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Abstract: Despite the improved overall survival rates in most cancers, pancreatic cancer remains
one of the deadliest cancers in this decade. The rigid microenvironment, which majorly comprises
cancer-associated fibroblasts (CAFs), plays an important role in the obstruction of pancreatic cancer
therapy. To overcome this predicament, the signaling of receptor tyrosine kinases (RTKs) and TGF
beta receptor (TGFBR) in both pancreatic cancer cell and supporting CAF should be considered
as the therapeutic target. The activation of receptors has been reported to be aberrant to cell cycle
regulation, and signal transduction pathways, such as growth-factor induced proliferation, and can
also influence the apoptotic sensitivity of tumor cells. In this article, the regulation of RTKs/TGFpR
between pancreatic ductal adenocarcinoma (PDAC) and CAFs, as well as the RTKs/TGF@R inhibitor-
based clinical trials on pancreatic cancer are reviewed.

Keywords: receptor tyrosine kinases; TGF beta receptor; pancreatic ductal adenocarcinoma; cancer-
associated fibroblasts

1. Introduction

Receptor tyrosine kinases (RTKs) and TGF beta receptor (TGFR) are transmembrane
proteins expressed on the cell membrane, the structure of which includes the ligand binding
domain, the transmembrane helix outside the cell membrane, and the area containing
message regulation, tyrosine/serine/threonine kinase domain and C terminal tail [1,2].
The substrates of RTKs and TGFfR can be provided by the cell autocrine manner or the
paracrine/juxtacrine manner from the surrounding cells. Once bound to the corresponding
substrate, the tyrosine kinase domain (in the case of RTKs) and serine/threonine domain (in
the case of TGFbR) will be activated, and initiate the downstream signaling axis, ultimately
regulating physiological responses such as cell growth, morphology, and metabolism [1,2]
(Figure 1). Since they are highly sensitive and have characteristics of initiating signal
cascades, the regulation of these receptors is tightly controlled. Once the expression or
the secretion of their corresponding substrates is dysregulated, many diseases, especially
cancer, will occur [3,4]. The correlation between dysregulated RTKs/TGFfR signaling
and poor overall survival in patients has been demonstrated in many studies [5-11].
Hence, they have become one of the important targets in clinics. Nowadays there are
numerous antibodies or inhibitors against RTKs/TGF@R including erlotinib, regorafenib
and bevacizumab, which have therapeutic effects on many cancers such as non-small
cell lung cancer (NSCLC) and colorectal cancer [12,13]. However, most of them failed to
exert clinical benefits on patients with pancreatic ductal adenocarcinoma (PDAC) (Table 1).
Since the extensive and rigid desmoplastic stroma, which accounts for up to 90% of the
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tumor microenvironment (TME), has been demonstrated to play a crucial role in enhancing
the proliferative, invasive and immunosuppressive properties of PDAC [14], the further
understanding of the effect of RTKs/TGFBR on TME composed cells, especially CAFs, are
needed. Therefore, this article will review various RTKs/TGF{R and the related signaling
axis on the cancer cells as well as CAFs within the TME.
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Figure 1. RTKs/TGFpR and their ligands which involved in regulating biochemical signal and cellular behaviors. Dys-

regulation of these receptors and ligands is found in most human cancers. Representative drugs targeting corresponding
RTKs/TGFBR are shown. RAS, rat sarcoma; RAF, rapidly accelerated fibrosarcoma; MAPK, mitogen-activated protein
kinase; PI3K, phosphatidylinositol-3-kinase; AKT, protein kinase B; mTOR, mechanistic target of rapamycin; PLCy, phos-

pholipase C-y; PKC, protein kinase C; JAK, Janus kinase; STAT, signal transducer and activator of transcription.



Int. J. Mol. Sci. 2021, 22, 8125

3of14

Table 1. Representative completed clinical trials assessing the efficacy of RTKs inhibitors on patients with PDAC.

Number

Author/I.’rmapal NCT Number Agent Targets Treatment of Phase Prlmar}./ 01.1t- Summary of Results
Investigators . come/Objectives
Patients
PDGEFR, Drug: Gemcitabine Proeression free Imatinib mesylate did not show
Moss et al. [15] NCT0016121 Imatinib mesylate c-Kit, Drug: Imatinib 44 II Bresst clinical significance of PFS or OS
survival
v-Abl mesylate over GEM monotherapy.
The primary end point
PDGER, No Intervention: showing a 6 month-PFS of 22.2%
Reni et al. [16] NCT00967603 Sunitinib malat FLT3, Observation 56 1 Overall survival 7 Sunitinib group compared to
chretal ¢ IRE1«x, Experimental: veratl surviv 3.6% in the calibration arm, while
Kit sunitinib the 2-yr OS did not show
significant improvement.
PDGER, Sunitinib malate did not show
Beremann et al VEGFR Drug: Gemcitabine Time to clinical significance of PFS or OS
& [17] ' NCT00673504 Sunitinib malate FLT3, and Sunitinib 118 I Prooression over GEM monotherapy.
IREl«, Drug: Gemcitabine 0gressio However, it was associated with
Kit more toxicity.
Erlotinib Drug: Erlotinib and si Erﬂ?ltcl;ri; };? ggiil?éaElM
Moore et al. [18] NCT00026338 . EGFR Gemcitabine 569 I Overall survival 5 . .
hydrochloride Drue: Gemecitabine monotherapy with a hazard ratio
g (HR) of 0.82.
Drug; Cetuximab and antibody Cetiomab did not
Philip et al. [19] NCT00075686 Cetuximab EGFR Gemcitabine 766 III Overall survival <y L
1 show clinical significance of OS
Drug: Gemcitabine
over GEM monotherapy.
Drug: Bevacizumab The addition of Bevacizumab did
Kindler et al. [20] NCT00088894 Bevacizumab VEGFR and Gemcitabine 590 111 Overall survival not improve OS over GEM +
Drug: Gemcitabine placebo therapy.
Goncalves et al Drug: Sorafenib and Progression free The addition of Sorafenib to
¢ ’ NCT00541021 Sorafenib VEGFR Gemcitabine 102 111 & gemcitabine did not improve

[21]

Drug: Gemcitabine

survival

PFS.in PDAC patients
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Table 1. Cont.

Author/Principal Number Primary Out-
s . P NCT Number Agent Targets Treatment of Phase Y Summary of Results
Investigators . come/Objectives
Patients
Drug: Axitinib and The addition of Axitinib to
Kindler et al. [22] NCT00471146 Axitinib VEGFR Gemcitabine 632 I Overall survival gemcitabine did not improve OS
Drug: Gemcitabine in PDAC patients
Drug: Aflibercept and The addition of Aflibercept to
Rougier et al. [23] NCTO00574275 Aflibercept VEGFR Gemcitabine 427 I Overall survival gemcitabine did not improve OS
Drug: Gemcitabine in PDAC patients
Drug: Ganitumab and The addition of Ganitumab to
Fuchs et al. [24] NCT01231347 Ganitumab IGFIR Gemcitabine 322 I Overall survival gemcitabine did not improve OS
Drug: Gemcitabine in PDAC patients
. Progression-Free 1y . . 4dition of IGFIR inhibitor,
Drug: Erlotinib, Survival, cixutumumab to Erlotinib and G
Philip et al. [25] NCT00617708 Cixutumumab IGFIR Gemcitabine and 134 1/11 Maximum . . .
. did not improve PFS or OS in
Cixutumumab Tolerated Dose . .
.. metastatic PDAC patients.
Determination
Drug: Galunisertib The addition of Galunisertib
Melisi et al. [26] NCT02734160 Galunisertib TGFBR and Gemcitabine 156 I/11 Overall survival improved OS and PFS over GEM
Drug: Gemcitabine + placebo therapy.
The addition of losartan to
Drug: FOLFIRINOX, FOLFIRINOX and
Angiotensin Losartan and proton Number of chemoradiotherapy downstaged
Murphy etal. [27] ~ NCT01821729 Losartan 8 P 49 I participants with Py & 8
receptor beam radiation advanced pancreatic ductal

therapy

RO resection

adenocarcinoma with an RO
resection rate of 61%.
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2. The Clinical Significance of RTKs in PDAC Tumor Microenvironment and
Related Trials

2.1. Platelet-Derived Growth Factor Receptors (PDGFRs)

The platelet-derived growth factors (PDGFs) and their receptors (PDGFRs) are crucial
regulators in the vascular development and embryonic organogenesis, such as the cardiac
neural crest, lung, intestine, skin, CNS, and skeleton. PDGF isoforms are often expressed by
epithelial cells, whereas PDGFRs, including PDGFR« and PDGFRf3, are mostly expressed
in cells of mesenchymal origin, such as fibroblasts, VSMCs and pericytes [28]. PDGFRs
control the functions of these cells through remodeling the actin cytoskeleton, promoting
cell growth by activating the RAS-MAPK and Src pathways, and inducing cell migration
by activating PI3K-AKT and PLC-y [29]. In addition, the cells of mesenchymal origin also
produce ECM components including collagen, hyaluronan, laminin, which is required for
integrin-mediated and focal adhesion formation of cancer cells to activate intracellular
signaling pathways and downstream behavioral effects such as migration, invasion, and
survival during the crosstalk of mesenchymal origin cells and cancer cells [30,31]. Given
these properties, the recruiting and the fibrogenesis of CAFs in malignancies, such as
breast [32], lung [33] and colorectal cancers [34] are thought to reflect paracrine effects of
tumor cell-secreted PDGEF. Besides, Cullen et al. have demonstrated that PDGF secreted
by cancer cells induces CAFs proliferation and IGF1/2 expression. Notably, the CAFs-
secreted IGFs in turn trigger the proliferation of cancer cells and the synthesis of PDGF [35],
resulting in a positive feedback loop which exacerbates the tumor progression.

In addition to the role of PDGFRs in cancer progression, they may serve as markers to
subtype CAFs, in which these CAFs subtypes may differentially affect the tumor microen-
vironment and clinical prognosis. For example, in preclinical study, PDGFR« has been
reported to highly express on matrix CAF (mCAF) at the invasive front of breast tumors,
compared to the tumor core, at which the abundance of mCAF are relatively low [36]. In
another study, Costa et al. demonstrated that PDGFRf highly expressed CAF-S1 subtype
from four classified CAFs resected human breast tumor samples can attract and retain
Treg cells through ligand for OX40 (OX40L), programmed cell death-ligand 2 (PD-L2),
and junctional adhesion molecule 2 (JAM2), which contributed to an immunosuppressive
microenvironment [37]. In clinical settings such as breast cancer and NSCLC, the increased
PDGEF expression in cancer cells, and PDGFRf expression in CAFs are positively correlated
with poor prognosis and short overall survival (OS) [8,38]. For PDAC, Yuzawa et al. have
provided the clinical evidence that patients who are strongly PDGFRp positive on the
tumor stroma are significantly worse off in terms of lymphatic invasion, lymph node
metastasis and median OS (22.5 months for lower PDGFRf vs. 13.0 months for higher
PDGEFRp) than those with intermediate or weak positivity [39-41]. Although typically
seen alongside with other biomarkers, representing dynamic and interconvertible states in
different microenvironments, most classified CAFs from PDAC, including inflammatory
CAF (iCAF), myofibroblasts CAF (myCAF), antigen-presenting CAFs (apCAF), Sub-type A
to Sub-type D CAF, share the expression of PDFGRx or PDFGRf [42,43]. Hence, targeting
to PDGFRs to inhibit the differentiation of normal mesenchymal-originated cells into those
CAFs, and their positive interacting loop with PDAC, as mentioned earlier, becomes a
potential therapeutic strategy.

Several potent PDGFRf3 inhibitors, such as sunitinib, imatinib, nilotinib and sorafenib,
have been developed for treating malignancies including chronic myelogenous leukemia
(CML) [44], renal cell carcinoma (RCC) [45] and hepatocellular carcinoma (HCC) [46].
However, these inhibitors are multitargeted to other kinases and lack specificity. Sunitinib,
for example, also inhibits vascular endothelial cell growth factor (VEGF) receptor, and has
been tested in PDAC maintenance therapy [16]. In this study, the progression free survival
(PFES) significantly improved in the sunitinib group compared to the observation alone
group (p < 0.01; hazard ratio (HR) 0.51; 95% CI 0.29-0.89) [16]. However, in another phase
II clinical study, the OS of PDAC patients did not reach significant improvement in the
sunitinib group or the group receiving sunitinib with gemcitabine [17].
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Imatinib is also a multikinase inhibitor targeting stem cell receptor (c-Kit) and Abl
kinases. In a Phase II trial, it was used as a first-line and single-agent therapy in unresectable
metastatic PDAC patients. However, patients who orally received 400 mg imatinib twice
a day for a 28-day period did not have an improved OS in this study, so the patients did
not remain on treatment for 3 months and the median OS was 118 days (ranged from
40 to 221 days). In the other phase II single-arm study, the group who took imatinib in
combination with standard gemcitabine therapy did not show better PFS or OS benefits
compared to those taking gemcitabine alone [15].

Sorafenib is a multiple tyrosine kinase inhibitor of PDGFRs, VEGF receptor (VEGFR)
and serine/threonine-protein kinase B-raf (BRAF). In the phase II and phase III clinical
trial, the groups of patients with advanced or metastatic PDAC received gemcitabine in
combination with or without sorafenib. However, both studies showed no clinical benefit
in PFS or OS in the treatment of these advanced PDAC patients [47].

Taken together, targeting the PDGFR alone, either alpha form or beta form, did not
show therapeutic efficacy in patients with pancreatic cancer. Although these inhibitors can
target multiple RTKS in the oncogenic process, they produced limited benefit, with only one
trial showing PFS improvement, but not OS. The limitation in common, as mentioned by
Moss et al., is that the current clinical studies did not analyze patient tumor specimens [15].
Besides, Gongalves et al. have illustrated that other pathways may be upregulated to
circumvent specific RTK inhibition, particularly in PDAC, which can only be observed
by histopathological examination [21]. Hence, evaluating clinical activity in patients for
addressing the RTK expression status, and answering whether this expression correlates
with drug responses, may provide perspectives for developing novel drugs or therapeutic
strategies future.

2.2. Epidermal Growth Factor Receptor (EGFR)

The epidermal growth factor receptor (EGFR) is one of the ErbB family members
which expresses on almost all cell types except for hematopoietic cells [48,49]. The major
signaling pathways activated by EGFR are the RAS-MAPK, PI3K-AKT-mTOR and PLC-
v1-PKC pathways, which lead to the cell cycle progression and exert critical functions
such as differentiation, proliferation and survival in epithelial cell physiology as well
as normal embryogenesis of vertebrates [50,51]. It has been reported that the tumor
progression and invasion are driven by the ECM-dependent mechanosensitization of EGFR
signaling [52,53]. The increased ECM stiffness promotes the expression of focal adhesion
kinase (FAK) and PI3K, and favors EGFR-dependent squamous cell carcinoma (SCC)
proliferation and invasion, which is orchestrated by CAFs [53,54]. For PDAC, Hu et al.
showed that the elevated level of COX-2 was activated by EGFR/p38-MAPK/Sp1 signaling
axis and led to the angiogenesis [55]; Ma et al. has demonstrated that the transformation
of macrophage from M1 to M2 is triggered by pancreatic cancer secreted regenerating
family member 4 (REG4) through the EGFR/AKT/CREB (cAMP-response element binding
protein) pathway [56].

Driven largely by these roles, dysregulated EGFR has been vilified as a proto-oncogene
by several oncogenic mechanisms, including overexpression as a consequence of EGFR
gene mutation, gene amplification, and EGFR protein overexpression found in several
types of tumors especially NSCLC [57,58]. In NSCLC, the short deletions in exon 19
and the G719S, L858R, and L861Q point mutation in exon 21 account for around 90% of
all EGFR gene mutations, and therefore they predict better responsiveness to anti-EGFR
therapy [58-60]. Given that the antibodies and small molecule inhibitors against EGFR
exerted therapeutic effects on NSCLC patients, therapeutic strategies of EGFR inhibition
may enable conceivable benefits in PDAC treatment, and have been developed and tested
in pre-clinical and clinical studies.

In a phase III trial, a monoclonal anti-EGFR antibody cetuximab was previously
used in locally advanced or metastatic PDAC patients. However, among the 745 eligible
patients recruited, no significant difference was observed between the group of gemcitabine
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plus cetuximab and gemcitabine alone. The median OS and PFS of gemcitabine with
cetuximab treatment were 6.3 and 3.4 months, respectively, compared to 5.9 and 3.0 with
the administration of gemcitabine alone (OS: p = 0.19; hazard ratio 1.06; 95% CI 0.91
to 1.23; PFS p = 0.18; hazard ratio 1.07; 95% CI 0.93 to 1.24). In addition, the objective
response rates were low in both groups (p = 0.59). The partial (or unconfirmed) response in
gemcitabine alone group and combination group was 14% and 12%, respectively, whereas
the stable disease was 30% and 37% [19]. In contrast to protein drug treatment, Moore
et al. showed that the erlotinib, a small molecule RTK inhibitor, provided therapeutic
benefit on advanced PDAC [18]. Compared to the group of standard gemcitabine in
combination with placebo, patients received with standard gemcitabine plus erlotinib (100
or 150 mg/d orally) exhibited improved OS (p = 0.038; hazard ratio 0.82; 95% CI 0.69 to
0.99) and PFS (p = 0.04; hazard ratio 0.77; 95% CI 0.64 to 0.92). Besides, a randomized,
open-label, prospective trial, the gemcitabine plus erlotinib group revealed that disease
control (85% vs. 33%; p = 0.001), progression-free survival (median 5.9 vs. 2.4 months;
p = 0.004), and overall survival (median 8.7 vs. 6.0 months; p = 0.044) were better in
patients with EGFR mutations than in those without EGFR mutations [61]. Although the
EGFR and K-RAS mutations are mutually exclusive in clinical observations of NSCLC
and colorectal cancer, they have been found to co-exist in PDAC despite EGFR mutation
only accounting for less than 3% of PDAC [62,63]. Furthermore, the EGFR signaling is
required to initiate the KRAS oncogene-driven PanIN lesions and PDAC [63], and may
be the possible reason that erlotinib exerts therapeutic effects for patients with pancreatic
cancer. Besides, small molecule drugs with lower molecular sizes than protein drugs could
penetrate the complicated stromal environment to modulate CAFs and inhibit cancer cell
proliferation [64]. Moreover, erlotinib possesses multiple kinase targeting capabilities that
could be used to expand benefits for patients with cancers [65]. Having an understanding
of specific genetic mutations in patients with pancreatic cancer may be crucial and critical
for customized medicine. Although the EGFR inhibitor erlotinib has been given the green
light from the FDA to treat pancreatic cancer for over 10-year period, detailed downstream
signaling targets, e.g., KRAS [66], are promising and require further study.

2.3. Vascular Endothelial Growth Factor Receptor (VEGFR)

The VEGEFR is well known for its role in angiogenesis, which is favored for the metasta-
sis of many cancers. However, PDAC is characterized by a low microvascular density and
hypoxia with low drug delivery compared to other types of malignancies, despite the fact
that VEGEFR is overexpressed in over 90% of patients with PDAC [67]. Due to the character-
istics of its vascular collapse, strategies targeting VEGFR seem to be ineffective. In a phase
III trial, Kindler et al. investigated the therapeutic effect of the gemcitabine alone and the
combination of gemcitabine with bevacizumab, which can neutralize VEGF to inhibit its
activation. Nevertheless, among the 535 eligible patients recruited, the OS and PFS did not
improve in the group receiving bevacizumab therapy [20]. The median OS for gemcitabine
plus bevacizumab or placebo were 5.9 and 5.8 months, respectively (p = 0.95; hazard ratio
1.44; 95% CI 0.88 to 1.24). The median PFS for the gemcitabine with or without beva-
cizumab groups were 3.8 and 2.9 months, respectively [20]. Moreover, the phase II study
showed that the combination of bevacizumab with docetaxel did not show the benefit in
gemcitabine-refractory metastatic PDAC [68]. In addition, another phase III trial evaluating
the therapeutic effect of bevacizumab in combination with gemcitabine plus erlotinib was
conducted. Although the PFS was significantly improved (4.6 months when treated with
gemcitabine-erlotinib plus placebo vs. 3.6 months when treated with gemcitabine-erlotinib
plus bevacizumab) in the enrolled patients without severe side effects (p = 0.002; hazard
ratio 0.73; 95% CI 0.61 to 0.86), the OS (6.0 months of gemcitabine-erlotinib plus placebo
vs. 7.7 months of gemcitabine-erlotinib plus bevacizumab) did not significantly extend life
expectancy in the bevacizumab addition group (p = 0.2087; hazard ratio 0.89; 95% CI1 0.74 to
1.07) [69]. Combination therapies using other anti-angiogenic agents, such as sunitinib [17],
sorafenib [21], axitinib [22], and ZIV-aflibercept [23], in addition to gemcitabine in phase
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III trials have also yielded negative results. These reports have suggested that the specific
therapy targeting only VEGF will not enter clinical practice. Hence, additional studies
inhibiting multiple targets in PDAC are still needed to lead to more encouraging results.
The multikinase inhibitor Regorafenib has been reported to exert antiangiogenic activity.
In an ongoing phase II trial (NCT02080260), regorafenib is being administered in metastatic
PDAC patients after chemotherapy with gemcitabine. In addition, a phase II study of
Ramucirumab (NCT02307500), a human monoclonal antibody against human VEGFR-2,
is also ongoing to evaluate the efficacy and safety of combining it with the FOLFIRINOX
regimen in 94 subjects with advanced progression.

2.4. Insulinlike Growth Factor 1 Receptor (IGFIR)

IGF1R is an insulin receptor family member which is often expressed in low tissue
specificity, serving multiple physiological functions in cell growth and embryonic devel-
opment [70]. The importance of IGFIR in regulating the differentiation of muscle [71],
as well as maintaining the myocardium and brain, has been demonstrated [72]. Further-
more, IGF1R contributes to glucose metabolism and the physiology of neutrophils [73],
and is associated with the development of diabetes, inflammation and cardiovascular
disorder [74,75]. Within the PDAC tissues and correlated with higher tumor grades, it has
commonly been found that IGF1R is highly expressed and co-expressed with EGFR, this is
likely to lead to poor survival [76].

It has been demonstrated that the sensitivity of the tumor to hypoxia, low pH and
blood glucose concentration can be reduced by IGFIR [77], suggesting the potential roles
of IGFIR signaling in the development the hypoxic TME of PDAC. Apart from studies
demonstrating the roles of IGF signaling on cancer cells in PDAC, the impact of stromal
derived IGFs has been reported recently. In clinics, more than 90% of PDAC cases are due
to the mutation of KRAS, which have been reported to activate fibroblasts through the
Sonic Hedgehog (Shh) pathway [78]. The activation of the fibroblast initiates the positive
feedback loop, which secretes IGF1 and further activates IGF1R on cancer cells [78-80].
Hence, the activated stromal (myo-) fibroblasts may be the foremost source of IGF1.

Therapeutic strategies targeting IGF1R or IGF ligands have been developed and tested
in pre-clinical and phase I/1I clinical studies. However, none of advanced clinical trials
showed an improved clinical outcome in the combination of IGF1R or EGFR inhibitor with
gemcitabine, compared to the patients that received gemcitabine monotherapy in advanced
clinical trials (NCT01231347, NCT00819169, NCT00617708) [24,25]. As the CAFs have also
recently been identified as one of the sources secreting IGFs, the roles of CAFs in regulating
the IGF signaling axis in the TME of PDAC need to be further studied to develop novel
therapeutic strategies of dual targeting on stroma and cancer cells.

3. The Clinical Significance of Transforming Growth Factor Beta Receptor (TGF3R) in
PDAC Tumor Microenvironment and Related Trials

TGFfR is a serine/threonine kinase that plays a key role in regulating tissue home-
ostasis, cellular adhesion, differentiation, proliferation and survival. In normal tissues,
TGEF[f} signaling leaves the epithelial cells in a quiescent state with a low proliferation rate,
which reflects its tumor-suppressor activity [81,82]. In the circumstances of injury, the
epithelial tissue is repaired by the recruited cells such as x-SMA positive myofibroblasts,
M2 macrophages, and newly formed blood vessels as well as their secreted ECM. As with
the above process, tumor-derived TGE is likely to recruit stromal cell types characterized
by CAFs. In the established cancers, the roles of TGFf on oncogenesis, such as promoting
cancer cell proliferation, epithelial-to-mesenchymal transition (EMT), invasion, and metas-
tasis, have been well evidenced [83-85]. For PDAC, the enhanced expression of TGFf3 and
TGFBR is associated with advanced tumor stage and lower OS [86-88].

The importance and dependence of TGFf3 on subtyping PDAC CAFs remained unclear
until a study demonstrated that the interleukin-1 (IL-1), leukemia inhibitory factor (LIF)
and downstream JAK/STAT signaling pathways resulted in the activation of inflammatory
CAFs (iCAFs), whereas TGFf3 downregulated IL-1R1 to antagonize the activation, and
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shifted iCAFs to a myofibroblastic phenotype (myoCAFs) in vivo [89]. Based on the
fact that most mutations, such as SMAD4 and KRAS, are a downstream signaling factor
of TGEFBR, and the fact that the mutations of TGF@R accounts for 4-7% of pancreatic
cancers [90,91], it can be observed that the formation of PDAC TME is mostly driven by
the paracrine or autocrine manner of TGF-f3. Besides, it also explains the dual role of TGFf3
in the development of PDAC, in which TGFf3 exerts primarily antitumor activity on early
stage PDAC by means of regulating the cell cycle, apoptosis, and cell differentiation [92],
whereas during advanced stages the antitumor response of TGFf is evaded by cancer cells
via the acquisition of mutations in the mediators of the TGFf3 pathway [93-96].

The results of recent preclinical studies have demonstrated therapeutic approaches
targeting the TGFp signaling axis [97-100]: for example, by silencing the TGF(32 with
Trabedersen (AP 12009), which is an antisense phosphorothioate oligodeoxynucleotide for
inhibiting TGF(32 biosynthesis, Schlingensiepen et al. demonstrated that tumor growth and
lymph node metastasis were significantly reduced in a metastatic pancreatic cancer mouse
model [101]. The blockade of TGFf31 by soluble TGFBRII protein also reduced pancreatic
cancer cell metastasis in an orthotopic mouse model [97,100]. Other TGF-f3 inhibitors, such
as SD-208, SD-093 and LY2109761, which are inhibitors of TGFBRI/RII kinases, have shown
effects in reducing the tumor burden, reducing abdominal metastases, and improving the
survival rates for metastatic pancreatic cancer in a murine model [98,102-104]. In the
clinical setting, Melisi et al. reported that the combination of Galunisertib (LY2157299) with
gemcitabine improved overall survival (8.9 months) vs. gemcitabine alone (7.1 months) in
patients with unresectable pancreatic cancer (hazard ratio 0.79; 95% CI 0.59 to 1.09) [26].
Losartan, which is an angiotensin II receptor antagonist, was reported to reduce TGFf3
signaling and collagen secretion in previous studies [105,106]. More recently in an active
phase II trial, Murphy et al. reported that the RO resection rate of total neoadjuvant
FOLFIRINOX (a combination therapy including leucovorin, fluorouracil, irinotecan, and
oxaliplatin) and losartan followed by chemoradiotherapy was 61% among all eligible
participants, which exceeded expectations in a historically incurable disease associated
with prolonged PFS and OS [27].

Given that the CAF and PDAC are mixed together, the therapeutic effects of RTK or
TGFpR inhibitors seem to be universal on the cells within PDAC TME. For example, relaxin,
a potent inhibitor of TGF-beta, has been demonstrated to inhibit fibroblast differentiation
into CAF, impair fibrosis and inhibit tumor growth in PDAC in a pre-clinical study [107].
Although few on-going clinical studies have taken place to date, the findings of preclinical
studies provide feasibility that monotherapeutic strategies targeting TGFBR or stroma-
targeting therapies in combination with drugs targeting RTK or TGF3R may generate
considerably greater tumor responses than monotherapies.

4. Conclusions and Future Perspectives

Pancreatic cancer has a potentially disastrous influences on a patient’s life; thus,
numerous studies about various RTKs have reformed the knowledge of oncology, leading to
the development of novel therapeutic drug candidates. Previously used chemotherapeutic
regimens, including FOLFIRINOX or GA (gemcitabine and nab-paclitaxel) present low
response rates and high toxicity [108]. Recent results in using inhibitory RTK strategies
did not show very exciting efficacy for treating pancreatic cancer patients, but the basis to
establish the precision medicine has been provided. Whether the target is expressed in all
or some patients and whether this expression correlates with drug responses should be
addressed [15]. In addition, the use of cell models and patient-derived xenograft (PDX)
animal models, considering role of CAFs and/or TME, may predict the potential efficacy
accurately in humans [109]. Detailed downstream signaling of RTKs, such as the KRAS,
PIBK-AKT-mTOR and CDC-RAC pathways, tested in cell or animal models illustrating the
whole picture may bring solutions, establish different therapeutic combinations or propose
new avenues for future research. If these pre-clinically/clinically investigated products



Int. . Mol. Sci. 2021, 22, 8125 10 of 14

translate into the treatments for patients, they will be of the utmost importance, and these
drugs would then have a place in the management of pancreatic cancer.
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RTK Receptor tyrosine kinase

TGF Transforming growth factor beta
CAF Cancer-associated fibroblast

PDAC Pancreatic ductal adenocarcinoma
PDGF Platelet-derived growth factor
PDGFR Platelet-derived growth factor receptor
CNS Central nervous system

MAPK Mitogen-activated protein kinase
PIBK Phosphoinositide 3-kinases

ECM Extracellular matrix

VEGF Vascular endothelial growth factor
COX-2 Cyclooxygenase-2

NSCLC Non-small cell lung cancer

(ON) Overall survival

PFS Progression-free survival

IGFIR Insulinlike growth factor 1 receptor
LIF Leukemia inhibitory factor

JAK/STAT Janus kinases (JAKs), signal transducer and activator of transcription proteins (STAT)
SMAD4 Mothers against decapentaplegic homolog 4
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