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A B S T R A C T

Solid tumor growth triggers a dynamic host response, which recapitulates wound healing and defines the tumor
microenvironment (TME). In addition to the action of the tumor cells themselves, the TME is maintained by a
myriad of immune and stromal cell-derived soluble mediators and extracellular matrix components whose
combined action supports tumor progression. However, therapeutic targeting of the TME has proven challenging
because of incomplete understanding of the tumor-host crosstalk at the molecular level. Here, we investigated
the crosstalk between mesenchymal stromal cells (MSCs) and primary cancer cells (PCCs) from human squamous
cell lung carcinoma (SCC). We discovered that PCCs secrete CCL3 and stimulate IL-6, CCL2, ICAM-1 and VCAM-1
expression in MSCs and that the MSC-PCC crosstalk can be disrupted by the lipid-lowering drug simvastatin,
which displays pleiotropic effects on cell metabolism and suppresses IL-6 and CCL2 production by MSCs and
CCL3 secretion by PCCs. In addition, simvastatin inhibited spheroid formation by PCCs and negatively affected
PCC survival. Our observations demonstrate that commonly used statins may be repurposed to target the TME in
lung carcinoma.

1. Introduction

Malignant tumor growth invariably triggers a host response, which
although highly variable in intensity depending on the tumor type and
individual host tissue properties, is composed of the same processes that
underlie wound healing, namely, inflammation and tissue remodelling
[1–6]. Whereas inflammation may precede tumor growth and is in-
creasingly recognized to be the cause of divergent cancer types [2,4,7],
tumor progression both sustains and relies on inflammation and the
associated tissue turnover. Exit from dormancy of metastatic cancer
cells depends on tissue remodelling triggered by injury, aging or hor-
monal signals [8–10] and, similarly, transition from carcinoma in situ
to invasive tumors may be facilitated by stromal cues elicited by tumor
cells [11,12]. Thus, the tumor microenvironment (TME) plays a central
role in shaping tumor progression and substantial effort has been in-
vested into developing strategies to divert its tumor-enhancing func-
tions toward neutralization or inhibition of tumor growth. However,
success of such approaches in the clinic has been limited because just
like a healing wound, the TME is the result of a multitude of complex
cellular interactions whose mutual regulatory effects are incompletely
understood. Furthermore, the redundancy of the mediators involved,

which reflects the importance of inflammation as a vital defense me-
chanism, renders targeting of any single mediator unlikely to have
decisive impact.

Uncovering ways to instruct pleiotropic host tissue cells that mod-
ulate the inflammatory response to tip the equilibrium toward its re-
solution may be a worthy pursuit in an effort to restrain TME support of
tumor growth. However, achievement of such a goal will most likely
require reagents that target metabolic cellular functions whose mod-
ulation may temper the production and/or effect of a range of pro-tu-
morigenic mediators.

Cells that possess potent pleiotropic properties in the TME include
mesenchymal stem/stromal cells (MSCs), a heterogeneous cell popula-
tion with regenerative potential that can display divergent im-
munomodulatory activity after priming by pro-inflammatory cytokines
or signals triggered by toll-like receptor (TLR) stimulation [13–18].
Mesenchymal stromal cells have been shown to affect the fate of tumor
cells in a variety of cancer types and to display Janusian effects as il-
lustrated by their ability to exert both pro- and anti-tumorigenic ac-
tivity [19–24]. Recent evidence suggests that MSCs in the TME of lung
cancers may have a potent effect on the promotion of tumor growth and
dissemination [19,25–28].
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Lung cancer was among the most commonly diagnosed malig-
nancies in 2018 (11.6% of the total cases) and the leading cause of
cancer-related death (18.4% of the total cancer deaths) in both sexes
combined [29]. Its most common aetiology is tobacco smoking, ac-
counting for more than 80% of cases. Lung cancer is stratified into a
number of subtypes, with approximately 80% of cases belonging to the
non-small cell lung cancer (NSCLC) class [30], associated with an
overall five-year survival rate of less than 20% (American Cancer So-
ciety). The need for more effective strategies for the prevention and
treatment of lung cancer is beyond discussion.

Similar to many diverse carcinomas, NSCLC are associated with a
prominent TME, which generates numerous soluble mediators that or-
chestrate the inflammatory and immune response and regulate tumor
development. The strong association between inflammation and cancer
is reflected, among others, by high IL-6 levels in the TME, where it
promotes tumorigenesis by regulating several hallmarks of cancer, in-
cluding survival, proliferation, angiogenesis, invasion and metastasis,
and, perhaps most importantly, metabolism [28,31–35]. Previous re-
ports, including from our group, have shown high production of diverse
cytokines by the tumor stroma, with IL-6, being among the most pro-
minent. MSCs are a major source of IL-6, which is a key mediator of
innate immunity and favors tumor dissemination [19,26]. In NSCLC, we
demonstrated IL-6 secretion by MSCs obtained from primary tumors,
referred to as tumor-derived MSCs (T-MSCs), but not by primary cancer
cells (PCCs) isolated from the same patients. Alongside IL-6, chemo-
kines are important players in TME dynamics not only by directing the
recruitment of different immune cell subsets to the tumors but also by
eliciting responses from both tumor and stromal cells, and by regulating
tumor angiogenesis, plasticity and survival [36]. Drugs capable of tar-
geting production of IL-6 as well as at least a panel of relevant che-
mokines may therefore be worth exploring as a means to control the
tumor promoting effect of the TME [28,37,38].

Recent in vitro experimental studies have suggested potentially po-
tent anticancer properties of the lipid lowering drugs statins that in-
clude anti-inflammatory, immunomodulatory and antiangiogenic ef-
fects [39–43]. The inhibitory effects of simvastatin, a lipophilic statin,
on tumor cell proliferation have been documented in a variety of can-
cers [44–51]. Simvastatin has been demonstrated to reduce tumor
growth in inflammatory breast cancer models through the down-
regulation of IL-6 [52] and to affect glioblastoma multiforme through
TGF-β inhibition [53]. In lung cancer models, statins were observed to
display a variety of effects that include induction of apoptosis [54],
reduction of metastasis [55], and inhibition of angiogenesis [56] as well
as tumor growth [57]. In addition, statins helped reduce lung cancer

resistance to cis-platinum and tyrosine kinase inhibitors (TKIs) in the
clinic [58–60]. However, studies and meta-analyses that investigated
the relationship between statin administration and lung cancer patient
survival [61–66] yielded controversial and inconsistent results. Thus
the potential improvement in overall survival among lung cancer pa-
tients treated with statins and conventional anti-cancer therapy, sug-
gested by observational studies, was not supported by evidence ob-
tained from a small number of randomized controlled trials (RCTs)
[63,67–69].

In the present work, using MSCs and PCCs from patients with
NSCLC, we identified a cell type-specific pro-inflammatory signature
composed of CCL2 (MCP-1) and IL-6 secretion as well as TLR4 ex-
pression by T-MSCs and CCL3 (MIP-1α) production by PCCs. On the
basis of these observations and the tumor- and inflammation-inhibitory
effects that statins are reported to exhibit, we tested their effects on
primary MSC-PCC crosstalk in our model, using simvastatin. Our study
shows potent effects of simvastatin on mesenchymal stromal cells iso-
lated from the tumor microenvironment of patients as well as on PCCs
resulting in reduction of signals that promote tumor growth.

2. Materials and methods

2.1. Isolation and characterization of MSCs and tumor cells

2.1.1. Mesenchymal stromal cells
Primary fresh tumor tissues and macroscopically normal adjacent

tissues were obtained from 3 SCC patients (Patient 2, 3 and 4, according
to previously used nomenclature [19]) following surgical resection at
the Centre Universitaire Hospitalier Vaudois (CHUV). Patients 2, 3 and
4 were aged 64, 70, and 83, respectively, at the time of surgery. Patient
2 was female, and patients 3 and 4 were male. Pathologic tumor staging
was performed at the CHUV and varied among the patients from T2a to
T3. Patient-signed informed consent was obtained according to the
guidelines of the Ethics Committee of Canton de Vaud (project au-
thorization n° 131/12) and conforming to standards indicated by the
Declaration of Helsinki. Normal-tissue-derived MSCs (N-MSCs) and T-
MSCs were obtained after mechanical and enzymatic tissue disruption
in IMDM (Gibco) supplemented with Collagenase II and IV (0,5 mg/ml,
Gibco) and DNAse (0,1 mg/ml, Roche) for 2 h at 37 °C and passed
through a 100 μm cell strainer. The resulting single cell bulk was cul-
tured one night in MSC medium: IMDM + GlutaMAX (Gibco) supple-
mented with 10% fetal bovine serum (FBS) (PAN Biotech), 1% peni-
cillin streptomycin (PS, Gibco), 1% non-essential amino acids (NEAA,
Gibco) and 10 ng/ml platelet derived growth factor (PDGF, Prospec).

Abbreviations

MSCs Mesenchymal stromal cells (N-MSCs : Normal-tissue-de-
rived MSCs; T-MSCs : Tumor-derived MSCs)

PCCs Primary cancer cells
SCC Squamous cell carcinoma
NSCLC Non-small cell lung carcinoma
TME Tumor microenvironment
CCL3 Chemokine (C–C motif) Ligand 3 (= MIP-1α: Macrophage

inflammatory protein 1-alpha)
CCL2 Chemokine (C–C motif) Ligand 2 (= MCP-1: Monocyte

Chemoattractant Protein-1)
CCL4 Chemokine (C–C motif) Ligand 4 (= MIP-1β: Macrophage

inflammatory protein 1-beta)
CCL5 Chemokine (C–C motif) Ligand 5 (= RANTES: Regulated

on activation, normal T cell expressed and secreted)
PTGS2 Prostaglandin-Endoperoxide Synthase 2
PGE2 Prostaglandin E2
TGF-β Transforming growth factor-beta

ICAM-1 Intercellular Adhesion Molecule 1
VCAM-1 Vascular cell Adhesion Molecule 1
PDL1 Programmed death-ligand 1 (= CD274)
HMOX-1 Heme oxygenase 1
IL Interleukin
TLR Toll-like receptor
TKIs Tyrosine kinase inhibitors
RCTs Randomized controlled trials
LPS Lipopolysaccharides
HLA-E MHC class I antigen E
HMG-CoA reductase 3-hydroxy-3-methyl-glutaryl-coenzyme A re-

ductase
TNF-α Tumor necrosis factor-alpha
MMP Matrix metalloproteinases
Bcl-2 B-cell lymphoma 2
BIM Bcl-2-like protein 11
IFN-γ Interferon-gamma
NK cells Natural Killer cells
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The following day, the culture medium was replaced with fresh medium
and only adherent cells were kept. Upon reaching 80% confluence, cells
were split 1:4–1:6 using trypsin-EDTA 0.25 mg/ml (Lonza, USA) and
kept in culture in MSC medium. The MSCs phenotype was analyzed by
flow cytometry and the differentiation potential into adipocytes, os-
teocytes and chondrocytes was assessed (detailed procedures in Ref.
[26]). Cells between passage 2 and 9 were used in all experiments.

2.1.2. Tumor cells
Primary cancer cells (PCCs) from patients 2, 3 and 4 were cultured

as single cells and allowed to form spheroids. The single cell-derived
spheroids were cultured in ultra-low attachment flasks (Corning,
Falcon) in KO medium: IMDM + GlutaMAX completed with 20%
knockout serum (Gibco), 20 ng/ml leukemia inhibitory factor (LIF)
(Prospec), 20 ng/ml recombinant human (rh) epidermal growth factor
(EGF) (Prospec), 20 ng/ml fibroblast growth factor (FGF) (Prospec).

2.2. MSC-tumor cell co-culture

MSCs and tumor cells were co-cultured in transwell conditions at
MSC:tumor cell ratio 1:3. Co-cultures were analyzed after 3 days. MSCs
(50.000 cells/well) were seeded onto six-well plates (Costar, Corning
incorporated). Tumor cells were seeded into 1,0 μm-pore insert of PET-
membrane (Corning, Falcon) (150.000 cells/well). Controls were T- and
N-MSCs or PCCs cultured alone. For all experiments, cells were cultured
in MSC medium. At the end of co-culture or treatment, MSCs and PCCs
were harvested, snap frozen and stored at −80 °C until RNA extraction.

2.2.1. Antibody and recombinant mediator treatment
MSCs (50.000 cells/well) were seeded in six-well plates, with or

without tumor cells in transwell condition and treated for 3 days with
anti-IL-6 2 μg/ml (MAB206 R&D), anti-TGF-β1/2/3 0.5–1 μg/ml
(MAB1835 R&D), or anti-CCL2 4 μg/ml (MAB279 (R&D) antibodies in
MSC medium. PCCs (150.000 cells/well), were cultured alone or with
MSCs in transwell condition with anti-IL-6 2 μg/ml (MAB206 R&D),
anti-TGF-β1/2/3 0.5–1 μg/ml (MAB1835 R&D), anti-CCL3 5 μg/ml
(MAB670 (R&D). Untreated cells served as controls.

For recombinant mediator treatment, MSCs (50.000 cells/well)
were treated for 3 days with human recombinant CCL3 10 ng/ml (270-
LD-10; R&D). PCCs (150.000 cells/well) were treated for 3 days with
human recombinant CCL2 10 ng/ml (279-MC-010; R&D), human IL-6
5 ng/ml (407652 Sigma) or TGF-β1 10–20 ng/ml (130-095-067
Miltenyi Biotec).

2.2.2. Simvastatin treatment
MSCs and PCCs were treated for 3 days with simvastatin 5 or 10 μM

(S6196; Sigma) or for 24 h after 3 days in culture in their own culture
medium. Stock solution was prepared in ethanol (initial concentration
100 mM). Cells treated with the same amount of ethanol were used as
controls.

2.2.3. LPS treatment
For MSC stimulation with LPS, MSCs were cultured alone or with

PCCs for 3 days to allow the cells to reach optimal cell density, then LPS
50 ng/ml (no. L2880; Sigma) was added for 24 h. Stimulation was
maintained for 24 h based on observations by others [18] and the no-
tion that the pro- or anti-inflammatory effects of TLR stimulation are
duration-dependent. Unstimulated MSCs were generated in parallel and
used as controls.

2.3. Cell culture in 3D hydrogels and F-actin staining

MSCs and PCCs were cultured in 96-well imaging plates containing
pre-casted synthetic PEG-based hydrogels featuring a surface density
gradient (3DProSeedTM hydrogel plate, cat.no. ECT-PS1; Ectica
Technologies AG). MSCs (20.000 cells/well) or PCCs (30.000 cells/

well) were seeded as cell suspension on top of the gel surfaces in 200 μl
of their own medium (described in 2.1) supplemented with growth
factors, in the presence or not of simvastatin 10 μM (S6196; Sigma), or
with rhTGF-β1 20 ng/ml (130-095-067 Miltenyi Biotec). Because of a
higher MSC seeding density required in 3D, simvastatin was used at
higher concentration than in 2D culture. Culture medium was changed
every 3 days, with addition of fresh growth factors and simvastatin/
rhTGF-β1. At day 8, cells were fixed with 4% paraformaldehyde for
20 min at room temperature (RT), followed by two washes in PBS.
Permeabilization was performed for 20 min at RT with 0.2% Triton X-
100 in PBS, followed by two washes with PBS. Blocking was performed
with 1%BSA/0.2% TX-100/5% goat serum in PBS for 45 min, at RT.
Cells were stained for F-actin with Phalloidin-Atto 564 (no. 94072,
Sigma) for 20 min, in the dark and rinsed three times with PBS before
acquisition.

2.4. Cytokine quantification

Quantification of IL-6 and CCL2 secretion by MSCs were performed
by ELISA (Human IL-6 DuoSet ELISA; no. DY206-05; R&D and Human
CCL2/MCP-1 DuoSet ELISA; no. DY279; R&D) on MSC-tumor cell co-
culture supernatants, according to the manufacturer's instructions.
Samples were diluted 4 to 5-fold and analyzed in duplicates.

Quantification of CCL3 secretion by PCCs was performed by ELISA
(Human CCL3/MIP-1α DuoSet ELISA; no. DY270; R&D) on MSC-tumor
cell co-culture supernatants, according to the manufacturer's instruc-
tions. Samples were diluted 3-fold and analyzed in duplicates.

BDNF, Eotaxin/CCL11, EGF, FGF-2, GM-CSF, GRO alpha/CXCL1,
HGF, NGF beta, LIF, IFN alpha, IFN gamma, IL-1 beta, IL-1 alpha, IL-
1RA, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8/CXCL8, IL-9, IL-10, IL-12 p70, IL-
13, IL-15, IL-17A, IL-18, IL-21, IL-22, IL-23, IL-27, IL-31, IP-10/
CXCL10, MCP-1/CCL2, MIP-1 alpha/CCL3, MIP-1 beta/CCL4, RANTES/
CCL5, SDF-1 alpha/CXCL12, TNF alpha, TNF beta/LTA, PDGF-BB,
PLGF, SCF, VEGF-A and VEGF-D were assessed in the co-culture su-
pernatants by Luminex assay (45-Plex Human ProcartaPlex, thermo-
fischer).

2.5. Senescence assay for adherent cells

Senescence-associated (SA) expression of beta-galactosidase activity
was histochemically detected using a senescence detection kit
(ab65351; Abcam), according to the manufacturer's instructions.
Adherent MSCs were cultured for 3 days in control medium or with
simvastatin 5 μM before staining. Images were taken before staining,
and 1, 24 and 96 h after staining.

2.6. Flow cytometry

2.6.1. Apoptosis
Cells were stained with APC Annexin V and the vital dye DAPI

(10 μg/ml, Biotium) to identify early apoptotic cells, according to the
manufacturer's instructions (FITC Annexin V Apoptosis Detection Kit;
BD; no. 556547). Cells considered viable were both APC Annexin V and
DAPI negative while cells that were in early apoptosis were APC
Annexin V positive and DAPI negative. Cells that were in late apoptosis
or already dead were both APC Annexin V and DAPI positive. All
samples were acquired with Gallios Cytometer (Beckman Coulter) and
data analyzed using FlowJo version10 software, following doublet ex-
clusion.

2.6.2. TLR3/TLR4 expression
Cells were first washed in PBS (Bichsel AG, Interlaken CH) and

stained 30 min at 4 °C with BB700-conjugated anti-CD284 (TLR4) an-
tibody (no. 745946; BD; 1:10), FITC-conjugated anti-CD283 (TLR3)
antibody (no. 130-100-001; Miltenyi; 1:10) and live/dead marker
(1:200, Violet fluorescent reactive dye, Invitrogen) diluted in PBS and
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finally fixed with PBS/PFA1%. Then, intracellular expression of TLR3/
TLR4 was assessed with FITC-conjugated anti-CD283 (TLR3) antibody
(no. 130-100-001; Miltenyi; 1:10) and BB700-conjugated anti-CD284
(TLR4) antibody (no. 745946; BD; 1:10) after permeabilization (0.2%
BSA/0.1% Saponine in PBS, for 30 min at room temperature). TLR3/
TLR4 expression was quantified within the live MSC population.
Electronic compensation was set up using CompBeads (Beckman
Coulter) to correct for fluorochrome spectral overlap. All samples were
acquired with Gallios Cytometer (Beckman Coulter) and data analyzed
using FlowJo version10 software following doublet and dead cell ex-
clusion.

2.7. RNA extraction, cDNA synthesis and qRT-PCR

Total RNA was extracted using the RNeasy mini Kit (Qiagen), fol-
lowing the standard manufacturer protocol. For each sample, cDNA was
synthesized by reverse transcription using M-MLV Reverse
Transcriptase (Promega) according to manufacturer instructions. Levels
of gene expression were determined using the 2-ΔΔCT methods [70]
and samples analyzed in triplicates. Quantitative RT-PCR amplification
was performed using SYBR® Green mix (Applied Biosystems). SYBR®
Green primer sequences for the quantification of IL6, TLR3, TLR4,
CCL2, CCL3, CCL4, CCL5, PTGS2, IL8, VCAM1, ICAM1, TGFB1, CD274,

IL1B, HLA-E, HMOX1 are listed in the table on Suppl. Exp. Procedures
section. GAPDH or TBP (SYBR® Green) were used as housekeeping
genes.

2.8. Microscopy

Images were taken with a Nikon Eclipse E800, digital camera
DXM1200, at 40x or 100x magnification and at a resolution of
1280 × 1,024, and analyzed with the ACT-1 (v.2) software.

For 3D culture in hydrogels, images were taken with a spinning-disk
confocal microscope Nikon Ti2 | Yokogawa CSU-W1 through a series of
z-stacks (2.5 μm each for a 700 μm depth in total). Image visualization,
3D reconstruction and analysis were performed using Imaris software.

2.9. Quantification and statistical analysis

Statistical tests and graphics were generated by Prism version 7.03
(GraphPad Software Inc.). For qRT-PCR data, multiple t tests corrected
for multiple comparisons using the Holm-Sidak method were used to
compare mean expression levels between N- and T-MSCs for each pa-
tient. Multiple group analysis was performed by one-way ANOVA test
followed by Dunnett's multiple test comparisons. P values < 0.05 were
considered statistically significant and are denoted by asterisks:

Fig. 1. MSC and PCC Gene Expression and
Secretory Profiles. (A) Relative gene expres-
sion of TLR3, TLR4, PTGS2, IL8, VCAM1,
ICAM1, IL6, TGFB1 and CCL2 by N- and T-
MSCs from Patient 2 (MSC-2) alone and in co-
culture with PCCs from the same patient, as
assessed by qPCR and shown as a fold change
in expression, plotted on a logarithmic scale.
Results show the mean ± SD of triplicates,
normalized to TBP expression. For each gene,
N-MSC-2 expression is set as the control con-
dition (=1). Statistical significance was de-
termined by multiple t-tests using the Holm-
Sidak Method, with alpha = 0.05 (* indicates
significance at p ≤ 0.05; **p ≤ 0.01;
***p ≤ 0.001; ****p ≤ 0.0001). (B)
Expression by T-MSC-2 of relevant genes re-
lative to the TLR3 expression level (set as the
control condition). (C) Panel of highly secreted
factors (pg/ml) by T-MSC-2 alone and in the
presence of PCC-2.
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∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; ns, not
significant. Error bars represent the SD or SEM.

3. Results

3.1. Tumor-derived mesenchymal stromal cells harbor a pro-inflammatory
phenotype

Stromal cells were isolated from dissociated primary lung squa-
mous-cell carcinoma (SCC) as well as from adjacent tumor-free tissue
from three patients and verified for functional and phenotypic MSC
features as defined by the International Society for Cellular Therapy
(ISCT) [71]. Accordingly, both tumor and tumor-free lung-tissue-de-
rived stromal cells that we selected for our study were adherent to

plastic under standard culture conditions, expressed comparable levels
of CD105, CD73, and CD90, lacked expression of lineage markers and
underwent differentiation to osteocytes, adipocytes, and chondrocytes
in vitro in response to appropriate stimulation (see detailed protocol in
Ref. [19]). We previously demonstrated that normal-tissue-derived
MSCs (N-MSCs) differ from T-MSCs in the relative expression of a re-
pertoire of genes implicated in immunomodulation and inflammation,
particularly IL6 and TLR4 [19,26]. In addition, we isolated primary
cancer cells (PCCs) from the same patients and co-cultured them with
MSCs to address their relationship and reciprocal modulation.

In the present study, we co-cultured patient-derived N-MSCs and
PCCs in transwell conditions and observed that PCCs induce up-reg-
ulation of IL6, CCL2, VCAM1 and ICAM1 in N-MSCs (Fig. 1A), which,
along with TGFB1 are among the most highly expressed genes in T-

Fig. 2. LPS Stimulation of MSCs. (A) IL-6 and CCL2 secretion (pg/ml) by N- and T-MSC-2. Data are representative of two separate experiments, each in duplicate.
Results show the mean ± SD computed using the four datasets. Statistical significance was determined by multiple t-tests using the Holm-Sidak Method. (B) Relative
gene expression of IL6, CCL2, ICAM1, VCAM1, CCL5 and TGFB1 by MSCs alone or co-cultured with PCCs, after 24 h-stimulation with LPS (50 ng/ml) compared to
control conditions. Gene expression modulation by LPS was statistically determined for each condition (N- or T-MSCs alone or with PCCs from Patient 2), using
multiple t-tests with the Holm-Sidak Method for statistical significance, with alpha = 0.05 (* indicates significance at p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001;
****p ≤ 0.0001).
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MSCs in the absence of PCC co-culture (Fig. 1B). Broad screening of the
T-MSC secretory profile by Luminex uncovered pronounced secretion of
several pro-inflammatory cytokines and chemokines, including IL-6 and
CCL2 (Figs. 1C and S1A (i)) whose secretion was significantly increased
in the presence of PCCs (Fig. 1C). Contrary to other studies [72–81],
both mediators were found to be secreted exclusively by MSCs and were
undetectable in PCC cultured alone (Fig. S1A (ii)).

Toll-like receptor 4 was identified as one of the proteins whose
expression correlated with the tumor-related signature of MSCs [26].
Moreover, MSCs are referred to as MSC1 or MSC2 according to the
predominance of TLR4 or TLR3 expression, which corresponds to a pro-
inflammatory or immunosuppressive phenotype, respectively [17,82].
In the present study we observed that lung cancer-derived T-MSCs
display intracellular expression of both TLR3 and 4 (Figs. S1B and S1C),
the latter being higher than the former. TLR3, but not TLR4 expression
was induced by the presence of PCCs (Fig. S1B). Consistent with reports
showing that TLR4 agonists induce CCL2 and IL-6 secretion in MSCs
[83–85], we observed increased IL-6 and CCL2 expression and secretion
by MSCs treated with lipopolysaccharide (LPS) (Fig. 2A and B). As both
mediators are strongly induced in MSCs cultured in the presence of
PCCs, LPS had only a minor incremental effect on their production
when added to the co-cultures (Fig. S1D). In addition, LPS significantly
increased MSC expression of ICAM1, VCAM1 and induced de novo ex-
pression of CCL5 but did not affect TGFB1 expression (Fig. 2B). The
effect on MSCs of LPS stimulation was therefore similar to that exerted
by PCCs, except for CCL5 whose expression required LPS stimulation.

Constitutive and PCC- as well as LPS-inducible secretion of IL-6 and
CCL2 and expression of ICAM1 and VCAM1 by T-MSCs suggest their
implication in promoting inflammation, immune cell recruitment and
cell-cell interactions in the TME of early-stage lung cancer.

3.2. Simvastatin affects cell adhesion and attenuates the pro-inflammatory
features of MSCs

To attenuate the expression of several key mediators of inflamma-
tion by MSCs and tumor cells using a single drug, we sought to target
cell metabolism. Statins provide an attractive option to this end because
in addition to their lipid-lowering properties, they display pleiotropic
effects on cell metabolism, which may explain, at least in part, their
observed inhibition of inflammation and tumor growth [43,49,86–90].
We therefore addressed the effect of simvastatin on the pro-in-
flammatory profile of T-MSCs cultured alone and in the presence of
PCCs. Our first observation was that under statin treatment, MSCs lost
cell-to-cell contact and tended to detach from the plate (Fig. 3A), sug-
gesting an effect on the expression and/or function of cell-matrix and
cell-cell adhesion receptors. MSCs cultured in 3D-hydrogels displayed
marked changes in morphology and cell-cell communication in re-
sponse to simvastatin, suggesting disruption of physiological cell ad-
hesion mechanisms (Fig. 3B). Consistent with this notion, we observed
downregulation of the cell-cell adhesion receptor gene VCAM1
(Fig. 3C). In contrast, simvastatin induced apoptosis only in a tiny
fraction of MSCs, as assessed by flow cytometry (Fig. 3D), without
causing senescence (Fig. 3E) in MSCs.

In addition to VCAM1, statin treatment reduced TLR3, IL6, and
CCL2 expression (Fig. 4A and E), whereas it increased that of TGFB1,
TLR4 and PTGS2 in T-MSCs cultured alone and in the presence of PCCs
(Fig. 4A and E). IL-6 was more strongly affected in T- than in N-MSCs
treated with the drug (Figs. 4B and S2AFigs. 4B and S2A), providing
direct evidence that simvastatin may be effective in restoring in-
flammatory mediator production to physiological levels. Indeed, sim-
vastatin treatment of T-MSCs, cultured alone or with PCCs, reduced
their IL-6 secretion to the levels displayed by N-MSCs cultured under
the same conditions (Fig. 4B) but, in contrast, increased IL-8 secretion
(Fig. 4C). Thus, exposure to statin attenuated important constituents of
the pro-inflammatory signature of T-MSCs, as reflected by inhibition of
IL-6 and CCL2 secretion (Fig. 4B–D) and VCAM1 expression,

particularly in the context of PCC co-culture (Fig. 4A and E). By con-
trast, it promoted PTGS2, TGFB1 and HMOX1 expression, which reflects
an immunosuppressive phenotype (Fig. 4E).

3.3. Lung carcinoma cells secrete CCL3

PCCs displayed elevated secretion of the chemokine CCL3, but no
production of CCL2 and IL-6 (Fig. 5A (i)). CCL3 is reported to be se-
creted by both cancer and stromal cells, including BM-MSCs [91] and to
contribute to tumorigenesis [92]. However, MSCs isolated from lung
carcinoma did not produce CCL3 (Fig. 5A (i)). Previous studies had
shown that inflammatory cytokines, including IL-6 can induce CCL3
secretion [93,94], which in turn stimulates CCL5 and IL-6 production
[92], supporting tumour progression. In contrast, we observed that co-
culture with T-MSCs, which are robust providers of IL-6, decreased
CCL3 secretion by PCCs (Fig. 5A (ii)), suggesting that other T-MSC-
derived soluble mediators may override the previously described sti-
mulatory effect of IL-6 on CCL3 production by tumor cells and possibly
substitute for its pro-tumorigenic effects. Discrepancies between our
observations and other studies may be explained by the origin of MSCs
and PCCs. Our present work provides the opportunity to probe the
behavior of primary cells, isolated directly from patients with lung
squamous cell carcinoma, in contrast to the vast majority of studies,
which have been conducted using bone marrow-derived MSCs and
cancer cell lines.

3.4. Simvastatin may be effective at targeting PCCs isolated at early stages
of lung cancer

Simvastatin treatment of PCCs induced changes in cell morphology
and affected spheroid formation. In control conditions (no treatment),
PCCs formed smooth well-defined spheroids (Fig. 5B (i)). When PCCs
cultured as single cells (at culture initiation) were treated with the
drug, their ability to form regular spheroids was impaired (Fig. 5B (ii)).
The structures they formed had an irregular shape and a large fraction
of the cells underwent apoptosis (Fig. 5C). However, established PCC
spheroids were less sensitive to simvastatin (Fig. 5B (iv)), suggesting
that simvastatin may have an effect at early stages of tumor develop-
ment - or may even provide a preventive measure – rather than in
advanced or metastatic disease. Consistent with this notion, simvastatin
induced apoptosis in PCCs in culture prior to spheroid formation (An-
nexin-DAPI staining) (Fig. 5C) irrespective of the presence of MSCs (Fig.
S2B). The observed PCC apoptosis could therefore not be explained by
simvastatin-mediated inhibition of IL-6 production by MSCs (Figs. S2B
and S2C). Simvastatin-treated PCCs displayed decreased CCL3 gene
expression and secretion irrespective of the presence or absence of T-
MSCs (Fig. 5D and E).

3.5. IL-6, CCL2 and CCL3 interplay

To explore the interplay between IL-6, CCL2 and CCL3, we used
inhibitors of each mediator on the one hand, and stimulation with re-
combinant proteins on the other (Fig. 6A). CCL2 had no effect on PCC
CCL3 production, as stimulation of PCCs by rhCCL2 affected neither
their constitutive CCL3 secretion (Fig. 6C (i)) nor its restoration fol-
lowing its suppression by statin treatment (Fig. 6C (i)). Similarly, in-
hibition of IL-6 secreted by T-MSCs in PCC-MSC co-culture failed to
decrease PCC CCL3 secretion (Fig. 6C (ii)).

Although simvastatin inhibited secretion of both IL-6 and CCL2 by
MSCs (Fig. 4A and E), neutralization of CCL2 in MSC-PCC co-culture did
not decrease IL-6 secretion but on the contrary resulted in its slight
increase, which may constitute a compensatory mechanism in response
to the inhibition (Fig. 6B (ii)). Neutralization of CCL3 secreted by PCCs
co-cultured with MSCs, slightly increased MSC IL-6 secretion (Fig. 6B
(ii)) but decreased CCL2 secretion (Fig. 6B (ii)). Blocking IL-6 secretion
by T-MSCs also decreased their CCL2 production (Fig. 6B (i)), whereas
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Fig. 3. Mesenchymal Stromal Cells and Statin Treatment. (A) Images of MSCs in 2-D culture from patients 2 and 4, after 3 days in culture with or without
simvastatin at 5 μM. Scale bar = 120 μm. (B) MSCs (stained with Phalloidin-Atto 564) from Patients 2 and 4 cultured for 8 days in a 3-D-hydrogel gradient plate in
control medium or with 10 μM simvastatin. 3-D reconstruction of 2.5 μm z-stacks is shown. Scale bar = 200 μm. (C) VCAM1 gene expression by T-MSCs from Patient
2 and 4 cultured with or without simvastatin at 5 μM, as assessed by qPCR and shown as a fold change in expression. For each patient, T-MSC expression set as the
control condition (=1), was normalized to TBP (MSC-2) or GAPDH (MSC-4) expression. Statistical significance was determined by multiple t-tests with the Holm-
Sidak Method, with alpha = 0.05 (* indicates significance at p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). (D) Percentages of living, apoptotic, late
apoptotic/necrotic and dead MSC-2, cultured with or without statin at 5 μM. The cell phenotype was assessed by flow cytometry. (E) Senescent MSC-2 detected by β-
galactosidase activity (blue staining), after 24 h of X-gal staining. X-gal staining was performed on MSCs cultured for 3 days with or without statin 5 μM treatment.
Scale bar = 30 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

S. Galland, et al. Cancer Letters 484 (2020) 50–64

56



Fig. 4. Simvastatin treatment modulates T-MSC expression of adhesion receptors and soluble mediators of inflammation. (A) Relative gene expression of
TLR3, TLR4, PTGS2, VCAM1, ICAM1, IL6 and TGFB1 by T-MSC-2 (i) and T-MSC-4 (ii), cultured alone or with PCCs, with or without simvastatin 5 μM, as assessed by
qPCR and expressed as a fold change in expression. Expression of each gene in resting T-MSCs was set as the control (=1). Results show the mean ± SD of
triplicates, normalized to TBP (MSC-2) or GAPDH (MSC-4) expression. (B) IL-6 secretion (pg/mL) by MSCs under statin treatment or in control medium, after 3 days
in culture alone or with PCCs. Results show the mean ± SD of 3 experiments with MSC-4, in duplicate. Blue lines depict N-MSC secretion of IL-6, cultured alone or
with PCCs. (C) IL-6, IL-8 and CCL2 secretion by T-MSC-2 alone or with PCC-2, under statin 5 μM treatment or in control medium. Results of one experiment, in
duplicate are shown. (D) CCL2 secretion (pg/ml) by T-MSCs with or without PCC co-culture, under statin treatment and in control medium. Results show the
mean ± SD of 3 experiments, each in duplicate (MSC-2, MSC-4). (E) Relative gene expression by T-MSC-2, treated or untreated with simvastatin for 3 days, alone
(red) or in the presence of PCCs (purple). (i) Panel of pro-inflammatory genes: CCL2, IL6, VCAM1; (ii) Panel of immunosuppressive genes: TGFB1, CD274, PTGS2,
HLA-E, HMOX1. Results show the mean ± SD of triplicate assays. For (A), (D) and (E), statistical significance was determined by multiple t-tests with the Holm-Sidak
Method, with alpha = 0.05 (* indicates significance at p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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recombinant CCL3 induced secretion of both CCL2 and IL-6 in MSCs
(Fig. 6B (i)).

Because simvastatin treatment increased TGF-β expression (Fig. 4A
and E), we addressed the effect of recombinant TGF-β on our cells.
Similar to statins, TGF-β inhibited PCC growth (Fig. 6E (i)) and down-
regulated their production of CCL3 (Fig. 6C (ii)) in the presence of T-

MSCs, as well as MSC production of CCL2 (Fig. 6B and D). However,
contrary to statins, TGF-β induced IL-6 expression and secretion and
increased stromal cell adhesion (Fig. 6B and E (ii)). TGF-β has notor-
iously pleiotropic effects on cancer cells, which depend, in part on the
stage of cancer progression. In normal and premalignant cells, TGF-β
suppresses tumor progression directly through cell-autonomous tumor-

(caption on next page)
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suppressive effects, including cytostasis, differentiation and apoptosis,
as well as indirectly via effects on the stroma that include suppression
of inflammation and stromal cell-derived mitogens [95]. However,
when cancer cells lose the tumor suppressive responses to TGF-β, they
can use TGF-β to modulate the microenvironment to elude immune
surveillance and to induce the production of pro-tumorigenic cytokines.
We observed that in co-culture TGF-β inhibited MSC and PCC produc-
tion of CCL2 and CCL3, respectively, two chemokines implicated in
monocyte recruitment, and promoted a more adherent phenotype in
MSCs, suggesting a potentially more differentiated state, such as that of
cancer-associated fibroblasts (CAFs).

In summary, simvastatin down-regulated CCL3 in PCCs whereas
CCL3 up-regulated CCL2 and IL-6 in MSCs. Simvastatin may therefore
downregulate CCL2 and IL-6 expression in MSC both directly and by
inhibition of PCC production of CCL3 (Fig. 6F).

4. Discussion

Mesenchymal stromal cells display a high degree of phenotypic and
functional plasticity that provides them with the ability to help resolve
or maintain diverse pathophysiological situations. They participate in
maintaining tissue homeostasis by sensing the degree of an in-
flammatory response and adapting their functions to enhance or at-
tenuate inflammation and contribute to tissue repair [82]. However,
they also harbor potent immunosuppressive properties [96] and, as part
of the TME, can guide tumor cell fate and support tumor progression.
Despite their pro-tumorigenic potential, their natural tumor tropism,
which provides a means for drug delivery and consequently targeted
treatment, has led clinical studies to suggest that MSCs may hold pro-
mise for cancer therapy [97–102]. In the present work, we sought to
determine how MSCs adapt and contribute to chronic inflammation in
the TME of human lung SCC. We observed that primary SCC cells se-
crete CCL3 and CCL4 and enhance the pro-inflammatory properties of
MSCs by inducing them to produce IL-6 and CCL2, which in turn creates
a tumor-permissive microenvironment. We then found that simvastatin
can disrupt the tumor cell-MSC crosstalk by affecting both MSCs and
PCCs but in distinct ways. Simvastatin attenuated the adhesion and pro-
inflammatory signature of MSCs, reducing their secretion of IL-6 and
CCL2 while enhancing their immunosuppressive features. Its effects on
PCC included inhibition of CCL3 secretion along with induction of
apoptosis in a significant fraction of cells. Our observations propose
mechanisms implicated in maintaining the TME that emerge from MSC-
PCC crosstalk and the potential repurposing of the commonly used drug
simvastatin toward attenuating cancer-sustaining inflammation.

4.1. Pro-inflammatory lung tumor microenvironment

The TME consists not only of a heterogeneous population of cancer
cells but also a variety of resident and infiltrating host cells, including
MSCs, secreted factors and extracellular matrix glycoproteins, glycoli-
pids and glycosaminoglycans. It is in a constant state of turnover whose
dynamics are largely dictated by the inflammation triggered and
maintained by tumor cells. The inflammatory response itself is shaped

by the properties of the tumor cells, which may highjack some of its key
mediators to promote their own survival and resistance to adverse
conditions such as hypoxia and anti-cancer therapy. Tumor progression
is therefore profoundly influenced by interactions between cancer cells
and their environment, which ultimately drive the growth dynamics of
the primary tumor and determine its invasion of adjacent tissues as well
as the establishment of dormant micrometastases and their exit from
dormancy [28,103,104].

The cytokines and chemokines on whose action tumor cells rely for
survival, plasticity, migration and invasion may be secreted by the
tumor cells themselves and/or by the immune and stromal cells that
compose the TME. In the present study, we identified IL-6, CCL2, CCL3
and TGF-β as four highly secreted soluble mediators in the TME of
human lung SCC, with IL-6 and CCL2 being secreted by T-MSCs, CCL3,
by PCCs and TGF-β by both cell types.

The pleiotropic effects of IL-6 and TGF-β have been extensively
studied in cancer and converge toward the promotion of tumor pro-
gression [31,32,34]. However, the effect of chemokines on tumor
growth is somewhat less well explored. Whereas chemokines were
identified and characterized based on their ability to direct chemotaxis
of immune cell subsets [36,105,106], mounting evidence indicates that
many can directly target non-immune cells — including tumor cells and
MSCs — in the TME, and regulate tumor cell proliferation, plasticity,
invasiveness and metastasis. Chemokines affect tumor immunity by
shaping the composition of the immune cell infiltrate in addition to
influencing cancer cell behavior that includes response to therapy [36].
Insight from recent investigation of the cancer chemokine network is
revealing parallels between the pathogenesis of inflammation and ma-
lignancy and uncovering aspects of their mutual relationship that may
offer new therapeutic perspectives [106].

CCL2 is secreted by a wide range of cells including epithelial and
stromal cells, and promotes tumor cell proliferation, plasticity, survival,
extravasation and metastasis as well as tumor vascularization [72–81].
CCL2 recruits monocytes to injured or dysfunctional tissue [107] and
has been shown to regulate VCAM-1 and ICAM-1 expression, consistent
with requirements for monocyte-endothelial cell adhesion [108]. Pro-
inflammatory cytokines (IL-1β, IL-6, TNF-α, TGF-β), which induce
CCL2 production by endothelial and stromal cells can also increase
CCL2 production by tumor cells [81]. We observed upregulation of
CCL2 secretion by MSCs in the presence of lung cancer cells or upon LPS
treatment, consistent with observations showing that TLR4 agonists
induce CCL2 as well as IL-6 secretion in MSCs [84,85]. CCL2 is sug-
gested to participate in lung cancer cell resistance to chemotherapy in
vivo [109] and high levels of CCL2 have been associated with poor
prognosis in lung adenocarcinoma [110] but not in SCC. Although in
vitro studies and humanized animal models indicate that the presence of
CCL2 favors cancer progression [111], a clinicopathological study of 65
patients with advanced NSCLC suggested that the expression of CCL2 in
tumor tissue correlates with longer survival [112]. However, a more
recent study explored stromal cell heterogeneity in the lung TME at
single cell resolution and identified several stromal cell subpopulations,
one of which displayed elevated expression of CCL2 and was associated
with poor survival in NSCLC patients [113].

Fig. 5. Primary Cancer Cells and Statin Treatment. (A) Secretion of CCL3, CCL2 and IL-6 by PCC-2 and T-MSC-2 (pg/ml) cultured alone (i) or in co-culture (ii). (B)
Formation of spheroids, as a characteristic of PCCs, after three-day culture, with (ii) or without simvastatin treatment (5 μM) (i). PCC spheroids were dissociated into
single cells and simvastatin was administered at culture initiation for 3 days (ii) or after spheroid formation, at day 3, for 24 h (iv). PCC-2 cultured for 3 (i) or 4 (iii)
days in standard medium provided the control conditions. (C) (i) Representative flow density dot plots showing expression of Annexin and DAPI by PCC-2, in control
medium and under simvastatin treatment (5 μM) for 3 days. Grey-scale pie charts (ii) represent the percentages of living, apoptotic, late apoptotic/necrotic and dead
PCCs, cultured in control medium or with statin 5 μM for 3 days or with statin for 24 h. Cells were analyzed by flow cytometry, using Annexin and DAPI staining; (iii)
Table of the total number of events (cell number) observed for the different culture conditions and cell states (living, apoptotic, late apoptotic/necrotic and dead PCC-
2). (D) CCL3 secretion (pg/ml) by PCC-2 and PCC-4 in control medium or after statin 5 μM treatment for 3 days. Data are representative of three different
experiments, each in duplicate. Statistical significance was determined by two-tailed unpaired t-test (* indicates significance at p ≤ 0.05). (E) Relative CCL3 gene
expression by PCC-2 alone or cultured with T-MSC-2, in control medium or with statin 5 μM. CCL3 expression by PCCs cultured in the presence of T-MSCs with statin
was set as the control condition (=1). Statistical significance was determined by multiple t-tests with the Holm-Sidak Method, with alpha = 0.05 (* indicates
significance at p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001).
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CCL3, which was strongly secreted by PCCs from SCC, has been
demonstrated to contribute to tumorigenesis [92,114] and suggested to
be secreted by both cancer and stromal cells, including BM-MSCs [91].
However, our observations suggest that MSCs isolated from lung SCC do
not produce CCL3. Previous studies have shown that inflammatory

cytokines, including TNF-α, IL-1β and IL-6 can induce CCL3 secretion
[93,94], which in turn stimulates CCL5, IL-6, and MMP2/9 production
[92], supporting tumor progression. Our observations indicate that
CCL3 promotes MSC secretion of IL-6 and CCL2 but that alone it is not
sufficient to reproduce the effect of PCC co-culture on IL-6 and CCL2

(caption on next page)
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secretion by MSCs, suggesting the contribution of additional tumor cell-
derived mediators to the observed MSC IL-6 and CCL2 production.

4.2. Statins in lung cancers

Resolution of cancer-promoting inflammation as an approach for
anticancer therapy has paved the way toward broadening the use of
anti-inflammatory agents such as NSAIDs and lipid-lowering drugs such
as statins. Statins are widely used to reduce hypercholesterolemia and
manage cardio- and cerebrovascular diseases. They inhibit 3-hydroxy-
3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, which is the rate-
limiting enzyme in the mevalonate pathway. Mevalonate is a precursor
of metabolites that regulate the small GTPases Ras and Rho, which in
turn regulate signal transduction of membrane receptors crucial for the
transcription of genes involved in cell proliferation, differentiation,
angiogenesis and survival and for the regulation of migration me-
chanics [51,87,88].

Several recent observations have highlighted the anticancer prop-
erties of statins. One study suggested that statins might reduce lung
cancer-associated death, whether they are administered prior to or after
diagnosis [62]. In phase II trials, two studies recorded improved sur-
vival among lung cancer patients who received simvastatin plus gefi-
nitib compared to gefinitib alone [66,67] and both suggested that statin
administration had beneficial effects on lung cancer patient survival.
Mechanistic studies have shown reduced proliferation and migration
and increased apoptosis in several types of cancer cells, including those
derived from lung adenocarcinoma in response to statins [115,116].
Other studies have reported that simvastatin augments apoptosis in
NSCLC cell lines [54,116,117]. Like other statins, simvastatin serves as
an inhibitor of HMG-CoA reductase by interfering with the metabolism
of the mevalonate pathway. However, its anticancer activity is sug-
gested to be, at least in part, HMG-CoA-independent [86] and to affect
cell survival pathways. Thus, in lung cancer, simvastatin is reported to
upregulate expression of the pro-apoptotic Bcl-2 gene family member
BIM to promote apoptosis [118]. Others have suggested that simvas-
tatin enhances oxidative stress and upregulates expression of super-
oxide dismutase 2, inhibiting lung cancer cell proliferation [119].
Others still have provided evidence that pyroptosis may be implicated
in the anticancer effects of simvastatin [117]. All these observations
have been made using cell lines, whereas the present study identifies a
pro-apoptotic effect of simvastatin on primary cancer cells, isolated
from patients with lung SCC and known to be more resistant to anti-
tumor therapies. In addition to promotion of apoptosis, statins decrease
CCL3 secretion by PCCs. The observed reduction of CCL3 production
was not attributed to cell death, because the degree of CCL3 inhibition
was considerably higher than could be explained by the fraction of cells
displaying markers of apoptosis. In a model of multiple myeloma, sta-
tins were observed to inhibit LPS-induced CCL3 expression and secre-
tion by tumor cells via inhibition of Ras/ERK and Ras/Akt pathways
[120].

4.3. Simvastatin and MSCs

Our present work demonstrates that simvastatin affects not only

tumor cells, but also the stromal compartment, with, in addition to
attenuation of IL-6 and CCL2 secretion, markedly decreased adhesion of
MSCs to substrate and strong downregulation of ICAM-1 and VCAM-1
expression (more markedly so in T-MSCs than in N-MSCs). Simvastatin
also affects the phenotype of T-MSCs, by switching the highly pro-in-
flammatory profile of T-MSCs to a more immunosuppressive one,
characterized by high TGF-β, HMOX-1 and PGE2 expression.

As immunotherapy becomes an increasingly central to the ther-
apeutic arsenal against lung cancer, targeting inflammation and af-
fecting the balance between inflammation and immunity will require
thorough understanding of the changes induced in the TME and their
effect on responses to immunotherapy. We observed a potent effect of
statin treatment on MSC IL-6 secretion that was counterbalanced by an
increase in their immunosuppressive profile, with high PGE2 and TGF-
β, which may affect the immune landscape, favoring an im-
munosuppressive microenvironment. In this sense, statins may be an
interesting therapeutic option to explore in graft-versus-host disease,
where the immunosuppressive function of MSCs has already been ad-
dressed. Earlier, we demonstrated the role of T-MSC-derived pros-
taglandin E2 on NK cell inhibition of IFN-γ secretion and down-
regulation of NK activating receptors upon direct interaction [19]. The
use of statins may affect directly the proliferation and survival of tumor
cells and alter the ability of stromal cells present in the TME to sustain
tumor growth and inhibit immune responses. Statins have been shown
to downregulate perforin-mediated NK cell cytotoxicity, but not per-
forin-independent pathways of cytotoxicity such as FasL/Fas [121].
One of the next challenges to address will be to assess the effect of
simvastatin on MSC-NK crosstalk, especially IFN-γ secretion.

Taken together, our observations reveal mechanisms by which in-
teractions with PCCs shape the MSC profile to maintain chronic in-
flammation and immune dysregulation. We identify simvastatin as a
promising anti-inflammatory and anti-tumor drug that targets both the
tumor stroma and tumor cells and disrupts the MSC-PCC crosstalk.
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