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A B S T R A C T

Overall survival of patients with metastatic non-small cell lung cancer (NSCLC) has significantly improved with
platinum-based salt treatments and recently with targeted therapies and immunotherapies. However, treatment
failure occurs due to acquired or emerging tumor resistance.

We developed a monoclonal antibody against the proform of neurotensin (LF-NTS mAb) that alters the
homeostasis of tumors overexpressing NTSR1. Neurotensin is frequently overexpressed along with its high af-
finity receptor (NTSR1) in tumors from epithelial origins. This ligand/receptor complex contributes to the
progression of many tumor types by activation of the cellular effects involved in tumor progression (prolifera-
tion, survival, migration, and invasion).

We demonstrate that LF-NTS mAb operates on the plasticity of tumor cells overexpressing NTSR1 and lowers
their aggressiveness. The mAb enables the restoration of platinum-based therapies responsiveness, while also
decreasing metastatic processes. Efficacy dosage with long-term treatment showed no obvious adverse events,
while demonstrating improvement in the performance status. Our data suggests that LF-NTS mAb is an ideal
candidate to be safely added to the conventional standard of care in order to improve its efficacy.

1. Introduction

Recent advances in treatment of advanced or metastatic non-small
cell lung cancer (NSCLC) have significantly improved the overall sur-
vival (OS) and the progression-free survival (PFS) of affected patients.
Despite substantial improvements in NSCLC treatment, this cancer re-
mains the leading cause of cancer-related death in the world [1].

Lung cancer is a very heterogeneous disease, with non-small cell

lung cancer (NSCLC) representing nearly 85% of lung tumors. It is
mostly an asymptomatic disease diagnosed at the metastatic stage in at
least 60% of cases [2].

Current standard chemotherapy regimens combine platinum-salt
compound with an antimetabolite (mostly pemetrexed for adenocarci-
noma), or a spindle poison (paclitaxel). This treatment increases the OS
up to 12 months or more as compared to 4.5 months with best sup-
portive care [3,4]. Unfortunately, patients still develop incurable and

https://doi.org/10.1016/j.canlet.2018.12.007
Received 4 October 2018; Received in revised form 5 December 2018; Accepted 11 December 2018

∗ Corresponding author. INSERM UMR-S 1007, Université Paris Descartes, 45 rue des Saints-Pères, 75270, Paris cedex 06, France.
∗∗ Corresponding author.
E-mail addresses: jtredaniel@hpsj.fr (J. Trédaniel), patricia.forgez@inserm.fr (P. Forgez).

1 Contribute equally to the work.

Cancer Letters 444 (2019) 147–161

0304-3835/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03043835
https://www.elsevier.com/locate/canlet
https://doi.org/10.1016/j.canlet.2018.12.007
https://doi.org/10.1016/j.canlet.2018.12.007
mailto:jtredaniel@hpsj.fr
mailto:patricia.forgez@inserm.fr
https://doi.org/10.1016/j.canlet.2018.12.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.canlet.2018.12.007&domain=pdf


progressively fatal disease.
Recently, the heterogeneous nature of tumors has been revealed by

advanced molecular diagnostics, depicting the genetic constitution of
intra-tumor clones. It has become clear that tumor heterogeneity is
accountable for the variable range of patient responses [5], while ad-
ditional experiments revealed that tumor heterogeneity is dynamic in
space and time. Spatial heterogeneity, observed within the primary
tumor, was also detected between distant sites, organs or lymph nodes,
as proven with genetic analysis [6]. Tumor evolution with time was also
revealed by genetic changes during the course of the disease, with
emergence of new mutations or restoration of the wild type phenotype
was observed [5].

The development of biomarkers, identifying driver mutations en-
abled the deployment of targeted therapies for NSCLC. Targeted
therapies are now proposed to the 15–20% of NSCLC patients bearing
specific genomic mutations or rearrangements (mainly EGFR and ALK,
but also Ros-1 and B-RAF) [7–9]. These less toxic treatments sig-
nificantly improve OS and quality of life. Nevertheless, the majority of
patients ultimately develop resistance. Tumor heterogeneity was re-
sponsible for these treatment failures. Indeed, it was shown that re-
sistance to T790M-targeting EGFR-TKI was related to the emergence of
wild type clones [10]. In the same vein, immunotherapy (anti-PD-1/PD-
L1) was successfully developed [11] and is now proposed as mono-
therapy to the fraction of patients whose malignant cells are at least
50% positive for PD-L1, representing approximately 30% of the pa-
tients. These therapies show satisfactory survival results, with a rela-
tively safe therapeutic profile as compared to conventional che-
motherapy [12]. However, only 20–30% of patients are responders, and
the duration of response is globally limited and often associated with a
panel of immune-related adverse events [13].

Tumor plasticity also becomes a major issue, because resistance can
emerge from activation of bypass signaling pathways, cell-lineage
changes, or acquired mutations [14–16]. Indeed, tumor physiological
characteristics are dynamic, depending on their microenvironment,
their access to growth factors by vascularization, the immune en-
vironment, and their adaptation to treatment. Several studies have
shown that this dynamic aspect of tumors drives them along the pro-
gression to a more aggressive, and uncontrollable state, and ultimately
promoting drug resistance [17–19]. The dynamic features of tumor cells
inferred by their plasticity, makes the development of successful
therapy problematic. These adaptive features are not unidirectional and
can be modulated, with cells exhibiting a more or less aggressive be-
havior, independently of the level of its mutational state. The manip-
ulation of tumor cell plasticity to maintain a less aggressive behavior
creates a pertinent therapeutic approach to improve the performance of
the anti-tumor drugs.

In this context, we show that the decrease of neurotensin receptor 1

activity impacts tumor cell aggressiveness while improving the re-
sponse to chemotherapy by restoring platinum salt sensitivity.
Neurotensin is synthesized from a proform of 170 amino acids, cleaved
by convertases to produce NTS and neuromedin N. Missed cleavage of
the NTS proform produces Long-Fragment NTS (LF-NTS) which was
shown to exhibit the same biological activity as the mature peptide but
with greater stability [20]. Circulating LF-NTS is active and is sig-
nificantly correlated to the development of breast cancer, diabetes,
cardiovascular disease, and total mortality [21]. Based on previous
results, we hypothesized that following abnormal production of NTS,
the immature proform will preferentially be released at the vicinity of
the tumor cells, and would induce sustained and intense NTSR1 acti-
vation with associated signalization. Indeed, chronic activation with
high doses of NTS agonist, in cell lines over expressing NTSR1, induced
NTSR1 gene activation and a permanent NTSR1 recycling at the cell
surface [22–24]. NTSR1 overstimulation, generated by a permanent
NTS autocrine loop, as its occurs in tumors, induces a cascade of cel-
lular events resulting in the activation of metalloproteinases and the
release of “EGF like” ligands (Hb-EGF and neuregulins), creating au-
tocrine activating control loops for three major epidermal growth factor
receptors (EGFR, HER2, HER3) [25–27]. In an attempt to impair or
inhibit these cascading effects, we developed a neutralizing antibody
for LF-NTS to inhibit the effect of these cascades. In this paper, we first
correlate NTSR1 expression with the response to the combination of
platinum and pemetrexed treatment in patients with primitive meta-
static lung adenocarcinomas. We demonstrate that LF-NTS mAb acts on
the tumor cell plasticity of lung cancer cells. This treatment resulted in
the alteration of their aggressiveness by decreasing growth, and the
reduction of metastatic processes. By affecting the cellular plasticity,
the response to cisplatin treatment was restored while improving phy-
sical activity and increasing body weight.

2. Materials and methods

2.1. Patients and tissue specimens for NTS and NTSR1
immunohistochemistry

The clinical files of 28 patients with metastatic stage non-squamous
NSCLC, treated with a platinum-pemetrexed doublet regimen, were
retrospectively reviewed. Most patients from this series, including 17
(60.7%) men and 11 (39.3%) women, exhibited conventional risk fac-
tors for NSCLC, such as smoking (82.1%), chronic obstructive pul-
monary disease (15.0%) or professional exposure (6.1%). Pretreatment
tumor biopsies established the diagnosis of lung adenocarcinomas in
the majority of patients (86.7%) followed by large cell (10.0%) and
sarcomatoid (3.3%) carcinomas. Histological slides of lung biopsies
were obtained from paraffin wax embedded tissues. Standard
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hematoxylin and eosin staining was used to confirm the cancerous
character of the specimens, and adjacent sections were obtained for
immunohistochemistry. Information concerning Public database are
described in supplementary methods.

2.2. Ethics

Informed consent was obtained from all patients before biopsy. The
database including pathological variables was established in ac-
cordance with the French data protection authority (Ile de France II #
2016-10-05).

Fig. 1. NTSR1 expression in NSCLC and clinical outcome. (A) Immunohistochemistry of NTSR1 and LF-NTS in metastatic stages of non-squamous NSCLC patient
biopsies. Examples of positive staining at X100 and X400 magnification. (B) Distribution of stable population or with a partial response vs in progression after
platinum salt based therapy, according to NTSR1 expression (score from 0 to 2 vs score 3) (Pearson chi-square). (C) The Kaplan–Meier analysis of overall survival
(OS) calculated from patients with NSCLC from stage IB to IIIA (GSE14814, n=133). (ACT) 71 patients treated with vinorelbine/cisplatin following surgery, (OBS)
62 patients treated by surgery alone. In the ACT group, the OS is analyzed based on the NTSR1 mRNA expression. Patients at risk are noted below the graphs. (D)
NTSR1 mRNA distribution (Z-score) of 305 tumor samples from stage IB to IV of lung adenocarcinoma (TCGA-LUAD). (E) The Kaplan–Meier analysis of disease-free
survival (DFS) based on the NTSR1 mRNA expression in patients from stage IB to IV with lung adenocarcinoma (TCGA-LUAD, n=305) who received surgery and
chemotherapy as initial treatment. Patients at risk are noted below the graphs. (F) Distribution of NTSR1 mRNA expression (Z-scores) according to the response to
initial treatment.
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2.3. Immunohistochemistry

Immunohistochemistry was performed as previously described by
Alifano et al. [28]. The slides were incubated at 4 °C overnight with
primary antibody including LF-NTS mAb (1:200), anti-NTSR1 (1:100;
SC-7596, Santa Cruz Biotechnology®), anti-NTSR2 (1:100; ANT-016,
Alomone), Labs, anti-RIPK1 (1:400, NBP1-77077, Novus biological®),
anti-RIPK3 (1:400, NBP1-77299, Novus biological®), anti-Ki67 (1:400,
cell signaling®). The slides were then incubated with the kit starr trek
universal HRP Detection System (Biocare medical®) or with Biotiny-
lated anti-goat IgG (Vector laboratories, Inc) for NTSR1. The antigen-
antibody complex was revealed with avidin-biotin peroxidase complex,
according to the manufacturer's instructions (Trekavidin-HPR label,
Biocare medical®). The staining was performed with diamino-benzidine
tetrahydrochloride. All specimens were scored by pathologists (NH,
JFF) as follows: 0: positive staining of< 10% of tumor cells; 1: positive
staining involving> 10% and<50% of tumor cells; 2: strong positive
staining involving> 50% of tumor cells. For qualitative analysis (po-
sitive/negative) scores 0, 1 and 2 were pooled in the same group.

Detection of metastatic epithelial cells were performed with pan-
cytokeratin (AE1/AE3+5D, 1/400, ab86734, Abcam®) antibodies for
30min and revealed by the Novolink™ Polymer Detection Systems
(Leica®). In situ cell death detection kit (Roche®, Germany) was used for
TUNEL assay according to the manufacturer instructions. All the slides
were scanned with 3DHISTECH scanner and analyzed with Pannoramic
viewer. The integrated density was calculated as follows; the chosen
color was selected in adobe photoshop, copied into a new image and
transformed in gray scale. The integrated density was calculated using

ImageJ software, after have inverted the image. This method was pre-
viously validated the score performed by a pathologist for the expres-
sion of NTSR1 in endometrial cancer [29].

2.4. Statistical analysis

Overall survival rates were estimated using the Kaplan-Meier
method and a comparison of survival curves was performed using the
log-rank test. Disease-free survival (DFS) time was calculated from the
date of the initial treatment until disease recurrence (either local or
distant), or the last follow-up examination.

2.5. Antibody

Monoclonal long fragment NTS antibody (LF-NTS mAb) was gen-
erated against a peptide conjugated with bovine thyroglobulin as a
carrier protein, then selected by ELISA using the peptide conjugated
with albumin (BioGenes GmbH). To optimize the selection of neu-
tralizing antibodies we located the antigen peptide just upstream of the
N-terminal side of Neuromedin N.

2.6. Tumor xenografts

Athymic 4-week-old male NMRI-Foxn1nu/nu mice (Janvier™), 5-
week-old female NU (Ico)-Foxn1nu mice, and 4-week-old male C57BL/
6j (Janvier™) were used for human lung cancer cells xenografts, patient-
derived xenografts (PDX) and the mouse lung carcinoma cell line, re-
spectively. The ellipsoid formula was used to calculate the tumor

Fig. 2. NTSR2 expression in NSCLC. A) Immunohistochemistry of NTSR1 and NTSR2 in metastatic stages of non-squamous NSCLC patient biopsies. Two examples of
positive staining is shown at X50 and X400 magnification. (B) Score distribution for NTSR1 and NTSR2. (C) NTRS2 mRNA distribution (Z-score) of 305 tumor
samples from stage IB to IV of lung adenocarcinoma (TCGA-LUAD).
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volumes from cancer cell lines whereas the (L x W2)/2 formula was
used for PDX. When tumors reached 80–100mm3, groups of 7–10 mice
were randomized. All the procedures were in accordance with the
“Guide of the Care and Use of Laboratory Animals”. Institutional
Review Board approval was obtained by « Le Comité d'Ethique en
l'Expérimentation Animale Charles Darwin #B751201».

2.7. PDX

This experiment was outsourced at the Curie Institute (Dr
Decaudin). Lung adenocarcinomas LCF-9 PDX, scored PT2 N0, and LCF-
26 PDX, scored PT2 N1, were grafted at the junction between the neck
and the back in NU (Ico)-Foxn1nu female mice at 5 weeks old.

2.8. Cell culture

The lung cancer cell lines, LNM-R [25], A549 (CCL-185™), LLC1
(CRL-1642™), were grown in DMEM (Gibco®). The LLC1 cell line was
sub-cloned by limiting dilution. After few days of culture, clones con-
taining exclusively fusiform cells at high density were named LLC3. All
cells were purchased at ATCC®, supplemented with 10% fetal bovine
serum (FBS) (Gibco®) and 2mM glutamine and grown at 37 °C, in a
humidified atmosphere of 5% CO2.

2.9. Cell viability assay and in vitro migration assay

15 000 cells/well were seeded in 48-well dishes. Medium was re-
placed by 1% FBS medium in presence or absence of LF-NTS mAb after
15 h of incubation. Cellular growth was evaluated by Z2 cell and par-
ticle counter (Beckman coulter®) after 24 h and 48 h of treatment [25].
The migration assays were carried out using two chamber inserts
(ibidi®), in dishes coated with type I collagen (400μl/well, 50 μg/ml,
Sigma®) as previously described [27].

2.10. RNA extraction, RT-PCR, and quantitative RT-PCR

Total RNA was extracted with guanidinium thiocyanate-phenol-
chloroform acid method modified by Souaze and colleagues [30].
Primer sequences and details are described in supplementary methods.

2.11. Immunocytochemistry

The primary antibody used were LF-NTS mAb, diluted to 1/500,
goat polyclonal anti-NTSR1 antibody, C-20, Santa Cruz Biotechnology®,
SC-7596, diluted to 1/100, rabbit anti-phosphoHistone H2A.X(Ser139)
(1:400, #9718, Cell Signalling®, diluted to 1/400. Slides were incubated
for 2 h at room temperature with their respective fluorescent secondary
antibody. Nuclei were counterstained with DAPI 1:50000 then mounted

using ProLong® Gold Antifade Reagent (Life technologies®).

2.12. SDS-PAGE and Western blotting analysis

Western blots were processed as previously described [25] (see
details in supplementary methods).

2.13. Measurement of platinum uptake in whole cell and accumulation in
DNA

Platinum accumulation in whole cell and in DNA was determined by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis as
described by Liu et al. and detailed in supplementary methods [31].

2.14. Plasma biochemical analysis

Total cholesterol, triglycerides, HDL-cholesterol, glucose, total
protein and albumin were determined using a benchtop biochemistry
analyzer according to the manufacturers’ protocol (Randox
Laboratories Ltd, Roissy en France, France).

2.15. Fecal lipid content

Feces were collected from mice housed individually over a 48-h
period. Feces were dried at 60 °C for 24 h, powderized in water (5 mL
for 300mg) and then incubated with 5mL of chloroform-methanol
(2:1). Details for fecal lipid extraction are described in supplementary
methods.

3. Results

3.1. NTSR1 over-expression is correlated with worse sensitivity to platinum-
based chemotherapy in NSCLC patients

LF-NTS and NTSR1 expression were analyzed by im-
munohistochemistry from the biopsies of 28 patients with advanced
stage non-squamous NSCLC. An example is shown in Fig. 1A. NTSR1
labeling was mainly restricted to the cytoplasm with clear reinforce-
ment in certain areas. In contrast, LF-NTS labeling was mostly in-
tracytoplasmic with a similar strong intensity throughout the sample.
The scoring of NTS and NTSR1 revealed the following distribution: 11%
NTSR1/0; 21% NTSR1/1, 29% NTSR1/2, and 39% NTSR1/3, while
NTS labeling was scored 2 and 3 in 42% and 58% of the specimens,
respectively. Concomitant expression of NTSR1 and NTS within the
tumor suggests a high and sustained autocrine neurotensinergic reg-
ulation. Using the first post-chemotherapy radio-clinical evaluation
(RECIST criteria), a significant more progressive disease was detected in
the subset of patients exhibiting the highest NTSR1 score. These results

Fig. 3. NTS antibody characterization. (A) SDS PAGE loaded with 0.1 μg of human LF-NTS or albumin and revealed with LF-NTS mAb (2.5 μg/ml). (B)
Immunohistochemistry of LF-NTS, example of positive staining in human intestine, at the X100, X200 magnification, below computerized magnification of a specific
area. Arrows point to the labelled neuroendocrine cells. (C) Immunocytochemistry of LF-NTS and NTSR1 on LNM-R, CHO-NTSR1, LLC1 and LLC3 cells. Cells were
stained with LF-NTS mAb (red), NTSR1 antibody (green), and DAPI (blue). (D) Effect of LF-NTS mAb on cell viability. LNM-R, R-SI NTSR1, R-SI NTS, A549, A-SI
NTSR1, LLC1 and LLC3 were treated with 1 μg/ml of LF-NTS mAb for 24 and 48 h. This represents the mean ± SEM of at least 3 independent experiments. (E) Speed
of migration of LNM-R and A549 cells treated or not with 10 μg/ml of LF-NTS mAb or IgG1 isotype control, on type 1 collagen. Results represent the mean ± SEM of
three independent experiments. In two-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001. (F) NTSR1 immunocytochemistry of LNM-R cells treated or not for
48 h with 1 μg/ml of LF-NTS mAb. Shown is the central slide from confocal microscopy, green NTSR1 and, blue DAPI. (G) NTSR1 mRNA level evaluated by q-PCR on
LNM-R cells treated or not for 24 h with 1 μg/ml of LF-NTS mAb. In t-test, *p < 0.05. (H) (left) Example of NTSR1 and immuno-histological labelling of experimental
LNM-R tumors from animals treated with PBS or LF-NTS mAb as described Fig. 4A, at 50X and 400X magnification. (right), Integrated density calculated on area of
LNM-R tumor exhibiting a strong NTSR1 labelling (R 77, B 12, G12) n= 7. In t-test, ****p < 0.0001. (I) Western blot analysis of NTSR1 from LNM-R and A549 cell
lysates treated or not with LF-NTS mAb for 48 h. Histograms representing intensity-based quantification of Western blot, representing the mean ± SEM of 3
independent experiments. In one-way ANOVA, ***p < 0.001. (j) Western blot analysis of phosphorylated form and total protein for EGFR, ERK, C-Jun, HER3, AKT,
and Src, from LNM-R and A549 cell lysates, treated or not with LF-NTS mAb for 48 h (left) An example of a representative western blot. (right) Histograms
representing intensity-based quantification of Western blot, representing the mean ± SEM of at least 3 independent experiments. In one-way ANOVA, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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suggested a reverse correlation between NTSR1 expression in tumor
tissue and response to platinum salt treatment (score NTSR1 0 to 2
versus 3, p= 0.041) (Fig. 1B).

We confirmed the correlation between NTSR1 mRNA expression
and the chemotherapy response in resected NSCLC patients at stage IB
to IIIA using the randomized controlled trial JBR.10, which compared
71 patients treated with vinorelbine/cisplatin (ACT) to 62 patients
treated by surgery alone (OBS) [32]. In the ACT group, NTSR1 over-
expression was correlated with a worse survival. The overall 5-year
survival was 46.15% [19.16–69.65%], 80.19% (67.06–88.51%] and
53.93% [40.56–65.54%] for patients over-expressing NTSR1 (≥80th p),
without over expression (< 80th p), and observational group, respec-
tively. Interestingly, in the ACT group, log rank analysis was sig-
nificantly different for NTSR1 (≥80th p) vs NTSR1 (< 80th p,
p= 0.0360) (Fig. 1C). A significant difference was also detected be-
tween NTSR1 (< 80th p vs OBS group p=0.0264), but no significant
difference was seen between NTSR1 (≥80th p) vs the OBS group
(p=0.4151), suggesting that high expression of NTSR1 in treated
group results in similar outcome as those in the absence of treatment.

Moreover, in a second study of 305 lung adenocarcinomas (stage IB
to IV) from the TCGA-LUAD database [33,34], the NTSR1 mRNA (z-
score) distribution was heterogeneous with 20% of the specimens
overexpressing NTSR1 (Fig. 1D). The degree of NTSR1 expression sig-
nificantly influenced the outcome (p=0.0082), as patients with NTSR1
expression≥ 80th p showed 5-year DFS of 22.85% [10.02–38.78%]
whereas those with<80th p showed 5-year DFS of 31.65%
[23.49–41.40%]. The median of DFS was 22.6 months for patients with
overexpressed NTSR1 and 31.0 months for the others (Fig. 1E). In this
database, 148 (48.5%) patients progressed or recurred after initial
treatment and 157 (51.5%) were disease free. Higher NTSR1 mRNA
expression was significantly associated with patients in disease pro-
gression or recurrence (p= 0.0329) (Fig. 1F). We concluded that
NTSR1 is a protein marker associated with tumor aggressiveness and
drug resistance.

NTSR2 was similarly studied. Immunohistochemistry performed on
the 28 biopsies patients with advanced stage non-squamous NSCLC
showed weak or no labelling. When expressed, NTSR2 labeling was
mainly within the cytoplasm, showing a distribution different from that
observed with NTSR1; examples are shown in Fig. 2A. The scoring of
NTSR2 revealed the following distribution: 45% NTSR2/0, 38%
NTSR2/1, 10% NTSR2/2, and 7% NTSR2/3. The scoring distribution is
diametrically opposite of that from the NTSR1 scoring (Fig. 2B). The
distribution of NTSR2 mRNA extracted from the TCGA-LUAD database
confirmed the weak and homogenous expression as compared to NTSR1
(Fig. 2C). Analysis of patients based on the expression of NTSR2 in the
JBR.10, and the TCGA-LUAD databases, showed no correlation with the
OS as observed for NTSR1 (data not show).

3.2. Characterization of long fragment-neurotensin antibody

We developed an antibody against the human long-fragment

neurotensin, with the intent to disrupt the chronic activation of NTSR1.
The monoclonal antibody (mAb) against LF-NTS was generated from a
peptide, conjugated with bovine thyroglobulin as a carrier protein, and
then selected by Elisa using the peptide conjugated with albumin
(BioGenes GmbH). Neutralizing properties of the clones were screened
by their ability to counteract the growth inhibition of CHO over-
expressing NTSR1 cells induced by conditioned media from the LNM-R
cells, a lung cancer cell line over-expressing NTS and NTSR1 [28], (data
not shown see the procedure in Ref. [35]). The specificity of the pur-
ified antibody from selected clones was tested by western blots using a
purified human long-fragment synthesized in E. coli (Antibodies-on line
inc). A strong band was revealed by LF-NTS mAb on a western blot
loaded with histidine tagged LF-NTS, whereas no band was detected on
the lane loaded with albumin (Fig. 3A).

In the periphery, NTS is mainly synthesized and released by the
enteroendocrine cells (N cells) of the intestine, this area represents the
site referent to localize NTS. We confirmed the antibody specificity by
immunohistochemistry on human small intestine (Ileum). A strong la-
belling of neuroendocrine cells dispersed within the epithelial cell of
the intestinal mucosa was detected (Fig. 3B). Immunocytochemistry
performed on LNM-R, showed a strong labelling of LF-NTS at the per-
iphery of the cells. In contrast, NTSR1 labeling was dispersed in the
cytoplasm, corresponding to the internalized form of the receptor
[22,23]. As a negative control for neurotensin, no red staining corre-
sponding to LF-NTS was seen in CHO cells overexpressing NTSR1, while
exhibiting a strong NTSR1 labelling at the membrane (Fig. 3C). LF-NTS
mAb also cross-reacted with mouse LF-NTS. Immunocytochemistry
performed on LLC1 cells, a mouse lung carcinoma, and its subclone
LLC3 (both expressing NTS and NTSR1) showed LF-NTS labelling at the
surface of the cells (Fig. 3C).

We validated the neutralizing effect of LF-NTS mAb on cell growth
and migration. LF-NTS mAb inhibited cellular growth on several models
(LNM-R, A549, LLC1 and LLC3) by 20–30% (Fig. 3D). We also showed
that the LF-NTS mAb decreased the migration speed of the LNM-R and
A549 cells when cultured on collagen type I (Fig. 3E). No alteration in
the proliferation or migration speed was detected when mouse total IgG
was used, or when NTS or NTSR1 expression was silenced (R-SI NTS
and R-SI NTSR1 are LNM-R cells silenced for NTS and NTSR1 respec-
tively, A-SI NTSR1 are A 549 cells silenced for NTSR1) [28].

Our previous work demonstrated that the chronic and sustained
activation of cancerous cells by NTS, increased NTSR1 expression. In
turn, this effect generated epidermal growth factor receptor autocrine
loops, induced from the release and activation of their respective li-
gands [22–26]. The purpose of this work was to develop a NTS proform
antibody to counteract NTSR1 expression and activation, with conse-
quently a deactivation of the oncogenic endpoint targets associated
with sustained activation of NTSR1. To address these questions, we first
studied NTSR1 expression under LF-NTS mAb exposure. The labelling
of NTSR1 declined when LNM-R cells cultured with 0% FBS are treated
with LF-NTS mAb for 48 h (Fig. 3F). Similar observations were made
when cells are cultures in 5% FBS (data not shown). NTSR1 mRNA

Fig. 4. LF-NTS mAb reduces the tumor growth. (A) Tumor growth curves of LNM-R and R-SI NTSR1 tumors. R-SI NTSR1 cells (106) were injected subcutaneously into
the right flank of male NMRI-Foxn1nu/nu mice, LNM-R (106) were injected in the other flank. A week later, two groups were formed, one group was treated every
other day with LF-NTS mAb (15mg/kg) (i.p.) (n= 7). The second group was treated under the same condition with PBS (n= 9). (B to D) Analysis of LNM-R tumors
from mice treated with PBS, LF-NTS mAb or IgG1 isotype control (15 mg/kg every 2 days for 15 days). Slides were scanned with 3DHISTECH scanner and analyzed
with Pannoramic viewer at the X1 and X40 magnification. Staining estimation was made on the entire sample using the integrated density calculation. In one-way
ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001. (B) (left) Example of Hematoxylin-Eosin staining at X10 magnification. (Right) Quantification of the necrotic
surface (R195, G110, B150) as compared to the entire surface of the sample. (C) (left) Example of RIPK1, RIPK3 labelling at X400 magnification. (Right) Graph of
integrated density calculated on the strong labelling for RIPK1 (R132, G110, B108) and for RIPK3 (R150, G110, B105). Result is expressed as percentage of control.
(D) (left) Example of TUNEL and Ki67 staining at X10 magnification. (Right) Graph of integrated density calculated on the labelling corresponding to the TUNEL
assay after the necrosis zones were erased (R128, G99, B94), and the labelling corresponding to Ki67 (R130, G100, B95). Result is expressed as percentage of control.
(E) A549 cells (5X106) were injected subcutaneously into a male NMRI-Foxn1nu/nu mice (n = 6). When tumors reached 80mm3, mice were treated once a week (i.v.) with
PBS, or with 5mg/kg of LF-NTS mAb, or mouse IgG1 isotype control (BioXcell®). (F) LLC1 cells (5×105) were injected subcutaneously into a male C57BL/6JRj
(n=8). When tumors reached 30mm3, mice were treated once a week (i.v.) with PBS, or with 5mg/kg of LF-NTS mAb, or mouse IgG1 isotype control (BioXcell®).
For (E) and (F) Statistical analysis: In two-way ANOVA statistical analysis, *p < 0.05, **p < 0.01, ****p < 0.0001.
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levels also decreased under the same conditions (Fig. 3G). NTSR1 im-
munohistochemistry performed on LNM-R experimental tumors showed
a heterogeneous labelling toward all tumors, with large zones where
NTSR1 labeling was exceedingly reinforced. In animals treated with LF-
NTS mAb, these reinforced zones mostly disappeared. We compared the
expression of NTSR1, based on these high staining zones, between an-
imals treated with PBS or with LF-NTS mAb by calculating the in-
tegrated density for the NTSR1 staining. The results showed a 60%
decrease in NTSR1 expression (Fig. 3H).

The NTS/NTSR1 signaling is known to be upstream of several major
oncogenic pathways involved in the proliferation, invasion, and me-
tastasis, such as MAPK and PI3K/AKT pathways, and Src kinase
[36,37]. We used two human lung adenocarcinoma cell lines, LNM-R
and A549, to monitor the inhibition of phosphorylated kinases fol-
lowing LF-NTS mAb treatment, and associated with the down regula-
tion of NTSR1 expression (Fig. 3I and J). LF-NTS mAb markedly re-
duced phosphorylation of several proteins engaged in the cancer
progression, including EGFR, HER3, Src, Akt and ERK. No signification
change was observed in the total amount of these proteins (Fig. 3J).

3.3. LF-NTS mAb decreases tumor growth

LF-NTS antibody was tested on tumor growth using a double tumor
animal model grafted with LNM-R cells and R-SI NTSR1. The LNM-R
cell line was chosen because it generates tumors with high growth
speed and rapid lymph node metastasis [28], whereas R-SI NTS or R-SI
NTSR1 display reduced tumor growth rates and metastasis processes
[28]. As shown in Fig. 4A LNM-R tumor size was reduced by 65% in the
LF-NTS mAb treated animals, whereas the tumor growth rate remained
similar for R-SI NTSR1. At the end of the experiment, the tumors la-
beled with hematoxylin and eosin were analyzed. The integrated den-
sity calculated on the pale pink color, corresponding to the necrosis
area showed two folds more necrosis in animals treated with LF-NTS
mAb as compared to control animals (Fig. 4B). The same methodolo-
gical approach showed a sharp increase in the expression of the major
actors of the necroptosis pathway, RIPK1 and RIPK3, under LF-NTS
mAb treatment (Fig. 4C). Moreover, twice more apoptosis (TUNEL
assay), and thrice less proliferation (Ki67 assay) were observed when
animals were treated with LF-NTS mAb, as compared to controls
(Fig. 4D). Completing this experiment, the dose response and the
schedule of the LF-NTS antibody were optimized on LNM-R cells, to
5mg/kg injected intraperitoneal once a week (Fig. S1).

We also confirmed the effect of LF-NTS antibody on tumor growth
generated by the human adenocarcinoma cell line, A549, and the
mouse carcinoma cell line, LLC1 [28]. The tumor size was reduced by
40% when mice were treated intravenously with LF-NTS mAb as
compared to controls (Fig. 4E and F). In summary, we observed reduced
tumor aggressiveness due to LF-NTS mAb treatment.

3.4. LF-NTS mAb restores cisplatin response

It was previously shown on normal rats that platinum salts treat-
ment significantly increased plasma neurotensin level, in association
with peripheral neurotoxicity [38]. Based on this observation, we
evaluated the effect of cisplatin on NTS expression, and accordingly on
cisplatin resistance. A 50% increase of NTS mRNA was observed when
LNM-R cells were exposed to cisplatin for 24 h. This increase was
counteracted by LF-NTS mAb (Fig. 5A). Likewise, in LNM-R tumors, LF-
NTS expression was higher by 50% in animals treated with cisplatin as
compared to control animals (Fig. 5B). Additionally, as indicated in
Fig. 5C, an alteration of cisplatin sensitivity of the lung cancer cells with
NTS or NTSR1 expression was detected. A549 cells exhibited a sensi-
tivity to cisplatin in dose-dependent manner with an IC50 of
27.3 ± 5.3 μM. Addition of NTS agonist (JMV449) on A549 cells in-
creased the IC50 by four times to 103.7 ± 22 μM, whereas cells si-
lenced for NTS and NTSR1 (A-SI NTS and A-SI NTSR1) showed a higher
sensitivity to cisplatin (Fig. 5C). Similar observations were made with
LNM-R cells (Fig. 5C).

In subsequent experiments, we tested the antibody in combination
with cisplatin on tumor growth. In order to simulate clinical context, we
purposely chose to treat the mice with a sub-toxic dose of cisplatin. The
LD50 for cisplatin-injected i.p. is 12mg/kg. Therefore, mice bearing
double tumors from LNM-R and R-SI NTSR1 cells were treated 5 times
with 1mg/kg cisplatin (see Fig. 5 legend). Tumors expressing NTS/
NTSR1 from LNM-R did not respond to cisplatin, whereas tumors si-
lenced for NTSR1 were responsive (Fig. 5D and S2). The LNM-R tumors
became responsive to the treatment when mice were treated with a
combination LF-NTS mAb and cisplatin. The tumor size was reduced by
60% as compared to cisplatin alone treated mice (Fig. 5D). The R-SI
NTSR1 tumors were responsive to cisplatin and the combined treatment
did not improve the tumor growth rate (Fig. S2). Similar experiments
were performed on two lung adenocarcinoma PDX models expressing
NTSR1 and LF-NTS. PDX LCF-9 did not respond to the cisplatin treat-
ment, as expected since the patient was not a responder. When the PDX

Fig. 5. LF-NTS mAb improves the response to platinum-salt based treatment. (A) NTSR1 mRNA quantification by qRT-PCR in LNM-R cells treated with cisplatin, LF-
NTS mAb, or the combination for 24 h. Results represent the mean± SEM of 3–4 independent experiments. In one-way ANOVA, *p < 0.05, **p < 0.01. (B) (left)
Integrated density calculated on area of the tumor exhibiting a strong LF-NTS labelling (R124, B95, G105). n=9, In t-test, ***p < 0.001. (right) Example of NTS
and immuno-histological labelling of LNM-R experimental tumors from animals treated with PBS, or cisplatin (see detail in Fig. 5D), at 200X magnification. (C) IC50

calculation of A549, A-SI NTS, A-SI NTSR1, LNM-R, R-SI NTSR1 and R-SI NTS cells viability inhibition by cisplatin. Viability test was performed after 72 h of
treatment. IC50 calculation of A549 cells in the presence or not of 10−8 M NTS agonist, JMV 449. Results represent the mean ± SEM of 3–4 independent experi-
ments. In t-test, *p < 0.05, **p < 0.01. (D) LNM-R tumor size with time of mice bearing double tumors LNM-R and R-SI NTSR1 (106 cells). Groups of 8 mice were
treated (i.p.) as followed; PBS, mouse IgG1 isotype control, LF-NTS mAb, cisplatin, or cisplatin + LF-NTS mAb. The doses were 1 mg/kg of cisplatin (indicated by the
arrows) on day 1, 3, 5, 13, 15, and 15 mg/kg of LF-NTS mAb or IgG injected every other day, or both. In two-way ANOVA, at days 23, LF-NTS mAb vs. Cisplatin
p = 0.0206; LF-NTS mAb vs. LF-NTS mAb + cisplatin p = 0.0001; Cisplatin vs. LF-NTS mAb + cisplatin p < 0.0001. R-SI NTSR1 tumor size with time is shown in
Fig. S3. (E and F) This experiment was outsourced at institute Curie (Dr Decaudin). 2 mm3 of tumor from two patients scored pT2N0 (E) and pT2N1 (F) were grafted
at the junction between the neck and the back of NU (Ico)-Foxn1nu female mice. When tumors reached 100mm3, mice were treated three times per week (i.p.) with
PBS, or LF-NTS mAb (15 mg/kg), or 1 mg/kg cisplatin (indicated by the arrows) at day 1, 3, 5, 13, and 15 or both. In two-way ANOVA, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. (G) LF-NTS mAb increases platinum accumulation in whole-cell extracts and in purified DNA of LNM-R and A549 cells. The cells
were treated with 4 μmol/L cisplatin alone, or with 1 μg/ml IgG1 isotype control, or 1 μg/ml LF-NTS mAb for 48 h. The results were normalized by the total protein or
DNA content. The result represents the mean ± SEM of at least three independent experiments. (H) Immunocytochemistry of phospho-γH2AX, on LNM-R and
A549 cells pretreated or not with 1 μg/mL IgG1 isotype control or 1 μg/mL LF-NTS mAb for 18 h prior to a treatment with 32 μM cisplatin for 6 h. Number of positive
cells calculated on 10 fields of 3 independents experiments, expressed as % of positive cells. For (G) and (H) In a one-way ANOVA, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. (I) Xenograft of 1 million LNM-R cells treated with PBS or LF-NTS mAb (5mg/kg once a week), or US-SOC (4mg/kg carboplatin at
day 1, 3, 5, and 30mg/kg Pemetrexed (Alimta™) at day 1, 3, 5, and 8), or both. (J) Xenograft of 1 million LNM-R cells treated with PBS or FL-NTS mAb (5 mg/kg once
a week), or EU-SOC (1 mg/kg cisplatin at day 1, 3, 5, and 10 mg/kg Paclitaxel (Taxol ™) at day 1, 3, 5, and 8), or both. For (I) and (J) In a two-way ANOVA,
**p < 0.01, ****, p < 0.0001. (K) Individual follow up of LNM-R tumor size treated with PBS or LF-NTS mAb (5mg/kg once a week), or US-SOC (4mg/kg
carboplatin at day 1, 3, 5, and 30mg/kg Pemetrexed (Alimta™) at day 1, 3, 5, and 8), or both, or EU-SOC (1mg/kg cisplatin at day 1, 3, 5, and 10mg/kg Paclitaxel
(Taxol ™) at day 1, 3, 5, and 8), or both.
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LCF-9 was treated with LF-NTS mAb alone, a weak response was ob-
served. Interestingly with the combined treatment, the tumor size was
reduced by 50% (Fig. 5E). The PDX LCF-26 was partially sensitive to
cisplatin with a decrease of 35% of tumor size. In combination with LF-
NTS mAb the effect of cisplatin on the tumor growth was doubled
(Fig. 5F).

In order to evaluate the impact of LF-mAb on cells plasticity, and
understand the changes of cell homeostasis induced by LF-mAb, pla-
tinum accumulation was evaluated in whole cell extracts and in nuclei.
In LNM-R and A549 cells, the platinum content of the whole cell and of
the nuclei (platinum bound DNA) was largely increased after 48-h ex-
posure to the combined treatment as compared to cisplatin alone
(Fig. 5G). No increase was observed in cells silenced for NTSR1
(Fig. 5G). Moreover, we analyzed the labelling of phospho-Ser139
H2AX protein (γ-H2AX), a protein known to be recruited at the site of
DNA double strand breaks, in LNM-R and A549 cells after treatment
with cisplatin alone or in combination with LF-NTS mAb. We detected
two fold increase in the amount of positive cells when cells were pre-
treated with LF-NTS mAb for 18 h and then exposed to cisplatin plus LF-
NTS mAb for another 6 h, as compared to cisplatin alone in both cell
line (Fig. 5H and S3). These results indicated that LF-NTS mAb im-
proved drug efficiency by enhancing the ratio of drug/target (platinum
to DNA).

The first chemotherapy line of lung cancer treatment is primarily a
combination of two compounds. In the USA, it is mainly the combina-
tion of carboplatin plus paclitaxel, and in Europe, it is mainly cisplatin
combined with pemetrexed. Treatment of mice with a sub-toxic dose of
these standards of care (SOC), showed a partial response; see US-SOC or
EU-SOC (Fig. 5I and J). Co-treatment with LF-NTS mAb improved both
US-SOC and EU-SOC responses. Individual responses, shown in Fig. 5K,
revealed that the tumors grew at a very slow rate, or stop growing with
the combination of SOC and LF-NTS mAb, especially with the US-SOC.

3.5. LF-NTS mAb reduces metastasis

We evaluated the contribution of LF-NTS mAb on metastatic pro-
cesses using AE1/AE3 labelling, a cytokeratin marker for sentinel
lymph node biopsies. Ipsilateral axillary lymph node of mice bearing
LNM-R tumor and axillary and dorsal lymph node of mice bearing PDX
were labelled with AE1/AE3. An example of the various scores of AE1/
AE3 labelling is shown in Fig. 6A. Integrated density of the color cor-
responding to the invaded cells was calculated (Fig. 6B). The lymph
nodes of mice treated with LF-NTS mAb clearly showed less metastasis
(13%, 47% and 53% as compared to PBS treated mice, for LNM-R
tumor, and LCF-9 or LCF-26 PDX, respectively). In addition, we ob-
served that invasive epithelial cells in lymph node expressed NTSR1
and LF-NTS, as a representative example is shown in Fig. 6C.

We confirmed the effect of LF-NTS mAb on the metastatic process
using the syngeneic LLC1 model from animals of the experiment de-
scribed in Fig. 3F. The size and the number of lung metastasis were
smaller in animals treated with LF-NTS mAb as compared to controls
(Fig. 6D and E).

3.6. LF-NTS mAb long term treatments induced no obvious adverse events

No toxicity is expected with LF-NTS mAb long-term treatment

because the epitope is localized downstream from NTS sequence.
Consequently, the functions of the mature peptide NTS should not be
abrogated. Long-term effects of LF-NTS mAb treatment were evaluated
on C57BL/6j mice, treated once a week with 5mg/kg for 180 days. As
seen on Fig. 7A, the mice treated with NTS mAb put on weight during
the treatment as compared to control mice. At day 180, antibody
treated mice were 9.2% heavier than control mice. No difference in
food intake was observed (data not shown). Basic blood parameters,
glucose cholesterol, and triglyceride levels were not modified by the
treatment. The ratio albumin to protein was significant higher in LF-
NTS mAb treated mice as compared to control (Fig. 7B). No difference
in food intake was observed (data not shown). The weight of feces
collected during 48 h was equivalent, but the feces triglyceride and the
cholesterol content was significantly higher in animals treated with LF-
NTS mAb (Fig. 7C). Finally, mice treated with LF-NTS mAb were more
active than controls, persisting with time (Fig. 7D). Long-term treat-
ment with LF-NTS mAb seems to improve the biological parameters
associated with quality of life and a better survival.

4. Discussion

We developed a monoclonal antibody based on a strategy to neu-
tralize the proform of neurotensin, and thereby eliminate the oncogenic
activities of NTSR1. Taking advantage of this antitumor tool, we dis-
covered that inhibition of neurotensin enhances the toxic effects of
platinum-salt based therapy. Moreover, the apparent absence of toxicity
on long term treatment designates antibody-based targeting proform of
neurotensin as a therapeutic promise for the improvement of che-
motherapy when combined with platinum salts.

On non-transformed cells, NTS is able to induce epithelial cell
proliferation, and migration, known to be major cellular effects in-
volved in neoplasms development and progression [36]. Accordingly,
upon discovery of NTS, this peptide was suspected to contribute to
carcinogenesis and progression of cancer. Initiated from these ob-
servations, a large variety of studies on the contribution of NTS on
cancer cells growth, migration, invasion and adherence on different
type of cancers cells and tumors were designed [37]. The high affinity
NTS receptor (NTSR1), a GPCR mostly coupled to Galphaq/11, acti-
vates the cascade “phospholipase C-diacylglycerol-inositol tripho-
sphate-protein kinase C”, as well as the mobilization of intracellular
calcium that regulates gene transcription, cell proliferation, migration
and death [37,39]. Concurrently, NTS activates HER family (EGFR,
HER2, and HER3) and creates an activating autocrine loop for these
receptors in several types of cancers [25,26,40–42]. These receptors act
as they all bearing driver mutations, consequently cells expressing NTS
or NTSR1 are sensitive to erlotinib and lapatinib whereas the same cells
depleted for NTS or NTSR1 were not responsive to these tyrosine kinase
inhibitors [25–27]. Finally, NTS can also modulate the activities of the
small RhoGTPases (Rac1, RhoA and Cdc42), Focal adhesion kinase, and
Src, responsible for the cytoskeleton dynamics and the formation of
various cytoplasmic extensions [43]. NTS activity is therefore always
associated with higher tumor aggressiveness, and advanced stages.

NTSR1 was shown to be expressed in many types of cancer, whereas
the original normal tissue does not express or very weakly expresses
NTSR1. Activation of the wnt/β-catenin pathway and hypomethylation
of the promoter were proposed as mechanisms involved in this

Fig. 6. LF-NTS mAb reduces metastatic process. (A) Typical example of lymph node labelled with AE1/AE3. (B) Lymph node were labelled with a cocktail of these
two antibodies AE1/AE3, that recognizes the acidic and basic (Type I and II) subfamilies of cytokeratins detecting most human epithelia. Images were acquired with a
Nikon Diaphot microscope at the magnification X40; the entire lymph node was reconstituted with adobe Photoshop photomerge. Cells labelling was quantified by
evaluating the integrated density. Calculation was performed on ipsilateral axillary lymph node of mice bearing LNM-R (n=7 to 9) (R213, B129, G98), and on dorsal
and axillary lymph node of mice bearing PDX LCF-9 and LCF-26 (R 139, B 59, G46) (n=16 and 20), respectively. In t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
(C) Example of adjacent slide of lymph node from mice bearing PDX LCF-26, labelled with AE1/AE3, NTSR1 or LF-NTS, at 20X magnification. (D) C57BL/6j mice
were grafted with 0.5 million of a mouse lung carcinoma cell line, LLC1, at day 22, mice were sacrificed and lung metastasis were analyzed by Hematoxylin-Eosin
staining at 10X magnification. (E) Metastases were quantified according to the percentage of invaded surface per lung and the number of metastasis per lung.
Between 9 and 10 lungs were analyzed per group. In one-way ANOVA, *p < 0.05, **p < 0.01.
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upregulation [30,44–46]. Furthermore, high expression of NTSR1 was
associated with a pejorative prognosis and disease free survival in lung,
breast and ovarian cancers, hepatocellular, endometrial, and head and
neck squamous carcinomas, and gliomas [25,28,29,37,47,48]. In tu-
mors, NTSR1 labeling was detected mainly in the cytoplasm, suggesting
that NTSR1 is in an activated state. When localized in the cytoplasm, as
in lung adenocarcinoma, NTSR1 expression correlates with a poor
prognosis, but when it is localized at the cell surface, as in lung squa-
mous carcinoma, NTSR1 expression has no impact on the prognosis
[25]. Similar observations were made for endometrial carcinoma [29],
suggesting that NTSR1 expression in tumors is not only a marker but
also an actor of cancer progression. In order to decrease NTSR1 acti-
vation, we developed an antibody directed against the ligand, as NTSR1
intracellular localization rendered difficult its inhibition with an anti-
body, or a small molecule.

Cisplatin efficiency is limited because cells exhibit innate and ac-
quired resistance, and it is a very toxic nonspecific compound, with its
dose limitation being crucial. Many mechanisms are involved in cis-
platin resistance, notably cells are able to resist induced apoptosis in
response to DNA damage. Cells bypass the activation of several signal
transduction pathways, including calcium signaling, death receptor
signaling, and the activation of mitochondrial pathways. NTS was de-
scribed as a survival factor; this was demonstrated in several cellular
models from diverse cancers [37]. In particular, in breast cancer cells,
NTS agonist inhibited apoptosis induced by serum deprivation, which
was accompanied by the enhancement of Bcl-2 gene transcription and
cellular protein content [37]. Here we show that decreasing NTSR1
activity with LF-NTS mAb not only reduced tumor cell proliferation and
induced apoptosis, but also induced necrosis and the proteins involved
in the necroptosis RIPK1 and RIPK3 (Fig. 4).

Limiting influx and increasing efflux are other mechanisms related
with cisplatin resistance. Before reaching the DNA, cisplatin enters the
cell via passive infusion or by active uptake with a number of transport
proteins. Platinum can be extruded from the cells by the GS-X pumps
(MRP 1-5) after chelation with glutathione or via the copper efflux
system (ATP7A/B) [49]. Here, we demonstrate that blocking NTS in-
crease the quantity of platinum in the cell and in the nucleus and, a
higher amount of double strand DNA breaks. LF-NTS mAb improves
cisplatin drug efficiency by improving the drug ratio to target (platinum
to DNA) and by forcing cell to enter and achieve apoptosis and necrosis.

From detection at diagnosis to the fatal issue, most patients with
advanced lung cancer will experience, at one point or another, platinum
salt therapy alone or in combination with another compound to im-
prove outcome. Here, we show that adding LF-NTS mAb to the standard
of care (carboplatin/paclitaxel or cisplatin/pemetrexed) improves the
treatment efficiency. Taking together, we propose to combine LF-NTS
targeted antibody to the standard of care, and eventually maintain the
treatment after several cycles of platinum salt. Preliminary studies on
long-term treatment (several months) of LF-NTS antibody show that no
obvious toxicity can be detected on the major blood parameters. Chow-
fed animals actually gained weight under the treatment, and were more
active, which may also contribute to improve the outcome. These points
merit further exploration.

5. Conclusion

In summary, we have demonstrated that targeting LF-NTS enhances
the response to platinum salt-based chemotherapy and reduces the
tumor aggressiveness enhancing the chemotherapy-induced apoptosis

and necrosis. Therapeutic strategies elaborated with LF-NTS antibody
would address the most aggressive cells within a heterogeneous tumor
by acting on cell plasticity, and rendering the aggressive cells man-
ageable. As a secondary benefit, no additional toxicity should occur
when used in combination with conventional treatment.
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