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List of abbreviations

AdvDMEM Advanced dulbecco’s modified eagle medium F12
BME Basement membrane extract
CCA Cholangiocarcinoma
CCAO Cholangiocarcinoma organoids
dCCA Distal cholangiocarcinoma
dECM Decellularized extracellular matrix
dH2O Deionized water
dLECM Decellularized lung extracellular matrix
DNA Deoxyribonucleic acid
dNECM Decellularized lymph node extracellular matrix
E Young’s modulus
eCCA Extrahepatic cholangiocarcinoma
ECM Extracellular matrix
EV Extracellular vesicle
H&E Hematoxylin and eosin
iCCA Intrahepatic cholangiocarcinoma
O/N Overnight
PBS Phosphate-buffered saline
pCCA Perihilar cholangiocarcinoma
PDX Patient-derived xenograft
PFA Paraformaldehyde
PSR Picrosirius red
qPCR Quantitative polymerase chain reaction
RNA Ribonucleic acid
Rpm Rotation per minute
SD Standard deviation

Abstract

Cholangiocarcinoma (CCA) is a rare but aggressive type of primary liver cancer with a dismal prognosis. CCA
commonly metastasizes to the lungs and lymph nodes, significantly reducing overall survival. However, a mechanistic
understanding of how CCA invades these metastatic sites remains lacking. This is partly due to the failure of current
models to recapitulate the complexity of tissue-specific environments for metastatic CCA. Patient-derived tumor
organoids are promising models for studying cancer in vitro, including CCA. However, organoids are frequently cultured
in basement membrane extract (BME), which does not represent the native microenvironment. Decellularized scaffolds
can serve as a culture environment for investigating tumor-extracellular matrix (ECM) interactions. Nonetheless,
decellularized scaffolds are often utilized in conjunction with cancer cell lines, lacking critical characteristics of a
growing tumor in vivo. Therefore, this study aims to decellularize and characterize human-derived lung (n=3) and
lymph nodes (n=17), and recellularize these with patient-derived CCA organoids (CCAOs) (n=3) to establish an in
vitro model for studying the interaction between epithelial tumor cells and the microenvironment of the metastatic
site. Decellularization resulted in acellular scaffolds with preserved ECM components. Local ECM heterogeneity
was shown by the macro- and micro-scale mechanical properties as determined by rheology and micro-indentation.
The CCAOs showed adherence and growth when combining them with the decellularized lung ECM (dLECM). The
metabolic activity of CCAOs was diminished when cultured in dLECM compared to those cultured in BME, and was
dictated both by the organoid line and the dLECM donor. Distinct CCAO gene expression profiles were observed
between the two culture environments (BME and dLECM). This elucidates the effect of the culture environment on
the behavior of CCAOs in an in vitro model. In conclusion, the convergence of CCAOs with their organ-specific
location of metastasis obtained by decellularization, provides a valuable tool for integrating the ECM of the metastatic
location in an in vitro model for the mechanistic study of cancer metastasis.

Keywords: decellularization, cholangiocarcinoma organoids, extracellular matrix, metastasis, recellularization.
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Introduction

Bile duct cancer (cholangiocarcinoma, CCA) is a rare but highly aggressive subtype of primary liver cancer, with
increased occurrence and mortality over the past few decades [1, 2]. The incidence rate of CCA ranges from 0.3-6
per 100.000 people annually in Western countries and over 6 per 100.000 in East Asia [3, 4, 5]. It usually affects the
middle-aged and elderly, with a higher incidence in men compared to women, and rarely occurs before the age of 40
[6, 7, 8].
CCA includes three subtypes based on their anatomical location of origin: intrahepatic CCA (iCCA), perihilar
CCA (pCCA) and distal CCA (dCCA). iCCA and pCCA are subtypes of primary liver cancer, and pCCA and
dCCA are both extrahepatic CCA (eCCA) (Fig. 1) [1]. iCCAs arise from the intrahepatic biliary epithelium
above the second-order bile duct and account for 10-20% of all CCAs. pCCA and dCCA arise from the extra-
hepatic biliary epithelium, with the cystic duct as the point of anatomical distinction, accounting for 50-60% and
20-30%, respectively [1]. The main growth patterns of iCCA, pCCA and dCCA are respectively mass-forming type
(>90%), periductal infiltrating plus mass-forming type, and periductal infiltrating or intraductal-growing (Fig. 1) [5, 9].

Figure 1: Anatomical classification of CCA. Locations of anatomic subtypes iCCA, pCCA and dCCA with their percentage
of occurrence relative to all CCAs. Three main patterns of CCA growth are shown: mass-forming, periductal-infiltrating and
intraductal-growing [1].

Established risk factors for the development of CCA include primary sclerosing cholangitis, choledochal cysts, hepa-
tolithiasis, toxins, chronic hepatitis C virus-related and chronic hepatitis B virus-related liver diseases, liver cirrhosis
and liver flukes [10, 11]. Additional less-well-established risk factors include diabetes, inflammatory bowel disease,
human immunodeficiency virus, smoking, alcohol consumption and host genetic polymorphisms [11, 12]. Despite these
risk factors, most CCA cases occur in individuals without evidence of chronic liver disease or other known risk factors
[13, 14].
The 5-year survival rate amongst CCA patients is low, ranging from 7-20% [1]. This rate drops dramatically to 2% in
distant metastasis cases [15]. The poor prognosis is attributed to the biological complexity of CCA, high intratumoral
and interpatient heterogeneity, and late-stage diagnosis, often after the disease has already metastasized [16, 17, 18].

Current treatment options for CCA include surgical resection, liver transplantation, chemotherapeutics, intra-arterial
treatments and local ablative therapies, depending on the CCA subtype and stage [19]. Surgical treatment is the
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only potentially curative therapeutic option [19, 20]. However, approximately 60-88% of the patients are not eligible,
including patients with distant metastasis [21]. Even after curative-intent surgery, a high recurrence rate (49-64%)
and early local or distant metastases are experienced [19, 22].
The occurrence of distant metastasis in CCA is relatively common during the course of a patient’s disease, ranging from
36.4-50.2% [23, 24, 25]. Lung and lymph nodes are frequently identified as preferred distant locations of metastasis
[23, 24, 26]. Different metastatic locations have a distinct effect on the biological patterns of CCA and require different
therapeutic strategies [27]. Lymph node metastases show better prognostic outcomes compared to lung metastases,
but the cause is still unknown [26, 27]. Patients with metastasized CCA are unlikely to benefit from resection [28, 29].
If CCA is unresectable, patients may receive palliative care, including systemic chemotherapy [19]. Novel treatment
options for metastasized CCA are urgently needed.

CCA, particularly iCCAs and pCCAs, are characterized by the deposition of abundant fibrotic or connective tissue,
referred to as desmoplasia, and is associated with extracellular matrix (ECM) remodeling [30, 31]. The tumor microen-
vironment (TME) of solid CCA contains collagen-fibre-enriched ECM, cancer-associated fibroblasts, tumor-associated
macrophages and innate immune cells, all interacting in a practical but complex way [19, 32]. This complex desmo-
plastic TME limits drug delivery and promotes CCA progression, including metastasis [33, 34]. Cancer-associated
fibroblasts can modulate the epithelial-to-mesenchymal transition (EMT) of CCA cells, a process in which cells
acquire migratory and invasive properties, leading to cell dissemination [35, 36]. Following the dissemination of cancer
cells from the primary tumor, the cancer cells will undergo intravasation and survive in the lymphatic or blood
circulation before extravasating and colonizing the metastatic organ (Fig. 2). The cancer cells are frequently in a
state of dormancy, before switching to a state of proliferation and outgrowth which is dictated by the ECM and cell
adhesion signaling [37, 38, 39]. However, mechanistic understanding behind the metastatic outgrowth of CCA and
their micro-environmental cues remains lacking.

Figure 2: Overview of the metastatic cascade. The cascade includes five key steps: invasion, intravasation, circulation,
extravasation, and colonization [40].

Effective CCA treatments are still lacking because current models do not recapitulate the micro-environmental cues,
in which the ECM plays a key role [41, 42]. The ECM is a non-cellular physiologically active component responsible
for cell-cell and cell-matrix interactions. Currently, to model and investigate CCA, immortalized CCA cell lines or
patient-derived xenografts (PDX) are frequently employed, each with its advantages and disadvantages. Cell lines are
able to expand rapidly and are frequently used for high-throughput drug screening. They have enabled groundbreaking
advances in CCA cancer biology, such establishing the whole-genome sequence of distinct subtypes of CCA [43] and
the association of specific metabolites with tumor cell metastasis and prognosis [44, 45]. However, cell lines do not
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mimic the cellular complexity, developmental biology, cell-cell and cell-ECM interactions of the in vivo tumor [18, 46].
PDX models are acquired by implanting patient’s tumor tissue into immunodeficient mice. These models are physiologi-
cal, frequently retain tumor histopathology and genetics, and contribute to the creation of accurate recapitulation of the
original tumor morphology, with direct correlations to patient outcomes [47, 48, 49]. PDX models demonstrated their
roles in developing new personalized anticancer drugs for CCA, identifying potential mechanisms of drug resistance,
and testing therapeutics (lenvatinib, sorafenib [50]; crenigacestat [51]; anlotinib [52]; GNS561, cisplatin, gemcitabine
[53]; L-asorbic acid [54]; NUC-1031 [55]; FGFR inhibitors [56]) [57]. However, the intrinsic limitations of PDXs include
limited engraftment rates, long engraftment period (several months), labor-intensiveness, and compromised immune
system, which complicates proper evaluation of tumor growth and patient response [49, 58]. Additionally, making
these models is technically challenging, time-consuming and expensive, not to mention ethical issues.

CCA models recapitulating its metastasis are deficient, with the available options being limited to PDX models or
other models utilizing animals, both of which have inherent limitations. For example, O’Dell et al. (2012) used mutant
mouse strains (KRAS mutation and TP53 deletion), which resulted in local and distant iCCA metastasis [59]; Zhu et al.
(2017) injected human CCA cell lines into mice to study lung metastasis [60], and Broutier et al. (2017) transplanted
CCA organoids (CCAOs) derived from a patient with a history of metastasis in immunocompromised mice where lung
metastases were found [61]. All of these models lacked a human-derived ECM of the organ of metastasis. Advancement
in determining the impact of the host organ’s specific characteristics on the behavior of disseminated cancer cells and
their ability to colonize the organ, is impeded by a lack of models that accurately replicate the native structure of the
organ.
Tumor-derived organoids, consisting of primary epithelial cells growing as 3D structures, have emerged in recent
years as highly promising biological disease models due to their ability to self-renew and self-organize while retaining
the physiological structure and mutational landscape of the original tumor [62, 63, 64]. They contribute to bridging
the gap between cancer cell lines and complex xenografts. CCAOs have been successfully established and applied
towards research on disease progression, the discovery of biomarkers, drug screening, and personalized medicine [61].
However, a current limitation of tumor organoid culture is the predominant use of Basement Membrane Extract
(BME) or Matrigel as a culture environment that does not represent the native microenvironment, including its
biomechanics, of the primary tumor or the metastatic niche [65, 66, 67]. The large variability in the batch-to-
batch components of BME/Matrigel is an overall disadvantage of using it in cancer research, especially in the
highly heterogeneous CCA [68, 69]. BME/Matrigel’s limitations, including the absence of tissue-specific biochemical
cues and ECM components, limited stability, costs and the need for mouse tumors, highlight the need for an alternative.

The relevance of the biomechanical and biochemical role of the ECM in cancer progression and tumor cell colonization
has gained increased attention [39]. Cells sense and react to the mechanical properties of their environment, specifically
the stiffness of the ECM [70, 71, 72]. Nonetheless, the interactions between CCA cells and the ECM of the metastatic
organ remain not well comprehended. Decellularization, a technique that removes cells using enzymatic and chemical
reagents while preserving the ECM, can be used to isolate the ECM of metastatic organs to study its composition and
biomechanical properties [73, 74, 75]. Previous studies utilized decellularization to study tumor-ECM interactions:
Tian et al. (2018) seeded colorectal cancer cells on lung and liver decellularized scaffolds to study organ-specific cancer
metastases [76]; Sensi et al. (2020) decellularized colorectal cancer patient-derived scaffolds and recellularized these
with adenocarcinoma cell lines [77]; Fecher et al. (2016) cultured human lung tumor cells on acellular rat lungs [78];
D’Angelo et al. (2020) seeded patient-derived decellularized ECM (dECM) scaffolds of tissue derived from the healthy
colon, colorectal cancer, healthy liver and colorectal cancer liver metastases, with colorectal cancer cell lines. These
studies indicate that decellularized scaffolds are frequently used as a biological model in combination with cancer cell
lines rather than 3D structures such as organoids, limiting their applicability. But interestingly, van Tienderen et al.
(2022) demonstrated that combining CCAOs with decellularized healthy liver and tumor liver scaffolds, could reveal
how the ECM affects processes relevant to cancer such as proliferation, invasion and chemoresistance [79].
It is already known that the difference in treatment response between metastatic locations depends on the ECM
and that niche-specific cell types and tissue structures have a significant role in metastatic progression [76, 80, 81].
For instance, Guarin et al. (2022) decellularized liver tissue to study the effects of the ECM on breast cancer cell
proliferation and invasion, and showed that chemotherapy treatment alters the liver ECM to a pro-metastatic niche
for cancer metastasis [82]. Nevertheless, modeling organ-specific metastatic colonization and recapitulating in vivo
micro-environmental cues is a great challenge.

Elucidating the interactions between metastasized CCA and the ECM of the metastatic site, can be achieved by
combining patient-derived CCAOs and organ-specific human-derived decellularized scaffolds of the metastatic locations.
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In other words, recellularization of decellularized tissue with organoids. This way, limitations of utilizing BME/Matrigel,
cell lines or animal models are surmounted. An improved patient-specific CCA metastasis model ultimately leads
to discovering new drug targets, developing personalized treatments and reducing patient burden. Therefore, this
study aims to decellularize and characterize human-derived lung and lymph nodes, and use the decellularized lung
ECM (dLECM) in combination with patient-derived CCAOs to better model CCA metastatic colonization in lung
and lymph nodes in vitro, to study metastatic cell-matrix interactions. For this, decellularization for lung and lymph
nodes was optimized and confirmed, and dLECM and decellularized lymph node ECM (dNECM) were biochemically
and biomechanically characterized. Additionally, growth patterns, metabolic activity, invasive patterns and gene
expression profiles for CCAOs cultured in dLECM were evaluated and compared to CCAOs cultured in BME (Fig. 3).

Figure 3: Simplified schematic representation of the study. Labels for the lung and lymph node donors and CCA patients
utilized in the study are depicted.
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Material and Methods

Sample procurement

Tissue collection

CCA tissue samples from three different patients (n=3, including n=1 pCCA and n=2 iCCA) were obtained from
patients who underwent a curative-intent surgical resection, performed at the Erasmus MC in Rotterdam (Table 1 for
patient information, Fig. 3). The Medical Ethical Council of the Erasmus MC approved the use of tissue for research
purposes and patients provided written informed consent (MEC-2013-143). Samples were confirmed to be of tumor
origin with histopathological assessment by a pathologist. CCA tissue samples were stored at 4°C in Belzer UW cold
storage solution (UW, Bridge to Life) and, if used for organoid initiation, processed within 24 hours after collection.
Lung tissue samples, measuring approximately 2x2x2 cm, were obtained from three different donors (n=3) whose
lungs were rejected for lung transplantation for unknown reasons at Sahlgrenska University Hospital in Gothenburg,
Sweden. The utilization of lung tissue was approved by the Swedish ethical review board in Lund (Dnr. 2008/413,
2011/581 and 2013/253). Lung tissue samples of peripheral lung were prepared by dissecting out cubes with a side
length of approximately 10 mm with pleura remaining on one side and snap-freezing them in isopentane chilled with
liquid nitrogen. Lymph nodes (n=17) were obtained from donors who donated their liver for a liver transplantation
procedure, performed at the Erasmus MC in Rotterdam (MEC-2014-060). The utilized lymph nodes are hepatic
hilar lymph nodes. Lung and lymph node samples were initially stored at -20°C and processed at a later stage for
decellularization. Donor information for lung can be found in Table 1 and for lymph nodes in Table S2. Table S3
shows which lymph node was used per analysis. Labels for the samples used in this study are given in Figure 3 and
the second column of Table 1.

Patient/Donor Sample label Gender Age Localization
tissue

Historical
grade

Smoke history

CCA patient 1 CCAO1 F 34 Perihilar Moderate-well
differentiated
(grade 1-2)

-

CCA patient 2 CCAO2 M 60 Intrahepatic
(segment 4)

Moderate-well
differentiated
(grade 1-2)

-

CCA patient 3 CCAO3 F 77 Intrahepatic
(segment 4)

Poor-moderate
differentiated
(grade 2-3)

-

Lung donor 1 Lung1; decellular-
ized: dLECM1

M 66 Peripheral - Former smoker
(>10 years)

Lung donor 2 Lung2; decellular-
ized: dLECM2

M 68 Peripheral - Never smoked

Lung donor 3 Lung3; decellular-
ized: dLECM3

M 66 Peripheral - Current smoker

Lymph node
donor 1-17

Lymph node1-17;
decellularized:
dNECM1-17

- - Hepatic hilar
region - -

Table 1: CCA patient, lung donor and lymph node donor information and characteristics.

Initiation and propagation of patient-derived cholangiocarcinoma organoids

Initiation of CCAOs was done as previously described [61]. Organoids were passaged in a 1:3-1:6 ratio approximately
every 7 days, depending on their proliferation rate. Expansion medium (EM, Table S1) was refreshed every 3 or
4 days. Organoid cultures between passage number 145-180 were used. Passaging started with taking off the EM
and collecting the organoids in a 15 ml tube by adding ice-cold Advanced Dulbecco’s Modified Eagle Medium/F12
(AdvDMEM, Gibco) supplemented with 1% penicillin-streptomycin, 1% HEPES, 1% ultraglutamine, 0.2% primocin
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to the wells and scraping/pipetting. Subsequently, ± 8 ml ice-cold AdvDMEM was added to the 15 ml tubes. After
centrifugation (5000rpm, 5 minutes, 4°C), the supernatant was removed and the pellet was re-suspended in ice-cold
AdvDMEM while mechanically breaking the organoids by pipetting up and down. After another centrifugation step
(5000rpm, 5 minutes, 4°C), the supernatant was removed and the cell pellet was re-suspended in BME (Cultrex). The
mixture of cells and BME was plated in droplets of 25 µl in 12-, 24- or 48-well suspension culture plates (Greiner
or Sarstedt) (Fig. S1). After upside-down incubation at 37◦C for 30 minutes, EM was added (250 µl per well in a
48-well plate) to the culture plates and returned to the 37◦C incubator.

Decellularization

Decellularization procedure of human lung tissue and lymph nodes

Lung tissues were embedded in tissue-tek optical cutting temperature compound, mounted on a metal holder and
cut with a cryotome (Leica) at -15°C into 400 µm thick slices (Fig. 4B2). 400 µm thick lung slices and entire lymph
nodes were placed in a flask on a multi-position magnetic stirrer (Fig. 4B5, S2A). Lymph nodes were not cut into
smaller slices before decellularization because of their relatively small surface area and otherwise disintegration of the
lymph nodes during decellularization. An identical decellularization protocol was used for both tissue types. The
protocol was based on the one described by van Tienderen et al. (2023) for liver and liver biopsy samples to minimize
the effect on recellularization by the decellularization method [83]. This decellularization protocol was modified by
adding an overnight washing step of approximately 16 hours with TX-100. First, tissue samples were washed for
30 minutes with dH20, 1 hour with 9% hypertonic saline (NaCl) and again for 30 minutes with dH20 to remove
traces of blood, debris and tissue-tek optical cutting temperature compound by using osmotic effect. After that, all
tissue samples were decellularized with a solution consisting of 4% Triton X-100 and 1% NH3 (hereafter referred to as
TX-100 solution). TX-100 solution was replaced every hour for 10 cycles, including two overnight (O/N) cycles of
approximately 16 hours, which resulted in transparent tissues (Fig. 4B6). Subsequently, the tissues were washed with
Phosphate-buffered saline (PBS; Gibco, HyClone) for 1 hour to remove traces of TX-100. Subsequently, tissues were
incubated with DNase solution (2 mg/l DNase type 1 (Sigma) in 0.9% NaCl + 100 mM CaCl2 + 100 mM MgCl2) for
3.5 hours at 37°C on the magnetic stirrer. Finally, tissues were washed two times with PBS (Table 2). Biopsy samples
were taken before and after decellularization for various analyses. dNECMs and dLECMs of 400 µm were collected in
50 ml tubes and kept frozen in PBS at -20°C until further use.

Solution Time

H2O 30 minutes
Hypertonic saline (9% NaCl) 1 hour
H2O 30 minutes
4% Triton X-100 + 1% Ammonia* 1 hour
Previous step 9x including 2x O/N 1 hour 7x, O/N 2x
PBS 1x 30 minutes
DNase at 37°C 3.5 hour
PBS 1x 30 minutes 2x

Table 2: Decellularization protocol used.*= Repetition of this cycle at least 2 times before first O/N step.
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Figure 4: Decellularization procedure of human lung and lymph nodes, and recellularization procedure of
dLECM with CCAOs. A) Schematic representation of the decellularization (top) and recellularization (bottom) procedure
and subsequent analysis. B) Overview of sequential steps to decellularize lung tissue: 1) lung tissue, 2) cutting process using a
crytome, 3,4) collecting 400µm slices lung, 5,6) experimental set-up for decellularization steps (Table 2) on a magnetic stirrer
and 7) resultant dLECM.

Confirmation of decellularization procedure

Biopsies and decellularized tissue were fixed in 4% paraformaldehyde (PFA; Fresenius Kabi), solidified in 2% agarose
in PBS, embedded in paraffin and sectioned at 4 µm using a microtome (HM 325) (Fig. S3). Slides of samples before
and after decellularization were stained with either hematoxylin and eosin (H&E), 4’,6-diamidino-2-phenylindole
(DAPI; Vectashield, Vectorlabs) or picrosirius red (PSR; Sigma) according to standard staining procedures. Collagen
type 1 and collagen type 3 are stained according to standard protocol by the pathology department (ErasmusMC,
The Netherlands). Slides were imaged with a Zeiss Axioskop 20 microscope and captured with the Zeiss Axiocam
305 color or imaged and captured with Nanozoomer 2.0-HT (Hamamatsu). DAPI-stained slides were analyzed using
an EVOS microscope (Thermo Fisher Scientific). Additionally, deoxyribonucleic acid (DNA) was isolated from lung
and lymph nodes, before (T=0) and after (T=decell) decellularization, using the QIAamp DNA Micro Kit (Qiagen)
according to the manufacturer’s protocol. Subsequently, the total DNA content was measured using a Nanodrop
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spectrophotometer (Thermo Fisher Scientific; lung n=3, lymph node n=15) and corrected for the corresponding
wet weight of the measured sample (ng DNA/mg wet tissue). The wet weight of the samples was weighed before
performing the analysis.

Collagen and sulfated glycosaminoglycan quantification

The total collagen content of lung and lymph nodes before (T=0) and after (T=decell) decellularization (lung n=3;
lymph node n=4) was determined using a Total Collagen Kit (Quickzyme Biosciences; according to manufacturer’s
protocol. The absorbance of the collagen-binding dye was measured in a transparent 96-well plate at 570 nm using an
infinite M nano plate reader (Tecan). Background absorbance was subtracted. The content was corrected for the
wet-weight of the corresponding samples (µg collagen/mg wet weight tissue).
Sulfated glycosaminoglycan (sGAG) content of lung and lymph nodes before (T=0) and after (T=decell) decellulariza-
tion (lung n=3, lymph nodes n=5) was determined using a Blyscan Sulfated Glycosaminoglycan Assay (Biocolor)
according to the manufacturer’s protocol. Samples were digested in a Papain (Sigma) solution (10 mg/ml) at 65 °C
for 3 hours. The absorbance was measured in a transparent 96-well plate at 656 nm using an infinite M nano plate
reader (Tecan). The wet-weight of the samples was weighed before performing the analysis.

Nanoindentation measurements and analysis

The effective Young’s modulus (E) of decellularized tissue samples was measured using a Chiaro Nanoindenter (Optics11
Life) (Fig. S2B). dLECM (n=3) and dNECM (n=3) were glued inside a 35 mm petri dish using NOA61 or NOA81
(Norland) and a UV torch (Walther Pro). The sample and probe were immersed in PBS before the measurement
started. The stiffness of the probes used for dLECM and dNECM was respectively 0.027 N/m and 0.030 N/m. The
probes had a tip radius of 3 µm and were ball-shaped. First, the sample was indented to a depth of 2 µm in 4 seconds
(0.5 µm/s). Then, the indentation was held at 2 µm depth for 1 second and finally the probe was retracted in 1
second. At least one matrix scan of 3x3 with a distance of 5 µm between indentation points was performed per
dECM. The Hertzian contact model in the Optics 11 data viewer software (version V3.4.7) was used to calculate the
effective Young’s modulus [84]. Measurements with an unreliable model fit (R2<0.9) were considered as outliers and
disregarded from further analysis.

Rheology measurements and analysis

A rotational rheometer (KINEXUS PRO; Technex) with a flat parallel plate geometry with a diameter of 20 mm was
used to determine the Young’s modulus of the decellularized tissues (Fig. S2C). All measurements were performed
at 37°C and obtained by the rSpace software. dLECM (n=3, 400 µm thick) and dNECM (n=3) were placed on the
bottom plate. Next, the top plate was lowered to a gap height of 2 mm (dLECM1, dLECM2), 3 mm (dLECM3,
dNECM16) or 1.8 mm (dNECM2, dNECM10). First, the surface contact point was found by decreasing the gap at a
rate of 0.01 mm/s with a measurement of the normal force every 0.01 second, which the software used to automatically
determine the contact point. Subsequently, a shear oscillation frequency sweep (f: 10-0.01 Hz, slope: 10 points
per decade) was performed to determine the viscoelastic properties of the samples. Subsequently, the dECM was
compressed 4*10−4 mm every second for 13.3 minutes. Then, another shear oscillation frequency sweep (f: 10-0.01 Hz,
slope: 10 points per decade) was performed. An approximation of the Young’s modulus (E) was determined over the
whole range of compression. The strain was calculated by (h-h0/h0) where h is the gap while measuring and h0 is the
initial gap when the surface contact point was found. The stress was calculated by (strain+1)*(Normal force/initial
area) where the initial area was calculated by π*(sample radius)2, following the Cauchy stress calculations [85]. In
this way, the data were corrected for the size of each sample and increase in size after each compression step. The
gradient slope over the whole range of compression resulted in an approximation of the Young’s modulus.

Recellularization

Preparation of decellularized lung scaffolds for organoid culture

One day before recellularization, scaffolds were washed with sterile PBS three times, followed by washing with
AdvDMEM three times. Subsequently, the scaffolds were incubated overnight at 37°C with AdvDMEM, supplemented
with 10x the concentration of penicillin- streptomycin, primocin and antiobiotic-antimycotic (Gibco) to avoid infections
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in the recellularization experiments. dLECMs were washed three times with AdvDMEM on the day of recellularization.
The washed scaffolds were placed in the middle of a new 12- or 24-suspension or culture well plate (Greiner or Sarstedt)
and were folded out as much as possible using a needle or tweezer.

Recellularization procedure

CCAOs (n=3) grown in BME (Cultrex) droplets were harvested by removing the BME droplets from the wells using
ice-cold AdvDMEM as previously described. After removal of BME and AdvDMEM from the cell pellet, 1 ml trypsin
(TrypLE, Thermo Fisher Scientific) was added. The suspension was incubated at 37°C for 15 minutes while applying
mechanical disruption with a pipette every 5 minutes until organoid fragments were dissociated into small aggregates
and single cells. Subsequently, 10 µl of the suspension was added to 10 µl Trypan Blue (Thermo Fisher Scientific)
for cell count using disposable cell counting chambers (Kova). After 15 minutes of incubation, trypsin was directly
inactivated by adding cold AdvDMEM. The suspension was centrifuged for 5 minutes (1500rpm, 4°C) and the resulting
cell pellet was re-suspended in EM to obtain the total amount of cells needed (approx. 200.000 cells/scaffold). Per
dLECM, Cells in EM (5 µl) were added on top of the unfolded scaffolds in a 12- or 24-suspension or culture well plate
(Greiner or Sarstedt) (Fig. S4). The recellularized scaffolds were incubated for 3 hours at 37°C before adding 350-500
µl EM to the recellularized scaffolds. EM was refreshed every 3 or 4 days. Organoid cultures in BME were used as a
control. After 18 days, experiments were terminated. During these 18 days, 3-4 recellularized scaffolds per replicate
were used for metabolic activity assessment. At day 18, the recellularized scaffolds were added to 700 µl QIAzol lysis
reagent (Qiagen) and stored at -80°C for quantitative polymerase chain reaction (qPCR) analysis. The remaining
recellularized scaffolds were fixed in 4% PFA at 4°C for 25 minutes. Subsequently, PFA was replaced by PBS and
stored at 4°C until further use. These samples were used for histological analysis or whole-mount staining.
Recellularization was also performed with dNECM. Preliminary results are depicted in the supplementary results
section (Figure S14).

RNA isolation, cDNA synthesis and RT-qPCR

For ribonucleic acid (RNA) isolation, QIAzol lyzed samples (3-4 recellularized scaffolds per CCAO+dLECM replicate
or CCAOs cultured in BME) were homogenized with a TissueRuptor (Qiagen). Messenger RNA was isolated with a
miRNeasy kit (Qiagen) according to the manufacturer’s protocol. A Nanodrop spectrophotometer (Thermo Fisher
Scientific) was used to measure RNA content. 500 ng complementary DNA was made by adding 5x PrimeScript RT
Master Mix and dH2O to isolated RNA and inserted into a 2720 Thermal Cycler (Applied Biosystems) or SimpliAmp
Thermal Cycler (Applied Biosystems). qPCR was performed according to standard procedures with 10 µl SYBR
select master mix, 1 µl primers, 4 µl dH2O and 5 µl complementary DNA per reaction. All the tested primer
sets are listed in Table S4. The housekeeping genes Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) and
Hypoxanthine-guanine-fosforibosyl-transferase (HPRT) were used as reference genes. The geometric mean of the two
housekeeping genes was used for determining the ∆Ct and ∆∆Ct values of the genes as described in Vandesompele et
al. 2002 [86]. Fold changes (2−∆∆Ct) of selected genes of recellularized scaffolds were calculated compared to matched
CCAOs grown in BME.

Live/Dead staining

CCAOs cultured in dLECM for 15 days were incubated in EM supplemented with 100 µg/ml Hoechst (Hoechst 33342,
Thermo Fisher Scientific), 50 µg/ml propidium iodide (PI, Sigma-Aldrich) and 0.5 µM calcein (Calcein-AM, Thermo
Fisher Scientific) at 37°C for 30 minutes protected from light. Images were made with an EVOS FL fluorescent
microscope (Thermo Fisher Scientific).

Immunofluorescent staining

On day 18 of recellularization, the recellularized dLECMs were fixated in 4% PFA for 25 minutes and washed with
PBS three times. Subsequently, samples were permeabilized with 0.1% TX-100 in PBS for 30 minutes and again
washed with PBS three times. After that, samples were exposed to 5% blocking epitope Bovine Serum Albumin
(BSA) in PBS for 1 hour. Vimentin (1:100, Bio-connect) was added to the samples and incubated overnight at 4°C.
After washing with PBS five times, the samples were incubated with secondary antibody Alexa Fluor™488 (1:200,
Thermo Fisher Scientific) for 1 hour at room temperature. Antibody Phalloidin Alexa Fluor™488 (1:200, Thermo
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Fisher Scientific) for cytoskeletal staining was incubated for 1 hour and nuclear staining with DAPI was incubated for
30 minutes at room temperature before confocal imaging.

Confocal immunofluorescence imaging

Recellularized dLECMs were imaged using a Leica 20x (NA 1.0) water dipping lens on a Leica TCS SP5 II confocal
system. Fiji/ImageJ software was utilized to post-process the images.

Histological staining

PFA-fixed samples were solidified in 2% agarose in PBS. They were embedded in paraffin and sectioned at 4 µm using
a microtome (HM325). Decellularized and recellularized scaffold slides were stained with H&E according to a standard
protocol.

Cell metabolic activity assessment

PrestoBlue™ Cell Viability Reagent (Thermo Fisher Scientific) was used to assess metabolic activity of CCAOs in
dLECM and in BME for the same sample at day 1, 4, 8, 11, 14, 18 after recellularization. At day 1, the recellularized
scaffolds were placed in a new 24-well plate. Presto Blue compound was diluted 10-fold (1:10) in EM, filtered and
pre-warmed in a 37°C waterbath for 10 minutes. EM was removed from the recellularized scaffolds and the CCAO
cultures in BME, and 500 µl Presto Blue solution was added to each well. These culture plates were incubated at
37°C for 3.5 hours protected from light. Subsequently, the medium was plated in a 96-well plate in triplicate. The
absorbance was measured using an CytoFluor Multi-Well plate Reader series 4000 (Perseptive Biosystems) with
excitation of 530nm and emission of 590nm. Background absorbance was measured using non-recellularized dLECM
(n=3) and empty BME domes. Background measurements were subtracted and data were normalized to day 1.
Significant differences between metabolic activity of recellularized combinations were determined for separate time
points (Two-Way ANOVA multiple comparison test) as for the entire culture period of 18 days (Two-Way ANOVA
matched by time).

Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 8, GraphPad Software). Graphs were plotted with
their mean and standard deviation (SD). Paired t-test was used to determine significance in DNA content. Two-way
ANOVA test was performed for multivariate analysis with multiple comparison testing for different time points or
different donors (i.e., the sGAG/collagen contents, metabolic activity). Mann-Whitney U test was performed for
determining significance in the mechanical properties. In all tests, a p-value of <0.05 was considered significant.
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Results

Decellularization of lung tissue and lymph node results in acellular ECM scaffolds
First, lung and hepatic hilar lymph nodes were decellularized. Histological evaluation and DNA content quantification
revealed successful decellularization (Fig. 5). H&E staining demonstrated that nuclear material and cellular debris
were removed while the ECM was preserved after decellularization for both lung and lymph node (Fig. 5A, S5A,B).
Lung sections show hollow structures of the alveoli and bronchiole before and after decellularization (Fig. 5A, S7)
[87]. Lymph node sections show their typical reticular meshwork architecture in T=0 conditions (Fig. 5A, S5A,B)
[88]. DAPI staining confirmed the removal of nuclear material from lung and lymph node (Fig. 5B, S5C). Similar
to other decellularized organs, lung and lymph nodes appeared translucent white after decellularization (Fig. 5C)
[76, 83, 89, 90]. Nuclear material loss was confirmed by DNA quantification. Figure 5D showed a significantly
decreased DNA content for lung (p=0.003) and lymph nodes (p=0.0004) after decellularization. The average DNA
concentration before decellularization was for lung 250.2 ng DNA/mg wet tissue (n=6, consisting of 3 donors measured
in biological replicate, SD=98.7 ng) and for lymph node 720 ng DNA/mg wet tissue (n=15, SD=569.8 ng), indicating a
higher cell density compared to lung. After decellularization, the DNA content was 23.3 ng DNA/mg wet tissue (n=6,
SD=11.2 ng) for dLECM and 19.9 ng DNA/mg wet tissue (n=15, SD=17.6 ng) for dNECM, equaling a reduction of
90.7% for lung and 97.2% for lymph node. Both absolute values and percentage reduction (i.e., <50 ng DNA/mg wet
tissue and 90% reduction in DNA content) adhere to common criteria for complete cell removal [91, 92]. However, the
requirement to obtain <50 ng DNA/mg wet tissue after decellularization was not met for 2 out of 15 lymph nodes.
These 2 lymph nodes were not included for further analysis.
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Figure 5: Acellular ECM scaffolds of lung and lymph nodes obtained by decellularization. A) Representative H&E
stainings of lung and lymph node before (T=0) and after (T=decell) decellularization show efficient removal of cells from the
scaffold and maintenance of ECM structure. Scale bars indicate 250 µm. B) Representative DAPI stainings of lung and lymph
node before and after decellularization confirmed the removal of nuclear material from the scaffold. Scale bars indicate 400
µm. C) Lung slices of 400 µm thick and an entire lymph node of 0.75 cm thick before and after decellularization show the
transformation in color from brown/yellow to translucent white. D) Quantitative DNA content analysis of lung (n=6, consisting
of 3 donors measured in biological replicate, p=0.003) and lymph node (n=15, p=0.0004) before and after decellularization
shows a significant decrease in DNA content, confirming successful decellularization. Error bars indicate ± SD. The red dotted
line indicates the threshold of 50 ng DNA/mg wet tissue, a common criterion for adequate cell removal [91]. Two lymph nodes
did not meet the requirement of <50 ng DNA/mg wet tissue and were not used in further analysis. Thus, utilizing the same
decellularization method for lung and lymph node resulted in successful decellularized tissue.
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Decellularized lung and lymph node scaffolds retain ECM components
To further characterize the dLECM and dNECM, the level of preserved ECM-related components was assessed (Fig.
6). PSR staining revealed retention of a relative high presence of collagen, the primary structural component of
the ECM, in dLECM and dNECM, indicating an intact ECM architecture (Figure 6A). Quantitative analysis of
collagen shows similar results. The collagen content significantly increased after decellularization for both lung (before
decellularization: 3.36 µg/mg wet tissue, SD=0.54 µg/mg; after decellularization: 31.49 µg/mg wet tissue, SD=5.94
µg/mg) and lymph node (before decellularization 1.53 µg/mg wet tissue, SD=0.58 µg/mg; after decellularization:
43.46 µg/mg wet tissue, SD=15.63 µg/mg) (Fig. 6B). This represents a 9.4-fold and 28-fold increase for lung and
lymph node respectively. The apparent increase in collagen content is mainly due to the cell removal and thus weight,
whereas the absolute collagen content remains retained.
Lung and lymph nodes were stained for collagen type 1 and 3 before and after decellularization to determine which
collagen types were preserved (Fig. 6C, D). In the lung, fibrillar collagen type 1 and 3 predominate in the alveolar wall
and alveolar septa, primarily contributing to lung mechanics and architecture [93, 94, 95]. Collagen type 1 is stiffer
and confers tensile properties, while collagen type 3 permits multidirectional flexibility [96, 97]. The main components
of lymph nodes are collagen types 1 and 3, which are also components of reticular fibers [98, 99]. Figures 6C, 6D and
S6 demonstrate diffuse expression and retention of collagen type 1 and type 3 after decellularization for both lung and
lymph nodes. Collagen predominates on the edges of lymph nodes, while the lung exhibits an overall positive collagen
staining pattern with cells interspersed throughout before decellularization.
Sulfated glycosaminoglycans (sGAGs) are critical in regulating several cancer-related processes, such as angiogenesis,
invasion, proliferation, and metastasis [100, 101]. sGAGs were preserved after decellularization for both lung and
lymph nodes. The sGAG content decreased for both lung (before decellularization: 11.63 µg/mg wet tissue, SD=2.32
µg/mg; after decellularization: 8.49 µg/mg wet tissue, SD=1.94 µg/mg) and lymph node (before decellularization:
11.65 µg/mg wet tissue, SD=2.82 µg/mg; after decellularization 6.20 µg/mg wet tissue, SD=2.54 µg/mg). The sGAG
content slightly decreased with a 1.4-fold for lung and 1.9-fold for lymph nodes. The minor variation between lung
and lymph nodes may be attributed to the higher cell density in lymph nodes, resulting in a relatively higher loss of
intracellular sGAGs during decellularization. Overall, decellularization of lung and lymph nodes resulted in preserved
components of the ECM.
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Figure 6: Preservation of ECM proteins for lung and lymph node after decellularization. A) PSR staining of lung
and lymph node before (T=0) and after (T=decell) decellularization shows retention of collagen and intact ECM architecture.
Scale bars indicate 200 µm. B) Quantitative collagen content analysis of lung (n=3, p=0.02) and lymph node (n=4, p=0.02)
before and after decellularization showing retention of collagen. C,D) Collagen type 1 (C) and collagen type 3 (D) staining of
lung and lymph node before and after decellularization which demonstrates the presence of collagen type 1 and collagen type 3 in
dLECM and dNECM after decellularization. Red arrows indicate ECM, green arrows indicate cells. Scale bars indicate 250 µm.
E) Quantitative sGAG content analysis of lung (n=3, p=0.5) and lymph node (n=5, p=0.07) before and after decellularization
showing retention of sGAG.
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Variation in mechanical properties of decellularized lung and lymph node scaffolds
Tissue functioning relies on the three-dimensional network formed by collagens, which is central to providing
the mechanical properties through its architecture [102]. To provide novel information about the macro- and
microscopic mechanical properties of dLECM and dNECM, rheology measurements and nanoindentation were
performed, respectively. Macroscopic properties of dLECM and dNECM were determined by assessing rheological
properties under compression. The approximation of the Young’s modulus (E), determined over the whole range of
compression, was 0.46 kPa (SD=0.18) for dLECM and 0.53 kPa (SD=0.41) for dNECM (Fig. 7A). dNECMs show
more heterogeneity in the macro-scale stiffness in comparison to dLECMs. At a microscopic level, the effective Young’s
modulus was obtained by nanoindentation and ranged from 0.15-52.3 kPa for dLECM and 0.05-40.9 kPa for dNECM
(Fig. 7B). The effective Young’s modulus did not make any assumptions regarding Poisson’s ratio, in contrast to
the Young’s modulus. No significant differences were observed between the different donors’ micro-scale stiffness for
both dLECM as dNECM. The large standard deviation in the micro-scale stiffness for both tissue types indicates
heterogeneity (Fig. 7B). Heatmaps of the nanoindentation measurements confirm the intra-sample heterogeneity for
both dLECM and dNECM (Fig. 7B,C).

Figure 7: Macroscopic and microscopic mechanical characterization of dLECM and dNECM. A) Left: Rheological
measurements showing the Young’s Modulus of dLECM (n=3) and dNECM (n=3). More heterogeneity in macro-scale stiffness
is seen in dNECM. Right: Effective Young’s Modulus measured by nanoindentation (3x3 matrix scans) for dLECM (n=3) and
dNECM (n=3) demonstrate heterogeneity in the micro-scale stiffness. Micro-scale stiffness ranges from 0.15-52.3 kPa for dLECM
and 0.05-40.9 kPa for dNECM. B,C) Representative heatmap of a 3x3 matrix scan with 5µm between nanoindentations and a
total measured area of 15x15 µm per dECM. B) dLECM nanoindentations (left: dLECM2, right: dLECM3) and C) dNECM
nanoindentations (left: dNECM3, right: dNECM2).
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Decellularized lung scaffolds support the culture of patient-derived CCAOs
Patient-derived CCAOs (n=3) were cultured in BME, harvested and seeded on dLECM (n=3) to mimic metastatic
outgrowth in the lung and to assess the effect of the decellularized scaffold on the cell response. CCAOs grown
in BME were spherical in shape and proliferated similarly as previously described (Figure 8A, S10) [61, 103]. The
biocompatibility of dLECM was extensively assessed by culturing CCAOs in dLECM for 18 days (Fig. 8). Bright field
microscopy images showed the adhesion of single cells and cellular clumps of CCAOs to the dLECM at day 1 after
recellularization (Fig. 8B, S11). The organoids in dLECM had similar morphology to BME-cultured organoids at day
7 (Fig. 8A, B, S10), and eventually transformed into a transparent rim composed of organoids surrounding the edge
of the dLECM at day 14 (Fig. 8B, S11). Bright field images only provided a first indication of cell proliferation since
the thick density of the ECM limited in-depth evaluation.
The recellularized dLECM mainly contained alive cells as assessed by live/dead staining with Calcein-AM and
propidium iodide (Fig. 8C, S13). Green organoid structures are visibly distributed on the scaffold, indicating the
viability of organoids dispersed throughout the dLECM, similar to standard culture conditions in BME (Fig. S10).
Specific differences in the morphology of CCAOs cultured in dLECM1, dLECM2 or dLECM3 were not observed (Fig.
S11). Nevertheless, differences within biological replicates of recellularized dLECM were noticed via microscopy and
the transition of culture medium color during culturing (Fig. S12).

Figure 8: Adhesion, expansion and survival of CCAOs in dLECM A) Left: representative bright field microscopy images
of CCAO culture (CCAO1, day 3 after passaging). Right: representative image of live/dead staining of CCAOs (CCAO1)
grown in BME shows their viability. Scale bars indicate 1000 µm. B) Representative bright field microscopy images of CCAOs
cultured in dLECM on day 1, 7 and 14 after recellularization. Yellow circles indicate single cells, yellow arrows indicate ingrown
and adhered organoids. From left to right: CCAO2+dLECM3, CCAO2+dLECM3, CCAO2+dLECM3, CCAO3+dLECM2.
Black scale bar indicates 1000 µm, white scale bars indicate 400 µm. C) Representative images of live/dead staining of CCAOs
cultured in dLECM on day 15 (left) and day 18 (center, right) after recellularization, showing their viability, dispersion through
the scaffold and organoid structure. Left: CCAO1+dLECM2, center and right: CCAO3+dLECM1. Black scale bars indicate
2000 µm, white scale bar indicates 1000 µm.
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Metastatic outgrowth of CCAOs is ECM and organoid line dependent
Cell metabolism is a cascade of biochemical reactions that transform metabolites to establish biological functions
essential for cell viability. To get insight into the effect of dLECM compared to BME on CCAO cultures in terms
of metabolic activity, metabolic assays with PrestoBlue cell viability reagent were performed (Fig. 9, S15). In both
recellularized dLECMs (n=27, n=3 ECM donors with n=3 CCAO lines and n=3 biological replicates per combination)
as CCAOs cultured in BME (n=3 CCAO lines cultured in BME domes), CCAOs were metabolically active for at least
18 days (Fig. 9A). CCAOs cultured in dLECM showed reduced metabolic activity compared to CCAOs cultured
in BME (Fig. 9A). While no significant differences were observed when values from all time points were matched
(Fig. 9A), statistically significant differences in metabolic activity were observed when the separate time points were
evaluated, starting on day 14 after recellularization (Fig. S15A). The decrease in metabolic activity between days 14
and 18 after recellularization suggests a stagnation in metabolic activity during this period.

Differences in metabolic activity were found when comparing CCAOs cultured in various dLECMs (dLECM1, dLECM2,
dLECM3) (Fig. 9B). CCAOs cultured in dLECM3 showed significantly the highest metabolic activity, starting at day
11 after recellularization (Fig. S15B). Figure S16, a detailed version of Figure 9, demonstrates all metabolic activity
measurements divided per dLECM and CCAO line. Significant differences were present between the metabolic activity
of CCAO1 cultured in dLECM1, dLECM2 and dLECM3 and between CCAO3 cultured in dLECM1, dLECM2 and
dLECM3 (Fig. S16a), indicating that the metabolic activity of CCAOs is dictated by the scaffold donor.

Metabolic activity patterns also differ when comparing various CCAO lines (CCAO1, CCAO2, CCAO3) cultured in
dLECM (Fig. 9C). CCAO2 showed the lowest overall metabolic activity (Fig. 9C) in the three dLECMs (dLECM1,
dLECM2, dLECM3) but also in BME (Fig. S16a, S17), indicating dependency of metabolic activity on organoid line.
Thus, results demonstrated that the metabolic activity of CCA organoids is lower in dLECM compared to BME, and
is dictated both by the dECM donor and the organoid line. This suggests a significant influence of both the cancer
cells as the lung ECM on the metastatic outgrowth of CCA in lung.
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Figure 9: Metabolic activity of recellularized dLECM with CCAOs during 18 days after recellularization. A)
Presto blue measurements of recellularized dLECM (n=27, n=3 ECM donors with n=3 CCAO lines and n=3 biological replicates
per combination) and CCAOs in BME (n=3) measured on day 1, 4, 8, 11, 14, 18. Overall higher metabolic activity is shown
when CCAOs were cultured in BME (purple) compared to dLECM (orange). No statistical differences were present. Metabolic
activity of CCAOs is represented by the fold change relative to day 1 (D1) after recellularization. B) Metabolic activity for
CCAOs in dLECM split based on scaffold donor (i.e., dLECM1, dLECM2, dLECM3). CCAO lines are combined. Statistical
differences were present between CCAOs cultured in dLECM1 and BME (p=0.0168), CCAOs cultured in dLECM2 and BME
(p=0.0029), CCAOs cultured in dLECM2 and dLECM3 (p=0.185). C) Metabolic activity for CCAOs in dLECM split based on
patient origin of CCAO (i.e., CCAO1, CCAO2, CCAO3). dLECM1, dLECM2, dLECM3 are combined. No statistical differences
were present between CCAO lines cultured in dLECM. In A, B and C, Two-Way ANOVA statistical test was performed where
values of 1 line were matched by the factor time.

Occupation of CCAOs in decellularized lung scaffolds
To image the morphology of the CCAOs attached to the dLECM, actin filaments and nuclear material were stained
and captured 18 days after recellularization (Fig. 10A, S18). Staining of the key cytoskeletal component F-actin
(phalloidin) showed the organoid-like morphology, confirming previous bright field images (Fig. 8, S11). Additionally,
Vimentin, a well-established marker for EMT, showed localized expression [104].

To determine whether the cells were capable of invading into the dLECM, H&E staining of cross-sections of recellularized
dLECM were made (Fig. 10B). Monolayers and clusters of cells were found attached to the dLECM. A widespread
cellular presence is observed throughout the decellularized scaffold, but a preference of the CCAOs for adhesion to
and growth in the macroscopic holes is visible (Fig. 10B,C). This localized colonization and in-growth in the scaffold
is similar to a previously depicted in vivo growth pattern [105]. The sequence of two-dimensional cross-sections
confirmed the occupation and invasion of CCAOs throughout the dLECM at day 18 after recellularization.
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Figure 10: Occupation and invasion of CCAOs in dLECM. A) Whole-mount confocal images for Vimentin (red), Phalloidin
(green) and DAPI (blue) of CCAO2 in dLECM2 at day 18 after recellularization. Scale bars indicate 100 µm. B,C) H&E
staining of sectioned dLECM1 recellularized with CCAOs (CCAO2) at multiple intervals from top (1) to bottom (9) showing
monolayers and clusters of CCAOs at day 18 after recellularization. Scale bars in B) indicate 500 µm and in C) indicate 250 µm.
D) H&E staining of sectioned CCAOs showing monolayers and clusters of CCAOs. Scale bars indicate 500 µm.
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Gene expression levels of CCAO recellularized lung scaffolds compared to CCAOs
cultured in BME
To identify the biological processes that are important for metastasis of CCA in the lung, gene expression profiles of
CCAOs cultured in dLECM are determined and compared to matched CCAOs cultured in BME (Fig. 11). Cancer
stem cell markers LGR5 and CD133, of which the expression is known to promote tumor growth and heterogeneity,
were found to be downregulated compared to matched CCAOs cultured in BME [106, 107]. As expected, the expression
of a well-established CCA marker KRT7 was comparable between CCAOs cultured in dLECM and in BME, indicating
retention of their CCA phenotype [108]. Additionally, a well-known tumor cell proliferation marker Ki-67 showed
downregulation in the dLECM environment compared to BME, which corresponds to metabolic activity assay results
(Fig. 9). EMT marker E-cadherin was downregulated when CCAOs were cultured in dLECM in comparison to
BME, possibly due to increased occurrence of EMT in the dLECM environment [109, 110, 111]. Classical EMT
markers Vimentin and MUC1, and the expression of ECM-related genes collagen type 1 (Col1A1) and Fibronectin
showed heterogeneous expression, indicating that both the ECM donor and patient could influence the upregulation
of these genes. Collagen type 3 (Col3A1), which overexpression is associated with tumor progression and migration
[112], was downregulated when cultured in dLECM. This indicates that the ECM of the metastatic organ affects
the mutual production of ECM proteins. Also, the ECM-binding subunits of integrin receptors integrinα5 (Integrin
A5) and integrinβ1 (Integrin B1) showed high heterogeneity, both in expression between different CCAO lines as
dLECMs [113]. This suggests that in lung metastasis, upregulation of these genes could be patient and donor ECM
dependent. Given the small sample size, no statistical tests were performed. Overall, results indicate differential
gene expression levels concerning cancer stem cell markers, a proliferation marker, EMT markers and ECM proteins,
between CCAOs cultured in dLECM compared to those cultured in BME. This finding underscores the influence of
the culture environment on the gene expression of CCAOs.
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Figure 11: Gene expression profiles of dLECM recellularized with CCAOs compared to matched CCAOs cultured
in BME at day 18 after recellularization. Fold changes (2−∆∆Ct) of selected genes compared to matched CCAOs grown in
BME are presented. GAPDH and HRPT were used as reference genes. CCAOs cultured in dLECM exhibited downregulation of
cancer stem cell markers LGR5 and CD133, proliferation marker Ki-67, EMT marker E-cadherin and Collagen type 3, compared
to matched CCAOs cultured in BME. CCA marker KRT7, EMT markers Vimentin and MUC1, ECM-related genes Fibronectin
and Collagen type 1 and cell-ECM interaction related genes Integrin A5 and Integrin B1, were up- or downregulation for CCAOs
cultured in dLECM when compared to matched CCAOs cultured in BME.
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Discussion

CCA metastatic models with human-derived ECM of target organs for metastasis are lacking, whereas the role of the
ECM in cancer metastasis is crucial [114]. Particularly, the interplay between cancer cells and the ECM within the
metastatic organ contributes to the dynamics of metastatic colonization [115, 116]. In this study, we demonstrated
the capability to decellularize human-derived tissue of common distant metastatic locations for CCA, lung and lymph
node, and revealed biomechanical and biochemical characteristics of the dLECM and dNECM which recapitulated
the tissue of origin. Additionally, as a proof-of-concept, patient-derived CCAOs were cultured in dLECM to model
metastatic colonization of CCA in the lungs in vitro, to understand the role of the ECM in metastatic outgrowth. The
dLECM supported the adhesion, invasion and culture of CCAOs. The metastatic outgrowth of CCAOs in dLECM was
dictated by both the CCAO line, representing the tumor itself, as well as the dLECM donor, representing the ECM of
the target organ. CCAOs cultured in dLECM showed lower metabolic activity and differential gene expression profiles
compared to CCAOs cultured in BME.

The decellularization method used in this study, utilizing TX-100, successfully removed cellular material from both
human lung and lymph node tissue. The decellularization of human lymph nodes has not yet been reported in the
literature. Established requirements for complete cell removal after decellularization were met and essential ECM
components, including collagens and sGAGs, were retained. The decrease in DNA content and retention of ECM
components between dLECM and dNECM were similar, but differences in tissue structure and the presence of collagen
were noticed. The loss of sGAGs after decellularization might be due to the loss of intracellular sGAG-interacting
proteins while the extracellular sGAG-interacting proteins were preserved, since the used sGAG assay did not differen-
tiate between these two types of sGAGs [117]. Two lymph nodes did not meet the threshold of <50 ng DNA/mg wet
tissue, which could be ascribed to their relatively greater dimensions compared to the other lymph nodes and might
need more TX-100 decellularization cycles. The inaccuracy of the Nanodrop for relatively small amounts may also
have played a role.

The mechanical role of the ECM in cancer metastasis is complicated due to the interaction of numerous factors. Matrix
stiffness, but also pore size, viscoelasticity, fiber network configuration, crosslinking proteins, density and cancer cell
stiffness are players in the biophysical interactions between cancer cells and their environment [118, 119]. These factors,
in turn, effect matrix remodeling, cell spreading, migration and differentiation of cells [65]. Therefore, biomechanical
characterization of the decellularized tissues was performed to eventually augment understanding of the reciprocal
relationship between the ECM stiffness and the outgrowth of cancer cells. Similar macro- and micro-scale stiffness for
dLECM and dNECM were obtained, with a notable variability in the macro-scale stiffness between dNECMs. The
variability in macro-scale stiffness of dLECMs and dNECMs can be attributed not only to the biological variability of
lungs and lymph nodes, but also to their exact locations of origin in the human body, which are unknown for both
tissue types [120]. To note, during rheology measurements, the dLECMs were only 400µm thick, but the contact point
was found at a gap ≥ 1.1 mm. This may be due to tissue folding or the dLECM being swollen between cutting and
placement on the rheometer, but it should not affect the results. The heterogeneity in the micro-scale stiffness was
expected because of the structure of the alveolar septa in lung, and the differences in pore size and reticular meshwork
in lymph nodes (Fig. 5A, 6C,D) [88, 121]. Although the obtained mechanical properties (Young’s modulus) of dLECM
are comparable to literature, these properties are only known for animal-derived dLECM, non-decellularized human
ECM or engineered hydrogels, clarifying the relevance of this study (Table S5, S6). Mechanical characterization of
human dNECM is absent in the literature.

This study demonstrated that patient-derived CCAOs can be cultured in dLECM to create an in vitro model
encompassing both cellular and environmental aspects of metastatic colonization of CCA in the lungs. The model
exhibited biocompatibility, adherence, growth, and metabolic activity of CCAOs in dLECMs. As anticipated, CCAOs
cultured in dLECM exhibited significantly lower metabolic activity compared to those cultured in BME, confirming
the significance of the enhanced model. This observed difference can be attributed to the bioactive micro-environment
and growth factors provided by BME that promote cell viability. To note, differences were obtained in PrestoBlue
measurements and expansion (bright field images and microscopic observations) between biological replicates (Fig.
S12). However, we limited the variability in PrestoBlue measurements by using multiple donors for the lung and
multiple CCAO lines. Donor-dependent metabolic activity was observed, with dLECM3 favoring the metabolic activity
of CCAO1 and CCAO3 compared to dLECM1 and dLECM2. To note, dLECM3 was obtained from a current smoker,
which is in contrast to the other two donors (former smoker <10 years and never smoke). Although the relationship
between smoking and metastasis of CCA to lung has not been studied, previous studies have shown that smoking
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contributes to the initiation and progression of other types of cancers such as soft tissue sarcoma, esophageal cancer,
breast cancer and colorectal cancer [122, 123, 124, 125]. Further research is necessary to establish a direct relationship
between smoking and metastasis of CCA to the lungs, given the dependence on multiple variables.

Discussing the normalized metabolic activity assay data, the results indicate that CCAO2 is the least metabolically
active (Fig. S17, right). However, zooming in on the absolute values of CCAO2 (Fig. S17, left), these indicate that the
metabolic activity of CCAO2 had already higher absolute values at day 1 and day 4 after recellularization compared
to CCAO1 and CCAO3. This can be due to the longer time taken by CCAO1 and CCAO3 to pave their way into the
dLECM or for the switch from a dormant to a proliferative phenotype in the new environment, indicating organoid
line dependent outgrowth.

Gene expression profiles of dLECM recellularized with CCAOs expressed up- or downregulated genes in comparison to
CCAOs cultured in BME. The differences between BME and dECM scaffold cultures in structure (hydrogel versus
scaffold), growth dimension (3D versus 2.5D), and components, likely had a significant impact on the observed gene
expression. Notably, cancer stem cell markers LGR5 and CD133, and EMT marker E-cadherin, showed downregulation
when CCAOs were cultured in dLECM compared to BME. LGR5 and CD133 expression in CCA may also be associated
with EMT [126, 127]. Therefore, our findings suggest that the extent of EMT is dependent on the microenvironment
of the CCAO cultures, and should be taken into account in an in vitro model for metastasized CCA. While no clear
pattern of up- or downregulation was observed for the EMT marker Vimentin in recellularized dLECMs compared to
CCAOs cultured in BME, its expression in the former corresponds to the visible Vimentin expression in whole-mount
confocal imaging. Overall, the up-or downregulation of the genes KRT7, Vimentin, MUC1, Fibronectin, Collagen
type 1, Integrin A5 and Integrin B1 in CCAOs cultured in dLECM compared to BME was heterogeneous, both in
expression between different CCAO lines and dLECMs, making it difficult to draw firm conclusions. Also, qPCR
results from only two dLECMs (dLECM1 and dLECM3) were included in the analysis of CCAO3 cultures, due to
the undetermined Ct values for CCAO3 cultured in dLECM2 for unknown reasons. Gaining gene expression profiles
at earlier time points after recellularization, in addition to day 18, may aid in the understanding of the biological
interactions between CCAOs and dLECM.

To build upon the findings, future research is required, beginning with revising and optimizing the decellularization
method. According to the literature, TX-100 is more efficient and less damaging and cytotoxic than alternatives
used for decellularization such as sodium dodecyl sulfate (SDS), sodium deoxycholate (SD), CHAPS, NaOH and
Trypsin/EDTA [89, 90]. However, there is currently no unequivocal optimal method known for the decellularization of
lung and lymph nodes, let alone specifically for human-derived lymph nodes and 400µm thick human-derived lung
slices [88, 89, 128, 129, 130]. Conclusions in literature on decellularization methods often rely on animal-derived tissue,
which may be representative but not fully analogous to human-derived tissue [131]. Although the decellularization
method employed was sufficient, it could be improved in terms of optimizing speed, efficiency, slice thickness, and
minimizing the use of harsh detergents. The effect of decellularization detergents may vary depending on the thickness
of the slices and the duration of exposure [128], thus highlighting the need for future research to identify an optimal
decellularization method for human lung slices and lymph nodes.
Decellularization methods and tissue section thickness can potentially impact biochemical and biomechanical char-
acteristics, such as composition and stiffness of the dECM [132, 133]. While Melo et al. (2014) found that various
decellularization methods did not significantly alter the local stiffness of dLECM, this has yet to be investigated in
relation to lymph nodes and the impact of tissue thickness [120]. Further research can investigate the mechanical
properties of the dECM resulting from different decellularization methods and tissue thickness to optimize the
recapitulation of in vivo ECM. Furthermore, decellularization of human lung and lymph nodes has potential beyond
facilitating the modeling of CCA metastatic colonization. This includes the development of disease models for lung
and lymph nodes, the production of tissue scaffolds using bioprinting, and tissue engineering [134].

Through characterization of the macro- and micro-scale stiffness of human dLECM and dNECM, this study provides
a partial understanding of the mechanical properties of these scaffolds. However, a comprehensive assessment of the
mechanical properties, including porosity and fiber network configuration, requires further investigation. Although
hydrogels do not perfectly replicate the unique ECM composition of the tissue being mimicked, future studies could
use polyethylene glycol or polyacrylamide gels with a (tunable) stiffness adjusted to the ECM of the metastatic
location. Combining these gels with CCAOs may help elucidate the complex and multifactorial role of the ECM
in cancer metastasis. For instance, previous studies have investigated the stiffness-mediated responses of mouse
breast cancer cells, paradigms of morphogenesis of intestinal organoids embedded in PEG-based hydrogels, and the
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upregulation of a mechanoresponsive pathway in hepatocellular carcinoma metastasis due to high matrix stiffness by
utilizing mechanically tunable polyacrylamide gels [135, 136, 137]. The performed mechanical characterization can
serve as preliminary work for future research into the development of dLECM and dNECM stiffness in response to
recellularization with CCAOs.

Based on metabolic activity measurements, our study suggests that both dLECM donor variations and CCAO lines
influence the viability of CCAOs in dLECM, possibly due to genetic variations within CCAO lines and variations
in dLECM composition. To better understand whether and why CCAOs prefer a specific scaffold for migration
and colonization, larger sample sizes (dLECM: N>3, CCAOs: N>3) and extended gene expression analysis are
needed. Further analysis of (recellularized) dECMs using mass spectrometry and matrisome techniques, as well as
RNA sequencing, could enhance our understanding of the underlying mechanisms between the ECM and cancer cells
in metastasized CCA. Although metabolic activity of recellularized dLECM was compared with CCAOs cultured
in BME, BME is less stiff, dense and porous than dLECM, making it easier for organoids to invade and grow
[138, 139]. Therefore, future research should investigate the influence of organ-specific acellular scaffolds on CCAOs
by comparing their metabolic activity in dLECM with acellular scaffolds of other metastatic organs, such as lymph
nodes, instead of BME. The underlying mechanism of organoid migration into the scaffolds can be investigated by
using GFP-tagged organoids [140, 141, 79]. Furthermore, it is recommended to use CCAOs with lower passage num-
bers to avoid potential influence on results due to high passage numbers (>140) of the CCAOs used in the present study.

To gain a more comprehensive understanding of the metabolic activity of CCAOs in dLECM, it is important to
acknowledge the potential limitations and biases of the methods used. While the PrestoBlue assay used in this study
is a commonly used and effective approach for measuring cell viability, it has been reported to be toxic to some types
of tumor cell lines [142]. To overcome these limitations and potential biases, additional metabolic activity assays can
be considered alongside PrestoBlue.

Within the created model, the dLECM acts as a pre-metastatic niche. This niche affects colonization, adhesion,
differentiation but also proliferation of the tumor cells in vivo, according to the literature [116]. In our model, a
pre-metastatic niche was absent. This could be incorporated by first introducing immune cells and cancer cell-
derived extracellular vesicles (EV), followed by recellularization with CCAOs to investigate if recapitulation of a
pre-metastatic niche using this approach, promotes CCAO growth [143, 144]. EVs secreted from cancer cells play a
critical role in multiple steps from oncogenesis to early metastasis, including the generation of a pre-metastatic niche
[145, 146]. Immune system components are essential to find drug targets and develop therapies eventually, and can
be integrated in the designed model utilizing a recently established co-culture method of CCAOs and immune cells [147].

Recently, more research has focused on developing a tumor-microenvironment-on-a-chip, metastasis-on-a-chip [148, 149]
and immune-organs-on-a-chip platforms [150], to recapitulate and understand the interaction between the tumor, TME
and the immune system. Microfluidic device addition could reconstruct physiological dynamic characteristics in tissue
in a controllable environment, similar to Wang et al. (2020) performed for the progression of kidney cancer in the liver
[141]. The combination of dECM with tumor organoids used in this study can serve as a foundation for the future
development of a CCA-metastasis-on-a-chip model. Such a microfluidic device has the potential to facilitate the mech-
anistic study of cancer metastasis in vitro, enabling the screening of anti-cancer drugs and the development of therapies.

The ultimate goal is to eventually personalize CCA and CCA metastasis treatment to increase the patient survival rate
and reduce patient burden. The established model in this study does not provide a patient-specific model encompassing
both CCAOs and ECM material from the same donor. Instead, this model demonstrates that by combining dECM
of the metastatic location and CCA organoids, avenues are opened to study the interaction of primary epithelial
CCA cells and their metastatic ECM environment using human-derived tissue. If practically feasible, combining
both immune cells, EVs, CCAOs and ECM material from the same donor would be optimal for the creation of a
patient-specific in vitro model. The experimental set-up of this study can be applied to other tissue types. In the short
term, the developed model is not intended to replace animal models, but rather to complement them in CCA metastasis
research. Elucidating the interplay between tumor organoids and tissue-specific decellularized scaffolds in vitro, may
lead to more effective (ECM-)targeting therapies for patients with metastasized CCA. The application of the three
R’s principle (reduction, replacement, and refinement) in animal studies is consistent with ethical considerations and
promotes exploring alternative systems, such as in vitro models [151]. Therefore, the combination of patient-derived
CCAOs and human-derived dECMs of metastatic locations presents a promising avenue for scientific inquiry that may
reduce reliance on animal models.
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Conclusion

Acellular scaffolds of human-derived lung and lymph nodes were successfully obtained via decellularization. Biochemical
and biomechanical characterization has demonstrated the preservation of tissue-specific characteristics and has enhanced
the understanding of the mechanical properties of dLECM and dNECM. As a proof-of-concept, this study showed
the adherence, growth and metabolic activity of CCAOs in dLECM, valuable for creating an in vitro model for the
metastatic outgrowth of CCA in lung. CCAOs cultured in dLECM exhibited lower metabolic activity compared to
CCAOs cultured in BME and the viability of CCAOs was dictated both by the scaffold donor as the organoid line.
Furthermore, the differences in gene expression levels of CCAOs cultured in these two different culture environments,
dLECM and BME, stress the importance of incorporating the ECM of the metastatic location in an in vitro model.
Converging patient-derived organoids with organ-specific human-derived dECM, provides a valuable tool for integrating
the ECM of the metastatic location to probe interactions between the ECM and the primary epithelial CCA cells in a
metastatic setting.
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Supplementary Materials and Methods

Sample procurement
The collection of the tissue and initiation of the organoids was already done by the lab staff of the Erasmus MC. I
received the organoids in a 24-well plate that were already passaged 144 times.

Component Concentration Brand

AdvDMEM12+++ 82.6% Gibco
N2 1% Gibco
B27 2% Gibco
Gastrin I 10 nM Sigma
FGF10 100 ng/ml Peprotech
HGF 25 ng/ml Peprotech
EGF 50 ng/ml Peprotech
A83.01(Ti) 5 µM Tocris
Nicotinamide 10 mM Sigma
Forskolin 10 µM Tocris
Acetylcystein 1 mM Sigma
R-SPondin CM 10% Conditioned medium

Table S1: EM components, concentrations and brands.

Figure S1: CCAO in BME domes cultured in a 12-well plate.
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Decellularization

Lymph node Human
donor type1

M/F Age BMI Smoking Pack
years2

Lymph node1 DCD M 56 25 No 0
Lymph node2 DBD F 57 28 No 0
Lymph node3 DBD F 55 15 Yes 50
Lymph node4 DCD M 13 16 No 0
Lymph node5 DBD F 44 25 Yes 12
Lymph node6 DBD M 82 27 No 0
Lymph node7 DBD M 55 23 Yes 5
Lymph node8 DBD M 50 26 Yes 15
Lymph node9 DBD F 74 22 No 0
Lymph node10 DBD M 58 21 No 0
Lymph node11 DBD F 63 21 Yes 13
Lymph node12 DBD M 31 31 Yes 1
Lymph node13 DBD F 58 21 No 0
Lymph node14 DCD M 51 24 No 0
Lymph node15 DBD F 31 26 No 0
Lymph node16 DBD M 47 24 No 0
Lymph node17 DCD F 55 26 No 0

Table S2: Information lymph node donors. Human donor type1: DCD = donation after circulatory dead, DBD = donation
after brain dead. Pack years2: a pack year is defined as 20 cigarettes smoked every day for one year.

Analysis Lymph nodes used

DNA content Lymph node1-17
Collagen assay Lymph node6,7,8,17 (T=0); dNECM1,2,8,15 (T=decell)
sGAG assay Lymph node4,8,9,10,17 (T=0); dNECM2,3,4,13,16 (T=decell)
Nanoindentation dNECM1, dNECM2, dNECM3
Rheology dNECM2, dNECM10, dNECM16
Recellularization trial dNECM5

Table S3: Lymph nodes used per analysis. Numbers corresponds with patient ID in excel file ’Lymph nodes.MvB’.
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Figure S2: Decellularization process and mechanical characterization experimental set-up. A) Decellularization
process for lung tissue and lymph nodes in an Erlenmeyer flask on a multi-position magnetic stirrer. B) Nanoindentation
experimental set-up (left) and glued decellularized lung (middle) and lymph node (right) inside a 35 mm petri dish. C) Rheology
experimental set-up (left) and sample width measurement of a decellularized lymph node (right).
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Figure S3: Biopsies and decellularized lung and lymph nodes after fixation in 4% PFA and before the addition of
2% agarose and paraffin embedding. hLu17, hLu18, hLu19 = Lung1, Lung2, Lung3.

Recellularization

Figure S4: Recellularization. Recellularized dLECMs in 24-well suspension cell culture plate, demonstrating the drop of 5 µl
cell-EM mixture onto the with AdvDMEM washed dLECM.
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Genes Forward primer sequence 5’ to 3’ Reverse primer sequence 5’ to 3’

CD133 CCTGGGGCTGCTGTTTATTA ATCACCAACAGGGAGATTGC
Collagen A1 CCCAGGTCCCCCTGGAAAGA CCCGGCAGCACCAGTAGC
Collagen A3 TACCAAGGACCCCCTGGTGAA GGTCGTCCGGGTCTACCTGAT
E-cadherin CTGGACAGGGAGGATTTTGA ACCTGAGGCTTTGGATTCCT
Fibronectin TGCACATGCTTTGGAGGCCA GCATGAAGCACTCAATTGGGCA
GAPDH CTTTTGCGTCGCCAGCCGAG CCAGGCGCCCAATACGACCA
HPRT ACCAGTCAACAGGGGACATAA CTTCGTGGGGTCCTTTTCACC
Integrin A5 AGGGTCGGGGGCTTCAACTTA GAGCGGCAGGGTGCATACTC
Integrin B1 GGACGCCGCGCGGAAAAGAT CACCCACAATTTGGCCCTGCT
Ki67 CTACGGATTATACCTGGCCTTCC AGGAAGCTGGATACGGATGTCA
KRT7 GGGGACGACCTCCGGAATAC CTTGGCACGCTGGTTCTTGA
LGR5 GTCAGCTGCTCCCGAATCCC TGAAACAGCTTGGGGGCACA
MUC1 AGAGAAGTTCAGTGCCCAGC TGACATCCTGTCCCTGAGTG
Vimentin CGGGAGAAATTGCAGGAGG TGCTGTTCCTGAATCTGAGC

Table S4: Primers

Supplementary Results

Decellularization
Transparent dLECM slices stuck together (Fig. 5C, S5E). Whether lymph nodes were entirely intact or disintegrated
after decellularization varied between lymph nodes (Fig. S5C).
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Figure S5: Additional confirmation of successful dLECM and dNECM. A, B) H&E staining of lung (n=3) and
lymph nodes (n=5) before (T=0) and after (T=decell) decellularization showed efficient removal of cells from the scaffold and
maintenance of ECM structure. Black scale bars for Lung1, Lung2, Lung3, LN1, LN27 indicate 250 µm, white scale bars for LN6,
LN7, LN12 indicate 100 µm. C, D) DAPI staining of lung (n=3) and lymph nodes (n=3) before and after decellularization
confirmed the removal of nuclear material from the scaffold. The image brightness was increased in the last column to make the
remaining scaffold visible. Scale bars indicate 400 µm. E) Lung slices of 400 µm and entire lymph nodes of 1 cm before and
after decellularization demonstrate the removal of cells and maintenance of ECM structure by its transparent appearance.
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(a) Collagen A1 (b) Collagen A3

Figure S6: Additional images of the preservation of ECM compound collagen type 1 (left) and type 3 (right) of
before (T=0) and after (T=decell) decellularization for lung (n=2) and lymph nodes (n=2)

Figure S7: Collagen type 3 staining of lung shows the bronchiole (purple circles with cells). Scale bars indicate 100 µm.

Tissue type Tissue
Thickness

Method Young’s Modulus Reference

Rat parenchymal strips (dLECM) - Uniaxial tensile testing 0.38± 0.07 kPa [152]
Rat right upper lobe (dLECM) 20 µm Tensile test 0.33-1.93 kPa [153]
Porcine (dLECM hydrogel) 100 µl Rheology 15-60 Pa [154]
Human (dLECM hydrogel) - Stress relaxation testing 1.1± 0.2 kPa [155]
Rat (dLECM) - Ultimate tensile

strength
22.3± 1.8 kPa [156]

Porcine (dNECM hydrogel) 5 mg/mL Frequency sweep 93.09 Pa [157]

Table S5: Macroscopic properties of decellularized lung (hydrogel) and lymph node hydrogel.
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Tissue type Tissue
Thickness

Method Young’s Modulus Reference

Human (dLECM) 1000 µm AFM 1.6± 0.08 kPa [158]
Rat parenchymal slices (dLECM) 16.8 µm AFM 7.9± 0.7 kPa [152]
Rat alveolar septum (dLECM) - AFM 15 kPa [120]
Rat tunica intima (dLECM) - AFM 60 kPa [120]
Rat (dLECM) 20 µm AFM 1.3-7.1 kPa [153]
Mice and Rat (dLECM) 20 µm AFM 263.0± 29.9 Pa [128]
Commercial BME - Nanoindentation 399± 114 Pa [138]

Table S6: Microscopic properties of decellularized lung and BME.

Figure S8: Representative graph obtained during nanoindentation using Optics 11 life software. Viscoelastic
behavior is visible (space between loading and unloading curve).

Figure S9: Representative stress vs strain curve obtained by rheology measurements
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Recellularization
Although CCAOs were grown on dNECM (n=1), besides noticing cellular proliferation, due to time, no further analysis
were done due to time constraints (Fig. S14).

Figure S10: Expansion and viability of CCAOs. A) Bright field microscopy images of CCAOs (n=3), growth from day 0
until day 7 after splitting. Scale bars indicate 2000 µm. B) Images of live/dead staining of CCAOs grown in BME, showing
their viability. Calcein (green) represents live cells, PI (red) represents dead cells and Hoechst stained all cell nuclei. Scale bar
CCAO1 indicates 1000 µm, scale bars CCAO2 and CCAO3 indicate 400 µm.
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Figure S11: Additional recellularized dLECM combinations demonstrating adhesion and growth of CCAO in
dLECMs. A,B,C) Bright field microscopy images of CCAOs (n=3) cultured in dLECM (n=3) on day 7 and day 14 after
recellularization; (A) dLECM1, (B) dLECM2, (C) dLECM3. Yellow arrows indicate ingrown and adhered organoids. White
scale bars indicate 400 µm, black scale bars indicate 1000 µm.
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Figure S12: Variation in color of the expansion medium between biological replicates of recellularized scaffolds
(CCAOs + dLECMs) during culturing in 48-wells plate, indicating different growth rates. CCA14=CCAO2,
CCA27=CCAO3, hLu17=dLECM1, hLu18=dLECM2, hLu20=dLECM3.
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Figure S13: Live/dead staining of all combinations demonstrating alive CCAOs after recellularization in dLECM.
Merged images of calcein (green) representing live cells, propidium iodide (red) representing dead cells and Hoechst, representing
cell nuclei. (A) dLECM1, (B) dLECM2, (C) dLECM3. White scale bars indicate 400 µm, black scale bars indicate 1000 µm,
gray scale bars indicate 2000 µm.
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Figure S14: Recellularized dNECM with CCAOs. Representative bright field microscopy images of CCAOs cultured in
dNECM on day 1 and day 11 after recellularization. The growth of organoids in dNECM5 is visible. White scale bars indicate
2000µm, black scale bars indicate 400µm.

Figure S15: Increased metabolic activity of recellularized dLECM with CCAOs during 18 days after recellulariza-
tion. Two-way ANOVA multiple comparisons statistical test was performed. A) Significant differences were present at T=14
(p=0.0018) and T=18 (p=0.0160) days. B) Significant differences were present at T=11, T=14 and T=18 between dLECM1 and
dLECM3 (p=0.0002, p=0.0039, p=0.0496 respectively) and between dLECM2 and dLECM3 (p<0.0001, p=0.0003, p=0.0073
respectively) C) Significant differences were present at T=11 between CCAO2 and CCAO3 (p=0.0331).
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(a)

(b)

Figure S16: Additional representation of metabolic activity measurements of CCAOs (n=3) cultured in dLECM
(n=3). In (a) is the data combined considering CCAO lines to compare dLECMs and in (b) considering dLECM donor, to
compare CCAO lines. Left column: Two-Way ANOVA test performed, values of 1 line matched by time. Right column: Two-Way
ANOVA multiple comparisons test performed.
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Figure S17: Additional representation of metabolic activity measurements of recellularized dLECM with CCAOs
during 18 days after recellularization. Left: non normalized data. Right: data is normalized to day 1 (D1).

Figure S18: Whole-mount confocal images for Phalloidin (green), Vimentin (red) and DAPI (blue) for CCAO2
and CCAO3 in dLECM2 at day 18 (CCAO2) and day 19 (CCAO3) after recellularization. Scale bars indicate 100
µm.
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