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Short abstract: 
Here we present a protocol to co-culture in three-dimensions, which is useful for 
investigating multicellular interactions and extracellular matrix-dependent modulation 
of cancer cell behavior. In this experimental model, cancer cells are cultured on 
collagen gels embedded with human cancer-associated fibroblasts. 
 
Long abstract: 
Cancer progression (initiation, growth, invasion and metastasis) occurs through 
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tumor microenvironment is comprised of a variety of cell types, such as fibroblasts, 
immune cells, vascular endothelial cells, pericytes and bone-marrow-derived cells, 
embedded in the extracellular matrix (ECM). Cancer-associated fibroblasts (CAFs) 
have a pro-tumorigenic role through the secretion of soluble factors, angiogenesis 
and ECM remodeling. The experimental models for cancer cell survival, proliferation, 
migration, and invasion have mostly relied on two-dimensional monocellular and 
monolayer tissue cultures or Boyden chamber assays. However, these experiments 
do not precisely reflect the physiological or pathological conditions in a diseased 
organ. To gain a better understanding of tumor stromal or tumor matrix interactions, 
multicellular and three-dimensional cultures provide more powerful tools for 
investigating intercellular communication and ECM-dependent modulation of cancer 
cell behavior. As a platform for this type of study, we present an experimental model 
in which cancer cells are cultured on collagen gels embedded with primary cultures of 
CAFs. 
 
Introduction: 
Cancer tissue can be perceived as a type of organ, which evolves through close 
interactions between the cancer and the tumor stromal microenvironment, composed 
of cancer-associated fibroblasts (CAFs), immune cells, tumor vessels and the 
extracellular matrix (ECM). CAFs are the major source of soluble factors (cytokines, 
growth factors and chemokines) that exert mitogenic, pro-migratory and pro-invasive 
effects on cancer cells. They also stimulate tumor vessel formation and recruit 
precursor cells, such as bone marrow-derived cells (BMDC). Activated CAFs are 
involved in the production and remodeling of the ECM, thereby promoting the growth 
and spread of cancer cells1. CAFs also provide a niche that facilitates tumor cell 
colonization and metastasis and are capable of conferring stem cell phenotypes onto 
neighboring cancer cells. Pathological observations suggest that stromal reactions or 
fibrotic changes in cancer tissues are indicative of a poor prognosis. Recent studies 
have also demonstrated that tumor stromal features, such as the gene signature, can 
predict patient prognosis. Furthermore, CAF-derived factors can modulate sensitivity 
to chemotherapy, highlighting the role of CAFs in determining drug sensitivity and 
resistance2. 
 
As CAFs play a multifaceted role in the promotion of tumor progression through 
signaling pathways that mediate interactions between CAFs and different cell types 
within the tumor microenvironment, they have attracted increasing attention as novel 
targets for cancer therapies. The heterogeneity of the cell populations within the 
cancer microenvironment presents an obstacle for targeting CAFs. Several markers 
for CAFs have been proposed, such as α-smooth muscle actin (α-SMA), fibroblast 
activation protein (FAP), and fibroblast specific proten-1 (FSP-1: also called S100A4); 
however, these molecular markers are not specific for distinguishing CAFs from other 
cells present in non-cancerous tissues3. Therefore, further studies are needed to 
obtain more knowledge about the specific properties of CAFs. To this end, it is 
informative to characterize primary cultured CAFs compared with patient-matched 
normal fibroblasts. 
 
Recently, analyses on patient-derived CAFs have been reported in several cancer 
types, revealing unique gene expression patterns and cell behaviors compared with 
fibroblasts derived from non-cancerous tissues. Using isolated CAFs from human 
lung cancer tissues, we developed a three-dimensional co-culture method, enabling 



us to evaluate the properties of lung CAFs. In this model, we investigated the effects 
of the CAFs on lung cancer cell invasion, proliferation and collagen gel contraction, 
which experimentally recapitulated the tumor-promoting roles of lung CAFs4. 
 
Protocol Text: 
 
This study was approved by the appropriate Ethics Committees. 
 
1. Primary culture of human lung fibroblasts 
 
1.1) Collection of lung tissue 
 
1.1.1) Obtain human lung tissue samples from the surgical operating room directly. 
Collect approximately 1 cm3 blocks from cancerous and non-cancerous lung tissue, 
with the non-cancerous sample collected as far away from the tumor as possible.  
 
1.1.2) Suspend the samples in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin and 0.25 μg/ml 
amphotericin B (serum-free medium). Maintain the suspended samples in sterile 50 ml 
tubes and transfer to the laboratory. 
 
Note: Fibroblasts are highly migratory and proliferative compared with other cell types, 
such as epithelial, endothelial and smooth muscle cells. The outgrowth method takes 
advantage of these features of fibroblasts, and outgrowing cells from tissue sections 
are abundant in fibroblasts. After several cell passages, other cell types fail to survive 
and propagate in DMEM with 10% fetal bovine serum (FBS), resulting in purified 
fibroblast cell cultures. The cells could be used 3-7 passages following primary 
culture. 
 
1.2) Explant culture and conditioning for cell outgrowth 

 
1.2.1) Perform primary culture of fibroblasts using a previously reported protocol with 
modifications5. 
 
1.2.2) In the laboratory, place the tissue sample on a 10 cm tissue culture dish without 
culture medium and cut into small sections ~2-3 mm in size using sterile forceps and 
a scalpel. During this process, avoid making the section dry, otherwise the efficiency 
of cell outgrowth is impaired. 
 
1.3) Separation of the epithelial cell layer and connective tissue 

 
1.3.1) Soak the cut tissue sections in culture medium containing 2,000 PU/ml dispase 
I and culture for 16 h at 4 °C.  
 
1.3.2) Transfer the tissue sections to a dish, and separate the epithelial cell layer from 
the adjacent connective tissue. Process the sections in a clean bench to avoid 
contamination of microorganisms.  
 
1.3.2.1) If primary culture of epithelial cells is needed, perform step 1.3.2. If only 
fibroblasts are to be isolated, omit step 1.3.2 because the subsequent explant culture 



and cell passages are unfavorable for epithelial cells, which yield purified fibroblast 
populations. 
 
1.4) Fixation of tissue sections 

 
1.4.1) Mince the tissues into 1 mm pieces using two scalpels. If the pieces are not 
small enough, they detach more easily from the dish, and the cells will fail to outgrow 
on the dish surface.  
 
1.4.2) Place small lung tissue sections apart from each other to maintain an empty 
area surrounding each piece. Make scratches on the surface of the tissue culture dish 
using a scalpel blade to provide an obstacle for spreading cells.  
 
Note: Scratching also appears to facilitate cell outgrowth, providing tracks along 
which cells can migrate.  
 
1.4.2.1) Alternatively, place minced tissue pieces individually into each well of a 6-well 
plate, and cover them with a cover slip. Attach the cover slip to the surface of the 
plate using silicone grease.  
 
1.4.2.2) Place silicone grease at two points 1 cm apart in each well using a sterile pin. 
Coverage of tissue pieces enhances the efficacy of cell outgrowth and cell 
propagation following several passages. 
 
1.5) Subsequent explant culture 
 
1.5.1) Gently add culture medium to the dish before the tissue sections dry out, as 
efficient cell outgrowth is lost for the most part if the samples dry out. Do not pour the 
medium too rapidly as the tissue sections would detach. 
 
1.5.2) Culture cells in DMEM with 10% FBS. Use enough medium to just cover the 
tissue, but not too much that it allows floating, as additional buoyancy promotes 
detachment from the dish. 
 
1.6) Cell passage 
 
1.6.1) Handle the culture medium with care at all times as repeated movements of the 
culture dish can lead to detachment of the tissue sections.  
 
1.6.2) Place the culture dishes in an incubator at 37 °C for 5‒ 7 days. Refresh the 
medium every other day, and handle the culture dishes minimally during the medium 
changes. Fibroblasts outgrow from the edge of the tissue sections over the next few 
weeks. 
 
Note: After ~2-3 weeks, outgrowing fibroblasts almost reach confluence, depending 
on the amount of surface area.  
 
1.6.3) Wash cells with 1X PBS, and add 1 ml of trypsin I to the plate.  
 
1.6.4) After trypsinization, detach the cells using 9 ml of DMEM supplemented with 



10% FBS. Collect cells suspended in the medium in a 10 ml tube, together with the 
tissue sections.  
 
1.6.5) Seed the cells and tissue sections onto a new culture dish, at which point the 
tissues fail to attach to the dish while the cells adhere and grow. The following day, 
remove the floating tissue pieces by aspiration, and change the medium. Attached 
fibroblasts propagate with subsequent cultures. 
 
2. Three-dimensional co-culture of human lung fibroblasts and cancer cells 
 
2.1) Preparation of cells and reagents 
 
2.1.1) Approximately use 2 x 105 epithelial cells and 2.5 x 105 fibroblasts per well. 
Prepare Collagen type IA (3 mg/ml, pH 3), FBS (100%), Reconstitution buffer (50 mM 
NaOH, 260 mM NaHCO3, 200 mM HEPES), 5x DMEM, DMEM supplemented with 
10% FBS for fibroblast culture, and a 3D co-culture medium (a 1:1 mixture of 
fibroblast culture medium (DMEM with 10% FBS) and culture medium) for cancer 
cells. 
 
2.1.2) Culture A549 lung adenocarcinoma cells, the fibroblasts and the A549 3D 
co-culture in DMEM supplemented with 10% FBS. 
 
2.2) Collagen gel formation  
 
2.2.1) Wash fibroblasts cultured on 10 cm dish with 1X PBS, and add 1 ml of trypsin I 
to the plate. After trypsinization for ~5 min at 37 °C, detach the cells using 9 ml DMEM 
supplemented with 10% FBS. Collect cells suspended in the medium in a 10 ml tube, 
and centrifuge them at 200~300 x g to form cell pellets. 
 
2.2.2) Resuspend the resulting pellets in 100% FBS at a density of 5 x 105/ml. 
2.2.3) Prepare the collagen gel on ice. Cool the reagents, pipettes and tubes in a 
refrigerator prior to the following procedure. Even on ice, the mixture solidifies to 
some extent, and the total volume is less than the sum of all constituents. 
 
2.2.4) In each well, prepare the collagen gel by mixing 0.5 ml of fibroblast suspension 
(2.5 x 105 cells) in FBS, 2.3 ml type IA collagen, 670 μl 5x DMEM, and 330 μl 
reconstitution buffer. Allow the gels to set readily at room temperature. 
 
2.2.4.1) Vigorously pipette to ensure a homogenous mixture. Avoid creating bubbles 
during the pipetting process. 
 
2.2.5) Add the mixture (3 ml) to each well of a 6-well plate and allow to gelatinize in 
the incubator at 37 °C without disturbance for 30‒ 60 min. 
 
2.3) Cancer cell culture on the collagen gel 
 
2.3.1) Perform three-dimensional co-culture using a previously reported protocol with 
modifications6. 
 
2.3.2) Resuspend cancer cells in the 3D co-culture medium (or in DMEM with 10% 



FBS in the case of A549 cells) at a density of 1 x 105/ml.  
 
2.3.3) Pour two milliliters of the resuspended cell solution (2 x 105 cells) onto the 
surface of each gel. Modify cell number of cancer cells or fibroblasts in co-culture 
depending on experimental conditions. 
 
2.4) Gel contraction 
 
2.4.1) Incubate gels overnight at 37 °C so the cancer cells can adhere to the collagen 
gel. Detach each gel, and generate a ‘floating culture’ in each well of the 6-well plate.  
 
Note: By using a floating culture, various changes in gel size are induced by 
mechanical tension and collagen degradation, which are mediated by cellular 
interaction between co-cultured cancer cells and fibroblasts. 
 
2.4.2) Use an angled 21-gauge needle or small spatula to separate each gel from the 
edge of the well. Every 2-3 days, refresh the wells with 2 ml of 3D co-culture medium. 
Measure the size of each gel every day for 5 days. 
 
2.5) Analysis of collagen gels 
 
2.5.1) Measure the collagen content of each gel using collagen quantitation methods, 
such as the Sircol assay. Perform transcriptomic analysis or quantitative RT-PCR 
after collecting RNA from the gels5. 
 
3. Air-liquid interface culture and invasion assay 
 
3.1) After culturing the collagen gels at 37 °C for 5 days, expose the contracted gels 
to air by placing them on a mesh (70 μm pore size) in new 6-well plates. Make the 
mesh from commercially available cell strainers used for flow cytometry.  
 
3.2) Position the gels onto the mesh using a sterile spoon, and remove any remaining 
medium from the gels.  
 
3.3) Gently fill each well with 11 ml of 3D co-culture medium. On this condition, 
submerge gels in the medium while expose the upper surface of the gel to air. Define 
this culture condition as air-liquid interface. 
 
Note: After 5-7 days of maintaining the air-liquid interface culture at 37 °C in the 
incubator, invasive cancer cells migrate into the gel. Depending on the cell type and 
as a result of cellular interactions, variable degrees of cell morphological change in 
the cancer cells are induced by the air-liquid interface culture.  
 
3.4) For histological evaluation, fix the gel in formalin solution overnight at room 
temperature and embed in paraffin. Stain vertical sections (4 μm) with hematoxylin 
and eosin (H&E). Perform immunohistochemical analysis on the sections4. 
 
Representative Results: 
This co-culture method, mimicking the tumor microenvironment, is a useful tool to 
investigate the interactions between cancer cells and fibroblasts embedded in 



collagen gels. In the previous study, three parameters were evaluated in this 
experimental model: collagen gel contraction, cancer cell invasion and morphological 
change. Cancer cell proliferation was also estimated using Ki67 immunostaining4. 
Lung tissue samples were collected from cancerous and non-cancerous sections of a 
resected lung lobe (Figure 1A). Samples were minced into small pieces and cultured 
in DMEM supplemented with 10% FBS (Figure 1B). Fibroblasts growing out of the 
tissue section were observed under the microscope (Figure 1C). Primary cultured 
lung fibroblasts were embedded into a collagen gel (Figure 2A, a) and A549 lung 
cancer cells were co-cultured on the gel (b). After floating culture in the medium (c), 
the gel was further cultured under the condition of air-liquid interface (d). The gel was 
fixed in formalin and used for immunohistochemical analyses (e). For air-liquid 
interface culture, the gel was placed on a mesh in a well of 6-well plate (Figure 2B). 
Histological analyses of the gel revealed invasion of A549 cells into the collagen gel 
embedded with lung cancer-associated fibroblasts (Figure 3). 
 
Figure 1. Outgrowth of fibroblasts from surgically resected human lung tissue. 
(A) Samples were collected from cancerous and non-cancerous sections of a 
resected lung lobe. (B) Samples were minced into small pieces and cultured in 
DMEM supplemented with 10% FBS. (C) Fibroblasts grew out of the tissue section 
(arrow). Note that the cells migrated along the scratches made by the scalpel blades 
on the culture dish. Scale bar, 200 μm. 
 
Figure 2. Air-liquid interface culture of the collagen gel. 
A549 cells were co-cultured on a collagen gel embedded with the fibroblasts, and the 
layer of A549 cells was exposed to air by placing the gel onto a mesh in medium 
(A) Experimental procedures of three-dimensional co-culture and air-liquid interface. 
(a) Collagen gel embedded with lung fibroblasts. (b) A549 cells co-cultured on the 
collagen gel. (c) Floating culture. (d) Air-liquid interface (ALI). (e) Fixation of the gel in 
formalin. (B) Representative picture of the gel placed on the mesh in a well of 6-well 
plate. O/N: overnight. 
 
Figure 3. Hematoxylin and eosin staining of cross-sections of a three-dimensionally 
cultured gel composed of A549 cells and human lung fibroblasts. Note that A549 cells 
cultured on the collagen gel invaded the gel embedded with fibroblasts (arrows). 
Scale bar, 200 μm. 
 
Discussion: 
CAFs form a major component of the ECM surrounding cancer cells and not only 
provide a scaffold for the tumor, but also actively participate in tumor development7. 
Accumulating evidence unravels the impact of CAFs or their related molecules on the 
eventual prognosis, highlighting the critical roles of CAF-mediated tumor 
progression8. 
 
In the previous study, we employed outgrowth method to isolate lung CAFs4. In this 
experiment, the maintenance of tissue section adhesion onto the dish surface is 
critical. Cells are unable to migrate out from tissue sections floating in the culture 
medium, and once the tissue sections become detached from the surface, they can 
no longer be used for cell outgrowth on the same culture dish. Cutting of the tissue 
yields exudates, which serve as a glue for attachment to the dish surface. When fixing 
the tissue section with a cover slip, the amount of grease used is also critical. Small 



amounts of grease fail to keep the cover slip attached, while excessive grease 
obscures the cell culture area. Attachment of tissue sections using a cover slip and 
the appropriate pressure is also a key to facilitating cell outgrowth. 
 
The experimental models for cancer cell proliferation and invasion have mostly relied 
on two-dimensional monolayer tissue cultures or Boyden chamber assays. To better 
understand intercellular communication and ECM-dependent modulation of cancer 
cell behavior, three-dimensional co-cultures are powerful tools. Organotypic cultures 
are also useful for investigating multicellular interactions, though they need higher 
technical skills and experimental conditions are limited. 
 
Our co-culture model serves as a platform to evaluate tumor-stromal interactions 
under conditions mimicking the tumor microenvironment. Cells with specific gene 
overexpression or knockdown are easily applicable in our culture system, which is an 
advantage over organotypic culture. Notably, our previous observations suggested 
that co-cultured fibroblasts actively modulate cancer cell differentiation and invasion4. 
It would be of interest to test possible multicellular interactions in our experimental 
setting, such as endothelial cells, inflammatory cells and non-cancerous epithelial 
cells. 
 
Distinct characteristics of CAFs have been demonstrated in co-culture studies or by 
gene expression profiling, using primary CAF cultures and their normal counterparts9. 
On the other hand, these studies have also shown intra-tumoral or inter-individual 
heterogeneity of CAFs10, part of which might be attributable to different levels of 
growth factor signalling11 or transcription factor activation12. Thus, it is essential to 
further characterize heterogeneous CAFs derived from cancer patients13. Following 
repeated cell passages, the characteristics of primary cultured CAFs may be modified. 
Therefore, it would be better to characterize CAFs at early passages. 
 
CAFs contribute to ECM deposition and remodeling, which in turn, may activate CAFs 
through tension-triggered cell signaling. Such a mechanotransduction-mediated 
feed-forward loop of CAF activation has been suggested14, and our collagen gel 
contraction model may provide insights into these mechanisms. The mechanisms of 
collagen gel contraction include cell contraction, proliferation, migration, 
differentiation, and collagen remodeling15. Detailed histological studies and 
experiments using ligands, inhibitors or siRNAs may be helpful to gain a mechanistic 
insight into tumor-stromal interactions.  
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to isolate and culture cancer associated fibroblast (CAFs). The present a protocol to 

co-culture cancer cells and patient derived fibroblast in in three-dimensions for the 

investigating multicellular interactions and extracellular matrix-dependent modulation 

of cancer cell behavior.  

Major Concerns: 

none 

Minor Concerns: 

many grammatical and sentence structuring errors throughout the manuscript. Please 

revise before publication.  

The English in our manuscript has been checked by at least two professional editors, 

both native speakers of English. For a certificate, please see:   

http://www.textcheck.com/certificate/IvC85S 

 

Reviewer #4:  

Manuscript Summary:  

This manuscript describes a methodology for primary 3D co-cultures of CAFs and 

malignant cells from lung cancer. Briefly, primary CAFs are isolated and seeded in a 

collagen gel, upon which malignant cells are seeded. Read-outs from this assay include 

histological assessment of invasion and protein expression, as well as extraction of RNA 

for gene expression analysis. The methodology is well described and comprises an 

important contribution to the plethora of assays to analyze CAF-malignant cell 

interactions. 

Major Concerns: 

1. The authors should discuss more in detail about the advantages and drawbacks of 

http://www.textcheck.com/certificate/IvC85S


their methodology compared to other similar assays, including but not limited to 

trans-well chambers, organotypic cultures etc. 

Thank you for the comment. We added the following sentences in the discussion section 

of the manuscript text.  

‘The experimental models for cancer cell proliferation and invasion have mostly relied 

on two-dimensional monolayer tissue cultures or Boyden chamber assays. To better 

understand intercellular communication and ECM-dependent modulation of cancer cell 

behavior, three-dimensional co-cultures are powerful tools. Organotypic cultures are 

also useful for investigating multicellular interactions, though they need higher 

technical skills and limited experimental conditions.’ 

‘Cells with specific gene overexpression or knockdown are easily applicable in our 

culture system, which is an advantage over organotypic culture.’ 

 

2. The authors should diversify the reference list, as many of the review articles cited 

are stemming from the same lab. Surely there are other authors, and more prominent 

journals that have published recent reviews on this topic. 

Minor Concerns: 

N/A 

Thank you for the comment. We added two recent reviews on this topic. 

 

We hope we have addressed all of the reviewer’s comments and made necessary changes 

in the revised manuscript. Your kind considerations for possible acceptance in the 

Journal of Visualized Experiments are highly appreciated. 
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