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Purpose: To investigate the feasibility of nintedanib, a novel triple angiokinase inhibitor, 

for inhibiting lymphatic endothelial cell (LEC)-induced lymphangiogenesis in vitro and 

inflammatory corneal lymphangiogenesis in vivo.

Materials and methods: Methylthiazolyldiphenyl-tetrazolium bromide (MTT) test, 

transwell system, and tube-formation assay were used to evaluate the effects of nintedanib on 

the proliferation, migration, and tube formation of LECs stimulated by vascular endothelial 

growth factor-C (VEGF-C), basic fibroblast growth factor (bFGF), or platelet-derived growth 

factor-BB (PDGF-BB). The murine model of suture-induced corneal neovascularization was 

used to assess the anti-hemangiogenic and anti-lymphangiogenic effects of nintedanib via 

systemic and topical applications. Corneal flatmounts were stained with lymphatic vessel 

endothelial hyaluronan receptor-1 (LYVE-1) and CD31, and the areas of involved blood and 

lymph vessels were analyzed morphometrically. Corneal cryosections were stained with F4/80 

to evaluate inflammatory cell recruitment.

Results: We observed a significant enhanced effect of LEC proliferation, migration, and tube 

formation with the administration of VEGF-C, PDGF-BB, and bFGF, respectively, which 

was diminished by nintedanib. Both topical and systemic applications of nintedanib inhibited 

suture-induced hemangiogenesis and lymphangiogenesis in the murine cornea. A reduction in 

F4/80+ cell infiltration was observed at day 14 after corneal suture for both systemic and topical 

applications of nintedanib. In comparison with controls, 61% of F4/80+ cell recruitment was 

inhibited via the systemic application of nintedanib, while 49% of F4/80+ cell recruitment was 

inhibited with the topical application of nintedanib.

Conclusion: Nintedanib was shown to inhibit in vitro lymphangiogenesis stimulated by 

VEGF-C, bFGF, and PDGF-BB. Applied topically or systemically, it effectively inhibited 

corneal hemangiogenesis and lymphangiogenesis, accompanied by reduced inflammatory cell 

recruitment, which represents a new promising treatment for graft rejection after penetrating 

keratoplasty.
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Introduction
Lymphangiogenesis is defined as the formation of new lymphatic vessels from 

preexisting ones, and it involves proliferation, migration, and tube formation of the 

lymphatic endothelial cells (LECs).1 Growth factors, adhesion molecules, chemokines, 

and the extracellular matrix play important roles in lymphangiogenesis.2–4 Previous 

studies have shown that an extensive variety of proangiogenic factors, including 

vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and 

platelet-derived growth factor (PDGF), could be also involved in the development of 

lymphangiogenesis.5–8 It is well established that vascular endothelial growth factor 
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(VEGF) receptor-3 (VEGFR-3) is a specific receptor of 

VEGF-C and VEGF-D, and upregulation of the expression 

of VEGF-C and VEGF-D promotes lymphangiogenesis.9,10 

Meanwhile, basic fibroblast growth factor (bFGF) has been 

demonstrated to promote lymphangiogenesis directly and to 

act in an indirect role involving the upregulation of VEGF-C 

and VEGF-D expression in lymphangiogenesis.11 It has 

previously been reported that PDGF-BB can also stimulate 

the proliferation and migration of LECs, and blockage of 

the VEGF-C/VEGF-D/VEGFR-3 pathway fails to inhibit 

PDGF-BB-induced lymphangiogenesis; this suggests that 

PDGF-BB also has a direct effect on LECs.12

In pathological conditions, such as transplant rejection 

and cancer metastasis, numerous angiogenic factors arise 

to stimulate angiogenesis and lymphangiogenesis; this 

could contribute to the exacerbation of these diseases.13–17 

Inhibition of lymphangiogenesis is suggested to be a pow-

erful selective therapy for reducing lymphatic metastasis of 

tumor cells and graft rejection. Recently, a novel, potent, 

triple angiokinase inhibitor called nintedanib was devel-

oped. Nintedanib competitively binds to the adenosine-

5′-triphosphate (ATP)-binding site of receptor tyrosine 

kinases (RTKs), including VEGFR, fibroblast growth factor 

receptor (FGFR), and platelet-derived growth factor receptor 

(PDGFR) and then inhibits their downstream intracellular 

signaling.18 Nintedanib has displayed potent antiangiogenic 

effects in vitro by inhibiting endothelial, pericyte, and smooth 

muscle cell proliferation in culture and antitumor activity in 

several tumor xenograft models in vivo by reducing tumor 

microvascular density and the number of perivascular 

cells.18,19 Moreover, this multi-targeted angiokinase inhibi-

tor has also demonstrated to be effective in several human 

cancer trials.20–22 Furthermore, nintedanib was found to be an 

effective and potent inhibitor of the pre-retinal pathological 

neovascularization in a murine model of vasoproliferative 

retinopathy.23 Although the antiangiogenic effect of ninte-

danib is well recognized, its effect on lymphangiogenesis 

remains unclear. This investigation was designed to deter-

mine the feasibility of the multikinase inhibitor, nintedanib, 

for inhibiting LEC-induced lymphangiogenesis in vitro and 

inflammatory corneal lymphangiogenesis in vivo.

Materials and methods
Mice
Six-week-old male C57BL/6 mice purchased from SIPPR-Bk 

Laboratory Animal Co., Ltd. (Shanghai, China) were used 

throughout this study. The animals were maintained with a 

12-h light–dark cycle and had free access to food and water. 

Animal experiments were performed in accordance with 

the Association for Research in Vision and Ophthalmology 

(ARVO) Statement for the Use of Animals in Ophthalmic 

and Vision Research; the study was approved by Fudan 

University’s Animal Ethical Committee.

Cell culture
Primary human lymphatic endothelial cells (HLECs) 

were purchased from PromoCell (Heidelberg, Germany) 

and cultured in endothelial basal medium (EBM; Lonza, 

Walkersville, MD, USA) supplemented with 10% fetal 

calf serum (FCS; Biowest, Riverside, MO, USA) and other 

supplements, as previously described.24 HLECs at passages 

4–8 were used in this study.

Nintedanib
Nintedanib was purchased from Selleckchem (Houston, TX, 

USA). For in vitro assays, nintedanib was solubilized in 

dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, 

USA) and used at 0.01, 0.1, or 1 μM in culture medium. For 

in vivo assays, nintedanib was solubilized in 0.5% carboxy

methyl cellulose. Fifty mg/kg was administered daily by oral 

gavage, and 5 mg/mL was used as topical administration. 

Control mice received vehicle.

Cell proliferation assay
The HLEC proliferation assay was performed using 

methylthiazolyldiphenyl-tetrazolium bromide (MTT; 

Sigma-Aldrich) assay. HLECs were seeded onto each 

well of 96-well plates in a total volume of 150 μL EBM 

containing 2% (vol/vol) FCS at a density of 5×103  cells/

well. After incubation for 24  h, cells were treated with 

50 ng/mL recombinant VEGF-C (PeproTech, Rocky Hill, 

NJ, USA), PDGF-BB (PeproTech), or bFGF (PeproTech) 

in the presence or absence of nintedanib at concentrations 

of 0.01, 0.1, and 1 μM. The control cells were treated with 

0.1% DMSO. After incubation at 37°C for 48 h, 20 μL of 

MTT solution (5 mg/mL) was added to each well, and the 

cells continued to be incubated for 4 h. Following removal of 

the medium containing MTT, 200 μL of DMSO was added 

to dissolve the formazan crystals formed by live cells. The 

absorbance was measured at 490 nm with an absorbance 

microplate reader (BioTek, Winooski, VT, USA). The assay 

was repeated six times.

Migration assay
A transwell system (Corning Costar, Acton, MA, USA) was 

used to study HLECs’ ability to migrate through a micropore 
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nitrocellulose filter (8-μm pore size). In brief, each stimulating 

factor (VEGF-C, PDGF-BB, or bFGF) was added to the 

lower chamber at a concentration of 50 ng/mL in 2% (vol/vol) 

FCS-basal EBM. Approximately 1×105 HLECs in serum-free 

EBM in the presence or absence of 0.1 μM nintedanib were 

seeded in each well of the upper chamber. The control cells 

were treated with 0.1% DMSO. The cells were incubated 

for 12 h. Non-migrating cells were removed from the top 

surface of the membrane using a cotton swab. Migrating 

cells adhering to the undersurface of the filters were fixed 

with methanol, followed by staining with a 4′,6-diamidino-2-

phenylindole (DAPI, 1:1,000; Sigma-Aldrich) solution, and 

observed using a fluorescence microscope (DM 4000B; Leica 

Microsystems, Wetzlar, Germany), as described in a previous 

study.25 The cells that migrated into the lower chamber were 

counted in five fields for each well. The experiments were 

performed in triplicate.

Tube-formation assay
Tube formation was assayed as previously described.26 

In brief, 200 μL of Matrigel (BD Biosciences, Bedford, 

MA, USA) was added to each well in 24-well plates and 

allowed to polymerize for 30 min at 37°C. After trypsini-

zation, HLECs were seeded on the gel at a density of 

1×105 cells/well and incubated in the medium containing 

VEGF-C, FGF-2, or PDGF-BB in the presence or absence 

of 0.1 μM nintedanib for 24 h. The control cells were treated 

with 0.1% DMSO. Capillary-like structures organized by 

the cells were viewed and photographed at a magnifica-

tion of 200×. The area and length of the tube network in 

five fields for each well were quantified by ImageJ soft-

ware (National Institutes of Health). The experiment was 

performed in triplicate.

Corneal neovascularization assay 
immunostainings
The mouse model of suture-induced inflammatory corneal 

neovascularization was used as previously described.27 

First, each animal was deeply anesthetized with an intra-

muscular injection of ketamine (8  mg/kg) and xylazine 

(0.1 mL/kg). The central cornea was marked with a 2 mm 

diameter trephine, and three 11-0 nylon sutures (Lingqiao; 

Ningbo Medical Needle Co., Ltd., Ningbo, China) were then 

placed in the intrastromal position extending over 120° of 

the corneal circumference to obtain standardized angiogenic 

responses. Sutures were left in place for 2 weeks.

The systemic treatment group received nintedanib 

(50 mg/kg, daily) by oral gavage for 14 days after suture 

surgery. Control mice received equal amounts of the 

substance vehicle. For enhancing the penetration of 

nintedanib into the corneal stroma, the central 2 mm of the 

corneal epithelium was scraped off before suturing, and 

the mice received nintedanib (5 mg/mL, four times daily) 

in eye drops for 12 days. Control mice received an equal 

volume of the substance vehicle. After 2 weeks, mice were 

sacrificed and corneas were prepared for immunofluores-

cence assay.

Corneal immunostainings
Corneal whole mounts were used to determine corneal 

lymphangiogenesis and hemangiogenesis. Mice were 

sacrificed at planned times, and the eyes were removed 

and dissected; following this, whole-mounted corneas 

were fixed in 4% paraformaldehyde overnight at 4°C and 

blocked in 5% donkey serum albumin (Solarbio, Beijing, 

China) for 1  h. For double lymphatic vessel endothelial 

hyaluronan receptor-1 (LYVE-1) and CD31 immunostain-

ings, corneas were incubated overnight with polyclonal 

rabbit anti-mouse LYVE-1 (1/200; Abcam, Cambridge, 

UK) and rat anti-mouse CD31 (1/100; BD Biosciences 

Pharmingen, San Jose, CA, USA) antibodies, as described 

previously.28 Following this, incubations with Alexa Fluor 

488-coupled donkey anti-rabbit antibody (1/200; Abcam) 

and Cy3-conjugated donkey anti-rat immunoglobulin G 

(IgG; Jackson ImmunoResearch, West Grove, PA, USA) 

were performed overnight. Corneas flat mounted on a 

microscope slide with antifade solution (AR1109; Boster, 

Wuhan, China) were examined using a confocal microscope 

(TCS SP8; Leica, Heidelberg, Germany). Pictures were 

taken at 100× magnification and automatically assembled 

to reconstitute the whole cornea picture. The area of corneal 

lymphangiogenesis and hemangiogenesis was quantified 

by ImageJ software.

For corneal inflammatory cell recruitment assay, corneal 

cryosections (8 μm) were fixed in 4% paraformaldehyde for 

5 min.29 After blocking with 5% donkey serum albumin in 

phosphate-buffered saline (PBS), sections were incubated 

overnight at 4°C with rabbit polyclonal F4/80 antibody 

(1:100; Abcam). After washing with PBS, the sections 

were incubated for 2  h at room temperature with Alexa 

Fluor 488-coupled donkey anti-rabbit antibody (1/200). 

Next, sections were washed with PBS, followed by staining 

with a DAPI (1:1,000) solution; pictures were taken at 

400× magnification using a fluorescence microscope (DM 

4000B). Five representative pictures per cornea were taken, 

and the F4/80+ cells were counted in each section. The 
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mean cell number of the control section was set as 100%; 

the numbers of F4/80+ cells per section were then related to 

this value (cell ratio).

Statistical analysis
Data are expressed as the mean ± standard deviation (SD). 

The Student’s t-test and one-way analysis of variance with 

Scheffe’s post hoc multiple comparison analysis were per-

formed to analyze the data statistically. A value of P,0.05 

was considered as statistically significant.

Results
In vitro effect of nintedanib on 
lymphangiogenesis
Effect of nintedanib on growth factor-induced 
proliferation of HLECs
We observed a significant pro-proliferative effect of 

VEGF-C, PDGF-BB, and bFGF on HLECs compared with 

the negative control group (all P,0.01; Figure 1A–C). How-

ever, the enhanced effect was significantly eliminated when 

nintedanib was administered at a concentration of $0.1 μM, 

and the inhibiting effect exhibited concentration dependence 

(Figure 1A–C).

Nintedanib suppresses growth factor-induced 
migration of HLECs
Next, we investigated the effect of nintedanib on growth 

factor-induced migration of HLECs at a concentration of 

0.1  μM. As expected, VEGF-C, PDGF-BB, and bFGF 

(50  ng/mL) significantly stimulated migration of HLECs 

from the upper chamber to the bottom of the filter (Figure 2). 

The migration of HLECs stimulated by each growth factor 

was suppressed with the administration of 0.1 μM nintedanib 

(all P,0.05; Figure 2E).

Nintedanib inhibits growth factor-induced tube 
formation of HLECs
Meanwhile, we investigated the effect of nintedanib on growth 

factor-induced tube formation of HLECs at a concentration 

of 0.1 μM. After incubation for 24 h, the cells organized into 

capillary-like structures in Matrigel basement membrane 

matrix. Tube formation of HLECs was evaluated in terms 

Figure 1 Effect of BIBF 1120 (nintedanib) on growth factor-induced proliferation of HLECs.
Notes: (A) VEGF-C (50 ng/mL) enhanced proliferation of HLECs significantly. The enhanced effect was significantly reduced by 0.01 μM nintedanib (P,0.05) and almost 
eliminated by 0.1 μM nintedanib (P,0.01). (B) PDGF-BB (50 ng/mL) enhanced proliferation of HLECs significantly. The enhanced effect was significantly reduced by 0.01 μM 
nintedanib (P,0.05) and almost eliminated by 0.1 μM nintedanib (P,0.01). (C) A concentration of 50 ng/mL of bFGF enhanced proliferation of HLECs significantly. The 
enhanced effect was significantly reduced by 0.1 μM nintedanib (P,0.05) and almost eliminated by 1 μM nintedanib (P,0.01). *P-value ,0.05. **P-value ,0.01.
Abbreviations: HLECs, human lymphatic endothelial cells; VEGF-C, vascular endothelial growth factor-C; PDGF-BB, platelet-derived growth factor-BB; bFGF, basic 
fibroblast growth factor; OD, optical density.
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of the length and area of the tube structures. Both the length 

and area of the tube structures clearly increased with the 

administration of VEGF-C, PDGF-BB, or bFGF at a concen-

tration of 50 ng/mL (Figure 3). The tube formation of HLECs 

stimulated by each growth factor was significantly suppressed 

by 0.1 μM nintedanib (all P,0.05; Figure 3E and F).

In vivo effect of nintedanib on 
lymphangiogenesis
Effect of systemic application of nintedanib on 
hemangiogenesis and lymphangiogenesis
We investigated the effect of systemic application of 

nintedanib on the outgrowth of blood and lymphatic vessels 

in a suture-induced corneal neovascularization assay. The 

treatment group (n=8) showed a significant decrease in 

angiogenesis (P,0.01) and lymphangiogenesis (P,0.01) 

compared with the controls (n=8; Figure 4).

Effect of topical application of nintedanib on 
hemangiogenesis and lymphangiogenesis
We sought to determine whether the topical application of 

nintedanib also significantly affected corneal neovasculariza-

tion. Therefore, we scraped off the central 2 mm of the corneal 

epithelium before suture placement to promote penetration of 

the drug into the corneal stroma. By application of 5 mg/mL nin-

tedanib as eye drops four times daily, the outgrowths of blood 

(P,0.01) and lymphatic (P,0.01, n=8) vessels were signifi-

cantly inhibited compared with the controls (n=8; Figure 5).

Nintedanib inhibits inflammatory cell recruitment 
in the sutured cornea
Finally, we evaluated whether the application of nintedanib 

suppresses inflammatory cell (F4/80+ cell) recruitment in the 

sutured cornea. Notably, a reduction in F4/80+ cell infiltration 

was observed at day 14 in corneas from both systemic (n=6) 

and topical (n=6) applications of nintedanib. In comparison 

with controls, recruitment of F4/80+ cells was inhibited by 

61% with the systemic application of nintedanib (P,0.01; 

Figure 6C) and by 49% with the topical application of 

nintedanib (P,0.01; Figure 6D).

Discussion
The results of our current study allow the following four 

conclusions to be drawn:

1.	 Nintedanib, a potent triple angiokinase inhibitor, inhibits 

both lymphangiogenesis and hemangiogenesis.

Figure 2 BIBF 1120 (nintedanib) suppressed growth factor-induced migration of HLECs.
Notes: (A) Cells treated with 0.1% DMSO were used as controls. (B1 and B2) VEGF-C (50 ng/mL) promoted migration of HLECs significantly, and the enhanced effect was 
significantly reduced by 0.1 μM nintedanib. (C1 and C2) PDGF-BB (50 ng/mL) promoted migration of HLECs significantly, and the enhanced effect was significantly reduced by 
0.1 μM nintedanib. (D1 and D2) A concentration of 50 ng/mL of bFGF enhanced migration of HLECs significantly, and the enhanced effect was significantly reduced by 0.1 μM 
nintedanib. (E) The number of migrated cells stimulated by VEGF-C, PDGF-BB, or bFGF at a concentration of 50 ng/mL in the presence or absence of 0.1 μM nintedanib.  
A–D at 200× magnification; scale bar =50 µm.
Abbreviations: HLECs, human lymphatic endothelial cells; DMSO, dimethyl sulfoxide; VEGF-C, vascular endothelial growth factor-C; PDGF-BB, platelet-derived growth 
factor-BB; bFGF, basic fibroblast growth factor.
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2.	 Nintedanib prevents enhanced effects of cell proliferation, 

migration, and tube formation of HLECs stimulated by 

VEGF-C, PDGF-BB, and bFGF.

3.	 Both topical and systemic applications of nintedanib 

inhibit suture-induced hemangiogenesis and lymphangio-

genesis in the murine cornea.

4.	 Nintedanib inhibits inflammatory cell recruitment in the 

sutured murine cornea.

The first commercially available antiangiogenic agent for 

cancer treatment was bevacizumab, a humanized monoclonal 

antibody that blocks VEGF-A.30 However, a proposed mech-

anism of resistance to agents that inhibit VEGF-mediated 

angiogenesis is tumor cells’ ability to escape from sustained 

VEGF inhibition by upregulating other proangiogenic fac-

tors, such as PDGF and FGF.31–33 This finding highlights 

the importance of developing multi-targeted tyrosine kinase 

Figure 3 BIBF 1120 (nintedanib) inhibited growth factor-induced tube formation of HLECs.
Notes: (A) Cells treated with 0.1% DMSO were used as controls. (B1 and B2) VEGF-C (50 ng/mL) enhanced tube formation of HLECs significantly, and the enhanced effect 
was significantly reduced by 0.1 μM nintedanib. (C1 and C2) PDGF-BB (50 ng/mL) enhanced tube formation of HLECs significantly, and the enhanced effect was significantly 
reduced by 0.1 μM nintedanib. (D1 and D2) A concentration of 50 ng/mL of bFGF enhanced tube formation of HLECs significantly, and the enhanced effect was significantly 
reduced by 0.1 μM nintedanib. (E) The area of the tube structure after being stimulated by VEGF-C, PDGF-BB, and bFGF at a concentration of 50 ng/mL in the presence or 
absence of 0.1 μM nintedanib. (F) The length of the tube structure after being stimulated by VEGF-C, PDGF-BB, and bFGF at a concentration of 50 ng/mL in the presence  
or absence of 0.1 μM nintedanib. A–D at 100× magnification.
Abbreviations: HLECs, human lymphatic endothelial cells; DMSO, dimethyl sulfoxide; VEGF-C, vascular endothelial growth factor-C; PDGF-BB, platelet-derived growth 
factor-BB; bFGF, basic fibroblast growth factor.
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inhibitors (TKIs) that can block several key receptors and 

simultaneously maintain the selectivity profile of kinases in 

terms of safety and tolerability. Novel multi-targeted agents 

that have antiangiogenic properties, such as sorafenib, suni-

tinib, vandetanib, and others, have been developed in recent 

years.34 These agents all inhibit additional pathways beyond 

VEGF signaling. Nintedanib, a triple angiokinase inhibitor 

of VEGFR, PDGFR, and FGFR, is one of these investiga-

tional targeted agents. Nintedanib has been used for treating 

several malignancies, including non-small cell lung cancer, 

prostate cancer, and ovarian cancer, because of its potent 

antiangiogenic ability.35–37

Like angiogenesis, lymphangiogenesis has been consid-

ered as one of the major components of tumor progression 

Figure 4 Systemic application of BIBF 1120 (nintedanib) significantly decreased angiogenesis and hemangiogenesis in the cornea in comparison with the controls.
Notes: (A1–A3) Non-sutured corneas were used as negative controls. Sutured corneas with nintedanib treatment (C1–C3) were compared to those without nintedanib 
treatment (B1–B3). Significant inhibition of (D) lymphangiogenesis (P,0.01, n=8) and (E) hemangiogenesis (P,0.01, n=8) after systemic treatment with nintedanib over 
14 days was observed compared with the controls without nintedanib treatment. A–C at 100× magnification.
Abbreviation: LYVE-1, lymphatic vessel endothelial hyaluronan receptor-1.
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Figure 5 Topical application of BIBF 1120 (nintedanib) significantly decreased lymphangiogenesis and hemangiogenesis in the cornea in comparison with the controls.
Note: Significant inhibition of (A) lymphangiogenesis (P,0.01, n=8) and (B) hemangiogenesis (P,0.01, n=8) after topical treatment with nintedanib over 12 days was 
observed compared with the controls without nintedanib treatment.

Figure 6 Treatment with BIBF 1120 (nintedanib) significantly diminished the recruitment of inflammatory cells to the cornea.
Notes: (A1–A3) Sutured corneas without systemic nintedanib treatment were infiltrated by numerous F4/80+ cells. (B1–B3) Sutured corneas with systemic nintedanib 
treatment were infiltrated by a few F4/80+ cells. Significant inhibition of inflammatory cell recruitment was observed both with systemic nintedanib treatment and topical 
nintedanib treatment. In comparison with controls, 61% of F4/80+ cell recruitment was inhibited via the systemic application of nintedanib (C), while 49% was inhibited with 
the topical application of nintedanib (D). *P-value ,0.01. A–B at 400× magnification.
Abbreviation: DAPI, 4′,6-diamidino-2-phenylindole.
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and metastasis in recent years.38–40 Anti-lymphangiogenic 

treatment has been considered as an effective way to reduce 

tumor metastasis. Yet, so far, little research has been con-

ducted to investigate the effect of nintedanib on lymphangio-

genesis. Thus, our current study provided the evidence of 

the anti-lymphangiogenic property of nintedanib. In terms 

of in vitro lymphangiogenesis assay, we evaluated the 

effect of nintedanib on the biological behavior of growth 

factor-stimulated HLECs, which included cell proliferation, 

migration, and tube formation.

Cao et al41 previously showed that VEGF-C and bFGF 

independently stimulate LEC proliferation and migration; 

they also found that VEGF-C and bFGF collaboratively 

stimulated lymphangiogenesis, which occurred under 

pathological conditions, such as in the tumor environment 

and corneal neovascularization. Meanwhile, it has been 

reported that PDGF-BB could independently stimulate 

LEC proliferation and migration and stimulate both tumor 

and corneal lymphangiogenesis.8,12 In the current study, 

we found that VEGF-C, PDGF-BB, and bFGF could all 

stimulate LEC proliferation and migration independently, 

which was similar to the results of previous studies.12,41 

Furthermore, we observed that these three growth factors 

could enhance the tube formation of HLECs in vitro. Nin-

tedanib’s targets include PDGFR, FGFR, and VEGFR, and 

its activity results in the blockade of signaling of VEGF/

VEGFR, FGF/FGFR, and PDGF/PDGFR.18 Our in vitro 

experiment showed that this triple angiokinase inhibitor 

could eliminate the proliferation, migration, and tube forma-

tion of HLECs enhanced by VEGF-C, PDGF-BB, and bFGF, 

thereby indicating its ability to inhibit growth factor-induced 

lymphangiogenesis.

Following the in vitro assay, we also investigated 

the in vivo effect of nintedanib on the outgrowth of 

blood and lymphatic vessels in a suture-induced corneal 

neovascularization assay. Considering that the cornea is 

one of the few tissues in the body that is normally devoid 

of both blood and lymphatic vessels, the murine cornea has 

been extensively exploited as a tool for vascular studies.42 

More recently, the use of this unique tissue in the new area of 

lymphangiogenesis has started to generate promising data.43 

It is noteworthy that both topical and systemic applications 

of nintedanib inhibited suture-induced hemangiogenesis 

and lymphangiogenesis in the murine cornea in the current 

study. Nintedanib’s dual blocking effect on hemangiogenesis 

and lymphangiogenesis provides more evidence to verify its 

clinical efficacy for several malignancies by inhibiting tumor 

progression and metastasis.

In addition to tumor metastasis, lymphangiogen-

esis also has been suggested to play a key role in graft 

rejection.44,45 Immune-mediated graft rejections remain the 

most common cause of graft failure after organ and tissue 

transplantation. A great medical need exists for pharma-

cological strategies to promote graft survival. Moreover, 

there has been extensive research concerning the role of 

lymphangiogenesis in corneal graft rejection.46–48 The three 

structural components of the immune system allowing for 

immune responses against foreign tissue after transplan-

tation are afferent lymphatic vessels (the afferent arm of 

the immune reflex arc), regional lymph nodes (the central 

processing unit), and efferent blood vessels (the effer-

ent arm of the immune reflex arc).46 Lymphangiogenesis 

provides a route for antigens and antigen-presenting cells 

to reach the regional lymph nodes; thus, it constitutes 

one of the earliest events in the immune cascade lead-

ing to rejection. Anti-lymphangiogenic treatment could 

be a selective strategy to prevent graft rejection. Thus, 

it has been suggested that nintedanib has the potential to 

improve graft survival after penetrating keratoplasty by 

reducing the ingrowths of both blood and lymphatic ves-

sels, thereby interrupting the so-called immune reflex arc. 

Since the topical application of nintedanib was proved to 

be effective for inhibiting corneal hemangiogenesis and 

lymphangiogenesis in our current study, this suggested a 

promising topical administration of nintedanib in clinical 

conditions of ophthalmology. The topical administration 

is the most common drug delivery and allows easier usage 

of nintedanib in ophthalmology.

We also provided evidence that, in addition to reducing 

blood and lymphatic vessel growth, nintedanib was able 

to inhibit F4/80+ cell recruitment. F4/80+ cells include 

macrophages and dendritic cells. Accordingly, other TKIs, 

such as PTK787/ZK222584, ZK261991, and sunitinib, 

have been reported to display similar inhibition of inflam-

matory cell recruitment in a corneal neovascularization 

model.49,50 There were several possible explanations for 

this finding. First, reduced F4/80+ cell infiltration might 

result from the inhibition of VEGF-A/VEGFR-1 path-

way by nintedanib. Infiltrating macrophages represent 

a major source of prolymph/angiogenic factors, such as 

VEGF-A, VEGF-C, and VEGF-D, leading to an immune 

amplification.5 Nintedanib might also abrogate the effects 

of these prolymph/angiogenic factors secreted by mac-

rophages in addition to its impact on inflammatory cell 

recruitment. Besides, nintedanib also potently inhibits 

Lck, a downstream target of the T-cell receptor,18 which 
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may reduce the chemokine for macrophage recruitment 

produced by effective T-cells.

It has been reported that macrophages can also take part 

in the formation of lymphatic vessels by transdifferentiating 

into an endothelial phenotype and incorporating into the 

lymphatic wall.51,52 This evidence suggests an indirect effect 

of nintedanib on lymphangiogenesis by reducing F4/80+ cell 

recruitment.

Numerous studies have suggested that T-cells play 

an important role in corneal graft rejection,53–55 and the 

Lck inhibitors have proved to be able to prevent solid 

organ transplant rejection, including kidney and heart 

transplantation.56–58 This evidence indicated that nintedanib, 

with the ability of inhibiting Lck, might have an effect to 

prevent corneal graft rejection by immune suppression. We 

also verified nintedanib’s anti-lymphangiogenic effect in the 

current study. Therefore, nintedanib, with both properties 

of anti-lymphangiogenesis and immune suppression, may 

be more effective in maintaining corneal allograft survival. 

However, further study should be conducted to confirm this 

hypothesis in the future.

The previous studies have also demonstrated that corneal 

fibroblasts play an important role in corneal neovasculariza-

tion. It was proved that corneal fibroblasts exhibited enhanced 

synthesis and secretion of a wide variety of proangiogenic 

factors, including extracellular matrix-degrading enzymes 

(matrix metalloproteinases 2, 3, and 14) and VEGF in the 

mouse model of corneal alkali burn.59 It was also reported 

that enhanced VEGF-A expression by corneal fibroblasts 

was dependent on the bFGF-induced pathway.60 Nintedanib 

has been proved to inhibit fibroblast activation,61,62 and this 

could be another possible reason for the anti-corneal neo-

vascularization by nintedanib.

There were some limitations to this study. We did not 

investigate the safety of topical application of nintedanib in 

an in vivo experiment. Since the safety evaluation is quite 

necessary for the clinical application of a drug, we are 

planning a further study in order to determine the optimal 

dosage and safety of topical application of nintedanib for 

anti-corneal neovascularization. Furthermore, the lymp-

hangiogenesis is generally accompanied by angiogenesis 

in numerous pathological conditions, such as infection, 

inflammation, chemical trauma, and tumor,63 and these two 

processes share some common proangiogenic factors such as 

VEGF, FGF, and PDGF,43 which made it difficult to research 

on lymphangiogenesis completely independent of angio-

genesis. Thus, our current study failed to differentiate the 

specific mechanism of nintedanib’s anti-lymphangiogenic 

functions versus its anti-angiogenesis functions.

Conclusion
In summary, nintedanib, a novel potent triple angioki-

nase inhibitor, was shown to inhibit lymphangiogenesis 

both in vitro and in vivo, in addition to its antiangiogenic 

property. Nintedanib inhibits lymphangiogenesis in vitro 

stimulated by growth factors, including VEGF-C, bFGF, 

and PDGF-BB. Applied topically or systemically, it 

effectively alleviates suture-induced corneal hemangio-

genesis and lymphangiogenesis accompanied by reducing 

inflammatory cell recruitment, thereby representing a new 

promising treatment for graft rejection after penetrating 

keratoplasty.
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