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Abstract

Background—Circulation of leukocytes via blood, tissue and lymph is integral to adaptive 

immunity. Afferent lymphatics form CCL21 gradients to guide DC and T cells to lymphatics and 

then to draining lymph nodes (dLN). VEGF-C and VEGFR-3 are the major lymphatic growth 

factor and receptor. We hypothesized these molecules also regulate chemokine gradients and 

lymphatic migration.

Methods—CD4+ T cells were injected into the foot pad or ear pinnae, and migration to afferent 

lymphatics and dLN quantified by flow cytometry or whole mount immunohistochemistry. 

VEGFR-3 or its signaling or downstream actions were modified with blocking mAbs or other 

reagents.

Results—Anti-VEGFR-3 prevented migration of CD4+ T cells into lymphatic lumen and 

significantly decreased the number that migrated to dLN. Anti-VEGFR-3 abolished CCL21 

gradients around lymphatics, although CCL21 production was not inhibited. Heparan sulfate (HS), 

critical to establish CCL21 gradients, was down-regulated around lymphatics by anti-VEGFR-3 

and this was dependent on heparanase-mediated degradation. Moreover, a PI3Kα inhibitor 

disrupted HS and CCL21 gradients,while a PI3K activator prevented the effects of anti-VEGFR-3. 

During contact hypersensitivity, VEGFR-3, CCL21, and HS expression were all attenuated, and 

anti-heparanase or PI3K activator reversed these effects.

Conclusions—VEGF-C/VEGFR-3 signaling through PI3Kα regulates the activity of 

heparanase, which modifies HS and CCL21 gradients around lymphatics. The functional and 

physical linkages of these molecules regulate lymphatic migration from tissues to dLN. These 

represent new therapeutic targets to influence immunity and inflammation.
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Introduction

Immune surveillance requires continuous recruitment of lymphocytes from blood through 

high endothelial venules (HEV) into lymph nodes (LN) where they encounter dendritic cells 

(DC) to initiate adaptive immunity (1). In addition to HEV-mediated migration naïve T cells 

migrate from tissues to the draining LN (dLN) through afferent lymphatics as a normal 

migratory pathway (2).

Previously, it had been assumed that lymphocytes passively and randomly enter afferent 

lymphatics (3). This changed after the identification of CCR7, highly expressed on naïve T 

cells and mature DC, which regulates entry into afferent lymphatics (4,5). The chemokine 

CCL21 is essential for attracting T cells and DC to LN (6). The importance of CCL21-

CCR7 interaction was demonstrated in Ccr7-/- mice and plt/plt mice that lack Ccl19 and 

Ccl21 expression in lymphoid organs, resulting in severe defects in T cells and DC 

migration (7,8). However, the underlying molecular mechanisms that affect leukocytic 

migration during steady and inflammatory states are incompletely understood.

Heparan sulfate (HS) is a component of heparan sulfate proteoglycan, ubiquitously 

expressed in extracellular matrices (ECM) and on endothelial cell (EC) surfaces (9). HS 

functions as a physical barrier to leukocyte extravasation (10), and immobilizes chemokines 

and establishes chemokine gradients in the interstitium (9). CCL21 has a C-terminal domain 

which binds to glycosaminoglycans (11,12) leading to its immobilization. Impairment of HS 

structure or expression results in reduction of the gradient, leading to inappropriate 

positioning and migration of leukocytes (13,14). Topical administration of heparanase 

(HPSE) degrades HS, disrupts the tissue chemokine gradient, and prevents CCL21-induced 

migration of DC toward lymphatics (15). In mice lacking HS-synthetic enzyme exostoses-1, 

CCL21 presentation but not transcription is diminished, causing a marked decrease in 

lymphocyte recruitment to LN (13,16).

HPSE is the only known mammalian endoglycosidase which cleaves HS side chains of 

heparan sulfate proteoglycan facilitating cell invasion (17,18). Furthermore, HPSE activity 

results in release of HS-bound molecules (19). HPSE is expressed by leukocytes (19) and 

activated EC (20), and is up-regulated by various inflammatory stimuli (18,21) and hypoxia 

(22). In hypoxia-induced retinal diseases, HPSE is increased and associated with vascular 

endothelial growth factor (VEGF) expression in human retinal EC (22), suggesting a 

relationship among chemokines, HS, HPSE, endothelial growth and immune responses.

VEGFR-3 is expressed primarily on the surface of LEC (23). VEGF-C is the most potent 

promoter of lymphangiogenesis through VEGFR-2 and VEGFR-3 (24–26). VEGF-C is 

constitutively expressed in normal epidermis (27) and keratinocyes and fibroblasts are the 

principal producers (28,29). Anti-VEGFR-3 mAb suppresses CCL21 production in 

chronically rejecting cardiac allografts, leading to reduced infiltrating cells (30). Blockade of 

VEGFR-3 suppresses DC trafficking to dLN and corneal allograft rejection (31), and 

inhibits islet allograft rejection and autoimmune insulitis (32,33). VEGF-C also increases 

CCL21 secretion by LEC (34). However, the physiological role of VEGF-C/VEGFR-3 
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signaling for homeostatic migration of leukocytes and the molecular mechanisms of how 

VEGFR-3 signaling regulates LEC function are not known.

We show here that anti-VEGFR-3 mAb suppressed entry of naïve CD4+ T cells from tissue 

into afferent lymphatics by disrupting the CCL21 gradient around LEC. The disruption was 

accompanied by HPSE-dependent degradation of the HS scaffold surrounding lymphatics to 

which CCL21 was bound. During an acute inflammatory response, VEGFR-3 expression 

was down-modulated, resulting in a similar series of changes to HPSE, HS, and CCL21. 

These data demonstrated that VEGF-C/VEGFR-3 signaling regulates LEC functions and 

lymphocyte migration in the homeostatic and inflammatory states.

Materials and Methods

Mice

C57BL/6 mice 8–10 weeks old purchased from The Jackson Laboratory. Mice were housed 

in microisolator cages in a pathogen–free facility. Experiments used age- and sex-matched 

mice in accordance with protocols approved by the Institutional Animal Care and Use 

Committee.

Reagents

Neutralizing monoclonal rat anti-VEGFR-3 (m4F-31C1) and control rat IgG2a antibody 

(2A3) were gifts from Dr. Pytowski (ImClone Systems, Eli Lilly and Company) (35). 

Neutralizing polyclonal rabbit anti-HPSE antibody (bs-1541R) was purchased from Bioss 

(Woburn, MA), which inhibits HPSE activity by binding its active site. Antibodies for flow 

cytometry and IHC are listed in the SDC Table1 and Table2. Human recombinant VEGF-C 

was purchased from R&D Systems. Phosphoinositide 3-kinase (PI3K) α-specific inhibitor 

(PIK2) and pan-PI3K stimulator (740Y-P) were purchased from Echelon Biosciences Inc. 

and from Cayman, respectively.

Cell preparation

Mice were euthanized, and spleens and LN dissociated into single-cell suspensions. CD4+ T 

Cells were enriched with EasySep CD4+ T cell Enrichment Kit (STEMCELL Technologies 

Inc.). Enriched populations routinely were 90-95% CD4+ live leukocytes.

Adoptive transfers

CD4+ T cell suspensions were labeled with 1 μM CFSE 10 minutes at 37°C. Three ×106 

CFSE-labeled CD4+ T cells in 20μl PBS were injected into the foot pad. Alternatively, 

1×106 cells in 20μl PBS were injected into ear pinna to assess interstitial migration. 

Indicated amounts of anti-VEGFR-3 or control mAb were added to cell suspensions.

Preparation of single-cell suspension from ear pinna

Control mAb (2A3, 7μg/ear) or anti-VEGFR-3 mAb (m4F-31C1, 7μg/ear) treated ear pinnae 

were digested with Collagenase D (0.4 mg/ml, 30 minutes, 37 °C). Cell suspensions were 

passed twice through a cell strainer, washed, and resuspended in FACS buffer.
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LN LEC sorting

LN LEC were isolated as previously described (36) by using a MACS magnetic column and 

flow sorting (FACSAria, BD Biosciences).

Contact hypersensitivity

25 μl 0.5% (v/v) 2,4-dinitrofluorobenzene (DNFB; Wako) in acetone/olive oil (4:1) was 

applied onto shaved mouse abdominal skin on day 0. On day 5, the right ear was treated 

with 20 μl 0.2% DNFB (10 μl on each side), and the left ear was treated with vehicle. Ears 

were injected with neutralizing anti-HPSE Ab (1μg/20μl PBS/ear), pan-PI3K stimulator, 

740Y-P (10μg/20μl PBS/ear), or PBS (20μl/ear) 36 hours after DNFB. Ear thickness was 

measured with Digimatic calipers (Marathon Watch Company) before and 48 h after 

challenge. Mice were euthanized 48 hours after challenge, ears fixed with 4% 

paraformaldehyde (PFA) in PBS and used for immunohistochemistry.

Immunohistochemistry Staining

Five μm cryosections of tissue were fixed with ice-cold acetone. After incubation with PBS/

0.5%BSA/0.3%Triton and blocking buffer (PBS with 5% donkey serum), sections were 

incubated with primary Ab in PBS for 1 hour, followed by secondary Ab in PBS for 1 hour 

at room temperature. In some samples, immunofluorescence was amplified with tyramide 

signal amplification (TSA, PerkinElmer).

For whole mount IHC, ear skin sheets separated, fixed with 4% PFA, incubated with PBS/

0.5%BSA/0.3%Triton for 10 min, blocked with blocking buffer for 1 hour, incubated with 

primary Ab, washed with PBS/0.5%BSA/0.3%Triton, incubated with secondary Ab. All 

samples were mounted with ProLong Gold antifade reagent (Life Technologies). 

Fluorescent images were collected with a Nikon Eclipse E800 (Nikon Co.) equipped with a 

digital CCD camera RETIGA EXi FAST 1394 (Qimaging).

Computer-assisted morphometric analyses

Quantitative analyses of CCL21 and HS in tissue lymphatics were performed with Volocity 

3D Image Analysis Software (PerkinElmer). LYVE-1+ lymphatics were traced and indicated 

as ROI (also shown in Fig.2B), and number of CCL21 aggregates, staining intensity of 

CCL21 and HS, and %CCL21- and %HS-positive area in lymphatics were calculated.

Flow cytometry

Washes and Ab dilutions were performed in PBS/1% BSA at 4°C. Purified anti-mouse 

CD16/32 (BD Biosciences) was used to block Fc receptors. Surface staining was performed 

for 30 min with the corresponding cocktail of fluorescently labeled Ab. After surface 

staining, cells were fixed and intracellularly stained for Foxp3 using Foxp3 Staining Buffer 

Set (eBioscience). Flow cytometric analysis was performed on BD LSRFortessa cell 

analyzer (BD Biosciences) and analyzed with FlowJo software (Tree Star, Inc.). 

CD45-CD31+ cells were gated, and LEC (CD31+gp38+) and blood endothelial cells (BEC) 

(CD31+gp38-) were analyzed for expression of indicated molecules.
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qRT-PCR

Total cellular RNA was extracted from the indicated cell populations, transcribed to cDNA 

and quantified by qRT-PCR as previously described (37). Details and primer sequences can 

be found in the SDC Materials and Methods.

Statistics

In vitro migration results represent mean values of triplicate samples. In vivo migration 

results represent samples from three mice per experiment. The mean and S.D. for percentage 

of transferred cells in adoptive transfer and transendothelial migration assays were 

calculated for each condition. For adoptive transfer and transendothelial migration assays, P 

values were calculated with the unpaired Student's t-test or one-way analysis of variance 

(ANOVA) using the GraphPad Prism Software (version 5, GraphPad Software Inc.).

Results

Anti-VEGFR-3 inhibits tissue to afferent lymphatic and draining LN migration

To assess the effect of VEGFR-3 blockade on homeostatic lymphocyte migration, CD4+ T 

cells were injected into the foot pad together with local treatment with anti-VEGFR-3 or 

control mAb. Since CD4+ T cells did not express VEGFR-3 protein (Fig. 1A) or mRNA 

(Fig. 1B), only LEC in the tissue could be affected by the treatments (gating strategy for 

LEC and BEC shown in Fig. S1A). Indeed, only LYVE-1+ lymphatics in whole mount 

staining (Fig. 1C), and only skin gp38+CD31+ LEC in flow cytometry (Fig. 1A) expressed 

VEGFR-3, while gp38-CD31+ BEC did not. In controls, the proportion of transferred cells 

in total CD4+ cells in dLN 12 hours after transfer did not change significantly with either 2 

or 20 μg of control mAb (0.635 ± 0.38% and 0.705 ± 0.313%, respectively, Fig. 1D). As 

reported previously (37), the fraction of transferred cells peaked at 12 hours. There were 

almost no transferred cells (0.002 ± 0.003% of total CD4+ T cells) in non-draining LN. In 

contrast, the proportion of migrated cells was significantly decreased to 0.215 ± 0.28% with 

7μg of anti-VEGFR-3 mAb and even more with 20μg (0.031 ± 0.036%) (Fig. 1D). Thus, 

anti-VEGFR-3 mAb suppressed migration of naïve CD4+ T cells from peripheral tissues to 

dLN in a dose-dependent manner, presumably by interfering with function of LEC.

Several mechanisms could explain the reduced migration of T cells after anti-VEGFR-3 

mAb treatment: first, impairment of interstitial migration toward afferent lymphatics; 

second, lack of transmigration across lymphatic endothelium; third, impaired movement 

within the lymphatics toward dLN; and/or fourth, inability to migrate from the subcapsular 

sinus (SCS) into the dLN parenchyma.

To determine which step of migration was impaired by anti-VEGFR-3, CFSE-labeled CD4+ 

T cells were adoptively transferred into ear skin tissues and then whole mount ear pinna 

immunohistochemistry (IHC) was performed by staining for the LEC-specific marker, 

LYVE-1. In controls, transferred cells were detected both in the tissues near the lymphatics 

and inside the lymphatic lumen (Fig. 1E and 1F). However, in the anti-VEGFR-3 group, the 

CD4+ T cells were relatively more abundant in the tissue (Fig. 1E and 1F) at both 12 (Fig. 

1F) and 18 hours (not shown). Administration of hVEGF-C along with CD4+ T cells did not 
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promote further migration into afferent lymphatics (Fig. 1F), suggesting that baseline tonic 

VEGR-3 stimulation and migration were already optimized. To assess migration within 

dLN, distribution of CD4+ T cells in dLN was analyzed in the SCS, medullary sinus (MS), 

cortical ridge (CR), and T cell zone (TCZ). IHC analysis showed 22.44% of transferred cells 

located in the SCS or MS and 77.43% in the TCZ or CR, in control dLN at 12 hours (Fig. 

S1B and S1C). In anti-VEGFR-3 treated mice, migration to dLN was significantly 

decreased, however, the distribution in LN was not significantly changed (Fig. S1B and 

S1C). Thus, migration was not affected once T cells accessed the lymphatic lumen. Overall, 

the results showed that anti-VEGFR-3 inhibited migration from the tissues toward 

lymphatics and into the lymphatic lumen.

Expression and regulation of VEGF-C in the skin lymphatics

The results suggested that tonic VEGFR-3 signaling was important for homeostatic 

lymphatic migration. Therefore, VEGFR-3 ligands should be available in the steady state. 

To test this, skin was assayed by IHC. In naïve ears, VEGF-C, the major ligand for 

VEGFR-3, was stained in cells near LYVE-1+ LEC, suggesting that skin-derived VEGF-C 

constitutively stimulated VEGFR-3 on LEC in the steady state (Fig. S2A). In contrast, 

VEGF-D, the other ligand for VEGFR-3, was not observed (Fig. S2A). When ears were 

treated with anti-VEGFR-3, there were no significant changes in VEGF-C expression at 6 

hours (Fig. S2A). Thus, anti-VEGFR-3 did not inhibit VEGF-C expression, but rather 

blocked its ability to stimulate the receptor.

VEGFR-3 regulates the CCL21 gradient

Since CCL21 gradients are critical for migration of naïve CD4+ T cells from peripheral 

tissues to afferent lymphatics and dLN, the expression pattern of CCL21 was characterized. 

By whole mount IHC, CCL21 was expressed on LEC (LYVE-1+CD31+) but not on BEC 

(LYVE-1-CD31+) in control tissues and had a punctate distribution as reported previously 

(38) (Fig. 2A). Anti-VEGFR-3 significantly down-regulated the size and intensity, but not 

the number, of CCL21 aggregates, so that the total amount of CCL21 staining was decreased 

as early as 6 hours after mAb treatment (Fig.2B and S2B). Disruption of the CCL21 gradient 

lasted for at least 14 hours and recovered in 24 hours (not shown). These results showed that 

VEGFR-3 blockade rapidly disrupted the CCL21 gradient around the lymphatics. 

Administration of VEGF-C did not increase CCL21 expression above baseline (not shown), 

suggesting that the homeostatic expression of VEGF-C and stimulation of VEGFR-3 were 

already maximal to establish and maintain the chemokine gradient.

There were at least three possible mechanisms by which anti-VEGFR-3 rapidly disrupted 

the CCL21 gradient. First, down regulated production of CCL21 in LEC; second, 

accelerated CCL21 degradation; and third, altered ECM components immobilizing CCL21 

around lymphatics, leading to disruption of the CCL21 gradient.

To investigate CCL21 production, skin LEC were isolated from control and anti-VEGFR-3 

treated pinnae. Flow cytometry revealed low cell surface CCL21 and high intracellular 

CCL21 expression (Fig S2C). This pattern and degree of expression did not change after 

anti-VEGFR-3 treatment (Fig S2C). In contrast, IHC of anti-VEGFR-3 treated pinnae 
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showed a significant reduction in CCL21 compared to the control (Fig. 2B and S2B). 

CCL21 is expressed on the abluminal side of LEC where it is bound to ECM (39). These 

data suggested that anti-VEGFR-3 did not inhibit CCL21 production, but increased its 

extracellular degradation and/or dispersion.

VEGFR-3 regulates heparan sulfate expression

HS is widely distributed in tissues and is critical for immobilization of chemokines to 

physically establish gradients. Indeed, CCL21 has a HS-binding C-terminal domain which 

facilitates its immobilization to ECM (40). To assess the last possibility raised above, we 

performed whole mount IHC for HS expression. The antibody against HS (10E4) detects 

intact but not digested fragments of HS (13). HS was expressed in the tissues surrounding 

lymphatics and blood vessels (Fig. 3A). In 4 separate experiments anti-VEGFR-3 treatment 

inhibited HS expression between at least 6 to 20 hours (Fig. 3A and 3B); and HS expression 

recovered between 24 to 48 hours (not shown). These results showed that down-regulation 

or degradation of HS was coincident with the disruption of CCL21 gradients after anti-

VEGFR-3 treatment. Taken together, anti-VEGFR-3 mAb disrupted the HS scaffold around 

lymphatics responsible for establishing CCL21 gradients. Administration of VEGF-C into 

naive ears did not increase HS expression above baseline (not shown), suggesting that 

VEGFR-3 stimulated by homeostatic VEGF-C was already maximal to establish and 

maintain the HS scaffold.

VEGFR-3 regulates heparanase activity

Since VEGF down-regulates expression of HPSE in BEC (41), we determined if LEC 

express HPSE, and if the effects of anti-VEGFR-3 on HS/CCL21 expression were due to 

HPSE activity. Flow cytometry and IHC showed that skin LEC expressed HPSE (Fig. 4A 

and 4B). HPSE was also weakly expressed by other cells, likely BEC (not shown) (41). 

Anti-VEGFR-3 blockade or VEGF-C administration did not alter HPSE expression (not 

shown). To evaluate whether there was a change in HPSE activity, HPSE was inhibited by 

co-administration into ears of neutralizing anti-HPSE Ab along with anti-VEGFR-3 mAb. 

Inhibition of HPSE prevented the reduction in HS and dispersion of the CCL21 gradient 

caused by anti-VEGFR-3 (Fig. 4C and 4D). These results demonstrated that HPSE was 

constitutively expressed on LEC, HPSE activity was regulated by VEGFR-3, and disruption 

of HS and the CCL21 gradient around lymphatics was due to HPSE-mediated degradation of 

HS. Overall, the balance between production and degradation of CCL21 was not directly 

affected by anti-VEGFR-3 mAb, but rather the loss of the CCL21 gradient was due 

primarily to the degradation of HS caused by HSPE activity.

The effect of anti-VEGFR-3 is PI3K-dependent

VEGF-C stimulates LEC to up-regulate α4β1 integrin expression via phosphoinositide 3-

kinase (PI3K) signaling; and inhibition of PI3K, especially PI3Kα, prevents integrin 

expression (42). We wondered if PI3Kα signaling also controlled HPSE activity. We 

characterized the effect of PI3K signaling or blockade with respect to anti-VEGFR-3 

treatment. Whole mount IHC showed that a PI3Kα inhibitor, PIK2, decreased expression of 

CCL21 and HS in the lymphatics, similar to anti-VEGFR-3 mAb. Moreover, a pan-PI3K 

activator, 740Y-P, prevented anti-VEGFR-3 induced inhibition of CCL21 and HS 
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expression (Fig. 5A and 5B), indicating that the effects of anti-VEGFR-3 were dependent on 

PI3K signaling.

CCL21 expression is down-regulated in contact hypersensitivity and dependent on 
VEGFR-3 down-regulation

To determine the role of VEGFR-3 signaling in the CCL21 gradient in inflammation, we 

used the DNFB contact hypersensitivity (CHS) model. In positive control ears challenged 

with DNFB 5 days after sensitization, the expression of VEGFR-3 was down-regulated 48 

hours after challenge and LYVE-1 was also down-regulated, as previously reported (43,44) 

(not shown). CCL21 and HS expression were concurrently down-regulated (not shown). 

Treating the ears with anti-HPSE or a pan-PI3K activator (740Y-P) 36 hours after DNFB 

challenge prevented the down-regulation of CCL21 and HS at 48 hours after challenge (Fig. 

6). Because of the high fluorescent backgrounds in inflamed ears, we could not reliably 

quantitate the staining for VEGFR-3, CCL21 or HS; however, the fluorescent images clearly 

showed marked differences in the distribution and intensity of staining of these molecules, 

with loss of lymphatic vessel definition as a result of contact sensitization, and regaining 

lymphatic vessel definition after inhibitor administration. These findings demonstrated that 

expression of CCL21and HS in inflamed tissues was acutely regulated by VEGFR-3 and 

dependent on HPSE activity and PI3K signaling.

Discussion

Various roles for VEGFR-3 in lymphatic function have been reported. In acute 

inflammation, VEGFR-3 stimulation reduces dermal edema by promoting lymph drainage 

and cell migration (45,46), and regulates lymphangiogenesis and capillary stability (47). 

Blockade of signaling delays recovery from chronic inflammation (48,49) and exacerbates 

chronic arthritis (50). VEGF-C/VEGFR-3 signaling maintains tissue electrolyte balance, and 

signaling blockade leads to tissue accumulation of sodium, chloride, and water (51,52). 

VEGF-C/VEGFR-3 signaling regulates phasic contractility and diameter of lymphatics in 

the steady state (53). We showed that VEGFR-3 regulated homeostatic naïve lymphocyte 

migration by controlling lymphatic HPSE activity, HS scaffold structure, and the CCL21 

gradient. Overall, the homeostatic state is not passively regulated, but subject to active 

receptor and ligand interactions. Future investigations will be needed to dissect out 

regulation of VEGFR-3 expression and signaling activity.

VEGF-C is constitutively expressed in tissues at a low level (Fig. S2A) in agreement with 

previous reports (27,54). In addition to fibroblasts and keratinocytes, mononuclear 

phagocytes also produce VEGF-C, contributing to tissue electrolyte homeostasis and blood 

pressure control (52). Our results showed that VEGF-C expressed during homeostasis was 

sufficient to maintain the HS scaffold and CCL21 gradient, and exogenous VEGF-C did not 

have additional effects on these structures or migration. Although the physiological stimuli 

for normal VEGF-C production remain to be fully determined, elevated interstitial pressure 

increases VEGF-C expression in edematous tissues (55). Tonicity-responsive enhancer 

binding protein in macrophages is activated by high interstitial tonicity and binds the VEGF-

C promoter (51). VEGF-C is elevated during acute and chronic inflammation, being 

Iwami et al. Page 8

Transplantation. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



produced by macrophages (46), DC, and neutrophils (56). The complexity of at least five 

different cell subsets that produce biologically active peptides suggests that there are 

multiple ways in which homoeostatic and inflammatory responses are engaged to regulate 

VEGF-C expression and activity and thus lymphatic function.

A CCL21 gradient is formed in tissues (15) and LN (57) to guide migration of CCR7+ 

leukocytes and for appropriate positioning. CCL21 can be up-regulated (43,44,58) down-

regulated (39) or unchanged (38) after various inflammatory events, although the underlying 

mechanisms are not known. We demonstrated that VEGFR-3 stimulation, PI3Kα activity, 

HPSE activity, and HS scaffold all influenced the CCL21 gradient. Collagen IV (38) and 

podoplanin (59) are also involved in immobilization of CCL21 on the abluminal surface of 

lymphatics and in the interstitium. The turnover of these ECM components should be 

considered in the regulation of the chemokine gradient. Together these observations show 

that gradient integrity varies over time and is complex with many possible regulatory cells, 

molecules, and events.

HPSE is expressed in various cells, including platelets, leukocytes, and BEC (19). We 

confirmed skin LEC also constitutively expressed HPSE (Fig. 4A and 4B). In the current 

study, we observed no change in protein expression of HPSE in anti-VEGFR-3 treated 

tissues, while a neutralizing anti-HPSE Ab inhibited degradation of HS. Therefore, 

mechanisms other than production or expression of HPSE likely regulated the HS-degrading 

activity. Additional posttranscriptional mechanisms regulating HPSE activity were reported 

such as capping on the cell surface (60) and an acidic microenvironment (61,62). HPSE is 

most active at pH 5.0 (61) and inflamed tissue is known to have a low pH to promote 

catalytic activity (63,64). Since tissue electrolytes and water homeostasis are regulated by 

VEGF-C/VEGFR-3 signaling (52), it is possible that VEGFR-3 blockade changed pH 

leading to HPSE activation in the steady state. Our results also showed that HPSE activity 

was regulated by VEGFR-3 signaling via PI3Kα during both acute inflammation and 

homeostasis. Albumin and advance glycated products stimulated HPSE transcription in 

proximal renal tubular cells and this was also regulated by PI3K (65). These results suggest 

specific targets for therapeutic regulation of HPSE and hence HS and chemokine gradients.

CHS consists of initiation, persistence and resolution phases. In the persistent inflammation 

phase, which generally lasts a few days, recruited cells are retained in the tissues as a result 

of impaired afferent lymph drainage (66). The molecular mechanisms responsible for 

impaired drainage are poorly understood. Here we observed VEGFR-3 was down-regulated 

on LEC early after antigenic challenge. Transient down-regulation of VEGFR-3 associated 

with reduction of the CCL21 gradient is a convincing mechanism leading to cellular, fluid, 

and molecular retention in inflamed tissues to maximize inflammation. Overexpression of 

CCL21 impairs cellular retention leading to an attenuated immune response. Indeed, up-

regulation of CCL21 prior to hapten challenge promotes CCR7+ cells egress from the skin 

leading to impaired CHS responses (67). Our data indicated that down-regulation of CCL21 

could be reversed by HPSE blockade or PI3K activation, which were down-stream of 

VEGFR-3 signaling. Taken together, our results demonstrated a novel aspect of VEGF-C/

VEGFR-3 signaling in regulating lymphatic function and implicate this signaling as a 

normal physiologic mechanism in inflammation and as a therapeutic target for treating 
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persistent inflammation or lymphedema. The definition of roles for CCL21, HS, HPSE, 

PI3Kα, VEGF-C, and VEGFR-3 points to many opportunities for intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BEC blood endothelial cells
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CHS contact hypersensitivity

CR cortical ridge

DNFB 2,4-dinitro-1-fluorobenzene

EC endothelial cell

ECM extracellular matrix

HEV high endothelial venules

HPSE heparanase

HS heparan sulfate

IHC immunohistochemistry

LEC lymphatic endothelial cells

MS medullary sinus

SCS subcapsular sinus

VEGF-C vascular endothelial growth factor C

VEGFR-3 vascular endothelial growth factor receptor 3
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Figure 1. Anti-VEGFR-3 inhibits tissue to lymphatic to dLN migration of CD4+ T cells
(A) VEGFR-3 expression of naïve CD4+ T cells, skin LEC, and skin BEC were analyzed by 

flow cytometry. Isotype control staining of LEC is shown in black thin solid lines. (B) 

VEGFR-3 mRNA expression of LEC and naïve CD4+ T cells analyzed by qRT-PCR. The 

values are shown as relative expression (%) of an endogenous control, cyclophilin A. 

Results from 2 mice/group, 2 independent experiments. (C) VEGFR-3 expression in afferent 

lymphatics in skin tissue in whole mount immunohistochemistry. Naive C57BL/6 ear skin 

sheets stained for LYVE-1 (Cy3) and VEGFR-3 (Cy5). Original magnification 200×. Bars, 

100 μm. (D) CFSE-labeled CD4+ T cells plus 2, 7 or 20μg/mouse of control mAb (2A3) or 

anti-VEGFR-3 mAb (mF4-31C1) injected into foot pads. 12 hours later, popliteal LN (dLN) 

and axillary LN (ndLN) harvested, percentages of CFSE+ cells in LN CD4+ cells calculated, 

and compared by one-way ANOVA. Aggregated data are shown. Each point is a foot pad (n 

= 3-5/group) from 5 independent experiments. ** p < 0.005, *** p < 0.0005; n.s., not 

significant. (E) CFSE-labeled CD4+ T cells injected into C57BL/6 ear pinnae with 7μg 

control or anti-VEGFR-3 mAb, ears harvested at 6 hours, and skin sheets stained for 

LYVE-1 (Cy5). Representative images with transferred T cells (arrows). Original 

magnification 200×. Bars, 50 μm. (F) Same as (E), aggregate quantitative data for CFSE+ T 

cells in tissues and lymphatics at 12 hours. Each point is lymphatics observed in one field, 

20 fields/ear from 2 mice/group for 4 independent experiments. ** p<0.005; n.s., not 

significant by one-way ANOVA.
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Figure 2. VEGFR-3 regulates CCL21 tissue expression and gradient
(A) Naive ear skin sheets stained for LYVE-1 (Cy3), CD31 (DyeLight 488), and CCL21 

(Cy5). Original magnification 200×. Bars, 50 μm. (B) Anti-VEGFR-3 (7μg) or control mAb 

(7μg) injected into pinnae, ears harvested after 6 hours, and skin sheets stained for LYVE-1 

(Cy3) and CCL21 (Cy5). Representative staining pattern of LYVE-1 and CCL21 in 

lymphatics. CCL21 positive area is shown in light green in the third image. LYVE-1+ 

lymphatics are traced with white dotted line. (C) Same as (B), CCL21 aggregates (left) or 

CCL21+ area (right) in lymphatics (at least 10 fields/group) measured. Results from 2 mice/

group, 10 independent experiments. * p<0.05; n.s., not significant by unpaired t-test.
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Figure 3. VEGFR-3 regulates heparin sulfate (HS) expression
(A) Anti-VEGFR-3 mAb (7μg) or control mAb (7μg) injected into pinnae, ears harvested 6 

or 20 hours later, and skin sheets stained for LYVE-1 (Cy3), CCL21 (Dye Light 488), and 

HS (Alexa Fluor 647). Original magnification 200×. Bar, 100μm. (B) Same as (A), CCL21 

area, HS area, and HS intensity calculated. n = 10-12 fields/group. Results from 2 mice/

group, 3 independent experiments. * p<0.05, ** p<0.005, *** p<0.0005 by one-way 

ANOVA.

Iwami et al. Page 17

Transplantation. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. VEGFR-3 regulates HPSE
(A) Ear pinnae single cell suspensions stained for CD45, CD31, gp38, and heparanase 

(HPSE) and analyzed by flow cytometry. Gating strategy is shown in Fig S1A. HPSE in 

LEC and BEC are shown. (B) Pinnae stained for HPSE, gp38, and DAPI. Original 

magnification 600×. Bar, 20μm. White arrows indicate LEC. (C) Control or anti-VEGFR-3 

mAb (7μg) injected into pinnae along with anti-HPSE antibody (1μg) intradermally; ears 

harvested after 20 hours; and stained for LYVE-1 (Cy3), CCL21 (Dye Light 488), and 

heparan sulfate (HS, Alexa Fluor 647). Original magnification 200×. Bar, 100μm. (D) Same 

as (C), staining intensity of CCL21 and HS, and %CCL21- and %HS-positive area in 

lymphatics calculated. n = 10-12 fields/group. Results from 2 mice/group, 3 independent 

experiments. * p<0.05, ** p<0.005, *** p<0.0005 by one-way ANOVA.
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Figure 5. The effects of anti-VEGFR-3 is PI3K dependent
(A) Anti-VEGFR-3 (7μg) or control mAb (7μg) were injected into pinnae with or without 

PI3Kα inhibitor (PIK2, 10μg) or pan-PI3K activator (740Y-P, 50μg). Six hours later, the ear 

skin sheets were stained for LYVE-1, CCL21, and HS. Original magnification 200×. Bar, 

100μm. (B) Same as (A), staining intensity of CCL21 and HS, and % CCL21- and HS-

positive area in LYVE-1+ lymphatics were calculated. n = 10-12 fields/group. Results from 

2 mice/group, 3 independent experiments. * p<0.05 by one-way ANOVA.
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Figure 6. Anti-heparanase and PI3K activator inhibit down-regulation of CCL21 in contact 
hypersensitivity
Thirty six hours after DNFB challenge or vehicle application, the ears were treated with 

anti-heparanase Ab (1μg/ear) or PI3K activator (10μg/ear) or PBS. Additional 12 hours later 

the ear skin sheets were stained for LYVE-1 (Cy3), CCL21 (Dye Light 488), and heparan 

sulfate (HS, Alexa Fluor 647). Original magnification 200×. Bar, 100μm. Representative 

images from 2 mice/group, 3 independent experiments.
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