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5-Aminolevulinic acid (ALA) is a potential contrast agent for fluorescence-guided surgery in pancreatic ductal adeno-
carcinoma (PDAC). However, factors influencing ALA uptake in PDAC have not been adequately assessed. We inves-
tigated ALA-induced porphyrin fluorescence in PDAC cell lines CFPAC-1 and PANC-1 and pancreatic ductal cell line
H6c7 following incubation with 0.25-1.0 mM ALA for 4-48 h. Fluorescence was assessed qualitatively by microscopy
and quantitatively by plate reader and flow cytometry. Haem biosynthesis enzymes and transporters were measured
by quantitative polymerase chain reaction (QPCR). CFPAC-1 cells exhibited intense fluorescence under microscopy
at low concentrations whereas PANC-1 cells and pancreatic ductal cell line H6¢7 showed much lower fluorescence.
Quantitative fluorescence studies demonstrated fluorescence saturation in the two PDAC cell lines at 0.5 mM ALA,
whereas H6c7 cells showed increasing fluorescence with increasing ALA. Based on the PDAC:H6¢7 fluorescence
ratio studies, lower ALA concentrations provide better contrast between PDAC and benign pancreatic cells. Studies
with qPCR showed upregulation of ALA influx transporter PEPT1 in CFPAC-1, whereas PANC-1 upregulated the efflux
transporter ABCG2. We conclude that PEPT1 and ABCG2 expression may be key contributory factors for variability in

ALA-induced fluorescence in PDAC.

Introduction

Due to the late onset of specific symptoms, most patients with pancre-
atic ductal adenocarcinoma (PDAC) are diagnosed with inoperable disease
and only 13-22% will undergo curative-intent resection [1]. Even in pa-
tients selected for surgery, the majority will develop cancer recurrence.
One major factor influencing this is the difficulty in achieving clear surgical
resection margins. A recent systematic review of patients undergoing
pancreaticoduodenectomy for PDAC (n = 3815) found that 47-92% of pa-
tients developed recurrence [2]. In the studies reporting on the site of recur-
rence (n = 1713), 12% of patients developed local recurrence at the
resection site with no distant metastases. This suggests that in this cohort,
small volume residual disease was present in the surgical field at the time
of surgery but was not detected. Identifying residual tumour intraopera-
tively could allow surgeons to extend the resection margin (if technically
possible) or help select those patients who may benefit from additional in-
traoperative or post-operative therapies, aiming to reduce local recurrent
disease and improve survival.

Fluorescence-guided surgery (FGS) uses contrast agents that accumulate
within cancers to provide intraoperative real-time enhanced tumour
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visualisation [3]. The signal-to-noise ratio (SNR, or tumour-to-background
ratio in this context) quantifies the extent to which tumour fluoresces
more than surrounding non-neoplastic tissue, and a high ratio is desirable.
A SNR > 5 is often applied as a minimum desirable SNR for effective FGS
[4]. FGS is attracting increasing interest in surgical oncology using a
range of contrast agents [5]. However, a suitable contrast agent for FGS in
PDAC has not yet been established.

5-Aminolevulinic acid (ALA) is a unique contrast agent since it acts as a
pro-drug precursor of protoporphyrin IX (PpIX), a fluorescent porphyrin
that is the penultimate molecule in the haem biosynthesis pathway
(Fig. 1) [6,7]. ALA usually enters cells via peptide transporters PEPT1 or
PEPT2 [8,9]. A large influx of exogenous ALA results in PpIX accumulation,
causing cells to fluoresce red when excited with violet light. ALA has regu-
latory approval and is used in FGS for malignant gliomas [10].

Studies on ALA FGS in PDAC have focused on staging laparoscopy,
aiming to increase detection of occult metastases to prevent unnecessary
laparotomy. Orth et al. performed standard and ALA fluorescence laparos-
copy (FL) in 12 patients with PDAC [11]. FL increased the number of de-
tected peritoneal lesions (19 vs. 32 biopsies) but six lesions (19%) were
false positives secondary to inflammation. Zopf et al. (2005) performed a
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Fig. 1. The haem biosynthesis pathway. Endogenous aminolevulinic acid (ALA) is
synthesised in the mitochondria and acts as an early substrate for the haem
biosynthesis pathway. The penultimate molecule protoporphyrin IX (PpIX)
displays bright red fluorescence when excited by blue/violet light. Exogenous
ALA preferentially accumulates in neoplastic cells leading to an accumulation of
PpIX that can be exploited for biophotonic diagnostics. Image constructed using
icons from Servier Medical Art (licensed under CC BY 3.0). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

similar study in patients undergoing FL for various malignancies (n = 30)
[12]. Of the 12 PDAC patients, four had metastases and three had their me-
tastases detected by standard and ALA FL. The fourth had a posterior liver
metastasis not detected with either modality due to its location. Yonemura
et al. performed ALA FL to identify peritoneal metastases in patients under-
going cytoreductive surgery, five of whom had PDAC [13]. The smallest
metastasis detected by FL was 0.5 mm, with four of the five patients with
PDAC demonstrating fluorescence. Harada et al. performed ALA FL in 34
patients with PDAC [14]. Nine (26%) had peritoneal nodules identified in
white light, four of which fluoresced under violet light. Frozen section con-
firmed the four fluorescent nodules to be PDAC and the five non-fluorescent
nodules to be benign. However, ALA FGS did not identify any new nodules
compared to white light.

Based on these studies, ALA FGS in PDAC requires improvement and a
better understanding of ALA uptake by normal pancreas and PDAC is
needed. This study investigated variability in ALA uptake and metabolism
in two PDAC cell lines and a pancreatic ductal cell line representing normal
pancreas. Fluorescence was quantified to determine the optimal ALA con-
centration and incubation time for the highest SNRs. Expression of haem
biosynthesis enzymes and transporters was determined to assess whether
these contribute to variability in ALA-induced PpIX fluorescence in PDAC.

Materials and methods
Cell lines and culture

CFPAC-1 (ECACC, UK) was derived from a liver metastasis of a well-
differentiated PDAC in a 26-year-old male [15]. PANC-1 (RIKEN BRC,
Japan) was derived from a poorly-differentiated PDAC in a 56-year-
old female [15]. H6c7 (Kerafast, USA) is an immortalised pancreatic
ductal cell line. Derived from a 51-year-old female who underwent
pancreaticoduodenectomy but whose histology showed no evidence of
malignancy, it has a near-normal phenotype and genotype and is consid-
ered to represent normal pancreatic ductal cells [16,17]. CFPAC-1 was
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cultured in Iscove's modified Dulbecco's medium with r-glutamine,
HEPES buffer (Gibco™) and 10% foetal bovine serum (FBS) (Gibco™).
PANC-1 was cultured in Dulbecco's modified Eagle's medium with glu-
cose, L-glutamine (Lonza®) and FBS. H6¢7 was cultured in Keratinocyte
FBS-free media with L-glutamine, epidermal growth factor and bovine
pituitary extract (Gibco™) with 1% antibiotic/antimycotic (Gibco™).
Cells were cultured in 75 cm? tissue culture flasks in a humidified incu-
bator at 37.0 °C with 5% CO, and passaged when ~80% confluent.

Fluorescence microscopy

CFPAC-1, PANC-1 and H6c7 were seeded on day 1 (7500, 7500 and
9000 cells per dish respectively) and microscopy performed on day 3.
These seeding densities were selected so that cell confluence was compara-
ble between cell lines at the time of microscopy (~70%). Prior to imaging,
cells were incubated for 4 or 24 h with either FBS-free cell culture medium
(CCM) or 0.25/0.5/0.75/1.0 mM ALA (Sigma-Aldrich®) in FBS-free CCM.
A maximum concentration of 1.0 mM was chosen based on published data
on the colorectal cancer cell line WiDr demonstrating that ALA concentra-
tions >1.0 mM do not result in further PpIX formation [18]. FBS-free
CCM was used as FBS proteins cause efflux of intracellular ALA-induced
PpIX [19]. After incubation, cells were fixed in 4% formaldehyde and
washed in phosphate buffered saline (PBS) prior to imaging on an
Olympus® BX63 fluorescence microscope (excitation/emission 545/
620 nm, 10 X magnification, 10 s exposure time).

Quantitative fluorescence measurements

CFPAC-1, PANC-1 and H6c7 were seeded into 96 well plates on day 1
(3000, 4000 and 8000 cells per well respectively) and had fluorescence
measured on day 4 using a Tecan® Infinite® 200 PRO plate reader (excita-
tion/emission 420/635 nm). These seeding densities were selected so that
cell confluence was comparable between all cell lines at the time of mea-
surement (~80%). Prior to measurement, cells were incubated with either
FBS-free CCM (control) or 0.25/0.5/0.75/1.0 mM ALA in FBS-free CCM for
4, 8, 24 or 48 h and washed with PBS.

Observed differences between cell lines using a plate reader may be sec-
ondary to variations in cell numbers, cell size or growth rates in each well.
To address this, flow cytometry using fluorescence-activated cell sorting de-
termined fluorescence values for individual cells. A set number of cells
(events) were analysed to calculate the median per-cell fluorescence. 1
x 10° cells were seeded onto 25 cm? tissue culture flasks on day 1 and
flow cytometry performed on day 3 following 4 or 24 h incubation with
FBS-free CCM (control) or 0.25/0.5/0.75/1.0 mM ALA in FBS-free CCM
(excitation 405 nm, emission 600-620 nm). Samples were trypsinised,
washed and centrifuged before being stained with a viability dye to identify
live cells (Invitrogen™ eBioscience™ eFluor™ 450, excitation/emission 405/
450 nm). This dye was selected as its narrow emission peak at 450 nm does
not overlay the emission peak of PpIX at 635 nm. Samples were analysed on
a BD LSRFortessa™ 5 L SORP cell analyser until 30,000 events were re-
corded. Live cells were gated and median per-cell fluorescence calculated
using FlowJo v10.6. Compensation was applied to deduct any red fluores-
cence emission attributable to the viability dye.

Toxicity assessment

Cell metabolic activity was assessed using the Methyl Thiazolyl Tetrazo-
lium (MTT) assay. CFPAC-1, PANC-1 and H6c7 were seeded on day 1
(3000, 4000 and 8000 cells per well respectively) and absorbance at
570 nm read on the plate reader on day 4 following 24 or 48 h exposure
to FBS-free CCM (control) or 0.25/0.5/0.75/1.0 mM ALA in FBS-free
CCM. Cells were incubated with MTT for 3 h prior to reading and were
shielded from light to assess toxicity from ALA exposure rather than ALA-
induced photodynamic therapy.
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Quantitative polymerase chain reaction (qPCR)

Quantitative PCR was performed to investigate the effect of ALA on
mRNA expression of haem biosynthesis enzymes and transporters
[6,7]. 1 x 10° cells were seeded on 10 cm petri dishes on day 1. On
day 2, the media was changed to FBS-free CCM (control) or 0.5 mM
ALA in FBS-free CCM. On day 3 (24 h ALA exposure), RNA was ex-
tracted (RNeasy minikit, QIAGEN®) as per manufacturer's instructions
and complementary DNA (cDNA) synthesised using High Capacity
cDNA Reverse Transcription (RT) Kit (Applied Biosystems®). To
synthesise cDNA, samples were diluted with RNA-free water to a con-
centration of 100 ng pl ~*, combined with Master Mix prepared to man-
ufacturer instructions and reverse transcription performed using a Q-
Cycler II thermal cycler (Quanta Biotech Ltd.). qPCR was performed
using an ABI 7500 Fast Real time PCR System (Applied Biosystems®)
and custom TaqMan™ array plates. Probes targeted the following
mRNA sequences:

Enzymes: ALA synthase, ALA dehydratase, hydroxymethylbilane synthase,
uroporphyrinogen III synthase, uroporphyrinogen III decarboxylase,
coproporphyrinogen oxidase, protoporphyrinogen oxidase, ferrochelatase.
Transporters: PEPT1, PEPT2, ABCB6, ABCG2, SLC25A38.

Relative mRNA expression was normalised to housekeeping gene
HPRT1.

4 hours
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Statistics and data processing

Comparison of groups used one-way analysis of variance (ANOVA) with
p < 0.05 being considered statistically significant. Post-hoc analyses used
the Dunn-Bonferroni correction to reduce the risk of type I error from mul-
tiple t-tests (p < 0.005 being considered statistically significant). Similarly,
comparison of mRNA expression changes following ALA exposure had sig-
nificance set atap < 0.01 to reduce the risk of type I error. Plate reader,
flow cytometry, toxicity and qPCR experiments were performed in tripli-
cate. Images were processed using ImageJ v.1.5 and plate reader and
qPCR data using Excel 2013. Statistics were performed on IBM® SPSS®
Statistics 24 and graphs constructed using GraphPad Prism 8.

Results
Fluorescence microscopy

CFPAC-1 exhibited strong PpIX fluorescence at each ALA concentration
after 4 or 24 h incubation (Fig. 2). Characteristic extranuclear fluorescence
distribution was observed in all cells, and cells appeared healthy demon-
strating the normal lattice growth pattern typical of CFPAC-1. PANC-1 dem-
onstrated no discernible PpIX fluorescence at any investigated ALA
concentration after 4 h incubation. After 24 h, weak fluorescence was de-
tectable from 0.5 mM ALA onwards. H6c7 demonstrated increasing
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Fig. 2. Fluorescence microscopy of pancreatic cancer cell lines CFPAC-1 and PANC-1 and pancreatic ductal cell line H6¢7 following 4 or 24 h incubation with increasing doses
of aminolevulinic acid. CFPAC-1 demonstrated bright ALA-induced fluorescence at all investigated ALA concentrations after 4 or 24 h incubation with ALA. In contrast,
PANC-1 showed minimal ALA-induced fluorescence (strongest signal at higher doses of ALA after 24 h exposure). The control cell line H6¢7, although showing little
fluorescence at lower concentrations, demonstrated increasing fluorescence at higher concentration at both 4 and 24 h. Abbreviations: BF = bright field, FC =
fluorescence channel (emission 620 nm), ALA = 5-aminolevulinic acid. 10 X magnification, individual image size 877 X 661 pm.
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fluorescence from 0.5 mM after 4 h incubation and from 0.75 mM after 24 h
incubation.

Quantitative fluorescence

Plate reader data showed that compared to CFPAC-1 in CCM, incuba-
tion with ALA resulted in significantly increased mean fluorescence at all
investigated time points and ALA concentrations (one-way ANOVA p <
0.0001) (Fig. 3). Post-hoc analysis showed that a threshold was reached
where further increases in ALA concentration did not cause significantly
higher fluorescence (0.75 mM at 4 h and 0.5 mM after 8, 24 or 48 h).
PANC-1 also showed a significant increase in mean fluorescence after
ALA exposure compared to PANC-1 in CCM (one-way ANOVA p <
0.0001), although the increase was small compared to CFPAC-1. Post-hoc
analysis showed no further significant fluorescence increase at ALA concen-
trations >0.5 mM at all four time points. H6c7 incubated with ALA also
showed significantly increased mean fluorescence compared to H6c7 in
CCM at all investigated time points (one-way ANOVA p < 0.0001). Post-
hoc analysis showed that whilst there was no significant difference in
mean fluorescence between cells in CCM and cells incubated with
0.25 mM ALA, there was a significant increase in fluorescence between con-
trol cells and cells incubated with 0.5, 0.75 or 1.0 mM ALA.

Flow cytometry results correlated well with plate reader data. CFPAC-1
with ALA had a significantly higher median per-cell fluorescence at all in-
vestigated time points and concentrations compared to CFPAC-1 in CCM
(one-way ANOVA p < 0.0001) (Fig. 4). Post-hoc analysis showed no fur-
ther significant fluorescence increase with ALA concentrations >0.25 mM
after 4 or 24 h. After 4 h, there was no significant increase in median fluo-
rescence in PANC-1 with ALA compared to PANC-1 in CCM (one-way
ANOVA p = 0.119). However, PANC-1 demonstrated significantly in-
creased median fluorescence after 24 h (one-way ANOVA p < 0.0001).
Post-hoc analysis showed a significant increase between PANC-1 in CCM
and PANC-1 with 0.25 mM ALA, but no further significant fluorescence in-
crease with ALA concentrations >0.25 mM. H6¢7 had a significantly in-
creased median per-cell fluorescence after 4 and 24 h incubation with
ALA compared to H6¢7 in CCM (one-way ANOVA p < 0.0001 andp =
0.001 respectively). Post-hoc analysis showed that after 4 h, there was no
significant difference between H6¢7 in CCM and H6c7 with 0.25 mM
ALA but a significant median fluorescence increase from 0.5 mM ALA on-
wards. After 24 h incubation, there was no significant difference between
H6¢7 in CCM and H6¢7 up to 0.5 mM ALA but a significant median fluores-
cence increase from 0.75 mM ALA onwards.

Signal-to-noise ratios

To calculate SNRs, the mean fluorescence of CFPAC-1 and PANC-1 from
the flow cytometry experiments were divided by the mean fluorescence of
He6c7 at all investigated time points and ALA concentrations (Tables 1 and
2). In both cell lines, SNRs were higher after 24 h compared to 4 h. Increas-
ing the ALA concentration reduced the SNR as H6¢7 had increasing fluores-
cence at higher ALA concentrations. Therefore, the best ratios were seen at
24 h with lower ALA concentrations. SNRs in PANC-1 were much lower
than CFPAC-1 due to the poor uptake of ALA in PANC-1 and increasing

Fig. 3. Quantitative fluorescence measurements of pancreatic cancer cell lines CFPAC-
1 and PANC-1 and pancreatic ductal cell line H6c7 following 4, 8, 24 or 48 h
incubation with increasing doses of aminolevulinic acid using a plate reader. Black
(circle) = 4 h, green (square) = 8 h, orange (triangle) = 24 h, diamond (red) =
48 h. Increasing incubation time with ALA resulted in significant increased
fluorescence in CFPAC-1 at all observed concentrations. In contrast, PANC-1 only
demonstrated a moderate increase in red fluorescence. The pancreatic ductal cell
line H6¢7 also showed very little increase in red fluorescence, although reached a
fluorescence similar to PANC-1 at higher ALA concentrations (0.75-1.00 mM).
Please note different y axis scale for CFPAC-1. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Median per-cell fluorescence measurements in pancreatic cancer cell lines CFPAC-1 and PANC-1 and pancreatic ductal cell line H6¢7 following 4 or 24 h incubation
with increasing doses of aminolevulinic acid using flow cytometry. a = 4h, b = 24 h. Red (circle) = CFPAC-1, orange (square) = PANC-1, green (triangle) = H6c7. ALA =
aminolevulinic acid. CFPAC-1 demonstrated a significant increase in median per-cell fluorescence after 4 or 24 h incubation with 0.25 mM ALA, with no further significant
increase achieved by increasing ALA concentrations. PANC-1 did not have a statistically significant increase in fluorescence at any ALA concentration after 4 h, but had a
significant increase after 24 h exposure that plateaued at 0.50 mM. At both time points, H6¢7 showed gradually increasing fluorescence that was least marked at the
lowest investigated ALA concentration (0.25 mM). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ALA uptake in He67 at higher concentrations. No experimental condition in
PANC-1 achieved a SNR >5.0.

Toxicity

PANC-1 and H6c7 showed no significant reduction in cell viability on
MTT assay (Fig. 5). CFPAC-1 showed a significant reduction in metabolic
activity at all investigated ALA concentrations after 24 or 48 h incubation
(one-way ANOVA < 0.001 for both time points).

Cell metabolic activity was ~60% after 24 h and ~50% after 48 h incu-
bation at all investigated ALA concentrations.

Quantitative real-time polymerase chain reaction (qPCR)

Pre-ALA exposure, CFPAC-1 expressed PEPT1 and PANC-1 expressed
PEPT2 (Fig. 6). ALA synthase and ABCB6 were expressed in all three cell
lines, as well as low-level expression of porphyrin efflux transporter
ABCG2.

Post-ALA exposure, CFPAC-1 significantly downregulated PEPT1
and ALA synthase and significantly upregulated coproporphyrinogen
III efflux transporter ABCB6. PANC-1 also significantly upregulated
ABCG2. H6c7 demonstrated significant upregulation of transporters
PEPT2, SLC25A38, ABCB6 and ABCG2 and enzymes uroporphyrinogen
decarboxylase, coproporphyrinogen oxidase, protoporphyrinogen
oxidase and ferrochelatase. ALA synthase was also significantly
downregulated.

Table 1

CFPAC-1:H6¢7 and PANC-1:H6c7 signal-to-noise ratios. CFPAC-1:H6c¢7 (left-hand
side) and PANC-1:H6c¢7 (right-hand side) signal-to-noise ratios (SNRs). SNRs were
calculated by dividing the mean fluorescence of CFPAC-1 and PANC-1 (cancer cell
line) by the mean fluorescence of H6¢7 (representing normal pancreas). Underlined
value = SNR = 5.0. For both cell lines the highest SNRs were seen at longer incu-
bation times with lower ALA concentrations.

Discussion

Several studies have suggested that ALA can be used as a contrast agent
in FGS for PDAC [11-14]. However, they have shown only limited clinical
benefit with current ALA dosing and detection methods. Mechanistic in-
sights into ALA-induced fluorescence in PDAC are needed to identify rea-
sons for variable uptake and mechanisms for optimising ALA FGS. To our
knowledge, this is the first study that quantifies ALA-induced fluorescence
in PDAC and correlates this with a detailed assessment of haem biosyn-
thetic transporters and enzymes.

CFPAC-1 demonstrated intense red fluorescence even at the lowest in-
vestigated ALA concentration (Fig. 2) and was even visible to the naked
eye without magnification. Consistent with Harada et al. [14], this suggests
that small volume cancer deposits can be detected by direct vision follow-
ing ALA uptake. However, ALA did not induce discernible fluorescence in
PANC-1 despite high ALA concentrations. Similar to ALA studies on the co-
lorectal cancer cell line WiDr, this implies that the limiting factor for PpIX
accumulation in PANC-1 is not the extracellular availability of ALA [18].
H6c7 only exhibited fluorescence at higher ALA concentrations, suggesting
that mechanisms preventing PpIX accumulation in benign pancreatic ductal
cells are overcome at high ALA concentrations.

Quantitative fluorescence showed that fluorescence increased signifi-
cantly in CFPAC-1 and PANC-1 using 0.25 mM ALA with minimal further
fluorescence increases seen at higher concentrations (Figs. 3 and 4). H6¢c7
showed negligible fluorescence at 0.25 mM ALA but increasing fluores-
cence with higher ALA concentrations. As SNRs are calculated by dividing

Table 2

CFPAC-1:H6c7 and PANC-1:H6c¢7 signal-to-noise ratios. CFPAC-1:H6c¢7 (left-hand
side) and PANC-1:H6c¢7 (right-hand side) signal-to-noise ratios (SNRs). SNRs were
calculated by dividing the mean fluorescence of CFPAC-1 and PANC-1 (cancer cell
line) by the mean fluorescence of H6¢7 (representing normal pancreas). Underlined
value = SNR = 5.0. For both cell lines the highest SNRs were seen at longer incu-
bation times with lower ALA concentrations.

CFPAC-1 ALA concentration (mM) PANC-1 ALA concentration (mM)

Signal-to-Noise Ratio (SNR) 0.25 0.50 0.75 1.00 Signal-to-Noise Ratio (SNR) 0.25 0.50 0.75 1.00

Incubation time (h) 4 7.8 3.2 2.4 2.2 Incubation time (h) 4 0.7 0.3 0.2 0.2
24 66.5 33.8 9.2 5.3 24 2.0 1.4 0.4 0.2




P.L. Labib et al.

cancer cell fluorescence by control cell fluorescence, the SNRs were highest
at the lowest investigated ALA concentration (Tables 1 and 2). These data
are consistent with research in breast cancer cell lines demonstrating higher
SNRs at lower ALA concentrations [20]. However, SNRs calculated using
cell lines do not represent a complex pancreatic tumour microenvironment.
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In vivo tumour-to-background ratios will almost certainly be lower than
cell line SNRs as up to 90% of the tumour mass in pancreatic cancer consists
of stromal cells such as cancer-associated fibroblasts, pancreatic stellate
cells, endothelial cells and immune cells [21-23]. This is relevant because
ALA has a predilection for epithelial and neoplastic cells over connective
and non-neoplastic tissue such as stroma [24]. Animal models better repre-
sent the tumour microenvironment and could be used to develop systems to
measure and enhance tumour-to-background ratios using ALA. For exam-
ple, ALA was shown to generate a tumour-to-background ratio of ~5 in
an allogenic hamster model using the hamster pancreatic cancer cell line
PC-1 [25]. Genetically-engineered mouse models such as the KPC model
could also assess the effect of ALA on pancreatic cancer precursor lesions
as well as PDAC [26].

MTT assay showed no evidence of ALA toxicity in H6c7 and PANC-1,
but significantly reduced metabolic activity in CFPAC-1 (Fig. 5). Given
that cells appeared healthy on microscopy, MTT is reduced to formazan
in the mitochondria [27], and mitochondria are the site of PpIX production,
it is likely that ALA uptake caused a diversion of cell metabolism to PpIX
formation resulting in reduced formazan production. Thus, the MTT result
is unlikely to represent true cytotoxicity in CFPAC-1. Supporting this the-
ory, flow cytometry showed that 85-90% of cells were alive in all samples
in all cell lines, irrespective of the ALA content (data not shown). Unlike
MTT, the flow cytometry viability dye is already fluorescent and enters
dead cells through fenestrations in disrupted cell membranes. By only en-
tering cells with membranous damage and fluorescing independently of
cell metabolism, this circumvents the limitations of MTT assay in this
context.

ALA is likely to enter CFPAC-1 via PEPT1 (Fig. 6). PDAC cell lines AsPC-
1 and Capan-2 also express PEPT1 [28], and PEPT1 expression was more
common in fluorescent tumours in the study by Yonemura et al. [13].
PEPT1 overexpression is associated with multiple malignancies including
malignant glioma [29], bladder [30], stomach [31], bile duct [32], liver
[33] and prostate cancer [34]. PEPT1 overexpression is associated with
PpIX fluorescence in malignant glioma and ALA FGS is now recommended
for glioma resection [10]. As PANC-1 was PEPT1 negative and showed neg-
ligible fluorescence following ALA exposure, these data support the notion
that PEPT1 is the influx transporter for ALA in pancreatic cancer.

Several other variations in the haem biosynthesis pathway were identi-
fied. Decreased ALA synthase and increased ABCB6 transporter expression
were common to all three cell lines following ALA exposure. PANC-1 and
H6c7 also significantly upregulated porphyrin efflux transporter ABCG2.
PEPT2, another ALA transporter [35], is expressed in H6¢c7 and may ac-
count for fluorescence seen in this cell line at higher concentrations. H6¢7
up- or downregulated multiple enzymes and transporters following ALA ex-
posure, fully suppressing the effect of 0.25 mM ALA. This may explain how
non-cancerous tissues prevent intracellular PpIX accumulation compared to
neoplastic tissues.

Several identified mechanisms could explain the negligible response to
ALA in PANC-1. ALA influx transporters PEPT1 and PEPT2 were absent.
ABCG2 was significantly upregulated following ALA exposure, which
could prevent porphyrin accumulation. Other factors affecting ALA re-
sponse not investigated in this study include mitochondrial function, cell-
cycle stage, environmental factors (e.g. availability of iron) and the degree
of cell differentiation [24]. Differentiating agents (e.g. vitamin D or metho-
trexate) increase PpIX production by upregulating coproporphyrinogen ox-
idase and downregulating ferrochelatase [7]. It is possible that low PpIX
production in PANC-1 is secondary to poor differentiation, and treatment

Fig. 5. Cell metabolic activity of pancreatic cancer cell lines CFPAC-1 and PANC-1 and
pancreatic ductal cell line H6¢7 following 24 or 48 h dark incubation with increasing
aminolevulinic acid concentration (MTT assay). ALA incubation for 24 or 48 h did not
demonstrate any significant effect on cell metabolic activity in H6¢7 or PANC-1 but
caused a significant decrease in cell metabolic activity in CFPAC-1 at all investigated
concentrations after 24 or 48 h (one-way ANOVA <0.001). Abbreviations: MTT =
Methyl Thiazolyl Tetrazolium, ALA = aminolevulinic acid. Light grey = 24 h, dark
grey = 48 h.
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with a differentiating agent may enhance fluorescence. Vitamin D has been
shown to increase PpIX accumulation in epidermoid skin cancer cell line A-
431 and breast cancer cell line MDA-MB-231 [7,36]. This is yet to be inves-
tigated in PDAC.

Identifying PANC-1 as a PDAC cell line poorly responsive to ALA pro-
vides an easy in vitro experimental model to investigate drug therapies
that aim to enhance PpIX accumulation in PDAC. ALA delivery via targeted
nanocarriers may circumvent the issue of absent PEPT1 expression in
PANC-1. This principle has been demonstrated in an orthotopic mouse
model using the skin cancer cell line SCC-7 [37]. Other potential therapies
include ferrochelatase inhibitors (e.g. iron chelators [38] or manganese
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chloride [39]) and ABCG2 inhibitors [40]. Differentiating agents such as vi-
tamin D may be the easiest first step as they are already clinically available
and are not expected to enhance uptake in normal pancreas as this should
already be well differentiated.

Focusing on clinical translation, it is already feasible to pre-operatively
identify which patients have ALA-susceptible PDAC and may benefit from
ALA FGS. Patients often undergo endoscopic ultrasound-guided fine needle
aspiration (EUS-FNA) for tissue acquisition to confirm the diagnosis of
PDAC prior to surgery. Ikeura et al. published a case series of 28 patients
with pancreatic masses who were given ALA prior to EUS FNA [41]. Fluo-
rescence cytology successfully identified all cancers (n = 22; 21 pancreatic)
and benign diagnoses (n = 6), giving a sensitivity and specificity of 100%.
Hirao and colleagues published a similar case series (n = 53) but incubated
the EUS FNA samples in ALA ex vivo after acquisition [42]. All benign le-
sions were negative for fluorescence (n = 7) and 42/46 PDAC samples
were positive for fluorescence, giving a sensitivity and specificity of
91.3% and 100% for fluorescence cytology compared to 93.5% and
85.7% for standard cytology. These studies show a dual effect of both im-
proving the diagnostic accuracy of FNA cytology samples and identifying
patients with ALA-susceptible PDAC who may benefit from ALA FGS. Iden-
tifying ALA as an effective contrast agent for FGS in PDAC also raises the
possibility of exploiting its other recognised use as a photosensitiser for
photodynamic therapy (PDT). In principle, ALA PDT could be used to
treat the pancreatic bed in cases where small volume disease is still present
but further resection is not possible. This could potentially reduce the risk of
local recurrence, increasing the chance of cure.

Conclusion

This study identified factors that may explain variability in ALA-
induced PpIX fluorescence between cancerous and non-cancerous pancre-
atic cells. Increasing ALA concentration is unlikely to improve contrast as
the limiting factor is not the extracellular availability of ALA. Higher ALA
concentrations increase fluorescence in non-neoplastic pancreatic ductal
cells, leading to lower SNRs. Variations in ALA-induced PpIX fluorescence
in PDAC may be related to PEPT1 and ABCG2 expression. PANC-1 could
be used to investigate therapies to improve PpIX accumulation in PDAC
with poor response to ALA.

Future studies should investigate the effects of vitamin D, ferrochelatase
inhibitors and ABCG2 inhibitors on PDAC cell lines and H6¢7 to determine
the most effective drug combination to provide the highest SNRs. This com-
bination should be assessed in an appropriate animal model to estimate the
tumour-to-background ratio before advancing to early phase clinical trials.
A study investigating PEPT1, PEPT2 and ABCG2 expression in patient-
derived PDAC samples should be conducted to determine the proportion
of pancreatic cancers that express these transporters.
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