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Abstract

Patient-derived organoids (PDOs) serve as invaluable 3D tumor models, retaining the histological 

complexity and genetic heterogeneity found in primary tumors. However, the limitation of small 

sample volumes and the lack of tailored platforms have hindered the research using PDOs. Within 

the tumor microenvironment, cancer-associated fibroblasts play a pivotal role in influencing drug 

sensitivity. In this study, we introduce an agarose microwell platform designed for PDO-based 

tumor and tumor microenvironment models, enabling rapid drug screening and resistance studies 

with small sample volumes. These microwells, constructed using 3D printing molds, feature 

a U-shaped bottom and 200 μm diameter. We successfully generated co-culture spheroids of 

non-small cell lung carcinoma (NSCLC) cells, including NCI-H358 or A549, and NSCLC 

PDOs F231 or F671 with fibroblast cell line, WI-38. Our results demonstrate the production of 

uniformly-sized spheroids (coefficient of variation <30%), high viability (>80% after 1 week), and 

fibroblast-induced drug resistance. The PDOs maintained their viability (>81% after 2 weeks) and 

continued to proliferate. Notably, when exposed to adagrasib, a KRASG12C inhibitor, we observed 

reduced cytotoxicity in KRASG12C-mutant spheroids when co-cultured with fibroblasts or their 

supernatant. The fibroblast supernatant sustained proliferative signals in tumor models. Taking 
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into account the physical features, viability, and drug resistance acquired through supernatants 

from the fibroblasts, our platform emerges as a suitable platform for in vitro tumor modeling and 

the evaluation of drug efficacy using patient-derived tissues.

1. Introduction

Lung cancer is the most common type of cancer worldwide, accounting for nearly 12% of 

all cancers.1,2 Non-small cell lung carcinoma (NSCLC), which accounts for 85% of all lung 

cancer diagnoses, has an overall 5 year survival rate of less than 26% in the United States.3 

Targeted therapies that focus on specific mutations or oncogenic rearrangements in cancer 

cells (e.g., EGFR, ALK, KRAS, MET, ROS1)4 have shown to improve survival rates in 

NSCLC patients with these mutations.5 However, the emergence of acquired mutations and 

drug resistance induced by the tumor microenvironment has led to attenuation in therapeutic 

efficacy.

The tumor microenvironment, which includes fibroblasts, malignant cells, endothelial 

cells, and immune cells, has a significant influence on cancer biology.6 Cancer-associated 

fibroblasts (CAFs) in the tumor microenvironment have a secretory phenotype, releasing 

growth factors, cytokines, and chemokines into the extracellular matrix, that can directly or 

indirectly regulate tumor growth, survival, and drug response.7 For example, the growth 

factors secreted by CAFs, such as hepatocyte growth factor (HGF), fibroblast growth 

factor (FGF), and insulin-like growth factor (IGF), can stimulate tumor proliferative 

capacity and resistance to anti-apoptotic stimuli.8 The promotion of cancer cell proliferation 

is associated with drug resistance,9 resulting in therapeutic resistance of tumors that 

involve fibroblasts in the tumor microenvironment and negatively impact patient survival. 

Thus, drug screening using patient-derived materials should ideally incorporate tumor 

microenvironment components to better predict drug responses in patients.

A significant challenge in studying CAF-induced drug resistance is the scarcity of reliable 

preclinical models. Patient-derived organoids (PDOs) have gained widespread acceptance 

as an ideal 3D tumor platform to evaluating patient-specific drug response as they retain 

the original tumor genotype and phenotype.10 However, the doubling time of PDOs 

obtained from cancer patient biopsies tends to be slow11 compared with the cells in 2D 

cultures.11,12 This discrepancy in growth rates poses limitations on PDOs’ use in drug 

screening with conventional 96 to 384 well plates. Consequently, there is a pressing need 

for a high-throughput drug screening platform that requires only a small number of PDO 

cells. Furthermore, since CAFs have been shown to promote tumor growth and contribute 

to drug resistance, co-culturing them with PDOs can provide valuable insights into how to 

reconstruct tumor microenvironment in vitro, which will aid in the development of a more 

sophisticated screening platform that accounts for the influence of tumor microenvironment 

on the effectiveness of pharmacological agents.

Co-culturing PDOs and CAFs can be accomplished through either juxtacrine (contact-based) 

or paracrine (non-contact-based) co-culture methods.13 In the former approach, both cell 

types are combined at a desired ratio and embedded in an extracellular matrix (ECM), such 

as Matrigel or collagen gel, to support cells in a complex 3D architecture that closely mimics 
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the original tumor microenvironment.6,14–16 This method offers the advantage of precise 

control of over heterotypic and homotypic interactions, allowing for both physical contact 

and interactions through soluble factors. On the other hand, paracrine co-culture methods 

involve using membrane inserts to physically separate the co-cultured cells, enabling the 

study of cell signaling interactions between fibroblasts and tumor cells.17–20 This approach 

allows for the investigation of how each cell type responds individually, although it cannot 

completely prevent physical contact in the long term. It is important to note that both 

juxtacrine and paracrine co-culture methods necessitate the presence of fibroblast cells and 

come with certain limitations, particularly in terms of the complexity of the culture when 

studying drug responses.

Microfluidic platforms offer a precise means to control the positioning of cells for juxtacrine 

and paracrine co-culture, facilitating the study of cell interactions and microenvironment 

conditions. This level of control is critical for research into cell behavior and tissue 

development in vitro. Different cell types can be strategically placed in defined patterns, 

separated by collagen,21,22 membrane structures,23 or microcolumns,24 or they can be 

mixed within microfluidic devices to investigate cellular crosstalk and drug responses. Jang, 

et al.21 applied collagen and micropost structure to separate pancreatic tumor spheroids, 

CAFs, and macrophage for paracrine co-culture. The collagen matrix between culture 

channels allowed cell–cell interaction for achieving activation and differentiation naive 

cells, promotion of EMT, and increasing of cancer cell invasion and migration. Emulate 

Inc.25 applied membrane structure to separate upper ‘parenchymal’ channels for primary 

human hepatocytes, and lower ‘vascular’ channel for primary human liver sinusoidal 

endothelial cells, Kupffer cells, and stellate cells to build liver-on-chip. Based on this 

microfluidic platform, the co-culture liver model could replicate key histological structures 

and functions of the liver, and distinguish small-molecule toxic drugs and their non-toxic 

structural analogs. Ma, et al.24 used microcolumns to connect three culture chambers to 

study paracrine signaling between fibroblasts and cancer cell lines, as well as migration 

and trans-differentiation of fibroblasts. Thus, microfluidic technologies offer the ability to 

co-culture multiple cell types, facilitating studies on cell interactions.

While the co-culture of multiple cell types within microfluidic devices is feasible, this 

often necessitates intricate microfabrication processes and complex cell culture methods. 

This renders microfluidic co-culture a time-consuming and challenging undertaking. 

Furthermore, in scenarios involving disease where only minimal tissue samples are 

available post-biopsy and where drug resistance inevitably arises, as observed in lung 

cancer, the utility of straightforward methods with uncomplicated workflows becomes 

apparent. The agarose microwells platform described in this work aims to seamlessly 

integrate into the existing well-plate workflow, enabling co-culturing with fibroblasts either 

in direct contact or in close proximity. This approach facilitates the investigation of 

potential paracrine-induced resistance. The intricacies associated with the aforementioned 

sophisticated microfluidic systems do not confer the desired advantages in this specific 

context. Thus, there is a critical need to develop a straightforward platform and culture 

method for co-cultivating PDOs and CAFs, streamlining the process and enhancing its 

accessibility.
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In this study, we utilized an agarose microwells (AMWs) platform to facilitate the 3D 

culture of a tumor model with fibroblast cells or fibroblast supernatant. The primary 

objectives were to simplify co-culture procedure and investigate how fibroblasts promote 

drug resistance in NSCLC. Building upon our previous work,26 where we introduced a 

3D culture platform based on AMWs for spheroid formation and in vitro cultivation of 

PDOs using minimal sample volumes, we extended the model by incorporating fibroblasts 

and fibroblast supernatant. The AMWs platform exhibits a smooth surface that allowed 

the migration of single cells or PDOs into the microwells within a day. Importantly, 

it maintained the viability and health of these cells over a two-week culture period. 

A single Matrigel dome provides sufficient PDOs to populate four wells in a 24-well 

plate. Our earlier work had successfully employed the AMW platform for targeted drug 

screening of EGFR-mutant NSCLC using EGFR tyrosine kinase inhibitors. The NSCLC 

cell line spheroids (A549, HCC4006, and NCI-H1975) successfully maintained >79% 

viability over 4 weeks in the AMW platform and showed the targeted drug response 

consistent with the standard 2D-culture. In this study, we enhance the functionality of 

our platform to facilitate culture of primary tissue samples, incorporating co-culture with 

fibroblasts and fibroblast supernatant to replicate drug resistance induced by the tumor 

microenvironment. This enhancements aims to improve the efficacy of our NSCLC drug 

screening model. Additionally, this study transitions the agarose microwells to the higher 

throughput 48-well plate culture. We used genotyped NSCLC cell lines and PDOs with 

known sensitivity or resistance to targeted agents based on their KRASG12C genotype. 

We assessed the response of the tumor model with CAF-induced resistance to the FDA-

approved therapeutic adagrasib (KRASG12C inhibitor). Our findings revealed that fibroblast 

supernatant significantly increased the viability of KRASG12C mutant cells under treatment, 

providing insights into how CAFs contribute to drug resistance. In summary, our platform 

offers a straightforward and cost-effective method for culturing PDOs to study drug response 

using fibroblast-conditioned medium to simulate the effects of the tumor microenvironment

2. Results and discussion

2.1. Co-culture of NSCLC spheroids with fibroblasts in agarose microwells

Controlling the size of spheroids is critical because it significantly influences the 

physiological response of cells to the therapeutic compounds.25–27 Ensuring spheroid 

uniformity also yields results with low variation. Our agarose microwell platform proved 

effective in forming spheroids of uniform and predictable size. This was achieved by 

establishing a relationship between the initial seeding density and the resulting spheroid 

diameter.26 Specifically, NCI-H358 and A549 were seeded at the density of 50 cells 

per microwells to form the spheroids with 80–100 μm diameters, closely resembling the 

~100 μm initial diameter of F231 and F671 PDOs. Fig. S1† shows images of spheroid 

arrays of co-culturing NSCLC cell lines and fibroblast WI-38 under various culture 

†Electronic supplementary information (ESI) available: Fig. S1. NSCLC cell lines A549 and NCI-H358 were co-cultured with 
fibroblasts in agarose microwells and formed tight spheroids. Fig. S2. The comparison of 3D cell viability evaluation methods between 
live/dead staining images and ATP luminescence assays. Table S1. STR profiles of the cell lines A549, NCI-H358, and WI-38 used 
in this study. Table S2. The clinicopathological features of the patients from whom the CAF41/CAF63 were derived. See DOI: 
https://doi.org/10.1039/d3lc01044a
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conditions, including NSCLC spheroids cultured in normal medium, NSCLC spheroids 

in WI-38 supernatant, and NSCLC mixed with WI-38 at different ratios to simulate the 

tumor microenvironment with varying fibroblast proportions. As evident in these images, 

cell aggregates formed in all co-culture conditions after 2 d of incubation, and tight 

spheroids were established after 4 d. Importantly, these spheroids exhibited reproducible 

sizes and shapes that enlarged based on the increasing fibroblast content. The coefficient of 

variation (CV) for the size of NCI-H358 spheroids cultured under normal medium, WI-38 

supernatant, and mixed with WI-38 at ratios of 4 : 1, 1 : 1, and 1 : 4 were found to be 19%, 

21%, 14%, 16%, and 22%, respectively. Similarly, the CVs of A549 spheroid size cultured 

under these respective conditions were 11%, 15%, 13%, 10%, 26% (Fig. 1A). These CV 

values consistent with the range reported in our previous work for HCC4006, NCI-H1975, 

and A549 spheroids (10%, 11%, and 22% respectively), and are notably lower than 

measurements obtained using low attachment plates (68%, 75%, and 80% respectively)26 

and dome PDOs culture (126.38%, n = 3). These results underscore the capability of 

our agarose microwell platform to maintain predictable, uniform, and reproducible size in 

co-cultured NSCLC spheroids.

The biocompatible nature of agarose played a pivotal role in maintaining high cell viability 

on agarose microwells. Live/dead staining of spheroids cultured under different conditions 

on day 7 (Fig. 1B) revealed high viability (>80%), suggesting healthy cell culture conditions 

during the spheroid formation phase (2 d) and subsequent treatment (3 d). The viability of 

NCI-H358 spheroids cultured under normal medium, WI-38 supernatant, and mixed with 

WI-38 at ratios of 4 : 1, 1 : 1, and 1 : 4 were 91.0 ± 4.2%, 95.4 ± 3.2%, 89.1 ± 5.0%, 81.3 ± 

6.3%, and 79.6 ± 6.0%, respectively. Similarly, the viability of A549 spheroids under these 

respective conditions were found to be 99.8 ± 0.8%, 99.5 ± 1.4%, 98.6 ± 1.4%, 98.1 ± 1.7%, 

99.0 ± 3.0% (Fig. 1C). These consistently high viability rates serve as a strong foundation 

for ensuring the reliability and accuracy of drug screening results.

2.2. Evaluating drug response on NSCLC and fibroblast co-cultured spheroids

Targeted drug therapy is expected to induce a cytotoxic effect, leading to apoptosis in cells 

within spheroids.29 In this study, we used adagrasib (MRTX849), a small molecule covalent 

inhibitor of KRASG12C FDA-approved for the use in patients with locally advanced or 

metastatic NSCLC harboring KRASG12C.30 In Fig. 2A, representative images illustrate the 

cell viability of NCI-H358/A549 co-cultured spheroids with WI-38 fibroblasts following 

exposure to various concentrations of adagrasib. Consistent with findings in 2D cultures, we 

observed that NCI-H358 spheroids, which harbor the KRASG12C mutation, were sensitive to 

adagrasib in dose-dependent manner. In contrast, A549 spheroids, which harbors KRASG12S 

mutation, showed no response to adagrasib. Interestingly, both co-culturing with WI-38 

and WI-38 supernatant promoted drug resistance in NCI-H358 cells to adagrasib. This 

observation suggests that fibroblasts and fibroblast supernatant play a role in alleviating 

cytotoxic effects of the drug on target cells.

To assess the impact of fibroblasts and fibroblast supernatant on drug resistance, we 

conducted a comparative analysis of spheroid viability and sizes after a 72 h-exposure 

to adagrasib. NCI-H358 spheroids cultured in standard medium exhibited remarkable 

Luan et al. Page 5

Lab Chip. Author manuscript; available in PMC 2024 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensitivity to adagrasib, with ~64% of cells experiencing cell death following exposure 

to an adagrasib concentration of 250 nM. When these spheroids were cultured in WI-38 

supernatant under the same drug concentration, only ~10% of cells underwent apoptosis 

(Fig. 2B). In addition, WI-38 supernatant contributed to the maintenance of spheroid size 

under the treatment conditions (Fig. 2C). These findings indicate a significant drug-resistant 

effect of fibroblast supernatant (p < 0.001, n = 56). Spheroids composed of A549 cells 

lacking the KRASG12C mutation did not respond to adagrasib treatment, evident in both 

viability and spheroid size outcomes (Fig. 2D and E, respectively).

While NCI-H358 spheroids co-cultured with WI-38 cells exhibited reduced cell death in a 

manner dependent on the amount of WI-38 cells present, it is important to note that the 

result is the sum of viability of both NCI-H358 and WI-38 cells. Even when accounting 

for the presence of adagrasib resistant WI-38 cells, the cytotoxic impact of adagrasib on 

co-cultured spheroids proved to be more pronounced than that observed in NCI-H358 

spheroids cultured in WI-38 supernatant alone. These findings strongly suggest that factors 

in fibroblast supernatant significantly enhance drug resistance in NCI-H358 spheroids. 

Furthermore, after a 72 h-exposure to 500 nM adagrasib, the size of spheroids cultured 

in WI-38 supernatant reduced to 48% of their original size, while spheroids in the standard 

culture medium shrank to 27% of their initial size. This suggests that spheroid size was 

better preserved in fibroblast supernatant during the treatment. These results align with the 

cytotoxicity assessment described earlier, further reinforcing the idea that spheroids cultured 

in fibroblast supernatant exhibit heightened drug tolerance, as evidenced by consistently 

lower rates of cell death.

2.3. Culture of PDOs in agarose microwell

To illustrate the capability of our agarose microwell platform in supporting in vitro 
cultivation of patient-derived tissues, we used two types of NSCLC PDOs, namely F231 and 

F671. These PDOs harboring KRASG12C mutation were sourced from the National Cancer 

Institute (NCI) Patient-Derived Models Repository (PDMR). PDOs represent a valuable 

model for cancer research as they closely replicating the histopathology, gene expression 

profile, and treatment sensitivity of the primary tumors.31 This renders cancer PDOs an 

invaluable tool for implementing personalized medicine approaches aimed at predicting the 

effectiveness of anti-cancer treatments ex vivo. In our study, we cultured and treated these 

PDOs using our agarose microwell platform. This study served both as a proof-of-concept, 

demonstrating the compatibility of our platform with PDOs and as an extension of our 

earlier investigation into drug response of KRASG12C inhibitor using the NCI-H358 cell line 

model.

NSCLC PDOs, F231 and F671, were cultured for 3 weeks in our agarose microwell 

platform. To evaluate the viability and health of these PDOs, we performed live/dead 

staining on days 2, 7, 14, and 21. The viability of F231 PDOs remained consistently high 

throughout the culture period (Fig. 3A). Specifically, the viability was recorded as 98.8 ± 

3.8% on day 2, 89.5 ± 7.1% on day 7, 81.5 ± 6.7% on day 14, and 77.9 ± 8.6% on day 

21 (n = 20). Similarly, F671 PDOs demonstrated high viability over the three-week culture, 

with recorded viabilities of 90.7 ± 9.3% on day 2, 92.0 ± 6.0% on day 7, 85.7 ± 7.4% on 
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day 14, and 81.0 ± 7.1% on day 21 (n = 20) (Fig. 3B). In comparison to the conventional 

approach of embedding PDOs in BME2 (basement membrane extract type 2), our agarose 

microwell platform demonstrated a significant advantage in sustaining long-term studies 

involving patient-derived samples, while maintaining consistently high viabilities. Typically, 

PDOs cultured using the BME2 embedding method exhibited viabilities ranging from 61% 

to 79% after one month of incubation.32 For further comparison, we cultured F231 PDO in 

Matrigel dome and showed high viability (91.4 ± 11.6%) after 7 d, which is consistent with 

the PDOs cultured in our AMWs. Nevertheless, as Fig. 3D illustrates, a significantly greater 

variance in size was observed for PDOs in Matrigel dome after 7 d (CV = 126.4 ± 40.1%, 

n = 3) in comparison to the notably smaller variations observed in AMWs (CV = 15.4% for 

F231 and CV = 18.8% for F671). The consistently high viabilities observed in our platform 

affirm its suability for long-term culture and studies with patient-derived samples.

Following a week of incubation in agarose microwells, we observed that PDOs maintained 

viabilities exceeding 90%, indicating stable and healthy cell conditions throughout the 

drug screening process. However, as the incubation period extended beyond two weeks, a 

slight decrease in viability occurred, transitioning from >90% to >77% between days 14 

and 21. This gradual decline in viability with time can be attributed to several factors, 

including the enlargement of PDOs leading to spatial differences, limitations in nutrient 

availability, suboptimal oxygen level, and the accumulation of metabolic waste in the 

wells.33 Additionally, the inability to passage the PDOs during three-week incubation period 

contributed to the accumulation of dead cells. It is worth noting that the gradual decline of 

PDO viability beyond two weeks is in line with results obtained using the standard Matrigel 

dome culture method.32 However, it is important to highlight that in our agarose microarray, 

PDOs consistently maintained high viability (>90%) throughout the entire duration of drug 

treatment. This demonstrates that the platform’s compatibility with patient-derived samples 

and its capacity to facilitate patient-specific drug screening applications in real time.

Simultaneously with our viability assessments, we analyzed PDO growth over a 3 week 

period (Fig. 3C). During the initial two weeks, both F231 and F671 PDOs displayed growth 

trends, with F231 expanding from approximately 28 000 μm2 to 41 000 μm2 and F671 

increasing from roughly 25 000 μm2 to 60 000 μm2. This phase of exponential growth aligns 

with observations made in the standard BME2 dome 3D-culture method, where spheroid 

size increased steadily without disaggregation between day 3 to day 15.34 However, as we 

extended the incubation period into the 3rd week in our agarose microwells, a reduction in 

size was observed. Specifically, F231 PDOs decreased from approximately 41 000 μm2 to 

37 500 μm2, while F671 PDOs decreased form ~60 000 μm2 to ~57 000 μm2. Notably, these 

modest reductions in size during the latter part of the three-week duration corresponded with 

a slight decrement in the viability of the PDOs.

2.4. Assessment of drug response of PDOs cultured with fibroblast supernatant

We conducted a comparative analysis of the impact of fibroblast supernatant on PDO drug 

sensitivity, extending our examination to the cell line spheroid models. Building on our 

previous findings, we co-cultured KRASG12C-mutant PDOs, F671 and F231, with fibroblast 

supernatant in agarose microwells and assessed cytotoxicity. These PDOs were grown under 
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normal culture medium, WI-38 supernatant, and CAF supernatant in agarose microwells 

and subsequently treated with adagrasib. Images in Fig. 4A clearly illustrate that both 

F231 and F671 PDOs are sensitive to adagrasib. However, when cultured with WI-38 and 

CAF supernatants, the cytotoxic effect was mitigated, as illustrated by reduced red signal 

indicative of decreased cell death and preservation of PDO size. This observation aligns with 

the outcomes observed in NCI-H358 spheroid models, highlighting the consistent effect of 

fibroblast supernatant on PDOs drug sensitivity.

To quantitatively assess the drug-resistant effect of WI-38 and CAF supernatant on 

KRASG12C-mutant PDOs, we compared viabilities of PDOs cultured with normal medium 

and fibroblast supernatant (Fig. 4B). Both F671 and F231, which are inherently sensitive to 

adagrasib due to the KRASG12C mutation, the introduction of WI-38 and CAF supernatant 

increased viabilities. Specifically, for F671 viabilities rose from 69.6 ± 16.9% to 80.2 ± 

9.0% (p < 0.0001, nnormal medium = 97, nWI-38 supernatant = 41) and 87.8 ± 5.6% (p < 0.0001, 

nCAF supernatant = 44), respectively, following 72 h treatment of 500 nM adagrasib. For F231, 

viabilities increased from 45.3 ± 21.3% to 60.6 ± 9.6% (p < 0.001, nnormal medium = 61, 

nWI-38 supernatant = 32) and 71.1 ± 20.9% (p < 0.0001, nCAF supernatant = 55), respectively, 

for the same treatment conditions. These results underscore the significant role of fibroblast 

supernatant in reducing cell death and sustaining cell proliferation during targeted anti-

cancer treatment. Also, compared with other co-culture methods using fibroblast cells,35 

using fibroblast supernatant simplified the operation complexity, while also simulate the 

fibroblast-induced drug resistance.

2.5. Growth factors secreted by fibroblasts promote drug resistance

Drug sensitivity can be influenced by several factors that maintain proliferative signals 

active within the TME.36 These signaling pathways lead to increased tumor proliferation, 

ultimately contributing to resistance against cancer therapies.37 Thus, understanding the 

biological mechanisms underlying the fibroblast supernatant-induced resistance can be 

crucial for developing models that incorporate both tumor and microenvironment factors 

to evaluate drug sensitivity and overcome fibroblast-induced resistance. To investigate 

whether the maintenance of proliferative signals requires fibroblast cells or just fibroblast 

supernatant, we co-cultured NCI-H358 with WI-38 cells (NCI-H358 : WI-38 ≈ 1 : 5) in 

agarose microwells. We also cultured NCI-H358 with WI-38 supernatant harvested from 

the same number of WI-38 cells. We compared the cytotoxic effect of adagrasib on these 

cultures. Results in Fig. 5A reveal that, compared with NCI-H358 spheroids cultured in 

normal medium, both NCI-H358 spheroids with added WI-38 supernatant and NCI-H358 

+ WI-38 spheroids exhibited significantly increased viability under 250 nM adagrasib (p 
< 0.0001, n = 36) and 500 nM adagrasib (p < 0.0001, n = 36). This finding suggests that 

drug resistance can be induced by both WI-38 cells and WI-38 supernatant, implying that 

fibroblasts secrete growth factors capable of enhancing drug resistance.

Although in NCI-H358 + WI-38 mixture spheroids, the cell number of WI-38 with WT-

KRAS was 5× greater than the number of NCI-H358 cells, the viability of these co-cultured 

spheroids only slightly exceeded that of NCI-H358 spheroids in WI-38 supernatant by 

10.6% and 15.1% following 250 nM and 500 nM adagrasib treatments, respectively. Thus, 
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it appears that secretory factors from fibroblasts in the supernatant are the dominant factor 

responsible for the drug resistance induction. The role of direct cell–cell interactions in this 

process appears to be relatively minor. Consequently, fibroblast supernatant can be used for 

studying drug resistance in tumors.

To further investigate if the factors secreted by fibroblasts into the culture media contribute 

to drug resistance, we conducted a cytotoxicity experiment using serial dilutions of WI-38 

supernatant. NCI-H358 spheroids were treated with WI-38 supernatant diluted 0, 1, 2, 3 

times in addition to normal culture medium. As the WI-38 supernatant became more diluted, 

the viability of NCI-H358 spheroids following treatment decreased and approached the 

cytotoxicity observed in the normal culture medium group (Fig. 5B). These findings strongly 

suggest that the secreted factors present in WI-38 supernatant indeed play a significant role 

in promoting drug resistance, and the concentration of these secreted factors is a critical 

factor influencing drug resistance.

In addition to conducting cytotoxicity assessments, we undertook an investigation into 

the active state of surviving spheroids by immunofluorescent staining the proliferation 

biomarker Ki67 in NCI-H358 spheroids, after their exposure to fibroblast supernatant 

and standard culture medium (Fig. 6A). For the purpose of quantifying Ki67 expression 

levels in NCI-H358 spheroids following 48 h of adagrasib treatment administered with 

conventional culture medium and WI-38 supernatant, we employed the Ki67/Hoechst area 

ratio (Fig. 6B). The outcomes of our analysis showed the elevated Ki67/Hoechst ratio in 

the WI-38 supernatant-exposed group in comparison to the normal medium-treated group, 

thereby affirming the substantive contribution of supernatant constituents to the sustenance 

of proliferative capabilities in NCI-H358 spheroids during the drug treatments. Specifically, 

the WI-38 supernatant led to a conspicuous augmentation in the Ki67/Hoechst ratios of 

NCI-H358 spheroids, transitioning from 68.3 ± 25.4% to 98.1 ± 5.3% (p < 0.001, n = 12) 

and from 74.1 ± 19.6% to 84.9 ± 19.7% (p < 0.05, n = 23) subsequent to adagrasib treatment 

at concentrations of 250 nM and 500 nM, respectively. This observed enhancement in 

Ki67 expression underscores the ability of molecules secreted by fibroblasts to uphold the 

proliferative potential of cancer cells even in the presence of tyrosine kinase inhibitors, 

thereby underscoring the imperative of evaluating cell cytotoxicity within the broader 

context of interactions with other tumor-associated cellular components.

We extended our evaluation to understand the impact of fibroblast supernatant on the 

maintenance of proliferative signals. We investigated the effect of supernatant from 

immortalized WI-38 fibroblasts as well as patient-derived NSCLC fibroblasts: CAF41 

(derived from EGFRmut patient) and CAF63 (obtained from a KRASmut patient). 

Interestingly, we used fibroblasts derived from tumors with different genetic backgrounds 

to assess potential genetic-specific effects. Our findings revealed that all three different 

fibroblast supernatant samples could help sustain the phosphorylation of ERK, a surrogate 

marker for proliferation, albeit at varying levels (Fig. 7A). Importantly, this correlated 

with higher levels of ATP after adagrasib treatment (Fig. 7B). These results suggest that 

various fibroblast sources can contribute to maintaining proliferative signals in cancer cells, 

highlighting the significance of understanding the diverse influences of the CAFs on drug 

responses.
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Given that the modulation of drug resistance appears to be dependent on the secreted factors 

of each fibroblast, we evaluated the specific growth factors present in their supernatants (Fig. 

7C and D). As expected, each fibroblast type secreted a distinct set of growth factors. 

Interestingly, CAF63 supernatant contained a higher overall amount of growth factors 

compared with the other samples, even though its effect on drug resistance was relatively 

smaller. This led us to hypothesize that the growth factors found in higher concentrations 

in both WI-38 and CAF41 supernatants, and to a lesser extent in CAF63 supernatant, 

might be the key players in promoting drug resistance in NSCLC harboring KRASG12C. 

Among these growth factors, HGF was noteworthy as it was secreted by all three fibroblast 

types but more abundantly by WI-38 and CAF41, and less so by CAF63, which correlated 

with the results of the cell cytotoxicity assays. To further investigate this, we used the 

FDA-approved MET inhibitor cabozantinib to assess whether pharmacological inhibition 

of secreted HGF could resensitize NCI-H358 cells to adagrasib. As observed previously, 

NCI-H358 cells cultured with WI-38 supernatant and challenged with adagrasib could 

sustain pERK proliferation signals. However, MET inhibition counteracted this effect (Fig. 

7E), effectively re-sensitizing cells to G12C inhibitors (Fig. 7F). These findings underscore 

the potential of targeting specific growth factors, like HGF, to overcome fibroblast-induced 

drug resistance in cancer therapy.

3. Conclusions

This work describes a successful application of an agarose microwell platform for studying 

drug resistance in PDOs. The platform offers several advantages, including consistent 

spheroid size, high spheroid viability, and the ability to maintain PDO health for 2 weeks. 

These features make it suitable for conducting co-culture experiments and drug screening, 

with the added benefits of requiring smaller sample sizes and shorter incubation times 

compared to standard PDO culture methods. One significant finding of this work was 

the successful induction of drug resistance in PDOs using fibroblast supernatants, this 

represents a simplified approach compared to co-culturing with fibroblast cells. In this 

method, only the conditioned culture media from fibroblast supernatants are used, yet it 

effectively maintained signals that promote drug resistance in PDOs harboring KRASG12C. 

The concentration of growth factors, such as HGF, in these supernatants is found to correlate 

with increased proliferation and resistance to adagrasib. Further investigations using western 

blot and immunostaining demonstrate elevated expression of proliferation biomarkers in 

PDOs cultured in fibroblast supernatants compared to those cultured in normal culture 

medium.

Additionally, this study describes an innovative platform for investigating drug resistance in 

PDOs and demonstrates a simplified alternative method to co-culturing multiple cell types 

within microfluidic devices. The use of microfluidic platforms in modeling tumors and 

their microenvironments has become increasingly popular due to their ability to replicate 

multicellular architecture and physicochemical conditions. Various cell types, including 

cancer cells, fibroblasts, immune cells, and endothelial cells, have been incorporated into 

various microfluidic co-culture platforms,38,39 successfully demonstrating cancer phenotype 

modelling and drug response results. However, these systems often demand complex co-

culturing techniques, presenting a potential challenge. The findings presented here suggest a 
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promising alternative approach by employing conditioned media from various cell types, 

including fibroblast supernatants, as a substitute for direct cell–cell co-cultures. This 

streamlines the experimental process and enhances the feasibility of employing microfluidic 

devices for tumor modeling and related research.

Similar microwell array structures have been used in other microfluidic devices for PDO 

culture.40,41 Choi, et al.41 designed a microfluidic device using microwells for on-chip 

culture of pancreatic cancer PDOs, demonstrating successful outcomes in drug screening 

for chemotherapy and immunotherapy. However, the limit of a one-week on-chip culture 

duration and the requirement to seed only single cells, followed by a subsequent formation 

process, impose time constraints on the of drug treatment studies. In contrast, our 

AMW platform exhibits the capacity to culture single cells, form spheroids, and enable 

arrangement of PDO fragments for drug screening within a single day of pre-treatment 

culture. Liu, et al.40 developed an array of microwells with a 1 mm diameter, 200 μm 

depth, and a 1.25 mm pitch for the freeze–thaw procedure of PDOs, on-chip culture, and 

drug sensitivity testing. Nevertheless, in comparison to our AMW platform, the larger size 

of the microwells and the presence of multiple PDOs in each well lead to significant 

size variability. It is reported that variations in spheroid size may yield different drug 

responses,28 potentially impacting the outcomes of drug testing. The use of AMW to achieve 

smaller size variability could contribute to more consistent drug response outcomes. In 

summary, our work presents a significant advancement in the field of precision medicine and 

tumor modeling. The use of fibroblast supernatants to replicate the tumor microenvironment 

simplifies co-culturing procedures and expands the potential of microfluidic devices for 

applications related to drug resistance and precision medicine applications.

4. Materials and methods

4.1. Materials

Cell lines (A549, NCI-H358, and WI-38) were purchased from ATCC (Manassas, VA, USA) 

and maintained as specified. NSCLC PDOs (F231 and F671) were obtained from the NCI 

Patient Derived Models Repository (NCI PDMR; Frederick, MD).42 These PDO models 

(LG0567-F671-V1 [Lot# CK8232] and LG0481-F231-V1 [Lot# CK7152]) were developed 

by The Jackson Laboratory (Bar Harbor, ME) and are available from the NCI PDMR. 

RPMI 1640 medium with L-glutamine, EMEM medium, DMEM medium, trypsin–EDTA 

(0.25%), 1× phosphate buffered saline (PBS), Dispase II, and 24/48-well cell culture plates 

were purchased from Fisher Scientific (Waltham, MA, USA). Fetal bovine serum (FBS) was 

purchased from GeminiBio Inc. (West Sacramento, CA, USA). 100× antibiotic–antimycotic, 

calcein AM viability dye, Bis-Tris Plus Mini Protein Gels, 4–12% were purchased from 

Invitrogen (Carlsbad, CA, USA). Agarose powder was purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Propidium iodide was purchased from Alfa Aesar (Haverhill, MA, 

USA). Hoechst 33342 solution was purchased from Thermo Fisher Scientific (Heretofore 

TFS, Waltham, MA, USA). Adagrasib was purchased from MedChemExpress (Monmouth 

Junction, NJ, USA). CellTiter-Glo® 3D Cell Viability Assay was purchased from Promega 

(Madison, WI, USA). Mouse anti-Ki67 antibody, goat anti-rabbit IgG H&L (Alexa Fluor® 

647), 10× blocking reagent, and Growth Factor Human Membrane Antibody Array were 
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purchased from Abcam (Waltham, MA, USA). Basement Membrane Extract Type 2 

(BME2) was purchased from R & D Systems (Minneapolis, MN, USA).

4.2. STR assay

Cell line authentication was confirmed by STR analysis. DNA was extracted using the 

DNeasy Blood and Tissue Kit (Qiagen) and DNA samples were quantified using NanoDrop 

ND-2000 (Thermo Fisher Scientific) to ensure quality. Samples were submitted to the 

Genomic Research-DNA services Facility at Northwestern University for STR profiling. 

Results (Table S1†) were compared to known STR profiles for NSCLC cell lines available 

on the ATCC website.

4.3. NSCLC cell lines and PDOs culture conditions

Prior to seeding cells into agarose microwells, NSCLC cell lines A549/NCI-H358 and 

fibroblast cell line WI-38 were incubated in RPMI 1640 medium and EMEM medium 

respectively supplemented with 10% (v/v) FBS, and 1% (v/v) 100× antibiotic–antimycotic 

solution. Cells were maintained at 37 °C and 5% CO2.

PDOs F231 and F671 were obtained from the NCI PDMR repository and maintained as 

specified. PDOs were grown in complete media 6A (50% L-WRN conditioned media, 1.25 

mM L-acetylcysteine, 10 mM nicotinamide, 1× N21 MAX Media Supplement, 1× N-2 

MAX Media Supplement and 10 μM Y-27632). Organoids were grown in BME2 domes 

until confluency was reached. Then, domes were disaggregated with Dispase II for 2 h at 37 

°C, then organoids were collected and centrifuged 5 min at 200g prior seeding in agarose 

microwells for viability assays.

4.4. Establishment of patient-derived cancer-associated fibroblasts

Tumor biopsy samples were received from patients at Hospital Universitario de la Ribera 

(Alzira, Spain). All patients signed informed consent to participate in protocol approved 

by the Institutional Review Board giving permission for research to be performed on their 

samples. Patients resections were placed in a sterile tube containing complete DMEM media 

(10% FBS and 1% antibiotic–antimycotic) and transported on ice from the operating room 

to the research laboratory. Biopsies were minced with sterile scalpels and then enzymatically 

digested with Liberase TM (Roche) for 1 hour in agitation. After digestion, cells were 

seeded on dished with complete DMEM (10% FBS). Fibroblasts were naturally selected as 

they competed out other cell types. The clinicopathologic features of the patients are listed 

in Table S2.†

4.5. Agarose microwell fabrication and co-culture spheroids formation

The agarose microwells were 200 μm in diameter and 75 μm deep and made by casting 

on polydimethylsiloxane (PDMS) replicas of 3D-printed masters. The agarose microwell 

fabrication was based on the protocol reported in our previous publication.26 The resulting 

constructions were ~400 agarose microwells molded per well of 24-well plates and ~150 

agarose microwells molded per well of 48-well plates.
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To achieve the target of co-culture cancer cells with fibroblasts, 1 mL of NCI-H358/A549 

and WI-38 mixture suspensions were pipetted into wells of 24-well plate; each well of 

the plate contained an agarose insert with 400 microwells. In cell mixture suspension, the 

concentration of NCI-H358/A549 was 20 000 cells per mL (~50 cells per microwell) and 

concentrations of WI-38 were 5000, 20 000, and 80 000 cells per mL to achieve the cell 

number ratio of NCI-H358/A549 : WI-38 of ~4 : 1, 1 : 1, 1 : 4. Mixing the cell suspension 

thoroughly before seeding cells in agarose wells to decrease variability of the cell number in 

each microwell. Seeded cell mixtures of NCI-H358/A549 and WI-38 were cultured in RPMI 

1640 medium with L-glutamine supplemented with 10% (v/v) FBS, and 1% (v/v) antibiotic–

antimycotic (100×). Besides the co-culture of NCI-H358/A549 with fibroblasts, we also 

seeded NCI-H358/A549 into WI-38 fibroblast supernatant at the same seeding density of 20 

000 cells per mL (~50 cells per microwell). To keep the repeatability and enough fibroblast 

secretions harvested in the supernatant, the fibroblast supernatant was collected after 2 d 

of incubation of WI-38 with 100% confluence. After 2 d of incubation, the heterogeneous 

cell spheroid with NSCLC cells and fibroblasts and homogenous spheroids only containing 

NCI-H358 or A549 cells were all formed in each agarose microwell.

4.6. Spheroids phenotypes evaluations

For all homogenous spheroids and co-cultured mixture spheroids, spheroid viability was 

evaluated at day 7 after seeding. The staining solution was culture media supplemented with 

3 μg mL−1 of live cell dye calcein AM (495/515 nm ex/em), 3 μg mL−1 of dead cell dye 

propidium iodide (PI) (535/617 nm ex/em), and 3 μg mL−1 of nuclear dye Hoechst 33342 

(361/497 nm ex/em). Then, 1 mL of staining solution was added to wells of 24-well plate 

and incubated for 30 min at 37 °C. Live/dead images of spheroids were captured by the 

z-stack function with 5 planes using an Olympus IX-83 fluorescence microscope. Live/dead 

images were analyzed using Olympus CellSens software by comparing the total area of the 

calcein AM signal of all planes with the total area of the (calcein AM + PI) signals of all 

planes. This image-based viability measurement method was consistent with the standard 

3D cell viability assessment method CellTiter-Glo® ATP luminescence assay (Fig. S2†). The 

results were analyzed and plotted using Origin 2021 (OriginLab Corporation).

The spheroid size was evaluated based on spheroid cross-section area using calcein AM 

signal in live/dead fluorescent images captured above. We analyzed the plane in live cell 

z-stack images that focusing the largest cross section for spheroid size measurements. 

56 spheroids of each culture condition were traced using Olympus CellSens software to 

estimate the average and standard deviation (STD) of spheroid cross-section area. The 

coefficient of variation (CV) of spheroid size was cultured by STD/average%. Spheroid size 

results were analyzed and plotted using Origin 2021 (OriginLab Corporation).

4.7. PDOs culture in agarose microwells

300 μL of PDOs suspension containing ~150 PDOs were pipetted into wells of a 48-well 

plate; each well of the plate contained an agarose insert with 150 microwells. Mixing 

the PDO suspension thoroughly after seeding PDOs in agarose wells to separate the 

PDOs evenly into microwell arrays and formed PDO arrays after overnight incubation. For 

viability and size assessments, PDOs were evaluated at days 2, 7, 14, 21 after seeding. PDO 
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viability and size evaluations followed the same protocol of spheroid live/dead staining and 

cross-section area measurement described above.

4.8. Drug exposure and drug response studies

NSCLC NCI-H358 and A549 homogenous spheroids and co-cultured mixture spheroids 

with fibroblasts residing in agarose microwells were firstly incubated under WI-38 

supernatant and normal culture medium, respectively, for 2 d and then exposed to 

KRASG12C inhibitor adagrasib for another 3 d. The range of drug concentrations was 0 

nM, 250 nM, 500 nM, 1 μM, and 2 μM. Drug response assessments including cytotoxicity 

evaluation and spheroid size measurement after treatments followed the same protocol 

of spheroid live/dead staining and cross-section area measurement described above. The 

assays were conducted in duplicate, and the average relative viability and average relative 

spheroid size were determined for each experimental condition. Spheroid relative viability 

was calculated as the percentage of treatment group spheroid viability relative to control 

group spheroid viability, while spheroid relative size was calculated as the spheroid size of 

the treatment group relative to the control group spheroid size for each respective condition. 

The results were analyzed and plotted using Origin 2021 (OriginLab Corporation).

F231 and F671 PDOs seeded in agarose microwells were firstly incubated under the normal 

culture medium for 1 d and then exposed to 500 nM adagrasib with normal culture medium, 

WI-38 supernatant, and CAF supernatant for another 3 d. Drug response assessment – 

cytotoxicity evaluation followed the same protocol of spheroid live/dead staining described 

above. The comparisons between culture conditions considering two independent variables 

(adagrasib treatment and culture media) were analyzed by two-way ANOVA. The average 

relative viabilities and comparisons of all treatment conditions were plotted by GraphPad 

Prism 10.0.1 (GraphPad Software, Inc).

4.9. Comparing the contributions of fibroblast and fibroblast supernatant to drug 
resistance

The contributions of fibroblast cells and fibroblast supernatant to NCI-H358 drug resistance 

were compared by cytotoxicity assays on NCI-H358 + WI-38 mixture spheroids and NCI-

H358 spheroids under WI-38 supernatant. The WI-38 was cultured in 24-well plates at 

100% confluence and its supernatant was maintained in plates for 2 d before being used 

in cytotoxicity assays to harvest enough fibroblast secretion. To make sure the WI-38 

numbers that offered supernatant and mixed with NCI-H358 are the same, we collected the 

WI-38 supernatant and all WI-38 cells from the same well of 24-well plate and then mixed 

the collected supernatant and WI-38 cells with 20 000 NCI-H358 cells separately before 

pipetted into each well of 24-well plate with agarose microwell insert. After spheroids 

formation, exposing the spheroids to 500 nM adagrasib for 3 d, and then the cytotoxicity 

evaluation was followed the same protocol described above.

In addition to the fibroblast cells and fibroblast supernatant comparison, the WI-38 

supernatants with different dilution times were used to culture NCI-H358 spheroids to 

verify the drug resistance effects of fibroblast secretion concentration. WI-38 supernatant 

was diluted by NCI-H358 culture medium at the dilution times of 0, 1, 2, 3, and then mixed 
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with NCI-H358 cells in microwell arrays. The NCI-H358 spheroids formed under the WI-38 

supernatant and were then treated with 500 nM adagrasib for 3 d. NCI-H358 spheroids 

formation and cytotoxicity evaluation followed the same protocols described above. The 

results were analyzed and plotted using Origin 2021 (OriginLab Corporation).

4.10. Mechanism studies of fibroblast supernatant-induced drug resistance

Cell proliferation in NCI-H358 spheroids cultured under WI-38 supernatant and normal 

medium was evaluated by immunofluorescently staining cell proliferation biomarker Ki67. 

After cultivation and 500 nM adagrasib treatment in agarose microwells, spheroids were 

washed with 1× PBS and fixed with 4% paraformaldehyde solution for 30 min at ice-cold 

temperature and then washed with 1× PBS. Subsequently, fixed spheroids were blocked 

with 1× blocking buffer for 1 h at room temperature for nonspecific binding. The spheroids 

were then incubated with 2.5 μg mL−1 rabbit anti-Ki67 antibodies overnight at 4 °C. Then 

the spheroids were washed with 1× PBS 3 times and incubated with 2.5 μg mL−1 goat 

anti-rabbit IgG H&L (Alexa Fluor® 647) overnight at 4 °C. Then the spheroids were 

washed with 1× PBS 3 times and incubated with 3 μg mL−1 of nuclear dye Hoechst 

33342 for 30 min. Then washing spheroids with 1× PBS 3 times before imaging to avoid 

background noise. Afterwards, stained cells were visualized and imaged using Olympus 

IX-83 fluorescence microscope. The areas of Ki67 and Hoechst signals were analyzed by 

Olympus CellSens software. The difference between two culture conditions was analyzed by 

two-sample t-test.

In addition to the immunofluorescence staining, the western blot of proliferation biomarkers 

was used to further study the pathways of the drug resistance mechanism. Monolayer of 

NCI-H358 cultured in 6-well plates under the normal medium, WI-38 supernatant, and 

cancer-associated-fibroblast supernatant was treated by 0 nM and 500 nM adagrasib for 72 

h. After seeding and drug treatments, cells were washed with cold PBS and lysed with CST 

lysis buffer plus phosphatase and protease inhibitors. Lysates were centrifuged at 4 °C and 

quantified with BCA method (Pierce #23224). Samples were prepared with Novex buffers 

and 40 μg of lysates were loaded and run on Invitrogen 4–12% Bis-Tris gels followed 

by transfer to nitrocellulose membranes. Membranes were incubated overnight with the 

indicated primary antibodies and then washed and incubated with anti-rabbit secondary 

antibodies. Detection was performed using an iBright 1500 (ThermoFisher).

Along with the western blot assay, the same batch of NCI-H358 cells used for western 

blot was mixed with the same batch of fibroblast supernatants and normal culture medium 

respectively and seeded 300 μL cell suspension into the well of 48-well plate with agarose 

microwell insert at the seeding density of 25 000 cells per mL (50 cells per microwells). 

NCI-H358 cells residing in agarose microwells were first incubated for 2 d to form 

spheroids and then exposed to 500 nM adagrasib for 24 h. The cytotoxicity was evaluated 

by ATP luminescent cell viability assay. Add 300 μL CellTiter-Glo 3D reagent into each 

well and mix the reagent with spheroid suspension by shaking for 5 min. The mixture of 

CellTiter-Glo 3D reagent and cell samples was incubated at room temperature for 30 min at 

dark, and then removed to a white 96-well plate. The luminescence intensity was recorded 

by Synergy LX multi-mode reader (BioTek).
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A panel of 41 human growth factors was evaluated in cell-cultured media using the 

Growth Factor Human Membrane Antibody Array (abcam), according to the manufacturer’s 

instructions. Membranes were imaged and signal densities for individual antigen-specific 

antibody spots between arrays were analyzed with HLImage++ (Western Vision Software). 

Background was subtracted from the raw densitometry data and results were normalized to 

the reference signals. Growth factors relative expression was transformed in log 2 and data 

was plotted in Morpheus (“https://software.broadinstitute.org/morpheus/” Broad Institute).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Co-culture spheroids for one week in agarose microwells. NSCLC cell lines A549 and 

NCI-H358 were co-cultured with fibroblast WI-38 and supernatant for 1 week and formed 

tight spheroids with high viability in agarose microwells. Spheroid size increased based on 

the increasing number of fibroblasts seeding with CV < 30% (A). (B) Live/dead stain images 

of spheroids after 1 week culture. Live cells fluoresced bright green (calcein AM), blue 

nucleus (Hoechst 33342) and dead cells fluoresced red (propidium iodide). The viability of 

A549 and WI-38 co-cultured spheroid was >98%, and the viability of NCI-H358 and WI-38 
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co-cultured spheroid was >80% while NCI-H358 with WI-38 supernatant was >90% after 1 

week incubation (C). Scale bar: 200 μm.
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Fig. 2. 
Cytotoxicity of spheroids in agarose microwells. NCI-H358 and WI-38 co-culture spheroids 

were exposed to adagrasib from 250 nM to 2000 nM (A), NCI-H358 cultured with WI-38 

supernatant and WI-38 cells showed the drug resistance with higher viability (B) and 

spheroid size (C) under the adagrasib treatments. A549 with the wild-type KRASG12C, 

showed negative response to adagrasib in both cytotoxicity (D) and size assessment (E). 

Green: calcein AM, red: propidium iodide, blue: Hoechst. Scale bar: 200 μm.
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Fig. 3. 
(A) Live/dead staining images of F231 and F671PDOs after 2 to 21 d culture. Green: calcein 

AM, red: propidium iodide, blue: Hoechst. Scale bar: 200 μm. (B) PDOs maintained the 

high viability (>80%) in the first 2 weeks of incubation. (C) PDOs exhibit an initial trend 

of enlarging in size during the first two weeks of incubation, followed by a subsequent 

reduction in size attributable to decreased viability. (D) PDO F231 cultured in Matrigel 

dome showed high viability (91.4 ± 11.6%) after 7 d but large CV of PDO size (126.38%, n 
= 3). Scale bar: 500 μm.
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Fig. 4. 
Cytotoxicity evaluation of F671 and F231 PDOs condition in normal medium and CAF 41 

supernatant. Live/dead fluorescent images (A) and spheroid viability evaluation (B) showed 

F671 and F231 were sensitive to adagrasib (500 nM) and WI-38/CAF supernatant can 

increase the drug resistance. Scale bars: 300 μm. Two-ways ANOVA, nsp > 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001.
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Fig. 5. 
Evaluation of fibroblast supernatant contribution to drug resistance on NCI-H358 spheroid. 

Adagrasib showed similar cytotoxic effects on NCI-H358 + WI-38 co-cultured spheroids 

and NCI-H358 spheroids under WI-38 supernatant (A). With the increasing dilution times 

of WI-38 supernatant, the drug resistance of NCI-H358 to adagrasib was decreasing (B), 

suggesting the secretion of WI-38 in supernatant helped to maintain NCI-H358 spheroids 

conditions during treatments.
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Fig. 6. 
Contribution of fibroblast secretion on maintenance of cell proliferation. Ki67 as a 

proliferation biomarker was used to visualize the cells that maintained proliferation ability 

(A). Scale bars: 50 μm. WI-38 supernatant maintained the higher Ki67/Hoechst ratio in 

NCI-H358 spheroids than normal culture medium after 48 h treatment (B). Two-sample 

t-test, ***p < 0.001, *p < 0.05.
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Fig. 7. 
The effect of fibroblast supernatant on the maintenance of proliferative signals. Under the 

adagrasib treatment (500 nM, 72 h), all WI-38, CAF 41 and CAF 63 supernatants sustain 

pERK proliferation signal in different levels (A) that correlates with higher levels of ATP 

after adagrasib treatment (B). 41-Growth factors in the supernatant of the studied fibroblasts 

(C and D) were evaluated by antibody array membrane. Finally, MET inhibitor cabozantinib 
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counteracts the effect of sustaining pERK proliferation signals from fibroblast supernatant 

(E) and re-sensitizing cells to G12C inhibitors (F).
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