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Abstract

Although cancer metastasis is associated with poor prognosis, the mechanisms of

this event, especially via lymphatic vessels, remain unclear. Lymphatic vessel

endothelial hyaluronan receptor 1 (LYVE‐1) is expressed on lymphatic vessel

endothelium and is considered to be a specific marker of lymphatic vessels, but it is

unknown how LYVE‐1 is involved in the growth and metastasis of cancer cells. We

produced rat monoclonal antibodies (mAb) recognizing the extracellular domain of

mouse LYVE‐1, and investigated the roles of LYVE‐1 in tumor formation and metas-

tasis. The mAb 38M and 64R were selected from hybridoma clones created by cell

fusion between spleen cells of rats immunized with RH7777 rat hepatoma cells

expressing green fluorescent protein (GFP)‐fused mouse LYVE‐1 proteins and mouse

myeloma cells. Two mAb reacted with RH7777 and HEK293F human embryonic

kidney cells expressing GFP‐fused mouse LYVE‐1 proteins in a GFP expression‐
dependent manner, and each recognized a distinct epitope. On immunohistology,

the 38M mAb specifically stained lymphatic vessels in several mouse tissues. In the

wound healing assay, the 64R mAb inhibited cell migration of HEK293F cells

expressing LYVE‐1 and mouse lymphatic endothelial cells (LEC), as well as tube for-

mation by LEC. Furthermore, this mAb inhibited primary tumor formation and

metastasis to lymph nodes in metastatic MDA‐MB‐231 xenograft models. This

shows that LYVE‐1 is involved in primary tumor formation and metastasis, and it

may be a promising molecular target for cancer therapy.
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1 | INTRODUCTION

Cancer metastasis is associated with poor prognosis and accounts

for the majority of cancer‐related deaths.1-3 There are 2 major mech-

anisms by which cancer metastasis occurs: hematogenous and lym-

phogenous metastasis.4,5 The lymphatic route has been shown to be

more important as an initial route for the spread of cancer than the

hematogenous route,6,7 especially for carcinomas (epithelial cancers).

Accordingly, metastatic spread to lymph nodes (LN) is regarded as a

prognostic indicator,8 but the details of the mechanism of lym-

phogenous metastasis are unclear.

Lymphatic vessel endothelial hyaluronan receptor 1 (LYVE‐1) is a

homolog of cluster of differentiation (CD) 44, a receptor for hyaluronan

expressed on lymphatic endothelial cells (LEC),9,10 and is utilized as a

lymphatic‐specific marker. LYVE‐1 binds to hyaluronan, and is involved

in the migration of LEC,11,12 as well as in the transport of hyaluronan to

the liver and regional LN.13 Furthermore, LYVE‐1 promotes hyaluronan‐
induced lymphangiogenesis.11,14 In clinical studies, LYVE‐1 proteins

were significantly increased in colon tumors compared with in unaf-

fected colon tissues.15 LYVE‐1 gene expression was upregulated in

muscle‐invasive bladder cancers exhibiting positive lympho‐vascular
invasion and LN metastasis compared with in non‐muscle invasive blad-

der cancers.16 In a xenograft mouse model, intratumoral and peritu-

moral LYVE‐1‐positive vessels increased in vascular endothelial growth

factor (VEGF)‐C‐overexpressing breast cancer cells.17,18 These findings

suggest that LYVE‐1 is a potential target for cancer therapy, but it is not

known whether cancer therapy targeting LYVE‐1 can improve primary

cancer formation, tumor progression or cancer metastasis.

In this study, we produced novel anti‐mouse LYVE‐1 rat mono-

clonal antibodies (mAb), and found them to be useful tools for the

treatment of human cancers.

2 | MATERIALS AND METHODS

2.1 | Animals

Female F344/N rats, male BALB/c mice, and male KSN nude mice

were purchased from Shimizu Animal Farm (Kyoto, Japan), and male

SCID mice were purchased from Japan SLC (Hamamatsu, Japan) at

6 weeks of age. All animals were maintained in specific pathogen‐free
conditions. They were housed individually in plastic cages under a

standard light/dark cycle (12‐hout light cycle starting at 07:00 hours)

at a constant temperature of 23 ± 1°C, and had ad libitum access to

food and water. All animal experiments in the present study were

approved by the Committee for the Care and Use of Laboratory Ani-

mals at Kindai University (KAPS‐23‐004, KAPS‐26‐019 and KAPS‐27‐
006), and performed following the institutional guidelines.

2.2 | Transfectants expressing LYVE‐1

Mouse LYVE‐1 cDNA was reverse transcribed with a First Strand

cDNA Synthesis kit (GE Healthcare, Chicago, IL, USA) from total

RNA prepared by Isogen II (Nippon Gene, Toyama, Japan) of mouse

stomach tissues rich in lymphatic vessels. Green fluorescent protein

(GFP) was fused to the carboxy terminus of full‐length (membrane

form) or the extracellular domain (secretory form) of mouse LYVE‐1
in the pAcGFP vector (BD Biosciences, Mountain View, CA, USA).

Transfection of the full‐length or secretory mouse LYVE‐1‐GFP vec-

tor into cells was performed using Lipofectamine 3000 (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer's instructions.

Cells were selected using culture media containing 400 μg/mL G418

(Nacalai Tesque, Kyoto, Japan), and were sorted by cellular green flu-

orescence using a JSAN cell sorter (Bay Bioscience, Kobe, Japan).

These experiments were approved by the Safety Committee for

Recombinant DNA Experiments at Kindai University (KDPS‐19‐002,
KDPS‐21‐001 and KDPS‐26‐004).

2.3 | Cell culture

Cell lines originated from rat hepatoma (RH7777, donated by Dr K

Chiba, Tanabe Mitsubishi Pharm, Tokyo, Japan), mouse myeloma

(P3X63Ag8.653, purchased from American Type Cell Collection

[ATCC], Manassas, VA, USA), human embryonic kidney (HEK293F,

purchased from Invitrogen), human breast cancer (MDA‐MB‐231‐luc‐
LN, hereinafter called MDA‐231, provided by Shionogi Pharm,

Osaka, Japan) and mouse LN endothelium (SVEC4‐10,19 purchased

from ATCC) were cultured in RD medium, which is a 1:1 mixture of

Dulbecco's modified Eagle's medium and RPMI‐1640 medium (Nissui

Pharmaceutical, Tokyo, Japan) supplemented with 7% heat‐inacti-
vated fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham,

MA, USA), in humidified CO2 incubators. RH7777 or HEK293F

transfectants expressing full‐length mouse LYVE‐1‐GFP were cul-

tured in RD medium. HEK293F cells expressing and secreting soluble

mouse LYVE‐1‐GFP proteins were cultured in FreeStyle293 expres-

sion medium (Invitrogen), and culture supernatants obtained follow-

ing centrifugation at 1000× g were used as soluble mouse LYVE‐1
proteins for mAb screening by enzyme‐linked immunosorbent assay

(ELISA).

2.4 | Production of rat mAb against mouse LYVE‐1

Production of anti‐LYVE‐1 mAb was carried out according to our

previous reports.20-22 RH7777 rat hepatoma cells expressing mouse

LYVE‐1 fused to GFP (2 × 107 cells) were given s.c. (first immuniza-

tion), i.p. (second and third immunizations) and i.v. (final immuniza-

tion) into F344/N rats every 4 weeks. Three days after the last

immunization, the spleen cells (1 × 108 cells) were fused with

P3X63Ag8.653 mouse myeloma cells (2.5 × 107 cells) with 50%

polyethylene glycol (Roche, Basel, Switzerland). Hybridomas were

selected using RPMI‐1640 containing hypoxanthine, aminopterin

and thymidine (HAT, 50× solution, Invitrogen) with 7% FBS, and

were selected based on the reactivity of mAb against soluble or

cell‐bound mouse LYVE‐1 by ELISA and flow cytometry (FCM),

respectively. Selected hybridoma cells were cloned using the limit-

ing‐dilution method, and hybridoma clones (3 × 106 to 1 × 107

cells) were injected i.p. into KSN nude mice pretreated i.p. with
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2,6,10,14‐tetramethylpentadecane (Pristane; Wako Pure Chemical

Industries, Osaka, Japan). Approximately 8‐16 days after administra-

tion, ascites fluid was collected, and the mAb were purified using

Protein G Sepharose (BD Healthcare, Uppsala, Sweden). The iso-

type of mAb, namely heavy chain (sub) classes and light chain

types, was determined using the Rapid Monoclonal Antibody Iso-

typing Kit (Antagen Pharmaceuticals, Boston, MA, USA). Phycoery-

thrin (PE)‐conjugated anti‐mouse LYVE‐1 mAb were prepared using

the R‐Phycoerythrin conjugation Kit (Abcam, Cambridge, UK,

ab102918).

2.5 | Enzyme‐linked immunosorbent assay

Soluble mouse LYVE‐1 fused to GFP or soluble mouse CD4423,24

fused to GFP was adsorbed to the wells in polyvinyl chloride 96‐well

plates (E‐type, Sumitomo Bakelite, Tokyo, Japan) overnight at 4°C.

Each well was treated with Block Ace (Dainihon Seiyaku, Osaka, Japan)

for 1 hour at 37°C, and then hybridoma culture supernatants (undi-

luted) or purified antibody (38M or 64R: 10 μg/mL) were added to

each well. One hour after the incubation at room temperature (RT),

1:2000 diluted horseradish peroxidase (HRP)‐conjugated rabbit anti

rat IgG polyclonal antibody (pAb; Dako Japan, Tokyo, Japan) was

added and incubated for 1 hour at RT. After extensive washing of each

well with phosphate‐buffered saline (PBS, pH 7.5) containing 0.05%

Tween 20, substrate solution (SureBlue TMB substrate, KPL, Gaithers-

burg, MD, USA) was added to each well and the enzyme reaction was

stopped by the addition of 0.5 mol/L H2SO4. The optical density of the

solution in each well was measured using a Model 550 plate reader

(Bio‐Rad, Hercules, CA, USA).

2.6 | Immunoprecipitation and SDS‐PAGE

Cells (5.0 × 106 cells) were suspended in modified PBS (pH 8.0)

containing 0.5 mg/mL sulfosuccinimidyl‐6′‐(biotinamide)‐6‐hexana-
mide hexanoate (EZ‐Link sulfo‐NHS‐LC‐LC‐Biotin; Thermo Fisher

Scientific), and incubated for 30 minutes at RT. The cells were trea-

ted with lysis buffer (50 mmol/L Tris‐HCl (pH 7.4), 150 mmol/L

NaCl. 1% Nonidet P‐40 and protease inhibitor cocktail [Nacalai Tes-

que]) for 20 minutes at 4°C. After centrifugation at 20 000× g for

10 minutes, the supernatant was collected as the cell lysate, incu-

bated with 20 μg anti‐mouse LYVE‐1 mAb (38M or 64R) at 4°C

overnight, and were mixed with Protein G Sepharose 4 Fast Flow

(GE Healthcare) at 4°C for 4 hours. After centrifugation at 9000× g

for 20 seconds, precipitates were incubated with SDS sample buffer

(45 mmol/L Tris‐HCl [pH 6.8], 10% glycerol, 1% SDS, 0.01% bro-

mophenol blue and 0.05 mol/L DTT) for 3 minutes at 95°C. The

proteins were separated using SDS‐PAGE (8%), and transferred to

polyvinylidene fluoride membranes (Immobilon‐P, Millipore, Billerica,

MA, USA). The membranes were reacted with Elite avidin‐biotin‐
peroxidase complex (ABC) solution (Vector Laboratories, Burlin-

game, CA, USA). Protein bands were detected using Chemi‐Lumi

One Super (Nacalai Tesque) and the ImageQuant RT ECL Imager

(GE Healthcare).

2.7 | Flow cytometry

Cells (1 × 105‐5 × 105 cells) were inoculated into each well of a 96‐
well plate, and hybridoma culture supernatants (without dilution) or

purified mAb (10 μg/mL) were added. Sixty minutes after the incuba-

tion at 4°C, cells were incubated with 1:300 diluted PE‐labeled don-

key anti‐rat IgG (H+L; Jackson ImmunoResearch, West Grove, PA,

USA) for 30 minutes at 4°C. For 2‐color immunostaining of SVEC4‐
10, cells fixed by 4% paraformaldehyde (PFA; Wako Pure Chemical

Industries) were treated with combinations of anti‐LYVE‐1 (38M or

64R, 10 μg/mL) rat mAb and anti‐LYVE‐1 (Abcam, ab14917) rabbit

pAb (1:100 diluted) for 60 minutes at 4°C. Following extensive

washing of cells with PBS, they were treated with 1:200 diluted spe-

cies‐specific Alexa Fluor 488‐conjugated anti‐rat IgG (H+L) and Alexa

Fluor 647‐conjugated anti‐rabbit IgG (H+L) donkey pAb (Jackson

ImmunoResearch) for 45 minutes at 4°C. For the competitive binding

inhibition assay, HEK293F cells expressing mouse LYVE‐1 were incu-

bated with 400 μg/mL unlabeled anti‐LYVE‐1 mAb and 10 μg/mL PE‐
labeled anti‐LYVE‐1 mAb for 1 hour at 4°C. After extensive washing,

cells were suspended in 0.2% BSA‐PBS, and the fluorescence inten-

sity of individual cells was measured using an Accuri C6 or LSR For-

tessa flow cytometer (Becton‐Dickinson, Franklin Lakes, NJ, USA).

Based on the mean fluorescence intensity (MFI) with or without pri-

mary mAb, the subtracted (Δ) MFI or the ratio (+mAb/−mAb) of MFI

(rMFI) was calculated. On competitive binding inhibition, the % bind-

ing inhibition was calculated using the MFI of PE‐labeled 38M or

64R with or without excess unlabeled mAb.

2.8 | Isolation of primary LEC and FCM

The LEC isolation was performed as previously reported.25,26 LN

(mesenteric, inguinal, axillary, and submandibular) were removed

from BALB/c mice, and minced LN were immersed into medium con-

taining 100 μg/mL DNase I (Sigma‐Aldrich, St Louis, MO, USA),

25 μg/mL Liberase (Sigma‐Aldrich), 2% FBS and 10 mmol/L HEPES,

and incubated at 37°C for 20 minutes. Samples were passed through

a glass Pasteur pipet several times. Digestion was stopped by the

addition of 10 mmol/L EDTA. The remaining aggregates were further

digested with new enzyme solution. The samples were stained with

fluorescein isothiocyanate (FITC)‐labeled anti‐CD45 (Miltenyi Biotec,

Bergisch Gladbach, Germany), PE‐labeled 38M or 64R and 4′,6‐dia-
midino‐2‐phenylindole (DAPI, 0.5 μg/mL; Wako Pure Chemical Indus-

tries). PFA (4%)‐fixed samples were stained with FITC‐labeled anti‐
CD45 and anti‐LYVE‐1 rabbit pAb, followed by incubation with

Alexa Fluor 647‐conjugated anti‐rabbit IgG donkey pAb.

2.9 | Immunoperoxidase staining of mouse tissues

Mice were anesthetized with isoflurane (Wako) and each organ was

isolated. Organs were embedded in OCT Compound (Sakura Finetek

Japan, Tokyo, Japan) in liquid nitrogen. Tissue sections (7 μm) were

obtained using a cryostat (CM1800, Leica Microsystems, Wetzlar,

Germany) and mounted on poly‐L‐lysine (PLL)‐coated slides. Tissue
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sections were fixed by 4% PFA and treated with Block Ace over-

night. Sections were incubated with 10 μg/mL 38M or 64R for

60 minutes at RT. After a 5‐minute treatment with 3% H2O2 in

methanol, sections were incubated with 1:1000 diluted biotinylated

rabbit anti‐rat IgG (H+L; Jackson ImmunoResearch) for 60 minutes

at RT. They were subsequently reacted with 1:100 diluted Elite ABC

solution (Vector) for 30 minutes and substrate 3,3′‐diaminobenzidine

(DAB, Dojin, Chemicals, Kumamoto, Japan) solution. Finally, they

were counterstained with Methyl Green (Merck, Darmstadt, Ger-

many). The localization of antibody‐defined components (LYVE‐1)
was observed using a Zeiss Axiolab microscope (Carl Zeiss, Oberko-

chen, Germany).

2.10 | Confocal analysis of mouse tissues

Mouse tissue sections prepared as described in the previous section

were treated with combinations of anti‐LYVE‐1 (38M, 5 μg/mL) rat

mAb and anti‐LYVE‐1 or anti‐CD31 rabbit pAb (1:100 diluted) over-

night at RT. After extensive washing with PBS, tissue sections were

treated with 1:200 diluted species‐specific Alexa Fluor 488‐conju-
gated anti‐rat IgG (H+L) and Alexa Fluor 647‐conjugated anti‐rabbit
IgG (H+L) donkey pAb (Jackson ImmunoResearch) for 60 minutes at

RT. The localization of antibody‐defined components was observed

on confocal laser fluorescence microscopy with FV10C‐O (Olympus,

Tokyo, Japan).

2.11 | Wound healing assay

The HEK293F cells expressing mouse LYVE‐1‐GFP or SVEC4‐10
cells were plated onto plastic dishes. When the cells neared 100%

confluency, scratch wounds were made by scraping the cell layer

with a micropipette tip. Supernatants from MDA‐231 cells were then

added to the wounded cultures with or without anti‐LYVE‐1 mAb.

Images of each scratch wound were taken using a Zeiss Axiolab

microscope (Carl Zeiss).

2.12 | In vitro tube formation assay

The tube formation assay was performed as previously reported.14,27

Matrigel (Corning, Corning, NY, USA) was added to each well

(130 μL) of an 8‐well slide chamber (WATSON Bio Lab, Kobe, Japan),

and allowed to solidify at 37°C for 30 minutes. SVEC4‐10 cells

(5 × 104 cells) in RD medium supplemented with 7% FBS and super-

natants from MDA‐231 cells were added, and incubated in humidi-

fied CO2 incubators for 3 hours. Images were taken using a Zeiss

Axiolab microscope (Carl Zeiss).

2.13 | In vivo bioluminescence imaging of tumors

MDA‐MB‐231‐Luc‐LN cells (4 × 106 cells) were implanted into the

mammary fat pads of SCID mice. After visual confirmation of tumor

engraftment, 64R or control ascites fluid (500 μL/mouse) was

injected i.p. into each mouse 4 times every 4 days.

D‐Luciferin (150 mg/kg body weight; Wako) was administered to

mice 10 minutes prior to imaging. Mice were anesthetized with

isoflurane and imaged using an in vivo imaging system (IVIS Lumina

XRMS Series III, PerkinElmer, Waltham, MA, USA). Images were ana-

lyzed using Living Image (Xenogen, Alameda, CA, USA). The biolumi-

nescence flux (photons/s/sr2/cm2) was measured for the axillary LN

and primary tumors.

2.14 | In vivo anti‐tumor effects of mAb in primary
tumor formation

Nude mice were inoculated intradermally with MDA‐231 (4 × 106

cells) 24 hours after i.p. treatment with TM‐β1 anti‐mouse IL‐2
receptor β chain mAb28 (300 μg/mouse). After visual confirmation of

tumor engraftment, 64R or isotype control IgG mAb (250 μg/mouse)

was injected i.p. into each mouse 4 times every 4 days. The size of

each tumor was periodically measured, and the tumor volume (mm3)

was calculated using the formula 0.5 × (length) × (width)2.

2.15 | Statistical analysis

Data are expressed as mean ± SEM. Data for the wound healing

assay were analyzed using 1‐way analysis of variance (ANOVA) fol-

lowed by Tukey's post‐hoc multiple comparison test. Data from the

xenograft model were analyzed with the Mann‐Whitney U‐test or

Student's t‐test. Statistical analysis was carried out with Prism 7 for

Windows (GraphPad, San Diego, CA, USA). The criterion for signifi-

cance was P < .05.

3 | RESULTS

3.1 | Production of rat mAb against mouse LYVE‐1

Expression plasmids encoding cDNA of GFP‐fused mouse LYVE‐1
(GFP‐LYVE‐1) were transfected into RH7777 rat hepatoma cells, and

stable transfectant clones were established by G418‐selection and

cell sorting. Rats were immunized with these transfectant clones 4

times, and splenocytes obtained from the immunized rats were fused

with mouse myeloma cells. As the first screening, we examined the

reactivity of the antibodies in the supernatants of hybridomas with

the GFP‐fused soluble extracellular domain of mouse LYVE‐1 on

ELISA, and then selected 64 hybridoma cell lines that secreted anti‐
LYVE‐1 mAb (Figure 1A). Next, we evaluated the specificity of the

anti‐LYVE‐1 mAb that we selected in the first screening on the sec-

ond screening with FCM. Two mAb, designated 38M (IgG2a/κ) and

64R (IgG2a/κ), strongly reacted with LYVE‐1‐expressing RH7777 and

HEK293F cells in a GFP expression level‐dependent manner (Fig-

ure 1B). Furthermore, these mAb did not bind to the secretory form

of mouse CD44 hyaluronan receptor, which is functionally and struc-

turally related to LYVE‐1 (Figure 1C). On immunoprecipitation analy-

sis, both 38M and 64R immunoprecipitated 87‐kDa proteins (GFP‐
fused LYVE‐1) in extracts prepared from surface‐biotinylated GFP‐
LYVE‐1‐expressing HEK293F cells (Figure 1D).
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We then examined whether 38M and 64R recognize the same epi-

tope using a competitive binding inhibition assay on FCM (Figure 2).

The reactivity of PE‐labeled 38M against HEK293 cells expressing

mouse LYVE‐1 was significantly reduced with excess unlabeled 38M

(88.5% binding inhibition) but not with 64R (9.3%), and that of PE‐
labeled 64R was reduced with unlabeled 64R (93.1%) but not with

38M (7.7%; Figure 2), demonstrating that each mAb recognizes a dif-

ferent epitope on the extracellular domain of mouse LYVE‐1.
We analyzed the effects of cell fixation on the reactivity of anti‐

LYVE‐1 mAb. Although both 38M and 64R mAb retained reactivity

with HEK293F cells expressing mouse LYVE‐1 after treatment with

4% PFA, the MFI decreased to 72.8% (38M) and 52.4% (64R) of that

of unfixed living cells (100%), indicating that the epitope recognized

by 64R is more sensitive to PFA fixation than that recognized by

38M (data not shown).

We next evaluated the reactivity of our mAb with primary

mouse LEC (Figure 3A) and the SVEC4‐10 LEC line (Figure 3B‐D).

Anti‐LYVE‐1 rabbit pAb reacted with approximately one‐fourth of

the CD45− non‐hematopoietic cells isolated from mouse LN. 38M

and 64R also reacted with 29% (38M) and 17% (64R) of DAPI‐

unstained and CD45− viable non‐hematopoietic cells, respectively.

The SVEC4‐10 mouse LEC cells were definitely reactive with

38M, 64R, and anti‐LYVE‐1 rabbit pAb, but faintly with anti‐CD31

rabbit pAb (Figure 3B,C). All 38M+ and 64R+ cell populations were

detected in SVEC4‐10 cells stained with anti‐LYVE‐1 rabbit pAb

(Figure 3D).

3.2 | Expression of LYVE‐1 in lymphatic vessels of
various mouse tissues

Given that LYVE‐1 is expressed on endothelial cells of lymphatic

vessels, we immunostained the axillary LN in mice with 38M and

64R. On immunohistochemical analysis, 38M and 64R stained lym-

phatic vessels (Figure 4A). Given that the immunostaining signals of

38M were stronger than those of 64R (Figure 4A), we next exam-

ined the reactivity of 38M in different tissues, such as gastrointesti-

nal (esophagus, stomach, cecum), respiratory (lung, trachea),

cardiovascular (heart), muscle (tongue), skin (ear), and lymphoid

(nose) tissues, and found that 38M reacted with lymphatic vessels in

all tested mouse tissues (Figure 4B).

F IGURE 1 Production and characterization of anti‐mouse lymphatic vessel endothelial hyaluronan receptor 1 (LYVE‐1) rat monoclonal
antibodies (mAb). A, First screening: 64 hybridoma clones with strong reactivity to soluble LYVE‐1 proteins fused to GFP on ELISA. Samples 38
(38M) and 64 (64R) are the clones selected in the 2nd screening. Sample 65, control (right end, mAb‐). B, Second screening: flow cytometry
analysis of the 38M and 64R mAb against GFP‐LYVE‐1‐expressing HEK293F (upper) and RH7777 (lower). PE, phycoerythrin. C, Reactivity of
the 38M and 64R mAb with serum‐free culture supernatants from HEK293F cells transfected with GFP‐LYVE‐1 or GFP‐CD44 on ELISA. D,
SDS‐PAGE of HEK293F cells transfected with GFP‐LYVE‐1, and surface‐biotinylated and immunoprecipitated with anti‐mouse LYVE‐1 rat mAb.
Proteins were visualized with Elite ABC and peroxidase substrates. Arrowheads, positions of mAb‐bound GFP‐mouse LYVE‐1 proteins
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F IGURE 2 Difference in epitopes recognized by 38M and 64R. A, Phycoerythrin (PE)‐associated fluorescence of HEK293F cells expressing
mouse lymphatic vessel endothelial hyaluronan receptor 1 (LYVE‐1) incubated with PE‐labeled anti‐LYVE‐1 mAb with or without excess
unlabeled anti‐LYVE‐1 mAb (38M or 64R) on flow cytometry. Panel labels, unlabeled mAb/PE‐labeled mAb. Number in each panel, % binding
inhibition. B, Subtracted (Δ) mean fluorescence intensity (MFI), reactivity of PE‐labeled mAb with or without excess unlabeled mAb

F IGURE 3 Reactivity of anti‐lymphatic vessel endothelial hyaluronan receptor 1 (αLYVE‐1) mAb with mouse lymphatic endothelial cells
(LEC). A, Samples were collected from mouse lymph nodes (LN), and CD45− cells were analyzed. (left) Paraformaldehyde (PFA)‐fixed cells were
stained with αLYVE‐1 rabbit polyclonal antibodies (pAb), and CD45− and DAPI‐unstained viable cells were stained with middle (38M) or (right)
64R rat mAb. B, SVEC4‐10 LEC were analyzed for reactivity with 38M and 64R. C, SVEC4‐10 LEC were analyzed for reactivity with pAb. D,
SVEC4‐10 cells were stained with a combination of αLYVE‐1 rabbit pAb and 38M or 64R. PE, phycoerythrin
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3.3 | Expression of LYVE‐1 on the surface of
lymphatic vessels but not blood vessels

To confirm LYVE‐1 as a specific marker of lymphatic vessels,

we compared the localization of CD31 and LYVE‐1 in mouse

stomach tissue from which mouse LYVE‐1 cDNA was obtained

(Figure 5). First, we examined the co‐localization of LYVE‐1
stained with 38M anti‐mouse LYVE‐1 rat mAb and the anti‐
mouse LYVE‐1 rabbit pAb available on the market. Based on 2‐
color immunostaining followed by confocal analysis, the compo-

nents stained with both antibodies were completely matched and

merged on the endothelia of lymphatic vessels, confirming the

specificity of our rat mAb (Figure 5, upper panels). Next, we per-

formed 2‐color immunostaining of mouse stomach tissues with

38M and rabbit pAb recognizing mouse CD31, which is a specific

marker of blood vessels. On confocal microscopy analysis, the

components stained with both antibodies were completely sepa-

rated, demonstrating the reactivity of 38M mAb against LYVE‐1
to be a specific marker of lymphatic vessels (Figure 5, lower

panels).

3.4 | Effects of anti‐LYVE‐1 mAb on the migration
of LYVE‐1‐positive cells

Lymphangiogenesis is associated with cancer metastasis,29 and the

migration of LEC is an important step in the early phase of lym-

phangiogenesis.30,31 Thus, we examined whether the anti‐LYVE‐1
mAb suppressed the migration of HEK293F cells expressing mouse

LYVE‐1 proteins on the wound healing assay. Induction of cell

migration, which was facilitated by the supernatant from MDA‐
231 cells, was significantly suppressed by the 64R mAb in a dose‐
dependent manner (Figure 6A,B). In contrast, there was no differ-

ence in the migration speed between mAb‐treated cells and con-

trol cells in the absence of the supernatant (data not shown).

Furthermore, MDA‐231 cell‐facilitated migration of SVEC4‐10
mouse LEC, which endogenously express LYVE‐1 proteins, was

also inhibited by anti‐LYVE‐1 mAb in a dose‐dependent manner

(Figure 6C).

Given that tube formation of LEC is a known aspect of lymphan-

giogenesis,11,32 we next examined the effects of our anti‐LYVE‐1
mAb on tube formation of SVEC4‐10 mouse LEC. Tube formation of

F IGURE 4 Reactivity of anti‐lymphatic vessel endothelial hyaluronan receptor 1 (anti-LYVE‐1) mAb with normal mouse tissues. A,
Paraformaldehyde (PFA)‐fixed tissues from mouse axillary lymph nodes stained using the immunoperoxidase method with 38M or 64R rat
mAb. B, PFA-fixed mouse lymphatic vessels in various organs stained with 38M rat mAb. Nuclei were counterstained with methyl green.
NALT, nasal‐associated lymphoid tissue
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LEC in the presence of the supernatant from MDA‐231 cells was

significantly inhibited by 64R (Figure 6D).

3.5 | Effects of anti‐LYVE‐1 mAb on LN metastasis
of cancer cells

MDA‐MB‐231‐luc‐LN breast cancer cells were orthotopically inocu-

lated into inguinal mammary glands of SCID mice, and primary tumor

and cell metastasis to LN were monitored on bioluminescence imag-

ing. The bioluminescence of luciferase was detected in not only the

primary lesion, but also in ipsilateral and contralateral axillary LN

(Figure 7A). We investigated whether inhibition of LYVE‐1 can sup-

press cancer metastasis using ascites fluid obtained from the mice

harboring 64R anti‐LYVE‐1 mAb‐secreting hybridoma cells. The

ascites fluid significantly reduced the bioluminescence intensity in

axillary LN (Figure 7B). In contrast, although the bioluminescence

intensity in the primary tumor decreased by half, it was not signifi-

cant (Figure 7B).

3.6 | Effects of anti‐LYVE‐1 mAb on primary tumor
growth in vivo

We next evaluated whether the purified anti‐LYVE‐1 mAb were able

to inhibit tumor growth of the primary lesion. The 64R mAb signifi-

cantly suppressed tumor growth by MDA‐231 cells compared with

control rat IgG (Figure 7C). Furthermore, we found that the anti‐
LYVE‐1 mAb decreased the amount of lymphatic vessels in the

tumor lesion derived from MDA‐231 cells as compared with that in

control mice (Figure 7D).

4 | DISCUSSION

Although the metastasis of cancer cells leads to poor prognosis, little

is known about its mechanisms. Between the 2 different patterns of

metastasis, the lymphatic route is considered to play a more critical

role than the hematogenous route, especially in human carcino-

mas.6,7 Therefore, it is important to clarify the mechanism of lym-

phogenous metastasis to discover novel inhibitors of cancer

metastasis. LYVE‐1 is specifically expressed in lymphatic vessels,9,10

but it is unclear whether LYVE‐1 is involved in cancer metastasis. In

this study, we examined whether LYVE‐1 is involved in cancer

metastasis and assessed its suitability as a target for cancer therapy.

Prior to this study, we used FCM to select mAb reacting with

transfectants expressing GFP‐fused target molecules in a GFP‐
expression‐dependent manner as the first screening,20,21 but this

method was difficult for rapid and simultaneous screening of a large

number of antibody samples. Given that LYVE‐1 is a type 1 single‐
pass membrane protein, secreted (soluble) proteins can be prepared,

as in the case for HER4.22 We adopted ELISA as the first screening

with soluble LYVE‐1 proteins, which has a higher throughput than

FCM, and can efficiently select specific anti‐LYVE‐1 mAb. The speci-

ficity of the mAb was further confirmed via the second screening

with FCM. We finally obtained novel anti‐LYVE‐1 mAb, 38M, and

64R, which bound to transfectants expressing GFP‐fused mouse

LYVE‐1 in a GFP‐expression‐dependent manner. Furthermore, on

ELISA, neither 38M nor 64R reacted with mouse CD44‐fused GFP.

Moreover, 38M and 64R were reactive with primary mouse LEC and

SVEC4‐10 mouse LEC endogenously expressing LIVE‐1 proteins.

Taken together, we demonstrated 38M and 64R specifically recog-

nize mouse LYVE‐1 proteins.

Although 38M and 64R reacted with lymphatic vessels in mouse

tissues (Figure 4) but not with blood vessels (Figure 5), several stud-

ies have reported LYVE‐1 in CD11b‐ or F4/80‐positive macro-

phages.33,34 38M and 64R, however, did not react with

thioglycollate‐induced macrophages (data not shown), indicating that

the epitopes recognized by 38M and 64R are preferentially

expressed on the endothelia of lymphatic vessels.

Ascites fluid containing anti‐LYVE‐1 mAb inhibited metastasis to

axillary LN. Moreover, primary tumor formation was also inhibited,

F IGURE 5 Confocal analysis of
lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE‐1) in mouse stomach
tissue. Paraformaldehyde (PFA)‐fixed
mouse tissue sections were treated with
the 38M rat mAb in combination with anti‐
LYVE‐1 or anti‐CD31 rabbit antibodies
overnight at room temperature. Tissue
sections were treated with species‐specific
Alexa Fluor 488‐conjugated anti‐rat and
Alexa Fluor 678‐conjugated anti‐rabbit IgG
for 60 minutes at room temperature. The
localization of antibody‐defined
components (LYVE‐1 and CD31) was
observed using a confocal microscope

3178 | HARA ET AL.



although not significantly. In the place of ascites fluid as the mAb

source, we used purified mAb in order to clarify the role of LYVE‐1
in primary tumor formation. Purified anti‐LYVE‐1 mAb suppressed

primary tumor growth and reduced the number of lymphatic vessels

in the primary tumor lesions. Taken together, suppression of primary

tumor formation by anti‐LYVE‐1 mAb is due to the inhibition of lym-

phangiogenesis in the primary tumor.

A small peptide derived from somatotropin, which acts as a lym-

phangiogenesis inhibitor, significantly inhibited the migration of

highly metastatic cancer cells.35 Endostatin was also reported to inhi-

bit cell migration and tumor‐induced lymphangiogenesis.36 Further-

more, CXCL1 secreted from LEC was found to be involved in LEC

migration and lymphangiogenesis.37 Therefore, cell migration is clo-

sely related to lymphangiogenesis. In this study, we found that inhi-

bition of LYVE‐1 using mAb significantly suppressed in vitro cell

migration of HEK293F cells expressing LYVE‐1 and SVEC4‐10
mouse LEC cells. This result, together with the present finding that

anti‐LYVE‐1 mAb inhibit the formation of lymphatic vessels in the

primary tumor, suggest that LYVE‐1 plays a critical role in lymphan-

giogenesis.

In the wound healing assay, 64R suppressed the migration of

HEK293 cells expressing mouse LYVE‐1 and SVEC4‐10 mouse LEC

induced by the supernatant from MDA‐MB‐231‐Luc‐LN cells. In addi-

tion, tube formation by SVAC4‐10 cells was inhibited by 64R. VEGF is

highly expressed in MDA‐MB‐231‐Luc‐LN cells,38 and secretion of

VEGF proteins by MDA‐231 cells has been reported.39,40 VEGF has

been shown to be involved in lymphangiogenesis and invasion in

tumor metastasis.41,42 Given that lymphangiogenesis occurs during

wound healing,43-45 VEGF likely plays a role in the induction of cell

migration in the presence of the supernatant from MDA‐231 cells. In

this context, VEGF may induce shedding of the LYVE‐1 ectodomain,

which promoted cell migration.12 The supernatant did not facilitate

the migration of parental HEK293F cells, and the anti‐LYVE‐1 mAb

did not affect the migration of HEK293 cells expressing LYVE‐1 in the

absence of the MDA‐231 cell supernatant (data not shown). There-

fore, these results suggest that the interaction between LYVE‐1 and

VEGF is involved in the migration of LEC. Further experiments are

needed to elucidate the exact mechanism of LYVE‐1‐mediated cell

migration, particularly the identification of factors inducing the migra-

tion of LEC from MDA‐231 cells.

F IGURE 6 Effects of anti‐lymphatic vessel endothelial hyaluronan receptor 1 (anti‐LYVE‐1) mAb on cell migration and tube formation. A–C,
Wound healing assay. A, Representative images of wounds in HEK293 cell culture before and 8 hours after treatment with 64R. Broken lines,
wound edge. A,B, HEK293 cells expressing mouse LYVE‐1‐GFP or C, SVEC4‐10 were cultured until 100% confluency. Cells were scratched
and treated with supernatants from MDA‐MB‐231‐luc‐LN cells. B,C, Distance between the wound edges in B, HEK293F or C, SVEC4‐10,
expressed as a percentage of the distance before treatment with the mAb. Results are expressed as mean ± SEM (n = 3). **P < .01,
***P < .001, vs without mAb. ###P < .001, vs with mAb concentration 2.5 μg/mL. D, Tube formation assay. SVEC4‐10 cells were plated onto
Matrigel‐coated chambers, and the supernatant from MDA‐231 cells was added with or without 64R. Three hours after incubation at 37°C,
images were taken using a microscope
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In this study, the number of lymphatic vessels in primary tumors

was reduced by the anti‐LYVE‐1 mAb. Given that higher expression

of LYVE‐1 is observed in LEC during embryogenesis46 and in initial

lymphatic vessels in the early postnatal period, 47 it is possible that

LYVE‐1 functions in lymphangiogenesis. No difference, however in

lymphatic vessel density between LYVE‐1 knockout mice and wild‐
type mice has been reported.48,49 This suggests that the role of

LYVE‐1 in lymphangiogenesis during early development is different

from that under pathological conditions. Although further studies are

needed to clarify the function of LYVE‐1 in lymphangiogenesis in

tumor lesions, the difference in the roles of LYVE‐1 between patho-

logical and normal conditions may be due to differences in the

expression of LYVE‐1 and its ligand. In colorectal cancer, LYVE‐1
expression and lymphatic vessel density in tumor or normal tissue

adjacent to the tumor are significantly higher than in normal tissue.50

Increased expression of LYVE‐1 has also been reported in gastric

cancer51 and in neuroblastoma.52 Furthermore, increased LYVE‐1
protein expression and LYVE‐1‐positive lymphatic vessel density in

intratumor and marginal regions are associated with a poor

outcome.52 Regarding the ligands of LYVE‐1, fibroblast growth factor

2 (FGF2) directly binds to LYVE‐1 with a higher affinity than

hyaluronan, and FGF2 induced LEC proliferation and tube formation

via LYVE‐1.53 FGF2 was also increased in numerous tumor tis-

sues.54-57 Given that the inhibition of LEC migration by anti‐LYVE‐1
occurred only in the presence of the MDA‐231 cell supernatant in

the present study, the anti‐LYVE‐1 mAb may exhibit anti‐lymphan-

giogenesis effects under pathological conditions such as tumorigene-

sis.

Several studies have indicated that drugs and molecules with

anti‐lymphangiogenesis effects suppress tumor growth. A multiple

kinase inhibitor, Foretinib, reduced the lymphatic vessel density in

tumors and tumor growth in a xenograft mouse model.58 Further-

more, overexpression of microRNA‐128 decreased the number of

lymphatic vessels and tumor volume.59 Here, we demonstrated that

the anti‐LYVE‐1 mAb reduced the tumor volume in vivo. Therefore,

these anti‐tumor effects are likely due to the reduction of lymphatic

vessels in tumor, which inhibits lymphangiogenesis for primary tumor

formation.

F IGURE 7 Effects of anti‐lymphatic vessel endothelial hyaluronan receptor 1 (anti‐LYVE‐1) mAb on cancer metastasis and primary tumor
growth. A,B, Highly metastatic MDA‐MB‐231‐luc‐LN cells were implanted into the mammary fat pads of SCID mice, and tumor metastasis was
monitored on bioluminescence imaging. MDA‐231 cells in tumors were imaged after luciferin injection with an IVIS instrument. A,
Representative images of MDA‐231 primary tumor cells grafted onto the right inguinal mammary gland and spontaneous metastasis to axillary
lymph nodes in mice 23 and 31 days after inoculation. B, Bioluminescence intensity 52 days after treatment with 64R‐containing ascites fluid.
C,D, Nude mice were intradermally inoculated with MDA‐231 cells. The 64R or isotype control mAb was injected 4 times every 4 days after
confirming that the tumors were engrafted. C, Time course of tumor growth; the size of the tumors was periodically measured, and the tumor
volume (mm3) was calculated by the formula 0.5 × (length) × (width)2. D, Representative images of primary MDA‐231 tumors treated with
anti‐LYVE‐1 or isotype control mAb. Results are expressed as mean ± SEM (A,B, n = 4‐5; C,D, n = 7). *P < .05, ***P < .001, vs control
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In conclusion, anti‐LYVE‐1 mAb inhibits cancer metastasis and

primary tumor formation by suppressing lymphangiogenesis.

Together with the knowledge that primary tumors induce lymphatic

vessels to create a specific microenvironment before metastasis,60

this study strongly suggests that inhibition of lymphangiogenesis by

anti‐LYVE‐1 mAb will play an essential role in cancer therapy. Inhibi-

tion of hemangiogenesis by anti‐VEGF‐A has already been adopted

for the therapy of several malignancies.61,62 In this context, inhibition

of lymphangiogenesis by anti‐LYVE‐1 mAb may become a next‐gen-
eration therapy for human cancers.
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