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Autotaxin Secretion Is a Stromal Mechanism of Adaptive
Resistance to TGFb Inhibition in Pancreatic Ductal
Adenocarcinoma
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ABSTRACT
◥

The TGFb receptor inhibitor galunisertib demonstrated efficacy
in patients with pancreatic ductal adenocarcinoma (PDAC) in the
randomized phase II H9H-MC-JBAJ study, which compared galu-
nisertib plus the chemotherapeutic agent gemcitabine with gemci-
tabine alone. However, additional stromal paracrine signals
might confer adaptive resistance that limits the efficacy of this
therapeutic strategy. Here, we found that autotaxin, a secreted
enzyme that promotes inflammation and fibrosis by generating
lysophosphatidic acid (LPA), mediates adaptive resistance to TGFb
receptor inhibition. BlockingTGFb signaling prompted the skewing
of cancer-associated fibroblasts (CAF) toward an inflammatory
(iCAF) phenotype. iCAFs were responsible for a significant secre-
tion of autotaxin. Paracrine autotaxin increased LPA-NFkB sig-
naling in tumor cells that triggered treatment resistance. The
autotaxin inhibitor IOA-289 suppressed NFkB activation in PDAC
cells and overcame resistance to galunisertib and gemcitabine. In
immunocompetent orthotopicmurinemodels, IOA-289 synergized
with galunisertib in restoring sensitivity to gemcitabine. Most
importantly, treatment with galunisertib significantly increased
plasma levels of autotaxin in patients enrolled in the H9H-MC-
JBAJ study, and median progression-free survival was significantly
longer in patients without an increase of autotaxin upon treatment

with galunisertib compared with those with increased autotaxin.
These results establish that autotaxin secretion by CAFs is increased
by TGFb inhibition and that circulating autotaxin levels predict
response to the combination treatment approach of gemcitabine
plus galunisertib.

Significance: TGFb inhibition skews cancer-associated fibro-
blasts toward an inflammatory phenotype that secretes autotaxin to
drive adaptive resistance in PDAC, revealing autotaxin as a ther-
apeutic target and biomarker of galunisertib response.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) remains themost lethal

and poorly understood human malignancy (1). Considering all stages
combined, PDAC still has the lowest 5-year relative survival rate
among solid tumors at 12% (2) and is projected to become the second
leading cause of cancer-related death by 2040 inWestern countries (3).
The poor prognosis for patients affected by PDAC is mainly attributed

to the early metastatic behavior, its aggressive course, and the limited
efficacy of currently approved chemotherapeutic treatments (4).

The TGFb is the most recurrently mutated signal transduction
pathway in PDAC (5). TGFbmaintains homeostasis in normal tissues.
However, being genetically unstable, cancer cells have the capacity to
circumvent this suppressive function and render TGFb signaling to
promote tumor growth, epithelial-to-mesenchymal transition, and
metastasis (6, 7). Under these conditions, TGFb signaling plays a key
role in remodeling the tumor stromal microenvironment by repro-
gramming the cancer-associated fibroblasts, or CAFs (8). In PDAC
specifically, TGFb and IL1 are secreted by tumor cells and counteract
each other to balance the skewing of CAFs toward a myofibroblastic
(myCAF) or an inflammatory (iCAF) phenotype, respectively (9).

In the recent years, we have contributed to demonstrate that
inhibition of the TGFb signaling is a potential strategy for the
treatment of patients affected by PDAC. We initially showed the
therapeutic efficacy of pharmacologic inhibition of both Smad-
dependent and Smad-independent pathways in reverting the intrinsic
chemoresistance of this disease in preclinical models (10, 11). These
results led us to investigate clinically the inhibition of TGFb signaling
in combination with chemotherapeutic (12–14) or immunotherapeu-
tic agents (15) as a novel treatment strategy for patients with
PDAC. In an initial phase Ib/randomized phase II in patients with
unresectable PDAC and eligible to receive first-line chemotherapy, we
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demonstrated that the combination of the first-generation TGFb
receptor type-1 (ALK5) inhibitor galunisertib plus gemcitabine
improved overall survival (OS) versus gemcitabine monotherapy.
More recently, we measured an overall 75% disease control rate
with the combination of the next-generation TGFb receptor type-1
small-molecule inhibitor, LY3200882, plus gemcitabine and nab-
paclitaxel in treatment-na€�ve patients with advanced PDAC (16).
While these initial encouraging clinical data pointed toward fibrosis
and immune modulation as relevant targets in PDAC, several unan-
swered and important questions remain. One such question related to
the presence of additional stromal signals that might impair the
inhibition of TGFb signaling and consequently represent novel targets
for combination strategies.

Autotaxin is a secreted enzyme that hydrolyzes lysophosphatidyl-
choline to produce lysophosphatidate (LPA), which signals through six
different G protein–coupled receptors (17). Autotaxin can be secreted
either by cancer cells or by stromal cells, including adipocytes and
fibroblasts (18). The autotaxin-LPA signaling axis plays a key role in a
wide variety of physiologic and pathologic processes, including cancer
cell proliferation, migration, invasion, metastasis, and chemoresis-
tance (19). Recently, transcriptomic profiling of iCAFs and myCAFs
revealed autotaxin among those genes that are most significantly
upregulated in iCAFs (20).

Here, we hypothesized a role for autotaxin as a relevant stromal
signal thatmight impair the activity of TGFb inhibition and contribute
to the resistance to current therapies in PDAC. Thus, a combination of
targeting the autotaxin-LPA axis and TGFb signaling in conjunction
with gemcitabine-based chemotherapy could represent a novel ther-
apeutic strategy for patients with PDAC.

Materials and Methods
Compounds and treatments

Galunisertib and gemcitabine were purchased from Selleckchem
(catalog nos. S2230 and S1149, respectively). IOA-289 was kindly
provided by iOnctura. For in vitro experiments, galunisertib, IOA-
289, and gemcitabine were dissolved in 100% DMSO (Applichem) and
used at indicated concentrations: 0.78 to 200 nmol/L (gemcitabine), 5
mmol/L (galunisertib), or 10 mmol/L (IOA-289). For in vivo treatments,
galunisertib and IOA-289 were resuspended in hydroxyethylcellulose
(0.25%) and administered via oral gavage for 4weeks at concentration of
50 mg/kg twice/day for galunisertib, and 10 mg/kg twice/day for IOA-
289. Gemcitabine was resuspended in saline solution and administered
intraperitoneally at concentration of 75 mg/kg once/week.

Cell lines and culture conditions
Pancreatic cancer cells were kindly provided by Dr. Paola Cappello

(University of Turin, Turin, Italy) and Prof. Vincenzo Bronte (Uni-
versity of Verona, Verona, Italy). Cells were established by tumors
developed in LSL-KrasG12D/þ; p53R172H/þ; PdxCretg/þ (KPC) or LSL-
KrasG12D/þ; PdxCretg/þ (KC) mice (Supplementary Table S1). Cells
were cultured in DMEM, containing 10% FBS, 1% penicillin-
streptomycin solution (Gibco), and 1%Glutamine (Gibco). Pancreatic
stellate cells (PSC) were kindly provided by Dr. David Tuveson (Cold
Spring Harbor Laboratory Cancer Center, Cold Spring Harbor, New
York), and cultured in DMEM 5% FBS supplemented with 1%
penicillin-streptomycin and 1% L-glutamine. For coculture experi-
ments, 5� 105 PSCs and 5� 105 PDAC cells were plated in each half of
a Petri dish in which a hydrophobic barrier prevents the physical
interaction of the two cell lines but allows the communication of the
culture media. The day after, the barrier was cut, and medium was

replaced with serum-free medium to allow cells to communicate for
48 hours in absence or presence of treatments. All cells were main-
tained in humidified atmosphere at 37�C in a 5% CO2 incubator, and
tested for Mycoplasma contamination monthly.

Quantification of the effect of treatments
Crystal violet assay after 72 hours treatment was used to measure

cell viability using a plate reader (Victor X4, PerkinElmer). To obtain
the response of cell lines to the combination of gemcitabine plus
galunisertib plus IOA-289, 1� 103 PDAC cells were seeded in 96-well
plates with 1 � 103 PSCs growing in the top of transwell membranes,
and then treated for 72 hours withDMSOor increasing concentrations
of gemcitabine (0.78–200 nmol/L), in presence or absence of a fixed
dose of 5 mmol/L galunisertib and/or 6 mmol/L IOA-289. Mean EC50

values and 95% confidence intervals (CI) were calculated using
GraphPad Prism software (GraphPad Software Inc.).

RNA extraction and real-time qPCR
RNA extraction was performed using PureLink RNA Mini Kit

according to manufacturer’s instructions and quantified by using
Nanodrop 8000. After DNase I treatment (Roche Diagnostics), 500 ng
of RNA was reverse transcribed with High-Capacity RNA-to-cDNA
Kit (Applied Biosystems). qPCR was carried out at 60�C using
PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) on a
QuantStudio3 (Applied Biosystems). Primers were designed by using
Primer3. Primer sequences are reported in Supplementary Table S2.

Protein extraction and Western blot analysis
Cells were lysed in cold RIPA buffer (ab156034, Abcam) supple-

mentedwith protease and phosphatase inhibitors for 30minutes in ice,
and then centrifuged at 14,000 rpm for 20minutes at 4�C. Supernatant
was collected and protein quantification was performed using the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Equal
amounts of protein lysates were loaded onto a 10% polyacrylamide
gel, transferred onto nitrocellulose membranes, and incubated for
1 hour in 5%nonfat drymilk at room temperature. Primary antibodies
are reported in Supplementary Table S3. Blotted membranes were
developed by using Immobilon Western Chemiluminescent horse-
radish peroxidase (HRP) Substrate (MerckMillipore) and imagedwith
UVITEC Alliance Q9 Advanced (UVITEC Cambridge).

Nonradioactive electrophoretic mobility shift assay
Electrophoretic mobility shift assay (EMSA) for NFkB was per-

formedwith the SYBRGreen& SYPRORuby EMSA stain kit (E33075)
according to the manufacturer’s instructions. (catalog no. E33075,
Thermo Fisher Scientific). Briefly, cells were lysed in ice-cold cyto-
plasmic Buffer A added with protease and phosphatase inhibitors
for 10 minutes. Lysates were centrifugated at 2,000� g for 5 minutes,
supernatant discarded, and nuclear pellet was then lysed in 70 mL
buffer C added with protease and phosphatase inhibitors for 30 min-
utes. For oligomer duplexes, 500 nmol/L of each of the two comple-
mentary oligonucleotides was mixed in a total volume of 100 mL
of binding buffer. Complementary oligonucleotides were NFkB F: 50-
AGTTGAGGGGACTTTCCCAGGC-30 and NFkB R: 50-GCCTG-
GGAAAGTCCCCTCAACT-30. After 10 minutes incubation at 95�C
followed by additional 15 minutes at 70�C, samples were left to form
oligomer duplexes while gradually cooling to room temperature. A
total of 20 mg of nuclear extract were then added in binding buffer for
additional 30 minutes at room temperature. Protein–DNA complexes
were resolved by native 4% PAGE. Nucleic acid staining was achieved
by incubating gel with SYBRGreen EMSA gel stain solution in shaking
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for 20 minutes. Nucleic acids were visualized using UVITEC Alliance
Q9 Advanced (UVITEC Cambridge).

Chromatin immunoprecipitation
A total of 5� 105 PSCs and 5� 105 RC416, FC1199, or B6KPC cells

were plated in a 150 mm dish separated by a hydrophobic barrier and
let to attach overnight. The day after, medium was replaced with
serum-free DMEM to allow cells to communicate for 48 hours in
absence or presence of treatments. For chromatin immunoprecipita-
tion (ChIP) experiments (7), RC416 were fixed with 1% formaldehyde
for 15 minutes, followed by addition of 125 mmol/L glycine for 5
minutes to stop fixation. Cells were lysed in Farnham lysis buffer
(5 mmol/L PIPES pH 8, 85 mmol/L KCl, 0.5% NP-40) supplemented
with phosphatase and protease inhibitors for 20 minutes. Nuclei were
collected by centrifugation at 800� g for 10 minutes and then lysed in
nuclear lysis buffer (1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCl
pH 8) supplemented with phosphatase and protease inhibitors. Chro-
matin was sonicated to an average size of 200–500 bp with an
ultrasonic bath, diluted with ChIP Dilution Buffer (10mmol/L Tris-
HCl pH 8, 2mmol/L EDTA, 140mmol/LNaCl, 1%TritonX-100, 0.1%
SDS) and incubated overnight with 20 mL protein G magnetic dyna-
beads and 3 mg of rabbit anti NFkB (D14e12; #8242, Cell Signaling
Technology, 1:300) or normal rabbit IgG (#2729, Cell Signaling
Technology, 1:300). Immunocomplexes were washed with increasing
salt concentrations, DNA was eluted at 65�C with 1% SDS and
recovered with QIAquick PCR Purification Kit (Qiagen). qPCR was
carried out at 60�C using PowerUp SYBR GreenMaster Mix (Thermo
Fisher Scientific) on a QuantStudio3 (Applied Biosystems). Promoter
sequence of Cxcl1 has been obtained at UCSC Genome Browser
GRCm38/mm10 (chr5:90887842-90889342). Primer sequences are
reported in Supplementary Table S2.

ELISA
ELISAs were performed with mouse Enpp2 Immunoassay (catalog

no. EM0549, FineTest) and Human ENPP-2/autotaxin Quantikine
ELISA Kit (catalog no. DENP20, R&D System). Plasma samples were
diluted 1:50 (mice) or 1:20 (human) before use. Reagents and standard
dilutions were prepared according to manufacturer’s instructions. The
optical density was determined with themicroplate reader iMark (Bio-
Rad) at 540 nm. All patients provided written informed consent, and
the protocol was approved by the ethics committee of the Azienda
Ospedaliera Universitaria Integrata di Verona. The H9H-MC-JBAJ
study was conducted in compliance with Good Clinical Practice
guidelines and the Declaration of Helsinki.

In vivo orthotopic transplantations
Five to 6 weeks old C57BL/6J female were purchased from Charles

River Laboratories. Murine PDAC cells were resuspended in a PBS:
Matrigel solution (1:1) at the concentration of 1� 105 cells per
40mL/injection. On day 0, mice were anesthetized by exposure to
isoflurane and injected orthotopically into the pancreas parenchyma as
previously described in ref. 21. Mice bearing pancreatic cancer were
randomly allocated into eight groups (n ¼ 10) to receive IOA-289
(10 mg/kg), galunisertib (50 mg/kg), gemcitabine (75 mg/kg) or their
vehicle for 4 weeks. Half of animals (n ¼ 5) were euthanatized at the
end of treatments for the analysis of stromal cell composition, whereas
the remaining ones (n ¼ 5) at cutoff, when tumor volumes reached
1,500 mm3. Peripheral blood was collected by retro-orbital sinus
puncture, and tumors collected for ex vivo analysis. All animal studies
have been approved by the Institutional Animal Care and Use Com-
mittee of University of Verona (Verona, Italy) and by the Italian

Ministry of Health (authorization no. 299/2022-PR), and conducted
in accordance with Italian Governing Law (D.lgs 26/2014). For
in vivo experiments, mice were maintained at the animal facility
(Centro Interdipartimentale di Servizio alla Ricerca Sperimentale,
CIRSAL) of University of Verona (Verona, Italy). Animals were
maintained in a pathogen-free and temperature-controlled envi-
ronment, with 12 hours light and dark cycles, housed in plastics
cages and were fed ad libitum. The Body Condition Scoring was
used to assess mice health status (22).

Flow cytometry
For flow cytometric analysis, tumor samples (n¼ 5) were explanted

at the end of treatments, and dissociated using tumor dissociation kit
mouse (catalog no. 130-096-730, Miltenyi Biotec) according to man-
ufacturer’s instructions. iCAF and myCAF subpopulations were
addressed using the following antibodies: CD45-APC-Vio770
(REA737), CD326/EpCAM-APC (REA977), Ly6c-FITC (REA796;
Miltenyi Biotec), and Pdpn-PE (127407; BioLegend). MDSCs and
CD8 phenotype were evaluated with the following antibodies: CD45-
APC-Vio770 (REA737), CD11b-APC (REA592), Ly6c-FITC
(REA796), Ly6g-PE-Vio770 (REA526), CD3-PerCP-Vio700
(REA641), CD8-Vioblue (REAL187), CD178 Pe-Vio615 (REA1171)
and the Fixable die Viobility 405/520, all from Miltenyi Biotec.
Acquisition was performed using Becton Dickinson LSR-Fortessa
X-20, and samples were analyzed with FlowJo software (TreeStar Inc.).

IHC and Masson’s trichrome
IHC, hematoxylin and eosin (H&E), and Masson’s trichrome

were performed on murine pancreatic sections of formalin-fixed
paraffin-embedded specimens. Sections at 5 mm interval were
cut from each tissue and stained with trichrome, H&E (catalog
no. H-3502, Vector Laboratories), or via IHC. For IHC, slides were
deparaffinized by K-Clear (Kaltek) and rehydrated by ethanol
gradient, then heated for 20 minutes at 98�C using BOND Epitope
Retrieval Solution (Vector Laboratories) followed by 20 minutes at
room temperature. Endogenous peroxidases were quenched in 3%
hydrogen peroxide in methanol for 15 minutes. Tissues were
blocked with 2.5% BSA blocking solution (Vector laboratories)
for 1 hour, and incubated with primary antibodies against NFkB
(Cell Signaling Technology), aSMA, Pdpn, and CD8 (Abcam) at
1:200–1:2,000 overnight at 4�C (see Supplementary Table S3). Slides
were developed using Immpact DAB (3,30-diaminobenzidine)
substrate peroxidase HRP substrate (Vector Laboratories).
Masson’s trichrome was performed using Trichrome Stain Kit
(catalog no. ab150686, Abcam) according to manufacturer’s
instructions. Slides were analyzed with ImageJ software.

Multiplex cytokines profiling
Plasma concentration of IL1a, IL1b, IL2, IL3; IL4, IL5, IL6; IL9,

IL10, IL12 (p40), IL12 (p70), IL13, IL17a, Eotaxin, GCSF, GMCSF,
IFNg , keratinocyte-derived Chemokine (KC/CXCL1), monocyte
chemoattractant protein (MCP1), macrophage inflammatory pro-
tein 1a (MIP-1a), MIP1-b, Rantes and TNFa were measured by
using a 23-plex Luminex kit (#M60009RDPD, Bio-Rad) according
to the manufacturer’s instructions. Median fluorescence intensities
were collected on a Bio-plex 200 instrument, using Bio-Plex Man-
ager software (version 6.2). Standard curves were generated using
the premixed lyophilized standards provided in the kit. Plasma
concentration of each cytokine was determined from the standard
curve using a 5-point regression to transform mean fluorescence
intensities into concentrations.
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Statistical analysis
Data represent mean� SD or mean� 95% CI values calculated on

at least three independent experiments. P values were calculated using
Student t test (two groups) or one-way ANOVA with Dunnett or
Tukey corrections (more than two groups). A two-tailed value of
P < 0.05 was considered statistically significant. �, P < 0.05; ��, P < 0.01;
���, P < 0.0001. We used a linear mixed model to analyze the concen-
tration of autotaxin in human plasma at baseline and after 60 days of
treatment with gemcitabine plus placebo or gemcitabine plus galuni-
sertib. Progression-free survival was estimated by using the Kaplan–
Meier method and a log-rank test was used to compare the results
between groups. Statistical analyses were performed using GraphPad
Prism version 9 and R version 4.2.2 (R Foundation for Statistical
Computing. URL https://www.R-project.org/).

Data and materials availability
Summary data associated with this study are available in the article

and its Supplementary Data. All raw data generated in this study are
available upon request from the corresponding author.

Results
iCAFs produce autotaxin in response to TGFb receptor
inhibition

Initially, we analyzed orthotopic models from ten different
murine PDAC cell lines established by tumors developed in LSL-
KrasG12D/þ; p53R172H/þ; PdxCretg/þ (KPC) or LSL-KrasG12D/þ;
PdxCretg/þ (KC) mice (Supplementary Table S1) to identify those
models with the higher activation of TGFb pathway. On the basis of
their survival, we observed two groups of models, one with a longer
median OS (mOS) duration including DT4313, DT6606, and
PAN610 tumors, and a more aggressive one with a shorter mOS
duration including FC1245, FC1199, CR705, PANC02, B6PKC,
K8484, and RC416 tumors (Fig. 1A). Among the most aggressive
models, mice bearing RC416, FC1199, and B6KPC tumors had the
highest plasma levels of ligand Tgfb1 (Fig. 1B), higher infiltration of
aSMA–positive (aSMAþ) myCAFs (Fig. 1C and D) and an
increased collagen deposition measured by Masson’s trichrome
staining (Fig. 1E).

To evaluate the effect of targeting TGFb pathway in these models,
mice bearing orthotopic tumors established by injecting five dif-
ferent murine PDAC cell lines were randomly assigned to be treated
with galunisertib, or its oral vehicle as control (n ¼ 6). We did not
measure any difference between the treatment arms in terms of
mOS duration (Fig. 2A; Supplementary Fig. S1A) or tumor volume
(Fig. 2B; Supplementary Fig. S1B). However, treatment with galu-
nisertib modulated the phenotype of CAFs by significantly (P <
0.05) increasing the rate of EpCAM�/Pdpnþ/Ly6Cþ iCAFs and
decreasing that of EpCAM�/Pdpnþ/Ly6C� myCAFs (Fig. 2C; Sup-
plementary Fig. S1C), while recruitment of total CAFs was not
affected (Fig. 2D; Supplementary Fig. S1D). Tumors from mice
treated with galunisertib had a lower infiltration of Pdpn-positive,
aSMA–high myCAFs than untreated controls (Fig. 2E–G; Supple-
mentary Fig. S1E–S1G).

To explore our hypothesis about a potential role for autotaxin in
impairing the activity of TGFb inhibition, we evaluated plasmatic
levels of autotaxin in mice bearing RC416, FC1199, B6KPC, DT6606,
or DT4313 tumors treated with galunisertib and in untreated controls.
Importantly, mice treated with galunisertib had significantly higher
(P < 0.01) plasmatic levels of autotaxin than did vehicle-treated
controls (Fig. 3A).

To gain insights into the cellular and molecular mechanisms
responsible for the activation of the autotaxin pathway upon inhibition
of TGFb signaling in PDAC, we used coculture models in which a
hydrophobic barrier allows paracrine interactions between tumor cells
and PSCs, one of the recognized precursors of CAFs in PDAC (1), but
prevents direct contact between these two cell types (Fig. 3B). By using
this model, we detected higher levels of Smad2 phosphorylation in
PSCs when cocultured with different PDAC cell lines. This activation
of TGFb signaling was completely suppressed by galunisertib (Fig. 3C;
Supplementary Fig. S2A).

Consistent with the phenotype switch observed in vivo, galuni-
sertib significantly (P < 0.001) increased the expression of the iCAF
markers Il6, Ly6C and Il1a, and reduced the myCAF markers Acta2
and Tagln in CAFs precursor PSCs when cocultured with FC1199,
B6KPC, RC416, DT4313, or DT6606 PDAC cells (Fig. 3D and E;
Supplementary Fig. S2B and S2C). Gene expression analysis
revealed that PSCs had higher levels of the autotaxin coding gene
Enpp2 than did all the different PDAC cells as single culture. Most
importantly, Enpp2 expression was significantly increased by cocul-
ture only in PSCs, but not in any of the PDAC cell lines. Of note,
treatment with galunisertib induced a further significant increase of
Enpp2 only in PSCs when cocultured with tumor cells (Fig. 3F;
Supplementary Fig. S2D). Consistently, treatment with galunisertib
led to a significantly higher secretion of autotaxin in conditioned
media collected from PSCs when in coculture with any PDAC cell
line (Fig. 3G).

These results demonstrated that treatment with galunisertib mod-
ulates PSCs by skewing them toward an iCAF phenotype within the
tumor microenvironment. These iCAFs are the major source of
autotaxin, which is overexpressed as an early adaptive mechanism in
response to TGFb pathway inhibition.

Targeting autotaxin hampers the resistance to TGFb receptor
inhibition and gemcitabine sustained by NFkB

To study the involvement of autotaxin in the resistance of PDAC
to galunisertib and classic chemotherapeutic agents, we used IOA-
289, a potent, selective autotaxin inhibitor, which has been devel-
oped as a novel treatment for highly fibrotic tumors (23, 24).
We initially measured the expression of the most relevant LPA
receptors Lpar1, 2, and 4 in PSCs and in different tumor cell lines.
While Lpar1 and 4 were mostly expressed in PSCs, Lpar2 was
the main receptor on murine PDAC cell lines (Fig. 4A). When
cocultured with PSCs, we measured a significant activation of
several intracellular pathways known to be activated by the auto-
taxin-LPA axis, including Erk1/2, p38, Stat3, and NFkB in RC416,
FC1199, and B6KPC murine PDAC cell lines (25). Autotaxin
inhibitor IOA-289 significantly decreased the phosphorylation of
these proteins (Fig. 4B). Consistently with the known profibrotic
activity of autotaxin-LPA axis (26), IOA-289 treatment of PSCs
significantly decreased the expression of myCAFs markers Acta2
and Tagln (Fig. 4C), while increased that of iCAF markers Il1a,
Ly6c only when cocultured with PDAC cells (Fig. 4D). This skewing
of PSCs toward an iCAF phenotype was significantly boosted by the
combined inhibition of TGFb and autotaxin pathways (Fig. 4C
and D).

The transcriptional factor NFkB is among the most important
mediators of treatment resistance in patients with PDAC (27). We
measured a significant activation of NFkB in RC416, B6KPC, and
FC1199 tumor cells upon treatment with galunisertib only when
cocultured with iCAFs. Importantly, treatment with IOA-289
completely reverted the phosphorylation of NFkB (Fig. 5A), as well
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as its nuclear translocation and promoter binding induced by galu-
nisertib (Fig. 5B).

Then, we evaluated the effect of the combined targeting of
TGFb and autotaxin signaling on the in vitro response to the
chemotherapeutic agent gemcitabine in five different murine
PDAC cell lines, RC416, B6KPC, FC1199, DT4313, and DT6606,
when cocultured with PSCs. Single agents galunisertib or IOA-289
had only a moderate effect in potentiating the antitumor activity of

gemcitabine, whereas the combined treatment with IOA-289 plus
galunisertib led to a measurable reduction in the EC50 of gemci-
tabine in all PDAC cells in coculture with PSCs (Fig. 5C).

To evaluate the therapeutic potential of the combined targeting of
TGFb plus autotaxin signaling with standard chemotherapy in vivo,
mice bearing orthotopic RC416 tumors were randomly assigned to be
treated with the single-agent gemcitabine, galunisertib or IOA-289,
their double combinations, the three agents combined, and their

Figure 1.

Characterization of orthotopic murine PDAC tumors. A, mOS of C57BL/6J mice orthotopically injected with 10 murine PDAC cell lines. B, Plasma levels of Tgfb1
ligandmeasured in tumor-bearingmice using ELISA. Data are expressed asmean� SD (n¼ 5).C,Quantification of paraffin sections from 10 orthotopicmurine PDAC
tumors stained with aSMA antibody. Data are expressed as mean� SD (n¼ 4). D, Representative images for RC416, FC1199, and B6KPC tumors stained with aSMA
antibody and H&E. Scale bar, 60mm. E,Masson’s trichrome staining of orthotopic tumors from 10 murine PDAC cells showing collagen deposition in RC416 tumors.
Scale bar, 60mm.
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Figure 2.

TGFbRI inhibition sustains an inflammatory phenotype of CAFs (iCAF).A andB,mOSduration (A) and tumor volume (B) of RC416, FC1199, andB6KPC tumor-bearing
mice treated for 4weekswith galunisertib or its oral vehicle as control. Themean values and SD are shown (n¼ 5).C andD, Flow cytometry analysis of RC416, FC1199,
and B6KPC tumor samples showing increased iCAF (EpCAM�/PDPNþ/LY6cþ)/myCAF (EpCAM�/PDPNþ/LY6c�) ratio upon administration of galunisertib
(C), whereas total CAFs recruitment (D) was not affected. Data are expressed as mean � SD. P value was calculated by two-tailed unpaired Student t test
(n¼ 5). E,Representative images of paraffin sections frommurine RC416, FC1199, and B6KPC orthotopic tumors treated as indicated and stainedwith Pdpn oraSMA
antibodies. F andG,Quantification of Pdpn stain (F) and of aSmaþ/PdpnþmyCAFs (G) in RC416, FC1199, and B6KPC paraffin sections treated as indicated. Data are
expressed as mean � SD. P value was calculated by two-tailed unpaired Student t test (n ¼ 5). Scale bar, 150mm. ���, P < 0.001.
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Figure 3.

TGFbRI inhibition increases secretion of autotaxin from iCAFs. A, Plasma levels of autotaxin measured by ELISA in RC416, FC1199, B6KPC, DT4313, and DT6606
orthotopic tumors treated as indicated. Data are expressed as mean � SD. P value was calculated by two-tailed unpaired Student t test (n ¼ 4). B, Schematic
representation of the coculture technique used to culture PSCs and pancreatic cancer cells physically separated by a hydrophobic barrier but in the
same culture medium. C, Representative Western blot of pSmad2 and Smad2 in PSCs and RC416, FC1199, or B6KPC treated as indicated, confirming
the efficacy of TGFb inhibition. Actin was used as loading control. D and E, qPCR analysis of iCAF markers (Il6, Ly6c, Il1a; D) and myCAF markers (Acta2, Tagln,
Tgfb1; E) in PSCs as single cultures or cocultured with RC416, FC1199, or B6KPC and treated with DMSO or 5 mmol/L galunisertib for 24 hours. Results show
mean � SD of three biological replicates. P value was calculated by two-tailed unpaired Student t test. F, qPCR of Enpp2 in PSCs and RC416, FC1199, or B6KPC
cells as single cultures or in coculture. Results show mean � SD of three biological replicates. P value was calculated by ANOVA and Tukey test.
G, Representative Western blot of secreted autotaxin in the conditioned media of PSCs and RC416, FC1199, or B6KPC cells as single cultures or in coculture.
SF, serum-free. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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respective vehicles as control (n¼ 5). Mice receiving gemcitabine plus
IOA-289, or gemcitabine plus galunisertib, showed a significantly
longer mOS duration than any single treatment or vehicle control
(mOS ¼ 38 days, P < 0.05; Fig. 6A). Most importantly, mice treated
with the triple combination of gemcitabine plus IOA-289 and galu-
nisertib had the longest mOS survival when compared with doublet
combination (mOS¼ 47 days, P < 0.05; Fig. 6A). All treatments were
tolerated in mice (Supplementary Fig. S3A).

In this model, we confirmed that galunisertib induced an iCAF
skewing, and demonstrated that its combination with IOA-289
boosted this effect as almost all the Cd45�/EpCAM�/Pdpnþ cells in
tumors frommice receiving the combination of galunisertib plus IOA-
289 were Ly6Cþ (Fig. 6B). Consistently, the combination of galuni-
sertib plus IOA-289 was the most effective in reducing the infiltration
ofaSMAþmyCAFs (Fig. 6C andD; Supplementary Fig. S3B and S3C),
the degree of fibrosis (Fig. 6E; Supplementary Fig. S3D), and the
plasma levels of connective tissue growth factor (Ctgf; Fig. 6F), either
alone or in combination with gemcitabine.

Consistently with our in vitro data, tumors from mice receiving
gemcitabine were characterized by a moderate cytoplasmic staining of
NFkB (Fig. 6C and G). Tumors from mice receiving the combination
of gemcitabine plus galunisertib showed a significantly higher NFkB
staining, which was observed mainly in the tumor cells nuclei. NFkB

nuclear expression was not detected in tumors frommice receiving the
combination of gemcitabine plus IOA-289. Most importantly, in the
triple combination group, IOA-289 treatment was able to fully rescue
the hyperactivation of NFkB induced by galunisertib (Fig. 6C and G).

Altogether, these results describe a model in which autotaxin is
released by iCAFs in response to TGFb inhibition, which in turn
produce LPA that activates NFkB in PDAC cells, contributing to their
chemoresistance. Consequently, targeting autotaxin by using IOA-289
suppresses NFkB activation in tumors cells and reduces their resis-
tance to galunisertib and chemotherapeutic agents.

Targeting autotaxin boosts tumor infiltration of CD8þ T
lymphocytes by modulating paracrine Cxcl1

To identify circulating biomarkers of activity for IOA-289 in
modulating the resistance to TGFb inhibition, we evaluated the plasma
concentration of a panel of 23 different cytokines, chemokines, and
growth factors in mice treated with gemcitabine, galunisertib, IOA-
289, their doublet combinations, the three agents combined, or their
vehicles as control. Among these analytes, we measured a significantly
(P < 0.05) higher plasma levels of Cxcl1 in mice bearing RC416 and
treated with galunisertib, either as single agent or in combination with
gemcitabine. Notably, treatment with IOA-289 fully reverted this
increase (P < 0.001; Fig. 7A).

Figure 4.

IOA-289 is a potent inhibitor of the myofibroblastic phenotype of CAFs. A, qPCR of Lpar1, Lpar2, Lpar4 in PSCs and in a panel of PDAC cell lines. B, Representative
Western blot analysis of the indicated proteins in RC416, B6KPC, and FC1199 as single cultures or cocultured with PSCs and treated with 6 mmol/L IOA-289. Gapdh
was used as loading control. C and D, qPCR analysis of myCAF markers (Acta2, Tagln; C) and iCAF markers (Il1a, Ly6c; D) in PSCs as single cultures or cocultured
with RC416, FC1199, or B6KPC and treated with DMSO, 5 mmol/L galunisertib, and 6 mmol/L IOA-289 alone or in combination for 24 hours. �, P < 0.05; ��, P < 0.01;
��� , P < 0.001.
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Figure 5.

Autotaxin blunts the efficacy of galunisertib and gemcitabine by activating NFkB.A, RepresentativeWestern blot analysis of pSmad2, Smad2, p-NFkB, and NFkB in
RC416, B6KPC, or FC1199 as single cultures or cocultured with PSCs and treated as indicated. Actin was used as loading control. B, Nonradioactive EMSA of
endogenous NFkB using unconjugated kB oligonucleotides in RC416 cocultured with PSCs and treated as indicated. Gel was stained with SYBR Green EMSA stain
(left), followed by SYPRO Ruby EMSA stain (right). The NFkB/probe complex is observed in both DNA and protein staining. C, Dose–response curves of RC416,
B6KPC, FC1199, DT4313, and DT6606 cocultured with PSCs after 72 hours of treatment with gemcitabine alone, in presence of IOA-289, galunisertib, or their
combination at the following concentrations: IOA-289 at 6 mmol/L and galunisertib at 5 mmol/L. Tables indicate EC50 values and 95% CIs of gemcitabine.
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Figure 6.

Combined inhibition of autotaxin and TGFbRI potentiates the efficacy of chemotherapy in vivo. A, mOS of mice bearing RC416 orthotopic tumors treated with
gemcitabine, galunisertib, IOA-289, their double combinations, the three agents combined, or their respective vehicles as control (n¼ 5; mOS gemcitabine plus IOA-
289 or gemcitabine plus galunisertib¼ 35 days, P <0.05;mOS gemcitabine plus IOA-289 and galunisertib triple combination¼ 47 days,P <0.05).B, Flow cytometry
analysis of RC416 tumor samples showing increased iCAF (EpCAM�/PDPNþ/LY6cþ)/myCAF (EpCAM�/PDPNþ/LY6c�) ratio upon administration of both
galunisertib and IOA-289. C, Representative images of paraffin sections from RC416 tumors treated as indicated and stained with NFkB or aSMA antibodies.
Scale bar, 60 mm. D, Quantification of paraffin sections from RC416 tumors stained with aSMA antibody. E, Quantification of NFkB-positive nuclei in RC416 paraffin
sections treated as indicated. F,Masson’s trichrome staining of RC416 tumor-bearingmice treated as indicated.G, Plasma levels of Ctgf measured by ELISA in RC416
orthotopic tumors treated as indicated. Data in B, D, E, and G are expressed as mean� SD (n¼ 5). P values were calculated by ANOVA and Tukey test. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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Figure 7.

The autotaxin-NFkB-Cxcl1 axis impairs TGFb inhibition by recruiting MDSCs while inhibiting cytotoxic CD8þ T-cell infiltration. A, Histogram shows Cxcl1 plasmatic
concentration in mice inoculated with RC416 cells and treated as indicated. Means and SD (n ¼ 5) are shown. P value was calculated by ANOVA and Tukey test.
B, qPCR of Cxcl1 in RC416, FC1199, and B6KPC cells as single cultures or in coculture with PSCs. Data are represented asmean� SD (n¼ 3). P value was calculated by
ANOVA and Tukey test. C, Schematic representation of Cxcl1 promoter (available at UCSC Genome Browser GRCm38/mm10, chr5:90887842-90889342) with the
position of ChIP probes (gray double arrowhead) and consensus NFkB binding sites (vertical slashes) relative to the transcription start site (TSS). D, ChIP-qPCR of
NFkB occupancy at the Cxcl1 promoter. The y-axis represents relative promoter enrichment, normalized on input material. IgG was set to 1. Data are represented as
mean� SD (n¼ 3).E,Flowcytometry analysis of CD45þ/CD11bþ/Ly6Cþ/Ly6G�monocytic (M)-MDSCsandCD45þ/CD11bþ/LY6gþ/LY6clowgranulocytic (G)-MDSCs
in RC416 tumor samples treated as indicated. F, Flow cytometry analysis of CTLs (CD45þ/CD3þ/CD8þ/CD178(FasL)þ) in RC416 tumor samples treated as indicated.
Data in E and F are represented as mean� SD (n¼ 4). G and H, Quantification (G) and representative images (H) of CD8þ T lymphocytes in paraffin sections from
RC416 tumors treated as indicated. Scale bar, 150 mm. P values in A, B, D, E, and Fwere calculated by ANOVA and Tukey test. �, P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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By using coculturemodels of RC416, FC1199, or B6KPC tumor cells
with PSCs, we detected a significant upregulation of Cxcl1 mRNA in
tumor cells only when cocultured with PSCs and treated with galu-
nisertib. Consistently with what observed in vivo, IOA-289 signifi-
cantly reduced this expression (Fig. 7B).

Cxcl1 expression in tumors is induced by numerous mechanisms,
including the activation of transcription by high basal NFkB activa-
tion (28). Thus, we studied whether autotaxin-mediated NFkB acti-
vation can directly regulate the expression of Cxcl1. ChIP assay using
NFkB antibody followed by qPCR with primers spanning different
regions of the Cxcl1 promoter reporting the consensus sequence 50-
GGGRNYYYCC-30 (Fig. 7C; ref. 29) revealed a stronger NFkB
occupancy at about 600 bp upstream to Cxcl1 transcription start site,
with a 7-fold enrichment inCxcl1 signal over ChIPwith an isotype IgG
(P< 0.001) only in PDAC cells cocultured with PSCs and treated with
galunisertib (Fig. 7D; Supplementary Fig. S4). Most importantly,
administration of IOA-289 almost completely reverted NFkB occu-
pancy atCxcl1 promoter induced by galunisertib in cocultured RC416,
FC1199, or B6KPC. Contrariwise, immunoprecipitation of NFkB in
RC416 FC1199 or B6KPC as single cultures showed no significant
enrichment (Fig. 7D; Supplementary Fig. S4).

Cxcl1 is a prominent chemokine involved in orchestrating inflam-
matory responses (30). Among other protumorigenic functions, upre-
gulation of Cxcl1 contributes to the recruitment of different inflam-
matory cell types, includingmyeloid-derived suppressor cells (MDSC)
that sustain the survival of cancer cells (31, 32). MDSCs are defined by
their ability to inhibit immune responses, including those mediated by
T cells, and are classified into granulocytic/polymorphonuclear
MDSCs and monocytic MDSCs based on the expression of distinctive
proinflammatory and immunosuppressive pathways (33). To inves-
tigate whether and how the combination of galunisertib and IOA-289
could impact tumor immunity, we analyzed the immune cell com-
position of tumors from treated mice. Examination of the myeloid cell
lineage revealed that, whereas CD11bþ/Ly6Chi/Ly6G� monocytic
MDSCs were not affected, CD11bþ/Ly6Gþ/Ly6clow granulocytic
MDSCs were significantly decreased in mice receiving the combina-
tion of gemcitabine plus IOA-289, and that the triple combination was
the most effective in reducing the infiltration of these granulocytic
MDSCs (Fig. 7E; Supplementary Fig. S5). Further analysis of the
immune cell infiltrate revealed that treatment with either IOA-289 or
galunisertib markedly increased the recruitment of tumor-infiltrating
CD8þ T cells (Fig. 7F–H) without altering their intrinsic cytotoxicity
(Fig. 7F; Supplementary Fig. S5). Consistently with the reduction in
granulocytic MDSCs, tumors from mice receiving the combination of
galunisertib plus IOA-289 showed the highest infiltration of
CD8þ/CD178(FasL)þ CTLs if compared with any other treatment
group (Fig. 7F–H)

Collectively, our results indicate that one of the most significant
effects of targeting autotaxin by using IOA-289 is to modulate the
overexpression of Cxcl1 sustained byNFkB. IOA-289, in turn, reduced
the recruitment of granulocytic MDSCs, while boosting tumor infil-
tration by CD8þ T lymphocytes.

Plasma levels of autotaxin are increased by galunisertib plus
chemotherapy and predict response to this treatment strategy
in patients with advanced PDAC

To confirm the clinical relevance of autotaxin as a mechanism of
adaptive resistance to the inhibition of TGFb pathway in PDAC, we
measured the circulating levels of autotaxin in the plasma of patients
treated in our clinical unit within the randomized phase II H9H-MC-
JBAJ study. This analysis was performed in plasma samples collected at

baseline and after 60 days of treatment with gemcitabine plus placebo
or gemcitabine plus galunisertib.

While the linear mixed model did not show any significant differ-
ence in plasmatic level of autotaxin between day 0 and day 60 in
patients treated within the control arm of gemcitabine plus placebo
(Fig. 8A), a significant increase of autotaxin was measured within the
experimental arm of gemcitabine plus galunisertib (P < 0.01; Fig. 8B).
Nonetheless, we measured a significant difference in median progres-
sion-free survival duration between patients with increased levels of
autotaxin and those who had no difference in plasmatic level of
autotaxin upon treatment with gemcitabine plus galunisertib (12.9 vs.
5.3 months; P ¼ 0.03; Fig. 8C).

Collectively, these results confirm the soundness of our preclinical
results in patients affected by advanced PDAC. These results confirm
that autotaxin is indeed triggered by TGFb inhibition, and this
induction predicts the response to the combination approach of
gemcitabine plus galunisertib. This establishes autotaxin as a potential
stromal mechanism of adaptive resistance to the combination strategy
of chemotherapy with the inhibition of TGFb patients with advanced
PDAC.

Discussion
The identification of novel approaches to target paracrine sig-

naling pathways within the tumor microenvironment that sustain
treatment resistance in PDAC remains of utmost relevance. In this
study, we identified for the first time autotaxin as a stromal signal
that mediates adaptive resistance to the inhibition of TGFb pathway
and represent a novel target for therapeutic combination strategies.
We demonstrated that the inhibition of TGFb signaling by using
galunisertib prompts the skewing of CAFs toward an inflammatory
iCAF phenotype. iCAFs are, in turn, responsible for a significant
overexpression of autotaxin within the tumor microenvironment.
This secreted enzyme acts in a paracrine manner to sustain
increased LPA-NFkB signaling in tumor cells, driving resistance
to galunisertib and the chemotherapeutic agent gemcitabine. Tar-
geting stromal autotaxin by using the novel selective inhibitor IOA-
289 synergizes with the TGFb inhibitor galunisertib in modulating
PDAC chemoresistance in vivo and boosting CD8þ T lymphocytes
tumor infiltration. Most significantly, we confirmed the reliability of
our preclinical model in patients enrolled in the randomized phase
II H9H-MC-JBAJ study. We demonstrated a significant increase in
autotaxin levels only in patients randomly allocated to the exper-
iment arm of galunisertib plus gemcitabine, and not in those
receiving placebo plus gemcitabine as control. Moreover, among
patients receiving galunisertib plus gemcitabine, those patients with
an increase in autotaxin plasmatic levels had a significantly shorter
progression-free survival duration that those who had no difference
in plasmatic level of autotaxin, confirming that autotaxin is indeed
triggered by TGFb inhibition, and this induction predicts the
response to the combination approach of gemcitabine plus
galunisertib.

The inhibition of TGFb signaling remains one of the most prom-
ising experimental therapeutic approaches for the treatment of
patients affected by advanced PDAC. However, the positive signal
for the activity measured in clinical trial for the TGFb receptor
inhibitor galunisertib could be impaired by different mechanisms of
intrinsic resistance originated by tumors cells, including the produc-
tion of cytokines involved in macrophages enrichment, of factors
involved in tumor growth and remodeling, or of miRNA regulating
genes significantly associated with digestive tract cancers (13).
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Nonetheless, acquired stromal signals originated by different cell types
in the tumor microenvironment might impair the inhibition of TGFb
signaling by sustaining paracrine protumorigenic pathways. Thus, a
deepened understanding of the mechanisms of acquired resistance
related to fibroblasts that might limit the efficacy of galunisertib is
critical for the development of novel combination strategies. To our
knowledge, our study demonstrates for the first time autotaxin as a
CAF-mediated mechanism of adaptive resistance to the inhibition of
TGFb receptor in PDAC.

Autotaxinwas found to be produced either by tumor or stromal cells
within themicroenvironment of different human solid tumors (19). In
a PDAC in vitromodel, it has been recently reported that autotaxin is
released in similar levels in the conditionalmedium of PSCs and tumor
cells. Autotaxin secretion by PDAC cells was increased by the incu-
bation with the conditional medium of PSCs when compared with
incubation with serum-free medium control (34). In our in vitro
coculture model, which allowed a physiologic dissection of continuous
paracrine effects, we demonstrated that iCAFs represent the primary
source of autotaxin, rather than PDAC cells. Moreover, we demon-
strated that treatment with galunisertibmarkedly increased within few
hours the secretion of autotaxin by iCAFs.

LPA produced by autotaxin signals through at least six different G
protein–coupled receptors, which in turn activate the mitogenic
signaling of RAS-MAPK and the survival signaling of PI3K-AKT
pathways (35). Here we demonstrated a novel relevant molecular
mechanism for the autotaxin-LPA axis in sustaining the activation of
NFkB in tumor cells. This transcriptional factor significantly con-
tributes to the treatment resistance of solid tumors (27), and PDAC in
particular (36).Wefind that stromal autotaxin activatesNFkB through
a paracrine mechanism in PDAC cells, and that treatment with the
autotaxin inhibitor IOA-289 can prevent phosphorylation and nuclear
translocation of NFkB induced in response to the inhibition of TGFb
signaling. Our data suggest that activation of a paracrine autotaxin-
NFkB axis upon TGFb receptor inhibition may limit the efficacy of
galunisertib in combination with the chemotherapeutic drug gemci-
tabine, as treatment with IOA-289 potentiates the efficacy of gemci-
tabine in combinationwith galunisertib in vitrowhen PDAC cells were
cocultured with PSCs. Of note, the role of autotaxin seems to be
dominant in comparison with other paracrine cytokines produced by
iCAFs as Il1, considering that the inhibition of autotaxin is sufficient to
inhibit NFkB in tumor cells both in in vitro coculture and in vivo
models with high rates of iCAFs. The in vitro efficacy of the

Figure 8.

Plasma levels of autotaxin are increased by galunisertib plus chemotherapy and predict response to this treatment strategy in patients with advanced PDAC. A and
B, Plasma levels of autotaxin measured at baseline (day 0) and after two cycles of treatment (day 60) in patients enrolled in the randomized phase II H9H-MC-JBAJ
trial treated with placebo plus gemcitabine as control arm (A) or with galunisertib plus gemcitabine as experimental arm (B). C, Progression-free survival of patients
allocated to galunisertib plus gemcitabine, which had a significant increase in plasmatic autotaxin (blue line) versus those with no increase in plasmatic autotaxin
(yellow line; 12.9 vs. 5.3 months, P ¼ 0.03). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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combinatorial treatment translates into a marked synergism in an
immunocompetent orthotopic PDACmodel. Indeed, the combination
of IOA-289 and galunisertib yields a synergistic effect in increasing the
sensitivity of PDAC tumors to chemotherapy, despite the limited effect
of single agents. Our data also demonstrate that combined inhibition of
autotaxin and TGFb signaling is well tolerated in mice and does not
cause apparent side effects.

To the best of our knowledge, this is the first study evaluating in vivo
the combination of a TGFb inhibitor with IOA-289, the most
advanced among the autotaxin inhibitors patented to date in clinical
development (37). IOA-289 is a highly potent and selective autotaxin
inhibitor developed by iOnctura for the treatment of highly fibrotic
solid tumors. On a healthy volunteer study (NCT05027568), IOA-289
administered in single ascending oral doses showed good safety profile
and was well tolerated. Dose-dependent increases of plasma IOA-289
were observed, corresponding with a decrease in levels of circulating
LPA species measured by LC/MS (38). IOA-289 is the only autotaxin
inhibitor developed for oncology indications compared with other
autotaxin inhibitors that were investigated in patients with fibrotic
disease (39). In a phase Ib, open-label, dose-escalation study we are
currently evaluating the safety and tolerability of escalating doses of
IOA-289 in patients with metastatic PDAC in combination with
standard chemotherapy consisting of gemcitabine and nab-pacli-
taxel. Blood and tumor samples for pharmacokinetic and pharma-
codynamic analyses are collected and assessments for determina-
tion of any clinical efficacy will be completed (ClinicalTrials.gov
Identifier: NCT05586516).

However, this study does have certain limitations. While we were
able to ascertain that Cxcl1 is the cytokine most significantly mod-
ulated in vivo by the inhibition of the autotaxin/LPA/NFkB axis, and
that this modulation significantly reduced the infiltration of granulo-
cytic MDSCs while enhancing the recruitment of CD8þ tumor-
infiltrating T cells, we cannot definitively assert that the antitumor
effect of autotaxin inhibition is directly linked to this immune
response. The primary mechanism proposed for the antitumor effect
of autotaxin inhibition in combination with galunisertib and chemo-
therapy still centers on the inhibition of the antiapoptotic transcription
factor NFkB in tumor cells. Whether the augmented infiltration of
CD8þ T lymphocytes into tumors due to autotaxin inhibition could
serve as another causalmechanism for an antitumor immune response
requires further investigation through studies involving combinations
with immune checkpoint inhibitors and T-cell depletion experiments.
Moreover, a different TGFb targeting agent recently demonstated
efficacy in combination with standard chemotherapeutic agents by
reducing the immunosuppressive microenvironment in poorly immu-
nogenic PDAC models. This effect was independent from T cells
activity (40). TGFb is, indeed, recognized as a pivotal driver of immune
evasion and a critical barrier to the effectiveness of immune checkpoint
inhibitors. Consequently, combined therapeutic strategies involving
TGFb and PD-1/PD-L1 inhibition have been explored in various
clinical trials. However, the incorporation of TGFb inhibitors has
often failed to add a meaningful benefit to the current PD-1 or PD-L1
inhibitors (41). We recently investigated the combination of galuni-
sertib and the anti-PD-L1 antibody durvalumab in a phase Ib study
involving 32 patients withmetastatic PDAC that had progressed on ≤2
prior systemic regimens. While this approach was generally well

tolerated, we observed only limited clinical activity in this setting (15).
In this context, the combined treatment approach of galunisertib plus
IOA-289 might offer promise for further investigation in conjunction
with immune checkpoint inhibitors for this disease.

In conclusion, this study demonstrates autotaxin as a novel
mechanism of adaptive response to the inhibition of TGFb. Within
the PDAC microenvironment, autotaxin secreted by iCAF in
response to galunisertib sustains the activation of a LPA-NFkB-
Cxcl1 axis in tumor cells, and in turn, resistance to chemotherapy.
The role of autotaxin in patients enrolled in the randomized phase
II H9H-MC-JBAJ study further supports this model. Importantly,
our study provides the preclinical rationale for investigating the
autotaxin inhibitor IOA-289 plus inhibitors of TGFb pathway in
combination with classic chemotherapy in patients affected by this
aggressive disease.
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