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S100P antibody-mediated therapy as a new promising
strategy for the treatment of pancreatic cancer
S Dakhel, L Padilla, J Adan, M Masa, JM Martinez, L Roque, T Coll, R Hervas, C Calvis, R Messeguer, F Mitjans and JL Hernández

Despite progresses in diagnosis and treatment, pancreatic cancer continues to have the worst prognosis of all solid malignant
tumors. Recent evidences suggest that the metastasis-promoting protein S100P stimulates pancreatic tumor proliferation, survival,
invasion and metastasis progression through extracellular functions. Moreover, its expression is strongly correlated with poor
prognosis in patients with several types of cancer although the entire molecular mechanism responsible for the diverse biological
functions is not fully understood. We showed that extracellular S100P stimulates pancreatic carcinoma BxPC3 cell line by promoting
cell proliferation. We also demonstrated that S100P induces, in this cell line, the phosphorylation of IkBa and the secretion of matrix
metalloproteinase 9 (MMP-9). In addition, treatment with S100P protected cells from injuries induced by the cytotoxic agent
Gemcitabine. On the basis of these results, we developed function-blocking anti-S100P monoclonal antibodies (mAbs) that
abolished all of its in vitro activities. Furthermore, in vivo treatment with the candidate 2H8 antibody decreased tumor growth and
liver metastasis formation in a subcutaneous and orthotopic BxPC3 tumor model. We conclude here that a therapeutic strategy
blocking the extracellular activity of S100P by means of specific mAbs could be an attractive therapeutic approach as a single agent
or in combination with target-directed or chemotherapeutic drugs to treat pancreatic cancer.
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INTRODUCTION
Pancreatic adenocarcinoma is one of the most lethal human
cancers with a 5-year survival of less than 5%.1 Because of the
difficulty in the detection at an early stage, the majority of tumors
are either locally advanced or metastatic upon diagnosis.
Pancreatic tumors show a high aggressive nature invading
mainly regional lymph nodes and liver, and less often the lungs
and visceral organs.2 This high metastatic potential associated
with a strong chemoresistance, turns pancreatic carcinoma into
one of the most deadly cancer types. In the last two decades,
strategies including surgery, radiation and chemotherapy, have
failed to improve long-term survival.3 The current standard of
treatment, the nucleoside analog Gemcitabine, prolongs survival
by only several months. Thus, recent efforts have focused on the
application of novel targeted agents based on a better
understanding of the mechanisms involved in tumor progression.
Recent studies shown that S100P, a 95-aminoacid protein member

of the S100 family of EF-hand calcium-binding proteins, promoted
cancer progression via specific roles in survival, cell proliferation,
angiogenesis and metastasis,4 thus demonstrating that this protein
could be a promising therapeutic candidate in pancreatic
adenocarcinoma. In addition, overexpression of S100P in different
types of cancer, including breast,5 colon,6 prostate,7 lung,8 gastric9

and cholangiocarcinoma,10 when compared with their matched
normal tissues, correlates with poor prognosis in cancer patients.
Other studies also suggested an important role of S100P in the

acquisition of chemoresistance. In vitro data shown that S100P is
functionally important for pancreatic cancer cell resistance to

5-fluoracil treatment.11 In vivo, S100P has been shown to have a
specific role in resistance to bifunctional alkylating agents,
doxorubicin,6 5-fluoracil12 and cisplatin,13 analyzing data from
microarray studies.
Some S100 proteins can be released by different cellular tumor

components and exert regulatory effects on several cell types
acting through the Receptor for Advanced Glycation End products
(RAGE) via MAPkinase and NFkB pathways.14–15 Arumugam et al.16

demonstrated that the small molecule Cromolyn can bind to
S100P and block the interaction with the receptor. Treatments
with Cromolyn in combination with Gemcitabine inhibited tumor
growth and metastasis in mouse models of human pancreatic
cancer. Even though, many of the biological effects have been
described, the mechanisms by which extracellular S100P exerts
these effects are not completely understood.
In the current study, we focused on the development of

monoclonal antibodies (mAbs) against S100P, directed to block both
in vitro and in vivo activities. Here, we demonstrated that S100P has
an important role in tumor growth and liver metastases formation by
using xenograft tumor models derived from BxPC3 cell line and we
were able to abrogate these effects treating animals with specific
anti-S100P mAbs. Furthermore, antibodies increased the sensitivity of
BxPC3 when the cells were exposed to Gemcitabine and S100P
combination. Finally, we have generated tools for detecting S100P
protein as a biomarker in plasma and in tumor samples.
In conclusion, therapeutic combinations between S100P mAbs

and target-directed or chemotherapeutics drugs could be good
approaches for pancreatic cancer treatment.
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RESULTS
mAbs against S100P block the induction of cell proliferation
mediated by extracellular S100P
Previous studies have shown that S100P stimulates pancreatic
cancer cell growth in vitro.11 To further extend these studies and
to find more effective and specific inhibitors, we focused our work
on obtaining neutralizing mAbs against S100P. To determine
whether the inhibition of the extracellular function of S100P
affected the proliferation of tumor cells, we tested the effect of
several mAbs on BrdU incorporation by using the BxPC3 cell line.
S100P was tested in a time and in a dose-dependent range,
exhibiting a significant increased proliferation activity compared
with non-treated cells. In particular, when 100 nM of recombinant
S100P was added to the cells, proliferation was increased
1.7-fold compared with those observed in unstimulated cells
(Figures 1a and b). We next investigated the in vitro neutralizing
activity of mAbs, compared with the effect of Cromolyn. We used
Cromolyn at the same concentration than the antibodies or at the
most referenced concentration (100 mM) in each in vitro assay.

To evaluate this approach, 100 nM of S100P was incubated with
500 nM of each mAb or Cromolyn for 2 h prior to the addition to
the cells. After 48 h of incubation, treatments with the antibodies
abolished the increase in cell proliferation induced by S100P
(Figure 1c). This neutralizing activity was statistically significant,
whereas Cromolyn did not show any neutralizing effect.

Extracellular S100P stimulates IkB signaling pathway and MMP-9
secretion in BxPC3 cells and mAbs against S100P block these
activities
Previous studies revealed that several S100 family members, exert
their biologically induced effects (cell proliferation, migration and
survival) in tumor cells, leading to the activation of extracellular-
regulated kinases, transcription factors as NFkB and the produc-
tion and secretion of several Matrix Metalloproteinase 9 (MMP-9),
but the entire mechanism of action is not fully understood.12,17

Accordingly, we examined the effects of extracellular S100P on
signal mechanisms. Treatment of BxPC3 cells with S100P induced
IkBa phosphorylation in a time- and concentration-dependent

Figure 1. Neutralizing effect of anti-S100P mAbs in S100P-induced proliferation. (a) Increased time-dependent proliferation induced by S100P
protein (100 nM) in BxPC3 cell line. (b) Dose-dependent response of S100P in BxPC3 proliferation. Cells were treated with S100P (0.1–0.5–1 mM)
for 48 h. (c) Neutralizing activity of mAbs (3F8, 2H8, 1A5 ad 3E3) at 500 nM on BxPC3 proliferation assay. Cromolyn (0.5 and 100 mM) was used as
a referenced blocking product of the extracellular activity of S100P. Before stimulation, antibodies and Cromolyn were incubated with S100P
(100 nM) for 2 h at 37 1C. Each data point was normalized to the basal proliferation of the cells without S100P, which represents 100%
proliferation. Bars show the mean±s.e.m. of at least three independent experiments. ns P40.05, **Po0.01, ***Po0.001.
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manner with a noticeable effect after 60min (Figures 2a and b). To
evaluate the specificity and the efficacy of our mAbs by blocking
this observed effect, S100P (1 mM) was incubated with 3 mM of each
antibody for 2 h prior to the addition to the cells. As shown in
Figure 2c, all anti-S100P mAbs were more effective that Cromolyn
in blocking the IkBa phosphorylation induced by S100P.
According to the literature, extracellular S100 proteins induce

the secretion to the microenvironment of MMPs by several cells as
macrophages,18 tumor cells19 and endothelial cells20 to provide

the perfect environment for tumor progression and subsequent
metastasis formation. On the basis of these results, we
demonstrated the ability of the extracellular S100P to increase
the production of MMPs on BxPC3 cell line. As shown in Figure 2d,
after 72 h of treatment, S100P induced a marked concentration-
dependent increase of MMP-9 secretion in this pancreatic cell line.
In addition, this effect was blocked when S100P (1 mM) was
incubated with 3 mM of each mAb for 2 h prior to the addition to
the cells (Figure 2e).

Figure 2. Extracellular S100P stimulates IkBa signaling pathway and MMP-9 secretion in BxPC3 cells. Cells were treated with the recombinant
protein in culture medium without supplements. All western-blot signal intensities were normalized to those of b-actin to account for
differences in lane loading. (a) Levels of IkB-alpha phosphorylation in BxPC3 treated with S100P (1mM) for the indicated periods of time. Sixty
minutes of stimulation without S100P was used as a basal control. (b) Dose-dependent IkB-alpha phosphorylation induced by S100P
(indicated concentrations) in BxPC3-treated cells for 60min. (c) Neutralizing effect of mAbs 3F8, 2H8, 1A5 and 3E3 (3mM) on the IkB-alpha
phosphorylation induced by the S100P protein. Cromolyn (3 mM and 100 mM) was used as a control. Before stimulation, antibodies and
Cromolyn were incubated with S100P (1 mM) for 2 h at 37 1C. (d) Proteolytic activity of MMP-9 in BxPC3 conditioned media. BxPC3 cells were
treated with S100P (0.1–0.5–1 mM) in culture medium without supplements for 72 h and supernatants were analyzed by gelatin zymography.
Cleared bands represent MMP-9 secretion. Each data point was normalized to the basal secretion level of the cells (without S100P stimulation)
that represents 100% MMP-9 secretion. (e) mAbs 3F8, 2H8, 1A5 and 3E3 (3 mM) neutralize the secretion of active forms of MMP-9 induced by
the S100P protein. Cromolyn (3 and 100 mM) was used as a control. Before stimulation, antibodies and Cromolyn were incubated with S100P
(1mM) for 2 h at 37 1C. Bars show the mean±s.e.m. of at least three independent experiments. ns P40.05, *Po0.05, **Po0.01.
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Extracellular S100P increases survival of BxPC3 exposed to
Gemcitabine and anti-S100P mAbs block this activity
S100P expression was correlated with chemoresistance by some
studies6,12 being proposed as a marker to predict the effectiveness
of some chemotherapeutics drugs.21 Other authors demonstrated
that extracellular S100A14 increased the survival of the KYSE180
esophageal squamous carcinoma cell line exposed to the
cytotoxic agent Doxorubicin.22 To gain insights into a possible
similar effect of S100P in pancreatic carcinoma cells, we exposed
BxPC3 cells to Gemcitabine alone and in combination with
increased concentrations of S100P. First, we determined the EC50
of Gemcitabine (Figure 3a). Next, we combined this concentration
(23 nM) with different doses of recombinant human S100P (0–
750 nM). The addition of S100P protected cells from damage
induced by Gemcitabine in a concentration-dependent manner
with a statistically significant effect for S100P concentrations from
180 nM onwards (Figure 3b). To further confirm the protective
effect of S100P and the efficacy of our neutralizing mAbs, a 10-fold
increase of Gemcitabine (200 nM) was combined with 500 nM
of S100P. As shown, antibodies significantly abrogated the effect
of S100P and sensitized the cells to the cytotoxic effect of
Gemcitabine (Figure 3c).

Decreased tumor growth in response to extracellular S100P
blockade with 2H8 mAb in subcutaneous BxPC3 tumor model
To address the question of whether a mAb could serve as a
therapeutic agent in vivo to inhibit tumor growth, we treated

athymic mice bearing subcutaneous BxPC3 tumors. The efficacy of
the selected mAb for in vivo assays (called 2H8) was compared
with control group (vehicle, PBS) and with animals treated with
Cromolyn. At the end of the experiment, the control group
exhibited a maximum tumor growth with mean relative tumor
volume of 576% respect to the initial volume (before treatment).
Tumor volume changes in Cromolyn or 2H8 injected mice showed
a maximum mean RTV of 320% and 374%, respectively, respect to
the initial volume. We observed that treatment either with 2H8 or
Cromolyn induced a notable decrease in tumor development
compared with the control group (Figure 4). In addition,
these differences were reflected on the calculated T/C ratios of
tumor volume, 55% for Cromolyn and 65% for 2H8 mAb,
respectively.

2H8 mAb has neutralizing activity on liver metastasis formation in
BxPC3-luciferase orthotopic tumor model
Besides its role in tumor growth, S100P protein has been
correlated with a higher metastatic potential. Previous studies
showed that a shRNA against S100P inhibited angiogenesis,
reduced tumor growth and inhibited metastasis formation by
450% in a mouse model of NSCLC cells.23 Furthermore, treat-
ments with Cromolyn alone and in combination with Gemcitabine
inhibited pancreatic tumor growth and metastasis.16 On the basis
of those observations, we wanted to investigate the anti-
metastatic activity of the 2H8 mAb by blocking the extracellular
function of S100P in comparison with Cromolyn.

Figure 3. Extracellular S100P protects BxPC3 cells against cell death induced by Gemcitabine. (a) Effect on BxPC3 cell viability induced by
Gemcitabine. Cells were incubated with the chemotherapeutic drug at different doses (from 4 mM to 5nM, dil 1:3) for 72 h. Cell viability was
analyzed by MTT assay. The error bars represent mean±s.e.m. (n¼ 6). (b) Dose-dependent increase of cell survival induced by human
recombinant S100P (doses from 750 nM to 23 nM, dil 1:4) in BxPC3 cells exposed to Gemcitabine (constant dose of 23 nM) for 72 h. (c) Blocking
effect of mAbs 3F8, 2H8, 1A5 and 3E3 (2 mM) of the cell survival induced by S100P (500 nM) on cells exposed to a high dose of Gemcitabine
(200 nM). Before stimulation, antibodies were incubated with S100P for 2 h at 37 1C. Percentage of viability was determined in comparison to
the positive control (cells without compounds) that represents the 100% of viability. Bars show the mean±s.e.m. *Po0.05, **Po0.01.
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For this purpose, tumor pieces of 3–5mm3 from previous
orthotopic BxPC3-luciferase tumors were implanted into the
pancreas of athymic mice. Treatments with Cromolyn or with
2H8 mAb started 2 days after implantation and continued for
4 weeks. Tumor growth and metastasis were analyzed weekly by
bioluminescence imaging. At the end of the experiment, animals
were killed and an exhaustive analysis of the disease staging was
done based on a TMPN classification and scoring system (Table 1)
modified from Hennig et al.24 Scores from each category were
multiplied with each other because patterns in medicine follow
multiplicative, rather than additive, rules.
Measurements of liver metastases and calculations of photons/

second emitted by the isolated organs revealed a more efficient
therapeutic effectiveness (statistically significant) in animals
treated with the antibody than animals treated with Cromolyn
at the best dosing schedule referenced in the bibliography16 for
this model (Figures 5a and b).
As shown in Figure 5c, the total score corresponding to the

disease staging (TMPN classification) was lower in animals treated
with 2H8 compared with Cromolyn group. In addition, these
differences are reflected on the T/C ratios of total score calculated;
32% for 2H8 mAb compared with Cromolyn, suggesting a
significant clinical benefit of the use of mAbs for anti-S100P
cancer therapies.

Determination of S100P protein as a plasmatic biomarker
Previous studies have pointed that S100P could be a diagnosis
and a poor prognosis marker when found expressed in tissue
samples.25 More recently, a study that links elevated serum levels
of S100P with an unfavorable prognosis in patients with colorectal
cancer were published.26 Taken together, we quantified the levels
of S100P in plasma samples obtained from different xenograft
tumor models of pancreatic adenocarcinoma cell lines, BxPC3
(S100P positive expression) and MiaPACA-2 (no S100P expression)
(Figure 6a). Previously, we quantified the secretion of S100P
protein to the culture medium from either BxPC3 or MiaPACA-2
cells showing levels of 10 ng/ml and null detection of the protein,
respectively.
As shown in Figure 6b, the quantification of S100P protein in

plasma samples from animals bearing MiaPACA-2 and BxPC3

subcutaneous tumors and animals without tumor demonstrated
the consistent statistically significant differences between the
presence and non-presence of S100P-expressing tumors.

DISCUSSION
Pancreatic cancer is one of the most common causes of adult
cancer death. The high incidence of metastasis at initial diagnosis
and the lack of adequate therapies make it one of the types of
cancer with worst prognostic.27,28 Current strategies combining
surgery with cytotoxic agents as Gemcitabine have proven modest
efficacy in patients without prolonging the survival rate remarkably.
In this regard, and taking into consideration the limitations of

these therapies, new targeting and therapeutic approaches are
essential to improve pancreatic cancer survival.
It has been reported that S100P is highly expressed in 490%

of pancreatic tumors regulating a variety of intracellular and
extracellular processes, including cell proliferation, invasion,
survival, drug resistance and differentiation.14 In addition to its
effect on cancer cell growth, S100P has an important role in
cancer metastasis. It has also been reported that silencing S100P
by siRNA resulted in a reduction in invasiveness in vitro and
metastasis in vivo.11 These data demonstrate that S100P could be
a promising therapeutic target although its mechanism of action is
not fully understood.
Cromolyn is the only described inhibitor of the extracellular

function of S100P. Originally, Cromolyn was developed as an

Figure 4. Effect of 2H8 mAb in tumor growth using a subcutaneous
BxPC3 xenograft model. Female, athymic, nude mice were inocu-
lated subcutaneously with 4� 106 cells in 0.1ml culture medium
without supplements, into the right upper flank of mice. When
tumors reached 65–160mm3, treatment was initiated. Treatment
groups had five animals. PBS (vehicle), 2H8 (25mg/kg) and
Cromolyn (5mg/kg) was given three times a week (1010100) by
intratumoral route (20 ml). Final formulation buffer was given as
vehicle control. Graph of relative tumor volume shows the activity of
the 2H8 and Cromolyn compared with the control group.

Table 1. Staging and Scoring System

Stage
description

Description Score

Primary tumor
T0 No tumor 1
T1 Small tumor (tumor do7mm) 2
T2 Large tumor without infiltration

(tumor d47mm)
3

T3 Large tumor with infiltration but still
visible margins

4

T4 Diffuse and infiltrating tumor 5

Organ metastases
M0 No liver or lung metastases 1
M1Li Liver metastases 5
M1Lu Lung metastases 5
M1 Liver and lung metastases 10

Peritoneal metastases
P0 No peritoneal metastases 1
P1 Less than five peritoneal metastases or

one with do7mm
3

P2 More than five peritoneal metastases
or one with d47mm

4

P3 Malignant ascites 5
P4 Diaphragm/kidney/intestine/adrenal

metastases
3þ 3þ 3þ
3þP0/1/2/3

Lymph node metastases
N0 No lymph node metastases 1
N1 Peripancreatic lymph node metastases 3
N2 Regional lymph node metastases (for

example, mesenteric, mediastinal)
5

Scores for the primary tumor (T), organ metastases (M) peritoneal
metastases (P) and lymph node metastases (N) were multiplied to calculate
the total tumor scores for each animal. Score P4 value is the sum of the
corresponding P0, P1, P2, P3 (P0/1/2/3) plus an additional value of three for
metastasis presence in the diaphragm, three for kidney, three for intestine
and three for adrenal glands.
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anti-inflammatory drug used for prophylactic treatment of
bronchial asthma and allergic rhinitis.29 In addition, it has been
reported that Cromolyn binds specifically to other members of the
S100 protein family (S100A1, S100A12 and S100A13).30–31

Recently, Cromolyn has been shown to block the interaction
with RAGE, and to inhibit tumor growth. Also Cromolyn, increased
the effectiveness of Gemcitabine to reduce the volume of
metastases in BxPC3 orthotopic tumor model.16 However, these
authors observed potential limitations. They saw that Cromolyn
reduced the total volume of distant metastases without affecting
the number of metastases, indicating that the influence of this
drug appears to be mainly on cancer cell growth rather than
directly on metastasis formation. Another limitation of Cromolyn
would be its specificity, because it may interact with other
molecules (other members of the S100 family or other undisclosed
targets) that can have equal or more importance than the S100P
in pancreatic cancer development.
Here, we extend previous studies about the role played by

S100P in tumor growth and metastasis, demonstrating that
extracellular S100P blockade with a specific mAb: (i) inhibits
tumor proliferation induced by S100P, (ii) blocks the increased
survival induced by S100P to the cytotoxic effect of Gemcitabine,
(iii) blocks the extracellular mechanism of action of S100P on
tumor cells and (iv) reduces tumor growth and liver metastasis
formation in a pancreatic tumor model, giving insights into a new
strategy to treat pancreatic tumors.
An important finding of this study involves the role played by

S100P on tumor cell proliferation using the pancreatic adeno-
carcinoma BxPC3 cell line as a model. According to the
bibliography16 our data showed that addition of recombinant
human S100P to the cells increased cell proliferation, and that

neutralizing S100P with some specific mAbs, obtained in our lab,
leads to a blockade of this process.
The molecular mechanism by which extracellular S100P

promotes its activity have not been extensively delineated,
although an association between S100P, activation of NFkB and
tumor cell proliferation and invasion has been demonstrated.32 In
this context and taking as starting point the fact that other S100
proteins (S100A4, S100A14, S100A8/A9) stimulate cellular activities
via the secretion of several target proteins as for example, MMPs,33

TNF-a34 or ILs,35 we investigated the presence of any of these
regulators, specifically MMPs, in pancreatic tumor cells.
We showed that addition of S100P protein to the cell culture

activates the IkBa signaling pathway in a time and dose-
dependent manner. Specifically, the NFkB pathway has been
associated with the regulation of the expression of MMPs in
several cell types36–38 thus facilitating the degradation of the
extracellular matrix and the in vivo tumor invasion and metastasis.
At this point, we demonstrated that effectively S100P induced the
secretion of MMP-9 in a dose-dependent manner.
To extend the knowledge regarding the inhibitory capacity of

anti-S100P mAbs on the in vitro activity of the extracellular S100P
protein, we tested the blockade of IkBa activation and MMP-9
secretion, two points in its downstream signaling pathway,
showing in both cases a potent decrease by our antibodies.
RAGE is the only described receptor for S100P.39 S100P is

secreted by pancreatic cancer cells and interacts with RAGE
leading to the activation of extracellular-regulated kinases and
NFkB signaling, consistently with increased cell proliferation,
migration, survival and tumor growth.12 In this context, we
demonstrated the inhibition of the S100P-induced proliferation on
BxPC3 cells using a function-blocking anti-RAGE antibody (data

Figure 5. Effect of 2H8 mAb in disease staging and liver metastasis incidence using an orthotopic BxPC3-luciferase tumor model. (a) In vivo
imaging of liver metastasis from animals treated with Cromolyn (reference compound) and 2H8 mAb. (b) Photon emission quantification of
liver metastases. (c) Score system of the disease staging at the end of the experiment, according to a primary tumor (T), organ metastases (M),
peritoneal metastases (P) and lymph node metastases (N) classification (see Table 1). Graphs show mean±s.e.m. *Po0.05, **Po0.01.
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not shown) suggesting the hypothesis that extracellular S100P
could lead its mechanism of action via the receptor RAGE.
S100P overexpression has recently been shown to correlate

with chemoresistance.6,12 In addition, S100A14 acting extra-
cellularly, increased the survival of an esophageal squamous
carcinoma cell line exposed to Doxorubicin.22 Accordingly, we
observed that S100P also protected BxPC3 cells from injuries
induced by Gemcitabine. Furthermore, our antibodies neutralized
this protective effect of S100P and sensitized the cells to the
presence of the chemotherapeutic agent, opening new
approaches for combinational treatments in pancreatic cancer.
We further sought to determine whether specific mAbs against

S100P have a critical role in neutralizing tumor growth and
metastasis in both a subcutaneous and orthotopic mouse tumor
model of BxPC3 cell line. For this, we selected one of our

antibodies, 2H8 and compared its activity with the Cromolyn at
the best referenced dosing schedule.16

First, we investigated the effect of the two drugs on the
subcutaneous development of tumors in athymic nude mice
obtaining a remarkable reduction in tumor growth with similar
effect between Cromolyn and 2H8 mAb compared with the
control group.
Next we wanted to test the effectiveness in blocking the

metastasis formation on an orthotopic tumor model. Our results
indicated that 2H8 mAb inhibited almost completely the presence
of hepatic metastases in size and number. In addition, we
observed, analyzing a TMPN classification a statistically significant
reduction on the disease staging of 2H8-treated animals
compared with mice treated with Cromolyn, confirming that
anti-S100P antibodies act as potent inhibitors of both tumor

Figure 6. Determination of S100P as a plasmatic biomarker. (a) Immunohistochemical analysis of S100P expression and distribution, in
subcutaneous tumors derived from pancreatic adenocarcinoma BxPC3 and MiaPACA-2 cell lines. Sections without anti-S100P antibody were
used as a negative control. (b) Plasma levels of S100P protein on two xenograft tumor models, BxPC3 (positive expression of S100P) and
MiaPACA-2 (negative expression of S100P) in athymic mice compared with S100P levels in animals without tumor were determined by a
sandwich ELISA method. Graph of plasma levels shows the mean±s.e.m. **Po0.01.
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growth and tumor metastasis, whereas Cromolyn acts only as an
inhibitor of tumor growth and not as an antimetastatic agent.
Our observed results about the influence of Cromolyn on cancer

cell growth rather than directly on metastasis (number of metastases)
are in agreement with previous results published by Arumugam
et al.16 using the same dose of the drug (5mg/kg). Taking into
account the implication of S100P both in tumor growth and
metastasis formation, its specific neutralization with antibodies will
be more effective than Cromolyn due to its unspecificity. Probably,
on subcutaneous model Cromolyn affect tumor development
blocking S100P and other proteins and cells implicated directly in
tumor cell growth (its effectiveness could be due to the sum of the
effects). On the other hand, on orthotopic model these target
proteins could not have an essential function on metastasis
formation and therefore Cromolyn does not have the same activity.
We can affirm that Cromolyn is more effective in vivo than

in vitro. It has been reported that Cromolyn interacts with S100P
and many other proteins and affect other tumor components, as
immune mast cells, and therefore this could be the reason of its
high activity in tumor models compared with cell models.16

Therefore, we demonstrate for the first time that treatments
with mAbs against S100P induced a marked delay in tumor
growth and liver metastasis formation on BxPC3 pancreatic
tumors and therefore therapies using antibodies against S100P
could be considered as promising strategies to treat pancreatic
cancer.
Finally, our results further indicate that S100P could be also

considered as a good plasmatic biomarker and by extension for
any other biofluid because it allowed us to discriminate between
animals without or with S100P-expressing tumors.
Taken together, we have elucidated a therapeutic strategy to

combat pancreatic cancers by blocking extracellular S100P with a
first in class mAb. A more extensive knowledge of the role played
by S100P in the interaction between cancer and stromal cells in
promoting tumor development and metastasis will be essential to
improve the efficacy of the treatment.

MATERIALS AND METHODS
Ethical animal procedures
All procedures involving experimental animals were approved by the
‘Ethical Committee of Animal Experimentation’ of the animal facility place
at Science Park of Barcelona (Platform of Applied Research in Animal
Laboratory) and by the Catalonian and Spanish regulatory laws and
guidelines governing experimental animal care.

Production of human recombinant S100P and mAb generation
To generate the S100P recombinant protein, a cDNA encoding the full-
length sequence of human S100P was obtained by RT–PCR from mRNA of
the HeLa cell line as we described previously.20 The primers used in the
PCR reaction were 50-actcacatatgacggaactagagagccatgggcatgatc-30 and
50-actcatgagctcatcatttgagtcctgccttctcaaagtactt-30 . mAb fusion, ELISA
screening and subcloning were performed using standard technologies.20

Cell culture
Myeloma P3� 63Ag8.653 (ECACC, Salisbury, UK) cells were cultured in
RPMI 1640 (PAA, Pasching, Austria) supplemented with 10% FCS (PAA;
Australian origin) plus 2mM GlutaMAX-I (Invitrogen, Scotland, UK). Human
pancreatic adenocarcinoma cell line BxPC3 (ECACC) was cultured at 37 1C
in a humidified 5% CO2-atmosphere in DMEM High-Glucose (Sigma, St
Louis, MO, USA), supplemented with 10% FCS (Sigma). BxPC3 cells stably
transfected with luciferase were kindly provided by Dr Adela Mazo
(Universitat de Barcelona) and were cultured in the presence of 100mg/ml
of hygromicyn B (Invitrogen) as a selective agent.

Western blot analysis
BxPC3 cells were stimulated with different concentrations of S100P
(0.03–3mM) for 60 min To test the inhibitory effect of the anti-S100P mAbs,
2mM of each was incubated for 2 h with S100P protein (1mM) at 37 1C, prior

to the addition to the cells. SDS–PAGE and western blot analyses were
performed as described previously.20

The following antibodies were used: 4B12 mouse mAb anti-human
S100P (Leitat Technological Center, Barcelona, Spain) at 1 mg/ml; perox-
idase-conjugated mAb anti-human b-Actin (Sigma) at a 1:25 000 dilution;
mouse mAb anti-human phospho-IkB-a (Ser32/36) (Cell Signaling Tech-
nology, Danvers, MA, USA), at a 1:1000 dilution; rabbit polyclonal antibody
anti-human IkB-a (Cell Signaling Technology), at a 1:1000 dilution. Goat
anti-mouse (Jackson ImmunoResearch, Baltimore, PA, USA) at 0.04 mg/ml
and goat anti-rabbit (Sigma) at a 1:25 000 dilution, were used as secondary
antibodies.
Bands were quantified using the NIH ImageJ imaging software.

Quantification of the protein expression was performed by densitometric
analysis referring the results to the control cells in the non-stimulated
condition (that represents 100% of expression). All signals intensities were
normalized to b-Actin.

Proliferation assay
Proliferation studies on BxPC3 cell line were analyzed using the Cell
Proliferation ELISA Biotrak System kit (GE Healthcare, Buckinghamshire, UK)
according to the manufacturer’s instructions. Three thousand cells per well
were seeded in culture medium supplemented with 3% FCS. S100P protein
(100 nM) alone or in combination with the mAbs (500 nM) was incubated for
2 h before adding to the culture. After 48 h at 37 1C, the proliferation was
determined by measuring the absorbance at 450 nm using a Multiskan
Ascent spectrophotometer (Thermo Corporation, Roskilde, Denmark). Data
analysis was performed by normalizing the results with the negative
control (untreated cells) that was considered as 100% of proliferation.

MMP secretion assay
Gelatin zymography analysis was performed as described previously33 with
some modifications: 24-well culture plates were seeded with BxPC3 cells at
a density of 250 000 cells/well in complete medium. After 24 h, cells were
stimulated with S100P (0.5, 1, 3 mM) in serum-free medium. For blocking
experiments, mAbs at 2 mM were incubated with S100P (1mM) for 2 h at
37 1C prior to the addition to the cells. After 72 h at 37 1C, supernatants
were resolved in a non-reducing 8% SDS–PAGE gel copolymerized with
Type A gelatin from porcine skin (Sigma) at a final concentration of
1mg/ml. After running, MMPs present in the gel were activated for 24 h,
gels were stained and bands were quantified using the NIH ImageJ
imaging software. Quantification of the protein expression was performed
by densitometric analysis referring the results to the control cells in the
non-stimulated condition (that represents 100% of expression).

Cytotoxic effect of Gemcitabine and mAbs
The cytotoxic effect of Gemcitabine alone or in combination with S100P
was determined by MTT assay as instructed by the manufacturer
(Calbiochem, Darmstadt, Germany). BxPC3 cells were seeded at a density
of 12 000 cells/well and 24 h later, Gemcitabine alone (from 4 mM to 5 nM, dil
1:3) or in combination with S100P at different doses (from 3 mM–46 nM, dil
1:2) were added and incubated for 72 h. For blocking experiments, S100P
was incubated with mAbs at the indicated doses for 2 h prior to the
addition to the cells. Data analysis was performed by normalizing the
results with the negative control (untreated cells) that was considered as
100% of viability. Curves were adjusted using a sigmoid dose-response
(variable slope) equation, and EC50 values were obtained from the
equation: Y¼Bottomþ (Top�Bottom)/(1þ 10^(LogEC50� X*HillSlope)),
where X is the logarithm of concentration and Y is the response. Y starts
at Bottom and goes to Top with a sigmoid shape.

Tumor growth studies in nude mice
Mice for tumor models (athymic (Hsd:Athymic Nude-Foxn1nu; 6–7 weeks
old)) were from Harlan Laboratories Models, S.L. (Barcelona, Spain).

Subcutaneous tumor model. Exponentially growing BxPC3 cell line
(4� 106 cells) was subcutaneously injected into the right flank of nude
animals. Tumor growth was monitored by measuring the diameter of the
tumors with a caliper, and the tumor volumes were calculated according to
the formula: 0.5 � length � width2. When tumor volume reached
about 120mm3, mice were randomly divided into three groups (n¼ 5).
Mice were treated three times per week by intratumoral route with PBS
(control group), 2H8 mAb at 25mg/Kg and Cromolyn at 5mg/Kg (130 mM).
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We calculated the treatment-to-control ratio (of sample means) at
the end of experiment and it corresponds to the observed relative
tumor volume at a given time for the treatment and control groups,
respectively.

Orthotopic tumor model. Pieces of 3–5mm3 from BxPC3-luciferase tumors
previously grown orthotopically were implanted into the pancreas of
athymic mice, which were randomly divided into three groups. Treatment
by intraperitoneal injection with Cromolyn (5mg/kg body weight) or
2H8mAb (25mg/kg) started 2 days after tumor implantation and
continued for 4 weeks. Cromolyn was given daily and anti-S100P mAb
was given three times per week. The effect on tumor growth and
metastasis were analyzed by weekly bioluminescence imaging (Xenogen
IVIS-200 Optical In Vivo Imaging System). At the end of the assay, animals
were killed and the disease staging was analyzed based on Hennig
method24 with some modifications (Table 1).
Immunohistochemical analysis of S100P protein expression
At the end of the in vivo experiments, BxPC3 tumors were surgically

removed, formalin fixed and paraffin embedded. S100P protein was
detected in 5mm thickness sections using 4B12 mAb and a labeled
streptavidin-biotin method after antigen retrieval, as previously
described.40–41 Sections were deparaffinized and boiled for 15min in
0.01M citrate buffer (pH 6.0) for antigen retrieval. Unspecific tissue
peroxidases were blocked by 3% (v/v) H2O2, followed by incubation in
blocking solution PBS plus 5% goat serum (Vector, Burlingame, CA, USA).
Then, sections were incubated overnight at 4 1C with the 4B12 mAb at a
concentration of 5mg/ml. Biotinylated secondary antibody was added,
followed by an avidin–horseradish peroxidase reagent. Finally, sections were
incubated with NovaRed (Vector) for 10min at 4 1C, used as chromogen and
mounted using DPX non-aqueous mounting medium (Sigma). As a negative
control, we replaced the primary antibody for PBS with 5% goat serum.

Determination of secreted S100P protein by sandwich ELISA assay
To measure the presence of S100P in plasma samples from animals with or
without tumor, a sandwich ELISA assay was performed. Ninety-six
microtiter dishes (Maxisorb, NUNC, Roskilde, Denmark) were coated with
10mg/ml of 3E3 mAb, overnight at 4 1C. After removing the coating, dishes
were washed twice with washing buffer (PBS-0.1% Tween-20) and were
incubated for 2 h at 37 1C in blocking buffer (PBS containing 1% of
skimmed milk). Plasma samples diluted 1:2 in blocking buffer were added
to the wells and were incubated for 2 h at 37 1C. Biotinylated mAb anti-
S100P (4B12) at 10mg/ml was added to the wells and was incubated for 2 h
at 37 1C. Then, streptavidin-HRP (DAKO, Glostrup, Denmark) at a dilution of
1:1000 was added to each well and was incubated for 1 h at 37 1C. The
ELISA was developed by adding Tetramethylbenzidine substrate (Sigma)
before stopping the reaction with 1M of HCl. Absorbance was measured at
450 nm using a Multiskan Ascent spectrophotometer (Thermo Corpora-
tion). A standard curve was constructed by plotting absorbance values
versus human S100P concentrations of recombinant protein (serial 1:3
dilutions in blocking buffer starting at 50 ng/ml).

Statistical analysis
In all studies, values are expressed as mean± s.e.m. as indicated. Statistical
analyses were performed by the two-tailed nonparametric Mann–Whitney
U-test, using the GraphPad Prism software, version 5.04 for Windows.
Differences were considered statistically significant at Po0.05.
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