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Abstract: Due to the complex mechanism and limited treatments available for pulmonary fibrosis, the development of targeted drugs
or inhibitors based on their molecular mechanisms remains an important strategy for prevention and treatment. In this paper, the
downstream signaling pathways mediated by VEGFR and LPAR1 in pulmonary cells and the role of these pathways in pulmonary
fibrosis, as well as the current status of drug research on the targets of LPAR1 and VEGFR?2, are described. The mechanism by which
these two pathways regulate vascular leakage and collagen deposition leading to the development of pulmonary fibrosis are analyzed,
and the mutual promotion of the two pathways is discussed. Here we propose the development of drugs that simultaneously target
LPAR1 and VEGFR2, and discuss the important considerations in targeting and safety.
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Background
Idiopathic pulmonary fibrosis(IPF) is a progressive, irreversible, disease with high mortality, and current treatment
outcomes are limited. Molecular mechanisms of pulmonary fibrosis are complex. Symptoms of IPF include cough and
dyspnoea. IPF is the most common Idiopathic interstitial pneumonia (IPF), and its incidence rate and prevalence are
increasing.' The average life expectancy after IPF diagnosis is 3—5 years.” Although international guidelines recommend
consideration of lung transplantation in certain patient populations, pirfenidone and nintedanib, multiple tyrosine kinase
inhibitors, have been reported to slow disease progression and have recently been approved for use in patients with IPF.
The side effects of oral pirfenidone and nintedanib lead to a great impact on the quality of life of patients.** The side
effect of Nintedanib is the adverse reaction of gastrointestinal tract, such as diarrhea. The research shows that 60% of
patients have nausea within the first three months of Nintedanib treatment, and the intensity of these side effects is mild
or moderate, which can be controlled.” Therefore, there remains a need for effective new therapies to treat IPF. There is
been development of single target drugs, multitarget drugs or similar drugs for the treatment of IPF.°

Discovering therapeutic targets related to IPF can promote further slowing down or ideally stopping the progression
of IPF. Researchers have been pushing for the screening of candidate targets to accelerate drug therapy for IPF, such as
Phosphoinoside 3-kinase/mammalian target of rapamycin inhibitor. However, because IPF involves multiple targets,
there are still some deficiencies in targeted therapy with a single target.”® Lysophosphatidic acid (LPA) is a key lipid
signaling molecule that regulates a series of very diverse cell events, such as motility, chemotaxis, cell cycle progression,
vitality and wound healing.” LPA participates in chronic wound healing through LPAR1, as well as idiopathic pulmonary
fibrosis.'® Vascular endothelial growth factor A (VEGF-A) is essential for normal alveolar formation, rapid alveolar
proliferation, and normal development of blood vessels during lung maturation.'! Its receptor, VEGFR2, is considered to
be the main signal transduction receptor of VEGF biological activity, and is essential for normal development.'? Studies
have shown that VEGF and LPA mediate downstream pathways by binding VEGFR2 and LPARI, the corresponding
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receptors in lung tissue cells, and participate in vascular leakage, collagen deposition and other processes that underlie
the continuous progression of pulmonary fibrosis.'*'* Recent studies on the development of drugs targeting VEGFR2
and LPAR1 for the treatment of pulmonary fibrosis have been reported.'>'® Current clinical medication of pulmonary
fibrosis shows that there are limitations in the effect of single target drugs, and the use of multiple drugs can lead to

increased adverse reactions, increased treatment costs and other drawbacks;”’18

as a result, the research and development
of drugs with multi-target onsets of action has practical application prospects. At present, it is not known if LPA-LPARI1
and VEGF-VEGFR2 have an association, and whether they have an interaction in promoting the development of
pulmonary fibrosis. In this study, we describe the mechanism of LPA-LPARI and VEGF-VEGFR2 pathways in the
progression of pulmonary fibrosis, sort out and analyze the influence of the two, and provide evidence that the
development of drugs that can simultaneously intervene in VEGFR2 and LPAR1 activation can open up new approaches

for the treatment of pulmonary fibrosis.

Association of VEGFR2 with IPF Progression
VEGF Source

VEGF is a mitogen, which is the survival and differentiation factor of endothelial cells in the lung.'® The level of
VEGF in the lung is more than 500 times that in the plasma.?® A large amount of VEGF-A is present in the normal

adult lung, and the alveolar epithelium appears to be the main source,”'

although smooth muscle cells, macrophages
ECs and fibroblasts also express VEGF-A.?*** In addition, bone marrow cells also secrete VEGF. Research shows
that in a mouse model of pulmonary fibrosis, the loss of VEGF in bone marrow cells aggravates the damage of
fibrotic tissue. The main findings include a significant decrease in the survival rate of epithelial cells, a significant
increase in the invasion of myofibroblasts, the expression of hypoxia inducible factor (HIF) and Wnt/ B-catenin.
Therefore, the angiogenesis process driven by VEGF derived from bone marrow cells is also very noteworthy for

preventing fibrosis damage.>*

VEGF-A and VEGFR2

VEGF play a very important role in physiological and pathological angiogenesis.”> VEGF is one of the most potent
mediators of angiogenesis and vascular permeability to water and protein.’® VEGF has also been reported to induce
fenestrations in endothelial cells (ECs) both in vivo and in vitro. In the past few years, the best-studied molecule in the
VEGF family has been VEGF-A, and native VEGF is a basic, heparin-bound, 45 kDa homodimeric glycoprotein.?’
VEGF-A is the most typical isoform.

The biological activity of VEGF depends on its response to specific receptors. VEGFR?2 is considered the main sensor
of the VEGF signal in ECs, and directly activates the PI3K/Akt signal pathway and adhesion pathway by activating
adhesion kinase (FAK).*®

Progress in VEGFR2 and IPF-Related Pathways

The pathogenesis of idiopathic pulmonary fibrosis (IPF) is characterized by an initial acute inflammatory response, mostly
involving lung structural remodeling, extracellular matrix, and multiple cell types.>” VEGF-A acts as an important vascular

endothelial growth factor, and Barratt et al*

proposed that VEGF-A may promote fibrogenesis. Evidence suggests that
VEGF levels may reflect the severity of IPF and predict disease progression.’! In addition, Jaskiewicz et al’> showed that
serum VEGF levels appear to positively correlate with disease severity and prognosis in IPF. However, in a small
retrospective study, baseline plasma VEGF levels were significantly associated with “interstitial score” and disease
progression, and 5-year survival was low.> Studies in animal models have provided some additional insights into the
role of VEGF signaling in the development of pulmonary fibrosis. In a rat adenoviral TGF-f overexpression model, co-
administration of VEGF resulted in severe pulmonary fibrosis, but decreased pulmonary hypertension.”* BLM-injected
animals have increased expression of VEGF in the lung, and inhibition of VEGF using an anti-VEGF antibody attenuates
BLM-induced pulmonary fibrosis.>> Overexpression of VEGF in the lung of transgenic mice stimulates inflammatory
remodeling and subepithelial fibrosis.*® Recent data suggests that exogenous VEGF-B can prevent the reduction of
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pulmonary hypertension in experimental models of fibrosis, where it increases fibrogenesis. These data indicate that serum
VEGF may reflect the severity of lung disease. It is important to note that it may be important to measure the relative levels
of different VEGF isoforms given the different roles of VEGF in IPF.*’

Recently, many studies have shown that VEGFR2 is closely related to lung diseases, including hypoxic pulmonary
arterial hypertension,*® lung cancer.** Ou et al reported that SU5416, a VEGFR2 antagonist, attenuates BLM-induced
lung fibrosis in mice. Antagonism of VEGFR2 is therefore a promising approach.’® We summarized that VEGFR2
promotes its downstream signal pathway (Figure 1).

Association of LPARI with IPF Progression

LPA Source

The first evidence of LPA manifested as biologically active phospholipids was obtained by Vogt in 1969.*
Lysophosphatidic acid (LPA) is a small glycerophospholipid (molecular weight: 430-480Da) present in all eukaryotic
tissues and present at higher concentrations (sub-micromolar range) in plasma relative to the major phospholipid species.
LPA has been shown to cause widespread cellular responses (smooth muscle contraction, platelet aggregation, calcium
mobilization, chemotaxis, neurotransmitter release, cell proliferation, and cell transformation).42

LPARI

Lysophosphatidic acid (LPA) is a lipid concentrated in serum, and in vitro, LPA is known to induce proliferation and
differentiation of lung fibroblasts.**** LPA is considered to play an important role in the evolution of pulmonary
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Figure | VEGFR2 related pathway diagram.
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fibrosis.*> Levels of LPA are elevated in bronchoalveolar lavage fluid samples from IPF patients*® supporting the clinical
relevance of this signaling pathway in IPF development.

Many studies have shown that LPA and LPAR1 have positive roles in the pathogenesis of fibrosis. In BLM-induced
lung fibrosis models, LPAR1 deletion conferred significant protection against BLM-induced lung fibrosis and mortality.*’
In vivo, oral administration of LPAR1 antagonists significantly prevented BLM-induced pulmonary fibrosis in mice,*’
and intraperitoneal injection of LPAR1/3 antagonists ameliorated irradiation-induced pulmonary fibrosis.** In addition,
LPA also induces fibroblast chemotaxis through an LPAR 1-dependent mechanism.*” Taken together, these results suggest

that LPAR1 receptor antagonism may be a useful treatment for IPF.

Progress in LPAR| and IPF-Related Pathways

When LPA binds to LPAR1, LPA induces different downstream signaling chains through different G proteins, including
Rho, PLC, MAPK, PI3K, and AC.*’ LPAR signaling occurs through multiple intracellular cascades.’® We summarized
that LPAR1 promotes its downstream signal pathway (Figure 2).

Current Research Status of LPARI and VEGFR2-Targeted Drugs
Current Research Status of VEGFR2-Targeted Drugs

We summarize the FDA approved VEGFR-related drug information, as shown in Table 1. We summarize the develop-
ment of drugs related to targeted inhibition of VEGFR2, as shown in Table 2. Because there are many problems such as
unsatisfactory therapeutic effect, high toxicity or long R & D process, it is necessary to further optimize this R &
D strategy and program.
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Figure 2 LPARI on the cell surface activates a downstream pathway that mediates a variety of cellular responses.
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Table | FDA Approved VEGFR Related Drug Information

Drug (Code) Trade Name | Year Approved | Primary Targets
Lenvatinib (AK175809) 2015 VEGFR, RET
Axitinib (AG-013736) 2012 VEGFR1/2/3
Regorafenib (GSK2118436) 2012 VEGFR1/2/3
Cabozantinib (BMS-907351) 2012 RET, VEGFR2
Vandetanib (ZD6474) 2011 VEGFR2
Pazopanib (GW786034) 2009 VEGFR1/2/3
Sunitinib (SU11248) 2006 VEGFR2
Sorafenib (BAY 43-9006) 2005 VEGFRI/2/3

Table 2 Study Design, Drug Name, Target, and PDB Number
Targeting VEGFR2

Study Design Drug Targets PDB
Type 11/2A inhibitors Lenvatinib VEGFR2 3Wzd
Type lIA inhibitors Axitinib VEGFR 4ag8
Type lIA inhibitors Sorafenib VEGFRI 4asd
Type 1IB inhibitors Sunitinib VEGFR2 4agd
Approval Pazopanib VEGFR Ns

Current Status of Studies of LPAR[-Targeted Agents in IPF

It has been shown that LPAR1 is the most highly expressed LPAR on fibroblasts obtained from patients with idiopathic
pulmonary fibrosis. AM095 is a selective, orally bioavailable LPAR1 antagonist with mean half-maximal inhibitory
concentration values of 0.98 and 0.73 pM for human and mouse LPARI, respectively.”' Swaney et al*’ showed that 7
days of treatment with the selective LPARI1 antagonist AM966 or AM095 (10 mg/kg/day by gavage) conferred similar
protection against BLM-induced lung fibrosis in LPAR1-KO mice. Results from a Phase 2 study showed that IPF patients
treated with BMS-986020 600 mg BID showed a significantly slower rate of decline from baseline to 26 weeks compared
with placebo. However, they presented in the clinic as a result of hepatobiliary toxicity characterized by treatment-related
liver enzyme elevations and cholecystitis and, in addition, were discontinued prior to clinical development due to the poor
nonclinical pharmacokinetic profile of BMS-986020. Preclinical studies have shown that these adverse events are off-target,
drug-specific, and independent of LPAR1 antagonism. Biomarkers of fibrosis or inflammation were improved following
BMS-986020 treatment, suggesting that targeting LPARI1 has potential clinical utility. Animal model experiments clearly
show that LPAR1 antagonists have anti-fibrotic effects. This offers broad prospects for designing new treatments to prevent
fibrosis-related diseases. However, the number of currently available effective LPAR1 antagonists remains low and none have
been used in clinical trials to date.”>>® We summarize the development of drugs targeting LPAR1, as shown in Table 3. In
addition, LPA, a bioactive lipid produced extracellularly by autotaxin (ATX). It is worth noting that autotaxin inhibitors also
play an important role in IPF. Studies have shown that new indole-based high-efficiency ATX inhibitors play an important
role in mouse pulmonary fibrosis models.>* In a 2a randomized placebo-controlled trial, GLPG1690 (Galapagos, Mechelen,

Belgium) was found to be a novel, effective and selective autotaxin inhibitor with good oral availability in IPF patients.>
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Table 3 Summary of Compounds That Target LPARI

Signaling.

Drug Targets Phase
BMS-986202/AM|52 LPARI Phase | complete
BMS-986020 LPARI Phase Il complete
VPC 12249 LPARI Preclinical

BMS patent LPARI Preclinical

SAR 100842 LPARI, LPAR3 Phase Il complete
Kil 6425 LPARI, LPAR3 Preclinical

Debio 0719 LPARI, LPAR3 Preclinical
Kil6198 LPARI-3 Preclinical
Anti-LPA All LPARsignaling Preclinical
HLZ-56 All LPARs Preclinical
BrP-LPA ATX, allLPARs Preclinical
AM966 LPARI Preclinical
AMO095 LPARI Preclinical

Note: Data from Gan et al.*®

Although the combination can lead to drawbacks such as increased adverse reactions and increased treatment costs,56
single target treatment regimens have limited effect, so drug research and development with multi-target effects has more
practical application prospects.

Prospects for the Combination of VEGFR2 and LPARI Dual Targets in the

Treatment of IPF

Angiogenesis, lung epithelial cells, fibroblasts, and ECM contribute to the development of pulmonary fibrosis. VEGFR2
and LPARI1 bind to their ligands and are involved in regulating vascular leakage and promoting collagen deposition in the
matrix through different pathways.

Joint Involvement in Vascular Leakage
Neovascularization underlies tissue repair following injury, although the role of angiogenesis in IPF is unknown.’
Several angiogenic growth factors have been implicated in the development of pulmonary vasculature. Among them,
VEGF, which is involved in angiogenesis, is the most extensively studied. VEGF is a powerful angiogenic factor and
impaired expression and signaling of VEGF adversely impacts not only the development and maintenance of blood
vessels, but also the structure and integrity of the entire lung.”® °° Blockade of the VEGF receptor family has been shown
to result in anti-angiogenic effects.®’ VEGF-A binds two tyrosine kinase receptors, VEGFR1 and VEGFR2, and regulates
ECs proliferation, migration, vascular permeability, secretion, and other endothelial functions. Numerous studies have
shown that VEGFR2 is considered to be a major sensor of VEGF signaling in ECs.®

The profibrotic effect of LPAR1 receptor stimulation may be explained by LPARI receptor-mediated vascular
leakage, which is a profibrotic event. LPAR1 is involved in IPF development because of its role in regulating vascular
leakage in animal models. For example, in BLM models of pulmonary fibrosis,*> LPA stimulates fibroblast migration
through LPAR1, whereas LPAR1-deficient mice are protected from fibrosis by attenuating fibroblast recruitment and
vascular leakage, suggesting that reducing LPA-mediated LPAR1 signaling protects the body ‘s blood vessels.
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Co-Involvement in Collagen Deposition
VEGF can promote fibrosis through angiogenesis and cooperation with TGF-, thereby enhancing ECM production by
fibroblasts.®® In addition, VEGF also indirectly promotes cell migration thereby directly affecting ECM synthesis.®* In
patients with IPF, fibroblasts migrate into the fibrinous rich exudate that forms in the lung space following injury; the
extent of this migration generally corresponds to the severity of IPF symptoms. In BALF from IPF patients, LPA was
increased, whereas inhibition of LPAR1 suppressed fibroblast chemotaxis induced by BALF from IPF patients.*’
Regarding the mechanisms by which LPA and its receptors promote pulmonary fibrosis, it has been shown that after
lung injury, myofibroblasts accumulate and secrete excessive ECM, and eventually form fibrotic foci.®®

In summary, we summarize the relationship between VEGFR2 and LPAR1 and vascular leakage, lung epithelial cells,
fibroblasts, and collagen deposition (Figure 3).

Relationship Between LPA-LPAR and VEGF-VEGFR Pathways

There is an upstream downstream relationship between the LPA LPAR and VEGF-VEGEFR signaling pathways, which is
also worth further exploration. Wu PY found that LPA induced VEGFA expression in PC-3 prostate cancer cells.’® Dutta
S report suggests that VEGF-VEGFR-2 signaling is involved in LPA-induced epithelial ovarian cancer invasion. In
addition, the effects of LPA on VEGF-VEGFR-2 signaling and epithelial ovarian cancer invasion were found to be
mediated by activation of the NF-kB pathway.®’ Lin CE proposed that LPA enhanced VEGF-C expression in human ECs.
In prostate cancer lymphatic metastasis experiments, LPA can enhance VEGF-C expression in a manner dependent on
activation of LPAR1/3, ROS and other pathways.®® It has been shown that multiple Sp-1 sites within the VEGF promoter
response region are critical for LPA-mediated transcription. By summarizing the above studies, we review the relation-
ship between LPA-LPAR and VEGF-VEGFR pathways in disease states (Figure 4), indicating that VEGF is indeed an
important mediator present downstream of LPA.
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Figure 3 Relationship between VEGFR2 and LPARI and angiogenesis, lung epithelial cells, fibroblasts, and ECM. a: Type Il alveolar epithelial cells (ATIl) promote ECM
accumulation through apoptotic pathways; b: fibroblasts promote fibrosis through angiogenesis and cooperation with TGF-f by resisting apoptosis, secreting collagen, and
VEGEF, thereby enhancing ECM production in fibroblasts; c: fibroblasts have the expression of LPARI and VEGFR2, the binding of LPA to LPARI, VEGF to VEGFR2, and
promoting fibroblast recruitment, vascular leakage, and endothelial barrier dysfunction; d, e: as a positive feedback loop, VEGF-A binds VEGFRI and free TGF-$ on ATIl and
regulates ATII cell injury as well as endothelial cell proliferation, migration, vascular permeability, secretion, microvessel formation, and other endothelial functions; f: VEGF
from blood vessels may enhance epithelial cell proliferation and resistance to apoptosis in an autocrine manner; g: ATIl transforms into fibroblasts; therefore, LPARI and
VEGFR2 eventually lead to excessive ECM deposition and vascular leakage.
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Figure 4 Diagram of the relationship between LPA-LPAR and VEGF-VEGFR pathways in disease states.

Conclusion

Inhibition of VEGF helps to limit local vascular proliferation, but it may also adversely affect vascular integrity by
promoting EC apoptosis.®® It was found that the physiological repair function of capillaries in nail bed was damaged due
to the blocking of VEGFR. However, the linear hemorrhage under the nail can gradually disappear with the growth of the
nail, without special treatment. Therefore, from the point of view of inhibiting its critical receptor, we chose to inhibit
VEGFR2. In addition, inhibition of LPA acts as a key factor in the body. LPA is present in almost all cells, tissues, and
body fluids,”® and once inhibited, disturbances in the internal environment of the body occur, and we consider the key
receptor protein that inhibits its binding to be LPAR1. It has been shown that LPA increases in BALF from IPF patients,
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whereas inhibition of LPAR1 suppresses fibroblast chemotaxis induced by BALF from IPF patients.** Interestingly, both
LPARI and VEGFR2 are associated with angiogenesis.

Based on the current status of multi-targeted drug development, there are similar drug studies; for example, there are
many reports in the literature on drugs that produce synergistic anti-angiogenic effects between VEGFR and FGFR
in vivo. Similar synergy has been found between the two in lymphangiogenesis, and its inhibition by dual FGFR/VEGFR
inhibitors may more readily prevent metastasis.”' In IPF drugs, multi-target synergy has long been used clinically, for
example nintedanib.”? Based on the low toxicity and multi-point effect characteristics of traditional Chinese medicine,
the screening and development of dual-target drugs may have obvious advantages in the treatment of IPE.”* For example,
Tanshinone IIA sodium sulfonate can treat pulmonary hypertension, lung disease and other diseases by inhibiting the
VEGFR receptor, and is in Phase 3 clinical trial.

However, the current study does not address the concept of dual inhibition of VEGFR2, two targets of LPAR1. We
found that simultaneous inhibition of VEGFR2 and LPARI is very promising through the above studies. Because they
mediate common signaling pathways, such as PI3K/AKT, RAS/RAF, etc.,’*” at the same time, VEGFR2, LPARI are
also closely related to angiogenesis and leakage, and although the relationship between angiogenesis and leakage and IPF
remains unclear, reports on inhibiting the activity of the two, and thereby alleviating the progression of IPF are common.
Notably, ECM, EMT is an important factor in the development of IPF. Activation of VEGFR2 and LPAR1 can promote
ECM accumulation and EMT transformation. Therefore, it is very important to inhibit the expression of VEGFR2 and
LPARI at the same time, which provides the possibility for considering one drug and two targets, or two drugs and two
targets in clinical practice. Both VEGFR2 and LPARI1 targets have the effect of regulating blood vessels, and can interact
with each other. They have the same characteristics in promoting disease progression and can strengthen each other.
Therefore, if VEGFR2 and LPAR1 double targets are modulated at the same time, the effect of controlling angiogenesis
and delaying disease progression will be more obvious than that of single target drug: VEGFR2 mainly expresses ATII
while LPAR1 is mainly expressed in fibroblasts, and they act on different cells to promote extracellular matrix collagen
deposition by different mechanisms. If double-target intervention is performed at the same time, the effect of hindering
collagen production will be more obvious; conventional drug therapy only acts on one of the targets and its downstream
pathways, and the other target and its pathway promote angiogenesis and collagen deposition are not limited, resulting in
limited therapeutic effect; at the same time, inhibition of the two targets may effectively delay the progression of the
disease.

However, it is worth noting that in the interaction between the two drugs and the two targets it should be considered
whether the two drugs competitively bind to each other’s active site and serve as dual antagonists. In addition, the
ADMET of both drugs by pH in vivo must also be considered. Because the combination of the two drugs corresponds to
the combination of the two targets, the selection of its dosage should be cautious to prevent the occurrence of toxic
adverse effects on the gastrointestinal tract, liver and kidney.

In conclusion, in this study, we described the mechanism of VEGF and LPA pathways in the progress of Pulmonary
fibrosis, and suggested that more attention should be paid to the intervention of VEGFR2 and LPAI activation in the
development of clinical drugs in the future.
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