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Tumor acidity is now considered an important determinant of drug-resistance and tumor progression,
and anti-acidic approaches, such as Proton Pump inhibitors (PPIs), have demonstrated promising anti-
tumor and chemo-sensitizing efficacy. The main purpose of the present study was to evaluate the possible
PPI-induced sensitization of human melanoma cells to Paclitaxel (PTX). Our results show that PTX and
the PPI Lansoprazole (LAN) combination was extremely efficient against metastatic melanoma cells, as

{f:y:vonrds"m inhibitor compared to the single treatments, both in vitro and in vivo. We also showed that acidity plays an im-
M(e)l:nollj’lllja P ors portant role on the anti-tumor activity of these drugs, being detrimental for PTX activity, while crucial

. for the synergistic effect of PTX following pretreatment with LAN, due to its nature of pro-drug needing
Paclitaxel

protonation for a full activation. We obtained straightforward results in a human melanoma xenograft
model combining well tolerated LAN doses with suboptimal and poorly toxic doses of PTX. With this
study we provide a clear evidence that the PPI LAN may be included in new combined therapy of human

Lansoprazole

melanoma together with low doses of PTX.

© 2014 Elsevier Ireland Ltd. All rights reserved.

Introduction

Malignant melanoma is one of the most highly invasive tumors,
and its mortality rates have been rapidly increasing above those of
any other cancers in recent years [1,2].

It is responsible for the majority of skin cancer-related mortal-
ity [3]. Surgical resection and systemic chemotherapy are still the
main therapeutic strategies [4]. However the prognosis remains poor,
mainly because standard chemo-therapeutics are associated with
significant toxicity and low efficacy rates, especially once the meta-
static process has begun [5,6].

Emerging studies indicate that a key factor contributing to poor
responsiveness to chemotherapy and development of tumors’ drug
resistance is the acidic extracellular microenvironment [7]. It is well
known that cancer cells take up much more glucose than normal
cells and mainly process it through aerobic glycolysis, the so-
called “Warburg effect” [8]. Such an altered metabolic pattern
associates with an increased production of metabolic acids causing
a drop in extracellular pH and a reversed intra-extracellular pH gra-
dient [9]. Tumor acidosis is also an important determinant of tumor
progression, and tumor pH regulation is increasingly being con-
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sidered as an attractive therapeutic target [7,10-12]. Among the pH-
regulating proteins, proton pumps, such as the vacuolar type -
ATPase (V-ATPase), play an important role in both drug-resistance
and metastatic spread.

The proton pump inhibitors (PPIs) are weak base pro-drugs that
easily penetrate cell membranes and concentrate in acidic com-
partments, where they are converted into sulfonamide forms,
representing the active inhibitors [13]. It has been reported that PPIs
are chemosensitizing [14,15] as well as cytotoxic [16-18] drugs,
active against several human tumor cells, such as melanoma
[14,17,18], B cell-lymphomas [16], pancreatic cancer [19], gastric car-
cinoma [20-23], Ewing sarcoma [24], osteosarcomas [15,25], and
breast cancer [26]. Very encouraging results have also been ob-
tained in preliminary clinical studies, both in pets [27,28], and in
humans [15]. In the case of melanoma, the PPl esomeprazole (ESOM)
has been shown to have an antineoplastic effect [17,18], and to sen-
sitize tumor cell lines to the effects of cisplatin [14], both in vitro
and in vivo. Particularly, the microenvironmental low pH has been
shown to represent one of the major mechanism of resistance of
melanoma to chemotherapeutics [29].

Drugs that target the mitotic spindle are among the most effec-
tive anticancer therapeutics currently in use. Taxanes, like Paclitaxel
(PTX), are alkaloid esters originally obtained from crude extracts of
bark of the Pacific yew Taxus brevifolia [30]. These substances induce
microtubule stabilization, leading to the arrest of cell prolifera-
tion and apoptosis [31]. PTX is widely used in many types of cancers.
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It has been used in clinical trials for the treatment of melanoma since
1990 [32], and it is currently used as a second line option in pa-
tients with metastatic melanoma, including patients whose disease
has progressed after previous chemotherapy sessions [4]. Since PTX
alone is often associated with high resistance [33,34], it is usually
administered in combination with carboplatin [35]. However, this
combination adds hematological toxicity without significantly im-
proving response or survival rates [36].

The role of acidity or pH deregulation in tumor resistance or
scarce sensitivity to PTX has been poorly investigated. However, PTX
cytotoxicity but not intracellular uptake has been reported to be neg-
atively affected by an acidic extracellular microenvironment [37].
Moreover, PTX antitumor efficacy has been shown to be potenti-
ated by the concomitant specific inhibition of the Na(+)/H(+)
exchanger isoform 1 (NHE1), which is aberrantly active in tumors
and involved in tumor reversed intra-extracellular pH gradient [38].

The main purpose of the present study was to evaluate the pos-
sible PPI-induced sensitization of human melanoma cells to PTX.
First, the in vitro cytotoxic properties of these compounds both alone
and in combined treatment (Me 30966 and Mel 501) were inves-
tigated in human metastatic melanoma cell lines. Then, the effect
of the in vivo treatment of melanoma-bearing CB-17 SCID/SCID mice
with a relatively low dose of PTX was compared with that ob-
tained using Lansoprazole (LAN) pretreatment followed by the same
dose of PTX. The results suggest that combination of well-tolerated
pH modulators, such as PPIs, with PTX might represent a new strat-
egy for the treatment of melanoma, both providing a real
anti-tumor strategy and allowing the use of suboptimal doses
of chemotherapeutics, with a consequent reduction of systemic
toxicity.

Materials and methods

Chemicals and reagents

LAN was provided by Takeda and resuspended at 30 mM in DMSO. PTX semi-
synthetic form, 2’,7’-Bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF), 2’,7’-
Bis(2-carboxyethyl)-5(6)-carboxyfluorescein, acetoxymrthyl ester (BCECF, AM) and
FITC-Dextran (average molecular weight 40.000) were purchased from Sigma-
Aldrich (Milano, Italy) and resuspended in DMSO. PTX (Taxol®) for injection (30 mg/
5 ml) was purchased from Bristol-Myers Squibb (Anagni, Italy). RPMI 1640 (BE12-
702F), antibiotics (DE17-603E), phosphate buffer saline (PBS) (BE17-512F), trypsin/
EDTA (BE17-171E) and fetal bovine serum (FBS) (DE14-701F) were from Lonza (Milano,
Italy). Trypan blue was from Alexis Biochemicals (Firenze, Italy).

Cell lines

Metastatic melanoma cell lines Me 30966, Mel 501 (both supplied by Istituto
Nazionale per lo Studio e la Cura dei Tumori, Milan, Italy) were maintained in RPMI-
1640 medium supplemented with 10% fetal calf serum (FCS) and antibiotics, at 37 °C
in humidified 5% CO,. Experiments were performed in unbuffered medium (without
sodium bicarbonate), and in buffered medium (pH =7.4).

Cell death determination

Melanoma cells were plated at 3-4 x 10 cells per well in 12-well plates in 1 ml
of buffered RPMI medium. After 24 hours, the medium was replaced with fresh
medium, buffered at pH = 7.4 or unbuffered. After 4 hours, necessary for the medium
to acidify, cells were treated with doses 25, 50, 75, and 100 uM of LAN for 24 hours,
or 5,10 and 50 nM PTX for 48 hours. In combined treatment experiments, cells were
pretreated for 24 hours with LAN 50 uM. The day after, the medium was replaced
with fresh, buffered or unbuffered medium, and cells were then treated for an ad-
ditional 48 hours with PTX 10 nM. After treatment, cells were collected by pooling
cells from the medium (i.e., dead cells) and adherent (live) cells obtained by tryp-
sinization. Cells were then centrifuged (10 minutes at 500 g), resuspended in PBS,
and the suspension was diluted 1:1 (vol/vol) with 0.4% trypan blue. After 10 minutes
cells were analyzed by FACS on a Becton Dickinson FACScalibur using CellQuestPro
software (Becton Dickinson System). For each sample the total events were ac-
quired in 60 seconds. All experiments were run in triplicate wells and repeated at
least twice.

Cell proliferation

Melanoma cells were plated at 1 x 104 cells per well in 96-well plates in buff-
ered RPMI medium. After 24 hours, the medium was replaced with fresh, buffered
and unbuffered RPMI medium and cells were treated with LAN and/or PTX, as de-
scribed for the determination of cell proliferation. After treatment, cell proliferation
was determined using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-Sulfophenyl)-2H-tetrazolium (MTS) assay (Promega, Milano, Italy). Cells were
stained and analyzed on a Spectrophotometer ELx800 (Bio-Tek Instruments, Inc.).
All experiments were run in triplicate wells and repeated at least twice.

Extracellular pH measurement

Extracellular pH (pHe) was measured according to Xiaodong Lu et al. [39]. Briefly,
Me 30966 and Mel 501 cells were seeded in a 96 wells plate in buffered growth con-
ditions (RPMI1640, 10% FCS). After 24 hours RPMI1640 was replaced by fresh, buffered
and unbuffered media for 4 hours. After while, the medium was transferred into a
96 wells Nunc-Immuno MicroWell plate and in each well 3 uM BCECF was added
for 20 min. Another set of experiment was performed to verify the extracellular pH
after 24 hours of treatment with LAN. Me 30966 and Mel 501 cells were seeded in
a 96 wells plate in buffered conditions (RPMI1640, 10% FCS). After 24 hours RPMI1640
was replaced by fresh, buffered and unbuffered media, and cells were treated with
LAN 50 uM for 24 hours. After while, the medium was transferred into a 96 wells
Nunc-Immuno MicroWell plate and in each well 3 uM BCECF was added for 20 min.
For recovery experiments, cells were kept for a further 4 h in fresh, buffered and un-
buffered media, following LAN treatment. Then, the medium was transferred into
a 96 wells Nunc-Immuno MicroWell plate and in each well 3 uM BCECF was added
for 20 min. Fluorescence intensity was measured with a fluorimeter Perkin-Elmer
LS-50B, setting the instrument at the following wavelengths: 440 nm and 490 nm
for excitation and 525 nm for emission. Standard curve was obtained by adding BCECF
in RPMI 1640 plus 10% FCS, buffered at different pH (5.5-7.4). pHe was calculated
utilizing 490/440 nm fluorescence ratio values and employing the standard curve
and linear equation.

Vesicular pH measurement

Vesicular pH (pHves) was measured according to Ohkuma and Poole [40]. Briefly,
Me 30966 and Mel 501 cells were seeded in a 96 wells Nunc-Immuno MicroWell
plate in buffered growth conditions (RPMI1640, 10% FCS). After 24 hours RPMI1640
was replaced by fresh, buffered and unbuffered medium, and cells were treated with
LAN 50 uM for 24 hours. FITC-Dextran was then added at a final concentration of
1 mg/ml for 4 hours. Fluorescence intensity was measured as described for extra-
cellular pH measurement. Standard curve was obtained by adding FITC-Dextran in
RPMI 1640 plus 10% FCS, buffered at different pH (4.0-6.1). pHves was calculated
utilizing 490/440 nm fluorescence ratio values and employing the standard curve
and linear equation.

Cytosolic pH measurement

Cytosolic pH (pHcyt) was measured according to Seo et al. [41]. Briefly, Me 30966
and Mel 501 cells were seeded in a 96 wells Nunc-Immuno MicroWell plate in buff-
ered growth conditions (RPMI1640, 10% FCS). After 24 hours RPMI1640 was replaced
by fresh, buffered and unbuffered medium, and cells were treated with LAN 50 uM
for 24 hours. BCECF-AM was then added at a final concentration of 3 uM for 1 hour.
Fluorescence intensity was measured as described for extracellular pH measure-
ment. Standard curve was obtained by adding BCECF-AM in RPMI 1640 plus 10%
FCS, buffered at different pH (5.1-7.4). pHcyt was calculated utilizing 490/440 nm
fluorescence ratio values and employing the standard curve and linear equation.

In vivo tumor growth analyses

CB.17 SCID/SCID female mice (Harlan, Italy) were used at 4-5 weeks of age and
kept under pathogen-free conditions. Mice were injected subcutaneously in the right
flank with 2.5 x 10° human melanoma cells Mel 501 in 0.2 ml saline. Mice were divided
in four experimental groups of five mice each. In the single drugs groups, LAN re-
suspended in 0.2 ml saline (DMSO 5%) was administered at a concentration of 25 mg/
kg by intraperitoneal (i.p.) injection 4 days a week. PTX for injection (Taxol®) was
administered i.p. at a concentration of 15 mg/kg once a week. In the combined treat-
ment group, PTX 15 mg/kg was administered i.p. once a week after 4 days of treatment
with LAN 25 mg/kg. Mice in the control group received 0.2 ml saline with DMSO 5%
for 5 days a week. Tumor size (mm?) was estimated with the formula length x width?/
2. At least 5 mice were used for each treatment group. In this experiment, morbidity
was considered as end-point according to standard clinical criteria including
oversized tumor (>1.0 cm), weight loss (>20%), rough hair coat and general
illness [42].
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Fig. 1. Lansoprazole pretreatment enhances human melanoma cells sensitivity to Paclitaxel. LAN (A) and PTX (B) cytotoxic effects as single treatments in human mela-
noma cell lines in vitro. Me 30966 and Mel 501 cells were cultured in buffered (white columns) or unbuffered (gray columns) medium, and after 4 h of incubation different
doses of the drugs were added. Cytotoxic effect was evaluated after 24 h (LAN)/48 h (PTX). (C) LAN pretreatment enhances PTX sensitivity of melanoma cell lines in vitro,
when grown in unbuffered medium. Me 30966 and Mel 501 cells were cultured in buffered (white columns) or unbuffered (gray columns) medium, and after 4 h of incu-
bation 50 uM LAN was added. After 24 h, the medium was replaced with fresh buffered or unbuffered medium, and 10 nM PTX was added. The cytotoxic effect was evaluated

after 48 h. Columns, mean percentages of cell death of two independent experiments run in triplicate; bars indicate SD. (*) indicate p < 0.05.

Statistical analysis

Differences between treatment groups, both in vitro and in vivo, were analyzed
by ANOVA One Way and Bonferroni t-test. Data are expressed as mean = SD and p
values reported are two-sided. P values < 0.05 were considered as statistically sig-
nificant. Statistical analysis was performed with Sigmastat 2006 software.

Results

Lansoprazole pretreatment induces suboptimal dose paclitaxel
sensitivity in melanoma cells

WEe first investigated the dose-dependent cytotoxic effects of LAN
and PTX as single treatments on melanoma cells in vitro (Fig. 1A and
B). Experiments were performed both in buffered and in unbuf-
fered media, in order to assess the role of extracellular
microenvironment acidification on the activity of the two drugs.
Fig. 1A and B shows the results obtained with the two human ma-
lignant melanoma cell lines with LAN and PTX respectively. LAN
induced a dose-dependent cytotoxic effect (Fig. 1A) and inhibition
of cell proliferation (Supplementary Fig. STA), always significantly
higher in the unbuffered as compared to the buffered medium. Con-
versely, both cytotoxic (Fig. 1B) and antiproliferative (Supplementary
Fig. S1B) effects obtained with PTX were significantly higher in buff-
ered compared to unbuffered medium, at all tested doses and in all
melanoma cell lines utilized. Cells were treated with PTX for 48 h
because preliminary experiments had shown no effects at 24 h (not
shown). This set of results suggested again that PPIs are more ef-
fective in acidic conditions, the same conditions that impair the
effectiveness of the cytotoxic molecule PTX.

On the basis of previous pre-clinical experimental settings [14,15],
here we performed experiments aimed at evaluating the PPI-

induced sensitization of human melanoma cells to suboptimal doses
of PTX. For the in vitro combined treatment, we used suboptimal
doses of both LAN (50 uM) and PTX (10 nM). Cells were pre-
treated for 24 hours with LAN and then treated for an additional
48 hours with PTX. Results show that 24 h LAN pretreatment sig-
nificantly increased the activity of PTX in all melanoma cell lines,
exclusively when cultured in unbuffered condition (Fig. 1C). This was
conceivably due to the reduced pH produced by melanoma cells
when cultured in unbuffered conditions thus mimicking the spon-
taneous acidification of tumors. In order to assess the actual role
of extracellular tumor pH in LAN and PTX sensitivity, the degree of
pH changes induced in the unbuffered compared to buffered medium
by melanoma cells growth was measured. After 4 hours of cell
culture in unbuffered medium, the pHe, starting from 7.4, de-
creased of 0.46 and 0.59 points in Me 30966 and Mel 501 cells
respectively. The pH of buffered medium was nearly unaffected (Sup-
plementary Fig. S2). We know that PPIs are prodrugs needing
protonation to be transformed into the active compound sulfon-
amide. In fact, when we co-treated in the unbuffered condition
melanoma cells with suboptimal doses of both compounds, after
LAN pre-treatment in unbuffered medium, the activity of PTX was
3.3 (p<0.05) and 2.55 (p <0.05) times in Me 30966 and Mel 501
cell lines respectively, compared to paclitaxel alone. Moreover, the
combined treatment in unbuffered medium demonstrated an ef-
ficacy of 3.2 (p<0.01) and 1.5 (p <0.05) times higher in the two
melanoma cells lines respectively, compared to LAN alone.

This result was supported by measures of extracellular, intra-
cellular and vesicular pH before and after PPI treatment, showing
that in unbuffered medium LAN was able to significantly acidify the
cytosol and alkalinize extracellular microenvironment and inter-
nal vesicles of the treated cells (Table 1). The results of the recovery
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Table 1
Extracellular, cytosolic and vesicular pH.

Cell line Treatment Buffered medium Unbuffered medium
Extracellular pH Cytosolic pH Vesicular pH Extracellular pH Cytosolic pH Vesicular pH
Me 30966 Saline 7.08 + 0.046 7.52+0.16 4.89+0.06 6.77 £ 0.057 7.20+0.16 5.41+0.07
Lansoprazole 7.28 +£0.021 720+0.14 5.01+0.10 7.04+0.084 6.38+0.13 5.74+0.07
Mel 501 Saline 7.09 +0.039 7.38+0.15 5.00+0.05 6.84+0.022 741+0.14 5.28+0.08
Lansoprazole 7.22 +0.040 747 +0.20 5.16 £0.06 7.07 +£0.038 6.87+0.13 5.82+0.09

Extracellular, vesicular and cytosolica pH values of Me 30966 and Mel 501 cells treated with Lansoprazole in comparison with untreated cells in unbuffered and buffered
growth media. Saline: untreated cells; Lansoprazole: lansoprazole 50 uM for 24 h. Values indicate mean values of three different experiments + standard deviation (SD).

experiments (Table 2) showed that cells, cultured in unbuffered RMPI
and treated with 24 h LAN 50 uM, had reduced ability to acidify the
medium following LAN treatment, thus increasing the PTX effec-
tiveness. Moreover, treatment with LAN not only prevented
acidification of the extracellular medium, but also produced a nor-
malization toward physiological levels of pH gradient between the
cytosol and the extracellular environment, and between the cytosol
and internal vesicles (Table 1).

Lansoprazole pretreatment enhances paclitaxel sensitivity in SCID
mice engrafted with human tumor cells

To assess the potential clinical relevance of the in vitro results,
we performed in vivo experiments in a human/mouse model system
represented by CB.17 SCID/SCID mice injected subcutaneously with
human melanoma cells (Mel501). This model was chosen as par-
ticularly suited for evaluating direct effects of drugs on human
tumors, without possible interference from host cell components.
Four days after injection of melanoma cells, when tumors were
present as palpable/visible lesion, the different treatments were ad-
ministered. In order to evaluate potential side effects of PTX and LAN,
treated mice were monitored for the duration of the experiment
for body weight, hair ruffling and presence of diarrhea, and no signs
of toxicity were detected. The schedules of treatment were repeat-
ed for ten weeks. Subsequently, while treatment continued in the
single drug groups, in the group of combined treatment the ad-
ministration of PTX was interrupted, and only LAN 4 days per week
continued as maintenance therapy. Tumor growth was monitored
2 times per week for 100 days (Fig. 2A); by that time, all animals
in the control group had to be euthanized. Survival rates were moni-
tored until week 18 (Fig. 3D). In line with in vitro data, PTX following
LAN pretreatment significantly reduced melanoma in vivo growth
compared to the control group, and also to the single treatment
groups (Fig. 2A). Fig. 2B shows tumors explanted at the end of the
experiment, representative for each treatment group. Moreover, we
have observed that, following the interruption of the administra-
tion of PTX in the combined treatment group, tumors size remained
significantly lower with respect to the other treatment groups until
the end of the experiment (Fig. 3A and B): this result suggested that
LAN might be used in maintenance therapy of melanoma follow-

Table 2
Extracellular pH (recovery).

Cell Line Treatment Bufferd medium Unbufferd medium
Extracellular pH Extracellular pH
Me 30966 Saline 7.29+0.20 6.71 £ 0.056
Lansoprazole 7.22+£0.30 7.22+£0.028
Mel 501 Saline 7.35+0.15 6.75+0.155
Lansoprazole 7.33+0.078 7.20+0.049

Extracellular pH values of Me 30966 and Mel 501 cells treated with Lansoprazole
in comparison with untreated cells in buffered and unbuffered growth media during
recovery test. Saline: untreated cells; Lansoprazole: lansoprazole 50 uM for 24 h. Values
indicate mean values of three different experiments + standard deviation (SD).

ing LAN/PTX combined treatment. The inhibition of tumor growth
observed in human melanoma xenografts when treated with PTX
following pretreatment with LAN was consistent with a lower body
weight loss over treatment period (Fig. 3C) and a significant in-
crease of animals survival rate (Fig. 3D). Histochemical analysis of
Mel501 melanoma lesions revealed the presence of large necrotic
areas in the combined treatment group, compared to untreated
animals (not shown), suggesting that the effect of the combined
therapy was consistent with the cytotoxic effect shown in the in vitro
experiments (Fig. 1C).

Discussion

Metastatic melanoma is usually scarcely or not responsive to treat-
ment with cytotoxic chemotherapeutic drugs such as alkylating agents
(dacarbazine), platinum analogues (cisplatin, carboplatin) and anti-
microtubular agents (PXT) [5]. Moreover, these drugs are associated
with high toxicity, especially when administered in combinations [43].
Thus, alternative treatment options for melanoma are strongly needed.
While almost neglected, a very effective mechanism of tumor resis-
tance to therapy is micro-environmental acidity, that hampers through
protonation the cytotoxic drug entry within tumor cells [7,44]. We
previously showed that pre-treatment with a class of PPIs induced
sensitivity to chemotherapeutics in a variety of human cancer cells
and cancers, including melanoma [14]. However, we also showed that
PPIs had a clear anti-tumor effect when used at high dosages [16,17].
The aim of the present study was to determine whether the well tol-
erated PPI LAN might be able to potentiate the cytotoxicity of
suboptimal doses of the taxane PTX against human metastatic mela-
noma cells, in order to achieve a more effective and less toxic
treatment strategy. PTX is one of the first-line agents that are effec-
tive for the treatment of a wide range of cancers, including lung,
ovarian, breast, prostate, head and neck cancer, and advanced forms
of Kaposi’s sarcoma. In metastatic melanoma PTX is used as a second-
line therapy, both as monotherapy [45] or as part of a combination
with other therapies [46]. In this work we show that PTX and the PPI
LAN, used in combination at suboptimal doses, have a superior, higher
than addictive, efficacy against metastatic melanoma cells, as com-
pared to the single treatments, both in vitro (Fig. 1C) and in vivo (Figs. 2
and 3). We also show that acidity plays an important role on the an-
titumor activity of these substances, used either alone or in
combination, but with opposite effect inducing an increase of the PPI
action and a decrease in PTX effect. Indeed, melanoma tumor cells,
grown in unbuffered medium, create an acidic extracellular envi-
ronment (Supplementary Fig. S2A and B) which, while detrimental
for PTX activity, is necessary for the synergistic effect of PTX follow-
ing pretreatment with LAN, presumably because it is involved in the
activation of this weak base prodrug. These data are in agreement
with both a study demonstrating in breast carcinoma cell line MCF-7
that a low extracellular pH induces higher resistance to PTX [47], and
our previous results showing that antitumor PPIs effects are pH-
dependent [17]. Unbuffered medium has been used in in vitro
experiments as a model of spontaneous acidification of the tumor
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Fig. 2. Lansoprazole pretreatment enhances the in vivo effects of Paclitaxel in SCID mice xenografted with human melanoma cells. LAN (25 mg/kg) pretreatment enhances
PTX (15 mg/kg) sensitivity in SCID mice engrafted with human melanoma cells. Mice engrafted with human melanoma cells Mel 501, at the time of tumor appearance were
subdivided in four groups: the control group was left untreated; the single drug groups received one 25 mg/kg LAN for 4 days per week, and the other 15 mg/kg PTX for 1
day per week; finally the combined treatment group received 15 mg/kg PTX for 1 day after 4 days of 25 mg/kg LAN per week. (A) Tumor growth was monitored 2 times per
week for 100 days; after 10 weeks PTX was discontinued in the combined treatment group and LAN alone was continued as maintenance therapy; bars indicate SE. (B)
Tumors explanted at the end of the experiment, representative for each treatment group.

micro-environment. Previous investigation in a human melanoma/
SCID mouse xenograft model has shown that treatment with PPI led
to an increase in the extracellular pH and a reduction in the cyto-
solic pH, in turn leading to a significant reduction of the tumor pH
gradients that returned to the original values following the stop of
the in vivo PPI treatment [17]. This last is the most suitable condi-
tion for the entry of a weak base drug within a cell. In another set
of experiments performed in a syngenic mouse melanoma model we
have again shown that PPI in vivo treatment induced a significant in-
crease in the extracellular pH thus increasing the effectiveness of both
an adoptive immunotherapy and the immune reaction against the
melanoma [48].

This study also shows that LAN treatment induces a decrease in
cytosolic pH and an increase in extracellular and vesicular pH ex-
clusively in unbuffered conditions (Table 1). Furthermore, as shown
in the recovery experiments (Table 2), cells treated for 24 hours with
LAN were shown to lose the ability to acidify the medium, thus con-
tributing to the increased PTX performance.

Importantly, we have shown here that such an approach of uti-
lizing the well tolerated PPI LAN followed by a suboptimal (and
consequently less toxic) dose of PTX allows in vivo to obtain very
encouraging results. Indeed, using PTX at a dose of 15 mg/kg, which
is well tolerated in mice [49-51], we observe a striking difference
among the results obtained with PTX alone or combined with LAN
pretreatment, in terms of tumor size, weight loss over treatment
period, and percentage of surviving animals (Figs. 2 and 3). Inter-
estingly, after PTX was discontinued in the combined treatment
group, tumors size remained significantly lower with respect to the

other groups until the end of the experiment, suggesting that single
LAN treatment can be well exploited as maintenance therapy for
melanoma patients, following combined treatment (Fig. 3A and B).

In conclusion, tumor acidosis is increasingly considered an im-
portant determinant of tumor progression and drug resistance, and
our result further strengthens the potential of including PPIs in com-
bination chemotherapy as an acidity targeted, anti-acid approach,
particularly in melanoma patients with recurrent and/or meta-
static disease, that are presently without a real line of therapy. Indeed,
PPIs are a class of potent anti-acidic drugs, designed for the treat-
ment of peptic diseases, that have been used by billions of people
worldwide in the past decades, without significant side effects, even
at high dosages (as in patients with Zollinger-Hellison syndrome).
PPIs are being also extensively investigated for their potential to
reduce tumor acidity and overcome acid-related chemoresistance
both in vitro and in vivo [14,15,19-21]. Our results demonstrate that
suboptimal doses of PTX in combination with LAN can be effective
against tumor cells and tumors deriving from human metastatic
melanoma, which is usually poorly responsive to PTX. The results
we obtained in human melanoma can also be important for differ-
ent tumor histotypes which are more sensitive to PTX, with the
purpose to increase the efficacy, but also to reduce or avoid sys-
temic toxicity.
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