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Gemcitabine remains the standard of care for all stages of PDAC, however, with poor clinical benefits which is considered
to be due to reduced drug availability in tumor cells. Gemcitabine-induced cytotoxicity depends upon sufficient drug
uptake followed by intracellular activation.
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| 1. Introduction

Pancreatic ductal adenocarcinoma (PDAC), commonly known as pancreatic cancer, is characterized by a low rate of
surgical resectability, profound chemoresistance, and overall 5-year survival of less than 7% M2, For most patients,
PDAC is a locally advanced or systemic disease at the time of diagnosis, thereby making chemotherapy a crucial
component of the treatmentl3l. Gemcitabine (2',2-difluoro-2'-deoxycytidine [dFdC]), a nucleoside analog, has long been
the backbone of PDAC chemotherapy®ll8], Although shown to be less effective than FOLFIRINOX (FOLinic acid, 5-FU,
IRINotecan, and OXaliplatin) in the adjuvant settingl®, in metastatic PDAC gemcitabine remains the preferred drug in
combination with nab-paclitaxel, or in monotherapy for patients not suitable for aggressive chemotherapy €l The poor
clinical effect of gemcitabine has been considered to be due to its limited cellular uptake and impaired intracellular
activation, causing overall low efficacy. However, the exact mechanisms underlying chemoresistance in PDAC remain
elusiveldl20  Therefore, a better understanding of pancreatic cancer biology, especially in the context of drug
pharmacokinetics, is necessary.

Activated pancreatic stellate cells (PSCs, also referred to as cancer-associated fibroblasts-CAFs) are the major cellular
component of PDAC, producing excessive amounts of various extracellular matrix (ECM) components LUIL213] The
abundant deposition of ECM in the tumor stroma leads to vascular collapse with impaired drug delivery and acquired
chemoresistance in PDACII various secreted factors from stromal cells have recently been reported to promote
gemcitabine resistance LSIMEILANLS] |y addition, a recent study in murine pancreas suggests that PSCs/CAFs entrap the
active form of gemcitabine intracellularly, thereby limiting its availability for cancer cells, and thus, reducing overall drug
efficacyl¥. Several studies suggest that gemcitabine metabolism rather than the biophysical properties of the PDAC
tissue matters most for chemoresistance to gemcitabinel@2921 Following its cellular uptake in cancer cells, mainly by
human equilibrative nucleoside transporter 1 (hENT1), gemcitabine undergoes a stepwise activation/phosphorylation
processi 22 |n the activation pathway, deoxycytidine kinase (DCK) catalyzes the initial step of phosphorylation by
converting dFdC to gemcitabine monophosphate (dFdCMP) with subsequent generation of gemcitabine diphosphate
(dFdCDP) and gemcitabine triphosphate (dFdCTP). dFdCTP is the main active metabolite of gemcitabine that exerts
cytotoxic activity by inhibition of DNA replication 22, The cellular fate of gemcitabine is also regulated by inactivation
pathways. Cytidine deaminase (CDA) catalyzes the conversion of dFdC to 2',2-difluoro-2'-deoxyuridine (dFdU)23l, In
addition, dFACMP is also inactivated by 5'-nucleotidase cytosolic 1A (NT5C1A), thereby limiting the generation of dFdCTP
and causing chemoresistancel2d, Expression of these key regulators has been shown to correspond with the preclinical
responses to gemcitabine and with patient survivall2412311261[27],
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Basic research in PDAC, including drug testing, has mainly been conducted using several commercially available cell
lines28l. However, their overall representativeness of the original tumor can be questioned, as various omics analyses
have recently highlighted the presence of a high degree of heterogeneity of PDAC, both between individual tumors (inter-
tumor heterogeneity) and also within the same tumor (intra-tumor heterogeneity)22. Moreover, some cells are derived
from metastases, and all cell lines are prone to genetic drift. In attempts to overcome these challenges, various human
PDAC-derived primary pancreatic carcinoma cell (PCC) lines have been established as experimental models for
pancreatic cancerBUBLUE2 However, these models lack the complex input from stromal components found in all PDACs,
particularly cues from the PSCs. Similarly, research on PSCs has mainly been conducted using a few commercially
available PSC lines, which differ phenotypically and in their interactions with cancer cells compared to primary established
PSCs, as shown in our recent study32l.

| 2. Human PDAC-Derived PSCs are Less Able to Accumulate Gemcitabine

Since the report by Burris et al. in 19974 gemcitabine has been considered as first-line therapy for locally advanced and
metastatic PDAC, despite only marginal survival benefits. Clinical failure of PDAC treatment with gemcitabine has been
partly attributed to impaired drug delivery to the stroma-rich tumor microenvironment and to chemoresistance (both
inherent and acquired) B, Stromal depletion strategies aiming at enhanced drug delivery to PDAC have been explored
during the past decade, but have generally failed to generate significant clinical benefits 4. Moreover, enhanced drug
delivery does not ensure that the chemotherapeutic agent is metabolically available and active against malignant cells/2
(221 Thus, reassessing the mechanisms of gemcitabine processing and activation in the cells that comprise a PDAC tumor
is critical for improved therapy.

In the present study, human PDAC-derived paired primary PCC and PSC cultures, and the PDAC cell lines BxPC-3, Mia
PaCa-2, and Panc-1 were used to explore the cellular fate of gemcitabine. All PCCs and PDAC cell lines exhibited a dose-
dependent reduction in cell viability following exposure to gemcitabine. Interestingly, PCCs demonstrated overall higher
chemosensitivity than the PDAC cell lines. In contrast, PSCs showed resistance to gemcitabine regardless of the dose
used, which is in line with our previous findings®. Of note, the MTT assay was used in this study to determine
gemcitabine-induced cytotoxicity in vitro over a short time period (48 h). Among various cytotoxicity testing assays, the
MTT assay is unquestionably well-characterized and reliable, and is, therefore, used routinely in both academia and
industry for cytotoxicity testing. However, there are certain limitations with respect to the interpretation of this assay. For
example, the MTT assay is a short-term assay, where a reduction in the MTT signal is a surrogate for cell killing. It does
not determine whether the surviving cells display a temporarily reduced growth rate, or even enter a transient growth
arrest during treatment. Despite these limitations, the MTT assay is the most practical and feasible cytotoxicity assay
currently available.

Transport into the cell is a rate-limiting step that determines the fate of gemcitabine. Overall, cancer cells displayed a 5-
fold higher uptake of gemcitabine compared to PSCs, indicating that PSC’s resistance to gemcitabine is most likely
related to impaired drug uptake. Gemcitabine transport across the cell membrane is regulated by various nucleoside
transporters, and kinetic studies have shown that hENT1 is the key transporter of gemcitabine in PDAC[I2235]
Expression analysis revealed a significantly lower hENT1 expression in PSCs as compared to cancer cells, supporting the
observed lower gemcitabine uptake by PSCs. Moreover, the dose-dependent reduction in gemcitabine transport following
exposure of cancer cells and PSCs to the hENT1 inhibitor NBMPR, as well as the reduced gemcitabine transport following
the knockdown of hENT1 in cancer cells, support the importance of hENT1 as the prime cellular transporter of
gemcitabine in both cell types.

Intracellular availability of gemcitabine alone is not sufficient to generate the desired cytotoxic effects, because the latter is
also dependent on the intracellular activation of gemcitabine to generate its active metabolite dFdCTP along with an
appropriate balance between intracellular activation and deactivation&28, |C-MS/MS analysis revealed a significantly
lower intracellular amount of active gemcitabine metabolites, dFdCDP and dFACTP, in the PSCs than in the PCCs, which
can be explained by significantly lower expression of hENT1 and DCK in PSCs as compared to PCCs. Notably, despite
similar average intracellular dFdC levels, the metabolites dFdCDP and dFdCTP were significantly lower in PDAC cell lines
compared to PCCs. In addition, lower levels of active metabolites of gemcitabine were also reflected by lower gemcitabine
sensitivity in PDAC cell lines compared to PCCs. DCK is a main rate-limiting enzyme in intracellular gemcitabine
activation following its uptake. The observed lower active metabolites of gemcitabine in PDAC cell lines compared to
PCCs may indicate reduced enzymatic activity of DCK in the PDAC cell lines. DCK activity has been reported to correlate

with gemcitabine sensitivity in cancer cellsBZ. DCK activity could be affected by genetic variants or interacting proteinssl
[39]



CDA inactivates gemcitabine by converting dFdC to dFdU, and its role in in vivo gemcitabine pharmacokinetics and in
vitro drug sensitivity is well described. It is only recently that the role of CDA in intracellular gemcitabine metabolism in
PDAC cells has been examined in a quantitative manner23. It was observed that the concentrations of dFdU and
dFdCTP differed considerably between BxPC-3, Mia PaCa-2, and Panc-1 cells, depending on the activity of CDALE.
Similarly, in the present study, a considerable variation in the expression of CDA was observed among both PDAC cell
lines and PSCs, and it was overall significantly lower in both PSCs and PDAC cell lines than in PCCs. LC-MS/MS analysis
revealed significantly lower levels of dFdU in PSCs and PDAC cell lines than in PCCs, which can be explained by a
significantly lower CDA expression observed in PSCs and cell lines. Expression analysis of NT5C1A in PCCs further
confirmed its strong expression in cancer cells of resected PDACs, as indicated in a recent study by Patzak et al.2%,
However, our findings do not support the role of NT5C1A in mediating gemcitabine resistance, because levels of NTS5C1A
expression were similar in PDAC cell lines and PCCs, while chemosensitivity was significantly lower in PDAC cell lines. Of
note, NT5C1A expression in PSCs was below detectable levels. Furthermore, the key gemcitabine regulators hENT1,
DCK, CDA, and NT5C1A were expressed to varying degrees among the different cancer cells, whereas PSCs displayed
overall significantly lower expression than the cancer cells. In addition, a similar heterogeneity was also observed
regarding gemcitabine uptake, cytotoxicity, and in the overall gemcitabine metabolite profile. Taken together, these
observations support the observed differences in pharmacokinetic profiles of gemcitabine between PCCs and PSCs, as
well as between the various cancer cells. Of note, although the sample size is too small to compare, no clear differences
were observed between PCCs derived from treatment-naive (PCC-1 and PCC-2), and neoadjuvantly treated (PCC-5 and
PCC-6) PDACs.

Modulation of cellular enzymes regulating transport and metabolism (i.e., hENT1, DCK, CDA, and NT5C1A) may
influence the cytotoxic effect of gemcitabine. In cancer cells, gemcitabine-induced cytotoxicity was significantly lower
following knockdown of hENT1 and DCK, whereas knockdown of CDA and NT5C1A had no impact, highlighting the
importance of a balanced expression of the key regulators of gemcitabine metabolism for treatment effects to occur. In an
effort to characterize the relationship between gemcitabine cytotoxicity and its uptake and processing in a quantitative
manner, the protein expression of its key regulators in the cancer cells was calculated. Correlations between gemcitabine
ICs5o values and gemcitabine metabolites or protein expression of gemcitabine metabolism markers were investigated in
the total cohort of cancer cells (PCCs and PDAC cell lines combined). Although merging two different groups of malignant
cells originating from the same cancer may not be optimal, the analysis revealed a clear pattern. Individual levels of
dFdCDP, dFdCTP, or combined, dFdCDP+dFdCTP, each showed a negative correlation with the gemcitabine ICsq values.
Furthermore, there was a strong correlation between gemcitabine ICsg values and the ratios hENTL1/CDA and hENT1 x
DCK/CDA x DCTD, however in the opposite direction. This finding could be at least partially explained by a significantly
lower CDA expression in PDAC cell lines compared to PCCs. Of note, individual protein expression of hENT1, DCK, CDA,
DCTD, or NT5C1A showed no correlation with gemcitabine sensitivity. In addition, none of the other ratios, including hENT
x DCK, CDA x NT5C1A, hENT1/CDA x NT5C1A, or DCK/CDA x NT5C1A, correlated with gemcitabine sensitivity.

A recent study by Hessmann et al. reported that gemcitabine was more effectively accumulated in fibroblast-rich primary
tumors as compared to the less stoma-rich liver metastases in a murine PDAC model®2. It further suggested that drug
scavenging and entrapment of large amounts of dFdCTP by fibroblasts results in a reduced availability of gemcitabine for
tumor cells, thereby reducing drug efficacy. Our results show that human PDAC-derived primary PSCs accumulate very
little gemcitabine, indicating that in human PDAC, PSCs may not have a prominent drug scavenging role. We have no
obvious explanation for these divergent results other than the species, genetic, and biological differences between
genetically engineered mouse tumor models and human tumors#241l we cannot entirely exclude the possibility that the
PCCs and PSCs might have acquired new properties as a consequence of the cell isolation and culture processes, thus
making them behave differently from the cells in situ in the tumor tissue, although similar isolation and culturing
techniques were also employed in the Hessmann study2¥, making this explanation less likely. It should also be noted that
primary human PSCs differ in many functional characteristics from their transformed murine counterparts23. In addition,
different subtypes of PSCs/CAFs have been reported in terms of divergent tumor-promoting effects and therapy
resistancel@2143144l45] The existence of subtypes of PSCs and possibly different proportions of such subtypes with distinct
gemcitabine metabolic capacities in individual PDAC tumors might further complicate this picture.
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