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Abstract

Lung cancer ranks highest in global cancer mortality, with the most prevalent type

lung adenocarcinoma (LUAD), comprising 40% of all lung cancer cases. Despite

immune checkpoint therapy being standard for non-targetable KRAS mutant LUAD,

responses are limited, underlining the need for improved prognostic markers and

therapeutic strategies.

Recent findings from our laboratory have elucidated that the anti-inflammatory

protein A20 acts as a tumor suppressor in both patients and experimental mouse

models of KRAS-mediated LUAD. In contrast, systemic downregulation of A20 alters

the tumor microenvironment to a tumor suppressive state reducing tumor growth and

prolonging survival of experimental mice. To study how A20 deficient tumor cells

escape the immune system we generated and characterized A20 deficient mouse

tumor cells. Our data demonstrated that A20 knockout tumor cells evade immune

surveillance by progressively upregulating the expression of checkpoint inhibitor

Programmed Death-Ligand 1 (PD-L1) resulting in reduced CD8+ T cell populations

infiltrating the tumor. Conversely, mice exhibiting systemic downregulation of A20

show increased tumor infiltration of CD4+ and CD8+ T cells compared to control

wild-type mice.

In summary, our data demonstrates that A20 features tumor suppressive properties

in KRAS-driven tumor cells, whereas its expression in immune cells acts as a tumor

promotor. Accordingly, adoptive transfer of immune cells with A20 downregulation

could offer a safe approach to complement and enhance the treatment effectiveness

for patients with KRAS-driven LUAD.
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Kurzfassung

Lungenkrebs steht bei der weltweiten Krebssterblichkeit an erster Stelle, wobei der

häufigste Typ, das Lungenadenokarzinom (LUAD), 40 % aller Lungenkrebsfälle

ausmacht. Obwohl die Immun-Checkpoint-Therapie bei nicht zielgerichtetem LUAD

mit KRAS-Mutation zum Standard gehört, ist das Ansprechen begrenzt, was den

Bedarf an verbesserten prognostischen Markern und therapeutischen Strategien

unterstreicht.

Jüngste Erkenntnisse aus unserem Labor haben gezeigt, dass das

entzündungshemmende Protein A20 sowohl in Patienten- als auch in

experimentellen Mausmodellen von KRAS-vermitteltem LUAD als Tumorsuppressor

wirkt. Im Gegensatz dazu verändert die systemische Herunterregulierung von A20

die Mikroumgebung des Tumors in einen tumorsuppressiven Zustand, wodurch das

Tumorwachstum reduziert und das Überleben der experimentellen Mäuse verlängert

wird. Um zu untersuchen, wie A20-defiziente Tumorzellen dem Immunsystem

entkommen, haben wir Tumorzellen aus A20-defizienten Mäusen erzeugt und

charakterisiert. Unsere Daten zeigen, dass sich A20-Knockout-Tumorzellen der

Immunüberwachung entziehen, indem sie die Expression des Checkpoint-Inhibitors

Programmed Death-Ligand 1 (PD-L1) progressiv hochregulieren, was zu einer

reduzierten CD8+-T-Zellpopulation in den Tumoren führt. Umgekehrt zeigen Mäuse,

bei denen A20 systemisch herunterreguliert wird, eine erhöhte Infiltration von CD4+

und CD8+ T-Zellen in den Tumor im Vergleich zu Wildtyp-Kontrollmäusen.

Zusammenfassend zeigen unsere Daten, dass A20 in KRAS-getriebenen

Tumorzellen und Immunzellen eine gegensätzliche Rolle spielt, wobei die

Herunterregulierung der A20-Expression in Immunzellen die Mikroumgebung des

Tumors in einen tumorsuppressiven Zustand versetzen kann. Daher könnte

adoptiver Transfer von Immunzellen, in denen die A20 Expression verringert wird,

einen sicheren Ansatz zur Ergänzung und Verbesserung der Behandlungseffektivität

für Patienten mit KRAS-getriebener LUAD darstellen.
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1. Introduction

1.1 Lung cancer

Lung cancer is the second most frequently diagnosed cancer globally, with estimated

19.3 million new cancer cases reported in 2020, and is the leading cause of

cancer-related deaths worldwide in both sexes (Fig. 1) 1,2. Although the overall

mortality rate of lung cancer has slowly begun to decline due to better treatment

options, the 5-year survival rate of lung cancer remains low, ranging from 2% to

20%, compared to other types of cancers (Fig. 2) 2–5. This is largely due to the late

diagnosis of the disease, often at advanced stages 2.

Figure 1: Incidence and mortality rates of Lung cancer worldwide. 1

Lung cancer can be classified histologically into two main types: small-cell lung

cancer and non-small cell lung cancer (NSCLC) (Fig. 3). Small-cell lung cancer,

which is derived from neuroendocrine cells, accounts for approximately 15% of lung

cancer cases and is characterized by smaller tumor cells and a highly aggressive

nature, frequently accompanied by metastasis at the time of diagnosis 6. Non-small

cell lung cancer, accounting for 85% of cases, arises from lung epithelial cells 5,7 and

can further be subdivided into three major histological subtypes: Large–cell

carcinomas, Squamous-cell carcinomas and Adenocarcinomas based on cell

morphology and transformed cells (Fig. 3) 4,7–9.
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Figure 2: Prevalence and deaths of the ten most common cancer cases in the United States according to latest
statistics 2.

Lung adenocarcinoma (LUAD) is the most common type of lung cancer, accounting

for around 40-47% of all lung cancers 7,9,10. LUAD develops from type 2 alveolar cells

in the lung after distinct genetic events and lead to the formation of a malignant

epithelial neoplasm 7. Lung Squamous-cell carcinoma (LUSC) develops from basal

epithelial cells in the airways, while the third subtype, Large cell carcinoma (LCC),

represents a more heterogeneous group of malignant neoplasms with epithelial

origin 8,9.

Figure 3: Lung cancer classification based on histological types and subtypes. Figure was adapted from
Sánchez-Ortega et al. 7 with modifications using Bio Render [www.biorender.com]
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All of these subtypes are associated with tobacco smoking, although some of the

NSCLC subtypes are commonly associated with non-smoking history, such as EGFR

mutant driven tumors 11,12.

1.1.1 Risk factors

The risk factors for lung cancer vary in their impact based on the individual's age,

sex, genetic predisposition, geographic location, and environmental exposure 5,13,14.

Smoking is the most well-known risk factor for lung cancer. According to the

International Agency for Research on Cancer, cigarette smoke contains 55 known

carcinogenic substances that can cause genetic changes such as sequence

alterations, methylation pattern changes, segment amplification or deletion, and

chromosomal changes 5,10. Other forms of tobacco use such as cigar and pipe

smoking as well as second-hand smoke exposure also increase the risk of lung

cancer development 15. Naturally, the quantity and duration of smoking are directly

proportional to the increased risk of tumor initiation and growth 15,16. Environmental

factors, such as exposure to asbestos and diesel exhaust, as well as coal mining,

chimney sweeping, and painting, also increase the risk of lung cancer 17. In addition,

exposure to air pollutants, such as particulate matter, nitrogen oxides, nitrogen

dioxide, sulfur oxide, arsenic, and residential radon, can increase the risk of lung

cancer 17,18. The role of genetic factors in increasing susceptibility to lung cancer was

also proposed 16.

1.1.2 Staging of Non-small Cell Lung Cancer

Non-small cell lung cancer staging is a crucial process in determining the extent of

cancer spread, which helps guide treatment decisions 10. The predominant TNM

classification system categorizes lung cancer into stages, based on factors such as

tumor size, lymph node involvement, and metastasis (Fig. 4) 19,20. Other factors such

as histology and genetic variations of the tumor may additionally influence the

selection of treatment strategies. The staging of NSCLC is generally expressed

through Roman numerals, ranging from 0 to IV. A lower stage indicates a less

extensive spread of the cancer and a better prognosis 19,20. Stage 0 NSCLC, also

known as carcinoma/tumor in-situ, is a preliminary stage in which the cancer is

confined to the top lining of the lung or bronchus and has not metastasized.
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Figure 4: Staging of lung cancer. Stage 1 is localized to the lung, Stage 2 involves nearby lymph nodes, Stage 3
has further lymph node involvement and nearby tissue, and Stage 4 signifies distant metastasis to other organs.
Figure made by BioRender.

Stage I NSCLC is divided into two sub-stages, 1A and 1B, based on the size of the

tumor. In this stage, the cancer has not yet spread to the lymph nodes or other parts

of the body. Stage II NSCLC is further divided into two sub-stages, IIA and IIB, with

each sub-stage being further categorized based on the size, location, and spread of

the tumor. These tumors may be larger than those in stage I and may have started to

spread to nearby lymph nodes, but the cancer has not yet spread to distant organs.

In Stage III NSCLC, the cancer has spread to the lymph nodes in the mediastinum

(the area in the chest between the lungs) and is further classified into IIIA, IIIB, or

IIIC, depending on the size, location, and extent of spread. Stage IV NSCLC is the

most advanced form of the disease, in which the cancer has metastasized to other

parts of the body, including the lung lining 19,20.
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1.1.3 Mutational landscape of NSCLC

Cancer is a molecularly heterogeneous disease where the different clones of

neoplastic cells originate from one or more altered cells and gain different types and

number of mutations over time and this poses challenges for targeted therapy and

other treatment approaches as well 21. The most commonly observed activating

mutations in NSCLC occur in the Kirsten rat sarcoma viral oncogene homolog

(KRAS) and epidermal growth factor receptor (EGFR) (as seen in Fig. 5) 5,22,23. Other

common mutations such as alterations in the tumor suppressor gene p53 are

typically found in more advanced tumors, which indicates that this plays a role in the

tumor's progression rather than initiation 15.

Figure 5: Mutational landscape of NSCLC in early stages. image adapted from Skoulidis et al. 22

In addition, the most prevalent genetic alteration in the ALK transmembrane receptor

tyrosine kinase gene is the EML4-ALK fusion oncogene, leading to the constitutive

activation of the ALK 24. Other less frequent but noteworthy oncogenic mutations

have been identified in genes such as AKT, BRAF, PIK3, MET, ERBB2, and NRAS,

accounting for less than 30% of LUAD cases in early stages 22. In about 27% of all

lung adenocarcinoma occurrences, the primary mutations are still not known (Fig. 5)
22.
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1.2 RAS oncogene family

RAS proto-oncogenes are frequently mutated in a variety of human cancers such as

in about 90-95% of pancreatic cancers, 40-50% of colorectal cancers and about

20-30 % of all lung cancers dependent on the study which makes it the most

frequently mutated oncogene family 25–28.

The RAS family proteins are encoded by highly homologous genes with 85%

sequence identity and include HRAS, NRAS, KRAS4A and KRAS4B where the

lesser two are encoded by the same gene and arise from alternative RNA splicing 29.

KRAS4B is the predominant splice variant expressed in many tissues but KRAS 4A

also has its functions in some tissues 30. Members of the RAS family are

receptor-coupled G-proteins, which function as a molecular binary switch by

activating molecules of different signaling pathways regulating normal cell

proliferation, differentiation and cell survival 29,30 (Fig. 6).

Figure 6: RAS proteins act as binary on-off switches, cycling between GDP-bound inactive states and
GTP-bound active states, regulated by RasGEFs and GAPs. Mutant KRAS constitutively binds GTP and
activates downstream pathways, promoting cell proliferation, survival, and metastasis. Figure generated by
Biorender.

Under normal conditions where the cell is not dividing, RAS remains in an inactive

state, bound to GDP. However, when external signals, like the binding of epidermal

growth factor (EGF) to the transmembrane receptor tyrosine kinase (EGFR), are

received, the receptor undergoes a temporary structural change and its intracellular

domain becomes phosphorylated. This, in turn, recruits RAS through adaptor

proteins. Guanine exchange factors (GEF) activate the inactive GDP-bound RAS by
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promoting the exchange of GDP with GTP, which then triggers the activation of

downstream effectors such as the MAPK and PI3K pathways. Once activated, the

RAS-GTP form is inactivated by the GTPase activating protein (GAP), which

stimulates the hydrolysis of GTP to GDP 31. Oncogenic mutations of RAS frequently

occur in codon 12, 13, 61 and 146 which results in high affinity binding of GTP and

stimulus independent constitutively active state of the protein and loss of GTPase

activity, leading to uncontrolled activation of downstream signaling pathways of cell

survival, proliferation and metastasis (Fig. 6) 31,32.

1.3 KRAS oncogene

The KRAS isoform is the most frequently altered variant in the RAS family,

accounting for about 86% of the mutations 28,33. It remains the predominant

oncogene mutation observed in solid tumors such as lung, colorectal, and pancreatic

cancers and appearing in up to 40% of NSCLC cases 34,35. The G>T transversion

mutation, which occurs at codon 12, translates into the replacement of Glycine (G)

with Cysteine (C), resulting in the KRAS G12C mutation. This mutation is the most

frequently observed in lung adenocarcinoma, present in 41% of patients, and is often

associated with a smoking history 33,36,37. Other common mutations, KRAS G12V and

G12D, are also frequently identified (as depicted in Fig. 7) 38. The expression of

mutant KRAS proteins remains stable across various tumor grades, indicating a

dependence of these tumors on the sustained activation and signaling of KRAS,

rendering it a potential therapeutic target 39,40. Regrettably, mutated KRAS proteins

present significant challenges for therapeutic intervention due to the small GTPase's

exceptionally high binding affinity to GTP and the active center's shallow nature
29,32,34,40.
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Figure 7: Frequent mutations in KRAS observed in lung adenocarcinoma (LUAD) 34

Consequently, the design of small molecule inhibitors capable of binding to its active

site to specifically block its activity is difficult. Until recently, KRAS was considered

undruggable, but in 2021, selective inhibitors against the G12C mutation were

approved for clinical application in a specific subset of NSCLC patients 41–43. The

mode of action of these inhibitors is predicated upon their covalent binding to the

mutated cysteine of KRAS, thereby keeping the protein in an inactive GDP-bound

state. However, there have been ongoing research efforts to develop KRAS-specific

inhibitors and therapies against other mutant forms of KRAS, none have reached

clinical use 41,44,45. Moreover, alternate approaches such as blocking the membrane

localization of KRAS or directing interventions toward downstream signaling

pathways have been suggested as potential therapeutic tactics to inhibit tumor

progression 46–48. Unfortunately, these interventions failed to exhibit a substantial

improvement in overall survival according to clinical investigations 49.

1.4 Treatment

The treatment of NSCLC depends on several factors including stage, resectability,

performance status, histology, and genomic alterations. Treatment options can be

broadly divided into five categories: surgery, chemotherapy, radiotherapy, targeted

therapy, and immunotherapy 10,50.
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Surgery:

In early-stage NSCLC (Stage I, and II) surgery is typically used to remove the tumor,

surrounding tissue and lymph nodes 10. In locally advanced NSCLC (Stage III),

surgery may be an option in some cases if the patient is considered able to tolerate

surgery.

Radiotherapy:

Radiotherapy is a commonly employed adjuvant therapy for lung cancer patients
10,51. It is used to prevent cancer relapse following surgery, as a palliative treatment

for patients who are unresponsive to surgery or chemotherapy, and in combination

with chemotherapy to improve overall treatment outcomes 51. Radiotherapy can also

be used as an alternative to surgery in early-stage disease and for small tumors

where surgery is not an option 10.

Chemotherapy:

Platinum-based doublet chemotherapy, involving the administration of cisplatin or

carboplatin in combination with another cytotoxic agent, is a commonly employed

treatment for advanced (stage IV) and unresectable tumors 10,51,52. Adjuvant

chemotherapy following surgery is utilized to eliminate any residual cancer cells in

patients with stage IIA, IIB, and IIIA NSCLC. Moreover, chemotherapy is used in

conjunction with radiotherapy to improve the survival rate of patients with

unresectable tumors 10. Overall, chemotherapy is an effective treatment approach for

improving the length and quality of life for individuals with lung cancer at all stages 51.

Targeted therapy:

Targeted therapy is typically used for patients with advanced or metastatic NSCLC

and when the tumor has a mutation that can be targeted by an approved drug 5,34.

This type of therapy involves the usage of drugs that specifically inhibit molecules

and signaling pathways that are essential for the growth and survival of cancer cells.

Several drugs are approved by the FDA for targeted therapies of NSCLC, with the

choice of therapy determined by the specific genetic mutations present in the tumor.

Good examples are mutant components of the receptor tyrosine kinase pathway

such as EGFR, ALK, ROS1 and mutant forms of KRAS 2. Targeting therapies for

KRAS mutations, a common genetic alteration found in approximately 20-25% of
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lung cancer patients 2, are currently only available for the KRAS G12C mutation 53.

For treating these mutations in the second-line setting, following immunotherapy

alone or combined with chemotherapy 5,52, the FDA has approved two drugs:

Adagrasib and Sotorasib 41,54. It's important to note that although targeted therapies

can exhibit considerable effectiveness, cancer cells often develop resistance to

these drugs over time. Therefore, continuous research is being undertaken to

overcome this challenge.

Immunotherapy:

Immunotherapy-based treatment has become one of the standard treatments for

lung cancer and gradually moved to the front line in the treatment of patients with

advanced to early-stage diseases 55,56. Within the tumor microenvironment during

active malignancy, T cells experience continuous exposure to tumor antigens. This

prolonged exposure can trigger the upregulation of inhibitory receptors, such as

PD-1, on T cells, resulting in T-cell exhaustion. In NSCLC, tumor cells expressing

PD-L1 interact with PD-1 on T cells, leading to early exhaustion and inactivation of T

cells, thereby reducing immune-mediated killing of tumor cells 55 .

To combat T-cell exhaustion, modulation of inhibitory pathways can be achieved

using monoclonal antibodies like anti-PD-1/PD-L1 57. These antibodies disrupt the

interaction between PD-1 and PD-L1, enhancing immune activity of T cells against

the tumor. Despite the approval of drugs like anti-PD-1/PD-L1 as first-line

monotherapy or in combination with chemotherapy for advanced NSCLC, there

remains a need for improved outcomes, as the median progression-free survival

(mPFS) remains below one year 55,56.

1.5 Cancer, tumor microenvironment and inflammation

The tumor microenvironment (TME) does not only contain tumor cells harboring

various genetic alterations but is also composed of stromal cells such as fibroblasts,

immune cells, vascular cells and the extracellular matrix which further complicates

our understanding of tumor biology 58,59. Tumor cells interact with their surroundings

so the composition of the TME and its interaction with tumor cells can either propel

tumor onset and expansion or impede tumorigenesis and tumor elimination 58–60.

Typically, cancer cells employ various strategies to alter the tumor microenvironment
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in their favor, facilitating their own survival, growth, migration, and evasion from the

immune system. 59,61. For instance, cancer cells may enhance the expression of

checkpoint inhibitor molecules like PD-L1 to inhibit T cell function. Alternatively, they

may boost the production of molecules that attract macrophages and regulatory T

cells, creating an environment of immune suppression and circumventing T cell

detection 60 (Fig. 8).

Figure 8: KRAS signaling involves the activation of downstream effector pathways, such as RAF-MEK-ERK and
PI3K-AKT-mTOR, leading to cell proliferation, survival, and metastasis. Figure created with BioRender
[www.biorender.com].

The persistence of chronic inflammation is one of the important characteristics of

malignant tumors 62. Smoking and other environmental factors can induce chronic

inflammation in the lungs that induce DNA damage and increase the likelihood of

mutations 36. Simultaneously, newly emerged KRAS mutations can also contribute to

an inflammatory microenvironment by producing pro-inflammatory cytokines and

chemokines recruiting immune cells which further fuel inflammation 25,63 as

mentioned above.
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Hence, dysregulation of inflammation homeostasis can promote cancer initiation and

progression, prompting investigations into therapeutic approaches aimed at

attenuating inflammation and altering tumor-stroma interactions to favor an

anti-tumorigenic microenvironment 63,64,58.

1.6 NF-κB pathway

The NF-κB proteins represent a family of inducible transcriptional factors that

regulate the expression of many cellular processes including cell proliferation,

survival, apoptosis, inflammatory and immune responses (Fig. 9). Nuclear factor κ B

(NF-κB) was first identified in 1986 as a nuclear factor that binds to the enhancer

element of the Ig κ light chain of activated B cells 65. This small protein family

includes five structurally related members: RelA (p65), RelB, c-Rel, NF-κB1 and

NF-κB2 which form hetero- and homodimers and mediate transcription of target

genes 66.

Figure 9: NF-kB signaling regulates many signaling pathways in cells and is the central regulator of inflammation
and immune cell activation 65.
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All members of the family share structural features on the N terminal Rel homology

domain, which is required for dimerisation of the proteins and DNA binding 65. RelA,

RelB and c-Rel possess transactivation domains and are sequestered in the

cytoplasm bound to inhibitory proteins of the IkB family proteins in quiescent cells.

The other 2 members, NF-κB1 (p50) and NF-κB2 (p52) (synthesized as pro-forms,

p105 and p100 respectively) contain inhibitory ankyrin repeats on their C terminal

domain and only activate transcription if they are bound to another NF-κB

transcription factor which has a transactivation domain 67.

NF-κB activation can occur through the classical/canonical pathway and the

alternative/non-canonical pathways which are induced by different stimuli and differ

in signaling mechanisms but both are important in the regulation of inflammation and

immune regulation 68. The canonical pathway induced by growth factors, cytokines,

mitogens, microbial compounds and stress through the TNF receptor (TNFR),

Pattern recognition receptors (PRRs), T cell receptor (TCR), B cell receptor (BCR)

and cytokine receptors 69. In response to the above-mentioned stimuli, the IkB kinase

complex (IKK) mediates the site specific phosphorylation of the IkBa inhibitory

protein that keeps the NF-κB in an inactive form (Fig. 10) 65.

Figure 10: Classical NF-κB signaling pathway. Generated using BioRender.com [www.biorender.com]

The IKK complex is composed of two catalytic subunits IKKα and IKKβ and the third

regulatory subunit IKKγ or NEMO (NF-κB essential modulator) 67 and phosphorylates
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the IκBα at two N terminal serines and thus triggers its ubiquitin-mediated

degradation in the proteasome. The NF-κB dimers (p50/p65) are then released from

the inhibition and can translocate to the nucleus and bind to DNA elements 67.

The non-canonical pathway induced by ligands of the TNFR family, including CD40

co-receptor, Lymphotoxin Beta receptor (LTBR), Receptor activator for NF-κB

(RANK) and B cell activation factor receptor (BAFFR) and its activation relies on

phosphorylation and processing of the precursor p100 protein by IKKα and the

NF-κB inducing kinase (NIK) 70. While the canonical pathway is involved in most

immune responses, the non-canonical pathway has a supplementary function and

regulates specific adaptive responses together with the canonical pathway 71.

Several studies reported that defects in the regulation of the NF-κB pathway

frequently associated with cancer initiation, progression, and resistance to treatment
72. Enhanced activation of the NF-κB signaling pathway has been documented in

various tumors, particularly lymphomas 73,74,75 and has been reported to cooperate

with KRAS in lung tumorigenesis 76–78. Therapeutic targeting of NF-κB activation is

challenging due to its complex and pleiotropic role in regulating normal cellular

processes. As a result, it's essential to enhance our understanding of how tumors

evade inflammatory control and explore ways to address this for the enhancement of

treatment strategies.

1.7 A20/ TNFAIP3: TNFα inhibitory protein 3

A20 also known as tumor necrosis factor alpha induced protein 3 (TNFAIP3) is a

ubiquitin modifying enzyme and a potent anti-inflammatory protein. It was first

identified in 1990 as a primary response gene in human endothelial cells following

TNF stimulation and described as a protein protecting cells from TNF-induced

apoptosis 79,80. A20 is induced by several stimuli and acts as a negative regulator of

both the canonical and non-canonical NF-κB pathways and suppresses NF-κB

signaling downstream of TNFR, IL1R, TLR4, NLRs, CD40, TCRs and BCR thus

prevents prolonged immune responses and inflammation 81–84.

A20 is a 90 kDa protein and biochemically functions as a ubiquitin modifying

enzyme having both ubiquitin ligase activity and deubiquitinase activity (DUB) as

depicted in Fig. 11 83,84. The amino terminal ovarian-tumor domain possesses DUB

function which is mediated by the Cys103 residue and removes K63 ubiquitin chains
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from its target proteins 85,86. The carboxy terminal of A20 has 7 Zinc finger domains,

from which the ZnF4 domain has E3 ligase activity and polyubiquitinates its

substrate on K48 residues and physically can bind to K48 polyubiquitin chains, while

the ZnF7 domain can bind to M1 linked chains and modulate signaling 87,88.

Figure 11: Structure and biochemical properties of A20/TNFAIP3 includes an N-terminal ovarian tumor (OTU)
domain and seven zinc fingers (ZnF) on the C-terminal domain 84.

A20’s function is best characterized on the TNF signaling pathway, where it exerts its

modifying properties by enzymatic and non-enzymatic actions (Fig. 12). Upon TNFα

binding to the TNFR protein complex, protein complexes RIP1 (receptor-interacting

serine/threonine-protein kinase 1) and TRAF2/TRAF5 are recruited, contributing to

the formation of the TNFR complex 84. Subsequently RIP1 undergoes K63

polyubiquitination facilitated by ubiquitin-conjugating enzyme (Ubc)13 and cellular

inhibitor of apoptosis protein (cIAP)1/2 and this RIP1–polyubiquitin assembly acts as

a scaffold for the recruitment of transforming growth factor beta-activated kinase 1

(TAK1)-TAB2/3 complex and IKKγ (NEMO) 89. The linear ubiquitin chain assembly

complex (LUBAC) attaches M1 chain on NEMO, thereby recruiting an additional IκB

kinase (IKK)-NEMO complex 84 (depicted in Fig. 12). Finally, TAK1 phosphorylates

and activates IKK2, which then ultimately results in the phosphorylation and

degradation of IκB thereby liberating NF-κB and facilitating its translocation into the

nucleus 90.
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Figure 12: TNF signaling induces activation of the classical NF-κB signaling pathway which is heavily regulated
by ubiquitin modifying proteins including A20 84.

In addition to its role in counteracting NF-κB activation, A20 also has a central role in

maintaining cellular equilibrium and carries out diverse functions that vary according

to the specific cell type. A20's impact encompasses both positive and negative

regulation of cell death 91–94, and it inhibits NLRP3 inflammasome activity 95,96, and

Wnt signaling 97,98 . Additionally, it plays a role in modulating antiviral interferon

signaling by targeting TBK1/IKKε 99, and control autophagy 100. Given the

wide-reaching regulatory roles of A20 within numerous cellular signaling pathways,

its dysregulation has been implicated in the pathogenesis of various autoimmune

and autoinflammatory disorders. Its crucial importance in regulation is reflected in the

phenotype of mice with germ-line deletion in the A20/TNFAIP3 gene that develop

severe multiorgan inflammation and die prematurely 101. In contrast, A20

heterozygous (A20het or A20Δ/+) mice do not show an overt inflammatory phenotype
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other than low-grade cerebral inflammation when unchallenged with normal

circulating TNFα and IL-6 levels 102–104. In humans, haploinsufficiency of

A20/TNFAIP3 results in increased NF-κB signaling, NLRP3 inflammasome activity
95,96,105,106, and increased expression of proinflammatory cytokines, which was

observed in patients with a rare, early-onset autoinflammatory syndrome ranging

from very mild disease to severe multiorgan inflammation 105–110. Several

single-nucleotide polymorphisms (SNPs) in or near the A20 gene, reducing the

expression levels of functional A20111–114, have been linked to autoimmune and

inflammatory diseases, including systemic lupus erythematosus (SLE), rheumatoid

arthritis, psoriasis, type 1 diabetes and Crohn’s disease 115,116 and it has been

reported that in cancer A20 can play dual roles, either tumor suppressor or

oncogene 81. In tumors, A20 exhibits various roles across different cancer types. It is

frequently inactivated through somatic mutations and/or deletions in B cell

lymphomas, where it serves as a tumor suppressor 117. Similarly, in T cell

lymphomas, A20 is also considered a putative tumor suppressor 118. A20 operates as

a tumor suppressor in colorectal cancer (CRC), where reduced expression stemming

from genetic and epigenetic changes is associated with unfavorable patient

outcomes 119. In hepatocellular carcinoma (HCC), varying A20 expression levels hint

at its potential involvement in tumorigenesis, with higher levels linked to enhanced

prognosis and overall survival, underscoring its tumor suppressor role 120. Similarly,

A20 acts as a tumor suppressor in pancreatic and lung cancer 121,122. Conversely,

A20's overexpression in breast cancer aligns with oncogenic processes, promoting

proliferation, metastasis, and drug resistance 123,124 and in gastric cancer tissues,

where elevated A20 mRNA levels are observed 125. In gliomas and nasopharyngeal

carcinomas A20's roles are context-dependent, exhibiting paradoxical effects under

different circumstances 126,127.

Given A20's significant role in immune regulation, its function has also been explored

in different immune cell types using transgenic mouse models, where conditional

A20-floxed alleles enable lineage specific A20 deletion.

Silencing A20 in macrophages induces classical activation, exhibited heightened

expression of costimulatory molecules (CD80, CD40, MHC-2 CD86) in vitro, along

with increased secretion of IL-6, IL-10, TNFα, and enhanced immunostimulatory

properties 128. In vivo transplantation of these macrophages resulted in enhanced

CD8+, natural killer cell (NK), and CD4+ T cell activation, leading to elevated

granzyme and perforin production and enhanced immune protection of tumor

25

https://sciwheel.com/work/citation?ids=4511249,2604196,6883584&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=710037,683,7597971,4727637&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=4727637,4166837,6052759,14793612,7597971,1098376&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0
https://sciwheel.com/work/citation?ids=1333251,14793607,1334704,4967108&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=5735809,1009760&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=15279792&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1735611&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=14793606&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=15319078&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=15314406&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11540912,15103216&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=2747878,15314427&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=15319091&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=14793598,15324604&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=14793589&pre=&suf=&sa=0


bearing experimental mice 128. Furthermore, intratumoral injection of A20 siRNA

significantly diminished the subcutaneous growth of EG.7 mouse lymphoma cells by

inducing apoptosis in myeloid-derived suppressor cells (MDSCs), consequently

promoting increased infiltration of cytotoxic immune cells and reduced infiltration of

regulatory T cells 129. Studies in NK cells showed that although the absence of A20 in

NK cells resulted in hyperactivation, elevated cytokine and cytotoxic agent release,

the majority of A20-deficient NK cells ultimately underwent apoptosis 130.

In other immune cells such as dendritic cells (DCs) it has been shown that A20

controls the maturation and activation of these cells thus maintains in vivo T and B

cell homeostasis, preventing spontaneous autoinflammation 131. In addition,

knockdown of A20, whether in vivo or in vitro, results in the upregulation of

co-stimulatory molecules and heightened production of IL-6, IL-10, and IL-12 131. This

heightened activation in DCs leads to improved antigen presentation and amplified

activation of antigen-specific cytotoxic T cells and T helper cells, while concurrently

restraining regulatory T cells (Tregs) thus further limiting tumor growth in murine

melanoma models 131. Given the central role of dendritic cells in tumor recognition,

clearance, and the development of immunological memory, ongoing research is

actively exploring their application as potential anticancer vaccines for individuals

diagnosed with non-small cell lung cancer (NSCLC)132,133.

A20 exhibits significant expression in naive T cells, where it modulates NFκB

activation driven by TCR/CD28 signaling and supports TCR-mediated survival 134.

While this regulatory role serves to prevent undesired activation, inflammation, and

autoimmunity, it does dampen antitumor activity 135. However, deletion of A20 in

mature conventional CD8+ T cells in vivo leads to sustained activation of NF-κB and

increased production of IL-2 and IFN-γ due to increased sensitivity to antigen

stimulation 135. The adoptive transfer of these T cells has been shown to reduce

melanoma growth in experimental mice and increased cytotoxicity and activation of

bystander NK cells, further containing tumor growth135.

Significantly, these investigations relied on highly efficient gene silencing techniques

or cell type-specific deletion of A20. Genetic knockout of A20 within immune cell

populations led to enhanced activation of cytotoxic cells resulting in controlling tumor

growth. As a consequence, the idea of adopting A20-deficient immune cells for

therapeutic purposes has been proposed as a means to diminish tumor load.
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1.8 Rationale and aims of this thesis

Lung cancer continues to be the leading contributor to cancer-related deaths

worldwide, exhibiting the lowest 5-year survival rate when compared to all other

types of cancer 2. The high mortality rates are largely attributable to late-stage

diagnosis resulting in unfavorable prognoses.

Activating mutations in the KRAS oncogene are present in an estimated 20-30% of

all lung cancer cases, however, specific inhibitors are largely non-existent in clinical

practice for most KRAS mutations, with the exception of KRASG12C 41,53.

Immunotherapy has significantly transformed the treatment landscape for advanced

NSCLC, offering the possibility of extended survival of NSCLC of stages 1-4 2,136.

Nonetheless, only 15-25% of patients show initial response, and eventually develop

resistance 56,60,136. This highlights the critical importance of identifying additional

biomarkers that can predict treatment efficacy and potentially give a hint for

combination therapies and improved therapies.

KRAS-driven LUAD is triggered by chronic inflammation, which may initiate

tumorigenesis and promote cancer progression 25. The immune-modulating enzyme

A20 plays a pivotal role in promoting anti-inflammatory responses by modulating

NF-κB activation 134. Recent research in our laboratory has unveiled the

tumor-suppressive potential of A20 in lung cancer cells driven by KRAS mutations.

Intriguingly, in contrast to this, the downregulation of A20 within the tumor's

surrounding stroma leads to a transformation of the tumor microenvironment into a

state that promotes tumor suppression, resulting in significantly prolonged survival in

mice harboring KRAS-driven lung tumors.
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1.8.1 Preliminary data: Tumor intrinsic loss of A20

Previously we have shown that tumor intrinsic loss of A20 has an impact on lung

tumor development and A20 expression levels are lower in tumor tissues compared

to healthy tissues in human patients and mice 121. Lower A20 levels also correlate

with lower overall survival. Mouse LUAD cells form autochthonous lung tumor model

KP (KRASG12D/+ :p53Δ/Δ), and CRISPR/Cas9 modified A20 mutated (KPA) cells did not

show difference in proliferation in vitro and in vivo in immunocompromised (NSG)

mice. In contrast, when transplanted into immunocompetent mice where mice

bearing KPA tumors showed decreased survival, indicating A20's role as a potent

tumor suppressor by altering the tumor microenvironment 121. Further analysis of

patient data revealed that A20-deleted tumors exhibited a distinct gene signature

associated with low CD8+ T cell abundance, which was confirmed by

immunohistochemistry of human LUAD biopsies and mouse tissues. In addition,

RNAseq analysis of A20-deficient mouse tumor tissue revealed an elevated

interferon signature and increased expression of the T cell suppressor PD-L1 121.

However, when using bulk RNA sequencing of tumor tissues, it becomes challenging

to differentiate PD-L1 mRNA expression specifically within tumor cells from its

expression in other cell types that also possess PD-L1.

Aim 1:

In order to examine the impact of A20 loss on tumor growth in vivo and to examine

the dynamics how cancer cells evade immune recognition, our objective was to

establish a KRAS mutant A20 deficient tumor cell line expressing the dTomato

reporter for simplified identification of tumor cells in vivo (Figure 13 A and B) 137. The

A20 deficient and proficient tumor cell lines will be first verified and characterized in

vitro. For in vivo characterisation, we will perform orthotopic transplant with the tumor

cells into the lungs of syngeneic mice. This method enables the investigation of

tumorigenesis within the context of a fully functional immune system, and enables to

study how genetic changes in cancer cells influence tumor growth under natural

physiological conditions 138. Hence, we will perform Kaplan Maier survival analysis

and time point analysis using flow cytometry in orthotopic mouse models to study the

effects of A20 loss on tumorigenesis and immune escape mechanisms.
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1.8.2 Preliminary data: A20 in the stroma

Analyzing tissue samples from KRAS mutant LUAD patients, we noticed eventually

high A20 expression in cells of the tumor stroma (Fig. 13A). Double staining revealed

that CD34+ endothelial cells lining the tumor vessels were mostly negative for A20

expression (Fig. 13B), suggesting that A20 positive cells were mainly immune cells,

including macrophages, monocytes and lymphocytes. In autochthonous,

KRAS-driven mouse tumors 137, we also noticed infiltrating immune cells staining

strongly positive for A20 (Fig. 13C). To investigate whether A20 expression in cells of

the TME has implications on tumorigenesis of KRAS-driven lung tumors, we crossed

KRASLSL-G12D/+ mice with A20Δ/+ and A20LoxP/LoxP mice. Intriguingly, following tumor

induction using Ad.Cre, mice with systemic heterozygote A20 knockdown exhibited

significantly increased survival as compared to their respective controls (i.e.

KRASG12D/+, A20Δ/+ versus KRASG12D/+, A20ΔLep/+ mice with ΔLep meaning deleted in

lung epithelial derived tumor cells only; Fig. 13D). Notably, KRASG12D/+, A20Δ/+ mice

exhibit heterozygosity of A20 in the whole body including the rising lung tumors,

whereas in KRASG12D/+, A20ΔLep/+ mice only the tumors are heterozygous for A20.

However, reduced tumor burden in A20Δ/+ mice may be related to reduced Ad.Cre

transduction efficiency caused by increased antiviral potential upon A20 knockdown
99,139. This would result in decreased tumor initiation. To rule out this possibility, we

isolated A20 wild-type mouse LUAD cells from the autochthonous lung tumor model.

The resulting KRASG12D mutated, p53 deficient cell line (hereafter KP cells) was then

used to perform subcutaneous and orthotopic transplantations of KP cells 138. In both

models, we noticed impaired tumor growth when transplanted into A20Δ/+ mice, as

evaluated by significantly decreased tumor mass in A20Δ/+ recipients compared to

their wild-type controls (Fig. 13E) and increased survival in Kaplan Maier analysis

(Fig. 13F). Hence, systemic knockdown of A20, including in the tumor stroma,

significantly impaired development of KRAS-driven lung tumors.

Based on these observations we hypothesized that the reduction of A20 primarily in

immune cells initiates a sequence of intracellular processes that subsequently

enhance the suppression of tumor growth.
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Figure 13: (A) Representative image of a KRAS mutated LUAD biopsy stained for A20 and with (B) co-staining
for CD34. (C) Picture of an autochthonous mouse lung tumor 10 weeks post tumor initiation and stained for A20.
(D) Survival analysis of KRASG12D/+:A20ΔLep/+ mice compared to whole body heterozygous A20 knockout
KRASG12D/+:A20Δ/+ mice. (E) Tumor weight 4 weeks after subcutaneous transplantation of KP mouse lung tumor
cells into syngeneic c and A20Δ/+ mice. (F) Survival analysis of wild-type versus A20Δ/+ mice following orthotopic
engraftment of KP cells into the lungs.

Aim 2:

The goal of the study is to further elucidate these alterations in the lung tumor

microenvironment in response to partial A20 knockdown as in A20 heterozygous

mice and upon conditional A20 knockout. Systemic knockout will be achieved using

the Tamoxifen/CreERT2 system (A20fl/fl :CreERT2). Subsequently, we will test whether

A20 knockout/knockdown enhances anti-tumorigenic potential to restrain growth of

KRAS-driven lung tumors and identify immune cell populations that are most

significantly contributing to restrain tumor growth.

Therefore, KPr cells will be transplanted intratracheally into syngeneic recipient mice

(A20 heterozygous, A20fl/fl :CreERT2 and respective control mice). Subsequently we

will harvest lungs of recipient mice after different time points and determine

alterations by flow cytometry using markers for myeloid and lymphoid subsets and by

RNA-seq and subsequent bioinformatics integration of the data.

In summary, the reduction of A20 in specific immune cell populations, resulting in

heightened activity and improved antitumor efficacy, would present a promising
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approach to enhance the effectiveness of adoptive cell therapy when used in

conjunction with other treatments, thereby could complement established therapeutic

approaches.
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2. Materials and Methods

2.1 In vivo experimental methods

2.1.1 Mouse models

Animal husbandry and mouse experiments were approved by the Austrian Federal

Ministry of Science, Research, and Economy. The experiments were conducted

according to the Protection of Animal Acts. Mice were generated and maintained on

a C57BL/6 background. We closely monitored the body weight of the animals

throughout the experiment, and when it dropped by 20%, the mice were humanely

euthanized. Mice lines were acquired from The Jackson Laboratory and from

Charles River Laboratories and bred in house.

Figure 14: Mouse tumor models. (A) orthotopic transplantation of Tumor cell lines into the lungs of mice. (B)
Gavage feeding of animals for in vivo treatment. Figure generated using Biorender.

Autochthonous tumor model

Mice heterozygous for the mutant KRAS G12D is under the control of a stop

cassette flanked by loxP sites and p53 KRASLSL-G12D/+:p53loxP/loxP were crossed to

ROSA26LSL-dTomato mice 140. Mice were inhaled with Adenovirus which expresses the

Cre recombinase under the promoter of the Surfactant C protein (Spc) that is only

expressed in type II alveolar type cells (Fig. 15). Following virus inhalation, the

recombination process triggers the expression of the KRAS G12D mutation, leading
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to the activation of the dTomato reporter gene and the disruption of the p53 gene in

transformed tumor cells 137.

Figure 15: Autochthonous tumor model of KRAS-driven lung adenocarcinoma. (A) Transgenic mice are inhaled
with Cre recombinase expressing Adenovirus, where the Cre is expressed under the promoter of the surfactant
protein C, that is only active in type 2 lung epithelial cells. (B) The KRAS G12D mutation and the dTomato
reporter is expressed and the p53 gene is disrupted in transformed tumor cells (C) after Virus inhalation 137.

Orthotopic transplantation model

Wild-type C57BL/6J mice were obtained from Jacksons Labs and bred to mice

carrying heterozygous deletion of the A20/TNFAIP3 gene (A20Δ/+ mice). Before

transplantation, the mice were anesthetized with Ketamine- Xylazine mixture (Table

1.) 10 µl/g body weight via subcutaneous injection. The cells were resuspended in

antibiotic and serum-free RPMI 1640 supplemented with 0.01 mM EDTA and were

transplanted intratracheally into anesthetized mice using a catheter with a blunted

needle (BD Bioscience) in 50 µl final volume per mouse 138.

Reagents Volume Concentration

PBS 45 mL

Ketamine (100 mg/mL) 5 mL 9.43 mg/mL

Xylazine (20 mg/mL) 3 mL 1.13 mg/mL
Table 1. Reagents for anesthesia.
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Inducible systemic knockout model

To generate full body A20 knockout mice, A20fl/fl mice were crossed with transgenic

ROSA26-CreERT2 mice and treated with Tamoxifen at the age of 8 weeks.

Tamoxifen was dissolved in DMSO, aliquoted and frozen in 50 mg/ml stocks. One

stock was freshly diluted to 10 mg/ml in sunflower oil, stored at 4°C and used for up

to one week. Mice received 1-10 mg/ml tamoxifen in 100 µl doze by oral gavage over

a certain period of time (2-7 days). To determine the efficiency of the recombination,

DNA was isolated from the lungs, spleen and tail after the treatment and the

recombination efficiency of the exon 2 in the TNFAIP3 gene was tested with PCR

using the genotyping primers.

2.1.2 Genotyping and PCR

Toes of mice were clipped and the tissues were lysed in a 150 µl DNA lysis buffer

with Chelex 100 beads (Bio Rad)(Table 2.) and incubated OVN at 56°C on a thermo

shaker. Supernatants of the samples were used for PCR reactions (Table 3-7).

Chelex DNA Extraction lysis buffer 250 ml

Chelex 100 50g

Tris pH 8 10 mM

EDTA 1 mM
Table 2. Contents of the lysis buffer used for DNA extraction from mouse tissue.

PCR Reagents Volume

Primer mix (Fw and Rev, 10 µM) 1 µL

5x GoTaq buffer 5 µL

dNTPs (5 mM) 1 µL

GoTaq DNA Polymerase 0,1 µL

H2O 17,9 µL

DNA 1,5 µL
Table 3. Reagents used for PCR.
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temperature time cycle

95°C 3 min

95°C 30 sec x 38

58°C 30 sec

72°C 45 sec

72°C 10 min

4°C ∞
Table 4. PCR program setting for A20 and R26-CreERT2.

Reagents Amount

Agarose 4 g

1x TAE 200 mL

SYBR safe 4 µL
Table 5. Reagents used for gel electrophoresis.

Agarose gel electrophoresis

For determining the DAN product sizes, agarose powder was dissolved and heated

up in 1x TAE buffer to get a 2% concentrated solution. SYBR safe dye was added to

the hand warm agarose solution, gently mixed and poured into running chambers to

solidify. After removing the combs, the gel was placed in the Gel electrophoresis

chamber in 1x TAE buffer. The PCR products and a 1kb marker were loaded into the

wells on the gel and the machine was turned on to 120 Volts. After about 40 minutes,

the gel was taken out and imaged using the ChemiDoc Touch Imaging System

(Bio-Rad).
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Product sizes

Gene Size [bp]

A20 WT 250

A20 fl 420

A20 delt 650

Rosa-CreERT2 500
Table 6. Genotyping PCR product sizes.

Genotyping primers Primer sequences

A20 delta Rev TGTCTGCTGATGCCATTTTGAC

A20 wt Fw AGTCTGGGACTGGATGTAGC

A20 wt Rev CTGGCTAAGGCCTTGATACC

Rosa26-CreERT2 Fw GTAACTGTGGACAGAGGAGCCATAAC

Rosa26-CreERT2 Rev GGGAAACCATTTCCGGTTATTCAAC
Table 7. Primers used for genotyping.

2.2 In vitro work

2.2.1 Cell lines

The KPr cells (KRASLSL-G12D/+:p53Δ/Δ:tdTom) cell line was isolated from autochthonous

mouse models of lung tumors following Ad.Cre inhalation. Recombination is induced

in the type II alveolar cells leading to the expression of mutant KRAS, dTomato

reporter and homozygous knockdown of p53. dTomato expressing KP tumor cells

were isolated at endpoint post inhalation where the mice lost 20% of the initial body

weight.
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2.2.2. Culturing mammalian cells

Culturing conditions

Tumor cell lines were cultured in standard RPMI 1640 medium, supplemented with

10% FBS, 1% L-glutamine and 1% PenStrep (Gibco ™ ) while the standard medium

for primary lymphoid cells (splenocytes) was RPMI 1640 supplemented with 10%

FBS, 1% L-glutamine and 1% PenStrep, 0,1 mM Non-essential amino acids (Gibco)

0,1 mM β-MeOH and 1 mM sodium pyruvate. Live cells were counted using

CASY/trypan blue (10µl cell suspension + 10µl trypan blue) using a cell counter

machine.

Passaging cells

Cells were washed with sterile 1x PBS and detached from the culture plate by

incubating the cells with trypsin 0.05% EDTA (Gibco ™) at 37°C, 5% CO2 in a humid

incubator for 5 minutes. The detached cells were resuspended in complete medium,

containing 10% FBS and centrifuged at 300 xg for 3 minutes. The cells were

resuspended in 1-2 ml of standard medium, counted and reseeded at desired

density on tissue culture treated petri dishes.

Freezing cells

Isolated primary cells, including lung cells and splenocytes or tumor cell lines were

harvested and collected by centrifugation. The cell pellets were resuspended in 1 ml

of freezing medium that consisted of RPMI 1640 supplemented with 20% FBS and

10% DMSO. Cell suspensions were transferred into pre-labeled cryovials and

subsequently to -80°C within a cryo box. The aliquots were removed from the cryo

boxes after one week and transferred into liquid Nitrogen for long term storage.

Thawing cell lines

Aliquots of frozen cell lines were thawed and quickly transferred into 14 ml falcon

tubes, containing 9 ml of complete medium. The cell suspension was centrifuged at

300 xg for 3 minutes and the cell pellet was resuspended in 1 ml fresh complete

medium, plated on 10 cm petri dishes and cultured as described previously.
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2.2.3 Genetic modification of cultured cells with CRISPR/Cas9

KPr cells were cultured in RPMI1640 (Gibco, RPMI medium with L-glutamine and 25

mM) medium supplemented with 10% FBS and 1% P/S and 5x104 cells were seeded

into wells of a 24 well plate one day before transfection. Then 500 ng from the

plasmids were mixed with 100 µl Optimem and 0,5 µl Plusreagent in eppendorf

tubes and incubated for 5 minutes at room temperature (RT). 2 µl of Lipofectamine

LTX was added to each tube, mixed briefly and incubated for 25 minutes at RT that

allows the plasmids to be packed in liposomes. In the meantime the medium on the

cells was changed to RPMI 1640 +10% FBS (Gibco, Cat# 10500-064), L-glutamine

to remove the antibiotics and the transfection reaction mix was added to the cells

dropwise. The cells were transfected with a plasmid encoding the Cas9 protein and

the guideRNA (Table 9.) with puromycin resistance gene pSpCas9(BB)-2A-puro-A20

while the negative cells were transfected with empty backbone plasmid

pSpCas9(BB)-2A-puro (Fig. S1) and the positive control cells were transfected with

pSpCas9(BB)-2A-GFP plasmid encoding GFP instead of puromycin resistance

cassette (Fig. S2).

The cells were incubated for 24 hours and examined under fluorescent microscope

to check if the control cells express GFP and thus determine the efficiency of the

transfection. From the next day, cells were incubated in 13 µg/ml Puromycin for 3-4

days to negatively select the untransfected cells. One third of the positively selected

transfected cell pool was frozen, the other was used for DNA isolation and the

leftover was diluted and seeded into 96 well plates in a way that every second well

would contain 1 cell in 100 µl medium. Single cell clones were expanded gradually

and transferred into bigger plates.

2.2.4 DNA isolation from cells

Cells were trypsinized, washed 2 times with 1x PBS and collected by centrifugation

at 800-1200 xg for 5 minutes. The cell pellet was resuspended in 200 µl of DNA lysis

buffer (Table 8.) to which 30 µg/ml proteinase K (Sigma P4850) was added. The cell

suspension was vortexed and incubated overnight shaking at 55°C and 800 rpm.

The next day 85 µl of 5 M NaCl was added to the lysates and after inverting the tube
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a few times, the sample was centrifuged at 16000 xg for 10 min at RT. The

supernatant was transferred into a new Eppendorf tube without disturbing the pellet

and was mixed with 250 µl isopropanol. After repeating the previous centrifugation

step, the supernatant was discarded and the pellet was washed with 1 ml 70%

EtOH. The sample was centrifuged and after discarding the supernatant, the pellet

was air-dried for 20 minutes and then re-suspended in 50 µl dH2O. DNA

concentration was measured by using the NanoQuant Tecan Infinite M200Pro

device.

DNA lysis buffer

Reagents Final Concentration

NaCl 100 mM/L

EDTA 100 mM/L

Tris-HCl pH8 50 mM/L

SDS 1 %
Table 8. Composition of the DNA lysis buffer.

2.2.5 TIDE (Tracking of Indels by DEcomposition) sequencing

Clones were gradually expanded until they reached 90% confluency on a 6 cm petri

dish. DNA was isolated as previously mentioned and the fragment bearing the

mutation was amplified with primers (Table 9-10.) spanning the knock-out construct

in two separate PCR reactions. The product from one reaction was used for

gel-electrophoresis to check the size and efficiency of the PCR, the other PCR

product was used to isolate the amplified DNA fragment using the Favorgen PCR

clean-up mini-kit (Cat nu.: FAPCK001-2) according to manufacturer’s instructions

and sent for TIDE sequencing 141. The sequencing mixture contained 1 µg DNA from

the respective samples and 5 ug/ml of the forward TIDE sequencing primer in 20 µl.

To estimate the targeting efficiency and degree and nature of modification, we

analyzed the sequencing data using the TIDE sequencing webtool

http://shinyapps.datacurators.nl/tide/ which identifies small indels in the given

sequence comparing to a control unmodified sequence.
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Name of the primer Sequence

sgRNA #2 CTCGGAACTTTAAATTCCGC

TIDE #2 fw ATCAAGGCCTTAGCCAGCAA

TIDE #2 rev GCTCAAAACTGATGGGAGGGA
Table 9. Guide RNAs and TIDE primer sequences used for targeted gene modification with CRISPR/Cas9

PCR reaction for TIDE sequencing:

temperature time cycle

94°C 2 min

94°C 30 sec x 40

58°C 40 sec

72°C 50 sec

72°C 10 min

4°C ∞
Table 10. PCR reaction for A20 TIDE sequencing.

2.2.6 RNA isolation from cells and tissues

Cells were seeded into 6 cm petri dishes at 50% confluency and stimulated with 1

ng/ml LPS or 30 ng/ml mouse TNF-α for 4 hours. The dishes were cooled on ice and

washed 3 times with ice cold 1x PBS, then lysed by adding RNA lysis buffer

(Qiagen) with 0.02% β-Mercaptoethanol to the cells. The lysate was collected in

Eppendorf tubes and RNA was isolated using the RNeasy Mini kit 50 from Quiagen

according to the protocol. 1 µg RNA was used from each sample for cDNA writing

when samples were used for RT-qPCR.

The right upper lobe of the lungs were frozen in liquid nitrogen right after harvesting

and stored on -80°C or in a liquid nitrogen tank until processed. The tissues were

lysed in 5 ml tubes containing RNA lysis buffer with β-mercaptoethanol by using an

electric tissue processing device and processed further using the RNeasy Mini kit 50

from Quiagen according to the protocol.
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2.2.7 RNA sequencing

The NEBNext Ultra II RNA Library Prep was employed to prepare sequencing

libraries, which were then sequenced using the Illumina NextSeq500 platform in a

75-base pair single-read configuration. The resulting sequencing data were aligned

to the Mus musculus/mmc10 mouse genome assembly using the Spliced Transcripts

Alignment to a Reference (STAR) aligner. Differential gene expression was

subsequently assessed using DESeq2 142,143. The Gene Set Enrichment Analysis

(GSEA) was executed as per the standard procedure, setting permutations at 1000

and sourcing hallmark gene sets from the Molecular Signature Database

(www.gsea-msigdb.org/gsea/msigdb/). For the heatmap visualization, a single outlier

per group, pinpointed through hierarchical clustering, was omitted, and the

heatmapper.ca tool utilized 144.

2.2.8 cDNA synthesis

For quantitative Real Time PCR 1 µg RNA was used for reverse transcription to write

cDNA using the iScript™ cDNA synthesis kit from Bio-Rad according to

manufacturer's instructions and the indicated tables below (Table 11.-12).

The cDNA was diluted 10x with nuclease-free water to a final concentration of 5

ng/µl.

Reagents Volume per reaction (µl)

1 µg RNA variable

5x iScript Reaction mix 4 µl

iScript Reverse Transcriptase 1 µl

Nuclease-free water to 20 µl final volume
Table 11. Reaction mix for cDNA synthesis.
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Step temperature time

Primer binding 25°C 5 min

Reverse transcription 46°C 20 min

Enzyme Inactivation 95°C 1 min

4°C ∞
Table 12. cDNA synthesis reaction.

2.2.9 Quantitative Real Time PCR analysis

The qPCR reaction was carried out by using the CFX Connect™ Real-Time PCR

Detection System (Bio-Rad) using primers specific for TNFAIP3, IL-6, IL-1β, IFN-g,

28S, TBP, PD-L1 and MHC-1 (Table 13-15) and the relative gene expression was

quantified according to the Pfaffl method 145 using mouse 28S or TBP as reference

genes.

The relative expression of the target genes were calculated according to following

equation: 146

Relative expression = 2 -ΔΔCT

ΔCT = CT(a target gene)−CT(a reference gene)

ΔΔCT = ΔCT(a target sample)−ΔCT(a reference sample)

Reagents Volume per reaction (µl)

iTaq™ Universal SYBR ® Green Supermix Bio-Rad 7,5 µl

Primer mix (forward and reverse 10 µM) 0,75 µl

nuclease free water 1,75 µl

cDNA (5ng/ µl) 5 µl
Table 13. RT-qPCR reaction mixture.
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temperature time cycle

95°C 30 sec

95°C 5 sec x 40

60°C 30 sec

65°C 5 sec

95°C 50 min
Table 14. RT-qPCR reaction program.

Target
gene

Forward primer sequences Reverse primer sequences

28S ATACCGGCACGAGACCGATAGT
CA

GCGGACCCCACCCGTTTACCT
C

TNFAIP3 AAACCAATGGTGATGGAAACTG GTTGTCCCATTCGTCATTCC

IL-1β ATGCCACCTTTTGACAGTGATG TGTGCTGCTGCGAGATTTGA

IL-6 GACAAAGCCAGAGTCCTTCAGA AGGAGAGCATTGGAAATTGGG
G

IFN-γ GCTACACACTGCATCTTGGC TTTCAATGACTGTGCCGTGG

PD-L1 AACGCCACAGCGAATGATGT ACAGGATGGATCCCAGAAGC

H2-Kb CGGCGCTGATCACCAAACA AGCGTCGCGTTCCCGTT
Table 15. List of used mouse specific RT-qPCR primers.

2.2.10 BCA assay and Western blot

20.000 Cells from the control KPr (KRASG12D/+ :p53Δ/Δ :dTomato) cell line and the

KPAr (KRASG12D/+ :p53Δ/Δ :A20Δ/Δ :dTomato) single clone were seeded in 4-4 wells of a

12 well plate on the previous day and treated with 20 ng/ml TNF-α. Technical

quadruplicates of stimulated and untreated control cells were washed with ice-cold

1% PBS and harvested from 80% confluent 6 cm dishes in lysis buffer (Table 16.).

The cell lysates were centrifuged at 14000 rcf on 4 °C and the supernatants were

collected. The protein concentration of each sample was determined using the

Pierce™ BCA Protein Assay Kit (Thermo Scientific™) according to manufacturer’s

instructions and using the NanoQuant Tecan Infinite M200Pro device.

43



After determining the protein concentrations 25 µg of total protein from each sample

were boiled with 6x loading dye (Table 17.) at 95 °C for 5 minutes before loaded onto

8% polyacrylamide gels (Table 18-20.) and separated by SDS-PAGE. Protein

samples were transferred onto a nitrocellulose membrane by semi-dry blotting using

the BioRender semi-dry blotter machine and blotting solution (Table 21). Membranes

were stained with a Poncoe red solution for 3 minutes to visualize the proteins and

determine whether the transfer worked. Afterwards, the membranes were washed

with distilled water to remove the stain and were blocked with TBS-T containing 5%

BSA for 1 hour (Table 20). The membranes were washed 3 times for 5 minutes with

TBS-T and were incubated with primary antibodies in TBS-T +5% BSA overnight at

4°C. The next day, the membranes were washed 3 times with TBS-T and incubated

for 1 hour at room temperature with a horseradish peroxidase-conjugated secondary

antibody diluted in 5 ml of blocking buffer. After washing steps the membrane was

incubated for 1 minute with 500 µL working solution of SuperSignal™ West Femto

Maximum Sensitivity Substrate and imaged using the ChemiDoc Touch Imaging

System (Bio-Rad).

Reagents Final concentration Amount in 50 ml

1 M Tris pH 7.5 20 mM 1 ml

5 M NaCl 100 mM 1 ml

0,1 M Na3VO4 1 mM 0.5 ml

0,5 M NaF 100 mM 10 ml

0,2 M Glycerol-2-phosphate 20 mM 5 ml

0,25 M EDTA 2.4 mM 0.5 ml

0,25 mM EGTA 1 mM 0.2 ml

NP-40 1 % 0.5 ml

Phenylmethylsulfonyl Fluoride (PMSF) 1%
Table 16. Composition of the Protein lysis buffer.

44



Reagents Final concentration Amount in 10 ml

1 M Tris base 375 mM 3.75 ml

10 % SDS 9 % 900 µl

99 % Glycerol 50 % 5 ml

β-mercaptoethanol 9 % 900 µl

Bromophenol blue 0,03 % 30 µl
Table 17. Composition of the loading dye, Laemli buffer.

Reagents 10 ml final volume

distilled water 4 ml

30 % Bis-acrylamide 3.3 ml

1.5 M tris-Cl pH 8.8 2.5 ml

10 % SDS 0.1 ml

10 % APS 0.1 ml

TEMED 4 µl
Table 18. Composition of the 12% stacking gel.

Reagents 2,5 ml final volume

distilled water 1,7 ml

30 % Bis-acrylamide 415 µl

1 M tris-Cl pH 6.8 315 µl

10 % SDS 25 µl

10 % APS 25 µl

TEMED 2,5 µl
Table 19. Reagents used for casting the separation gel.
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Reagents Amount in 1 liter

0,25 M Tris Base (121,4g/mol) 30,3g

1,92 M Glycine (75g/mol) 144g

1% SDS 10g
Table 20. Composition of the 10x Running buffer, adjusted to pH 8.3.

Reagents Amount in 1 liter

0,48 M Tris Base (121,4g/mol) 58,1g

0,39 M Glycine (75g/mol) 29,3

0,375% SDS 3,75g
Table 21. Composition of the Blotting buffer

Reagents Volume in 100ml

10% SDS 20ml

0,5M Tris HCl pH 6,8 12,5 ml

Ultra Pure H2O 67,5ml
Table 22. Composition of the stripping buffer

750µl ml ß-mercaptoethanol per 100 ml were added to the stripping buffer freshly

before use.

Reagents Amount in 100ml

Tris Base (121,4g/mol) 12,114g

NaCl (58 g/mol) 43,83
Table 23. Composition of the 10x concentrated TBS buffer, pH 7.5.

Antibodies Working dilution

Mouse HSC 70 (Santa Cruz Biotechnology sc-166692) 1:2000

Mouse A20 (Santa Cruz Biotechnology sc7298) 1:2000

Anti-mouse IgG, HRP-linked (Cell Signaling) 1:5000
Table 24. Primary and secondary antibodies used for Western blot.
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2.2.11 Cell proliferation dye dilution assay

KPr and KPAr cells were collected and labeled with the CellTrace™ Violet Cell

Proliferation Kit (Thermo Fisher, cat. no.: C34557) following the guidelines provided

by the manufacturer. Both cell groups were stained simultaneously and plated in

triplicate in 12-well plates for specified time intervals. Cells were then collected and

subjected to FACS analysis 48 and 72 hours post-seeding.

2.2.12 Tissue harvesting

Isolation of lung cells

Mice were killed with cervical dislocation, pinched down to sterile surface and

opened by cutting through the skin and the peritoneal wall from bottom up. The

diaphragm and the ribcage were cut open and after cutting the vena cava and the

trachea, the lungs were weighed and perfused with 2-3 mls of 1x PBS through the

heart, using a 27G BD microlance needle. The upper right and the middle right lobes

of the lungs were collected and snap-frozen in liquid nitrogen for subsequent RNA

and protein isolation, respectively. The remaining parts of the lungs were kept in

ice-cold 1x PBS and were further processed under a laminar hood. The collected

lung tissues were cut into small pieces on a petri dish within 1 ml digestion reaction,

which was prepared freshly, containing DNase 50 U/ml (Sigma Chemicals Co.,

Cat#DN25-100MG) and Collagenase I 150 U / ml (Gibco™, Invitrogen, Cat#

17100-017) in complete media (RPMI 1640 supplemented with 10% Fetal Bovine

Serum (FBS, Invitrogen), 1% Penicillin/streptomycin (Pen/strep Gibco™) and 1%

L-glutamine (GE Healthcare). The cutted pieces were transferred in a 14 ml falcon

tube with an additional 4 ml of digestion reaction and were incubated at 37°C for one

hour. The digested suspensions were filtered through 70 µm pore size cell strainers

(BD Falcon, Ref 352350) using the plunger of a 2 ml syringe into a 50 ml falcon tube

and supplemented with 10 ml complete medium. Cells were collected by

centrifugation at 300 xg 5 minutes and the pellet was resuspended in 500 µl ACK

Lysing Buffer (100 ml, Gibco™, Invitrogen, Cat# A1049201,) to lyse red blood cells.

The reaction was stopped after 5 minutes of incubation by adding 5 ml complete

media. The cells were collected by centrifugation, frozen and stored as described

before until they were used for flow cytometric analysis.
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Splenocyte isolation

Mice were killed by cervical dislocation, spayed with ethanol and fixed with needles.

Using clean, sterilized scissors and forceps the spleens were taken out through a

clean cut on the peritoneal wall. The spleens have been cleaned of fatty tissue,

weighed and put into ice-cold 1x PBS and further processed under sterile conditions.

Spleens were placed in a 70 μm pore size cell strainer within a petri dish containing

10 ml complete medium and smashed with the plunger of a 2 ml syringe. The cell

suspension was aspirated 2-3 times using a 10-12 ml syringe and a 18 G needle to

acquire a single cell suspension. The cell strainers were placed in 50 ml Falcon

tubes and the cells were filtered once again. Subsequently the cells were collected

by centrifugation (300 xg for 5 minutes at RT) and the cell pellet was resuspended in

1 ml ACK Lysing Buffer for 5 minutes to lyse red blood cells. The reaction was

stopped by adding 5 ml complete medium and after centrifugation, the cells were

frozen until flow cytometric analysis.

2.2.13 Flow cytometry / fluorescence activated cell sorting (FACS)

Single cell suspensions of lung cells or splenocytes from frozen aliquots were

thawed and washed 2 times with 1 ml 1x PBS containing 5% FBS and 1 mM EDTA

to remove residues of DMSO from the freezing medium. Cell suspensions were

re-suspended in 100 µl of FACS buffer containing CD16/32 (Fc-γ block) in a 1:100

dilution and incubated on ice for 30 minutes. After the blocking step, cells were

collected by centrifugation on 400 xg, 5 minutes and the pellet was resuspended in

100 µl of staining buffer, containing the respective antibodies for either the myeloid

panel or lymphoid panel (Figure 16, Table 25). The cells were stained for 30 minutes

at 4 °C and protected from light, washed three times with 1 ml FACS buffer

afterwards and filtered through 35 µm pore size filters into 5 ml FACS tubes before

loading into the machine.

Data was recorded using the FACSCanto II Flow Cytometer from BD Bioscience and

events were recorded with the FACS Diva software. Data analysis was performed

following exclusion of doublets using the FlowJo 10.7.1. analysis software.
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Figure 16: Scheme depicting gating strategy for flow cytometry of (A) Lymphoid and (B) Myeloid cell populations.

Target surface molecule Fluorochrome Company Product Nu.

CD45 APC-Cy7 BD Biosciences 561037

CD8a FITC eBioscience™ 11008182

CD4 PE eBioscience™ 12004182

CD3 APC Invitrogen™ 17003282

Nk1.1 (CD161b/c) PE-Cy7 BD Biosciences 562062

CD19 PerCp-Cy5.5 eBioscience™ 45019382

CD11c FITC Invitrogen™ 11011482

CD206 PE eBioscience™ 141706

Ly6G APC eBioscience™ 17966882

Ly6C PE-Cy7 Invitrogen™ 25593282

CD11b PerCp-Cy5.5 Invitrogen™ 45011282
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CD274 (PD-L1) BV-421 BioLegend® 124315

MHC-1 APC BioLegend® 116518

Isotype Control BV421 BioLegend® 400639

Isotype Control APC eBioscience™ 17472481

CD16/CD32 Fcγ block - eBioscience™ 14016185
Table 25. List of fluorochrome-conjugated primary antibodies

2.3 Statistical analysis

For statistical analysis of data GraphPad Prism 5.04 Graphpad Software has been

used. Unpaired student’s t-test was used for unequally distributed values within two

groups. For Kaplan Meier survival analysis we used Tukey’s post-hoc test.

All values are presented as standard deviation of mean values (SD) and two-sided p

values below 0.05 were considered statistically significant *p<00.5 and **p<0.01;

***p<0.001.
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3. Results

3.1 Results 1: Tumor intrinsic role of A20

In order to more thoroughly investigate the influence of A20 loss on tumorigenicity

and immune evasion in KRAS-driven LUAD mouse models, we decided to generate

A20 knockout cells within the KRASG12D/+ p53 deficient LUAD cell line, which also

expresses the red fluorescent protein, dTomato. This allows us to identify and

distinguish the tumor cells in orthotopic transplantation mouse models of LUAD.

Additionally, the fluorescence in the tumor cells simplifies the analysis and

recognition of surface markers on tumor cells, setting them apart from immune cells

and other cell types. The KRASG12D/+ p53Δ/Δ dTomato (referred as KPr) cells were

isolated from autochthonous tumors of mice at the endpoint.

3.1.1 Generation of A20 deficient KRAS mutant lung adenocarcinoma

reporter cell line

For the deletion of A20 in KPr cells, we used CRISPR/Cas9 gene editing technology
147. DNA was isolated from the pool of the CRISPR/Cas9 targeted KPr cells and

unmodified cells, respectively and amplified with PCR using primers flanking the

target site (Table 9). The amplified DNA fragments were purified from the PCR

reactions and Sanger sequenced. The targeting efficiency and indel status was then

determined based on the chromatograms using the TIDE (Tracking of Indels by

Decomposition) sequencing free web-based tool.

The targeting efficiency of the cell pool was 53.1%, where 4 main modifications

showed enrichment in the pool of cells; +1 insertions, and -5 base pair deletions

were most abundant whereas -3 and -10 deletions were less abundant but still

significant (Fig. 17A). Following this, we sorted single clones from the pool and 6

single clones were sent for sequencing. Among the 6 clones, clone number 2 had

the highest (99,5%) targeting efficiency with +1 base pair insertion thus this clone

has been chosen for further evaluation (Fig. 17B). Figure 17C shows DNA sequence

alignment of the wild type and A20 mutant clone 2, which has +1 base insertion.
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Figure 17: Quantification of genome editing efficiency and Indel spectrum of (A) KPred cell pool and (B) KPred
A20 clone 2. Genome editing efficiency was determined by TIDE sequencing. R provides a value for statistical
significance of each indel. (C) Sequence alignment of WT pool and A20 mutant clone sequences.

To verify that this frameshift mutation results in knockout of the TNFAIP3 and the

mutant clone does not express the A20 protein, we treated cells with 10 ng/ml TNF-α

for 4 hours and determined the mRNA expression level of TNFAIP3 gene which

showed lower baseline expression levels and reduced levels upon stimulation (Fig.

18A). To test for the presence or the absence of a full size functional A20 protein

after introducing the frameshift mutation we performed western blot analysis. For this

we cultured the cells overnight in the presence of 10 ng/ml TNF-α to induce
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expression of A20 which is normally not expressed or in very low levels in isolated

KP tumor cells. The presence of a complete 90 kDa A20 protein in TNF-α-stimulated

KPr cells, as opposed to its absence in KPAr cells, serves as confirmation that the

knockout clone lacks functional A20 (Fig. 18B). The cytoskeletal protein β-actin (42

kDa) was used as a housekeeping gene, which is constitutively expressed in all

samples of control and knockout cells. Overall, these data suggest that the

frameshift mutation introduced in the second exon of A20 encoding gene leads to a

functional knockout of the A20 protein.

Figure 18: Verification of A20 knockout in KPr cells. (A) Relative mRNA expression of TNFAIP3 in KPr and KPAr
tumor cell lines. (B) Western blot analysis of WT and A20 knockout KPred cells stimulated with 10 ng/ml TNF-α
overnight.

3.1.2 A20 deficiency in KPr cells increases sensitivity to
inflammatory cytokines and show higher PD-L1 and MHC-1
levels in vitro

To test whether the knockout of A20 has an effect on cell proliferation in the cancer

cells, we performed cell proliferation assay by staining biological triplicates of KPr

and KPAr cells with CellTrace violet dye and analyzed the cells by flow cytometry

after 24, and 48 hours culturing. Unstained cells served as controls. The Violet

proliferation dye attaches to proteins in the cell's cytoplasm, and with each

subsequent cell division, the staining intensity reduces exponentially which is

reflected as a shift in the peaks of the histogram. We did not observe faster dilution

of the dye in either cell lines based on the histograms of the respective time points
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between samples, thus we concluded that there are no differences in proliferation

between KPr and KPAr cells in in vitro cultures (Fig. 19A).

Figure 19: In vitro characterization of KPr and KPAr cell lines. (A) Proliferation in KPr and KPAr cells was tracked
using CellTrace Violet after 24 and 48 hours. The figure displays a sample cell population for each condition,
serving as an example of the biological triplicates used in the assay. Gene expression levels for (B) IL-1β ,(C)
IL-6 ,(D) IFN-γ , (E) PD-L1 ,(F) and H2-Kb with and without TNF-α stimulation. Data are presented as the mean
standard deviation (±SD), with duplicate sets of biological replicates per group. Significance levels are denoted
as *p<0.05 and **p<0.01.

We performed RT-qPCR to detect and assess the expression levels of NF-κB target

genes following 4 hours of TNF-α stimulation in A20 knockout and WT cells. This
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analysis unveiled a 60 to 120 fold increase in the expression of proinflammatory

cytokines, IL-6, IL-1β, and IFN-γ (Fig. 19 B, C, D). Moreover, we noticed an elevated

mRNA expression for PD-L1 and H2-Kb in KPAr cells, showing a 2 to 4 fold increase

upon cytokine stimulation (Fig. 19 E, F).

Figure 20: Flow cytometric analysis of MHC-1 and PD-L1 expression on KPr and KPAr cells upon IFN-γ
stimulation in vitro (A) shown by histograms (normalized to Mode) and (B) as mean fluorescent intensity (MFI),
biological triplicates per group. Values are normalized to baseline levels of MHC-1 and PD-L1 of unstimulated
cells. *p<00.5 and **p<0.01;

As the gene expression data indicated potential changes in PD-L1 and H2-Kb mRNA

levels in KPAr cells, we aimed to confirm this at protein level as well. To achieve this,

we treated cells with 5 ng/ml of IFN-γ for a 24-hour period. Subsequently, we

assessed the protein expression levels of MHC-1 and PD-L1 via flow cytometry,

using the antibodies detailed in Table 25. Our observations indicated that KPAr cells

exhibited a slightly elevated expression of MHC-1 and PD-L1 markers on their
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surface compared to control cells, as evidenced by the mean fluorescence intensity

(MFI) (Fig. 20A) of the respective markers and their corresponding histograms (Fig.

20B).

3.1.3 A20 deficient tumor cells escape immune surveillance by
upregulating PD-L1 which leads to decreased CD8+ T
infiltration

To assess the impact of A20 knockdown on cancer cells in vivo, we performed

Kaplan Meier survival analysis where the KPAr cells or their respective control KPr

cells (1 million cells/ mouse) were orthotopically transplanted into immunocompetent

C75BL/6 mice. Notably, the mice that received KPAr cells exhibited reduced survival

compared to those that received wild-type tumor cells, as depicted in Figure 21 A.

These findings align with our previous experiment without dTomato expressing tumor

cells. This highlighted the association between A20 loss and heightened tumor

aggressiveness and thus provides further evidence of A20's role as a tumor

suppressor in mouse models of KRAS-driven lung adenocarcinoma.

To quantify alterations in tumor growth over time and gain a deeper understanding of

the mechanisms through which A20-deficient tumors evade immune surveillance, we

orthotopically transplanted 2.5 million KPr or KPAr cells into immunocompetent mice

aged 8-10 weeks. The mice were euthanized at three distinct time points: 1, 2, and 3

weeks following transplantation (Fig. 21). The lungs were enzymatically digested and

the single cell suspensions were stained with antibodies against CD45, CD8, and

PD-L1 surface markers (Table 25) and analyzed by flow cytometry. There were no

significant variations in the proportions of CD45+ cells between KPr and KPAr

groups, though a mild decrease was noticed in both by the third week (as shown in

Fig. 21 B). The ratios of dTomato cells dramatically increased in the KPAr group on

week 2 and week 3 while in the KPr group there was only a small increase in the

ratios of tumor cells by week 3 (as depicted in Fig. 21 B). Concerning CD8+ T cells, a

sharp decline was observed in the KPAr group as early as the second week, which

further dropped by the third week. In contrast, the KPr group showed a slight

increase by the third week (Fig. 21 D). Additionally, the proportions of

PD-L1-expressing dTomato tumor cells elevated in the KPAr lung tumors after two
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weeks, but showed a decline after 3 weeks. This change aligns with the earlier noted

decline in CD8+ T cell ratios. These experiments were complementary to previous

experiments we performed with KP and KPA cells without dTomato reporter and the

findings from this thesis were included as a component of a larger published study.

Figure 21: (A) Kaplan Meier survival assay of orthotopically transplanted mice with 1 million of KPr or KPAr cell
lines. „n” represents the number of experimental mice pre group. *p<00.5 Flow cytometric analysis of lung cells
of KPr and KPAr tumor bearing mice 1, 2 and 3 weeks post transplantation. Changes in the tumor
microenvironment demonstrated by alterations in the percentage of (B) CD45+ cells of viable cells (C) CD45+
CD8+ cells, (D) dTom+ cells and (E) PD-L1 expression on dTom+ tumor cells. The number of experimental mice
pre group was 4-6. *p<00.5 **p<0.01;
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3.2 Results 2: Role of A20 in immune cells within
the tumor microenvironment

Our preliminary findings indicate that partial systemic knockdown of A20, as

observed in A20Δ/+ mice, induces a tumor-suppressive microenvironment. This

discovery motivates further investigation into the physiological role of A20 in

regulating tumor-stroma interactions. To understand the immunomodulatory

properties of A20 within the tumor microenvironment, we aimed to elucidate its

effects on immune cells in the stroma in mouse models of KRAS-driven lung

adenocarcinoma. We hypothesize that knockdown of A20 expression in stromal cells

can initiate a cascade of inter cellular effects, leading to further suppression of tumor

growth.

Determining the key immune cells responsible for creating a tumor-suppressive

milieu after A20 downregulation, and subsequently assessing their enhanced

efficacy in tumor elimination, could offer significant insights into the advantages of

using a synergistic combination of the most effective immune cells to enhance

adoptive cell transfer-based immunotherapy.

3.2.1 Systemic knockdown of A20 leads to decreased CD8+

and CD4+ T cells within the lungs of experimental mice

The experimental approach involved initiating a systemic A20 knockdown in mice

with established tumors, followed by the investigation of whether the elimination of

the NF-κB negative regulatory influence leads to heightened immune cell activation.

The primary objective was to ascertain whether this immune response induces a

shift in the tumor microenvironment towards a state that inhibits tumor growth. For

this purpose, we took advantage of the Tamoxifen/CreERT2 mouse model where the

Cre recombinase is fused to the estrogen receptor mutated on the ligand binding

domain allowing binding to tamoxifen 148. The gene for this fusion protein is

ubiquitously expressed from the ROSA26 locus (Fig. 22) and the protein is

sequestered and kept inactive in the cytoplasm by the heat shock protein 90

(HSP90). Tamoxifen disrupts this interaction and allows the translocation of CreERT2
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to the nucleus which induces site specific recombination between the LoxP sites

leading to the excision of the 2 exon in the A20 encoding gene 149.

Figure 22: Inducible CreERT2 system. The Cre recombinase is fuzed to the mutated form of estrogen receptor and
ubiquitously expressed under the ROSA26 promoter. Tamoxifen binding to CreERT2 allows translocation to the
nucleus and activity of the recombinase 149.

Tamoxifen was diluted in sunflower oil and administered via gavage feeding of the

mice. A20fl/fl :CreERT2 mice were first treated with different doses of Tamoxifen to

determine the ideal dose that induces recombination of the A20 exon 2 flanked by

LoxP sites. Subsequently, DNA extracted from the lungs and spleen of treated mice

was analyzed via PCR to determine the presence of wild-type, A20fl/fl, A20Δ/fl, or

A20Δ/Δ variants of the A20 gene (see Fig. 23). A20fl/fl mice were used as negative

controls.

Figure 23: PCR reaction of Lung lysates of Tamoxifen treated A20fl/fl :CreERT2 mice. Mice R89, R91, R82 and R83
were treated 3 times with 2 mg Tamoxifen while R33, R39 received 5 mg and R40 10 mg.
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Although all A20fl/fl :CreERT2 mice that were treated with highest doses of tamoxifen (5

or 10 mg) showed high recombination efficiency of A20 exon 2 (around or above

50% efficiency), they developed severe multiorgan inflammation rapidly and had to

be euthanized within 5-7 days (Fig. 24). Lower doses with repeated treatment (3 x 2

mg) resulted in lower recombination of A20 exon 2 but these mice also developed

severe inflammation in many organs later on in contrast to the control WT mice,

which did not show any sign of inflammation.

Figure 24: Viability of Tamoxifen treated A20fl/fl control and A20fl/fl :CreERT2 mice after 7 days. Both groups contain
all the mice that were treated with different concentrations of Tamoxifen.

To study the effect of A20 downregulation on antitumor response in vivo we used

A20fl/fl :CreERT2 and control A20fl/fl mice, which received 5 million of KPr tumor cells via

orthotopic transplantation. These mice received oral gavage administration of 2 mg

of Tamoxifen on day 9 and day 12 post-transplantation. The experimental cohort was

sacrificed 5 days after the second Tamoxifen treatment, and subsequent analysis

involved the harvesting of lungs and spleens. Lung cell lysates were subjected to

flow cytometry to evaluate lymphoid immune cell markers.

Regrettably, the brief treatment did not yield favorable outcomes in terms of

restraining tumor progression. We identified tumor cells based on the presence of

the dTomato fluorescent protein; however, no noteworthy distinctions in tumor cell

numbers were observed between the lungs of control and A20 knockdown mice (Fig.

25A). On the contrary, systemic in vivo knockdown of A20 drastically decreased the

number of both CD4+ and CD8+ T cells in the lungs of experimental mice, while the

number of CD45+ leukocytes, NK cells and CD19+ cells showed no significant

differences compared to control (Fig. 25A and B).
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Figure 25: Immune cell composition of A20 proficient and A20 knockdown tumor bearing mice analyzed by flow
cytometry. (A) CD45+ leukocytes and dTomato+ tumor cells (B) Lymphoid cells shown in % of CD45+ cells.

Our findings led us to the deduction that the systemic knockdown of A20 using the

CreERT2 system results in a depletion of T cells within the lung tissue. This can be

elucidated by a prior publication indicating that the expression of Cre in the thymus

has an adverse impact on CD4+CD8+ immature cells, leading to apoptosis 150. Since

we were mainly interested in T cell responses this impedes the ability to assess how

A20 loss influences immune cell activation and their capacity to eliminate tumors. As

a result, we decided to alter our approach and utilize A20 heterozygous mice, which

carry a deficiency in one allele of the gene. Unchallenged mice do not exhibit overt

inflammatory phenotype, except for a mild cerebral inflammation, which is associated

with regular levels of circulating TNF-α and IL-6 102–104.

3.2.2 Systemic heterozygous downregulation of A20 enhances
immune surveillance by increased T cells infiltration in the
lungs of tumor bearing mice

In order to identify critical cell populations in the stroma of A20Δ/+ mice that are

responsible for the tumor suppressive phenotype, the previously described KPr cells

(5 million) were used and orthotopic transplanted into the lungs of 8 weeks old

wild-type and A20Δ/+ mice. At 1 and 4 weeks post transplantation, we harvested the

lungs and spleens of the experimental mice for flow cytometric analysis. Body and

spleen weights were measured during the mice harvesting process and

subsequently compared between the two experimental groups. Although there was

no significant difference in body weights, the spleens of A20 heterozygous mice

were enlarged (Fig. 26 A, B, C). Flow cytometric analysis unveiled an elevated ratio
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of infiltrating CD4+ and CD8+ T cells in the lungs of A20Δ/+ mice compared to controls

one week post-transplantation (Fig. 26 D). Conversely, there were no significant

variations in NK cell populations and the myeloid cells, where CD11b+ Ly6C+ cells

correspond to neutrophils, CD11b+ Ly6G+ are indicative of myeloid-derived

suppressor cells, CD11b+ CD11c+ denote dendritic cells, and those marked by

CD11b+ CD11c+ CD206+ are representative of M2 macrophages (Fig 26 E).

Figure 26: (A) Body, (B) spleen and (C) spleen/body weight ratios of experimental mice after 1 and 4 weeks post
tumor cell transplantation. Flow cytometric analysis of cell suspensions derived from tumor bearing lungs of
wild-type versus A20Δ/+ mice (n= 5 per group) one week post transplantation. (D) CD4+ CD8+ and NK1.1+ cells (E)
CD11b+ Ly6C+ represent neutrophils, CD11b+ Ly6G+myeloid derived suppressor cells, CD11b+CD11c+ dendritic
cells and CD11b+CD11c+CD206+ represent M2 macrophages.
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3.2.3 Signaling pathways related to inflammation and immune
response exhibit elevated levels in A20 heterozygous tumor
bearing mice

To gain insights into in vivo processes and active cell populations, we conducted

RNA sequencing. Samples from the lungs of tumor-bearing wild-type (WT) and

A20Δ/+ mice from the 1 week time-point, along with their respective

non-tumor-bearing controls, were collected for subsequent bulk RNA sequencing.

Initially, the samples were subjected to RNA quality and integrity assessments before

sequencing. Upon receiving the electronic data, we performed gene set enrichment

analysis using the online tool Enricher, uncovering upregulated gene sets associated

with specific signaling pathways in the A20 het mice compared to the control group.

These findings indicate that tumor-bearing A20 heterozygous mice exhibit

heightened activity in the JAK-STAT pathways, TNF signaling pathways, and

inflammatory responses when compared to wild-type mice, as illustrated in the bar

graph (Fig. 27 A).

Furthermore, heatmap illustrates elevated expression of genes linked to immune cell

recruitment, including CCL5, CXCL9, CXCL10, and XCL1, in A20 het tumor-bearing

mice (Fig. 27B). Moreover, heightened levels of T cell response markers such as

CD8a, CD4, GZMB, IFN-γ, PRF1, TBX21, and EOMES are observed, along with

increased presence of NCR1 and NKG7 associated with NK cell functions.

Additionally, CLEC9A, linked to antigen presentation by dendritic cells, displays

higher expression in A20Δ/+ tumor-bearing mice.

In summary, the RNA sequencing results reinforce the notion that A20 heterozygous

mice display heightened inflammatory signaling. This observation lends additional

support to our finding that systemic A20 downregulation may enhance the

anti-tumorigenic characteristics of immune cells within the tumor microenvironment.
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Figure 27: (A) Gene set enrichment analysis of RNA sequencing data. Tumor bearing A20 heterozygous mice
show increased activity of inflammatory pathways. (B) Heatmap of altered gene expression profiles of wild-type
and A20 heterozygous tumor bearing mice versus tumor free control groups. Scale bar represents upregulated
genes with red and downregulated genes with shades of blue.

64



4. Discussion

Despite advances in treatment and prevention, lung cancer remains the predominant

cause of cancer-associated deaths 2. A frequent mutation driving this malignancy is

found in the KRAS gene, linked to persistent inflammation and presenting significant

treatment challenges 25,34. Although research has made significant strides, and there

are specific inhibitors targeting the G12C mutation of KRAS, there are currently no

approved clinical inhibitors for other KRAS mutations 151. Gaining a deeper insight

into how KRAS mutant lung tumors influence the tumor microenvironment and

elucidating their link to inflammation would provide crucial insights for enhancing

current treatment strategies and exploring novel therapeutic approaches and

combinations, ultimately aiming to enhance the quality of life for patients.

Inflammation is recognized as a catalyst for tumorigenesis 63,64. A key moderator of

inflammatory stability is A20, which primarily acts as a counteractive agent for both

canonical and non-canonical NF-κB signaling pathways, alongside other roles 85.

Within tumors, A20 can manifest dual roles, acting either as a tumor suppressor or

an oncogene 81. On the other hand, A20 as an NF-κB regulator has a crucial role in

the regulation of immune cell activation as well 85.

This thesis aimed to delve deeper into the mechanisms underlying enhanced tumor

growth and immune evasion resulting from the intrinsic loss of A20. To achieve this,

we engineered an A20-deficient adenocarcinoma reporter cell line through

CRISPR/Cas9 technology. We characterized this mutant using RT-qPCR and flow

cytometry to assess the impact of A20 loss in vitro. Additionally, we conducted lung

transplantation experiments in immunocompetent mice, implanting either control and

A20-deficient tumor cells. Our investigation involved tracking tumor cell proliferation

and profiling the evolving immune cell composition within the tumors at various time

points. Furthermore, we studied the tumor suppressive effect of systemic A20

downregulation in orthotopic transplantation models of lung adenocarcinoma

employing flow cytometry and RNA sequencing.
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4.1 Discussion 1: Tumor suppressive role of A20

4.1.1 Genetic deletion of A20 in KP dTomato+ reporter cell line
With the aim of exploring the consequences of tumor-specific A20 loss both in vitro

and in vivo, we employed the CRISPR/Cas9 system to genetically modify the KPr

cell line. This modification involved introducing a frameshift mutation in the TNFAIP3

gene. To evaluate the effectiveness of our genome editing, we utilized the online tool

TIDE (Tracking of Indels by DEcomposition) available at

http://shinyapps.datacurators.nl/tide/. The results from TIDE confirmed the efficiency

of gene editing in both pooled cells and single-cell clones.

Additionally, we conducted an analysis of TNFAIP3 gene expression at the mRNA

level, revealing a significant reduction. Furthermore, our investigation included

western blot analysis, which conclusively confirmed the absence of A20 protein

expression. With all this serves as strong evidence for the successful knockout of

A20.

4.1.2 A20 deficient KPr cell line shows increased sensitivity to
cytokine stimulation

To assess the impact of A20 deficiency on tumor cell proliferation, we employed

CellTrace Violet proliferation dye staining and conducted flow cytometry analysis.

This experiment revealed no difference in proliferation between KPr and KPAr cells

under standard culture conditions. As the proliferation assay was conducted under

standard culture conditions where A20 exhibits its low baseline expression, any

potential effect of A20 knockout on cell proliferation remains indistinguishable. To

investigate whether the introduced mutation in A20/TNFAIP3 gene alters gene

expression, we examined mRNA levels of NF-κB target genes following TNF-α

stimulation. As anticipated, the absence of A20, resulted in a drastic increase of

proinflammatory cytokines IL-6, IFN-γ, and IL-1β on mRNA level. This can indicate

that KPAr cells could potentially release higher levels of inflammatory cytokines,
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which might accelerate tumor progression. This could set up a feedback loop in vivo,

where tumor cells further produce inflammatory cytokines in response to this

inflammatory setting contributing to tumor progression. While it would be ideal to

confirm cytokine production on protein level using ELISA in in vitro cultures, such

verification was not part of the current study.

Additionally, we observed an upregulation of the PD-L1 checkpoint molecule and the

H2-Kb (alpha chain of the MHC-I molecule found in mice) molecule on mRNA and

protein level in KPAr cells, shown by RT-qPCR and flow cytometry. Higher MHC-1

expression on KPAr cells, which intensifies upon cellular stimuli to present

self-antigens, indicates that the immune system might more effectively recognize

and target these cells, especially if they exhibit aberrant molecules, compared to KPr

cells. However, when combined with PD-L1 expression, this could rapidly neutralize

T cells that might otherwise attack tumor cells presenting neoantigens.

Overall, our findings indicate that the intrinsic loss of A20 in tumors results in

heightened responsiveness to inflammatory triggers and increased PD-L1

expression, which might enhance the aggressiveness of the tumors in vivo.

4.1.3 A20 deficient tumor cells upregulate PD-L1 and decrease
survival of mice

Time point analysis of orthotopically transplanted KPr and KPAr cells showed that

KPAr cells proliferate more rapidly over time than KPr and begin expressing the

PD-L1 checkpoint molecule on week 2 while at the same time the ratios of CD8+ T

cells start decreasing from week 2. This pattern suggests that the initial rise in the

checkpoint inhibitor PD-L1 on tumor cells required to escape from CD8+ T cell

recognition. By the third week, with the reduced presence of T cells, the need for

heightened PD-L1 expression decreases, mirroring a diminished necessity for tumor

cells to elude immune surveillance. In the control group featuring KPr cells, although

there is some proliferation, it occurs at a slower rate. Additionally, the increase in

PD-L1 expression on these tumor cells is not as marked, and the ratios of CD8+ T

cells remain relatively stable.
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In summary, our findings confirm the previously reported findings that linked

tumor-specific A20 deficiency to increased PD-L1 expression and a corresponding

decrease in CD8+ T cell infiltration in the tumor milieu, seen both in murine models of

KRAS-driven lung adenocarcinoma and patients with KRAS mutant LUAD 121.

4.2 Discussion 2: The systemic effect of A20
downregulation

4.2.1 Induced Systemic knockdown of A20 using the inducible
Tamoxifen/CreERT2 system

While prior studies have explored the impact of A20 knockdown in specific immune

cells, the potential for heightened anti-tumor responses due to simultaneous A20

suppression in immune cell populations has not been extensively studied. To

examine weather systemic A20 downregulation can lead to increased immune cell

activation and better anti-tumorigenic responses, we bred ROSA26-CreERT2 A20fl/fl

mice and treated them with different concentrations of Tamoxifen to induce Cre

activation and subsequent A20 deletion. Since full knockout of A20 is incompatible

with life as demonstrated by homozygous A20 knockout mice 101, we did not aim for

full but only for partial heterozygous recombination. We noted a correlation between

recombination efficiency in lung tissue and Tamoxifen dosage, accompanied by an

escalation in multi-organ inflammation and a decline in survival rates. Consequently,

we decided to use a lower dose of Tamoxifen, 2 mg, which achieved roughly 50%

recombination in the lungs. This could still potentially enhance immune activation

through lowered A20 levels and we decided to look at the short term changes within

the tumor microenvironment. Following tumor cell transplantation, both

ROSA26-CreERT2: A20fl/fl mice and control A20flfl mice were administered Tamoxifen

on days 9 and 12. Our hypothesis centered on the expectation that A20 reduction

would amplify anti-tumor responses. However, flow cytometry data showed

comparable tumor cell ratios between both groups, and a reduced T cell presence in

the lungs of the A20-suppressed group. These observations suggest potential

complications in T cell development, survival or maturation due to in vivo A20

knockdown in adult mice. In addition, a previous publication showed that Cre
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recombinase expression in the thymus leads to apoptosis of CD4+CD8+ double

positive immature T cells even in the absence of floxed allele 150. While we assessed

recombination efficiency primarily in lung tissues and spleens, variations across

tissues and cells are plausible 152, complicating the systemic impact assessment.

Although we didn't observe pronounced impacts on other examined cell types, this

doesn't preclude potential alterations in their activity.

A plausible interpretation might be that the suppression of A20 in stromal cells

triggered severe inflammation to the extent that it would promote tumor

development. This widespread inflammation could essentially mask any beneficial

effects on T-cell activation that might arise from A20 suppression.

4.2.2 A20 heterozygous mice show increased infiltration of T
cells

To identify key stromal cells contributing to the tumor suppressive trait in A20 het

mice, we transplanted 5 million KPr cells into 8-week-old wild-type and A20Δ/+ mice

and analyzed the lung immune microenvironment via flow cytometry to determine if

there are changes in the ratios of certain immune cell populations. We decided to

focus on immune cells rather than stromal cells such as fibroblasts or other cells

since immune cells are the main cell types mediating antitumor immune response

and the NF-κB/IFN pathways that are regulated by A20 are crucial for immune cell

activation.

We observed that A20 het mice had splenomegaly that can mean that lower levels of

A20 leads to increased immune cell production and accumulation in the spleen

although we did not look into this in more details and did not identify differences in

immune cell populations in other tissues than the lungs. Flow cytometry analysis

showed increased infiltration of CD4+ and CD8+ T cells in A20Δ/+ mouse lungs 1 week

after transplantation but no significant differences in NK or other myeloid cell

populations. These findings suggest that variations in T cell numbers may play a role

in the observed phenotype and enhanced anti-tumorigenic properties. However, we

cannot rule out the possibility of altered immune cell activity, or migration capacity of

immune cells upon A20 downregulation as it was suggested by previous

publications.
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In conclusion, the heightened presence of T cells in the lungs of A20 heterozygous

mice with tumors suggests that these T cells may either infiltrate more effectively or

proliferate more rapidly. and we could utilize this knowledge to potentially improve

effectiveness of T cell therapies. Harnessing this understanding could pave the way

to enhancing the efficacy of T cell-based therapies.

4.2.3 Increased inflammatory signaling is observed in lung
tissues of tumor-bearing A20Δ/+ mice

We conducted RNA sequencing on lung tissues from tumor-bearing wild-type and

A20 heterozygous mice to gain insights into in vivo processes. However, gene set

enrichment analysis confirmed our expectations, revealing heightened activity in

inflammatory signaling pathways in the A20 heterozygous mice; this bulk RNA

sequencing does not inherently differentiate between tumor and non-tumor tissue or

identify the RNA source. We attempted to distinguish between favorable and

unfavorable inflammatory markers using the RNA sequencing data, but we

encountered substantial variations among the samples.
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5. Conclusion and Outlook

This project highlights the dual roles of A20 in tumor cells versus immune cells in

mouse models of lung adenocarcinoma.

We generated and assessed an A20-deficient KRAS mutant dTomato+ cell

line, which exhibited heightened expression of proinflammatory cytokines such as

IL-6, IL-1β, and INFγ-, along with elevated PD-L1 levels in vitro. Notably, these A20

knockout tumor cells displayed enhanced growth and increased PD-L1 expression

when transplanted in immunocompetent mice, effectively evading T cell recognition.

The experiments presented in this thesis were conducted as a complementary

component of a larger study, which has already been published where we

demonstrated that A20 acts as a tumor suppressor in KRAS-driven LUAD 121. Tumor

cells attempt to downregulate A20, resulting in accelerated growth and increased

PD-L1 expression. This elevated PD-L1 expression, in turn, augments the

effectiveness of anti-PD-L1 therapy for these tumors 121. Our findings were confirmed

through experiments conducted on mouse models of LUAD and data collected from

melanoma patients, highlighting that individuals with lower A20 levels tend to exhibit

more favorable responses to ICB (immune checkpoint blockade) therapy 121. While

our previous research provided insights into A20’s role in the context of KRAS

LUAD, our current focus is on examining the role of A20 in EGFR-mutated LUAD.

This expansion of our research aims to broaden our understanding of A20's role

beyond specific genetic mutations.

In the second part of this thesis, we demonstrated that A20Δ/+ mice exhibit a

more anti-tumorigenic environment characterized by increased T cell infiltration and

heightened inflammatory signaling. To gain deeper insights into the contributing cell

types behind this phenotype, orthotopic transplantations can be repeated to identify

immune cells in the lungs, spleens and tumor-draining lymph nodes of mice using

flow cytometry and immunohistochemistry. Furthermore, a comprehensive

characterization of immune cell populations and subpopulations, including Treg cells,

as well as an assessment of the activation/exhaustion status of T cells, and the

examination of specific antigen presentation cell populations in tumor-draining lymph

nodes, would provide valuable insights into elucidating and comprehending the

intricate interplay between stromal and tumor cells in A20Δ/+ mice. Performing RNA
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sequencing on distinct immune cell populations would yield additional valuable

insights and complement the findings obtained through flow cytometric analysis. This

approach would enable us to pinpoint which immune cell subsets exhibit an

enhanced antitumorigenic response due to A20 downregulation and identify the

distinctions when compared to the previously published data on conditional

homozygous A20 knockdown in immune cells. Additionally, isolating and

characterizing specific immune cell populations in vitro may offer insights into how

heterozygous A20 loss impacts immune cell function. Given our observation that

A20Δ/+ mice have an increased T cell presence, investigating these cells in vitro

becomes particularly relevant. While it is true that A20Δ/Δ CD8+ T cells exhibit

heightened efficiency as killers and can reduce tumor growth in mouse models 135,

their hyperactivity poses a potential concern, warranting exploration of whether

A20Δ/+ CD8+ T cells can retain the benefits of A20Δ/Δ CD8+ T cells without the

associated negative effects. Moreover, the concept of co-transplanting CD4+ and

CD8+ T cells is widely proposed as a potentially more effective therapy since CD4+ T

cells contribute significantly to antigen presentation, B cell activation, exhibit

cytotoxic capabilities, and are a great source of IFN-γ 153,154.

To further advance our understanding of how manipulating A20 levels could enhance

treatment options for KRAS mutant LUAD patients, extensive research in mouse

models is essential.
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6. Supplementary data

Fig S1. Gene map of pSpCas9(BB)-2A-Puro(pX462) 2.0 plasmid was used for the
transfection of target cells with or without the sgRNA cloned into the indicated cloning site.
Figure adapted from Snapgene.
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Fig S2. Gene map of pSpCas9(BB)-2A-GFP (pX458) plasmid without puromycin resistance
encoding gene was used to transfect the cells and determine transfection efficiency. Figure
adapted from Snapgene.
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