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Zusammenfassung:

In der Vergangenheit wurden verschiedene spharoidische, organotypische
und dreidimensionale (3D) Bioprinting-Lungenkrebsmodelle far
in-vitro-Wirkstofftests und die personalisierte Medizin entwickelt. Diese
Gewebemodelle kdnnen die Mikroumgebung des Lungentumors (TME) nicht
abbilden, weshalb die Forschung zu den Interaktionen zwischen Tumorzellen
und TME begrenzt ist. Um diese Hurde zu Uberwinden, haben wir von
Patienten = stammende  Lungentumorproben verwendet, um neue
In-vitro-3D-Modelle unter drei verschiedenen Kulturbedingungen zu etablieren:
statisch, dynamisch und Co-Kultivierung. Alle drei Kulturbedingungen
ermadglichten eine Gewebekultur von bis zu 28 Tagen. Die Erfolgsrate des
statischen 3D-Lungenkrebsmodells war deutlich hoher als die des
entsprechenden 2D-Modells. Unsere Gewebemodelle wurden durch
Hamatoxylin-Eosin-Farbung und Immunfluoreszenzfarbung charakterisiert.
Wir fanden Tumorzellen, die positiv fur spezifische Lungenkrebsmarker (TTF-1
und p40/p63) waren, krebsassoziierte Fibroblasten (CAFs), die positiv fir a
-SMA und MCT4 waren, und extrazellulare Matrix fur Fibronektin (FN). Mittels
DAPI-Farbung bestimmten wir die Zelldichte des statischen 3D-Modells, die
von Tag 21 bis Tag 28 zunahm. Die mit dem MS30-ELISA gemessene
Apoptose nahm von Tag 21 bis Tag 28 ab. 3D-Modelle, die mit NIH-3T3-Zellen
kultiviert wurden, wiesen jedoch im Allgemeinen eine geringere Apoptose auf.
Aulerdem flhrten wir erste Tests durch, bei denen wir die Zellen auf der
SISmuc-Matrix als Ersatzmaterial fur unser 3D-Modell kultivierten. Insgesamt
wurde ein neuartiges in vitro 3D-Lungenkrebsmodell erstellt, das das TME fur

28 Tage simulierte und eine strukturelle Komplexitat besaR.
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Abstract

In the past, different spheroid-, organotypic-, and three-dimensional (3D)
bioprinting lung cancer models were established for in vitro drug testing and
personalized medicine. These tissue models cannot depict the tumor
microenvironment (TME) and therefore research addressing tumor cell-TME
interactions is limited. To overcome this hurdle, we applied patient-derived
lung tumor samples to establish new in vitro 3D models with three different
culture conditions: static, dynamic, and co-cultivation. All three culture
conditions afforded tissue culture for up to 28 days. The success rates of the
static 3D lung cancer model was significantly higher than the corresponding
2D model. Our tissue models were characterized by hematoxylin eosin
staining and immunofluorescence staining. We found tumor cells that were
positive for specific lung cancer markers (TTF-1 and p40/p63), cancer
associated fibroblasts (CAFs) positive for a-SMA and MCT4, and extracellular
matrix for fibronectin (FN). Using DAPI staining, we determined the cell density
of the static 3D model which increased from day 21 to day 28. Apoptosis
measured through the M30 ELISA decreased from day 21 to day 28. 3D
models which were co-cultured with NIH-3T3 cells, however, showed lower
apoptosis in general. In addition, we performed preliminary tests culturing the
cells on the SISmuc matrix for replacement materials of our 3D model. Taken
together, a novel in vitro 3D lung cancer model was established, which

simulated the TME for 28 days and possessed a structural complexity.
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1. Introduction
1.1. Lung Cancer

1.1.1.Epidemiology of Lung Cancer

Lung cancer is the leading cause of cancer-related death worldwide, with a
5-year survival rate of only 26% for non-small cell lung cancer (NSCLC)
(American Cancer Society, 2020). In Germany, the incidence rates of lung
cancer are 32.7 and 52.1 (per100,000) in women and men, respectively, and it
is the third cancer in women and second cancer in men of all newly diagnosed
cancers accounting for 9.4% and 13.3%, respectively (Koch, 2018). In China,
there were 787 000 new lung cancer cases (520 000 men and 267 000 women)
with a morbidity rate of 57.26 per 100 000 population, and 631 000 lung cancer
deaths with a mortality rate of 45.87 per 100 000 population (Zheng et al.,
2019). Among several risk factors, smoking is regarded as the most common
reason for lung cancer and the prevention strategies are focusing on reducing
the long-term smoking habits in adolescents. Following the strict policies of
advertising and broad information campaigns, the smoking incidence in

adolescents decreased from 28% in 2001 to 7% in 2018 (Frost et al., 2022).

1.1.2.Classification of Lung Cancer

According to the pathological classification, lung cancer is generally separated
into two groups, small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC). The SCLC is fast-paced, from neuroendocrine (NE) cell origin, and a
mostly lethal lung cancer. Patients with SCLC have a low 5 year survival rate
of 7% (FreseSimpson & Dive, 2021). NSLCL is distinguished into three main
subtypes: squamous cell lung cancer (SQCC), adenocarcinoma (ADC) and
large cell carcinoma according to their cellular origin. The morphology and

immune staining play an important role in the diagnosis of lung cancer. All



current clinical trial data that justify the importance of the distinction between
histological types of NSCLC in advanced lung cancer patients are based on
light microscopy with or without mucin stains but not on the basis of
immunohistochemical stains (Travis et al., 2013). The majority of SQCC and
ADC (56%) can be identified with cytomorphology alone (Kimbrell, Gustafson,
Huang, & Ehya, 2012) and 38% of the samples can be identified with extra
immune staining (Zakowski et al., 2016). The most common used lung cancer
markers are TTF-1 for adenocarcinoma and p63/p40 for squamous cell lung
cancer. TTF-1 (Nkx2.1) is a member of the Nkx2 family of transcription factors,
which is the predominant marker utilized for identifying neoplasm of lung origin
and it has a sensitivity ranging from 75% to 80% for lung ADC (BishopSharma
& lllei, 2010; Gurda et al., 2015). The expression of TTF-1 is also correlated
with the degree of tumor differentiation, i.e. high differentiated ADCs are more
likely to express TTF-1 compared to poor differentiated tumors (Rekhtman,
Ang, Sima, Travis, & Moreira, 2011). P40 and P63 are products of the P63
gene on chromosome 3q27-29, and basal or progenitor cell layer of bronchial

epithelium express both of them (Lilo et al., 2016).

1.1.3.Treatment of Lung Cancer

Surgical treatment is commonly selected for patients with early stage of
NSCLC (DumaSantana-Davila & Molina, 2019). As for the advanced stage
NSCLC patients, multidisciplinary team (MDT) are considered to achieve an
optimal treatment for patients (Evison, 2020). In recent years, immune therapy
with the immune checkpoint inhibitors (ICls) has influenced the landscape of
NSCLC treatment (GuoBai & Cui, 2020). Around 40% of patients with NSCLC
mutation were recommended to chose targeted therapy in Germany. Patients
without NSCLC mutation may receive immune checkpoint inhibitor treatment
according to their PD-L1 status (Frost et al., 2022). In addition,

anti-angiogenesis therapy has been proven to prolong the first endpoint of
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overall survival (OS) and second endpoint of progression-free survival (PFS)

(WuWang & Zhou, 2021).

1.2. In Vivo and In Vitro Models of Lung Cancer

In order to test different therapies of lung cancer in the clinic, scientists
investigated numerous preclinical models of lung cancer, including in vivo and
in vitro models. The most common in vivo models are patient-derived
xenografts (PDX), xenografts that are derived from patient-derived organoids
(PDO-x) and genetically engineered mouse models (GEMM). The in vitro lung
cancer models include two-dimensional lung cancer cell cultures (2D-LC), lung
cancer cell lines, air-liquid interface models, patient-derived organoids (PDO),
patient-derived organoid co-cultures (PDO+), xenograft-derived organoids
(XDO), and three-dimensional (3D) printing models (Herreros-Pomares et al.,
2021; JiaLiang & Li, 2020; Pham et al., 2021). Among these models, the in
vitro models developed quickly in recent years due to the effective production
and controllable cultivation conditions. In addition, the in vitro models avoid
using animal models and most of them cultured in well plates which saved
cultivation materials and space, while the PDX models were
resource-intensive and required long time cultivation (Dong et al., 2010; Siolas
& Hannon, 2013). In drug testing research, organoid models could be
passaged into 384 well plates to adapt the high throughput studies, which
greatly improved testing efficiency (Du Y et al., 2020).

1.2.1.2D Models

Cell lines were designed as in vitro 2D models due to the stable genetic
expression and various mutation types. Meanwhile, the patient-derived cell
lines represent the genetic diversity both in transcriptional profile and the
phenotypic properties of primary lung cancer cells. With these diverse cell lines,

scientists could validate the drug activity mechanisms from genomics,
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phenotypes, and functionality. For example, EGFR mutations were
investigated to be the strongest predictor of sensitivity of EGFR inhibitor
Erlotinib through the established 2D models (Sos et al.,, 2009). KH-type
splicing regulatory protein was identified as a metastasis-associated candidate
molecule in five different NSCLC cell lines (Yan et al., 2019). The knockdown
of this gene could inhibit the proliferation, increase the apoptosis, and lead to
cell-cycle arrest in A549 cells (Ge et al., 2019).

After cluster analysis, Shen and other colleagues compared three
adenocarcinoma lung cancer samples from The Cancer Genome Atlas (TCGA)
and seven cell lines from The Genomics of Drug Sensitivity in Cancer (GDSC)
database with the same second cluster. They found that all cell lines had high
ICs0 value and showed marked pharmacological resistance to Cisplatin, while
only three tumor samples showed complete response to Cisplatin (Shen,
Xiang, Huang, Zhang, & Yue, 2022). Moreover, the high passage and
selection of cell lines generate gene mutation which influence the
characteristic of the cell line. In one experiment, the selected invasive lung
cancer cell line (A549-15) significantly expressed 83 different proteins
compared to the common lung cancer cell line (A549). These proteins were
considered to be associated with metastasis of lung cancer due to their
epithelial-mesenchymal transition (EMT) functions (Kuo et al., 2021). Although
2D models work as a convenient tool for the investigation of lung cancer, the
inconsistent results between cell lines and actual tumor samples underscore

the shortcomings of cell lines.

1.2.2.0rganoids

Although numerous cell lines of lung cancer could afford the therapy screening,
the clinical trials reflected diverse results based on this research. In US-studies,
95% of the new lung cancer drug candidates failed in the final clinical trials

(Kaczmarczyk et al., 2021). Such a high attention forced scientists to
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investigate three dimensional models, which could mimic the native outgrowth
of lung cancer cells ex vivo. The organoid technology provides a new method
for in vitro cultivation which has better key histological and molecular traits of
their parental tumors than cell lines (Broutier et al., 2017). In the group of Shi,
they described a method to generate short-term within three month and
long-term with more than three month of NSCLC organoids. Each passage
could be kept no longer than four weeks (Shi et al., 2020). The lung
adenocarcinoma is more likely to generate organoids compared to squamous
cell lung cancer, which is as difficult as the generation of 2D cell line from
squamous cell lung cancer. In addition, it also has a higher success rate to
generate lung cancer organoid from xenograft than the patient tumor, which
suggested a prior selection pressure of xenograft enriched tumor cells (John et
al., 2011; Wang et al., 2017).

Most of the lung cancer organoids are cultured with the medium formulations
used for 2D cell line, which included B-27 and N2 supplements, and growth
factors. Some groups added Nutlin-3a, an early type of MDM2 inhibitors, to
enrich TP53 mutation tumor cells (Sachs et al., 2019). Because the Nutlin-3a
could disturb the p53-MDM2 interaction and lead to reactivation of p53 for the
apoptosis, especially in wild type TP53 cells (Konopleva et al., 2020). In
addition, a lot of groups add Wnt3a (He et al., 2015) and Noggin (Laurila,
Parkkila, Isola, Kallioniemi, & Alarmo, 2013) in the medium. Noggin
suppressed the osteoblastic formation of the lesion in bone and the tumor
growth in vivo with A549 cell line. Wnt3a could induce Wnt signaling pathway
which plays an instrumental role in stem cell self-renewal (ArosPantoja &
Gomperts, 2021). However, Noggin suppressed the osteoblastic formation of
the lesion in bone and the tumor growth in vivo with A549 cell line (Feeley et al.,
2006).

Due to the high preservation of molecular traits, the PDO models could be
used for drug screening and biomarker discovery. With the established

chemotherapy docetaxel, which targets cellular micro-tubules, lung cancer
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organoids showed lower sensitivity than normal bronchial organoids. However,
different chemotherapy, Olaparib and Erlotinib, showed different sensitivity in
the lung cancer organoids (Kim et al., 2019). With machine learning and PDO
from 41 patient tumors and 5 xenografts, the gene signatures led to classifiers
for distinguishing responsive and non-responsive organoids. These classifiers
with high sensitivity and specificity were discovered as new biomarkers for

drug testing (Schitte et al., 2017).

1.3. Tumor Microenvironment

In the primary tumor site and metastatic site, the tumor microenvironment is
influenced and modified with the development of tumor such as tumor initiation,
progression, invasion, and colonization in metastatic site. In addition, during
the dissemination, tumor cells living in the blood system which is a special
tumor microenvironment in vivo including platelet, myeloid cells and other
blood cells (Figure 1). In the TME of lung cancer, the cellular component
consists of four different cell types, including vascular cells, tumor-associated
macrophages (TAMs), regulatory T cells (Tregs), tumor-infiltrating
lymphocytes (TILs), such as CD4+ and CD8+ T cells, natural killer (NK) cells,
stromal cells, such as cancer-associated fibroblasts (CAFs), and dendritic cells
(DCs). These cells interact with each other through contact-dependent
communication, which is mediated by adherent molecules. The famous
example for this is the PD-1/ PD-L1 pathway. Besides this, paracrine signaling
is also a critical communication method between tumor cells, host cells, and
other stromal cells (de Visser & Joyce, 2023a). In addition, the ECM also plays
e.g. a role in determining the dormancy and reawakening of tumor cells (Di
Martino et al., 2022). ECM proteins such as tenascin-C (Oskarsson et al.,
2011), type | collagen (Barkan et al., 2010) or fibronectin act as pro-metastatic
factors, in addition to being structural components of the metastatic niche

(Aguirre-Ghiso, Liu, Mignatti, Kovalski, & Ossowski, 2001).
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Figure 1. Tumor microenvironment components.

The cellular components of the tumor microenvironment include tumor cells,
cancer-associated fibroblast cells, epithelial cells, tumor-associated lymphocytes and
macrophages, among others. This figure was created with BioRender.com and

modified according to the publication (de Visser & Joyce, 2023b).

1.3.1.CAFs

Tumor cells do not exist in isolation in vivo, and carcinogenesis depends on
the surrounding tumor microenvironment (TME), which is composed of four
main cell types and biophysical and biochemical components. Fibroblasts are
essential in maintaining this tissue homeostasis (Chhabra & Weeraratna,
2023). The formation and turnover of tumor ECM are related to fibroblasts
producing collagen, fibronectin, laminin, and secreted enzymes, such as lysyl
hydroxylases and metalloproteinases, to modify the molecular structures
(Lynch & Watt, 2018; Voloshenyuk, Landesman, Khoutorova, Hart, & Gardner,
2011). Among all types, there is a group of fibroblasts that are attracted by the



growth factors secreted by tumor cells, that migrate towards TME and are
transformed into cancer-associated fibroblasts (CAFs).

Distinguishing features of activated CAFs and quiescent fibroblasts are
enhanced proliferation properties and ECM productivity (Procopio et al.,
2015)(Alexander & Cukierman, 2016). CAFs do not only require self-metabolic
reprogramming of glycolysis (Roy & Bera, 2016), but also reprogram the
metabolism of TME (Kalluri, 2016). With the accumulated growth factors,
cytokines, and stiffness, CAFs promote the progression of tumor in return,
which formed a positive loop between cancer cells and CAFs. Activated CAFs
induce tumour proliferation and metastasis through the secretion of growth
factors, such as IL-6, insulin-like IGF, HGF, FGF-2, and PDGF, and modify
TME by producing proangiogenic factors (Lin et al., 2011; Martino & Hubbell,
2010a; Pakravan et al., 2017). Moreover, tumor cells interact with CAFs by
secreting growth factors and chemokines directly and through indirectly
stimulating macrophages to influence fibroblasts. As a response, CAFs
produce factors such as FGF-2, PDGF, and C-X-C motif chemokine 12
(CXCL12), which facilitate the proliferation of lung cancer cells (Figure 2)
(Kuzet & Gaggioli, 2016; Terra et al., 2018).
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Figure 2. The interaction between CAFs and other cells in TME.

CAFs are activated by cancer cells and M2 macrophages. In return, CAFs regulate
the cancer cells directly and M1 macrophages indirectly in TME. This figure was
created with BioRender.com and modified according to the publication (Huang et al.,

2021).

1.3.2.TAMs

Macrophages play an important role of immune reaction in the tumor
microenvironment, which are activated to M1 and M2 subtypes due to the
stimulation of different cells from the tumor microenvironment. Regarding their
characteristics, M1s are related to bactericidal immune activity and the M2s
are related to tumor remodeling processes. The tumor associated
macrophages (TAMs) display the pro-tumorigenic features, such as
progression, matrix remodeling and limitation of adaptive immunity, which are
similar to the M2 subtype (Quatromoni & Eruslanov, 2012; ter Horst et al.,
2015). In the clinic, high density of TAMs are associated with low overall

survival rate in the lung cancer (LIN et al., 2015) and breast cancer patients
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(Zhao et al., 2017). NSCLC patients with high density of M2 cells and highly
expressed miR-130a are correlated with poor prognosis and increased tumor

stage and metastasis (Hsu et al., 2018).

1.3.3.Fibronectin

Fibronectin (FN) is a basic component of the extracellular matrix (ECM) and it
forms a polymeric fibrillar network to support cells (Figure 3). FN plays divers
roles in cellular development, adhesion, migration, and wound healing,
especially in tumors that up-regulate protein and receptor expression of ECM
(Patten & Wang, 2021; VanSlykeBoswell & Musil, 2018). FN accumulated
ECM also contains numerous growth factors and cytokines, including vascular
endothelial growth factor, fibroblast growth factors, tumor necrosis factor, and
more (Martino & Hubbell, 2010b; SackTeran & Nugent, 2016). Tumor cells with
unsuccessful adhesion via integrin B1 limit the activation of proliferation
signaling pathway and the tumor changes to the dormant state (Recasens &
Munoz, 2019). The FN binding integrin stored in the ECM could awake the
dormant cells to a proliferative state in the lung (Barkan et al., 2008; Di

Modugno et al., 2018).
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Figure 3. Extracellular matrix components in normal tissue (Left) and in tumor (Right).
Fibronectin, collagen, elastin and hyaluronan are the main deregulation parts of ECM.
This figure was created with BioRender.com and modified according to the publication

(Huang et al., 2021).

1.4. Tissue Engineering Techniques in Lung Diseases

Tissue engineering is based on the development of biomaterials with the goal
of assembling functional tissues and organs. Biological or artificial scaffolds,
cells, growth factors and cytokines are commonly combined to reconstruct in
vitro models to replace damaged tissue or test new drugs. For example, Chan
and other colleagues generated a cutaneous coverage, which was seeded
with isolated autologous stem cells from adipose tissue on a collagen
consisting hydrogel. These cells were induced to differentiate into an epithelial
layer, a vascularized dermal layer, and a hypodermal layer (Chan et al., 2012).
In the field of lung disease, tissue engineering promoted the therapy both in
clinical application and lung functional research (Kanzaki et al., 2013; Tan et

al., 2017). In lung regeneration research, rat alveolar type Il epithelial cells
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were cultured in a 3D porous collagen scaffold forming a biomimetic collagen
scaffold, which was implanted into the operative region of a rat partial lung
resection model. Vascularization of this scaffold took place within 30 days, and
this 3D biomimetic scaffold improved the general morphology recovery and
functional alveolar-like structure formation of the injured lung (Wang et al.,
2020). In the ECM of regenerated lung model, numerous molecules produced
by different cells interact with each other, which provided a platform for the
research on signaling pathways (GhaediNiklason & Williams, 2015;

Hosseinirad et al., 2018).

1.5. Small Intestinal Submucosa Scaffold

Small intestinal submucosa (SIS) scaffold is a well studied decellularized
material in the field of tissue engineering and regenerative medicine. SIS has a
three-layer structure including stratum compactum, muscularis mucosa, and
submucosa (Casarin et al., 2022; Kropp, 1998). In a modified approach, the
mesentery with the vascular tree is removed and the mucosa layer is
maintained to generate the SISmuc scaffold (Nietzer et al., 2016a). Porcine
intestine is commonly used for SIS preparation (Figure 4), which firstly pass
the decellularization step with detergents, chemicals and enzymes. Then the
ECM sheet could work as graft directly or work as ECM hydrogel with
solubilization treatment.

The first application of this material was reported in 1966 and the inverted
small intestine was used as an autograft to replace the inferior vena cava in
dogs (Matsumoto, Holmes, Burdick, Heisterkamp, & O'Connell, 1966). After
decades of development, this material could not be only derived from porcine
(Syed, Walters, Day, Kim, & Knowles, 2014), ovine (Rashtbar et al., 2018),
bovine (ParmaksizElgin & Elgin, 2018), and rat (Totonelli et al., 2012), but also
treated with lyophilization and pulverization process to prolong the self life and

durability of SIS products (Cui et al., 2022).
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Figure 4. Process of preparing small intestinal submucosa (SIS).

The porcine SIS are derived from small intestine organs and they are made into three
different products, ECM bioscaffold sheet, ECM hydrogel and ECM tubular grafts.
This figure was created with BioRender.com and modified according to the publication

(HusseyKeane & Badylak, 2017).

The suitable microenvironment of matrix encouraged scientists to culture
different types of cells on SIS products. In the early stage, human
microvascular endothelial cells and fibroblasts were cultured in hydrated SIS
(Badylak, Liang, Record, Tullius, & Hodde, 1999). Further, both somatic cells
and stem cells, patient-derived cells and cell lines were seeded on this
material with different cultivation methods. In general, SIS could retain the
original properties of cells and proliferation. Muscle-derived cells could
remodel the SIS fast within the first ten days compared to the next ten days
cultivation (Lu et al., 2005). Bone marrow derived-mesenchymal stem cells
(Zhang, Lin, Frimberger, Epstein, & Kropp, 2005) and embryonic stem cells

(Lakshmanan, Frimberger, Gearhart, & Gearhart, 2005) could grow and
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differentiate in the SIS-ECM. The SIS sponge seeded with a mixture of
dissociated epithelial and dermal cells could well differentiate and generate

hair on mouse skin (Dong et al., 2019).

1.6. Aims

Lung cancer remains a significant global health burden, promoting the
development of advanced experimental models for its study. /n vitro 3D
models provide a valuable platform to investigate the complex biology and
tumor microenvironment of lung cancer, enabling the evaluation of various
cultivation conditions and observation methods. This study aims to establish a
robust in vitro 3D model using lung cancer tissue, including determining the
optimal cultivation time, medium, and matrix for its growth, characterizing the
model to identify key features of the tumor microenvironment, and improving
observation methods for enhanced experimental outcomes.

The in vitro 3D model using lung cancer tissue is expected to enable the
recreation of original tumor, compared to 2D model, with more physiologically
relevant environment, expressing the cellular heterogeneity and spatial
architecture. In this study the optimal cultivation time, medium composition,
and type of matrix is determined to ensure 3D model viability and functionality.
The 3D lung cancer model is characterized to determine its correspondence to
the native tumor and to identify the tumor microenvironment. Histological
staining, immunofluorescence staining, and DAPI staining will enable the
assessment of cellular morphology, tumor markers, and cell proliferation
associated with lung cancer. Furthermore, optimization of the cultivation
conditions and observation methods will enhance the reproducibility and
reliability of the lung cancer 3D model. Compared to the static culture, dynamic
culture provides constant flow of culture medium for 3D model, which could
carry out the metabolic products on time. This led to the hypothesis, that the

dynamic culture could promote the cell proliferation of 3D lung cancer model.
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With the refined model, better representation of the tumor microenvironment
and improved experimental outcomes, we explore the new observation
methods, which will enable accurate monitoring and analysis of tumor
metabolism.

In summary, this study contributes to the growing knowledge on lung cancer

and to the development of improved experimental models.
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2. Materials
2.1. Biological Materials

2.1.1.Patient-Derived Tumor Samples

Tissue specimen from the tumor tissue were obtained from patients
undergoing elective pulmonary resection for NSCLC at the Clinic of Cardiac
and Thoracic Surgery at the University Hospital Magdeburg. Tumors were
sampled after surgical resection by a pathologist to guarantee clear resection
margins. Patients informed consent was obtained before surgery. The study
was approved by the ethics committee of the medical faculty of the

Otto-von-Guericke-University Magdeburg (vote 163/17, 16th October 2017).

2.1.2.Cells

We used primary human bronchial fibroblasts (hbFb) and the mouse swiss NIH
embryo fibroblasts cell line (NIH-3T3) for co-cultivation. The hbFb were kindly
provided by Julian Maurer (Experimental Thoracic Surgery Research Group,
University Hospital Magdeburg), and the NIH-3T3 cell line by Prof Dr Andrea

Kréger (Helmholtz-Center, Braunschweig).

Table 1. List of cells.

Cells Description Source

Human bronchial | Cells isolated from the bronchial | Julian Maurer (Hospital of
fibroblasts (hbFb) tissue of patients from the clinic | Magdeburg University,

operation. Germany)

Mouse swiss NIH | A cell line derived from mouse | Prof. Dr. Andrea Kroger
embryo fibroblasts | NIH/Swiss embryo cultures. It | (Helmholtz-Center,
cell line (NIH-3T3) provided a convenient cell | Braunschweig, Germany)

system for the study of murine

sarcoma virus and DNA
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Cells Description Source

transfection (JainchillAaronson

& Todaro, 1969).

2.1.3.SIS and SISmuc

The biological collagen scaffold was generated from decellularized porcine
jejunum and provided by the Fraunhofer Institute for Silicate Research ISC
Wirzburg as described before (Hoppensack et al.; Jannasch et al., 2015;
Schweinlin et al., 2017). During preparation of SIS, the two external layers of
tunica muscularis and tunica serosa of the proximal jejunum were gently
removed. Turning over the remaining intestine segment and the internal funica
mucosa is removed. In preparation of SISmuc, the mucosa layer is retained
and only the mesentery with the vascular tree is removed before

decellularization.

2.2. Solutions for Cell Culture

Table 2. List of solutions for cell culture.

Product Specification Producer/Supplier | Catalog
number

DMEM high glucose Cell culture medium Gibco 31966-021

FBS superior stabil® Fetal bovine serum Bio & Sell FBS.S.061
5

PBS Phosphate buffered | Gibco 70011-036

saline (10x) without

calcium and
magnesium
Penicillin+ Antibiotics/antimycoti | Sigma-Aldrich A5955

streptomycin+amphoteri | cs (100x)
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Product

Specification

Producer/Supplier

Catalog

number

cin

2.3. Enzymes and Inhibitors

Table 3. List of enzymes and inhibitors.

Product Specification Producer/Supplier | Catalog number

Accutase ® cell detachment solution | Biozol BLD-423201

Collagenase | 2.5 mg/mL Merck 11088793001

A

Collagenase | 1 mg/mL Merck C4-22-1G

type IV

0.05% trypsin | Passage NIH-3T3 cells | Thermo Fisher 25300062

2.4. Antibodies

Table 4. List of primary antibodies.

Antigen Clonality/species | Isotype Dilution | Company | Order
number

Alpha-smooth Mouse IgG2a 1:100 Invitrogen | 14-9760-82

muscle Actin kappa

(1A4)

Fibronectin Mouse IgG1 1:100 Invitrogen | MA5-11981

(FBN11)

MCT4 Rabbit IgG 1:100 Novus NBP1-81251

(Monocarboxylat Biological

transporter 4,

SLC16A3)
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Antigen Clonality/species | Isotype Dilution | Company | Order
number
p40 (BC28 Klon) | Mouse 1gG1 1:50 Zytomed | ACI 3066A
Systems

P63 (GT1179) Mouse IgG1 1:100 GeneTex | GTX633818

TTF-1 (Thyroid | Mouse IgG1 1:50 Zytomed | MSKO004-05

transcription kappa Systems

factor-1)

Table 5. List of secondary antibodies.

Antibody Dilution | Company Order
number

Cy3-conjugated donkey | IF: 1:500 | Jackson ImmunoResearch | 115-167-003

anti-mouse 1gG

Cy3-conjugated goat | IF: 1:500 | Jackson ImmunoResearch | 111-165-045

anti-rabbit 1IgG (H+L)

Cy3-conjugated goat | IF: 1:500 | Jackson ImmunoResearch | 115-167-186

anti-mouse lgG2a

2.5. Chemicals

Table 6. List of chemicals.

Product Specification Producer/Supplier Catalog
number

DAPI 4' 6-diamidine-2-phenylindole | Sigma-Aldrich D9542-10mg

dihydrochloride

DMSO Dimethyl sulfoxide C. Roth A994.2

Ethanol 96% ethanol, denaturation Th. Geyer 2206

Mitomycin C | Cytostatic agent Sigma-Aldrich M0503-2mg

Normal Donkey serum Bio-Rad C06SB
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https://www.sigmaaldrich.com/DE/de/search/4%27%2C6-diamidine-2-phenylindole-dihydrochloride?focus=products&page=1&perpage=30&sort=relevance&term=4%27%2C6-diamidine-2-phenylindole%20dihydrochloride&type=product_name
https://www.sigmaaldrich.com/DE/de/search/4%27%2C6-diamidine-2-phenylindole-dihydrochloride?focus=products&page=1&perpage=30&sort=relevance&term=4%27%2C6-diamidine-2-phenylindole%20dihydrochloride&type=product_name

Product Specification Producer/Supplier Catalog
number

donkey

serum (NDS)

Normal goat | Goat serum Sigma-Aldrich S26-100ML

serum

(NGS)

PFA Paraformaldehyde C. Roth 0335.1

Roti ® Embedding medium C. Roth 6638.1

Histokitt

Tx100 Triton ™ X-100 Sigma-Aldrich X100-500ML

Roti®-mount | Embedding medium with xylol | C. Roth HP68,1

100mL

Xylol 2.5L Dr.K.Hollborn&Soéhne | 215-535-7

ProClin 50mL Sigma 49376-U

Glycerin 500mL Sigma G5516

Aqua B. 1000mL B. Braun 0082479E

Braun

NaCl Sodium chloride C. Roth 9265.2

KCI Potassium chloride C. Roth 6781.3

Na2HPO4 x | Disodium hydrogen phosphate | C. Roth 4984 .1

2H20 dihydrate

Isopropanol | 2-Propanol C. Roth 9866.1

KH 2PO 4 Potassium dihydrogen C. Roth 3904.2

phosphate

2.6. Prepared Solutions

Table 7. List of prepared solutions.
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Solution

Composition

10x PBS ~(1 litre)

80 g NaCl, 2 g KCI, 14.4 g Na2HPO4 x
2H20, 2.4 g KH2PO4

in 1L sterile water.

DAPI in PBS ~(50mL)

1:10000, 5 microliters DAPI in 50 mL
PBS -

Mowiol 4-88
DABCO

6.0 g glycerin +2.4 g Mowiol 4-88 +6.0
mL Aqua dest. +12.0 mL 0.2 M Tris-HCI
+25 mg/mL DABCO

NDS in PBS ~+ Proclin + Tx-100
(50mL)

1.5 mL normal donkey serum (= 3%)
+48.5 mL PBS ~+ 5 p | Proclin (=
0.01%) + 5 p 1 Tx100 (= 0.01%)

NGS in PBS —+ Proclin + Tx-100
(50mL)

1.5 mL normal goat serum (= 3%) +48.5
mL PBS =+ 5 py | Proclin (= 0.01%) + 5 p
| Tx100 (= 0.01%)

Trypan blue solution

(50mL)

0.4% Trypan Blue Solution 5 mL +45
mL PBS -

Hemalaun solution acid acc. to Mayer

C. Roth T865.1. Ready to use.

Eosin Y solution

C. Roth X883.1. Ready to use.

2.7. Kit
Table 8. List of Kit.
Name Specification Manufacturer | Commodity
number
M30 ELISA Kit M30 CytoDeath™ TECOmedical | 10900
ELISA GmbH
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2.8. Laboratory Equipment

Table 9. List of laboratory equipment.

Laboratory equipment

Manufacturer

Autoclave: Laboklav 55-195

SHP Steriltechnik AG

Centrifuge: Allegra X-12R centrifuge

Beckman Coulter

Centrifuge: Sprout® plus Fisherbrand
CO2 incubator: MCO-19AICUV-PE Panasonic
Cryostat: CM 1950 Leica
Microplate reader: Infinite ® M Plex TECAN

Dynamic 3D culture incubator with | Fraunhofer ISC Wurzburg
peristaltic pump

Freezer:

-20°C Liebherr

-30 ° C (Biomedical Refrigerator | Panasonic

MDF-U5312) Panasonic

-80 ° C (KM-DU73Y1 ultra-low temperature

refrigerator) Panasonic

-150 ° C (MDF-C2156VAN-PE ultra-low

temperature refrigerator)

Hot air sterilizer: Heraeus Oven

Thermo Fisher Scientific

Ice maker: 105587

ZIEGRA ice machine co., Itd

Lab dish washer: G7835 CD

Miele Professional

Microscope: Evos Auto FL 2 AMAFD2000

Thermo Fisher Science Corp.

Microscope: Evos XL Core AMEX 1000

Thermo Fisher Science Corp.

Multi-channel pipette VB-0964, 10-100 p |

Eppendorf

Pipettes:
0.1-2.5 microliters
0.5-10 microliters

2.0-20 microliters

All from Eppendorf
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Laboratory equipment Manufacturer
10-100 microliters

20-200 microliters

100-1000 microliters

Pipetus 9907200 Hirschmann

Safety cabinet: Herasafe KS

Thermo Fisher Scientific

Shake water bath: 1083 GFL
Shaker: KS 501 Digital Ika

Suction system: VACUBQY 155 500 Integra
Ultrapure water treatment system: Merck
Millipore Milli-Q ™ Z 00 QSVCO01

Vacuum pump: ME 4C NT Vacuubrand
Vortexer: Lab Dancer S040 VWR

Fume hood Wesemann Laboreinrichtungen
Magnetic stirrer IKA
pH meter Mettler Toledo
2.9. Laboratory Materials
Table 10. List of laboratory materials.
Name Specification Manufacturer | Order number
Beaker 600 mL Simax DI60743538121711
1000 mL DI60743528122051
Cell crowns for | Inner diameter: Outer | Fraunhofer
three-dimensional 12: 17mm Institute for
culture Material: Metal Silicate
Research ISC,
Wirzburg,
Germany
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Name Specification Manufacturer | Order number
Manual counter For cell counting Infactory 4022107175012
Staining through For 10 slides Assistent 41205
Tweezers Universal tweezer | Knipex 92 38 75 ESD
ESD
2.10. Consumables
Table 11. List of consumables.
Name Specification Manufacturer Order number
Adhesion 25 x 75 x1 mm Epredia J1800AMNZ
microscope slides
Minisart Filter unit 0.2um Sartorius 211690103
Cell culture flask T75 (75) cm? VWR TPPA90076
T25 (25) cm? VWR TPPA90026
Cover slips 24 x 50 mm #1 Epredia BB024050A1
Eppendorf Tips 0.1-10 ul Eppendorf 0030000811
2-200ul 0030000870
50-1000ul 0030000919
Filter paper Type 600P C. Roth CA20.1
Gloves M/7-8 B.BRAUN 9208429
L/8-9 9208437
Laboratory and 150 double-ply Zellstoffvertriebs 16515
hygienic wipe GmbH & Co. KG
(ZVG)
Model 819 narrow | Cryostat blade Leica 14035838382

band unidirectional

blade
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Name Specification Manufacturer Order number
O-rings (sealing MVP 70 rot VWR 21444
rings) for
bioreactors
Parafilm for covering or Bemis PM-999
sealing vessels
Pasteur pipettes, 150mm C. Roth 4518
without cotton
stopper
Pump tubes ID: 2,79 mm L= Saint-Gobain ISMCSC0746
PharMed® BPT 381mm+ 2 performance (VWR)
Manchons plastics
Safe seal 0.5mL Eppendorf 0030121023
microcentrifuge 1.5mL 0030120086
tube 2.0mL 0030120094
Sample bags W 100 x H 150 mm | C. Roth P279.2
Scalpel Disposable C. Roth T997 .1
Serological pipet 5mL Corning 4487
10mL 4488
50mL 4490
Tygon® 3350 ID 3.2mm, OD Saint-Gobain 4330423
Silicone tube 6.4mm, Wall 1.6mm | performance (Kleinfeld-Labor
plastics Shop)
TC Dish 150 Standard SARSTEDT AG & | 83.3903
Co. KG
Tissue culture dish | 22.1 cm? TPP 93060
60
Tissue-Tek tissue embedding Sakura Finetek 4583

for cryo-section

25



https://de.vwr.com/store/product/16010170/pumpenschlauche-pharmed-bpt

Name Specification Manufacturer Order number

Tissue-Tek 25x20x5 mm Sakura Finetek 4557

freezing mold

Centrifuge tubes 15mL Greiner Bio-one 188271-N
50mL 227261

Well plate of cell 12 well Nunc 734-2156

culture

Freezer Container | Mr. Frosty Thermo Scientific | 5100-0001

Cryo tubes 2mL Greiner Bio-one E22113MV

Counting chamber | Neubauer-improved | MARIENFELD 0640010

2.11. Software

Table 12. List of software.

Software Description Development/sales
ImageJ Cell counting Wayne Rasband
NoteExpress Citation program Swiss academic software
Prism 9 Statistical programme GraphPad software
i-Tan control Absorption measurement | Tekan

Microsoft Excel Patients information form | Microsoft

Microsoft Power Point Figures processing Microsoft

Microsoft Word Word processing Microsoft

WPS office Office processing Kingsoft Office Software
Windows 10 Computer software Microsoft

BioRender Figures processing Created with

BioRender.com
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3. Methods

3.1. Cell Culture Basics

For cell culture work, the incubator was set to standard conditions with 37°C,
5 % CO2, and 95 % humidity. Cell culture media in static culture were
exchanged every two to three days, while in dynamic culture the medium was
exchanged once a week. All used products and liquids were purchased sterile,
autoclaved or sterile-filtered. If possible, all used instruments were cleaned
with disinfectant then autoclaved at 121°C for 90 min or sterilized in 180°C

oven for three hours.

3.2. Cell Cultivation

Human primary bronchial fibroblasts (hbFb) were cultivated with DMEM
medium containing 10% FCS. The mouse swiss NIH embryo fibroblasts cell
line (NIH-3T3) was cultured in DMEM medium with 10% FCS and passaged
with 0.05% trypsin and the digestion process was stopped with the same
amount of cultivation medium. Isolated tumor cells were cultured with DMEM,

10% FCS, and 1% antibiotics-antimycotic solution.

3.3. Isolation of Tumor Cells for 2D Cell Culture

One part of the tumor biopsy was embedded with Tissue-Tek® O.C.T.
Compound and stored at -80°C as positive control. The other half of the tumor
tissue was minced into 1 - 1.5 mm3 pieces which were washed three times
with PBS to remove blood and necrotic cells. Then the tumor pieces were
digested using either 2.5 mg/mL collagenase A or 1 mg/mL collagenase type
IV. The amount of enzyme solution corresponded to five times the volume of
the tumor pieces. For digestion, the samples were shaken continuously in the

water bath at 37°C. Every 30 minutes, the supernatant was collected and the
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digestion was stopped with the same volume of serum-containing medium,
while the solid residues were incubated with fresh enzyme solution. After all
solid tissue was digested, cells were centrifuged at 200g for 3 min. Cell pellets
were suspended in the medium. The cells were cultured for 21 days on 6 cm

petri dishes under standard culture conditions.

3.4. Generation and Cultivation of Static 3D Lung Cancer

Model

The scaffold of SIS or SISmuc were cut into 1.5 x 3 cm pieces (Figure 5A-G).
The tumor pieces were seeded between two layers of the scaffold without air
bubbles. The 3D model with "sandwich" structure was fixed between two
customized cylinders (cell crowns), transferred to a 12-well plate, and cultured
in DMEM medium with 10% FCS and 1% antibiotics-antimycotics solution. The
cell cultures were checked for contamination with the microscope after
overnight cultivation. The medium was exchanged every two to three days.
The static 3D models were cultured for 21, 28, and 42 days under standard
culture conditions. At the respective days, the 3D models were embedded with

Tissue-Tek® O.C.T. Compound and stored at -80°C for further analysis.
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Figure 5. The generation and composition of three-dimensional (3D) models.

The static 3D model of lung cancer (A-G). (A) The small intestinal submucosa (SIS)
biological matrix (black asterisk) is trimmed to fit the customized receptacle (cell
crown). Residues are removed (white asterisk). (B) Tumor tissue form surgical
specimen is cut into 1-1.5mm3 pieces. (C,D) Tumor pieces are embedded between
two layers of trimmed SIS. (E,F) The "sandwich culture" is stretched on the inner
metal crown (black arrow) and fixed with the outer metal crown (white arrow). (G) The
"sandwich" model is covered with culture medium and cultured in a 12 well plate. (H)
For dynamic tissue culture conditions the "sandwich" model (white arrow) was
transferred onto the bioreactor platform (black arrow). (I) A pulsatile medium flow is
established using a closed perfusion circuit (red arrow) and a peristaltic roller pump

(white arrow). Scale bar represents in A-Gas 1 cm and in Hand | as 6 cm.

3.5. Generation and Cultivation of Dynamic 3D Lung

Cancer Model

After the 3D models were cultured overnight and contamination was ruled out,

they were transferred into the bioreactor chamber for dynamic culture (Figure
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5H-I). The customized bioreactors described before (Nietzer et al., 2016b)
were perfused with tissue culture medium (50 mL DMEM with 10% FCS and
1% antibiotics-antimycotics solution) using a peristaltic pump at a speed of 3
rom providing a medium flow of 1.5 mL/min. The medium was exchanged
every seven days. The 3D models were cultured for 21 and 28 days,
respectively, under standard culture conditions. At the end of the experiment,
they were embedded with Tissue-Tek® O.C.T. Compound and stored at -80°C

for further analysis.

3.6. Co-Cultivation with Either Human Bronchial

Fibroblasts or NIH-3T3 Cell Line

The NIH-3T3 cells were mitotically inactivated using 4 pg/mL Mitomycin C for
2h kept under standard culture conditions and afterwards washed five times
with PBS. For co-cultivation, hbFbs or NIH-3T3 cells were seeded with 0.15
million cells per well in the 12 well plate and cultivated under standard
conditions. When the cell confluency reached 80%, the cell crowns of the static
3D models were transferred into the corresponding wells and cultured with
DMEM medium with 10% FCS and 1% antibiotics-antimycotics solution. The
wells containing hbFb were changed every week and the wells with mitotically

inactivated NIH-3T3 were changed every two weeks.

3.7. Cutting of Cryo Samples

To prepare the frozen sections, the freezing mold was labeled on the middle
line of the sample. After storage at -80 °C, the sample was first put at -20 ° C
for 20 minutes. The frozen model was cut at the middle line and five 10 pym

sections were put on one glass slide.
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3.8. Histological and Immunofluorescence Staining

The haematoxylin—eosin staining was performed with the following protocol.

Table 13. Hematoxylin and Eosin staining protocol.

Step Solution Time

Staining the basophilic | Haematoxylin 25 Min

structures

Rinsing Tap water (warm and | 30 Min
flowing)

Checking the blue staining | Under microscope Until blue

Staining the acidophilic | Eosin 4 Min

structures

Rinsing Deionized water 2 seconds

Dehydration Ethanol 70% 2 seconds
Ethanol 80% 2 seconds
Ethanol 90% | 10 Min
Ethanol 90% I 10 Min
Air (room temperature) 10 Min
Xylol | 10 Min
Xylol 1l 10 Min

Mounting Roti®-Histokitt Overnight

For immunofluorescence staining, samples were fixated using a 4%
paraformaldehyde solution for 10 minutes at room temperature (RT). The
samples were blocked dependent on the used secondary antibody with either
normal goat or normal donkey serum in PBS for 30 minutes at RT. Primary
antibodies were diluted in blocking serum and incubated overnight at 4°C in a
humidified chamber. The unbound primary antibodies were washed away with

PBS for three times. The secondary antibodies were diluted in blocking serum
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and incubated for 1 hour at RT. Finally, the unbound secondary antibody was
removed with PBS and the sections were incubated with 1ug/mL DAPI in PBS
for 10 minutes at RT. The sections were washed three times in PBS and
embedded in Mowiol 4-88 with DABCO (2.5%). As for negative control, the

primary antibody was omitted.

3.9. Imaging Process

HE staining images and cell culture images were taken using EVOS™ XL
Core Imaging System. Immunofluorescence staining images were taken using
Invitrogen EVOS FL Auto 2.0 Imaging system. A tiled photo was the
combination of ten-fold photos which covered the whole area of the sample
under the microscope. According to the shape of the sample, several central
points of ten-fold photos were selected by hand and then merged to get one

tiled photo.

3.10. Success Rate Evaluation

Based on the classification of lung cancer (Travis et al., 2013; Yatabe et al.,
2019), we created the criteria for our models. In 2D culture, successful cell
cultivation was determined by morphological appearance using light
microscopy according to the following criteria: 1) two or more different cell
types were identified according to cell morphology, II) lung cancer cell colonies
possessed specific cancer morphological features (irregular cell size and
shape; enlarged nuclei; increased nuclei-cytoplasm ratio; abnormal cellular
structures, such as cytoplasmic vacuoles, multi-nuclei; intercellular bridges). In
3D culture, criteria were evaluated following HE and IF staining: |) two or more
different types were identified, 1) two or more tumor-specific structures (cancer
colony; tissue necrosis; cell invasion into normal tissue, and lll) expression of
lung cancer specific markers (TTF-1, p40/ p63) according to the pathology

report of patients.
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3.11. M30 Detection of Epithelial Cell Apoptosis

The M30 CytoDeathTM ELISA was used to detect the epithelial cell apoptosis
by quantitative determination of the soluble caspase-cleaved keratin 18 (cck18)
Asp396 (M30) neo-epitope. The release of the antigen into the cultivation
medium occurs due to secondary necrosis of apoptotic bodies. The sample
media were collected every 7 days from each 3D model. The ELISA was
performed according to the manufacturer's protocol. The samples were
measured in duplicates. Samples with too high concentration were diluted to
half with the corresponding cell culture medium to fit the range of the standard
curve from 0-3000 U/L. After incubation on an orbital shaker (600 rpm) for 4
hours, wells were washed five times prior to the addition of the substrate. The
reaction was stopped after 20 minutes. Absorbance was measured with a
microplate reader after 10 sec shaking and five minutes of waiting. According
to the standard curve fitted with cubic spline algorithm, the concentration of

cck18 was calculated for every sample.

3.12. The Thickness and Cell Density Evaluation of 3D
Models

The thickness of 3D tissue models was measured using the software Image J.
Five tiled ten-fold images were selected from non-overlapping regions of each
sample. In the images, 3D models should contain cells stained with DAPI,
original tumor pieces and biological matrix with autofluorescence. With the
threshold, selection area and segmented line tool in Image J, the area and the
centerline of each 3D model were measured. The thickness was calculated by

the following formula:

Area of 3D model (um?2) (1)
Centerline(um)

Thickness (um) =
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Cells in the 3D model were counted automatically and by manual counting
using the same software Image J . Five non-overlapping images (ten-fold
magnification) and five overview images (tiled with ten-fold magnification) of
DAPI staining per model were used to determine the cell humber through
Image J Macro. The Image J Macro used for counting DAPI-positive cells
number:

run("8-bit");

/lrun("Brightness/Contrast...");

run("Enhance Contrast", "saturated=0.35");

setAutoThreshold("Default");

/lrun("Threshold...");

setAutoThreshold("Default dark");

/[setThreshold(25, 255);

setOption("BlackBackground", false);

run("Convert to Mask");

run("Watershed");

run("Analyze Particles...", "size=10-Infinity show=0utlines display summarize
in_situ");

The merged DAPI staining and autofluorescence images were used to
measure the area of the 3D model. In the ten-fold magnification image, two
layers of matrix, tumor pieces, and cells should be included. The ten-fold
magnification images represent the tumor area of the 3D model, while the tiled
images represent the whole section of the 3D model. The cell density was

calculated by the following formula:
Cell number (cells) 2)

Cell density (cells/mm?) =
ell density (cells/mm*) = 3D model (mm?)

3.13. Statistical Analysis

Statistical significance of the success rate and the lung cancer colony rate was
determined using the Fisher's exact test. The unpaired t-tests or the one-way
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ANOVA and Tukey-test were used for analyzing the thickness and the cell
density in static 3D model and the cell density comparison of the static 3D
model and the dynamic 3D model. Mann-Whitney U test was used to analyze
the thickness differences between static and dynamic 3D models.
Kruskal-Wallis test was used for comparing multiple groups (M30 ELISA). The
p-values < 0.05 were considered significant; *: p < 0.05; **: p < 0.01; **: p <

0.001. Diagrams were designed with Prism 9.
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4. Results

4.1. General Information about the Patients

In this study, tumor samples from 21 patients (age range 48-83 years) were
analyzed in 2D and 3D culture (Table 14): One case was a small cell lung
cancer (SCLC), 20 cases were non-small cell lung cancer (NSCLC) with 14
cases of adenocarcinoma (ADC) and 6 cases of squamous cell carcinoma

(SQCC) (Table 15).

Table 14. Patients characteristics

Patient smoking | pack

Nr. de e BMI | FEV1 (%

d number gender | age (y) (%) history years

1 #75 Male 61Y 18 77 | smoker 30

2 476 Male 63Y |28 g7 | former 55
smoker

3 478 Male 78Y |34 56 | former 30 - 40
smoker

4 #79 Male 63Y |32 77 | former 30
smoker

5 #83 Female 54Y 17 71 | smoker 35

6 #84 Male 68Y | 24 42 | former 30
smoker

7 487 Male 65Y |25 | - former 30
smoker

8 #89 Male 72Y 24 49 | smoker 6

9 #91 Female 76Y 25 96 | smoker 40

10 | #92 Male 67Y | 31 g2 | former 20
smoker

11 #94 Male 65Y 45 32 | smoker 20

12 #96 Male 72Y |21 68 | MV
smoker

13 #107 Female 62Y 25 74 | smoker 40

14 #109 Male 51Y 29 78 | smoker 30

15 #110 Female 48Y 35 79 | smoker 20-30

16 #111 Female 61Y 24 61 | smoker 50
f

17 | #125 | Female | 83Y |20 108 | 'OMer 10
smoker
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Patient smoking pack
Nr. gender | age (y) BMI | FEV1 (%) .
number history years
never
18 #126 Female 78Y 20 -
smoker
never
19 #130 Female 80Y 25 102
smoker
never
20 #132 Female 65Y 19 90
smoker
21 #135 Male 49Y 19 77 | smoker 25
Table 15. Tested tumour tissue
TTF-1/p63/p40 TNM tumor induction
Nr. | histology type of surgery
expression classification localization | therapy
pT1b pNO(0/32)
pulmonary left upper
1 Not mentioned LO VO PnO RO no lobectomy
adenocarcinoma lobe
G3 cM0
pulmonary pT3 pNO(0/31)
right upper
2 squamous cell p40+ L1 VO PnO RO no lobectomy
lobe
carcinoma G3 cM0
pulmonary pT1c L1 VO Pn0O right lower
3 Not mentioned no lobectomy
adenocarcinoma RO G2 cMx lobe
pT1c pNO(0/14)
pulmonary right lower
4 TTF-1+ LO VO PnO RO no lobectomy
adenocarcinoma lobe
G2 cMO0
small cell lung ypTO pNO (0/7) right upper
5 Not mentioned yes lobectomy
cancer VO RO lobe
pulmonary left upper
pT4 pN1(1/17)
6 | squamous cell p40+ and lower no pneumonectomy
L1V1Pn1RO
carcinoma lobe
pulmonary pT1c pNO (0/18)
right lower
7 | squamous cell Not mentioned L1 VO PnORO no segmentectomy
lobe
carcinom G3 cMO0
pulmonary
pT2a pNO LO V1 right upper
8 | squamous cell Not mentioned no lobectomy
RO G2 cMO lobe
carcinom
pT2b pNO (0/16)
pulmonary left upper
9 TTF-1+ LO V1 Pn0 RO no lobectomy
adenocarcinoma lobe
G3
pT3 pNO (0/4) L1
pulmonary right lower
10 TTF-1+ V1 Pn1 RO G3 no bi-lobectomy
adenocarcinoma lobe
cMO0
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TTF-1/p63/p40 TNM tumor induction
Nr. | histology type of surgery
expression classification localization | therapy
pulmonary
pT4 pNO (0/9) G3 | right lower lobectomy
11 | squamous cell p40+ no
LO VO R1 lobe +segmentectomy
carcinom
pT3 pNO (0/17)
pulmonary left upper
12 TTF-1+ L1 V1 Pn0 RO no lobectomy
adenocarcinoma lobe
G2 cM1b
pT2 pN1(1/10)
pulmonary right upper
13 TTF-1+ L1V1PnORO no lobectomy
adenocarcinoma lobe
G2
pT3 pNO (0/35)
pulmonary right upper
14 TTF-1+ G3LOVOPNO no lobectomy
adenocarcinoma lobe
RO cMO
pT2a pNO (0/22)
pulmonary right upper
15 TTF-1+ L1 VO PnORO no lobectomy
adenocarcinoma lobe
G3 cMO
pT1c pN1 (1/5)
pulmonary left upper
16 TTF-1+ L1 VO PnO RO no lobectomy
adenocarcinoma lobe
G2 cMO
pT1c pNO(0/22)
pulmonary left upper
17 Not mentioned LO V1 PnO RO no lobectomy
adenocarcinoma lobe
G2
pT2a pN2(4/18)
pulmonary left upper
18 Not mentioned L1 V1 Pn0ORO no tri-segmentectomy
adenocarcinoma lobe
G2
pT1b pNO(0/16)
pulmonary left lower
19 TTF-1 weak positive | L1 V1 Pn0 RO no lobectomy
adenocarcinoma lobe
cMO
pulmonary pT4 pNO(0/40) right upper
20 Not mentioned no pneumonectomy
adenocarcinoma L1 VO PnO RO lobe
pulmonary pT2b, pN2(9/38), "
right lower
21 | squamous cell Not mentioned L1, V0, Pn0, RO, no lobectomy
G3,cM0 lobe

carcinoma

Patients information. SQCC: squamous cell carcinoma; SCLC: small cell lung cancer;

ADC: adenocarcinoma. +: positive expression; -: negative expression; +/-; weak

positive
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4.2. Success Rate and Lung Cancer Colony Rate in 2D and

Static 3D Culture

At first, we compared the success rate and the lung cancer colony rate of 2D
and static 3D cultivation. According to the cell morphology, cultures with tumor
cells were obtained from three samples in 2D and 15 samples in 3D after 28
days of cultivation (Figure 6A). The success rate in 2D culture was 19% (3/16)
with one ADC, two SQCC, and zero SCLC. In static 3D culture, the success
rate was 94% (15/16) with nine ADC, five SQCC, and one SCLC. The higher
success rate in 3D cultures was significantly different from 2D cultures (p <
0.001). Lung cancer colonies were detected in three cases of 2D cultures and
in twelve cases of static 3D cultures (Figure 6B). The rate of lung cancer
colony in the static 3D culture was with 75% (12/16) significantly higher than in
2D culture with 19% (3/16) (p < 0.01). These data suggest that static 3D

culture effectively supported the in vitro cultivation of the tumor cells.

A 20+ * %k %k = 2D (n=16) 15 * % = 2D (n=16)
= 3D (n=16) o6 1316 mmm 3D (N=16)
L 15/16 .
o 154 ) @
a8 13116 o 10
E £
= £
£ 10+
@ A
# w5
© o 4116
O 57 o 3116
3116
0 | | I-_ 0 | |

I I I
success failed with without

Lung cancer colony

Figure 6. Comparison of 2D and static 3D models.
(A) Success rate and (B) lung cancer colony rate in 2D and static 3D models.
Significance was determined using the Fisher’'s exact test. *: p < 0.05; **: p < 0.01; ***:

p <0.001.
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4.3. Morphological Features of the 2D and the Static 3D
Culture Model

In 2D culture, cells possessed a flat morphology and grew as monolayer. The
cancer colonies were surrounded by fibroblast-like cells and possessed
vacuoles in some of the cells (Figure 7A). The cancer colonies were easy to
identify during the first three weeks of cultivation. They possessed clear
intercellular bridges and higher nuclei-cytoplasm ratio compared to other cells
(Figure 7B). The three-layer structure of the "sandwich" culture could be
identified in the static 3D model (Figure 7C, D). In the view of the tiled photo,
tumor pieces occupied the main space of the static 3D model. Tumor pieces
were connected to the SIS matrix. The two layers of SIS matrix attached with
each other when there was no tumor piece (Figure 7E). According to the cell
distribution in the static 3D model, we defined three regions: (1) tumor area, (2)
interface between tumor and matrix, and (3) the matrix which was infiltrated
with cells. The static 3D models maintained the cancer colonies which were
derived either from SQCLC (Figure 8), ADC, or SCLC (Figure 9). The
diagnosis were made by pathology department with the original tumor while all

3D models had no diagnosis from the pathology department.
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Figure 7. Morphological features of 2D and static 3D models.

(A) Lung cancer cells were identified by irregular cell size and shape, enlarged nuclei,
and cytoplasmic vacuoles (black asterisk). (B) Increased nuclei-cytoplasm ratio,
multi-nuclei, and intercellular bridges were identified in 2D culture (see white
asterisks). (C) In hematoxylin-eosin (HE) stained sections of static 3D culture, there
are two layers of matrix covering the original lung tumor pieces. Within the static 3D
model, we could identify original alveolus structures and necrosis area. (D) Several
types of cells existed in static 3D model with different morphology. Lung cancer cells
are labelled with a black arrow and non-cancer cells with a white arrow. (E) Tiled HE

photo of static 3D model. Sever tumor pieces are covered with SIS matrix on top and
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bottom side, which formed "Sandwich" structure. Scale bar represents 200 um in A-D,

1000 um in E.

No.6 SQCC No.8 5QCC No.11 SQCC

No.2 5QCC No.7 5QCC

Figure 8. The morphology of squamous cell lung cancer 3D models.
HE stainings of static 3D sandwich models of patient number 6, 8, 11, 2, 7, and 21.

SQCC: squamous cell carcinoma; Black arrow: lung cancer cells. Scale bar = 200 pm.
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No.9 ADC No.10 ADC No.12 ADC

1
P

No.18 ADC

A
W

No.19 ADC

No.20 ADC No.5 SCLC
Figure 9. The morphology of adenocarcinoma lung cancer and small cell lung cancer

3D models.
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HE stainings of static 3D sandwich models of patient number 1, 3-5, 9, 10, and 12-20.
No.3 failed and there had no cells. SCLC: small cell lung cancer; ADC:

adenocarcinoma. Black arrow: lung cancer cells. Scale bar = 200 pm.

4.4. Thickness and Cell Density of the Static 3D Model

In order to analyze cell growth in the static 3D model, we determined the tissue
thickness and the cell density. We found no significant difference in the
thickness at days 21 and 28 (5701183 ym vs 630£108 pm, p=0.0768) (Figure
10A). In the tumor area (ten-fold magnification), there was a higher cell density
compared to the whole static 3D model (tiled images) irrespective of the
analyzed time points (21 days, p < 0.001 or 28 days, p = 0.0116) (Figures 10
B,C). However, from day 21 to 28 the cell density increased from 6131204
cells/mm? to 887+259 cells/mm? (p =0.001) in the entire static 3D model
(Figure 10D), while there was no significant cell density increase in the tumor
area (p = 0.58) (Figure 10E). This suggests that during the fourth week of
cultivation, the tumor cells proliferated mainly outside of the tumor piece area.
However, the cultivation time of 21 and 28 days, respectively, was still not
sufficient for the static 3D models to develop the same cell density as

determined in the original tumor with 2873+473 cells/mm? (p < 0.001).
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Figure 10. Thickness and cell density of the static 3D models.

(A) Tissue thickness at days 21 and 28. (B,C) Cell density at day 21 (B) and day 28
(C) determined by ten-fold magnification (10x) and tiled images, respectively. (D)
Comparison of the cell density at 21 days and 28 days using tiled images (whole
section) and (E) ten-fold magnification (10x) images (tumor area) with the original
tumor. Significance was determined with the unpaired t-tests in A, B, and C and the
one-way ANOVA and Tukey-test in D and E. Shown are the mean with standard
deviation. n =8, *: p < 0.05; **: p < 0.01; ***: p < 0.001.

4.5. The TME of the Static 3D Model

4.5.1.l1dentification of Lung Cancer Cells

In order to confirm the presence of lung cancer cells, we additionally
performed immunofluorescence stainings against the specific lung cancer
markers mentioned in the patient’s clinical pathology reports. The tissue

sections of the original tumor biopsies and the corresponding 3D model were
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stained in parallel. Comparing the data of the pathology report (Table 15, see
TTF-1/p63/p40 expression) with the staining results of the original tumor
biopsies, in nine out of twelve tumor biopsies, the marker expression was
consistent with the pathology report. Next, we compared the staining results of
the original tumor biopsies with the corresponding 3D model. In ten different
3D models, we confirmed the presence/absence of the lung cancer marker
analyzed in the 19 corresponding original tumor biopsies (Table 16). In tumor
marker-positive 3D models, we detected single cells positive for TTF-1 (Figure
11) or p40/p63 (Figure 12), respectively, in the cancer colony with the lung
cancer morphology. In the original tumor, cells showed heterogeneity of lung
cancer markers, which was similar to the heterogeneous expression in static
3D models. The tumor pieces within the 3D models showed strong

autofluorescence and cancer cells grew in and around the tumor pieces.

Table 16. List of lung cancer marker expression.

TTF-1/p63/p40 expression in the experiment

Number Original tumor 3D model

TTF-1 p40 p63 TTF-1 p40 p63
1 - -
2 + - -
3 Failed, not detected Failed, not detected
4 - -
5 Not detected Not detected
6 + - -
7 + - +
8 + - -
9 + -
10 + -
11 + +
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TTF-1/p63/p40 expression in the experiment

12 - -
13 + -
14 - -
15 + -
16 + +/-
17 + +/-
18 + -
19 + +
20 - -
21 - - + -

The expression of lung cancer markers. +: positive expression; -: negative expression;
+/-: weak positive. Failed: The 3D model could not be established. Not detected:
Patient number five was diagnosed as SCLC but TTF-1/p63/p40 expression was not

detected.
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Static 3D Tumor Negative

Figure 11. The expression of TTF-1 in the static 3D model and tumor biopsy.

The nuclei were stained with DAPI (blue) and the immunofluorescence staining
against TTF-1 is displayed in orange color. The TTF-1-positive cells are purple
colored in the merged photo (white arrows). The corresponding HE stainings showing
the structures of the 3D models and morphology characteristics of the cells. As for

negative control, the primary antibody was omitted. The scale bar represents 200 um.
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Static 3D Tumor Negative

Figure 12. The expression of p40 of the static 3D model and tumor.

The nuclei were stained with DAPI (blue) and the immunofluorescence staining
against p40 is displayed in orange color. The p40-positive cells are purple colored in
the merged photo (white arrows). The corresponding HE stainings showing the
structures of the 3D models and morphology characteristics of the cells. As for

negative control, the primary antibody was omitted. The scale bar represents 200 um.

4.5.2.Identification of CAFs

As an important role of TME, CAFs interacted with tumor cells to promote the
progression of tumor. We also detected CAFs in our static 3D models, which
were identified by up-regulation of a-SMA and MCT4 in immunofluorescence

staining. With the simultaneous presence of a-SMA and MCT4, we proved that
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most CAFs assembled along the interface of tumor and matrix. Some CAFs
grew within the matrix (Figure 13). In original tumor, most of a-SMA was highly
expressed on vascular structure and mesenchymal tissue, while it was
dispersively expressed in the static 3D model. In addition, the expression of

MCT4 was less in original tumor than in the static 3D model.

HE a-SMA MCT4

Figure 13. The expression of CAFs biomarkers in static 3D model and tumor.

Immunofluorescence staining against a-SMA and MCT4 in orange color. In static 3D
model, the positive cells are labeled with white arrows. Autofluorescence of the tumor
and matrix accounts for the green fluorescence. The nuclei were stained with DAPI
(blue). The corresponding HE stainings showing the structures of the 3D models and

morphology characteristics of the cells. The scale bar represents 200 um.

4.5.3.1dentification of FN

Additionally, we verified the presence of fibronectin (FN) in our static 3D model,
a component of the extracellular matrix (ECM), which supported the tumor
cells in the TME. Strong FN signals were detected at the interface of tumor
piece and matrix. The FN protein was found to fill the space between the tumor
pieces and the matrix, extending along the latter (Figure 14). However, FN was

less expressed within the tissue than at the edge of the section. The SIS matrix
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surface and cutting processing could stimulate the tumor cells to produce FN.
In summary, these findings suggest that lung cancer cells, CAFs, and the ECM

component FN formed a TME in the static 3D model.

Static 3D

Figure 14. The expression of fibronectin (FN) in static 3D model and tumor.

Immunofluorescence staining against fibronectin in orange color. Autofluorescence of
the tumor and matrix accounts for green fluorescence. The nuclei were stained with
DAPI (blue). The corresponding HE staining showed the structures of the 3D models

and morphology characteristics of the cells. The scale bar represents 200 um.

4.6. SISmuc Matrix in Static 3D Model

In our research group, the SISmuc matrix (Figure 15A), which possessed the
mucosa layer and crypt structures which increases the contact area, was
successfully applied for culture of lung tumor cell lines. Therefore, we also
tested the SISmuc matrix in the static 3D cultivation with lung cancer cells.
After 28 days of culture, tumor pieces and SISmuc matrix were detached from

each other and there were no cellular structures found using the HE staining
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(Figure 15B). With DAPI staining, we found no blue fluorescence signals from
nuclei (Figure 15C-E). The mucosa layer and crypts were clearly presented in
HE staining with protrusion structure and in DAPI staining with strong
autofluorescence. The rare cells of this model suggested that SISmuc was not

suitable to establish our lung cancer 3D model with original tumor pieces.

Muscularis
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Figure 15. The static 3D model with SISmuc matrix.

The schema of intestine anatomic structure. Intestine included four main layers, and
the crypt formed in the mucosa layer which enlarge the surface area. Modified by
Microsoft. (B) HE staining of static 3D model with SISmuc. Tumor piece (without
cells) detached from SISmuc matrix. (C-E) The DAPI staining of static 3D model with
SISmuc matrix. (C) The autofluorescence of tumor and mucosa layer. (D) The nuclei
were stained with DAPI (blue). (E) The merged photo showed nearly no cells stained

with DAPI. The scale bar represents 200 um in B and 100 ym in C-E.
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4.7. Static 3D Models with Co-Cultivation

In order to support the growth of tumor cells in the 3D model, we tested two
co-cultivation approaches with different types of fibroblasts. Fibroblasts are
known to produce and to secrete growth factors and cytokines that support
tumor cell growth. Therefore, we used 1) human primary bronchial fibroblasts
(hbFb) and 2) mitotically inactivated NIH-3T3 cells. The latter have been
already shown to support epithelial cell growth in vitro (Liu et al., 2012).
Suboptimal culture conditions in turn have been shown to result in increased
tumor cell apoptosis in in vitro culture models.

Therefore, we determined the epithelial cell specific apoptosis in the cell
culture supernatants during the entire co-cultivation compared to the culture
with the DMEM basal medium only. In the latter, we observed that the
concentration of cck18 was significantly higher at 7 days and 14 days of
cultivation compared to 28 days (Figure 16A). The cck18 concentration at 7
days was above 500 U/L (549.74+485.63) and decreased to 129.99+153.94
U/L at 28 days. There was no significant difference of the cck18 concentration
comparing 28 days and day O (p > 0.05). This may indicate that after 28 days
of culture a homeostasis was achieved resulting in almost no apoptosis.

The quantification of apoptosis in the medium of the hbFb co-culture showed a
similar time course compared to the cultures with the DMEM medium (Figure
16B). At day 7, we detected the highest level of cck18 that decreased with time
to 234.67+192.27 U/L at 28 days. However, in general, we measured higher
cck18 concentrations compared to the DMEM cultured models. This
suggested that the co-culture with hbFb was not as efficient as expected. In
the second co-culture experiments, we utilized mitotically inactivated NIH-3T3
cells (Figure 16C). Here, the overall level of cck18 was below 200 U/L. The
highest concentration was measured at days 7 and 14 which decreased to
159.49+104.30 U/L at 28 days and which was not significantly different from

the negative control (day 0). These last data suggested that co-cultivation with
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mitotically inactivated NIH-3T3 cells could support the tumor cell growth in the

3D model by reducing their apoptosis.
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Figure 16. Measurement of apoptosis in the 3D model.

The cck18 concentration in the medium of static 3D culture with DMEM; n = 10 (A), in
the medium of hbFb co-cultures; n=3 (B), and in the medium of NIH-3T3 co-cultures;
n=4 (C). Statistical significance was determined using the Kruskal-Wallis test and
Dunn’s multiple comparisons test. Shown are the mean with standard deviation. *: p <

0.05; **: p =< 0.01; *™*: p<0.001.

4.8. Morphological Features of Dynamic 3D Culture Model

In addition to the co-cultivation approach, we tested whether continuous flow of
the culture medium supports cell growth in the 3D model. For this, we applied
a constant medium flow of 1.5 mL/min that has been shown earlier to be
suitable for the bioreactor used. After 28 days of dynamic culture, the 3D lung
cancer model showed obvious complexity of morphology structures in the HE
staining. In general, dynamic 3D model possessed the same "sandwich"
structure as the static 3D model, including two layers of matrix and tumor
pieces. However, the edge of tumor- tumor pieces and tumor- SIS matrix
became indistinct and the whole 3D model showed overall growth (Figure 17).

Different cell colonies were connected with ECM and kept their own
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morphological features, such as intercellular bridge and nuclear-cytoplasmic
ratio. The tiled image shows that some cell colonies could form not only within

the tumor pieces, but also on the outer surface of the matrix.

Figure 17. Morphology of dynamic 3D model.

(A) The "sandwich" structure of dynamic 3D model using HE staining. Two layers of
SIS matrix covered the tumor pieces. (B) Different cell colony possessed different
morphological features. One cell colony had intercellular bridges (white star), while
the nearby colony had no intercellular bridges (black star). (C) The tiled image of

dynamic 3D model. Scale bar represents 200 um in A ,B and 1000 pym in C.

4.9. Comparison of the Static 3D Model with the Dynamic
3D Model

In order to directly compare the static and dynamic cultivation, static and
dynamic 3D models of the same tumor biopsy were cultivated in parallel for 28
days with the DMEM basal medium and the thickness and cell density were

measured to analyze the growth of the 3D models. The dynamic 3D models
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were thicker than the static 3D model (925£256 uym vs 522+78 um, p < 0.001),
suggesting more favorable growth conditions in the dynamic cultivation system
(Figure 18A). In accordance with our previous findings, tumor pieces only (see
static 3D 10x and dynamic 3D 10x) had a higher cell density than the cell
density of whole sample (see static 3D tiled and dynamic 3D tiled) both in the
static 3D model (p < 0.001, Figure 18B) and the dynamic 3D model (p = 0.0026,
Figure 18C). In the tiled images, the cell density of the dynamic 3D model was
higher compared to the static 3D model with 1470+220 cells/mm? and
956+118 cells/mm?, respectively (p =0.0086, Figure 18D). The ten-fold
magnification images also confirmed that the cell density of dynamic 3D model
was higher than in the static 3D model (1961533 vs 1345+231 cells/mm?, p
=0.0091) (Figure 18E). These data suggested that the dynamic 3D models
grew faster than the corresponding static 3D model within 28 days of
cultivation. Although cell densities of the 3D models were lower than in the
original tumor (3487+736 cells/mm?), the dynamic 3D model showed higher

cell density than the static 3D model, especially in the tumor pieces area.
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Figure 18. Comparison of the static and the dynamic 3D model.

(A) Thickness of the static and the dynamic 3D model at 28 days. (B) Cell density of
the static 3D model in ten-fold magnification (tumor area) and tiled images (whole
section). (C) Cell density of the dynamic 3D model in ten-fold magnification and tiled
images. (D) Comparison between static and dynamic 3D models with tiled image. (E)
The comparison between static and dynamic 3D models with ten-fold magnification
image. Statistical significance was determined using the Mann-Whitney U tests in A,
unpaired t-test in B and C, and one-way ANOVA and Tukey-test in D and E. Shown
are the mean with standard deviation. n =3, *: p < 0.05; **: p < 0.01; ***: p < 0.001.

57



5. Discussion

In order to further investigate the progression of lung cancer, scientists established
both in vivo and in vitro models of lung cancer in recent years. In this thesis, we
explored a new method for establishing an in vitro 3D lung cancer model with small
intestinal submucosa scaffold. After optimizing the cultivation conditions, the static 3D
model showed a higher success rate than 2D model and possessed primary tumor
microenvironment. In addition, the dynamic medium system supported high nutrition

for 3D model which possessed higher cell density.

5.1. The Success Rate of In Vitro Lung Cancer Models

After 28 days of cultivation, our 3D model showed a higher success rate than
the corresponding 2D model with 94% and 19%, respectively. In contrast,
organoids from NSCLC showed a low establishment rate of only 17% (Dijkstra
et al., 2020). These in vitro models lack the original TME that is known to
influence the proliferation of tumor cells (Aguirre-Ghiso et al., 2001). In addition,
there is a lack of molecular interaction between different types of cells. To
circumvent these limitations, we used primary lung tumor pieces and a
biological collagen matrix to establish a new in vitro 3D lung tumor model. This
allowed us to maintain not only the tumor cells but also other cells in a spatial
structure of the TME.

According to different research goals, the criteria of success rate of 3D models
vary between groups. In the field of human tissue replacement where a high in
vitro/in vivo correlation is intended, the 3D model is expected to possess more
original structures and components. However, for high-throughput drug
screening an uncomplicated culture system, low cost, and small size of 3D
models are required for the success cases (Shamir & Ewald, 2014). In the
present research work, keeping the original tumor microenvironment as much
as possible was an important goal. Therefore, the criterion of success case in
my research required two or more different cell types existing in the in vitro
model.
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The success cases of the 3D models were identified by morphological features
and the 3D model which contained epithelial cell-like tissue were regarded as
success case (Kim et al., 2019). The authors of Kim et al. divided the cells of
their 3D model into epithelial cell-like, fibroblast cell-like and no cell according
to their experience and morphological shape of the tissue. In addition, the
functional characteristic of 3D models could become a criterion, for example
the expression of immune checkpoint biomarker in 3D models (Jenkins et al.,

2018).

5.2. The Identification of Tumor Cells in the 3D Model

In the 3D model, we found tumor pieces which maintained a part of the original
tumor morphology. Adenocarcinoma possessed flat, cohesive sheets of rather
uniform appearing glandular cells and the squamous cell carcinoma exhibited
intercellular bridges as described earlier (Travis et al., 2013). Fibroblast cells
and tumor cells had different spatial distribution with fibroblasts surrounding
cancer colonies and migrating into the matrix. However, cells in 2D lung
cancer models lacked the spatial distribution and the cell to matrix interaction,
which was found to be required for maintaining cellular functions and defining
phenotypes of lung cancer (Zhang et al., 2018).

Besides the tumor cells morphology, the tumor markers play an important role
in the diagnosis of the lung cancer. Previous pathology research reported that
the majority of SQCC and ADC (56%) can be identified with cytomorphology
alone (Kimbrell et al., 2012) and 38% of samples can be identified with extra
immune staining (Zakowski et al., 2016). Therefore, we utilized histological
method and immunostainings for the determination and characterization of the
tumor cells in the 3D model. For immunostainings, we used the most common
lung cancer markers TTF-1 for ADC and p40/p63 for SQCC according to the
corresponding pathology report. In the 3D model compared to the original
tumor biopsy, we confirmed the absence/presence of the tumor marker for 10

out of 19 cases. But the immunostainings demonstrated strong heterogeneity,
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because only few single cells were positive for the tumor markers. This could
be due to the downregulation of marker expression during in vitro cultivation.
Another reason could be a selection for specific cell types or outgrowth of

non-malignant cells.

5.3. The TME of 3D Model

In the static 3D model, the existence of the tumor microenvironment including
cancer associated fibroblasts and fibronectin was shown. Fibroblasts positive
for a-SMA and MCT4 were considered to be CAFs (Kalluri, 2016;
Martinez-OutschoornSotgia & Lisanti, 2014). Catabolic CAFs (MCT4-positive)
are known to play an important role in enabling cancer cell propagation,
survival, and systemic dissemination during metastasis (Martinez-Outschoorn
et al., 2014). In the static 3D model, these two markers were expressed at the
same location in the same type of cells which were identified by corresponding
HE staining. This suggested that CAFs existed and played a role in supporting
the survival of cancer cells in the static 3D model.

According to previous research, FN is primarily synthesized by CAFs and
deposits into the ECM that acts as scaffold for molecules such as growth
factors and cell surface receptors (Pankov & Yamada, 2002). Due to the same
distribution of FN and CAFs on the interface of cancer colony and matrix, we
hypothesize that the linear FN was produced by the CAFs in the static 3D
model. In the stroma of NSCLC, FN was found to be overexpressed and
promoted cancer cell adhesion, growth, differentiation, migration, invasion,
survival, and resistance to chemotherapy (Spada, Tocci, Di Modugno, &
Nistico, 2021).

Due to distinct goals of the investigations, CAFs and other cells were regarded
as an important cause of failure during cultivation of cancer organoids and
various techniques were implemented to inhibit the outgrowth of normal cells

(Weeber, Ooft, Dijkstra, & Voest, 2017) (Drost & Clevers, 2018). However, we
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preserved not only cancer cells but also other original cells and extracellular
matrix, which combined with the SIS matrix formed the main TME of our 3D
model. With the presence of CAFs and FN, therefore, our 3D model could be

used for drug testing targeting CAFs and adjacent stroma.

5.4. Cultivation of 3D Model

5.4.1.Simple Medium Composition

The culture medium of the 3D model may also play an important role for cell
growth and death. We cultured the 3D model with simple composition, which
included 10% of FCS and 1% of antibiotics in DMEM. This may support the
essential nutrition for proliferation and limit the contamination of bacteria and
fungi which are located in the original lung tissue. However, in previous
research, media with complex composition were used for in vitro models for
the purposes of stimulating high proliferation and selection of a high purity cell
group. The supplementation with the Rho kinase (ROCK) inhibitor compound,
Y-2763, has been shown to minimize also cell death and to increase organoid
outgrowth (DriehuisKretzschmar & Clevers, 2020).

In addition, the B27 supplement which was designed for supporting
proliferation of neural cells was commonly supplemented in the medium for
organoids from different organs. The B27 supplement was created for
hippocampal neurons cultivation and it allows the neural cell cultivation in glia
cell free environment with long-term viability (Brewer, Torricelli, Evege, & Price,
1993). Moreover, Nutlin-3a was used to get a high purity of tumor cells with
TP53 mutation and induced the cell death of p53 wild type normal cells (Kucab,
Hollstein, Arlt, & Phillips, 2017), Although various of supplements had been
added in cultivation media, the concentration and specific mechanism in
different organoid cultures are still unclear.

In our 3D model, we kept the TME from the tumor including different original

cells and matrix that could also support the growth of the cells. In future
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experiments, however, we could also test the influence of the ROCK inhibitor
with the purpose of reducing the loss of cells during the preparing process and

improving the cultivation medium.

5.4.2.Co-Culture System

In this study, a co-culture technique was used to improve the culture conditions
and to promote the generation of the in vitro model. Two different cell types,
hbFb and mitotically inactivated NIH-3T3 cells, were used for the co-culture
with the static 3D model. The fibroblasts interacted with the 3D model through
the medium which was an indirect communication. In the static 3D model with
DMEM medium and with hbFb co-culture, the apoptosis during the first two
weeks was high which then decreased to amounts lower than 200 UJ/L.
However, co-culture with mitotically inactivated NIH-3T3 cells resulted in
constantly low apoptosis which may support the growth of the tumor cells.

For co-culltivation, cells of different origin, such as tumor tissue with adjacent
normal tissue, highly differentiated cells with pluripotent stem cells, as well as
human cells and other species cells have been used (Shamir et al., 2014).
NIH-3T3 cells have been co-cultured with not only normal cells but also cancer
cells, and they improved the proliferation, growth, and attachment of
co-cultured cancer cells by producing diffusible factors, growth factors, and
extracellular matrix (Liu et al., 2020). In our co-culture system, the NIH-3T3
cells may supported the tumor cells and significantly reduced the cell death

from the first week of cultivation with a low apoptosis level.

5.4.3.Dynamic Medium Supply System

To improve the medium supply and metabolic waste transfer, we established
the dynamic 3D model. Compared to the static 3D model, the dynamic 3D
model was thicker and possessed higher cell density after 28 days cultivation.

These results were similar to the results of the dynamic cultivation with human
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mesenchymal stem cells in another research group (REF). After four weeks of
cultivation, they found that in their dynamic 3D model not only more cells
existed but also more extracellular matrix was produced with higher staining
ratio, compared to static models and spinner flask model which had constantly
medium stirred up by spinner (Tsai, Yang, Wu, Chen, & Tseng, 2019).

Similar to the results of the static 3D model, the tumor pieces area still showed
the highest cell density compared to the whole area of dynamic 3D model
section. These suggested that tumor pieces played a role of a germinal center
in the 3D model and the whole area of 3D model still had space for more cells
with higher cell density. Compared to the static culture, the dynamic culture
improved the speed of nutrition exchange and removing of tissue metabolism
byproducts through the constant medium fluid. But, the fluid shear stress could
induce morphology changes and epithelial mesenchymal transition process
with different phenotypic distribution (Liu et al., 2016). However, our 3D model
had two layers of SIS matrix which cover the tumor pieces outside that maybe
prevent the cells from shear stress of the medium fluid. With sufficient medium
supporting and growth space, our 3D model has the potential for long-term

culture (more than 3 months) (Shi et al., 2020).

6. Outlook

In future experiments, we plan to gradually prolong the cultivation time for the
3D model to reach a higher cell density. In addition, we intend to use magnetic
resonance spectroscopy to analyse the metabolism of our 3D model, which is

used in the clinic as a non-invasive method for solid tumor diagnosis.

7. Conclusion

We established a new 3D in vitro lung cancer model simulating the TME for 28

days. The 3D model showed a higher success rate and structural complexity
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than 2D models, which makes them suitable for future translational and

oncological research.
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