137 plays an essential role in regulating immune responses by
providing co-stimulatory signals to T lymphocytes by binding with its ligand, CD137L
(4-1BBL) (66). Following the cloning of the natural ligand for CD137, known as
CD137L (4-1BBL), preclinical studies in mice demonstrated that administering 4-1BBL
yielded therapeutic benefits in diverse solid tumors (67) and hematological
malignancies (68). Preclinical studies involving CD137 agonists, like urelumab and
utomilumab, have enlightened their potential to boost antitumoral immune
responses (69-71). CD137 agonists can also promote the memory T cell
differentiation, providing long-lasting immune memory against tumor antigens
(69,70). While agonistic 4-1BB antibodies have been utilized in both preclinical
studies (72) and clinical trials (73), their application has been hindered by reported
complications, notably hepatotoxicity. This limitation poses challenges for the
broader adoption of approaches involving agonistic 4-1BB monoclonal antibodies.
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Figure 2. CD137 (4-1BB) expression and interactions in various immune cell populations (59)
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2.6. SA-4-1BBL in Cancer Therapy

SA-4-1BBL is a novel immunomodulatory molecule designed to enhance the
immune response against cancer cells (61). It is a chimeric protein structure, made
from extracellular domains of mouse 4-1BBL molecule and streptavidin (74). The
functional form of the SA-4-1BBL molecule necessitates the assembly of soluble
tetramers and oligomers in vivo. Studies have indicated that SA-4-1BBL inhibits the
generation of regulatory T cells (CD4+CD25+FOXP3+) by inducing IFN-y synthesis in
conventional T cells (62). SA-4-1BBL activates the 4-1BB pathway, providing potent
co-stimulatory signals to promote T lymphocyte activation and natural killer cells
(75). SA-4-1BBL has been pointed out to inhibit tumor growth and boost survival in
animal models. Furthermore, the administration of SA-4-1BBL exhibited
immunoprotective effects without inducing complications such as systemic cytokine
storm or hepatitis (75).

In this research project, we have shown that the potential for usage in
immunotherapy of novel SA-4-1BBL molecule is not limited to previously used
preclinical cell-line derived subcutaneous tumor models. Also, it includes carcinogen
(NNK) -induced lung cancer in preclinical mouse strains with high susceptibility to
tobacco carcinogen-induced tumors. This thesis study reveals that SA-4-1BBL as a
single therapeutic molecule evokes a protective and effective antitumoral immune
response against lung cancer formation under smoke-related carcinogen exposure.
Future studies of the mechanisms governing immune checkpoint stimulation may
contribute to further therapeutic approaches to combine this molecule with other
biologics for enhanced immunological efficacy. Above all, a therapy that includes this
immunotherapeutic molecule can be adapted to use in numerous cancer types, such
as breast and prostate cancer, cancer types can be diagnosed in early stages, even in
preneoplastic stages.
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3. MATERIALS AND METHODS

3.1 Animals

NNK susceptible A/J mice (18-22 g, female) were purchased from The Jackson
Laboratory (Stock #000646; Bar Harbor, ME, JAX) and kept in the University of
Missouri - Columbia animal facility. A/J mice were housed in plastic ventilated cages
with ad libitum food and water access, under strictly regulated conditions of 22 °C
and 45% relative humidity, and a 12-h light-dark day cycle. The cages of mice were
cleaned weekly by animal facility personnel, and mice were monitored weekly during
experimental periods. The mice were randomly separated into groups, as shown in
the experimental groups' list. A comprehensive list of experimental groups can be
found in Table 1. Each animal’s ear was tagged at the beginning of the experiment,
to follow up on their clinical status and body weights each week of the follow-up.
Ethics approval of the thesis study protocol was conducted by the Animal Care and
Use Committee of the University of Missouri-Columbia, with a protocol number
IACUC-9893. It can be found in the Appendix section.

A comprehensive list of the experimental groups in this study is presented in Table 1.

Table 1 Experimental groups

GROUP NAME GROUP INFORMATION

NAIVE A/) NO NNK, NO SA-4-1BBL ADMINISTRATION,
NO DEPLETION

NNK+VEHICLE NNK (+), NO SA-4-1BBL ADMINISTRATION,
NO DEPLETION

NNK+SA-4-1BBL NNK (+), SA-4-1BBL (+), NO DEPLETION

NNK+SA-4-1BBL, CD4 DEPLETED NNK (+), SA-4-1BBL (+), CD4 T CELL
DEPLETION

NNK+SA-4-1BBL, CD8 DEPLETED NNK (+), SA-4-1BBL (+), CD8 T CELL
DEPLETION

NNK+SA-4-1BBL, NK DEPLETED NNK (+), SA-4-1BBL (+), NK CELL DEPLETION
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3.2 Administration of NNK

The carcinogen NNK (4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone) was
purchased from Santa Cruz Biotechnology (Cat#: sc-209854) and later dissolved in
DMSO (dimethyl sulfide; Sigma, Cat#: D2650) to be stored as 50 mg/ml stock solution
in -20°C. On the day of injections, 25 mg/kg doses of NNK were made using sterile
PBS (Gibco, Cat#: 10010-023) as a solvent, and intraperitoneally injected using a BD
1 ml insulin syringe (BD Company, Cat#: 329622) and 18G x 1 1/2 needle (BD
Company, Cat#: 2088564) for each week of eight following weeks. The naive (control)
group was injected with vehicle, sterile saline. Tools and devices (Table 2), chemical
reagents, kits, and buffer solutions (Table 3) used for the thesis study mentioned
through materials and methods can be found in Table 2 and Table 3.
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A comprehensive list of the tools and devices used in this thesis study is presented in

Table 2.

Table 2 Tools and devices
PRODUCT NAME COMPANY NAME AND COUNTRY
Hemocytometer Marienfeld, Germany

Fisher Vortex Genie 2

Fisher Scientific, USA

Ice maker

Hoshizaki, Japan

-80°C refrigerator

-20°C refrigerator, TSX Series

Thermo Scientific, USA

4°C refrigerator

Thermo Scientific, USA

Trans-Blot membrane transfer system Bio-Rad, USA
Electrophoresis power source Bio-Rad, USA
Gel running tank Bio-Rad, USA

CO; tank

Invitrogen EVOS M7000 Imaging System

Thermo Fisher Scientific, USA

Invitrogen EVOS Light Cubes (DAPI, Texas
Red)

Thermo Fisher Scientific, USA
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Leica RM2235 Microtome

Leica, Germany

Leica HI1215 Water bath for paraffin sections

Leica, Germany

Leica TCS SP5 Confocal Microscope

Leica, Germany

Olympus CKX53 Compact Cell Culture
Microscope

Olympus, Japan

OHAUS Scout® Balance Scale

OHAUS Corporation, USA

Heratherm Compact Microbiological
Incubator

Thermo Scientific, USA

Fisher Scientific Isotemp 215 Dual Digital
Water Bath

Fisher Scientific, USA

Mettler Toledo S20 SevenEasy pH Meter

Mettler Toledo, USA

METTLER TOLEDO ML204T/00 INTERNAL
CALIBRATION ANALYTICAL BALANCE

Mettler Toledo, USA

TX-1000 4 x 1000mL Swinging Bucket Rotor

Thermo Scientific, USA

Sorvall Floor Model Centrifuge

Thermo Scientific, USA

I-24 incubator Shaker Series

New Brunswick Scientific, USA

Cytek Aurora 5 (UV16 V16 B14 YG10 R8) flow
cytometer

Cytek Biosciences, USA
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A comprehensive list of the chemical reagents, kits, and buffer solutions used in this

thesis study is presented in Table 3.

Table 3

Chemical reagents, kits, and buffers

PRODUCT NAME

COMPANY NAME,
COUNTRY

CATALOG NO. AND

NNK (4-(Methylnitrosamino)-1-(3-pyridyl)-1-
butanone)

Santa Cruz Biotechnology, Cat#: sc-209854,
USA

DMSO (Dimethyl sulfide)

Sigma, Cat#: D2650, USA

PBS (Phosphate Buffered Saline)

Gibco, Cat#: 10010-023, USA

BD® 1 ml Insulin Syringe

BD Company, Cat#: 329622, USA

BD® 10 ml Syringe

BD Company, Cat#: 303134, USA

18G x 1 1/2 needle

BD Company, Cat#: 2088564, USA

Sterile cell strainer (40 um nylon mesh)

Fisherbrand, Cat#: 22363547, USA

LPS (Lipopolysaccharide)

PCR2.1TOPO vector

Invitrogen Life Technologies, Cat#: K450002,
USA

DES (Drosophila Expression System)

Invitrogen Life Technologies, Cat#: , USA

Sepharose column

Limulus amebocyte lysate kit

Charles River Breeding Laboratories, Cat#:
,USA

Goat anti-SA antibody (western blot)

Pierce, Cat#: 31430, USA

SA-4-1BBL

Produced in Yolcu/ Shirwan laboratory

22G needle

BD Company, Cat#: 2088564, USA

BD® 3 ml Syringe

BD Company, Cat#:309657, USA

DMEM (Dulbecco’s Modified Eagle Medium)
media

Gibco, Cat#: 11965-092, USA

10% Neutral Buffered Formalin

Leica Biosystems, Cat#: 3800602, Germany
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Paraplast paraffin beads

Leica Biosystems, Cat#: 39601006, Germany

Fisher Tissue Path Cassettes IV Biopsy

Fisher Scientific, Cat#: 22-282255, USA

Tissue-Tek Biopsy Uni-Cassette

Sakura, Cat#: 4087, USA

Xylenes

Honeywell, Cat#: 534056, Slovakia

Eosin Y, %1 Alcoholic

Electron Microscopy Sciences, Cat#: 26051-
11, USA

Mayer’s hematoxylin

Electron Microscopy Sciences, Cat#: 26303-
02, USA

Permount mounting medium

Fisher Chemical, Cat#: SP15-100, USA

Micro cover glass —22mm x 50mm

Electron Microscopy Sciences, Cat#: 72200-
40, USA

Premium Microscope Slides Superfrost, 3” x
1” x Imm

Fisher Scientific, Cat#: 22-178-277, USA

MX35 Premier Plus Microtome Blade

Thermo Scientific, Cat#: 3052835, USA

Ammonium hydroxide

Sigma-Aldrich, Cat#: 221228, USA

Immu-Mount fluorescent mounting media

Epredia, Cat#: 9990402, USA

Sodium citrate buffer

Fisher Chemical, Cat#: BP3271, USA

BSA (bovine serum albumin)

Sigma, Cat#: A70300, USA

Triton-X Sigma, Cat#: T8787, USA

Normal goat serum ImmunoReagents Inc., Cat#: SP-004-VX2,
USA

Tween-20 Sigma Aldrich, Cat#: P5927, USA

5 ml round bottom polystyrene FACS | BD, Cat#: FSC-9005, USA

(fluorescence activated cell sorting) tubes

Type IV Collagenase

Worthington Biochemical, Cat#: 4186, USA

40-um nylon cell strainer

pluriStrainer, Cat#: 43-50050-01, USA
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Glass slides with frosted side GSC International, Cat#: 1201A72, USA

100-pum nylon mesh Elko, Cat#: 03—100/32, USA

3.3 Construction and expression of chimeric 4-1BB ligand (SA-4-1BBL)

Splenocytes were derived from mouse spleen and stimulated with
lipopolysaccharide (LPS) (5 ug/ml) for 2 days for total RNA isolation. Isolated RNA was
used for RT-PCR to amplify the extracellular portion of 4-1BBL (amino acids 104-309)
using primers (sense) 5'-ATCGAATTCCGCACCGAGCCTCGGCCAGCG-3' and (antisense)
5'-GGACTCGAGCATAGCAGCTTGAGGACTTAGC-3". The final RT-PCR product was
cloned into PCR2.1TOPO vector (Invitrogen Life Technologies), and a single clone
containing the precise sequence for 4-1BBL was digested using EcoRl and Xhol and
subcloned into PMT/BiP/V5-HisA Drosophila expression vector containing a 6xHis Tag
and core SA sequence. Chimeric 4-1BB ligand (SA-4-1BBL) was expressed using the
Drosophila expression system (DES; Invitrogen Life Technologies), purified using
Sepharose column, tested for endotoxins by Limulus amebocyte lysate kit (Charles
River Breeding Laboratories), and quantified. The end product SA-4-1BBL protein was
subjected to analysis by Western Blot under native and denaturing conditions using
goat anti-SA Ab (Pierce).

3.4 SA-4-1BBL protein administration

SA-4-1BBL protein was manufactured in the laboratory, by the established
protocols above, and stored at -20°C. In the six and eight weeks, 48 hours after i.p
NNK injection, mice were s.c injected with 100 pg of SA-4-1BBL, using a BD 1 ml insulin
syringe (BD Company, Cat#: 329622) and 18G x 1 1/2 needle (BD Company, Cat#:
2088564), dissolved in sterile PBS (Gibco, Cat#: 10010-023). NNK control group was
s.c injected with vehicle, sterile saline.

3.5 Sacrifice/ Dissection

The mice were terminated at 18 weeks of the study based on the standards
that were previously approved by the University of Missouri — Columbia animal ethics
committee. Termination was performed using the carbon dioxide asphyxiation
method (5L/ min, 2 minutes) and it was ensured by toe pinch reflex before dissection.
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Following the retrieval of lungs and draining lymph nodes, mouse carcasses were
disposed of in biohazard bins.

3.6 Lung perfusion and sample preparation

After termination, mice were pinned to the dissection platform from their
extremities to expose all abdominal and thoracic organs by dissection as shown in
Figure 4a (76). The body was opened starting with a horizontal incision from the
middle of the lower abdomen using surgical scissors. From the incision, a small hole
was opened, and skin and abdominal wall muscles were cut vertically, to the center
of the lower part of the neck. From the lower abdominal part, lateral incisions were
made to create access to the abdominal cavity and continue up to the trachea.
Internal organs, such as the liver, spleen, large and small intestines, etc. were
observed in the abdominal cavity for metastasis foci, and other pathologies (necrosis,
fatty liver, etc.) were checked. Later, with forceps, the liver and other abdominal
cavity organs were moved aside to observe the diaphragm and intra-abdominal
lymph nodes (for metastasis focus) and have access to renal arteries. After exposing
the diaphragm, it was evaluated for metastasis or tumor nodule formation. Later, the
diaphragm was cut 1-2 mm from the right side of the investigator, and it expanded.
Cut was continued from right side to left until exposing the thoracic cavity, lungs,
heart, and thymus. To enable better observation and manipulation for the next steps,
the rib cage was removed. Later, an incision was made to the renal artery to create a
way to drain perfusion solution (1X PBS), which prevented the explosion of the heart
due toincreased internal volume. Next, the thymus was observed for any pathologies
and gently moved to inspect the heart. For lung perfusion, a 3 mL syringe with a 22G
needle was used to inject 1X PBS into the right ventricle. Lungs were perfused slowly,
approximately 300—400 pL/second with PBS to prevent tissue damage since over-
inflation can lead to alveolar wall breakage and the appearance of emphysema in the
histopathological analyses. With successful perfusion, the lungs' color turned light
pink-white. Around 3 ml of 1X PBS was used for each mouse lung perfusion. After
perfusion, the heart was lifted with forceps and separated gently from the lung.
Under the heart, lung-draining lymph nodes (tracheobronchial lymph nodes were
observed mostly in paratracheal zones (Shown with number 11 in Figure 4b) (77).
Lymph nodes were visible with their light pink-white colors and nodular structures.
From each animal, lung-draining lymph nodes were collected, and their total
numbers were recorded. Dissected lung-draining lymph nodes were placed into
Falcon tubes filled with DMEM media (Gibco, Cat#: 11965-092) and transferred on
ice to process the tissues for immunophenotyping on the same day of termination.
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Next, the lungs were dissected as a whole and put into a dish filled with 1X PBS, to
observe macroscopic tumor nodules under the dissecting microscope.

a b

a) thymus

b) heart

¢) lungs

d) diaphragm

e) liver

f) small intestines
g) cecum

h) urinary bladder

Figures 4a and 4b. Figure 4a (left), abdominal and thoracic organs are visible after dissection and
Figure 4b (right), lymph nodes.

3.7 Macroscopic tumor nodule evaluation

Two experienced individuals observed the entire lung with a dissecting
microscope for the number of macroscopic tumor nodules with a blinded assessment
of experimental groups. Macroscopic tumor nodules with a light, pink-colored
feature could be observed on the lung surfaces, which made the evaluation and
enumeration of the nodules easier for observers. Later, lung photographs were taken
to show the macroscopic tumor nodule formation between the different
experimental groups. After assessment of the lungs based on tumor presence and
calculation of total macroscopic tumor nodules on each animal’s lungs, lungs were
separated into lobes and each lung lobes were drained using sterile sponges and
weighed. Lungs were divided into pieces for histopathological analyses for
microscopic tumor nodule formation, flow cytometry analyses, and other possible
future experiments.

3.8 Lung sample preparation and sectioning
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Later, a part of the lung tissue was put into plastic tubes labeled with each
mouse ear tag number and study ID, to fix with 10% neutral-buffered formalin for use
in histopathological evaluation. After keeping in formalin fixation for a minimum of
24-48 hours, samples were taken into steps for paraffin embedding. Lung tissues
were placed into plastic cassettes. First, formalin was washed away from tissue with
distilled water. Later, cassettes were put into ethanol and xylene washes, at room
temperature for ethanol washes and 50°C oven for xylene. After xylene washes,
cassettes were incubated in melted paraffin located in different containers to provide
a better cover with paraffin. In the last step, tissues were taken from cassettes and
put into metal trays and covered with clean paraffin, while keeping the lid of the
plastic cassettes. These metal trays were kept at 4°C, overnight. The following day,
solidified paraffin blocks were taken out of metal trays and stored at room
temperature. Paraffin blocks were cut into sections 8 um thick using a Leica RM2235
microtome located in the laboratory. Sections were taken on microscopic
examination slides and were incubated at 4°C, overnight. Later, slides were incubated
for 3 days if sections were used for immunohistochemistry. From each experimental
animal’s lungs, tissue sections were taken by following a standard technique to
guarantee the objective evaluation. From each block, subsequent tissue sections
were cut 40 um apart. A minimum of 60 sections were taken into hematoxylin and
eosin staining step for microscopic tumor nodule evaluation from each animal. All
slides were stored at room temperature.

3.9 Histopathological assessment of the lungs for microscopic tumor nodule
formation

Microscopic tumor formation was evaluated using the most classical
histopathological technique, hematoxylin and eosin (H&E) staining. As has been
already shown in the previous studies that used NNK to induce lung carcinogenesis,
after 16 weeks post-NNK injection (64), immunohistopathological analysis was
limited to sub-classifying lung tumors into adenoma and adenocarcinoma. Two
experienced observers analyzed hematoxylin and eosin stained lung tissue sections
under the Olympus CKX53 inverted microscope. To have a digitalized archive of the
tissues, EVOS M7000 digital microscope and imaging system were used. With 10X
optical magnification, default images were recorded from each section taken from
each animal, by EVOS digital microscopy. Next, 10X, 20X, and 40X digital
magnifications were used to produce final magnifications of 100X, 200X, and 400X of
the sections. While evaluating, recurrent microscopic tumor nodules were accepted
as one nodule. The microscopic tumor nodules were evaluated by two experienced
observers to make a blinded assessment. From each animal, total microscopic tumor
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nodules were calculated, and for the statistical analysis, a one-way ANOVA test was
used in GraphPad Prism software, v.9.

3.10 Microscopic tumor nodules area analysis

The data of the microscopic tumor nodule areas were taken from H&E-stained
lung sections. From each treatment group, five lung samples’ nodule areas were
analyzed. The three biggest microscopic tumor nodules were determined. An EVOS
M?7000 microscope (Invitrogen) was used to line the limits of the tumor nodules. The
dimensions (length and width) of the microscopic tumor nodules and the total area
of each lung section were measured by EVOS Analysis software. The total area of
microscopic tumor nodules per lung section was calculated and shown as a
percentage of total lung area. From each experimental group, a minimum of 15 lung
nodules were analyzed for comparison, and statistical differences were calculated
using a one-way ANOVA test in GraphPad Prism software, v.9.

3.11 Immunofluorescence staining

To mark the proliferation capacities of microscopic tumor nodules observed
in H&E-stained slides, proliferating cell nuclear antigen (PCNA) antibodies were used
for immunofluorescence staining. PCNA is a non-histone protein that is in the nucleus
and takes a role during DNA synthesis. Thus, PCNA is one of the mainly used markers
for analyzing the proliferation capacities of various neoplasms. PCNA is in use for
determining the pathological grades in clinical pathology and preclinical research
(65,67). Previously prepared slides mounted with paraffin sections of lung tissues
were deparaffinized by washes with xylene (Fisher, Cat#: 22-143,975), rehydrated
through increased concentrations of ethanol-water solutions, and washed with
distilled water. The antigenic retrieval step was performed by exposing sections in
10-mM sodium citrate (Fisher Chemical, Cat#: BP3271) buffer (pH 6.0) for 15 minutes
in a water bath at 100°C and washed with 1X phosphate-buffered saline (PBS). To
prevent or minimize background staining, nonspecific antibody bindings were
blocked by incubation with 5% bovine serum albumin (BSA, Sigma, Cat#: A70300),
and 0.3% Triton-X (Sigma, Cat#: T8787) dissolved in 1X PBS. Later with a 2.5% normal
goat serum (ImmunoReagents, Inc., Cat#: SP-004-VX2), and Fc block (BD Pharmingen,
Cat#: 553,142, Clone: 2.4 G2) also dissolved in 1X PBS. PCNA primary antibody (Novus
Bio, Cat#: NB100-456, 1:100 dilution) incubation of lung samples were done
overnight at 4 °C with. Later, lung sections were taken into 1X PBS + 0.05% Tween-20
(Sigma Aldrich, Cat#: P5927) washes, and followed by secondary antibody Alexa-Fluor
647 (Life Technologies, Cat#: A21244, 1:150 dilution) incubation for 1 hour at room
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temperature (24 °C) before starting to go to counter staining step with 5 uM SYTOX
blue nucleic acid stain (Fisher Scientific, Cat#511348). After counterstaining, slides
were washed with distilled water, and they were covered by Immu-Mount
fluorescent mounting media to preserve the immunofluorescent character of the
staining (Epredia, Cat#: 9990402). A comprehensive list of all immunofluorescent
antibodies used for immunofluorescence staining can be found in Table 4.

A comprehensive list of the immunofluorescent antibodies used in this thesis study
immunofluorescence staining can be found below (Table 4).

Table 4 Antibodies used for immunofluorescence staining
Target Antibody Clone Host Dilution Catalog Company
no.
PCNA, PCNA Polyclonal Rabbit | 1:100 NB100-456 | Novus Bio
Nuclear non- | (proliferating
histone cell  nuclear
protein antigen)
antibody
N/A Goat anti- | 53.6.72 Goat 1:150 A21244 Life
(Secondary Rabbit  IgG Technologies
antibody) (H+L) Alexa-
Fluor 647
Nucleic acids | SYTOX blue | N/A N/A 5 S$11348 Fisher
nucleic acid uM/Sample Scientific
stain
3.12 Confocal microscopy

Images of PCNA and SYTOX Blue stained lung microscopic tumor nodules at a

higher power were acquired on a Leica-TCS SP5 confocal microscope (Leica

Microsystems, Concord, ON).

3.13

In vivo immune cell depletion

In vivo depletion antibodies were dissolved in sterile 1X PBS and applied via

intraperitoneal (i.p.) injection to deplete CD4 T cells (clone GK1.5, 500 pg/injection),
CD8 T cells (clone 53.6.72, 500 pg/injection), and NK cells (clone PK136, 500
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ug/injection) immune cell types at sixth and eighth weeks of NNK administration. The
control group was administered by an i.p. vehicle (sterile saline). To check the adverse
effects of in vivo antibodies, during the follow-up of the animals, animal health status
was evaluated once a week by checking their clinical status (with physical
examination) and measuring their body weights. A comprehensive list of all the
antibodies used for in vivo depletion of CD4+ T cells, CD8+ T cells, and NK1.1+ NK cells
can be found in Table 5.

A comprehensive list of the antibodies used in this thesis study in vivo depletion can
be found below (Table 5).

Table 5 Antibodies used for in vivo depletion antibodies
Target Antibody Clone Injected Catalog no. | Company
amount

CD4 T cells Anti-mouse GK1.5 500 NB100-456 Bio X Cell
CD4 antibody ug/injection

CD8 T cells Anti-mouse 53.6.72 500 $11348 Bio X Cell
CDS8 antibody ug/injection

NK cells Anti-mouse PK136 500 A21244 Bio X Cell
NK1.1 pg/injection
antibody

3.14 Peripheral blood processing and staining for flow cytometric analysis
of in vivo depletion.

For the flow cytometry analysis of the in vivo depletion status of the
experimental groups, peripheral blood samples were taken from the submandibular
vein at 72 hours and 12 weeks post-in vivo antibody injections. Mice were handled,
and an 18G needle was used to make a small puncture to the submandibular vein. 3—
4 drops of blood (100 ul) were collected in a heparin-covered tube, mixed well, and
transferred on ice. After the collection of blood, light pressure was applied using a
sterile cotton piece to the vein to stop bleeding. Mice were followed taking blood
samples to guarantee no adverse events occurred. 100 ul of peripheral blood from
each depletion group mouse and a minimum of one animal from non-depleted
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groups were added into separate fluorescence-activated cell sorting (FACS) tubes
(Falcon, BD). Peripheral blood samples were used for the confirmation of the
depletion of targeted immune cell populations defined for each experimental group.
Anti-CD3-V500 (BD Bioscience, Cat#: 560,771), anti-CD4 Alexa-Fluor 700 (BD
Pharmingen, Cat#: 557956, clone RM4-5), anti-CD8-APC-Cy7 (BD Pharmingen, Cat#:
557654), anti-NK1.1-APC (BD Bioscience, Cat#: 550627) and 7AAD (BD Pharmingen,
Cat#: 51-68981E) fluorescent-conjugated antibodies were added to evaluate
depletion of CD4+ T cells, CD8+ T cells and NK1.1+ NK cells. All antibodies were
incubated in the dark, at 4°C for 30 minutes with a total cell suspension of 100 pul,
using FACS tubes. After several washes with 1X PBS, samples were run in flow
cytometry. Cells were separated using 7AAD, and 10000—20000 cells were collected
from the live cells gate. A comprehensive list of all flow cytometry antibodies used
for flow cytometry can be found in Table 6.

A comprehensive list of the flow cytometry antibodies used in this thesis study
peripheral blood immunophenotyping can be found below (Table 6).

Table 6 Antibodies used for peripheral blood immunophenotyping
Target | Antibody Host Fluorophore | Fluorophore Clone | Catalog | Company
type Ex/Em no.
CD3 Anti-CD3 Syrian V500 415/500 nm 500A2 | 560771 | BD
cells antibody hamster Bioscience
CD4 T | anti-CD4 Rat Alexa Fluor | 697/719 nm RM4.5 | 557956 | BD
cells antibody 700 Pharmingen
CD8 T | anti-CD8 Rat APC-Cy7 651/779 nm 53-6.7 | 557654 | BD
cells antibody Pharmingen
NK cells | anti-NK1.1 Rat APC 651/660 nm PK136 | 550627 | BD
antibody Bioscience
Dead 7AAD (7- | N/A N/A 546/647 nm N/A 51- BD
cells Amino- 68981E | Pharmingen
Actinomycin
D)
3.15 Lung and lung draining lymph nodes processing and staining for flow

cytometry and immunophenotyping.
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Lung tissue was dissected from each animal, mechanically dissociated, and
transferred to ice for tissue processing. Lung tissue was minced and dissociated with
0.5 mg/ml Type IV Collagenase (Worthington Biochemical, Cat#: 4186) by incubation
of a shaker, shaking continuously (New Brunswick Scientific, I-24 incubator Shaker
Series) for 40 minutes in 37°C. After digestion, lung tissues were filtered through a
40-um nylon cell strainer (pluriStrainer, Cat#: 43-50,050-01) to have single-cell
suspensions. Lung-draining lymph nodes were dissociated from peripheral excessive
tissues mechanically and capsule of the lymph node with a frosted side of glass slides
(GSC International, Cat#: 1201A72), and tissue was passed through an 18 G 1 %
needle (BD PrecisionGlide Needle, Cat#: 305,195) attached to a 10-cc syringe (BD,
Cat#: 303,134), to provide a single cell suspension. The single-cell suspension was
filtered through a 100-um nylon mesh (Elko, Cat#: 03—100/32) into FACS tubes. The
single-cell isolate suspensions from lung and lung-draining lymph nodes were gone
to two PBS washes, and total live cell numbers were counted with trypan blue dye.
From each animal, 1 million lung-draining lymph node cell suspensions and 2-3
million lung infiltrating cell suspensions were taken and mouse BD Fc Block (anti-
mouse CD16/CD32; BD Pharmingen, Cat#: 553,142, Clone: 2.4 G2) was added. Cell
suspensions were incubated in the dark, at 4 °C for 15 minutes. Lung infiltrating cells
and lung-draining lymph node cells were stained to be classified based on their
specific cell markers for 30 minutes, in the dark at 4 °C. A comprehensive list of all
antibodies used for flow cytometry can be found in Table 7.

A comprehensive list of the flow cytometry antibodies used in this thesis for lung and
draining lymph node immunophenotyping is shown in Table 7.

Table 7 Antibodies used for Ilung and draining Ilymph node
immunophenotyping.
Antibody | Host Fluoropho | Fluorophor | Dilution | Clone Catalog | Company
re type e Ex/Em no.
Anti-CD3 | Syrian V500 415/500 1:50 500A2 560771 BD Biosciences
antibody | hamste nm
r
anti-CD4 | Rat BUV496 348/496 1:200 GK1.5 612952 Biolegend
antibody nm
anti-CD8 | Mouse | SparkViole | 396/538 1:80 QA17A0 | 155019 Biolegend
antibody 1538 nm 7
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anti- Rat PerCP 488/676 1:100 M1/70 550993 BD Pharmakon
CD11b Cy5.5 nm
antibody
anti- Armeni | Alexa 633/668 1:100 N418 117312 Biolegend
CD11c an Fluor 647 | nm
antibody | hamste

r
anti-CD19 | Rat BV570 405/570 1:50 6D5 115535 Biolegend
antibody nm
anti-CD25 | Rat PE/Cy5 488/561 1:200 PC61 102010 Biolegend
antibody nm
anti-CD44 | Rat BB700 485/693 1:60 IM7 566506 BD Biosciences
antibody nm
anti-CD45 | Rat APC 650/810 1:150 30-F11 103174 Biolegend
antibody Fire810 nm
anti-62L Rat BV711 405/711 1:400 MEL-14 | 104445 Biolegend
antibody nm
anti-107a | Rat PE/Cy7 488/780 1:800 1D4B 560647 BD Biosciences
antibody nm
anti-PD-1 | Rat APC 594/633 1:200 29F.1A12 | 135210 Biolegend
antibody nm
Anti- Rat BUV737 350/737 1:30 29A1.4 612805 BD Biosciences
NKp46 nm
antibody
Anti- Mouse | Alexa 633/719 1:800 PK136 108730 Biolegend
NK1.1 Fluor 700 | nm
antibody
Anti-Ly6C | Rat BV605 405/603 1:20 HK1.4 128036 Biolegend
antibody nm
Anti-Ly6G | Rat BUV395 348/395 1:100 1A8 563978 BD Biosciences
antibody nm
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Anti- Rat Pacific 405/455 1:100 BMS8 123124 Biolegend
F4/80 Blue nm

antibody

Anti-y6 T- | Rat BUV563 350/564 1:50 V65 749464 BD Biosciences
Cell nm

Receptor

antibody

LIVE/DEA | Rat LIVE/DEAD | 350/450 1:400 N/A L23105 Fisher Scientific
D Fixable nm

Blue Dead

Cell Stain

3.16 Flow cytometry

Peripheral blood cells, lung and draining lymph node immune cells were
analyzed by a Cytek Aurora flow cytometer by collecting and sorting the cells from
live CD45+ leukocytes population. After flow cytometry, the data was analyzed to
calculate cell percentages and absolute cell numbers. The data was statistically
analyzed using a one-way ANOVA in GraphPad software, v.9. A comprehensive list of
the flow cytometry antibodies to classify lymphoid/ myeloid populations is shown in
Table 8. An example of the gating strategy of the cell populations used in FCS Express
v.7 (De Novo Software, CA) is shown in Figure 5. First, cells were sorted by using FSC-
A (forward scatter) and SSC-A (side scatter) based on their size and granularity and
defined cells with their previously shown features (78) also, debris was eliminated.
Second, by using FSC-A/FSC-H gating and SSC-A/SSC-H gating cell doublets and clumps
were eliminated from the population. Total live cell populations are then sorted with the
exclusion of a Live/Dead dye. From live cells, leukocytes were identified with their CD45
expression. T and B lymphocytes were separated from all leukocyte populations based on
their CD3 expression (T lymphocytes) and CD19 (B lymphocytes) markers. From the CD3+ T
lymphocyte population, CD4+ T cells and CD8+ T cells were identified. These gating principles
were applied to the cell populations mentioned in Table 8. The subsequent gating was used
to define even the small populations to investigate the immunomodulatory effects of SA-4-
1BBL in the spontaneous preclinical lung cancer model.

A comprehensive list of the flow cytometry antibodies used in the lung and draining
lymph node immunophenotyping to classify lymphoid/ myeloid panel is shown in
Table 8.

Table 8 Antibodies used for lung and draining Ilymph node
immunophenotyping lymphoid/myeloid panel.




Antibody Fluorophore type | Dilution Cell type

Anti-CD3 V500 1:50 T cells

antibody

anti-CD4 antibody | BUV496 1:200 CD4+T cells

anti-CD8 antibody | SparkViolet538 1:80 CD8+ T cells

anti-CD11b PerCP Cy5.5 1:100 Myeloid cells

antibody

anti-CD11c Alexa Fluor 647 1:100 Dendritic cells

antibody

anti-CD19 BV570 1:50 B cells

antibody

anti-CD25 PE/Cy5 1:200 Regulatory T cells

antibody

anti-CD44 BB700 1:60 Effector memory

antibody T cells

anti-CD45 APC Fire810 1:150 Leukocytes

antibody

anti-62L antibody | BV711 1:400 Naive and central
memory T cells

anti-107a PE/Cy7 1:800 Cytotoxic cells

antibody (CD8+ T cells and
NK cells)

anti-PD-1 APC 1:200 Activated and

antibody exhausted T cells

Anti-NKp46 BUV737 1:30 NK and NKT cells

antibody

30
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Anti-NK1.1
antibody

Alexa Fluor 700
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Figure 5. The main gating strategy to classify cell populations in FCS Express software.

3.17 Statistical analyses

Statistical analyses were conducted by using GraphPad Prism v.9 software (La
Jolla, CA). To determine significant differences between groups, Student's t-tests and
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one-way ANOVA tests were used. More, two-way ANOVA was used to investigate the
effects of two different variables, treatment (NNK vs. NNK + SA-4-1BBL) and time. To
assess the body weight changes between different treatment groups two-way
ANOVA test was used. All p-values < 0.05 were stated as statistically significant.
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4. FINDINGS

4.1 NNK administration-induced lung tumorigenesis in A/J mice

Lung tumor induction is one of the preclinical models and is frequently used
to have the translational model for lung cancer patients with long-time smoke
exposure and tobacco usage. It can be induced by exposing animals to pro-
carcinogenic chemical components of tobacco smoke. Animals can be exposed
mainly by using smoke chambers, intragastric gavage, nicotine patches, or
intraperitoneal injections of the carcinogens in predetermined periods. These models
promise a better model to enlighten the lung cancer pathogenesis and modulate the
diverse therapeutic and preventive approaches against it. To determine if the
administration of immunomodulatory molecules to mice exposed to carcinogenic
chemicals, macroscopic and microscopic tumor nodule formations in lungs were
evaluated using a dissecting microscope and histopathological analyses. To observe
the immunomodulatory effects of the SA-4-1BBL molecule in mice models, the A/J
mice strain was chosen, due to their increased potential to induce lung tumors under
nicotine-derived chemical exposure. This feature makes them one of the main strains
in use for preclinical lung cancer models (68,72,73,79,80). A/J strain of mice are
susceptible to develop spontaneous lung tumors due to an alteration in the PAS1
gene, linked to the KRAS proto-oncogene (81). The KRAS proto-oncogene modulates
cell proliferation, and mutations in the PAS1 gene are involved with the pathogenesis
of distinct cancers, like lung cancer. In this thesis study, one type of nitrosamine, NNK
(4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone), was preferred due to its
carcinogenic potential. Previous studies have shown that NNK is the most effective
carcinogenic nicotine compound in humans and different species of animals, to
induce lung cancer (72,73,79). In the preliminary experiments, 10 umol NNK was
administered using intragastric gavage into A/J mice in the first eight weeks of the
follow-up. Animals were followed up for 42 weeks and terminated to evaluate lung
tumor nodule formation. In this setting, lung tumor nodules were visible in their
lungs. Whereas follow-up after NNK injection was a long time frame and the study
design needed to be optimized and modified. Thus, induction of lung tumorigenesis
was expedited by administrating NNK via i.p. injection, by 25 mg/kg weekly dose for
eight consecutive weeks (68). Naive A/J mice received a PBS injection instead of an
NNK injection. In the sixth- and eighth after NNK administrations, the SA-4-1BBL
molecule was injected subcutaneously (Figure.6). Mice were observed at the
beginning of each week for 18 weeks to evaluate any changes in the animals' clinical
health status posterior to receiving NNK and SA 4-1BBL injections based on their
experimental groups. Body weight changes of the NNK+ SA-4-1BBL treatment group
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did not show any significant changes compared to the untreated age-matched
control group (Figure 7). At the endpoint of the study, animals were terminated and
organs (kidney, liver, bladder, stomach, etc.) were evaluated to analyze NNK and/or
SA 4-1BBL treatment-related adverse pathologies. The control group (NNK+ Vehicle)
received a PBS i.p. injection in weeks 6 and 8. There were no significant differences
between the treatment (NNK+SA-4-1BBL) and control (NNK+ Vehicle) groups (data
not shown), and this supported the previous findings about the safety profile of SA-
4-1BBL treatment (31,32,37,38,55-58,61,62).

SA-4-1BBL
injection (s.c.)

III II"I" _I_,Weeks
A/J mice 7

Female 12 3 45 6 7 8 18

! 1

NNK treatment
injection (i.p.)

Figure 6. Treatment scheme of A/J] mice to evaluate the carcinogenic effects of NNK and
immunomodulatory effects of SA-4-1BBL.
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Figure 7. Body weights of the animals during the 18-week follow-up.

4.2 SA-4-1BBL Treatment Significantly Limited the Tumor Nodule Formation in
Long-Term NNK- Exposed A/J Mice Model.

In previous studies, SA-4-1BBL was an effective and safe molecule with an
immunomodulatory nature against various subcutaneously injected tumors, such as
cervical cancer and lung cancer in mouse models (62). These findings were promising,
considering that pretreatment with SA-4-1BBL molecule was efficient in distinct
cancer types without a need for antigenic priming. Considering this information, in
this thesis study, the efficacy and modulator effects of the SA-4-1BBL were
investigated in the NNK-induced lung cancer preclinical model. One of the purposes
of this thesis project was to assess the inhibitory effect of SA-4-1BBL against NNK-
induced lung tumorigenesis. In weeks six and eight weeks of NNK administrations,
100 ug of SA-4-1BBL was applied to animals subcutaneously (Figure 6). After
following mice for 18 weeks, mice were euthanized to analyze the effects of SA-4-
1BBL monotherapy. After harvest and perfusion, lungs were put into a tissue dish,
and macroscopic tumor nodule formation was evaluated by two investigators,
independently and blinded to experimental groups. Macroscopic tumor nodule
formation was observed on the lung surface, using a dissecting microscope. In these
observations, mice receiving SA-4-1BBL monotherapy showed significantly fewer
macroscopic tumor nodules than the NNK + vehicle control group (Figures 8a and 8b).
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The preventive efficacy of SA-4-1BBL monotherapy was consistent among repeated
experiments with the same settings. This finding suggested the potential of immune
checkpoint stimulation. Opposite to the clinical presentation of lung cancer in
humans, macroscopic tumor nodule formation was in peripheral parts of the lungs
(Figure 8a, black circles).

a b 20- o0 0
g 151 o :
3 2.8
£ 101
g 5- : Y
B
= 0 T T

" . * NNK+vehicle (n=16)
NNK+vehicle NNK+SA-4-1BBL + NNK+SA-4-1BBL (n=17)

Figures 8a and 8b. Macroscopic tumor nodules (Figure 8a., left), and macroscopic tumor nodule
numbers in SA-4-1BBL treated and non-treated groups (Figure 8b., right).

Macroscopic tumor nodules need to be confirmed further to be defined as
neoplasm by histopathological analyses. Thus, parts of the lungs were taken into H&E
staining. Stained slides were analyzed based on their microscopic tumor nodule
formation by counting the tumor foci using a bright field microscope. Each slide was
evaluated, and microscopic tumors were assessed independently by two experienced
investigators, blinded to experimental groups. In parallel with the clinical approach,
PCNA staining was utilized to evaluate the proliferative capacity of observed
microscopic tumor nodules (Figure 9).
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S00pM

NNK+SA-4-1BBL

Figure 9. PCNA staining in SA-4-1BBL treated and non-treated lungs.

SA-4-1BBL monotherapy received mice group showed significantly lower
amounts of microscopic tumors than the NNK + vehicle control group (Figure 10).
Furthermore, in one mouse from the SA-4-1BBL administered group, microscopic
tumor nodules were not observed. This promising protection against microscopic
tumor nodule formation in the lungs can be attributed to the boosted
immunomodulatory effects of SA-4-1BBL treatment. Effects of SA-4-1BBL may be
increased due to previous administration and supporting the modulator effects in the
second exposure. To evaluate the effects of SA-4-1BBL on the proliferation capacities
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ells, microscopic tumor nodule sizes were measured by analyzing nodules

from digital microscopy images (Figures 11 and 12).
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Figure 12. Tumor area measurement of microscopic tumor nodules from each lung section.

Microscopic tumor nodule sizes and the percentage of tumoral area in whole
lung sections were analyzed for this evaluation. Microscopic tumor sizes and tumor
percentages inside lung tissue were significantly smaller in the SA-4-1BBL treated
mice than the ones in the NNK + vehicle control group (Figures 12 and 13).
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Figure 13. Percentages of microscopic tumor nodule areas to total lung areas between different
treatment groups.

4.3 CD4, CD8T Cells and NK Cells Were Essential Players for SA-4-1BBL Mediated
Prevention Against NNK- Induced Lung Cancer.
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In past studies, preventive outcomes of SA-4-1BBL were evaluated, and this
effect was shown to is dependent on cross-communication betwixt CD4*CD44"ieh
“memory-like” T lymphocytes and NK cells, with a necessity of synthesized IFN-y by
memory-like T cells located in the environment (62). Based on this background
information, it was inevitable to investigate which immune cell population/s is/are
responsible for the protective and modulator effects of SA-4-1BBL in the NNK-
induced lung tumor model. Thus, with the same settings of NNK and SA-4-1BBL
administration, some mice were separated, and in vivo depletion of distinct immune
cell populations was performed. Depletion antibodies with in vivo activity and
reactivity for CD4+, CD8+, and NK immune cell populations were simultaneously
administered into depletion group animals via intraperitoneal injection in weeks six
and eight of NNK injections as illustrated in Figure 14.

SA-4-1BBL
injection (s.c.)

Depletion antibody
injeqtion (i.p.)

I Weeks
——

18

A/J mice
Female

N
W ——
S =
U1

—’-J ===

NNK treatment
injection (i.p.)

Figure 14. Experimental design of SA-4-1BBL treated and non-treated A/J mice with or without in vivo
antibody administration.

To investigate the possible adverse effects of in vivo depletion antibodies,
animals were followed up using their clinical status and body weights. In vivo cell
depletion did not cause any difference between experimental groups (Figure 15). The
mentioned doses of in vivo depletion antibodies were enough to cause the CD4 and
CD8 lymphocyte depletion (Figures 16a and 16b).
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Figure 15. Body weights of the animals with or without SA-4-1BBL and in vivo immune cell depletion
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Figures 16a and 16b. CD4+ and CD8+ T lymphocyte populations in non-depleted and in vivo depletion
antibodies administered groups’ peripheral blood, lung, and lung draining lymph node samples at 72
hours and 12 weeks post depletion.

In vivo depletion of CD4+ T cells, CD8+ T lymphocytes, and NK cells abolished
the protection effect of the SA-4-1BBL monotherapy. In the CD4+ T cells depleted
group (Figure 16a and 16b), a significant escalation in both macroscopic and
microscopic tumor nodule formation was seen in comparison to mice that did not
receive CD4+ T lymphocytes depleting antibodies (Figure 17, 18, 19) On the other
hand, in vivo depletion of CD8+ T lymphocytes (Figure 16a and 16b) and NK (natural
killer) cells led to a significant escalation in microscopic tumor nodule formation, but
no significant alteration was observed in macroscopic tumor nodule formation
(Figure 17, 18, 19). In this manner, the mentioned findings suggest that CD4+ T
lymphocyte contribution is essential to establish the antitumoral immune responses,
and this finding is parallel with the past study performed using SA-4-1BBL (62).
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Figure 17. Macroscopic tumor nodules (black circles) in different groups with or without SA-4-1BBL
therapy and in vivo immune cell depletion.
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Figure 18. Macroscopic tumor nodule numbers in different groups with or without SA-4-1BBL therapy
and in vivo immune cell depletion.
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Due to the nature of carcinogen-induced cancer models, developing
metastasis or tumorigenesis in various organs was possible. Hence, on the day of
termination, mice were evaluated in a detailed manner and all the organ systems
were checked for metastasis and tumor formation. In this evaluation under a
dissecting microscope, tumor burden was limited to the lungs. Strikingly, one mouse
from the in vivo CD4+ T lymphocytes depleted group showed a mass similar to a
metastatic focus close to its mandibula. On the termination day, this lesion was
removed, and tissue was collected for flow cytometry and histopathological analyses.
Analyses showed that the tumoral lesion was metastatic, and it had the same
histopathological phenotypes as the ones observed in the lungs (Figures 20a, 20b,
20c).

a

PCNA PCNA
SYTOX Blue, SYTOX Blue,
nucleus nucleus
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Figures 20a, 20b and 20c. The mass dissected from the chin of an animal from the CD4+ cells depleted
group (Figure 20a), hematoxylin and eosin staining (Figure 20b), and PCNA staining of the same tissue
(Figure 20c).

In the flow cytometry analysis of tumor-infiltrating leukocytes, the mass
showed 14-fold augmentation in PD1+ CD4+ T lymphocytes and PD1+ CD8+ T
lymphocytes (PD-1, programmed cell death protein 1) than the lungs with
microscopic tumor nodules (Figures 21a and 21b).
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Figures 21a and 21b. Immunophenotyping of the mass dissected from the chin of one in vivo CD4+
cell-depleted animal. PD1+ CD4+ cells (Figure 21a, left) and PD1+ CD8+ cells (Figure 21b, right)
compared with the lung tissues from the same animal.

In contrast to the findings of the effectivity profile of SA-4-1BBL in recently
published cell line-derived subcutaneous tumor models, in vivo CD8+ T lymphocyte
depletion caused a significant abolishing result on the protective effect of SA-4-1BBL
monotherapy in an NNK induced mouse model (62). These data indicate that CD8+ T
lymphocytes play a crucial aspect in the activity of SA-4-1BBL (Figures 17, 18, 19). In
comparison to SA-4-1BBL-treated mice, areas of microscopic tumor nodules had
significantly bigger dimensions in the lung of SA-4-1BBL-administered animals
depleted of either T lymphocytes or NK (natural killer) cells and were comparable to
the NNK control (Figures 12, 13, 22). These data pointed out that the
immunotherapeutic activity of SA-4-1BBL employed the attendance of T lymphocytes
and NK cells. In general, these results gave a significant perspective into the
mechanisms governing the immunotherapeutic effects of SA-4-1BBL monotherapy
and pointed out the importance of T lymphocytes and NK cells in the antitumoral
immune responses against lung cancer.
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Figure 22. Digital microscopy images of hematoxylin and eosin stained lung sections in in vivo cell
depletion groups.

4.4 Treatment with SA-4-1BBL monotherapy boosted Central Memory CD4+ T
Cells and Naive CD4+ T Cells and Reduced the Formation of PD-1+ CD8 T
Cells.

It has been recently shown that pretreatment with SA-4-1BBL boosted long-
term immune memory and was conducted by NK cells and IFN- y synthesizing CD4+
T lymphocytes (62). Lungs and draining lymph nodes were harvested and processed
toisolate tissue infiltrating immune cells to perform deep immune phenotyping. With
this analysis, between different treatment groups differences in immune cell
populations were compared. Compared with the control group (NNK + vehicle), SA-
4-1BBL significantly boosted the absolute cell number of CD4+ central memory T cells
(CD4+CD44hiCD62Lhi) in lung and draining lymph nodes (p < 0.05) (Figures 23a and
23b). With SA-4-1BBL pretreatment, central memory T cells may be activated with
tumor antigens in the lungs and lung-draining lymph nodes and stimulated with SA-
4-1BBL molecules. Next, with their reentry to secondary lymphoid organs, they may
facilitate faster and more effective antitumoral immune responses upon re-exposure
to antigens compared with naive T cells. In the lung draining lymph nodes of the SA-
4-1BBL treatment group, the number of naive CD4+ T Iymphocytes
(CD4+CD44loCD62Lhi) was significantly higher than the control (NNK + vehicle)
group. These naive CD4+ T cells may have a reservoir for effective and memory T cell
formation against tumor cells (Figure 23c). Moreover, in the lung-draining lymph
nodes of SA-4-1BBL pretreated animals, with the immunomodulatory effects of SA-



47

4-1BBL, there was a significant reduction in the absolute cell numbers of PD-1 positive
CD8+ T lymphocytes (Figure 23d). The programmed cell death protein 1 (PD-1)
receptor is a critical immune checkpoint receptor that is primarily expressed on the
cell membranes of activated T cells. Its interaction with its ligands, programmed
death-ligand 1 (PD-L1), delivers inhibitory signals that decrease immune activation.
This PD-1/PD-L1 binding is exploited by tumor cells in the tumor niche to provide an
immune evasion mechanism. PD-1+ CD8+ T lymphocytes may lead to T cell
exhaustion in the microenvironment. In various studies performed in NNK-induced
lung cancer preclinical animal models, it has recently been shown that lung
neoplasms express PD-L1 on their cell membranes (72) (73). Thus, a reduction in PD-
1 expressing CD8+ T lymphocytes in the SA-4-1BBL pretreated group can serve as an
additional mechanism to support its antitumoral immune modulator effect.
Nevertheless, further mechanistic studies are required to prove this interpretation
and enlighten the immunomodulatory role of SA-4-1BBL in the NNK-induced
spontaneous lung cancer model.
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Figures 23a, 23b, 23c and 23d. CD4+ central memory T lymphocytes (CD4+CD44"CD62L") in lungs
(Figure 23a), and lung draining lymph nodes (Figure 23b), naive CD4+ T Ilymphocytes
(CD4+CDA44'°CD62L) in (Figure 23c), and PD1+ CD8+ cells (Figure 23d) in lung draining lymph nodes of
the animals with or without SA-4-1BBL and in vivo cell depletions.
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5. DISCUSSION

The encompassing purpose of this thesis study was to assess the antitumoral
efficacy of a promising immunomodulatory molecule, SA-4-1BBL, in a nicotine-
induced spontaneous lung cancer preclinical model. To our knowledge, this is the first
study to show that spontaneous lung cancer can be prevented, using an
immunomodulatory molecule while analyzing the essential immune cell populations
for this activity. For this, there was a need for a mouse strain to be used to reflect the
human patient profiles with nicotine exposure for a timeframe. Thus, in this thesis
study, we used the A/J mouse strain. A/J mouse strains are known for their genetic
susceptibility to nicotine-induced lung cancer (82—-84). Thus, they are one of the main
mouse strains in use to investigate lung cancer pathogenesis and therapeutic
approaches in the preclinical field (85,86). Human lung cancers have a distinct genetic
alteration depending on cancer type, other strains can be used to widen the scope of
investigations (86). For instance, to investigate the human lung adenocarcinoma with
specific genetic alterations (e.g. KRAS mutation), and genetically engineered strains,
such as the Krasse=strain (87,88). Scenarios relevant to non-small cell lung cancer
patients can be replicated by using transgenic mice strains with EGFR gene mutations
(89,90). Immunocompromised stains including NSG mice (NOD SCID gamma) can be
used to develop patient-derived xenografts (PDX) models to evaluate the immune
cell profiles and pave the way for personalized medicine approaches (85,91). Despite
the knowledge that has been gathered from animal studies, challenges persist.
Genetic variations between mice and humans require cautious interpretation of
findings. For instance, nicotine consumption and smoking are mostly related to
squamous cell cancer in the lungs of humans however it causes adenocarcinoma
histopathological lung cancer subtype in mice (83). Moreover, smoking-related lung
cancers tend to be in the peripheral parts of the lungs in humans, while it is in the
peripheral regions of the lungs in mice models. Our study findings were also parallel
with previous studies, NNK- NNK-induced tumors were mostly located in peripheral
parts of the lungs and the histopathological type was adenocarcinoma. (Figures 11
and 22) Moreover, the complexity of the immune system’s role against lung
tumorigenesis necessitates a multifaceted approach, incorporating various mouse
strains and animal types besides mice to capture diverse aspects of lung cancer
biology. Additionally, integrating cutting-edge technologies, such as CRISPR-Cas, can
offer further advantages to refine the genetic manipulations in mouse models and
provide the progress of preclinical research and clinical trials in lung cancer (92,93).
With these modifications, certain mutations can be seen in humans as cf DNA (cell-
free DNA) and miRNA can be detected based on the CRISPR/Cas system, which is
promising in screening and diagnosing lung cancer (92). In this thesis study, to induce
lung cancer with nicotine consumption, first, we tried to administer NNK via
intragastric gavage, using 3 mmol/kg as described in the previous studies (94,95). But
in this setting, in our study, it took a 42-week period to induce lung cancer formation
in mice (data not shown). Thus, we needed to adopt these findings to our project. In
this project, considering the long period of tumor induction, we administered 25
mg/kg NNK in intraperitoneal injection for the first eight consecutive weeks.
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Importantly, in comparison with the previously reported intragastric gavage technic,
in this thesis study, we showed that eight weeks of intraperitoneal injections of NNK
were enough to promote lung tumorigenesis in 18 weeks, with a 100% microscopic
tumor formation rate. To our knowledge, this is one of the shortest periods shown in
the literature, to induce lung tumor formation in A/J mice using NNK. During the
ongoing tumorigenesis, the treatment group was administered 100 uM SA-4-1BBL
costimulatory molecule. Our purpose was to evaluate whether treatment with SA-4-
1BBL had the potential to stop lung tumorigenesis compared to the group that did
not receive it. The dose of SA-4-1BBL was determined based on the previously
reported work of our group. 100 pg SA-4-1BBL is shown as the optimal dose to protect
from subcutaneous tumor challenge, and this protection was compromised in the
lower doses (62). To our knowledge, this is the first time that an immune
costimulatory molecule used to modulate the immune system in nicotine-induced
spontaneous lung cancer formation in a preclinical model. Since this study had a
different nature of tumor formation than injected tumor models by being a
spontaneous cancer model, and the possible differences between mouse strains used
in the previous study (C57BL/6) versus A/J mice, we needed to use varied levels of
doses of SA-4-1BBL to see the optimal immunomodulatory effect. Even though we
tested higher levels of doses of SA-4-1BBL (150 ug), the most efficient administration
regimen consisted of two doses of 100-ug SA-4-1BBL, two weeks apart. The SA-4-
1BBL aims at the 4-1BB/ 4-1-BBL interaction and modulates the immune system using
this axis. Recent works have highlighted those agonistic antibodies for T-cell
costimulatory receptor 4-1BB (CD137) shown as effective immunotherapeutic agents
in preclinical studies. However, in clinical studies, usage of these agents has been
limited by low efficacy (utomilumab) and severe hepatotoxicity (urelumab) (96,97).
In this thesis study, we reported that the therapeutic doses of SA-4-1BBL did not show
any detectable toxicity at the macroscopic level. This result was consistent with
previous studies conducted in various preclinical cancer models (31,37,56,58,62).
This finding highlighted that SA-4-1BBL can be a safe and efficient alternative to 4-
1BB agonists. Treatment of A/J mice with the SA-4-1BBL molecule prevented lung
tumor formation. This prevention was significant compared to the control group
animals which did not administrate by SA-4-1BBL. Control group mice developed
more macroscopic and microscopic tumor nodules than the SA-4-1BBL administered
group (Figures 8a, 8b, 9, 10). Importantly, CD4+ T lymphocytes, CD8+ T lymphocytes,
and NK cell depletion significantly diminished the antitumoral immunomodulatory
and preventive effects of SA-4-1BBL (Figures 14, 15, 17-19). This data suggests that
the therapeutic effects of the SA-4-1BBL were conducted by these cell populations.
Inthe CD4+ T cell depletion, macroscopic and microscopic tumor nodules were higher
than SA-4-1BBL treated groups without in vivo cell depletion. Contrary to CD4+ T cell
depletion, the depletion of CD8+ T lymphocytes and NK cells caused a significant
increment in microscopic tumor nodules, while did not affect the macroscopic tumor
nodule numbers (Figures 11-15, 17-19, 22). These findings could be interpreted as
that the immunopreventive activity of SA-4-1BBL molecules is principally led by CD4+
T lymphocytes, accompanying the attendance of CD8+ T lymphocytes and NK cells.
Also, these findings showed a cross-interaction between adaptive immunity and
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innate immunity. CD4+ T lymphocytes are one of the major immune cells that have a
critical role in initiating a successful immune response and triggering other immune
cells to facilitate effective antibody and immune memory formation. Contrary to
CD4+ T lymphocytes, CD8+ T lymphocytes, and NK cells take a role in the immune
response by interacting with the aberrant (malignant or infected) cells. Their
importance for antitumoral responses remains unquestionable. The absence of CD8+
T lymphocytes and NK cells will drive a compromised immune response against
cancer cells, which will lead an aggressive tumorigenesis. As recent work has
highlighted (62), treatment with SA-4-1BBL significantly boosted the CD4+ naive T
lymphocytes and central memory lymphocyte numbers in the lung and draining
lymph nodes (Figures 23a, 23b, 23c). It is known that after antigenic exposure, naive
CD4+ T lymphocytes become activated and further differentiate into various types of
effector T lymphocytes (98,99). Effector T lymphocytes can go to infection or tumor
areas to eliminate the antigens (100). After the elimination of immune antigen
sources, part of the effector T lymphocytes can differentiate into memory T
lymphocytes to have an immune repertoire for the next exposure to the same
antigenic structures. Memory T cells have a higher proliferation capacity and better
and faster immune responses against pathogens and aberrant cells. Since they can
be in tissues and persist, besides innate immune cells and natural barriers of the
body, they supply a patrol in locations open to infections and foreign materials.
Although memory T cell biology and their responses under certain conditions remain
not fully determined, they might be the cells that recognized the lung tumor antigens
during NNK treatment and were further stimulated by SA-4-1BBL. Besides these
findings, SA-4-1BBL treatment diminished the PD-1+ CD8+ T lymphocytes population,
in comparison with SA-4-1BBL non-treated control group (Figure 23d). PD-1 is one of
the well-known immune inhibitory receptors expressed on the cell membranes of
activated T cell populations, including CD8+ T cells. The main function of the PD-1/PD-
L1 binding is to regulate the immune responses under chronic antigenic exposures,
such can be seen in prolonged/ chronic infections, foreign body reactions, and tumor
microenvironments. This chronic exposure induces PD-1 expression in T cells, which
leads them to exhaustion. T cell exhaustion serves a great balance against
autoimmunity in the body, but it leads to a significant decrease and limitation in T
cell'simmune capacity. In a significant amount of cancer types, cancer cells use this
mechanism to overcome and survive antitumoral immune responses and induce
resistance to T-cell attacks. Thus, resulting in a significant reduction in PD-1+ CD8+ T
lymphocytes can be interpreted as SA-4-1BBL treatment can boost the antitumoral
immune responses against NNK-induced lung cancer by diminishing the exhaustion
of CD8+ T lymphocytes. Interestingly, when we ran immune profiling from the mass
seen in the mandibula of the CD4+ T lymphocyte-depleted group, we saw a high
amount of PD-1+ CD8+ T lymphocytes. This also can reflect that in the metastatic
focus of spontaneous lung cancer, cancer cells use T cell exhaustion to escape from
immunosurveillance and have a more tolerant tumor microenvironment for tumor
progression. Having a depletion of CD4+ T lymphocytes might have reduced the
effectiveness of the SA-4-1BBL molecule in the prevention of CD8+ T cell exhaustion.
Nevertheless, it should be noted that without more supporting data, a certain and
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complete interpretation of the results that have been mentioned cannot be made.
Collectively, our data would seem to indicate that SA-4-1BBL has preventive and
immunomodulatory effects during continuous, chronic carcinogen exposure in A/J
mice. These results show that immune costimulators, such as SA-4-1BBL, have the
potential to be used in immunotherapeutic approaches against cancer. These
molecules can take an important role in treating or preventing cancer formation by
modulating the immune cell responses. They can be used as an additional and
complementary treatment next to immune checkpoint inhibitors. Despite the
successful treatment rate of immune checkpoint inhibitors in various cancer types,
many patients are unresponsive or resistant to immune checkpoint inhibitor-
mediated therapies (101-105). This gives priority to developing new therapeutic
approaches to boost efficacy (106,107). Finally, an immune costimulation-based
immunotherapy using SA-4-1BBL can give a more precise and targeted approach that
prevents various adverse side effects, morbidity, and mortality associated with
conventional chemotherapy and radiotherapy in cancer treatment regimens.
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6. RESULTS AND SUGGESTIONS

1. Mouse lung tumors and human cancers need to be compared based on the
changes in their genes. These investigations can provide a better
understanding of the mechanisms of lung tumorigenesis under nicotine
products. In future studies, the effectiveness of SA-4-1BBL can be investigated
in diverse mouse strains, like xenogeneic models or strains with specific
mutation profiles to have a better understanding of the activity of SA-4-1BBL.

2. This thesis study is important to show that SA-4-1BBL can be used to protect
from spontaneous cancer formation. However, the focus of this study was not
enlightening the mechanism of protective effects of SA-4-1BBL mediated
protection. In the next studies, this needs to be evaluated. First, metabolic
changes can be evaluated in RNA and protein levels. Later, A/J mice with
different gene knockdowns can be used to evaluate the metabolic results of
those changes. This can also lead to have a better perspective of the
physiology of the 4-1BB/4-1BBL path in normal conditions versus cancer
immunology and can be a better target for other novel therapeutic
approaches.

3. In this thesis study, we showed that SA-4-1BBL decreased the PD-1+ T
lymphocytes and interpreted that SA-4-1BBL treatment can boost the
antitumoral immunity against NNK-induced spontaneous lung cancer by
diminishing the exhaustion of CD8+ T lymphocytes. However, this
interpretation needs to be proved with further analyses. After proving the
effect, the same setting of treatment can be performed on mice under anti-
PD-1 antibody treatment to see the changes in the activity of SA-4-1BBL.
These results can show the feasibility of a combination of immune checkpoint
inhibitors plus SA-4-1BBL treatment. On the other hand, we recently
published that SA-4-1BBL is an effective molecule to inhibit transplantable
tumor types.

4. This study showed that it also has an effect to protect against spontaneous
cancer. In the next studies, SA-4-1BBL can be used in various spontaneous
cancer models induced by chemical exposures such as polycyclic aromatic
hydrocarbon DMBA/TPA (2,4-dimethoxybenzaldehyde/ 12-0-
tetradecanoylphorbol 13-acetate) protocols for skin cancer (108) and MCA (3-
Methylcholanthrene) for sarcomas (109). With these future studies, we can
enlighten the functions of the 4-1BB/4-1BBL path in various cancers and
develop novel therapeutic approaches to increase the success rates of
immunotherapies in the clinic. This can lead to a paradigm shift in cancer
therapies which is still mostly based on conventional chemotherapy and
radiotherapy. This change can decrease the morbidity and mortality rates
related to therapies and increase the overall survival of cancer patients.
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