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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is among the most lethal of human cancers. The dismal 

response of PDAC to virtually all therapeutics is associated, in part, with a characteristically dense 

fibrotic stroma. This stroma acts not only as a barrier to drug perfusion, but also promotes tumor 

survival through paracrine crosstalk and biophysical interactions. Photodynamic therapy (PDT) is 

being explored for PDAC treatment, though the impact of tumor-promoting stromal crosstalk on 

PDT response in PDAC is not well characterized. The current study assesses the effect of tumor-

stroma interactions on response to PDT or chemotherapy in heterocellular 3D co-cultures using 

PDAC cells and two different fibroblastic cell types (pancreatic stellate cells, PSCs, and a normal 

human fibroblast cell line, MRC5) embedded in extracellular matrix (ECM). While stromal 

fibroblasts promote resistance to chemotherapy as expected, PDAC 3D nodules in co-culture with 

fibroblasts exhibit increased response to PDT relative to homotypic cultures. These results point to 

the potential for PDT to overcome tumor-promoting stromal interactions associated with poor 

therapeutic response in PDAC.

Introduction:

Pancreatic ductal adenocarcinoma (PDAC) has one of the lowest survival rates of all 

cancers, and few therapeutic options. Less than one quarter of patients have resectable 

tumors while chemotherapy is generally palliative and often not well-tolerated (1). 

Histologically, PDAC is characterized by a prominent desmoplastic reaction surrounding 

malignant epithelial cells, which is associated with therapeutic resistance (2) (3) (4) (5). The 

dense fibrotic PDAC stroma consists largely of pancreatic stellate cells (PSCs) with 

abundant extracellular matrix (ECM) rich in collagen, fibronectin, laminin, and elastin (6). 

PSCs remain in a quiescent state in normal pancreas but become activated during pancreatic 
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injury. As the injury resolves, the secreted matrix metalloproteinases (MMPs) degrade the 

excess fibrosis (2). However, during PDAC, the imbalance between ECM production and 

degradation results in dense fibrotic stroma produced by activated PSCs (7). The ECM 

compresses blood vessels, and, as a result, reduces perfusion and increases hypoxia and 

blood pressure, thereby decreasing drug delivery. The complexity of stromal cross talk is 

increased by its inherent heterogeneity. A recent study by Biffi et al. identified two distinct 

cancer-associated fibroblast (CAF) subtypes characterized with myofibroblastic (myCAF) or 

inflammatory (iCAF) phenotypes (8). MyCAFs are in direct contact with tumor cells and 

restrain tumor progression through juxtacrine signaling. In contrast, iCAFs are more distant 

from the tumor cells within the dense stroma and exhibit an inflammatory phenotype. In 

tumor organoids, iCAFs are shown to activate pathways that are important for proliferation 

and survival.

While the prominent role of PDAC stroma in therapeutic resistance has motivated the 

development of stromal depletion therapies, this approach has had mixed results. Among the 

early approaches was to therapeutically target CAFs to enhance response to chemotherapy 

(9) (10) (11) (12) (13). Anti-CAF therapies initially showed promise, though later studies 

showed that the situation may be more complex and depletion of stroma can in fact result in 

more aggressive tumor growth. Sonic hedgehog (Shh) signaling emerged as a key 

contributor to development of PDAC desmoplasia and a potential therapeutic target (14). 

Preclinical evaluation of Shh pathway inhibition appeared to be a promising strategy in 

PDAC mouse models, which exhibited depletion of stroma, increased microvessel density 

and enhanced response to chemotherapy (15). Notwithstanding promising preclinical results 

this approach failed in the clinic and a later study showed that Shh inhibition actually leads 

to acceleration of PDAC progression (16). In another preclinical study, a PDAC mouse 

model with depleted αSMA+ myofibroblasts in PDAC led to enhanced epithelial 

mesenchymal transition (EMT) and invasion, and decreased survival (17). On the other 

hand, the promising results using abraxane for targeting CAFs in breast cancer suggest that 

this approach could be worth revisiting in targeted groups of patients with highly 

desmoplastic, fibroblast-rich tumors (18). Overall these studies show that stromal depletion 

is a complicated strategy, and that a balanced approach that considers both tumor 

suppressing and tumor promoting roles of the stroma is important to avoiding negative 

results.

Disappointing response of PDAC to both non-targeted and targeted therapies has motivated 

the investigation of photodynamic therapy (PDT). PDT is a photochemistry-based treatment 

modality that involves electronic excitation of a photosensitizer (PS) by an appropriate 

(usually red) light source to initiate the generation of reactive oxygen species in the target 

tissue (19) (20) (21) (22). Early studies demonstrated the promise of PDT in preclinical 

PDAC models (23), while more recent clinical studies have successfully established the 

technical feasibility and safety of PDT for locally advanced PDAC (24) (25). It has been 

shown that PDT is able to overcome chemoresistance (26) (27) (28). Moreover, PDT as a 

neoadjuvant treatment for disseminated pancreatic cancer has shown promise (29). 

Photodynamic priming (PDP) is a technique in which the light based production of reactive 

molecular species doesn’t surpass the cytotoxic threshold. It has been shown that PDP 

combined with vitamin D3 receptor activation in the tumor microenvironment overcomes 
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chemoresistance in PDAC by modulating a number of chemokines, and allows lower 

chemotherapy doses while maintaining significant and lasting treatment response (30). 

However, the role of stromal crosstalk specifically as a determinant of PDT response to 

PDAC has not been extensively studied. Previous studies in an in vitro 3D pancreatic tumor 

and fibroblast co-culture model showed that while PDT was able to destroy fibroblasts, it 

was unclear how this influenced tumor response to PDT and whether phenotypic traits of the 

fibroblasts were important to either the fibroblasts or tumor response to PDT (31). Another 

recent study examined the effect of PDT on pancreatic cancer cells co-cultured with 

fibroblasts in monolayer using semi-permeable inserts (32). This study showed that PDAC 

cell death in the presence of activated fibroblasts in monolayer was lower than the cell death 

in the presence of non-activated fibroblasts, though the difference was not statistically 

significant.

In this study, we adopted a heterotypic 3D co-culture model, which allowed us to examine 

PDT response of PDAC cells in communication with stromal partners that recapitulate 

contrasting fibroblastic phenotypes (33). While sophisticated animal models have been 

developed to recapitulate PDAC stroma (34) the use of a custom in vitro model here allowed 

us to interrogate response to PDT when epithelial PDAC cells are allowed to interact with 

stromal cells exhibiting contrasting fibroblastic phenotypes in a controlled environment that 

restores key morphological and functional features of human disease (2) (35).In this context 

we specifically examined how co-cultures with either primary pancreatic stellate cells 

(PSCs) or MRC5 cells (an established human fibroblast cell line), impacted upon growth, 

chemoresistance, and response to veteporfin PDT in PDAC 3D cultures. Co-cultures with 

each fibroblastic cell type were prepared using two epithelial PDAC lines, PANC-1 and 

CFPAC-1 cells to examine response with quasi mesenchymal and classical PDAC subtypes 

respectively (36). The formation of 3D multicellular PDAC nodules over a bed of stromal 

cells embedded in ECM enabled tumor-stroma paracrine crosstalk while allowing separate 

interrogation of therapeutic response in each population (in separate focal planes). We use 

this platform to contrast response to verteporfin PDT with two classical chemotherapy drugs 

with contrasting mechanisms of action: gemcitabine, a nucleoside analog; and oxaliplatin, an 

alkylating-like agent that is the major cytotoxic component of the multi-drug cocktail 

FOLFIRINOX.

Materials and Methods:

Cell culture:

PANC-1, CFPAC-1, and MRC5 cell lines were obtained from the ATCC and grown in T75 

cell culture flasks according to ATCC guidelines. DMEM, IMDM and MEM (HyClone) 

were supplemented with 10% FBS (HyClone), 100 IU/mL penicillin and 1% streptomycin 

(HyClone), and 0.5 mg/mL Amphotericin B (Corning). PSC cell line was obtained from 

ScienCell. SteCM was supplemented with 1% SteCGS, 2% FBS and 1% penicillin. PSC and 

MRC5 cells were subcultured between 3-10 times before they were used in the experiment.
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3D cell cultures and co-cultures:

PSC and MRC5 cells in single cell suspension were diluted to 100,000 cells in 250μl Growth 

factor reduced (GFR) Matrigel (240 mL; Corning) and added to each well of 24-well black-

walled plate (Ibidi USA Inc.) and incubated at 37°C for 20 minutes to allow for gelation. 

The Matrigel beds were overlaid with single-cell suspensions of PANC-1, and CFPAC-1 cell 

lines at a concentration of 7,500 cells/mL in DMEM high glucose and IMDM respectively 

following standard procedure for Matrigel-based overlay 3D tumor models (37). Cultures 

were incubated at 37°C and fresh cultures which supplemented with 2% Matrigel were 

substituted with the original medium every two days. The nodule growth was monitored 

every other day via darkfield microscopy with 5x objective to obtain high contrast images 

(33). Longitudinal images were processed to obtain growth curves and size distribution data 

using analysis code that was previously described (38).

PDT treatments in 3D cultures:

PDT treatments were administered to 3D cultures 7 days after plating. Growth medium was 

substituted with medium containing 250 nmol/L verteporfin (benzoporphyrin derivative 

monoacid ring A, BPD) (Sigma-Aldrich), incubated at 37°C for 1 hour and then replaced 

with the original medium and irradiated with 690 nm laser source (Intense; New 

Brunswick,NJ). Total light dose ranged from 5 J/Cm2 to 20 J/Cm2 with irradiance of 100 

mW/Cm2 at the bottom surface of cell culture. In cases where treatment response was 

studied in monolayer cell cultures, PDT parameters were identical, but cultures were 

prepared in black-walled 96-well plates. Therapeutic response was analyzed using 

fluorescence imaging after 24 hours.

Chemotherapy treatments in 3D cultures:

Chemotherapy treatments were administered 7 days after plating cultures. For gemcitabine 

treatments culture wells were assigned to groups that received either fresh medium (no 

treatment control), 10 μM, 100 μM, or 1000 μM gemcitabine (Tocris; Bristol, UK). For 

oxaliplatin treatments culture wells were assigned to groups that received either fresh 

medium (no treatment control), 10 μM, 100 μM, or 500 μM oxaliplatin. Chemotherapy 

treatment response was assessed by fluorescence imaging and image analysis procedures as 

described below

Imaging-based analysis of treatment response:

Therapeutic response was analyzed using fluorescence imaging after 24 hours. The vital 

dyes calcein AM and Ethidium Bromide were used as fluorescent markers for live and dead 

cells respectively, and returned to the incubator for 40 minutes prior to imaging 

(27).Complete sets of image data were acquired for two different focal planes: An upper 

plane image with 3D tumor nodules in focus, and a lower position focal plane with the 

embedded fibroblasts tumor nodules. This 3D model geometry allows us to interrogate and 

analyze response in each cell population separately. The geometry of the model system is 

shown schematically in Figure 1. Treatment response was quantified from fluorescence 

image data using an adaptation of routines previously developed in MATLAB (Mathworks, 

Natick, MA) (39) (27). Briefly improvised, response was reported as the ratio of total viable 
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volume from summing over all nodules in each segmented calcein channel image to the 

viable volume of the respective no treatment control. The volume of interior dead (ethidium-

bromide positive) segmented regions were subtracted from each nodule volume before 

summation.

Apoptosis and necrosis staining:

For imaging of apoptosis and necrosis, 3 hours after PDT, cultures were washed once with 

1X annexin V binding buffer (Annexin V-FTTC Fluorescence Microscopy Kit, BD 

Biosciences; San Jose, CA) diluted from 10X stock using hypure™ cell culture grade water. 

The plates were incubated for 30 minutes in room temperature with annexin V (BD 

Biosciences; San Jose, CA), propidium iodide (BD Biosciences; San Jose, CA) and Hoechst 

(33342, Trihydrochloride, Trihydrate, ThermoFisher Scientific; Waltham, MA). Before 

taking images, this medium was replaced with 1X annexin V binding buffer for better 

resolution.

Immunofluorescence:

Cultures for immunofluorescence imaging were grown for 7 days, rinsed with DPBS then 

fixed with 4% formaldehyde, for 15 min. The formaldehyde was gently removed and the 

cells were permeabilized with 0.5% triton for 30 min. Next, the cells were quenched with 

0.1M Glycine for 5 min. This step was repeated two more times. 50μl blocking buffer was 

added and the plate was stored at room temperature for 1 hour. Next, they were incubated 

with mouse anti-α-smooth muscle actine (α-SMA) and rabbit anti IL-1-α antibodies 

(Abcam, Cambridge, MA) overnight at 4°C. Next, they were rinsed with DPBS for 5 min 

three times followed by adding diluted goat anti-mouse IgG (α-SMA) and goat anti-rabbit 

IgG (IL-1-α) stored at 4°C for two hours. They were rinsed with DPBS and covered with 

prolong™ Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific). The images 

were taken using both widefield and confocal microscopes with 40x and 20x objectives 

respectively.

Transforming growth factor-β (TGFβ) treatments

To examine response to TGFβ stimulation, 10 ng/mL TGFβ (Gibco, Thermo-Fisher 

Scientific; Frederick, MD) in 1% FBS DMEM was added to MRC5 and PSC cells in 

monolayer for 24 hours then stained for immunofluorescence as described above.

Results and Discussion:

MRC5 and PSC cells exhibit contrasting fibroblastic phenotypes in co-cultures with 
PANC-1 and CFPAC-1 PDAC cell lines

We performed immunofluorescence imaging experiments to evaluate relevant phenotypic 

traits in stromal and epithelial PDAC cells in co-culture. It has been shown that IL1-α 
signaling is associated with the iCAF phenotype, which is implicated in tumor-promoting 

behavior. The expression of α-SMA is consistent with the myCAF phenotype, which has 

been associated with a tumor suppressive role (8). A distinct difference in α-SMA and IL1-

α expression was observed between PSC and MRC5 cells. As shown in Figures 2A and 2B, 

MRC5 had a higher IL1-α /α-SMA signal than PSC cells in both co-culture types (IL1-α 
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and α-SMA expressions in MRC5 and PCS cells co-cultured with PANC-1 or CFPAC-1 

nodules in supplementary Figure 1). It has been shown that, depending on the tumor-derived 

cues the fibroblasts are exposed to, iCAFs and myCAFS are interconvertible (8). The 

contrasting fibroblast phenotypes observed in our results when co-cultured with different 

PDAC cells, PANC-1 and CFPAC-1 was presumably due to different tumor-derived cues to 

the fibroblasts from each of these PDAC cells. The results from RNA sequencing of a panel 

of 2D human PDAC lines show IL1-α expression is approximately 140 times higher in 

CFPAC-1 cells compared to PANC-1 cells (P>0.05). Also, α-SMA secretion is 

approximately 8 times higher in CFPAC-1 cells compared to PANC-1 cells (P>0.05) (40). 

This might be the reason that overall we observed more α-SMA and IL1-α signaling in both 

types of fibroblasts when co-cultured with CFPAC-1 compared to when co-cultured with 

PANC-1. Overall, our data showed that the PSCs and MRC5 cells had different phenotypes 

when co-cultured with different PDAC cells. Whether these phenotypic differences could 

affect tumor growth and response to PDT and chemotherapy was investigated.

Comparative analysis of growth behavior in homotypic and co-culture

Having identified PDAC-relevant contrasting phenotypic traits of PCSs and MRC5 cells in 

co-culture, we sought to further probe the overall growth behavior of PDAC 3D cultures 

with and without each fibroblastic cell type in co-culture. These experiments used darkfield 

microscopy imaging at multiple timepoints to establish growth curves and to study the 

evolution of nodule size distribution over time (Figure 3). The results for both PANC-1 and 

CFPAC-1 cells were consistent with the expectation that the number of multicellular 3D 

nodules decreases due to cell and nodule aggregation events, while the size of nodules 

increases due to both aggregation and proliferation at the same time, as reported previously 

for other cancer cell lines in ECM overlay 3D culture (38). As Figure 3C shows, PANC-1 

nodule size increased more rapidly in the presence of PSCs. To examine the relative roles of 

proliferation or aggregation in nodule size increase, the number of nodules per day for each 

condition was also reported. Figure 3C shows, the number of PANC-1 nodules decreased 

with the same amount in all conditions (+/−fibroblasts) from day 2 to day 7. Comparing this 

data with the growth in diameter of the nodules in different conditions suggests a trend 

towards increased proliferation mediated by PSCs in PANC-1 nodules, although this was not 

significantly different from monocultures (P>0.05). There was no significant difference in 

the proliferation of the nodules +/− MRC5 cells.

A similar trend in increased proliferation was observed in CFPAC-1 cultures in the presence 

of PSCs, although this increase was also not significantly different from monocultures 

(P>0.05). Also, the number of CFPAC-1 nodules from day 2 to 7 +/− PSC was the same. 

The number of CFPAC-1 nodules decreased more in the presence of MRC5 cells compare to 

PSCs. However, the growth rate of CFPAC-1 nodules was lower than the nodules +/− PSC 

(P>0.05). Our result was consistent with a study on a 3D co-culture with GFP-labeled 

tumor-derived murine pancreatic organoids and PSCs (41). They showed that there was no 

significant difference between nodule proliferation +/− PSCs. However, there was a 

significant growth in PSCs proliferation in co-culture. Also, nodule size distributions at day 

7 showed non-significant difference between the number of larger nodules (≥6400μm2) +/− 

fibroblasts, suggesting that there was no significant impact on nodule volume in these co-
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cultures (Supplementary Figures S2A and S2B). A greater number of smaller objects when 

fibroblasts were available was due to visibility of fibroblasts themselves under the 

microscope. Our measurements were based on feature size in image data, not cell counts, 

and we had not attempted to quantify the number of fibroblastic cells embedded in the 

underlying matrix.

Heterocellular 3D co-cultures with stromal fibroblasts exhibit chemoresistance relative to 
homotypic 3D cultures

To examine the impact of co-culture conditions on chemosensitivity, we contrasted response 

to gemcitabine and oxaliplatin chemotherapies in PANC-1/fibroblast combination which 

were found in the characterization studies to exhibit strongest evidence of tumor-promoting 

stromal crosstalk. It has been established previously that paracrine crosstalk with PSCs in 

PDAC promotes cell survival through decreased apoptosis signaling (42). As expected, our 

data showed residual live nodule volume after treatment decreased in 3D cell cultures both 

with and without fibroblasts as the chemotherapy dose increased. Also, the presence of 

fibroblasts further diminished the response to oxaliplatin and gemcitabine chemotherapy. 

The effect was more dramatic with MRC5 than PSC cells (Figure 4A-D). An experiment on 

PDAC CAFs showed that different types of CAFs in PDAC had different chemosensitivity 

and that fibroblasts had an innate resistance to gemcitabine (43). Similarly, in our study both 

fibroblastic cell types, PSC and MRC5, showed minimal response to gemcitabine and 

oxaliplatin, and promoted chemoresistance in co-cultures. (Figure 4E).

PDT response is increased in 3D co-cultures with stromal fibroblasts

Following the same experimental design as the chemotherapy response studies, we also 

examined the impact of each PDAC/fibroblast co-culture condition on response to PDT 

using verteporfin. In direct contrast to the impact of fibroblast co-cultures on 

chemosensitivity, PDT response in PDAC cells (both PANC-1 and CFPAC-1) was enhanced 

when fibroblasts (MRC5 or PSCs) were present (P<0.05) (Figure 5A-D). This is a 

provocative result which goes against the prevailing trend that fibroblasts generally promote 

therapeutic resistance. As shown in Figure 5B and 5D which represent the dose response in 

CFPAC-1 ± fibroblasts, the difference between 10 J/cm2 and 20 J/cm2 was very small within 

the variability of the assay. Presumably with very high n-values there would be sufficient 

statistical power to resolve these differences in response even at intermediate PDT doses. In 

addition to enhanced response in PDAC cells, we also noted that the fibroblast populations 

themselves are highly sensitive to PDT and generally stain positive for ethidium bromide 

(cell death) even at intermediate PDT doses that produce only partial response in the tumor 

compartment of the co-cultures (Figure 5E). Moreover, Figure 5F shows the contrast 

between elongated fibroblasts surrounding cancer cells in the left panel versus dead 

fibroblasts surrounding the nodule in the right panel. This is in stark contrast to the 

chemotherapy response of fibroblasts noted above.

Another factor which could be considered to account for differences in PDT response is the 

uptake of verteporfin across cell culture conditions. However, while the verteporfin uptake 

and localization were not assessed for each cell culture scenario in this study, it does not 

seem likely that this could explain the trend toward increased cancer cell death in the 
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presence of fibroblasts. Since the co-cultures had a higher total cell number but the same 

total amount of verteporfin delivered, there could potentially be less available for uptake by 

either cell population. But if this were the case, we would expect to see decreased response 

to PDT, rather than the opposite effect.

Analysis of PDT-induced apoptotic and necrotic cell death in fibroblasts and co-cultures

To further examine PDT sensitivity in fibroblasts, we examined overall dose response as 

well as relative levels of early apoptosis in homotypic fibroblast monolayer cultures and in 

co-cultures. Overall dose response data for PDAC and fibroblasts in monolayer is shown in 

Figure 6A. The results show that both the PSC and MRC5 cells were highly sensitive to 

verteporfin PDT as compared to PANC-1 cells. As shown in Figure 6A, the fibroblasts 

(cultured on their own) are dramatically more sensitive to PDT than what is observed for 

either PDAC cell line in 3D culture. For example, at a light dose of 1J/cm2, the viability of 

PSC and MRC5 cells normalized to no treatment control were 0.25 ± 0.04, 0.02 ± 0.01 

respectively, as compared to 1.27 ± 0.03 for PANC-1 cells. The relatively high sensitivity of 

fibroblasts even at low light doses can also be seen in comparison with previously reported 

verteporfin PDT dose response for a larger panel of PDAC cell lines in monolayer culture 

(44). It is not surprising that normal cells were more susceptible to PDT-induced 

phototoxicity since resisting cell death is indeed a hallmark of cancer, and therapeutic index 

in PDT is achieved through selective light delivery and PS localization rather than intrinsic 

differential sensitivity to PDT in normal and cancer cells. It seems plausible that in PDAC 

tumors with fibrous stroma densely intermingled among pockets of cancer cells, that PDT 

dose will also be delivered to stromal cells as in these in vitro models. Hence the high 

sensitivity of stromal fibroblasts to PDT and subsequent consequences of photodestruction 

of this cell populations could be clinically relevant to PDT for PDAC.

As Figure 6B shows, apoptosis was dominant at lower light doses for verteporfin-PDT 

(which induces photodamage to mitochondria and endoplasmic reticulum) (45) (46) (47), 

while necrotic response was dominant at higher doses. This trend was more pronounced in 

MRC5 and PANC-1 cells compared to PSC cells (Figure 6B). The higher acute necrotic 

death of a large proportion of MRC5 cells compared to PSC potentially suggests a larger 

transient burst of cytokines into the microenvironment which could be related to the more 

dramatic impact on PDAC nodules in the MRC5 co-cultures. Further analysis of cytokine 

panels in PDT treated co-culture supernatants are needed to identify changes in levels of 

relevant cytokines following PDT treatment to identify which secreted cytokines are 

implicated in this.

Having found that cancer cell death generally increased in co-cultures, we sought to examine 

whether the increase in overall killing was predominantly apoptosis, necrosis, or a 

combination of both. To assess relative levels of apoptosis and necrosis we performed 

Annexin V and propidium iodide staining in 3D co-cultures of PANC-1, with and without 

fibroblasts (Figures 6C and 6D). These results showed that co-cultures generally exhibited 

an increase in both necrotic and apoptotic cell death without a convincing predominance of 

one or the other. This is observed in co-culture with both fibroblastic cell types (though the 

increase in apoptosis in the presence of PSC cells was not significant).
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Conclusion

We investigated the impact of stromal fibroblasts on PDT and chemotherapy response in 3D 

co-cultures using fibroblasts which exhibit varying phenotypic traits. Our results showed that 

while co-culture with fibroblasts generally promoted chemoresistance, PDT response was 

enhanced when fibroblasts were present. Our data suggests the hypothesis that the increased 

killing of cancer cells may be caused by a bystander effect due to the acute necrotic death of 

a large proportion of fibroblasts and subsequent release of cytokines in the 

microenvironment. Similar stromal bystander effects have been observed with radiotherapy 

in other contexts (48). Here it was significant that the presence of fibroblasts in co-culture, 

which was found to promote increased chemoresistance, had the reverse effect on response 

to PDT. While both fibroblast cell types examined generally promoted the same trend toward 

decreased chemosensitivity and increased sensitivity to PDT, this effect was most 

pronounced with MRC5 co-cultured with PANC-1 cells. This observation however is 

consistent with the data presented in Figure 2 (high IL1-α, relatively low α-SMA) when 

taken in context of previous literature demonstrating tumor promoting and suppressing roles 

of the iCAF and myCAF phenotypes, respectively. Here we saw that co-culture conditions 

which gave rise to iCAF features were also the conditions in which we saw the most 

chemoresistance. This same co-culture condition benfited most from the photodestruction of 

fibroblasts. In other words, the condition in which we saw the most evidence of the 

fibroblasts playing a tumor-promoting role, we also saw the greatest benefit of depleting 

fibroblasts.

Overall however, the high sensitivity of the stromal compartment itself points to the potential 

of PDT as an adjuvant therapy for stromal depletion, not only priming the tumor for 

increased death response, as seen here, but also potentially enhanced permeability of the 

notoriously dense PDAC stroma to subsequent drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic diagram of PSCs or MRC5 co-cultured with PANC-1 or CFPAC-1 cells (3 left 

columns in the plate) and homo culture of the PANC-1 or CFPAC-1 cells (3 right columns).
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Figure 2. 
A) 3D confocal images of fibroblasts co-cultured with PANC-1 or CFPAC-1 nodules. Red= 

IL1-α, green= α-SMA, blue=DAPI. Scale bar = 200μm B) Upper graph shows the IL1-α /

α-SMA expressions in MRC5 and PCS cells co-cultured with PANC-1 nodules. Lower 

graph shows the IL1-α /α-SMA expressions in MRC5 and PCS cells co-cultured with 

CFPAC-1 nodules. Higher IL1-α /α-SMA expression in PSCs compared to MRC5 is 

observed in both co-culture types. Results were considered significant if P < 0.05 (*)
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Figure 3. 
Representative dark-field microscopy images of A) in vitro 3-D nodules +/− MRC5 B) in 

vitro 3-D nodules +/− PSC. Scale bar = 200μm C) representative mean diameter of the 

nodules (left) and the number of nodules per day (right). No significant difference in growth 

rate of nodules is observed (P>0.05).
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Figure 4. 
Comparison between total live residual volume of PANC-1 nodules 48 hours after 

oxaliplatin treatment with (black) and without (gray) A) MRC5 cells. B) PSC cells. 

Comparison between total live residual volume of PANC-1 nodules 48 hours after 

gemcitabine treatment with (black) and without (gray) C) MRC5 cells. D) PSC cells. The 

live residual volume decreased as the chemotherapy dose increased. Also, the presence of 

fibroblasts further diminished the response to chemotherapy. Results were considered 

significant if P < 0.05 (*), P< 0.01 (**). E) The comparison between the effect of 

chemotherapy on fibroblasts using lower focal plane images. The fibroblasts exhibited 

minimal response to gemcitabine and oxaliplatin even at the highest doses used in this 

experiment.
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Figure 5. 
Comparison between PDT response in A) PANC-1 cells with (black) and without (gray) 

MRC5. B) CFPAC-1 cells with (black) and without (gray) MRC5s. C) PANC-1 cells with 

(black) and without (gray) PSCs. D) CFPAC-1 cells with (black) and without (gray) PSCs. 

In all situations, the PDT response is increased in co-cultures in the presence of fibroblasts. 

Results were considered significant if P < 0.05 (*), P< 0.01 (**). E) Fibroblasts exhibit 

dramatic response to PDT with complete cell death at 5J/cm2 PDT. There is significant 

residual 3D tumor volume at the same dose (green). F) The contrast between elongated 

fibroblasts surrounding cancer cells in the left panel versus dead fibroblasts surrounding the 

nodule in the right panel. Scale bars = 200 μm.
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Figure 6. 
A) PDT dose response in fibroblasts and PANC-1 cells. Fibroblasts are highly sensitive to 

veteporfin PDT compare to PANC-1. B) Ratio of PI to Annexin V, 3 hours post PDT 

(PI=necrotic, annexin=apoptotic) for fibroblasts and PANC-1 cells in monolayer. As ratio 

increases, there's more necrosis, and C) Comparison between apoptosis and necrosis 3 hours 

post PDT for PANC-1 cells +/− fibroblasts. Higher necrotic and apoptotic cell death is 

observed in the presence of fibroblasts. Results were considered significant if P < 0.05 (*), 

P< 0.01 (**). D) Confocal images of PANC-1 cells +/− fibroblasts 3 hours after 20J/Cm2 

PDT. Scale bars = 200μm.
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