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Abstract

Pancreatic ductal adenoma carcinoma (PDAC) is considered one of the

deadliest solid cancers as it is usually diagnosed in advanced stages and

has a poor response to treatment. The enormous effort made in the last

2 decades in the oncology field has not led to significant progress in im-

proving early diagnosis or therapy for PDAC. The stroma of PDAC plays

an active role in tumour initiation and progression and includes immune

cells and stromal cells. We previously reported that Bcl2‐associated
athanogene (BAG3) secreted by PDAC cells activates tumour‐associated
macrophages to promote tumour growth. The disruption of this

tumour–stroma axis by the anti‐BAG3 H2L4 therapeutic antibody is suf-

ficient to delay tumour growth and limit metastatic spreading in different

PDAC preclinical models. In the present study, we examined the role of

BAG3 to activate human fibroblasts (HF) in releasing cytokines capable of

supporting tumour progression. Treatment of fibroblasts with re-

combinant BAG3 induced important changes in the organisation of the

cytoskeleton of these cells and stimulated the production of interleukin‐6,
monocyte chemoattractant protein‐1/C–C motif chemokine ligand 2, and

hepatocyte growth factor. Specifically, we observed that BAG3 triggered a

depolymerisation of microtubules at the periphery of the cell while they

were conserved in the perinuclear area. Conversely, the vimentin‐based
intermediate filaments increased and spread to the edges of the cells.

Finally, the conditioned medium (CM) collected from BAG3‐treated HF

promoted the survival, proliferation, and migration of the PDAC cells.

Blocking of the PDAC‐fibroblast axis by the H2L4 therapeutic anti‐BAG3
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antibody, resulted in inhibition of cytokine release and, consequently, the

inhibition of the migratory phenotype conferred by the CM to PDAC cells.
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1 | INTRODUCTION

With a 5‐year overall survival (OS) rate ranging from 4%
to 9% pancreatic ductal adenoma carcinoma (PDAC) is
considered to be one of the deadliest solid cancers, ac-
counting for 495 773 new cases and 466 003 deaths oc-
curring in 2020.1 Despite the enormous effort made in
the last 2 decades in the oncology arena, no significant
progress has been made in improving both early diag-
nosis and therapy for PDAC, leaving this malignancy as
an incurable disease. Pancreatic cancer is usually diag-
nosed in advanced stages and has a poor response to
treatments. Currently, radiation, combination cytotoxic
chemotherapy, and molecular‐targeting therapies are
minimally effective for PDAC and radical surgery is the
primary treatment. The PDAC resistance to therapies is
mediated by its dense functional stroma, composed of
extracellular matrix and characterised by the develop-
ment of extensive fibrosis termed desmoplasia.2 Fur-
thermore, emerging therapies of PDAC with agents
targeting specific proteins to interfere with stromal for-
mation and function have shown good results in pre-
clinical studies.3 Nowadays, there are no tests or methods
to choose the treatment protocols or predict response or
prognosis. Hence, we need to improve our understanding
of the complex biochemical cancer–stroma crosstalk in
PDAC and to combine antistroma therapy with the
conventional therapeutic approaches.

Large‐scale omics studies have significantly con-
tributed to the identification of several genetic and
epigenetic alterations which drive molecular mechan-
isms involved in the initiation and progression of pan-
creatic cancer. However, the progress obtained in the
knowledge of the PDAC genetic and epigenetic land-
scape has not yet translated into the development of
novel therapeutics able to increase the survival of pa-
tients affected by this tumour. One of the possible
explanations behind the difficulty to develop efficient
drugs for PDAC therapy relies on the particular tissue
structure of the tumour. Indeed, cancer cells represent
only a minority of the tissue mass while the fibrotic
represent the major component. Accordingly, it is now
universally recognised that this dense fibrotic stroma
plays an active role in determining tumour growth
and metastatic spreading as well as resistance to

chemotherapeutics.4 Indeed, fibrotic desmoplasia is
recognised as one of the hallmarks of PDAC develop-
ment. Different aspects characterise the transformation
of the fibrotic component of pancreatic tumours: i) re-
cruitment of specialised stroma cells such as fibroblasts
and tumour‐associated macrophages, and ii) deposition
and remodelling of ECM (extracellular matrix) compo-
nent, modulation of immunosurveillance (i.e., cells in-
volved in antitumour immunity).5 All these factors can
determine in a concerted way the outcome of tumour
growth and above all the response to therapies. It is,
therefore, urgent to fully unveil intricate cancer–stroma
interaction to develop novel targeted therapeutics.

In this scenario, our group has recently identified
BAG3 as a PDAC secreted protein able to bind and ac-
tivate macrophages to produce protumoral cytokines
which sustain tumour growth.6 The disruption of this
tumour–stroma axis by the anti‐BAG3 H2L4 therapeutic
antibody has shown to be sufficient to delay tumour
growth and limit metastatic spreading in different PDAC
preclinical models.7 Moreover, BAG3 inhibition obtained
by antibody treatment increased anti‐PD1 activity
through the increase of CD8+ infiltrate at the site of the
tumour, therefore corroborating the hypothesis that
BAG3 has a functional role in the interplay occurring
between tumour and stroma PDAC cells.

In this study we analyzed the ability of BAG3 to ac-
tivate fibroblasts in releasing cytokines capable of pro-
moting proliferation and migration of PDAC cells.

2 | MATERIALS AND METHODS

2.1 | Preparation of recombinant BAG3

Recombinant baculovirus expressing BAG3 was constructed
using the Gateway system (Invitrogen). Briefly, the Bag3
open reading frame was assembled by synthesis, cloned into
pENTR_3C_Dual Vector, and sequence‐verified (GeneArt
Gene Synthesis Service; Invitrogen). Recombinant baculo-
viruses were prepared according to the manufacturer's in-
struction for BaculoDirect™ C‐Term Transfection Kit
(Invitrogen). Recombination was validated by polymerase
chain reaction (PCR) using an internal gene‐specific primer
for BAG3 (5ʹ‐GCAGGTTTACGAACTGCAGCC‐3ʹ) and a
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specific primer for V5 epitope on baculovirus DNA
(5ʹ‐ACCGAGGAGAGGGTTAGGGAT‐3ʹ). BAG3‐containing
baculoviral vector was transfected in insect sf9 cells with
Cellfectin reagent (Invitrogen) and recombinant baculovirus
stock (P1) was recovered in the cell culture medium after
72 h. Viral stock P1 was amplified by infecting Sf9 cells for
72 h to prepare a high‐titre viral stock. The titre of baculo-
virus stock was determined using BacPAK Baculovirus Ra-
pid Titer Kit (Takara/Clontech). BAG3 was produced in Sf9
cells infected for 72 h with the recombinant baculoviruses at
the multiplicity of infection of 8. Insect PopCulture® Reagent
(Novagen) was used to extract protein from total insect cell
culture (cell lysate and culture medium). The clarified ex-
tract was mixed with Ni‐NTA His•Bind resin and shacked at
200 rpm on a rotary shaker at 4°C overnight. The lysate‐Ni‐
NTA His•Bind mixture was loaded into a chromatography
column, extensively washed with 300mM NaCl, 50mm so-
dium phosphate, 20mM imidazole, pH 8, and the bound
proteins eluted with the same buffer containing 250mM of
imidazole. Collected fractions were analysed on a 10%
sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS‐PAGE). The fractions containing BAG3 were pooled,
dialysed against 20mM phosphate‐buffered saline (PBS) pH
7.4, and concentrated by ultrafiltration on a Centricon
(Merck Millipore) (cutoff 10 kDa). Protein concentration was
measured with Bradford reagent (Bio‐Rad), enzyme‐linked
immunosorbent assays (ELISA; Abcam), and Coomassie
blue staining after SDS‐PAGE with known concentrations of
bovine serum albumin as quantification standard. The au-
thenticity and the grade of BAG3 purification were analysed
by Western blot and liquid chromatography (LC)‐
electrospray ionisation‐quadrupole time‐of‐flight‐mass spec-
trometry (MS/MS) according to the previously published
protocol.8

2.2 | Western blotting analysis

Sf9 cells were lysed by radioimmunoprecipitation assay lysis
buffer (Thermo Fisher Scientific, Inc.) supplemented with a
protease inhibitor cocktail (Sigma‐Aldrich). Cellular and
supernatant protein amount was determined using the
Bradford reagent (Bio‐Rad). Ten micrograms of total protein
were separated on 10% SDS‐PAGE and transferred to the
polyvinylidene fluoride membrane (Merck Millipore). The
membranes were blocked in 5% skimmed milk in Tris‐
buffered saline buffer with 1% Tween‐20 for 1 h at room
temperature (RT), followed by incubation with primary an-
tibodies overnight at 4°C. Subsequently, the membranes
were incubated with horseradish peroxidase‐conjugated
secondary antibodies, detected by enhanced chemilumines-
cence solution (Pierce; Thermo Fisher Scientific, Inc.). The
antibodies in this study included BAG3 (1:3000; Novusbio),

6His Tag (1:5000; Abcam), vimentin (1:1000; Cell Signaling
Technology, Inc.), and glyceraldehyde‐3‐phosphate dehy-
drogenase (1:1000; Cell Signaling Technology, Inc).

2.3 | Cell culture and treatments

Sf9 cells were obtained from Invitrogen and were grown
in monolayer in Grace's Insect medium (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal bo-
vine serum (FBS) (Gibco) at 27°C in a nonhumidified
and nongas‐regulated environment. For protein produc-
tion, Sf9 cells were grown in suspension culture condi-
tion in Sf‐900 III SFM (Gibco) medium with 2% FBS. The
human monocytes were cultured in Roswell Park Mem-
orial Institute‐1640 medium supplemented with 10% FBS
at 37°C in 5% CO2. The human fibroblast (HF) cell line
was purchased from Cell Applications, Inc., and cultured
in a fibroblast growth medium (Cell Application, Inc.) at
37°C in 5% CO2. HFs stimulation with recombinant
BAG3 and with or not H2L4 was performed in Dulbec-
co's modified Eagle's medium (DMEM) serum‐free at
indicated concentrations and times. For the collection of
conditioned media (CM), HFs (4.4 × 105 cells) were pla-
ted in 60‐mm tissue culture dishes under standard
growth conditions, and after 24 h medium was replaced
with DMEM serum‐free with BAG3 10 µg/ml (CM‐
BAG3) or vehicle (CM‐PBS) for 48 h. Thereafter, the su-
pernatants were collected, centrifugated at 3000g for
10min at 4°C, filtered using a 0.2 µm Ministart sterile
filter (Sartorius), and stored at −80°C until usage. HF
cells were washed with PBS, exposed to trypsin/EDTA
(0.05/0.02%) for 0, 3, and 20min and the detached cells
were manually counted by trypan blue staining assay.9

The human pancreatic cancer cell line MIA PaCa‐2was
obtained from the ATCC cell bank and cultured in
DMEM supplemented with 10% FBS at 37°C in 5% CO2.

2.4 | Cytokines determination

The RNA from HFs was isolated using RNeasy® Mini Kit
(QIAGEN), followed by complementary DNA (cDNA)
synthesis using RT2 First Strand Kit (QIAGEN). The ob-
tained cDNA was taken for real‐time PCR using RT2 SYBR
Green qPCR Mastermix on CFX Real‐Time PCR Detection
Systems. Primers were supplied by QIAGEN. The protein
content of cytokines/chemokines in the supernatant of HFs
after BAG3 treatment was determined by ELISA according
to the provided instructions. ELISA kits for interleukin‐6
(IL‐6) and C–C motif chemokine ligand 2 (CCL2) were
purchased from Invitrogen and for hepatocyte growth factor
(HGF) from RayBiotech.
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2.5 | Cell viability

Cell proliferation was assessed by [3‐(4,5‐dimethyldiazol‐2‐
yl)−2,5‐diphenyl tetrazolium bromide] (MTT) assay (Sigma‐
Aldrich). HFs were seeded in 96‐well plates 5 × 103 cell/well
under standard growth conditions for 24 h at 37°C in 5%
CO2. Afterward, HFs were treated in DMEM serum‐free
with BAG3 at 10 µg/ml or PBS for 24, 48, and 72 h. MIA
PaCa‐2 cells were seeded in 96‐well plates 5×103 cell/well,
for 24 h under standard growth conditions and then
incubated with CM of BAG3 or vehicle‐treated fibroblasts for
48 h. At the end of the incubation period, cells were in-
cubated with 100 μl of MTT solution (medium serum‐free
with 0.5mg/ml of MTT) for further 2 h. After removal of
MTT solution, 100μl of dimethyl sulfoxide was added to the
wells for 10min and the absorbance at 570 nm was
measured using a multiplate reader.

2.6 | Confocal microscopy

HFs cultured under standard growth conditions were plated
on glass coverslips at 70% of confluence and were allowed to
grow for 24 h at 37°C in 5% CO2. Cells were treated with
BAG3 at 10 µg/ml in DMEM without serum for 48 h. At the
end of treatments, cells were fixed with 4% paraformalde-
hyde in PBS, for 15min, at RT, washed and permeabilized
with 0.25% Triton X‐100 in PBS for 5min at RT. Then, cells
were incubated with goat serum 5% in PBS as blocking so-
lution for 60min at RT and, afterward, were incubated
overnight with primary antibodies at 4°C: anti‐vimentin
(1:100; Cell Signaling Technology, Inc.) and anti‐tubulin
(1:100; Cell Signaling Technology, Inc.). The secondary an-
tibody was anti‐rabbit IgG AlexaFluor‐488 conjugated (1:200;
Invitrogen, Life Technologies). To visualise the actin cytos-
keleton, phalloidin–tetramethylrhodamine B isothiocyanate
was used. Coverslips were mounted with Prolong
Gold Antifade Reagent as well as diamidino‐2‐
phenylindole (Thermo Fisher Scientific, Inc.) to visualise
nuclei. Images were acquired with a Zeiss LSM880 confocal
microscope (Zeiss) using 488, 543, and 633‐nm lasers. De-
tector gain voltages and pinhole were set at the beginning of
the experiment and maintained constant during the
acquisition of all samples.

2.7 | Migration assay by transwell

Cell migration assays were measured in Corning transwell
permeable support chambers with 8‐micron‐porefilters
(Corning Incorporated Life Sciences). Briefly, cells in
serum‐free DMEM were seeded into the top chamber
(1.3 × 105 cells/well) and DMEM serum‐free (negative

control), DMEM with 10% FBS (positive control), CM‐
BAG3, and CM‐vehicle were added to the lower
chamber. After incubation for 24 h, the cells on the
upper surface were removed using a cotton swab. The
migrated cells on the lower surfaces of inserts were
fixed with ice‐cold methanol and stained with crystal
violet. The migrated cells were photographed and
counted in 10 representative microscopic fields. The
migrated cells were also quantified by colorimetric
assay. To this aim, the inserts with fixed and stained
cells were filled with 750 µl 10% acetic acid and in-
cubated for 10 min while careful shaking. The eluent
from the lower chamber was transferred to a 96‐well
clear microplate (Corning), and the absorbance at
590 nm was measured using a plate reader.

3 | RESULTS

3.1 | Expression, purification, and
characterisation of recombinant BAG3

To study the role of BAG3 in the cross talk between PDAC
and HF cells, we decided to use a recombinant BAG3. To
this aim, BAG3 was cloned into a baculovirus expression
system by homologous recombination and transfected into
sf9 insect cells (see Section 2). BAG3‐expressing baculovirus
was generated and used to infect sf9 cells and produce large
amounts of recombinant protein. Western blotting analysis
revealed high amounts of BAG3 both in cell lysate and into
the growth medium (Figure 1A) suggesting that a consistent
fraction of the protein is secreted. Recombinant BAG3 from
pooled cell lysate and CM was affinity purified by means of
the polyhistidine tag present at the C‐terminus of the protein
(Figure 1B). The identity and purity of the recombinant
BAG3 were assessed by Coomassie blue staining of SDS‐
PAGE, Western blot analysis, and LC‐MS (Figure 1B,C
and Figure S1). These analyses confirmed the authenticity of
purified BAG3 (protein sequence coverage by MS/MS of
∼60%) and purity of over 90% (Figure S1). From now on we
used this BAG3 expressed in baculovirus system in all ex-
periments, except when differently specified.

The functional activity of recombinant BAG3 was ex-
amined on human monocytes. Monocytes were treated
overnight with different doses of recombinant BAG3 and the
release of IL‐6 in the growth medium was measured by
ELISA. BAG3 induced a dose‐dependent release of IL‐6 al-
ready at 1 µg/ml and reached a plateau at 10 µg/ml
(Figure 2A). To validate that IL‐6 production was dependent
on BAG3 rather than some undefined contaminants, the
treatment was repeated in the presence of the BAG3
blocking antibody H2L4.7 Indeed, H2L4 inhibited the pro-
duction of IL‐6 from BAG3 treated monocytes (Figure 2B).
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As further control monocytes were treated with the same
concentration of a recombinant BAG3 produced in Escher-
ichia coli (E. coli) (coliBAG3) and already used in our pre-
vious study.7 The recombinant BAG3 isolated from
baculovirus appears to be more active than BAG3 produced
in E. coli (Figure 2B) possibly because eukaryotic Sf9 cells are
more accurate in folding human proteins and can introduce
posttranslational functional modifications.

3.2 | BAG3 contributes to the
microenvironment of PDAC by inducing
the secretion of proinflammatory
cytokines and growth factors

We hypothesised that besides monocytes, also the
contact of BAG3 with HF might contribute to the ty-
pical PDAC tumour microenvironment dominated by

active inflammatory processes. Therefore, HF cells
were treated with different concentrations of re-
combinant BAG3, and the production of IL‐6 was
quantitated by ELISA, as reported for monocytes. The
time‐course analysis showed an accumulation of IL‐6
in the growth medium of HF cells after 24 h of treat-
ment with BAG3 (Figure 2C), IL‐6 was further in-
creased after 48 h of treatment (Figure 2D). The use of
the H2L4 antibody was able to prevent the release of
IL‐6 confirming that we are dealing with a BAG3‐
mediated response (Figure 2E). These data suggest
that BAG3 also exploits HF cells to shape the tumour
microenvironment. Previous studies focussed on
stroma–tumour interactions reported anticancer ef-
fects of HGF and CCL2 inhibition in PDAC10,11

Therefore, to identify other possible mediators re-
leased by the HF cells treated with BAG3, we eval-
uated the expression of CCL2 and HGF by real‐time

FIGURE 1 BAG3 expression and purification using the baculovirus‐insect cell expression system. (A) Immunoblot using anti‐histidine
tag and anti‐BAG3 antibodies of cellular (T) and secreted BAG3 (S) expressed in Sf9 infected with recombinant BAG3 baculovirus. (B)
Immunoblot using anti‐histidine tag and anti‐BAG3 antibodies of three purification batches (Lanes 1, 2, and 3). (C) SDS‐PAGE analysis of
recombinant BAG3 produced in Sf9 cells, purified by affinity and stained with Coomassie blue. Protein molecular weight standards, Lane 1:
total extract, Lane 2: unbound fraction, Lanes 3–4: wash fractions, and Lane 5: elution fraction are shown. SDS‐PAGE, sodium dodecyl
sulphate–polyacrylamide gel electrophoresis
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PCR. Both CCL2 and HGF were upregulated in HF
cells treated for 24 h with 10 µg/ml of recombinant
BAG3 (Figure S2). The production of CCL2 was vali-
dated at the protein levels by ELISA of growth med-
ium of HF cells treated for 24 and 48 h with different
doses of BAG3 (Figure 3A,B). After 24 h, CCL2 was
detectable only in cells treated with 10 µg/ml of BAG3
(Figure 3A), while after 48 h of treatment, even
2.5 µg/ml was sufficient to significantly increase
CCL2 (Figure 3B). The accumulation of CCL2 in the
growth medium increased by about six times from 24
to 48 h. Different from IL‐6, whose accumulation after
24 or 48 h of stimulation is comparable, the produc-
tion of CCL2 lasts longer and is more pronounced at

longer time points. Finally, the release/accumulation
of CCL2 induced by BAG3 treatment was inhibited
when the stimulation was done in the presence of
H2L4 antibody (Figure 3C,D). H2L4 completely
blocked the accumulation of CCL2 in HF cells sti-
mulated for 24 h, while it was much less effective in
cells stimulated for 48 h (Figure 3C,D). Finally, also
the induction of HGF protein was confirmed by ELI-
SA. HGF was not increased in the growth medium of
HF cells treated with 10 µg/ml of BAG3 for 24 h while
it reached about 800 pg/ml after 48 h of stimulation
(Figure 3E,F). As shown for IL‐6 and CCL2, also the
BAG3‐induced production of HGF was prevented by
the blocking antibody H2L4 (Figure 3F).

FIGURE 2 Recombinant BAG3 induces a dose‐dependent release of IL‐6 in monocytes and in fibroblasts. (A) IL‐6 levels released after
treatments with increased doses of BAG3 (1, 3, 5, and 10–15 µg/ml for 16 h) were analysed by ELISA. (B) IL‐6 levels (fold‐over control)
released from monocytes stimulated with BAG3 (15 µg/ml) and preincubated or not with H2L4 (320 µg/ml for 30min). Comparative
functional activity between BAG3 produced in baculovirus and recombinant produced in Escherichia coli is also shown. IL‐6 levels were
released by fibroblasts treated with increasing doses of BAG3 (2.5, 5, and 10 µg/ml) for 24 (C) and 48 (D) hours. (E) Experiment like in (D)
preincubated or not with H2L4 (320 µg/ml for 30min). Data reported in this figure are the mean ± SE of at least three independent
experiments, each performed in triplicate. Ctrl, control; ELISA, enzyme‐linked immunosorbent assay; HF, human fibroblast; IL‐6,
interleukin‐6; LPS, lipopolysaccharide. **p< .01, ***p< .001
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3.3 | BAG3 sustains cell survival/
proliferation and induces a cytoskeletal
reorganisation in fibroblast

Previous studies reported induction of BAG3 expression
as a protective mechanism against cellular stress.12 Along
this line, we investigated the effect of BAG3 on the sur-
vival/proliferation rate of HF cells cultured in serum‐free
media. HF cells were treated with 10 µg/ml of BAG3 and
cell number evaluated by MTT assay. After 24 h, the
number of HF cells remained the same in both the
BAG3‐treated and vehicle‐treated samples (Figure S3).
After 48 and 72 h, the number of cells in vehicle‐treated

samples was reduced, while no change was observed in
the BAG3‐treated sample (Figure S3). These data suggest
that BAG3 acts as a prosurvival factor and protects HF
cells from death triggered by serum starvation.

We noticed that BAG3‐treated fibroblasts under-
went gross morphological changes and were more
difficult to detach from the plate (Figure S4). We,
therefore, investigated the impact of BAG3 on the cy-
toskeletal organisation of fibroblasts by confocal mi-
croscopy (Figure 4A,B). HF cells were plated on glass
coverslips and treated with 10 µg/ml of BAG3 for
48 h and then fixed and stained for vimentin
(Figure 4A, Panels b,e), tubulin (Figure 4B, Panels b,e),

FIGURE 3 BAG3 treatment increases the
expression of CCL2 and HGF in fibroblasts.
(A, B) ELISA of CCL2 released by HF treated
with different doses of BAG3 (2.5, 5, and 10 µg/
ml) for 24 or 48 h as indicated. (C, D) Effects of
H2L4 preincubation (320 µg/ml for 30min) on
the release of CCL2 (24 and 48 h) in HF treated
with BAG3 (10 µg/ml). (E, F) ELISA of HGF
released by HF treated with BAG3 (10 µg/ml)
for 24 and 48 h, preincubated or not with H2L4
(320 µg/ml for 30min). Data reported in this
figure are the mean ± SE of at least three
independent experiments, each performed in
triplicate. CCL2, C–C motif chemokine ligand 2;
Ctrl, control; ELISA, enzyme‐linked
immunosorbent assay; HF, human fibroblast;
HGF, hepatocyte growth
factor. **p< .01, ***p< .001
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and phalloidin (Figure 4A,B, Panels a,d) as markers,
respectively, of intermediate filaments, microtubule
organisation, and structure of actin microfilaments.
BAG3 induced a marked increase of vimentin expres-
sion and a detectable expansion of the vimentin net-
work in the cellular peripherical region (Figure 4A,
Panels b,c,e,f). Western blot analysis confirmed an
increase in vimentin levels and this effect was pre-
vented by the blocking antibody H2L4 (Figure S5). In
contrast, microtubules appeared partially depoly-
merised and mostly concentrated in the perinuclear
region (Figure 4B panels b,c,e,f). Actin staining
showed an increase of stress–fibres (Figure 4A,B, Pa-
nels a,d) according to the reported functional role of
BAG3 in the actin folding via interaction with cytosolic
chaperonin containing T‐complex polypeptide.13 These
data show that BAG3 induces a significant re-
organisation of the cytoskeleton accompanied by an
increase of adhesion.

3.4 | BAG3‐CM stimulate proliferation
and cellular migration of PDAC cells

Signals arising from the tumour stromal components
can affect tumour biology, stimulating both the
proliferation and migration of cancer cells.5 To
determine whether cytokines released by BAG3‐
treated HF cells act on PDAC cells, HF cells were
treated with 10 µg/ml of BAG3 or vehicle for
48 h, CM was collected and used as a growth medium
for the MIA PaCa‐2 cells (48 h). CM collected from
BAG3‐treated fibroblasts promoted a significant
increase (about 20%) in the proliferation of MIA
PaCa‐2 (MTT assay) compared to CM collected from
vehicle‐treated fibroblasts (Figure 5A).

The effect of CM on the motility of MIA PaCa‐2 cells was
analysed by transwell migration assay. Subconfluent MIA
PaCa‐2 cells were plated on the top of the transwell mem-
branes and placed on a 24‐well plate filled with CMmedium.

FIGURE 4 BAG3 induces cytoskeletal
reorganisation on fibroblasts. Confocal
microscopy images of fibroblasts treated for 48 h
with BAG3 (10 µg/ml). (A) Actin was detected by
phalloidin–tetramethylrhodamine B
isothiocyanate staining (Panels a–d, red),
vimentin (b–e) was detected by specific primary
antibodies (see Section 2) followed by anti‐rabbit
IgG AlexaFluor‐488 conjugated (green), cells
nuclei were stained by DAPI (blue). (B) Actin
was detected by
phalloidin–tetramethylrhodamine B
isothiocyanate staining (Panels a–d, red), tubulin
(Panels b–e) was detected by specific primary
antibodies (see Section 2) followed by anti‐rabbit
IgG AlexaFluor‐488 conjugated (green), cells
nuclei were stained by DAPI (blue). Scale
bars = 20 µm. Data reported in this figure are
representative of at least three independent
experiments. Ctrl, control; DAPI, 4′,6‐diamidino‐
2‐phenylindole; IgG, immunoglobulin G
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After 24 h, cells still present on top of the membranes were
removed, while those that migrated through the pores were
stained with crystal violet and counted. In addition, the
crystal violet was dissolved and quantitated by a spectro-
photometer. The CM of BAG3‐treated HF showed a strong
chemotactic activity and stimulated the migration of MIA
PaCa‐2 cells in comparison to CM of vehicle‐treated HF
(Figure 5B,C). Remarkably, the migration of MIA PaCa‐2
cells stimulated by CM of BAG3‐treated HF was comparable
to that stimulated by 10% of serum used as a positive control
(Figure 5B,C). We would like to underline that BAG3
treatments were performed in a serum‐free medium, thus
the cytokines released from BAG3‐treated fibroblasts are
per se able to sustain the growth and motility of MIA
PaCa‐2 cells.

It is also worth noting that the CM contains re-
combinant BAG3 and, therefore, we cannot com-
pletely rule out that some of the effects observed on
MIA PaCa‐2 are directly due to BAG3. However, in
our previous study, we reported that PDAC cells
normally secrete BAG3, and treatment with re-
combinant BAG3 does not affect their proliferation.
Furthermore, as BAG3 does not function in an auto-
crine manner, anti‐BAG3 monoclonal antibody
treatment of PDAC cell lines does not alter their
growth.6 Thus, overall, these data suggest that
the effects of the CM are attributable to other factors
(IL‐6, CCL2, and HGF) known to induce these effects
on PDAC cells rather than to a direct BAG3 effect
alone.

FIGURE 5 BAG3‐conditioned media
stimulates proliferation and cellular migration
of MIA PaCa‐2 cells. (A) MTT assay showing
the proliferation effect of BAG3‐conditioned
media (48 h) on MIA PaCa‐2. (B) Transwell
migration assay of MIA PaCa‐2 cells exposed for
24 h to BAG3‐conditioned media or conditioned
media of untreated fibroblasts. (C)
Representative images of transwell migration
assay described in (B). Data reported in this
figure are the mean ± SE of at least three
independent experiments, each performed in
triplicate. Scale bars = 1000 µm. CM,
conditioned medium; CTRL, control; FBS, fetal
bovine serum; OD, optical density. *p< .5,
**p< .01, ***p< .001
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4 | DISCUSSION

Despite significant advances in oncology therapies in
recent decades, pancreatic cancer is currently considered
an incurable disease with one of the lowest 5‐year OS
among all cancers. Behind the failure that both clinicians
and researchers have experienced for years, there are
certainly many factors, including lack of methodology for
early diagnosis and lack of effective therapeutics, the
latter mostly due to the high tumour heterogeneity and
therapy resistance.

Indeed, pancreatic cancer is a remarkably hetero-
genous disease and is characterised by significant des-
moplasia as well as a highly dense stromal tissue that
works as a barrier limiting drug diffusion into target
cancer cells.2 Multiple cell types and signalling molecules
are involved in determining this phenotype responsible
for cancer aggressiveness and response to therapy. Fi-
broblasts are certainly one of the cell types involved in
shaping the tumour microenvironment,14 understanding
which biological macromolecules and molecular me-
chanisms are involved in the complex signalling between
these cells and the cancer cells are essential to progress
towards novel therapeutic approaches.

BAG3 protein is overexpressed in different tumour
types and its level has been correlated to tumour re-
sistance to therapy.15 We have previously shown that
BAG3 protein can be secreted by different normal and
neoplastic cell types, including PDAC cells16,17 Further-
more, we have shown in vitro and in vivo that a neu-
tralising BAG3 monoclonal antibody was efficient in
delaying tumour growth by reducing the number of tu-
mour infiltrating macrophages,6,18 thus reducing the
prosurvival cytokines produced by these cells. Moreover,
in the same in vivo models, we observed a significant
reduction of α‐smooth muscle actin expression and col-
lagen deposition in tumour tissue.19 This observation
raised a number of questions on the signalling between
fibroblasts and cancer cells: does secreted BAG3 directly
affect fibroblast behaviour? What are the signalling
pathways activated by fibroblasts in response to BAG3
stimulation? Here, we start answering these questions.
Indeed, we show that BAG3 acts directly on fibroblasts
inducing changes in their morphology as well as in their
survival ability (Figure 6). Moreover, BAG3 induces these
cells to secrete cytokines that promote tumour progres-
sion, in particular, IL‐6, CCL2, and HGF (Figure 6).

It is well known that IL‐6 promotes PDAC cells
survival and cancer progression20,21 and high levels of
IL‐6 and presence of systemic inflammatory response in
pancreatic cancer patients have been reported to cor-
relate with worse survival.22,23 Sources of IL‐6 in the
tumour microenvironment are both infiltrating

macrophages6 and fibroblasts.19 Now we show that as
for macrophages, also for fibroblasts, one of the sig-
nalling inducing IL‐6 secretion is represented by BAG3
secreted by tumour cells. Of note, the possibility to in-
terfere with pancreatic cancer development using an
anti‐IL‐6 receptor monoclonal antibody, is currently
under investigation in a Phase II trial (NCT02767557) in
which tocilizumab, is used in combination with a dual
first‐line gemcitabine/nab‐paclitaxel treatment in un-
resectable locally advanced or metastatic pancreatic
cancer patients, it is, therefore, reasonable to imagine
that a combination of this drug with the H2L4 anti‐
BAG3 antibody may improve the outcome.

CCL2 is an important signal for myeloid cell attrac-
tion to the tissue microenvironment and recently has
been shown that fibroblast activation protein‐
positive fibroblasts are able to secrete CCL2, thus pro-
moting an immunosuppressive environment.24 CCL2 is
overexpressed in various cancer types, its expression is
directly correlated with a worse prognosis, and recently,
in several murine tumour models, it has been shown that
administration of a CCL2 receptor antagonist (CCR2
small molecule inhibitor RS504393) is able to sensitise
and enhance tumour response over anti‐PD‐1 mono-
therapy.25 In line with these findings, we have previously
shown that the anti‐BAG3 monoclonal antibody, in
combination with an anti‐PD‐1 antibody, results in a
potentiated therapeutic effect in a syngeneic pancreatic
murine model.18 Furthermore, CCR2 specific antagonist
CCX872 was used in combination with FOLFIRINOX to
treat pancreatic nonresectable cancer patients in a clin-
ical Phase Ib multicentre study (NCT02345408) and re-
sulted in an improvement of OS in respect to
FOLFIRINOX regimen alone.26 Again, here we have

FIGURE 6 BAG3 induces fibroblasts to secrete interleukin‐6
(IL‐6), C–C motif chemokine ligand 2 (CCL2), and hepatocyte
growth factor (HGF) that promote tumour progression

74 | DUFRUSINE ET AL.



shown that CCL2 secretion by fibroblasts is dependent on
BAG3, thus suggesting that blocking BAG3 signalling
will also interfere with this signalling pathway con-
tributing to the anticancer effect.

Finally, HGF secretion by fibroblasts in pancreatic
cancer has been recently shown to promote liver metas-
tases.27 Moreover and remarkably, has been reported that
targeting the HGF/mesenchymal–epithelial transition
factor pathway with a blocking antibody a receptor in-
hibitor in combination with a chemotherapeutic agent,
such as gemcitabine, completely eliminated metastasis,
and significantly decreased tumour growth in an ortho-
topic murine model of advanced pancreatic cancer.28

In conclusion, our work makes a step forward in the
comprehension of the complex picture of tumour–stroma
interaction in pancreatic cancer showing that BAG3 acts
directly on fibroblasts promoting morphological changes
that contribute to the shaping of the tumour stroma.
Moreover, BAG3 induces fibroblasts to release IL‐6,
CCL2, and HGF that concur to promote tumour pro-
gression (Figure 6), thus suggesting future potentials use
in combination therapy.
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