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Abstract: Background: Recent advances in the personalized treatment of non-small cell lung cancer
(NSCLC) require representative in vitro model systems that reflect tumor heterogeneity and main-
tain the characteristic genetic aberrations. We therefore aimed to establish patient-derived NSCLC
organoids that offer a reliable platform for further investigations. Methods: NSCLC organoids were
cultured between May 2020 and February 2022 from surgically resected NSCLC tissue specimens.
After histological and immunohistochemical validation, genetic validation was performed by targeted
next-generation sequencing of tissue and organoid specimens using the Oncomine Focus Assay (Ther-
moFisher Scientific). Results: From 37 resected NSCLC samples, 18 primary organoid cultures were
successfully established and expanded during early passages. Upon histomorphological validation,
organoids showed complementary characteristics when compared to the resected parental tumor,
including adenocarcinoma, squamous cell carcinoma, mucoepidermoid carcinoma, and lung carci-
noid differentiation. Among nine parental tumors, traceable genetic alterations were detected, and
three corresponding organoids lines retained this mutational profile, including a KRAS p.Gly12Val
mutation, KRAS p.Gly12Cys mutation, and RET-fusion. Conclusions: The establishment of primary
NSCLC organoids from surgically resected tissue is feasible. Histological, immunohistochemical,
and genetic validation is essential to identify representative NSCLC organoids that maintain the
characteristics of the parental tumor. Overall, low establishment rates remain a challenge for broad
clinical applications.

Keywords: non-small cell lung cancer; cancer organoids; cancer model; stem cells; intratumoral

heterogeneity

1. Introduction

Lung cancer is the most common cause of cancer-related death worldwide, each year
resulting in more than 36 million disability-adjusted life years globally [1]. Non-small cell
lung cancer (NSCLC), the most common type of lung cancer, is a highly heterogeneous
disease, both on a histological and on a molecular level. NSCLC has one of the highest
tumor mutational burdens among all cancer types and therefore carries a broad variety of
different somatic alterations and genomic rearrangements [2]. Furthermore, multiregional
intratumor heterogeneity analyses demonstrate that molecular intratumoral heterogeneity
and a branched cancer evolution are almost universally present in NSCLC [2]. For cancer
research including biomarker studies or the assessment of personalized candidate cancer
treatments, representative in vitro systems that reflect inter- and intratumoral heterogeneity
and maintain the genetic characteristics of the parental tumor are essential. In the past
few years, two-dimensional cell lines [3], genetically engineered mouse models [4], and
patient-derived xenografts (PDXs) [5] have largely been used as preclinical models of
NSCLC. Since common two-dimensional cancer cell lines do not generally maintain their
original heterogeneity and three-dimensional structure, they are fundamentally limited in
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representing the complexity of lung cancer [6]. And although PDX models are able to mimic
the characteristics of the primary tumors including the mutational profile, intratumoral
heterogeneity and tumor microenvironment, the development of cancer in these models
is highly time-consuming, expensive, and entails animal testing [5]. As an alternative,
patient-derived NSCLC organoids consist of a functional, three-dimensional cluster of stem
cells and polyclonal cells that undergo self-organization and have therefore been suggested
as alternative in vitro models that maintain the heterogeneous characteristics of the pri-
mary tumor [7]. Despite its high global disease burden, lung cancer is underrepresented
in translational organoid research, and real-life data including establishment rates and
validation are scarce [8-13].

In this study, we aimed to establish a culture protocol for patient-derived NSCLC organoids
from fresh cancer tissue followed by subsequent histological and genetic validation.

2. Materials and Methods
2.1. Human NSCLC Tissue Specimens for Organoid Culture

Surgically resected NSCLC specimens of all stages were transferred from the operating
theatre to the Department of Pathology for frozen section diagnosis. Spare tissue that
was not required for further diagnostics was transported to the laboratory on ice within
2-3 h after resection. The study was performed in compliance with the institutional
guidelines, and approval by the local ethics committee was obtained for the establishment
and characterization of primary NSCLC cell cultures and the patients’ clinical data obtained
from within the standard clinical practice (BASEC-reference number: 2019-01313). All
patients signed an informed consent form.

2.2. Tissue Processing and Culture of Patient-Derived NSCLC Organoids

Tissue specimens (sized ~5 mm3-3 cm®) were washed three times in Dulbecco’s
phosphate-buffered saline (DPBS, PAN Biotech, Aidenbach, Germany). Subsequently, me-
chanical and enzymatic dissociation was performed (Figure 1). Specimens were sectioned
into a homogenous mass using sterile blades and incubated with 1 mg/mL collagenase
(Sigma-Aldrich, St. Louis, MO, USA) and 0.001% DNase (Sigma-Aldrich) for 45 min at
37 °C. After incubation, the suspension was passed through a 70 pm cell strainer and
centrifuged at 550x g for 5 min. If a layer of red blood cells was visible in the pellet,
it was resuspended in 1 mL red blood cell lysis buffer (150 mM ammonium chloride,
10 mM potassium hydrogen carbonate, and 130pM EDTA in double-distilled water) for
5 min and re-centrifuged at 550 x g for 5 min. The pellet was then resuspended in 125 uL.
serum-free organoid medium. A previously reported minimal medium formulation by
Kim et al. [9] and Shi et al. [13] was further modified. For organoid culture, Advanced
DMEM/F-12 (ThermoFisher Scientific, Waltham, MA, USA) was supplemented with 4 mM
GlutaMAX (ThermoFisher Scientific, Waltham, MA, USA), 25 mM HEPES buffer (Ther-
moFisher Scientific, Waltham, MA, USA), 1% penicillin/streptomycin, 50 ng/mL human
epidermal growth factor (hEGF, PeproTech), 50 ng/mL basic fibroblast growth factor (bFGF,
PeproTech/ThermoFisher Scientific, Waltham, MA, USA), 1 X B-27 serum-free supple-
ment (ThermoFisher Scientific, Waltham, MA, USA), 1% N-2 supplement (ThermoFisher
Scientific, Waltham, MA, USA), 10 uM rho-kinase (ROCK) inhibitor Y-27632 (Enzo Life
Sciences, Farmingdale, NY, USA), and 500 nM A83-01 (Stemcell Technologies, Vancou-
ver, BC, Canada). The complete growth medium formulation is shown in Table 1. Then,
375 uL of pre-thawed Matrigel Matrix for Organoid Culture (Corning, Corning, NY, USA)
was added to the 125 uL of cell-medium suspension. The suspension was immediately
plated on pre-warmed, non-coated, 12-well culture plates (TPP) with 5 wells each holding
1 Matrigel dome of 100 pL. After gelation at 37 °C, 2 mL of organoid medium was added to
each well, and culture plates were maintained in 37 °C and 5% COs,.
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Figure 1. Schematic outline of the processing of fresh lung cancer tissue for culturing of primary
NSCLC organoids. Tumor tissue was transferred to the laboratory, where it underwent mechanical
and enzymatic digestion and was subsequently plated in 12-well plates.

Table 1. Culture medium formulation for the establishment of patient-derived non-small cell lung
cancer organoids.

Additive Final Concentration
Advanced DMEM/F12 (ThermoFisher)

GlutaMax (ThermoFisher) 4 mM
HEPES Buffer (ThermoFisher) 25 mM
Penicillin/streptomycin (1%) 10 uL/mL
Human epidermal growth factor (hEGEF, PeproTech) 50 ng/mL
Basic fibroblast growth factor (bFGF, PeproTech) 50 ng/mL
B-27 serum-free supplement (ThermoFisher) 25 ul./mL
N-2 supplement (ThermoFisher) 10 uL/mL
rho-kinase (ROCK) inhibitor Y-27632 (Enzo Life Sciences) 10 uM
A83-01 (Stemcell) 500 nM

The organoid growth pattern was monitored regularly and medium was changed
every 4-10 days depending on growth rate. The organoids were passaged between 7 and
28 days after initial plating. For splitting, the supernatant was removed and the Matrigel
drop was resuspended in 1 mL 1X TrypLE select (ThermoFisher) and incubated at 37 °C
for 5-10 min under close surveillance for organoid dissociation. After dissociation, 5 mL
ice-cold advanced DMEM/F12 containing 1X B-27 serum-free supplement was added to
stop the digestion, and the suspension was centrifuged at 550x g for 5 min. The pellet was
washed in 3 mL ice-cold DPBS and again centrifuged at 550x g for 5 min. Subsequently, the
pellet was resuspended in organoid medium and Matrigel (1:3) and reseeded at ratios of
1:2 or 1:3. Histological, immunohistochemical, and genetic characterization was performed
in early passages (1-4) as soon as sufficient organoids were available to ensure the continu-
ation of organoid culture.
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2.3. Histology and Immunohistochemistry (IHC) for Validation of Patient-Derived Organoids

Organoids were suspended in pooled fresh-frozen plasma and reconstituted thrombin.
The resulting organoid block was fixed overnight in 4% buffered formalin, dehydrated,
and embedded in paraffin. Hematoxylin—eosin (H&E) staining and IHC was performed on
2 pm paraffin-cut sections. According to the Best Practices Recommendations for Diagnostic
Immunohistochemistry in Lung Cancer, a panel of Thyroid transcription factor-1 (TTE-1),
p40 and panCK was used for subtyping NSCLC [14]. In neuroendocrine differentiation, Ki-
67 staining and synaptophysin staining were additionally performed [14]. For IHC, paraffin-
cut sections were deparaffinized and rehydrated, and staining for TTF-1 clone 8G7G3/1
(Agilent Dako, Basel, Switzerland), p40 clone BC28 (Abcam, Cambridge, UK), panCK
clone AE1/AE3 (Agilent Dako, Basel, Switzerland), and CD44 clone DF1485 (Agilent Dako,
Basel, Switzerland) was performed using a Dako Autostainer Link48 (Dako Denmark
A/S, Glostrup, Denmark) according to the manufacturer’s instructions. For antigen re-
trieval, target retrieval solution pH 6 (Dako, Agilent Dako, Basel, Switzerland) was used for
p40, panCK, CD44 and TTF-1. Ki-67 staining and synaptophysin staining was performed
using the fully automated Benchmark staining system (Ventana Medical Systems Inc.,
Oro Valley, AZ, USA) using primary antibodies against Ki-67, clone 30-09 (Ventana Med-
ical Systems Inc., Oro Valley, AZ, USA), and synaptophysin, clone 27D12 (Novocastra,
Newecastle, UK).

2.4. Next Generation Sequencing (NGS)

NGS was conducted using the Oncomine Focus Assay (OFA) panel (Thermo Fisher
Scientific, Waltham, MA, USA), enabling detection of variants in 52 genes. Sample analysis
and library construction were performed according to the manufacturer’s protocol. DNA
and RNA were extracted from paraffin-embedded organoid blocks with a Maxwell 16 FFPE
Tissue LEV DNA/RNA Purification Kit (Promega, Fitchburg, WI, USA). Sequencing was
performed using the Ion S5TM System and the Ion 540 Sequencing Kit (Thermo Fisher Sci-
entific, Waltham, MA, USA). Ion Reporter software 5.10 (Thermo Fisher Scientific, Waltham,
MA, USA) was used for alignment (hg19/GRChr37), variant calling, and annotations.

3. Results
3.1. Establishment of Patient-Derived NSCLC Organoids

Between May 2020 and February 2022, tissue specimens were obtained from 37 NSCLC pa-
tients who underwent surgical resection at the Department of Thoracic Surgery of the University
Hospital Zurich. Out of 37 processed tissue samples, 18 NSCLC organoids were successfully
established (Figure 2A, Table 2), including 10 AC organoids from 20 AC specimens, 5 SCC
organoids from 12 SCC specimens, 2 pulmonary carcinoid tumor organoids and 1 organoid
from a mucoepidermoid carcinoma. Established organoids originated from all stages of NSCLC,
including seven UICC (8th edition, 2017) stage I tumors, six stage II tumors, three stage III tumor
and two stage IV tumors (Table 2, Supplementary Table S1). Among patients with established
organoids, the mean age was 67.7 & 9.7 years, 10 patients (55.5%) were male, and 2 patients
(11.1%) had received neoadjuvant treatment. The mean diameter of the specimens received
for culture was 9.2 £ 4.0 mm in cases with a successful establishment and 8.0 + 4.1 mm in
cases with a failed establishment (Supplementary Table S1). Different growth patterns were
seen upon expansion in Matrigel (Figure 2B); while most organoids formed round shapes with
increasing diameter over time, certain organoids showed extending prongs infiltrating into the
surrounding Matrigel. Other organoids eventually attached to the culture plate and expanded
by two-dimensional growth. In the latter cases, organoid formation could be re-established after
splitting and resuspending the cells in Matrigel. Following a learning curve, establishment rates
and the duration of expansion increased over time, resulting in an intermediate-term culture
over up to 10 passages and 2-3 months in the latest samples (Figure 2C).
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Figure 2. Primary NSCLC organoids established from fresh cancer tissue. (A): Out of 37 processed
tissue samples, successful organoid growth was achieved in 18 cases. (B): Organoids commonly grew
in round shapes with increasing diameter, as depicted in the brightfield microscopy images from
adenocarcinoma organoids (LCO-170) and typical carcinoid organoids (LCO-157). Other organoids
featured adherent growth, as seen in the brightfield microscopy images from squamous cell carcinoma
(LCO-080). In advanced passages of LCO-0157, prongs were starting to extend from the organoid’s
body into the surrounding Matrigel. Scale bar: 100 um. (C): Using a modified minimal medium,
intermediate and long-term expansion of NSCLC organoids was possible. Culture day was counted
from the initiation of organoid establishment (i.e., the day of surgery). Scale bar: 200 um.
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Table 2. Patient characteristics of NSCLC specimens used for primary organoid culture (n = 37).
Specimen  Organoid Targeted Smoking TNM (8th Heman- Lymph- Differen- Neoadjuvant
ID Diameter Culture S getec. Sex Age History Histology i UICC Stage o ymph . J Surgery
. equencing Edition) giosis angiosis tiation Treatment
(mm) Established (py)

LCO-63 6 Y (1) - f 58 35 AC pTlb pNOcMO  TA2 Vo Lo n/a N RATS lobectomy
LCO-79 15 Y (2) wt m 84 19 MUC pT2b pNOcMO  TIA Vo L1 G3 N RATS lobectomy
LCO80 6 Y ) PIKSCA m 68 95 sce pT2apN1cM0  TIB V1 L1 n/a N Open double-sleeve

amplification lobectomy
LCO-82 8 Y (4) wt f 82 0 AtC pT3pN1pMlb IV Vi L1 n/a N RATS lobectomy

Y: VATS wedge resection

LCO-83 5 N - m 71 100 SCC pT4pNlpMla IV Vo L1 n/a Chemotherapy  (metastasis)
LCO-89 16 Y (5) CDK[} . f 69 30 AC pT2apN1cMO  1IB Vi Lo G3 N VATS lobectomy

amplification
LCO-92 18 N - f 60 45 AC pT3 pNO cMO 1IB Vi Lo G3 N RATS lobectomy
LCO-97 10 Y (6) wt m 70 60 AC pTlb pNOcMO  TA2 Vi Lo G2 N RATS lobectomy
LCO-94 4 N - m 62 120 AC ypT4ypNI IIA Vi L0 n/a X: Radio- Open lobectomy, chest

[a\%( chemotherapy ~ wall resection

LCO-99 9 Y (@7) PIKSCA m 62 80 sce pT2apNOcMO 1B % L1 G3 N RATS lobectomy

amplification
LCO-102 4 N - f 75 35 AC pTlb cNOcMO  TA2 n/a n/a n/a N VATS wedge resection
LCO-103 8 Y (8) - f 77 50 AC pT3 pN1 cMO 1A Vi L1 G3 N Open bilobectomy
LCO-106 10 Y (9) - m 71 50 SCC pT1b pNO cMO 1A2 Vo Lo G2 N VATS lobectomy
LCO-093 12 N - m 73 120 SCC pT1lc pNO cMO 1IA3 Vo Lo G2 N RATS lobectomy
LCO-110 4 N - m 66 30 scc pT2apNicM0  TIA 4l L1 G2 N Open double-sleeve

lobectomy
LCO111 8 N - m 58 10 scc yPT3 ypNO A 0 L1 n/a Y: Radio- Pneumonectomy
MO0 chemotherapy

LCO-114 6 Y (10) MET fusion f 62 10 AC pT3 pNO cMO 1IB Vo Lo Gl N VATS lobectomy
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Table 2. Cont.

Specimen  Organoid Smoking . .
ID Diameter Culture "é"argeted. Sex Age History Histology TNM (8th UICC Stage H.enTan- Lym.ph.- ]?1fjferen- Neoadjuvant Surgery
. equencing Edition) giosis angiosis tiation Treatment
(mm) Established (py)
LCO-113 15 Y (11) - m 71 50 SCC pT3 pN1 cMO A V1 L1 G3 N VATS lobectomy
LCO-127 10 - f 65 40 AC pT4 pNO cMO IIIA Vi Lo G2 N VATS lobectomy
g KRAS G12V ypT4 ypN2 Y: Open mediastinal
LCO-128 7 Y (12) mutation m 62 40 AC pMib VA n/a n/a n/a hemotherapy  lymphadenectomy
Y:
LCO-135 7 N - f 61 20 AC pT2b pN2cMO  IIIA V1 L1 G2 Chemotherapy VATS lobectomy
LCO-140 6 N - m 71 80 PC pT3pNOcMlb  IVA Vo Lo G3 N VATS lobectomy
LCO-141 7 N - f 66 40 AC pT2apNOcMO 1B Vi Lo G3 N RATS lobectomy
LCO-145 5 N - f 60 40 AC pTlepNOcMO  IA3 ' L0 G2 N RATS lobectomy
LCO-148 6 N - m 63 80 scC pT2pNOcMO 1B Vo L0 G2 N Open
sleeve-lobectomy
LCO-149 5 N - m 62 135 SCC pTlcpNOcMO  TA3 Vo Lo n/a N Open lobectomy
LCO-153 9 N - f 69 0 PC pT3 pN1 cMO IIA Vi L1 G3 N Pneumonectomy
LCO-154 8 N - m 74 90 SCC pT2apNOcMO 1B A2t Lo G3 N VATS lobectomy
LCO-155 6 N - m 65 13 AC pTlcpNOcMO  TA3 \Z! Lo G2 N Pneumonectomy
LCO-157 4 Y (14) RET imbalance  m 54 40 AtC pTlb pNOcMO  TA2 Vo Lo n/a N RATS lobectomy
Y: Open mediastinal
LCO-158 18 N - f 52 30 AC ¢TX pN2 cM0 A n/a n/a n/a Chemotherapy  lymphadenectomy
LCO-166 5 Y (13) - m 83 1 AC pTlcpNOcMO  1A3 Vo Lo G2 N RATS lobectomy
LCO-167 9 N - m 76 0 AC pTlb pN2cMO  TIIA \( Lo G2 N RATS wedge resection
LCO-170 8 Y (15) MET =~ m 57 40 AC pTlb pN1cMO  IIB A2t L1 G2 N VATS lobectomy
amplification
LCO-275 9 Y (16) wit f 77 50 scC pT2b pNOcMO  TIA \2! L0 G2 N VATS lobectomy
LCO-279 6 Y (17) EGFR Ex20Ins f 56 15 AC pT2apNOcMO 1B \ Lo G2 N VATS lobectomy
KRAS G12C Y:
LCO-283 18 Y (18) mutation f 55 25 AC pT4 pN1 cMO 111B Vi Lo G3 Chemotherapy Open lobectomy

AC: adenocarcinoma, amp: amplification, AtC: atypical carcinoid, LAD: lymphadenectomy, MUC: mucoepidermoid carcinoma, mut: mutation, PC: pleomorphic carcinoma, RATS:
robotic-assisted thoracoscopic surgery, SCC: squamous cell carcinoma, VATS: video-assisted thoracoscopic surgery.
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3.2. Histological and Immunohistochemical Characterization of NSCLC Organoids

Organoids derived from SCC showed polygonal cells, nuclear pleomorphism, hy-
perchromasia, and brightly eosinophilic cytoplasm suggesting intracellular keratiniza-
tion. Upon IHC, cells were TTF-1-negative, p40-positive and panCK-positive (Figure 3A).
Organoids derived from AC displayed abundant cytoplasm with mucin. Expression of
TTF-1 was often less dominant than in the primary tumor. p40 IHC remained nega-
tive, and panCK expression was retained. Among AC organoids, the formation of cystic
spheres was more commonly encountered when compared to SCC organoids (Figure 3B).
Organoids established from a case of mucoepidermoid carcinoma reflected the characteris-
tic mixed histology of the parental tissue with both p40-positive and -negative tumor cells
(Figure 3C). Organoids derived from carcinoid tumor tissue showed morphological features
of the parental pulmonary carcinoid tumor including granular chromatin and growth in
confluent tumor cell nests (Figure 3D). IHC revealed a strong positivity for TTF-1 and
synaptophysin and no expression of p40 in both parental tissue and organoids. While the
Ki-67 proliferation index was low (1.5%) in the primary tumor of the specimen depicted in
Figure 3D (LCO-157), the derived organoids displayed a substantially increased index of
70%, suggesting a selection of a subunit of rapidly growing neuroendocrine cells. IHC fur-
thermore confirmed the maintenance of intratumoral heterogeneity among the established
organoids; partial and heterogeneous p40 expression and a heterogeneous expression of
CD44 demonstrated variability in the differentiation, stemness, and proliferative capacity
of lung cancer cells within the organoid (Figure 4).

3.3. Genetic Characterization by NGS

For genetic characterization of established organoids, NGS was first performed on
parental tumor tissue to determine whether traceable aberrations were present. Overall,
13 out of 18 established organoids offered sufficient organoid tissue to perform NGS.
Targeted sequencing revealed traceable genetic aberrations in nine parental tumors, whereas
four parental tumors showed a wild-type status (Table 2). The parental tumor’s oncogenic
driver mutation was maintained in three out of nine organoid cultures and included a
KRAS p.Gly12Val mutation in a stage IV AC, a KRAS p.Gly12Cys mutation in a stage IIIB
AC, and an RET-fusion in a stage IA2 typical carcinoid (Figure 5). In the other six organoids,
the parental tumor’s genetic alteration was lost, and copy number variations (CNVs) were
not retained in our cohort.
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Figure 3. Morphological and immunohistochemical characteristics of primary NSCLC organoids and
their respective parental tissue. (A): Lung squamous cell carcinoma with intracellular keratinization,
intercellular bridges and strong expression of p40 and CD44. (B): Lung adenocarcinoma with
intracellular mucin and an increased expression of CD44 in the organoid. (C): TTF-1-negative
mucoepidermoid carcinoma organoids with characteristic mixed histology, including p40-positive
and p40-negative cells. (D): Typical carcinoid tumor with growth in tumor cell nests and strong
positivity for TTF-1 and synaptophysin. The Ki-67 proliferation index was notably increased from
1.5% in the parental tissue to 70% in the derived organoid. Scale bar: 100 pum.
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Figure 4. NSCLC organoids derived from squamous cell carcinoma LCO-080 maintain the parental
tumor’s heterogeneous expression of p40. Organoids derived from adenocarcinomas LCO-128 and
LCO-170 show an increased but heterogeneous expression of CD44 when compared to the primary
tumor. Ki-67 is upregulated, but heterogeneously expressed in organoids derived from the typical
carcinoid LCO-157. Scale bar: 100 um.

Primary tumor sequencing
wild type (n=5)
KRAS G12V Mutation (n=1)
KRAS G12C Mutation (n=1)
= RET Imbalance (n=1)
= PIK3CA Amplification (n=2)
= CDK4 Amplification (n=1)
= MET exon 14 Skipping Mutation (n=1)
MET Amplification (n=1)
EGFR exon 20 Insertion (n=1)

Organoid sequencing

wild type (primary) (n=5)

KRAS G12V Mutation (n=1)

KRAS G12C Mutation (n=1)
= RET Imbalance (n=1)

= primary genetic alteration loss (n=6)

Figure 5. Targeted sequencing of the primary tumor (top) and the organoids (bottom). Genetic
aberrations were detected in nine primary tumors. In one-third of the established organoids, the
primary tumor’s oncogenic driver was preserved, including a KRAS G12V mutation, a KRAS G12C
mutation, and an RET imbalance.

4. Discussion

For a personalized approach to cancer treatment, patient-derived in vitro models
are required. Such models should faithfully represent the morphological and genetic
characteristics as well as the heterogeneity of the parental tumors. Newly developed three-
dimensional organoid cultures are the up-and-coming platforms for disease modeling.
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Primary organoid models with the ability to self-organize and to maintain the parental
tumor’s complex composition allow us to mimic the pathophysiology of cancer more
closely than conventional two-dimensional cell lines, since the long-term manipulation of
immortalized cell lines alters phenotype, diversity, and function of cells [7]. The growing
clinical potential of three-dimensional primary cancer cultures as patient avatars for disease-
specific drug screening has recently been shown in high-throughput screening studies on
colon cancer and melanoma [15,16].

Using a modified minimal medium formulation and a commercially available extra-
cellular matrix, we successfully established and validated primary NSCLC organoids from
four different histological subtypes including all four UICC-stages. In order to avoid a
selection for TP53-mutated organoids by using a Nutlin-3a-based medium, we used a
minimal medium formulation that lacks essential growth factors for normal airway ep-
ithelium culture. Following a learning curve, intermediate-term expansion was achieved
with organoids surviving up to 10 passages and 2-3 months in culture. The characteristic
morphological and immunohistochemical features of the parental tumor were maintained
in the organoids, and spatial self-organization was evident. In addition, oncogenic drivers
such as KRAS mutations and an RET imbalance were maintained in selected organoids.

Our culture protocol allows for the fast and cost-efficient formation of primary NSCLC
organoids. Among the 18 organoids established in this study, a higher establishment rate
was seen in AC organoids (50.0%) when compared to SCC organoids (41.6%), although this
was based on small sample sizes. Apart from histotype, no correlation between a successful
culture and the clinical parameters of cancer aggressiveness, such as TNM staging or tumor
grading score, was apparent. However, the tumor quality appeared to be essential for
successful organoid growth. After neoadjuvant treatment, tumor specimens supposedly
lacked enough viable cells to drive organoid growth. In contrast, specimens from patients
who had not undergone previous treatment often showed good organoid-forming potential
despite a limited amount of tissue. In our study, we aimed to include and culture all
NSCLC specimens irrespective of previous treatments to gain an overview of the “real-life”
success rate which is to be expected in a clinical setting. Our establishment rate of 48.6%
matches previously reported results by Herreros-Pomares et al. [17] but does not equal the
high success rates of 70% and 88% reported by Kim et al. and Shi et al. [9,13]. However,
genetic characterization by NGS revealed that oncogenic drivers of the parental tumor
are only preserved in one third of all organoids, suggesting that a selective outgrowth
of tumor subclones or a rapid tumor evolution is common. Comparable to our findings,
the studies conducted by Dijkstra et al. and Sachs et al. also reported low establishment
rates of genetically validated organoids with 12% and 28%, respectively [8,10]. To identify
where the divergence occurs and whether subclonal mutations are as well preserved,
further studies including whole-genome sequencing of organoids are required [18]. This
will additionally allow us to validate the cases with alterations that were not part of
the targeted NGS panel used in our cohort. The loss of certain mutations among our
cohort of organoids (e.g., MET exon 14 skipping mutation and EGFR exon 20 insertion)
further raises the question as to whether these alterations were indeed the driving forces of
cancer growth.

With the growing application of targeted treatments in locally advanced or metastatic
NSCLGC, the preservation of the oncogenic drivers in primary organoids is essential. Our
findings also demonstrate that histomorphological and immunohistochemical validation
alone are not sufficient for a faithful validation of primary NSCLC organoids. Genetic
validation by NGS or CNV analysis should therefore always be performed before organoids
are used for clinical purposes. With current establishment rates, patient-derived NSCLC
organoids are not yet ready for widespread clinical application in precision medicine, and
efforts should thus be made to increase the establishment rate of genetically validated
organoids. In the light of the broad genetic heterogeneity of NSCLC, a personalized
mutation-directed approach to organoid culture may be a promising strategy to enhance
organoid establishment. Considering the limited growth in specimens from pre-treated
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patients, we recommend that future co-clinical trials focus on treatment-naive patients in
order to enhance organoid establishment.

The development of dynamic changes and selection of certain subpopulations have
been previously reported in organoids from various types of cancer after serial passaging [7]
and also occurred in the NSCLC organoids established in this study. This included the se-
lection of fast-proliferating neuroendocrine cells derived from a typical carcinoid, resulting
in a substantially increased Ki-67/MIB-1 proliferation index of 70%, or the selection of AC
cells expressing CD44 as a marker of cancer stemness [19]. Similarly, Herreros-Pomares
and colleagues have also reported an increased expression of stem cell-associated genes,
including CD44, in tumorspheres from primary lung AC samples [17]. Due to this known
gain in clonality after serial passaging, drug screenings and other clinical applications
should be performed on early-passage organoids, since they resemble the parental tumor
most closely [7].

This study is subject to limitations that need to be considered. First, it must be
highlighted that despite histomorphological, immunohistochemical and genetic validation,
organoids remain a reductionist model [18]. While the complex tumor microenvironment is
known to contribute to tumorigenesis and treatment response, it remains to be investigated
whether isolated NSCLC organoid models can nevertheless recapitulate clinical treatment
scenarios. Second, the number of organoids established does not allow for a statistical
correlation of clinical outcomes and parameters of cancer aggressiveness with culture
success or characteristics of organoid growth. Further studies are required to assess the
predictive value of parameters of organoid growth. Second, the established organoids
are only able to mimic their originating specimen. A faithful representation of the entire
intratumoral heterogeneity therefore also requires a representative specimen, ideally by
multiple biopsies from different tumor regions. In our study, we aimed to overcome this
issue by cutting the received specimen into a homogeneous mass and thereby creating an
even distribution of these diverse characteristics.

Despite these limitations, the results obtained in this study are in line with previous
studies into NSCLC organoids [8-11,13], confirming the general feasibility of establishing
representative organoids of different NSCLC subtypes, including a histological and genetic
characterization.

5. Conclusions

In summary, our study demonstrates that patient-derived NSCLC organoids can be
established from fresh cancer tissue specimens and can maintain the central morphological,
immunohistochemical, and genetic characteristics of their parental tumor. As parental
oncogenic drivers were only preserved in one-third of the established organoids, genetic
validation should always be performed before organoids are used for clinical purposes.
Furthermore, the early selection of proliferative or pluripotent cancer cells under culture
conditions highlights the value of early organoids for drug screening, as they resemble the
primary tumor’s characteristics most closely. We expect that primary NSCLC organoids
will find broad applications in translational and co-clinical projects aiming to identify novel
cancer treatment candidates.
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