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Abstract

Dissemination of HIV in the host involves transit of the virus and virus-infected cells across the lymphatic endothelium. HIV
may alter lymphatic endothelial permeability to foster dissemination, but the mechanism is largely unexplored. Using a
primary human lymphatic endothelial cell model, we found that HIV-1 envelope protein gp120 induced lymphatic
hyperpermeability by disturbing the normal function of Robo4, a novel regulator of endothelial permeability. HIV-1 gp120
induced fibronectin expression and integrin a5b1 phosphorylation, which led to the complexing of these three proteins, and
their subsequent interaction with Robo4 through its fibronectin type III repeats. Moreover, pretreatment with an active N-
terminus fragment of Slit2, a Robo4 agonist, protected lymphatic endothelial cells from HIV-1 gp120-induced
hyperpermeability by inhibiting c-Src kinase activation. Our results indicate that targeting Slit2/Robo4 signaling may
protect the integrity of the lymphatic barrier and limit the dissemination of HIV in the host.
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Introduction

HIV becomes established at mucosal sites by infecting dendritic

cells, CD4+ T lymphocytes and macrophages in the lamina

propria after its entry. From there, virus and infected cells

disseminate via lymphatic endothelial channels to the draining

lymph nodes, and subsequently pass into the bloodstream [1–4].

An impaired lymphatic barrier may accelerate HIV dissemination.

Generally, endothelial cells do not express CD4, the major

receptor of HIV, but express varying levels of CXCR4 [5] and

CCR5 [6], the co-receptors of HIV, depending on the tissue of

origin [7]. While HIV can infect endothelial cells, its biological

importance in the pathogenesis of AIDS is unclear [8–10]. The

HIV-1 envelope glycoprotein gp120 and the HIV transactivator of

transcription (Tat) may contribute to HIV-associated vasculo-

pathy. HIV-1 gp120 induces apoptosis in endothelial cells [11,12]

and Tat stimulates angiogenesis [13,14], which is often concom-

itant with hyperpermeability. Current knowledge of the effects of

HIV-associated hyperpermeability are limited to disrupting the

integrity of vascular structures and/or enhancing inflammatory

reactions. However, these phenomena are characteristic of many

infectious diseases [15] and do not explain the unique biology of

HIV. In addition, while a pivotal role for the lymphatic system in

the pathogenesis of HIV/AIDS has been suggested [16], the

pathobiology of HIV interaction with lymphatic endothelium has

not been extensively characterized.

The Slit2/Robo4 (Roundabout 4) signaling pathway is a

recently identified regulator of endothelial permeability [17].

The Slit/Robo family members were originally discovered as axon

guidance molecules that mediate repulsive signaling mechanisms

in the central nervous system [18–20]. Recent studies from animal

models strongly implicate a central role for Slit/Robo in vascular

biology [17,21]. For example, Robo4 knockdown zebrafish

embryos have vascular sprouting defects [22], and Robo4

knockout mice display abnormal vascular hyperpermeability

[17]. Moreover, Slit2/Robo4 interactions can maintain the

integrity of the vascular network and its barrier function by

inhibiting cytokine-mediated vasculogenesis and enhanced per-

meability [17,23], and the Slit2-Robo4-paxillin-GIT1 network

inhibits neovascularization and vascular leakage [24].

Slit2 belongs to a family of three glycosylated extracellular

proteins containing at least four different motifs and sharing

cognate Robo receptors (Robo1-4) [25,26]. Slits are secreted by

midline glial cells and other tissues [19,27,28], and can be

processed by proteolytic cleavage to yield a shorter C-terminus

fragment of unknown function and a longer, active N-terminus

fragment that agonizes the Robos [29,30]. Robo4 is predom-

inantly expressed in endothelial cells, including embryonic

endothelium and tumor vascular endothelium, and shows

significant structural differences from the other Robos [26,31].

Robo4 has only two immunoglobulin (Ig) domains and two

fibronectin type III domains in the extracellular region, whereas

the other Robos have five and three, respectively [32,33]. The

Robo4 cytoplasmic domain also differs from the other family

members, e.g. while Robo1 has four conserved motifs in this

region, Robo4 retains only two [26]. Structure-effect studies

have revealed that the Slits bind via their N-terminal leucine-

rich repeat domain to the Robos, and that the first Ig domain of

the Robos is highly conserved and important for Slit binding

[34–36].
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Slit2/Robo4 signaling activates Rho GTPases in endothelial

cells, but the precise mechanism by which they interact with each

other remains controversial [37–39]. There are two prevailing

hypotheses for their interaction. One posits that Slit2 activates

Robo4 and initiates a signaling cascade [17,21]. Alternatively,

Slit2 may interact with Robo1, and then transactivate Robo4

[39,40].

In this study, we explored if and how HIV-1 gp120 modulates

the Slit2/Robo4 signaling pathway in primary human lung

lymphatic endothelial cells. We found that HIV-1 gp120 elevated

fibronectin levels, activated fibronectin and a5b1 integrin, and

induced a physical association between a5b1 and Robo4. This

complexing of Robo4 resulted in hyperpermeability in a lymphatic

cell monolayer; however, pretreatment with Slit2N, an active N-

terminal fragment of Slit2, inhibited significantly these HIV-1

gp120-induced effects. We suggest that the Slit2/Robo4 pathway

may play a key role in modulating HIV-1 gp120-induced

lymphatic hyperpermeability, and its manipulation may be used

to inhibit the dissemination of HIV in the host.

Results

HIV-1 gp120 Induces Hyperpermeability of a Lymphatic
Cell Monolayer

The effects of HIV-1 gp120 on vascular endothelium have been

well characterized [41–43], however, very little is known about

how HIV-1 gp120 specifically affects the lymphatic barrier. To

address this issue, we studied the effects of HIV-1 gp120 from two

different HIV-1 strains (M-gp120 which utilizes the CCR5 co-

receptor on target cells, and T-gp120 which utilizes the CXCR4

co-receptor) on lung lymphatic endothelial cells (L-LECs) in an in

vitro, vascular permeability assay. Permeability was quantified by

the translocation of FITC-conjugated Dextran particles through

an L-LEC cell monolayer seeded in the top chamber of a transwell

plate, into the bottom chamber, after incubation with specified

concentrations of M-gp120 or T-gp120. We observed a significant

increase in permeability of the lymphatic cell monolayer after

treatment with both M-gp120 and T-gp120 (Figure 1A). We then

assessed in the L-LECs, the expression of CD4 (the major receptor

for HIV-1 gp120 on target cells) and the co-receptors, CCR5 and

CXCR4, by immunohistochemistry. While we detected no

expression of CD4 or CCR5 in these cells (data not shown), we

observed a robust expression of CXCR4 on the cell surface and in

the nucleus (Figure 1B). However, inhibiting the effects of CXCR4

with a neutralizing antibody had no effect on the HIV-1 gp120-

induced permeability of the monolayer (data not shown). These

data suggest that HIV-1 gp120 induces hyperpermeability in an L-

LEC monolayer by a mechanism independent of CD4, CCR5 and

CXCR4 binding.

HIV-1 gp120 Modulates the Expression of Fibronectin
and Slit2 in L-LECs

Fibronectin is important for maintaining vascular integrity [44]

and is involved in lymphangiogenesis [45,46]. Previous studies

showed that HIV-1 gp120 can bind to fibronectin through its

heparin-binding domains, and facilitate HIV infection [47–49].

Therefore, we assessed fibronectin expression by Western blot

analysis in L-LECs and their supernatant after incubation with

various concentrations of HIV-1 gp120 (M-gp120 was used in all

experiments unless specifically stated otherwise). We observed

marked increases of fibronectin (predominantly as a dimer) in cell

lysates after treatment with HIV-1 gp120, and less pronounced

increases of soluble, monomeric fibronectin in the supernatant

(Figure 2A). We interpret our data to indicate that HIV-1 gp120

can enhance fibronectin expression in lung lymphatic endothelial

cells. Interestingly, we observed that low concentrations of gp120

(10–50 ng/ml) induced a decrease in FN secretion (vs. untreated)

as compared with higher gp120 concentrations (100–500 ng/ml).

Few experimental studies focus on gp120 at such low levels,

however, we hypothesize that the effects of gp120 at these low

concentrations may be an in vitro correlate for HIV latent infection

in vivo and a low viral load, although this has yet to be confirmed.

With the recent discovery that Slit2/Robo4 signaling regulates

endothelial permeability [17,24], and our data that demonstrate

HIV-1 gp120-induced hyperpermeability and fibronectin up-

regulation in L-LECs, we postulated that fibronectin, Slit2 and

Robo4 may be interacting to regulate lymphatic permeability after

HIV exposure. By confocal microscopy, we observed the

expression and localization of fibronectin and Robo4 in L-LECs

with or without treatment with Slit2N or HIV-1 gp120. After

stimulation with Slit2N, no co-localization of fibronectin and

Robo4 was observed (Figure 2B, middle panel). When the L-LECs

were treated with HIV-1 gp120, however, fibronectin and Robo4

displayed strong co-localization (Figure 2B, right panel). These

expression patterns and interactions were corroborated by a

Robo4 immunoprecipitation assay in which L-LECs, stimulated

with HIV-1 gp120, showed fibronectin activation (by serine/

threonine phosphorylation, Figure 2C) and a significantly

enhanced physical association between fibronectin and Robo4

(Figure 2C).

Since Slit2/Robo4 signaling is known to inhibit cytokine-

induced vascular permeability [17,23], we compared Slit2

expression in L-LECs in the presence or absence of HIV-1

gp120, a known inducer of endothelial permeability. Using a semi-

quantitative RT-PCR assay, we found that at low concentrations,

HIV-1 gp120 enhanced Slit2 expression in L-LECs, while higher

concentrations of HIV-1 gp120 inhibited the expression of Slit2

(Figure 3). The inhibition of Slit2 by HIV-1 gp120 at 250 ng/ml

and 500 ng/ml is consistent with the characterization of Slit2 as an

inhibitor of pathological hyperpermeability [24]. Taken together,

Author Summary

The most common route of HIV transmission is through
unprotected sexual contact. By this route, HIV first infects
cells in the mucous membranes of the mouth, vagina or
rectum. From the mucosa, virus and virus-infected cells
move through lymphatic endothelial channels to draining
lymph nodes where they infect various cells, including
their major target cells, CD4+ T lymphocytes. The virus and
infected cells then transmigrate through the lymphatic
barrier, enter the blood stream, and spread throughout the
body. We found that HIV-1 gp120 compromises the
lymphatic endothelial barrier by inducing hyperperme-
ability. We hypothesize that an impaired barrier may
facilitate the dissemination of HIV. Likewise maintaining a
‘‘normal’’ barrier may help slow the dispersal of HIV,
thereby protecting the body from HIV spread and
progression after initial mucosal exposure. We demon-
strated that in lymphatic endothelium the interactions
among Robo4, Slit2, fibronectin and a5b1 integrin modu-
late the effect of HIV-1 gp120 on lymphatic permeability.
Moreover, we found that Slit2 inhibits the complexing of
Robo4 with fibronectin and protects cells from gp120-
induced hyperpermeability. These data suggest that by
interacting with Robo4, Slit2 may help maintain the
integrity of the lymphatic barrier, thereby interfering with
the dissemination of HIV beyond the draining lymph
nodes.

HIV gp120 on Lymphatic Permeability
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these data suggest that fibronectin, Robo4 and Slit2 may

cooperate in mediating permeability induced by HIV-1 gp120 in

lymphatic endothelium.

HIV-1 gp120 Induces Hyperpermeability in L-LECs
through Activation of a5b1 Integrin

When fibronectin interacts with vascular endothelium it

commonly binds to either a5b1 integrin or avb3 integrin on the

cell surface. Activation of these integrins dramatically enhances

this interaction [50]. Therefore, we examined the expression of

these two integrins in L-LECs by Western blot analysis. Since

we detected a5b1, but not avb3 in L-LECs (data not shown), we

investigated only a5b1 in subsequent experiments. We treated

L-LECs for various times with either HIV-1 gp120 or Slit2N.

By Western blotting we measured the levels of b1 phosphor-

ylation, a reflection of a5b1 activation (Figure 4A). We observed

no change in a5b1 activation after Slit2N treatment, however,

incubation with HIV-1 gp120 induced significant phosphory-

lation of b1 (Figure 4A). Furthermore, we observed co-

localization of HIV-1 gp120 and activated a5b1 integrin on

the L-LEC cell surface by confocal microscopy (Figure 4B,

‘‘Merge’’ panel).

Based on these results, we hypothesized that the physical

interaction between HIV-1 gp120 and integrin a5b1 may play a

role in HIV-1 gp120-induced effects. Therefore, we examined the

effect of blocking this interaction on lymphatic hyperperme-

ability. Using the previously described in vitro transwell perme-

ability assay, cells were pre-treated with either a neutralizing anti-

a5b1 antibody or an isotype control before incubation with M-

gp120 or T-gp120. We observed increased permeability through

the L-LEC monolayer after treatment with either of the HIV-1

gp120 isotypes (Figure 4C); pretreatment with the anti-a5b1

antibody prevented much of the increase in permeability

associated with HIV-1 gp120 (Figure 4C). These data indicate

that the increased activation of a5b1 integrin by HIV-1 gp120

and their physical association are required for HIV-1 gp120-

induced hyperpermeability of L-LECs.

Slit2N Inhibits HIV-1 gp120-Induced Lymphatic
Hyperpermeability by Blocking the Interaction between
a5b1 and Robo4

Based on the results from our expression and co-localization

studies of Slit2, Robo4, gp120, fibronectin and a5b1, we sought

to investigate further the physical interactions that contribute to

HIV-1 gp120-induced hyperpermeability, and to explore the

specific effects of Slit2 on these processes. To these ends, we

examined the physical interaction of Robo4 and a5b1 in L-LECs

after treatment with Slit2N or HIV-1 gp120 in a Robo4

immunoprecipitation assay. The basal association between

Robo4 and a5b1 integrin was not affected by the differential

expression of Slit2N (Figure 5A). However, we observed a

significant increase in this physical association after treatment

with HIV-1 gp120 (Figure 5A). We then pretreated L-LECs with

Slit2N or a negative control before incubating the cells with

HIV-1 gp120. While the association between Robo4 and a5b1

integrin appeared to peak 15 minutes after HIV-1 gp120

Figure 1. HIV-1 gp120 induces hyperpermeability of a lymphatic cell monolayer. (A) Permeability, as determined by the translocation of
FITC-conjugated dextran particles through an L-LEC monolayer in transwell chambers. Cells were incubated with M-gp120, T-gp120 or controls at
various concentrations for 18 hours. Dextran particles were added, and fluorescence assessed after 5 minutes. Permeability was calculated based on
the relative fluorescence of media in lower chambers of HIV-1 gp120-treated cells vs. the controls (‘‘0’’). Data indicate the mean 6 SD of 3
independent experiments. (*** p,0.001). (B) Immunofluorescent analysis of CXCR4 expression in L-LECs. Scale bars = 20 mm. Representative images
are shown.
doi:10.1371/journal.ppat.1002461.g001

HIV gp120 on Lymphatic Permeability
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incubation (Figure 5B), pretreatment with Slit2N greatly

diminished this interaction (Figure 5B). Based on these data,

we theorized that Slit2 may antagonize the effects of HIV-1

gp120 on a lymphatic cell monolayer, and therefore, may protect

lymphatic endothelium against HIV-1 gp120-induced hyperper-

meability. To test this hypothesis we utilized the L-LEC

transwell permeability assay previously described. While incu-

bation with M-gp120 and T-gp120 increased L-LEC monolayer

permeability (Figure 5C, ‘‘Control’’ bars), the extent of this HIV-

1 gp120-induced hyperpermeability was significantly inhibited

by pretreatment with Slit2N (Figure 5C, ‘‘Slit2N’’ bars). We

interpret these data to indicate that Slit2N significantly inhibits

HIV-1 gp120-induced hyperpermeability in lymphatic endothe-

lium by blocking the physical association between Robo4 and

a5b1 integrin.

Figure 2. HIV-1 gp120 modulates the expression of fibronectin and Slit2 in L-LECs. (A) Representative Western blot analysis of fibronectin
(FN) expression in L-LEC cytoplasm and supernatant. Cells were serum-starved for 1 hour and incubated with indicated concentrations of HIV-1
gp120 for 18 hours before harvesting protein. GAPDH used as loading control. (B) Robo4 and FN expression in L-LECs by confocal microscopy. L-LECs
were cultured in chamber slides and incubated with either HIV-1 gp120 (500 ng/ml), Slit2 (500 ng/ml) or a control for 15 minutes before fixing and
staining cells. Red = Robo4; Green = FN; Blue = DAPI. Scale bars = 10 mm. (C) Robo4 immunoprecipitation of total and phosphorylated FN (p-Ser/Ther)
by Western blot analysis in L-LECs. Cells were incubated with either HIV-1 gp120 (500 ng/ml) or a control for 15 minutes before protein from total cell
lysates was collected for Robo4 immunoprecipitation. Membrane was stripped and reprobed for Robo4 expression as a loading control.
doi:10.1371/journal.ppat.1002461.g002

Figure 3. The differential effects of HIV-1 gp120 concentrations
on Slit2 expression in L-LECs. Representative RT-PCR analysis (DNA
gel) of Slit2 expression in L-LECs after incubation with designated
concentrations of HIV-1 gp120 for 18 hours prior to performing RT-PCR.
b-actin was amplified as an internal control.
doi:10.1371/journal.ppat.1002461.g003

HIV gp120 on Lymphatic Permeability
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Slit2N Inhibits HIV-1 Virus-Induced Lymphatic Monolayer
Hyperpermeability

To demonstrate that Slit2N and gp120 can induce similar

effects in various types of lymphatic endothelium, we repeated the

lymphatic permeability assay using primary human dermal

lymphatic endothelial cells (D-LECs). Similar to the results using

L-LECs, gp120 increased the permeability of D-LEC monolayers

in a dose-dependent manner, and pretreatment with Slit2N

significantly decreased the gp120-induced hyperpermeability

(Figure 6A). To confirm that the changes in permeability were

not due to the origin of the gp120, we repeated this experiment

with another M-tropic gp120 protein, gp120CM, and observed

similar effects (data not shown).

To demonstrate that the effects of the gp120 protein reflect

accurately those of intact HIV-1 virions on lymphatic hyperper-

meability, we pretreated L-LEC monolayers with Slit2N or a

negative control, followed by incubation with HIV-1 virions or

gp120. We found that HIV-1 virions significantly increased

lymphatic permeability within 5 hours, whereas gp120 induced

only a mild increase during the same time period (overnight

incubation was needed for full in vitro effect of gp120 on

permeability) (Figure 6B). Pretreatment with Slit2N significantly

inhibited the permeability induced by both the HIV-1 virions and

the gp120 protein (Figure 6B). Taken together, our results indicate

that intact HIV-1 virions increase lymphatic monolayer perme-

ability, and preincubation with Slit2N can effectively inhibit this

increase. These data indicate that HIV-1 virions can induce

lymphatic endothelial monolayer permeability similar to that

induced by gp120, suggesting that our in vitro model of gp120-

induced endothelial cell monolayer permeability may reflect the

actions of HIV-1 in vivo.

Slit2 and Robo4 Influence HIV-1 gp120-Induced
Hyperpermeability in L-LECs by Modulating c-Src Kinase
Activation and Signaling

To elucidate the signaling cascade(s) responsible for HIV-1

gp120-induced hyperpermeability in lymphatic endothelium, we

analyzed the effects of HIV-1 gp120, Slit2N and Robo4 by

Western blot analysis on Src kinase, a key molecule in the

regulation of vascular endothelial permeability [51,52]. We found

that preincubation of L-LECs with Slit2N significantly inhibited

HIV-1 gp120-induced phosphorylation of c-Src (Figure 7A),

indicating inhibition of the Src signaling pathway. We theorized

that the modulation of Src kinase signaling by Slit2N and Robo4

may be the result of a physical complexing between the two

proteins. To test this hypothesis, we transiently expressed both

Robo4 and Myc-tagged Slit2 in 293 cells, and examined their

physical association in a Robo4 immunoprecipitation assay. We

observed a physical association between Slit2 (c-Myc) and Robo4

in these cells (Figure 7B).

Figure 4. HIV-1 gp120 induces hyperpermeability in L-LECs through activation of a5b1 integrin. (A) Representative Western blot analysis
of phosphorylated a5b1 integrin in L-LECs after 2 hours of serum starvation and subsequent incubation for designated times with HIV-1 gp120
(500 ng/ml) or Slit2N (500 ng/ml). GAPDH used as loading control. (B) Phosphorylated a5b1 integrin and HIV-1 gp120 expression and co-localization
in L-LECs by confocal microscopy. L-LECs were cultured in chamber slides and incubated with HIV-1 gp120 (500 ng/ml) for 15 minutes before fixing
and staining cells. Scale bars = 10 mm. (C) Permeability through an L-LEC monolayer as previously described. L-LEC monolayers were pretreated with a
neutralizing anti-integrin b1 antibody or a normal IgG control for 2 hours before incubating with M-gp120 or T-gp120 (both 500 ng/ml) for 18 hours.
Data indicate the mean 6 SD of 3 independent experiments. (**p,0.01; *** p,0.001).
doi:10.1371/journal.ppat.1002461.g004

HIV gp120 on Lymphatic Permeability
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Since pretreatment with Slit2N inhibited c-Src signaling and

there appeared to be a physical association between Slit2 and

Robo4, we asked if the inhibition of c-Src signaling was a result of

Slit2 sequestering Robo4 to deplete its cellular levels and render it

unavailable for binding to a competing protein. To approximate

this situation, we pretreated L-LECs with a mixture of Robo4

siRNAs or a control siRNA before incubating the cells with HIV-1

gp120. We did not observe the same inhibition of c-Src activation

as we had with the Slit2N preincubation (Figure 7A). Instead, the

constitutive activation of c-Src increased dramatically in the

Robo4 knockdown cells as compared with the control siRNA-

transfected cells (Figure 7C). These findings are consistent with the

phenotype of Robo4 knockout mice which display heightened

vascular permeability [17]. These data suggest that a sufficient

endogenous level of Robo4 in lymphatic endothelium is necessary

to block c-Src signaling, and that its binding to Slit2 is required to

protect against lymphatic hyperpermeability. Additionally, HIV-1

gp120 did not enhance c-Src signaling in the Robo4 knockdown

cells as it did in the control siRNA-transfected cells (Figure 7C).

We hypothesize that the elevated constitutive level of c-Src kinase

signaling in the Robo4 knockdown cells prevented HIV-1 gp120

from enhancing this effect in the L-LECs.

To determine if Src signaling is involved in HIV-1 gp120-

induced lymphatic permeability, we pretreated L-LECs with a Src

kinase inhibitor or a DMSO control before measuring HIV-1

gp120-induced permeability, as described previously. While

treatment with HIV-1 gp120 resulted in increased permeability

through the L-LEC monolayer preincubated with DMSO, HIV-1

gp120 had no effect on the L-LECs preincubated with a Src kinase

inhibitor (Figure 7D). Taken together, we interpret these data to

Figure 5. Slit2N inhibits HIV-1 gp120-induced lymphatic hyperpermeability by blocking the interaction between a5b1 integrin and
Robo4. (A) Robo4 immunoprecipitation of a5b1 integrin by Western blot analysis in L-LECs. Cells were incubated with either Slit2N (500 ng/ml), HIV-
1 gp120 (500 ng/ml) or their respective controls (‘‘2’’) for 15 minutes before protein from total cell lysates was collected for Robo4
immunoprecipitation. Membranes were stripped and reprobed for Robo4 expression as a loading control. (B) Robo4 immunoprecipitation of a5b1

integrin by Western blot analysis in L-LECs. Cells were incubated with either Slit2N (500 ng/ml) or a control for 2 hours and then treated with HIV-1
gp120 (500 ng/ml) for times indicated before the protein from total cell lysates was collected for Robo4 immunoprecipitation. Membrane was
stripped and reprobed for Robo4 expression as a loading control. (C) Permeability through an L-LEC monolayer as previously described. L-LEC
monolayers were pretreated with Slit2N (500 ng/ml) or a control for 2 hours before incubating with M-gp120 or T-gp120 (both 500 ng/ml) for
18 hours. Data indicate the mean 6 SD of 3 independent experiments. (**p,0.01; *** p,0.001 for treatment with Slit2N versus vehicle control).
doi:10.1371/journal.ppat.1002461.g005

HIV gp120 on Lymphatic Permeability
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indicate that Src kinase signaling is required for HIV-1 gp120-

induced lymphatic hyperpermeability, and that Slit2/Robo4

interactions can inhibit this signaling cascade.

Robo4 Expression Levels Influence Lymphatic
Hyperpermeability in L-LEC Monolayers

To characterize more precisely the role of Robo4 in HIV-1

gp120-induced effects on lymphatic permeability, we transfected

L-LECs with control siRNAs or Robo4-specific siRNAs (to reduce

Robo4 levels), and confirmed a decrease in Robo4 expression by

Western blot analysis 24 hours later (Figure 8A). We compared the

permeability of L-LEC monolayers expressing endogenous levels

of Robo4 (Figure 8B, ‘‘Control siRNA’’ columns) and reduced

levels of Robo4 (Figure 8B, ‘‘Robo4 siRNA’’ columns) in the

presence or absence of Slit2N or HIV-1 gp120. In the L-LEC

monolayers with endogenous levels of Robo4, incubation with

Slit2N had no significant effect on permeability, but HIV-1 gp120

significantly increased the permeability of this monolayer. We

observed a significantly higher basal level of permeability in the L-

LEC monolayers with reduced Robo4 levels. Slit2N had no

significant effect on the permeability of these monolayers, and

HIV-1 gp120 failed to cause any significant change in the

permeability of the L-LEC monolayers with reduced Robo4 levels.

We hypothesize that HIV-1 gp120 did not enhance the

permeability of these monolayers, because reducing Robo4 levels

had already markedly increased their permeability. These data

suggest that sufficient endogenous levels of Robo4 are required to

maintain an intact lymphatic barrier.

The Fibronectin Domains of Robo4 Are Critical for gp120-
Induced Hyperpermeability of L-LEC Monolayers

The Robo4 receptor contains two fibronectin (FN) type III

domains in its extracellular region [32,33]. While a study by Kaur

et al., demonstrated that these motifs are important for the

interaction of Robo4 with fibronectin [38], no other function for

the domains has been documented. Fibronectin regulates the

permeability of vascular endothelium [44]. We observed that

HIV-1 gp120 elevated FN levels and enhanced lymphatic

monolayer permeability in L-LECs. Therefore, we examined the

effects of fibronectin on c-Src activation, and its effects after

pretreatment with Slit2N. We observed that fibronectin enhanced

the activation of c-Src, and that pretreatment with Slit2N

significantly inhibited the FN-induced activation of c-Src

(Figure 9A). We hypothesize that Slit2N may be interacting with

Robo4 to block the FN-induced c-Src activation, and that the FN

domains of Robo4 may be involved in the inhibition of FN-

induced c-Src activation by Slit2 and L-LEC monolayer

hyperpermeability.

To explore the potential role of the Robo4 FN domains in HIV-

1 gp120-induced effects, we compared the effects of HIV-1 gp120

on the permeability of L-LEC monolayers transfected with wild-

type Robo4 (WT), mutant Robo4 (MT), which lacks the FN type

III domains, or a vector control (V). We found that HIV-1 gp120

induced significantly less permeability in L-LEC monolayers with

elevated levels of wild-type Robo4 as compared to those with

endogenous Robo4 levels (Figure 9B). These results indicate that

Robo4 inhibits HIV-1 gp120-induced permeability in L-LEC

monolayers, and may protect the integrity of the lymphatic barrier

after HIV-1 infection by interacting with Slit2. We also observed

that HIV-1 gp120-induced permeability was inhibited to a

significantly greater extent in the L-LEC monolayers transfected

with mutant Robo4 vs. wild-type Robo4. In fact, treatment with

HIV-1 gp120 resulted in no change in the permeability of the L-

LEC monolayers expressing mutant Robo4 (Figure 9B). We

interpret these results to indicate that the complexing of FN and

Robo4 (through its FN type III domains) is necessary for HIV-1

gp120-induced hyperpermeability of L-LEC monolayers, and that

the FN type III domains of Robo4 may be required for the

interaction of HIV-1 gp120, Robo4 and FN.

To explore this hypothesis, we transiently transfected L-LECs

with plasmids encoding wild-type Robo4 (WT), mutant Robo4

(MT), or a vector control (V). After 48 hours, we analyzed the

effects of HIV-1 gp120 on c-Src pathway activation in each of the

transfected cell types by Western blot analysis. We observed that

the basal level of c-Src activation was lower in L-LECs with

elevated Robo4 expression as compared to those with endogenous

Robo4 expression (Figure 9C, WT/2 and V/2, respectively).

HIV-1 gp120 increased c-Src activation in both cell types

(Figure 9C), however, overall HIV-1 gp120-induced c-Src

activation levels were significantly lower in L-LECs with elevated

Robo4 levels as compared to those with endogenous Robo4 levels

(Figure 9C, WT/+ and V/+, respectively). In L-LECs expressing

elevated levels of mutant Robo4 (MT), both basal c-Src activation

and HIV-1 gp120-induced c-Src activation were equivalent to the

L-LECs expressing elevated wild-type Robo4 (Figure 9C). These

data indicate that elevated levels of Robo4 inhibit basal c-Src

activation and HIV-1 gp120-induced c-Src activation. We

Figure 6. Slit2N attenuates HIV-1 virus-induced lymphatic
hyperpermeability. (A) Permeability through a dermal lymphatic
endothelial cell (D-LEC) monolayer as previously described. D-LEC
monolayers were pretreated with Slit2N (500 ng/ml) or a control for
2 hours before incubating with M-gp120 (500 ng/ml) for 18 hours. (B)
Permeability through an L-LEC monolayer as previously described. L-
LEC monolayers were pretreated with Slit2N (500 ng/ml) or a control for
1 hour, followed by incubation with HIV-1 virions (4.06106 TCID 50/ml)
or gp120 (500 ng/ml) for 5 hours. The viral load corresponds to a gp120
concentration of 425 ng/ml. For (A) and (B), data indicate the mean 6
SD of 3 independent experiments. (*p,0.05; *** p,0.001 for treatment
with Slit2N versus vehicle control).
doi:10.1371/journal.ppat.1002461.g006
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hypothesize that since Slit2 inhibits c-Src activation, elevated

Robo4 levels after transfection may magnify the effects of Slit2, by

providing more receptors to which endogenous Slit2 can bind.

We also examined the levels of HIV-1 gp120-induced

phosphorylation of ERK1/2, key signaling molecules for endo-

thelial cell function, by Western blot analysis, using the same three

groups of L-LEC transfectants. HIV-1 gp120 induced a significant

increase in ERK1/2 phosphorylation in the L-LECs transfectants

with elevated wild-type Robo4 expression as compared to those

with endogenous Robo4 expression (Figure 9C). Although HIV-1

gp120 increased the phosphorylation of ERK1/2 in the L-LECs

transfected with mutant Robo4, the increase was significantly

Figure 7. Slit2N and Robo4 influence gp120-induced hyperpermeability in L-LECs by modulating c-Src kinase activation and
signaling. (A) Representative Western blot analysis of phosphorylated c-Src in L-LECs after preincubation with either Slit2N (500 ng/ml) or a control
for 2 hours before treatment with HIV-1 gp120 (500 ng/ml) for times indicated. GAPDH used as loading control. (B) Robo4 immunoprecipitation of
Myc-tagged Slit2 by Western blot analysis in 293 cells. 293 s were co-transfected with a Robo4 expression plasmid and either a Myc-tagged Slit2
expression plasmid or a vector control. Cells were incubated for 48 hours before the protein from total cell lysates was collected for Robo4
immunoprecipitation. (C) Representative Western blot analysis of phosphorylated c-Src in L-LECs after transfection with either Robo4-specific siRNAs
or a control siRNA for 48 hours before treatment with HIV-1 gp120 (500 ng/ml) for times indicated. GAPDH used as loading control. (D) Permeability
through an L-LEC monolayer as previously described. An L-LEC monolayer was pretreated with a Src kinase inhibitor (2 mM) or DMSO for 2 hours
before incubating with HIV-1 gp120 (500 ng/ml) or a control for 18 hours. Data indicate the mean 6 SD of 3 independent experiments. (**p,0.01 for
treatment with the Src kinase inhibitor versus DMSO control).
doi:10.1371/journal.ppat.1002461.g007
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lower than the wild-type Robo4 transfectants (Figure 9C). These

data indicate that while the FN domains of Robo4 are not

required for the inhibition of gp120-induced c-Src activation, they

are required for gp120-induced phosphorylation of ERK1/2. We

hypothesize that the FN domains of Robo4 may participate in the

activation of other key signaling molecules like ERK1/2, however,

further investigation is needed to fully understand their function.

Discussion

The integrity of the lymphatic barrier requires a dynamic

interaction between fibronectin, other extracellular matrix (ECM)

proteins, and their receptors, cell-surface integrins [46,53]. As a

result of HIV-1-induced inflammation and increased protease

expression, fibronectin fragments are detected in the blood of

HIV-infected patients [54–56]. These fragments are believed to

promote the transendothelial migration of HIV-1-infected and

non-infected leukocytes, and to promote viral stability and cell-to-

cell transmission [48,56,57]. We found that lymphatic endothelial

cells produce elevated levels of cell-bound fibronectin after

exposure to HIV-1 gp120 (Figure 2A). This elevation appeared

to modulate the integrity of the lymphatic barrier. In particular,

HIV-1 gp120 induced activation of a5b1 integrin which enhanced

the physical complexing of HIV-1 gp120, fibronectin, a5b1

integrin and Robo4, and resulted in lymphatic hyperpermeability

(Figures 1A, 2B, 2C, 4A and 4B).

While FN/integrin [45] and Slit2/Robo4 [17] interactions are

both important for endothelial permeability, little is known about

their relationship. a5b1 and avb3 are two major integrins expressed

on the surface of endothelial cells [45]. We and others have shown

that integrin a5b1, but not avb3, clustered in focal contacts of

endothelial cells during stressful cellular conditions (Figure 4B) or

incubation with fibronectin [58–60]. In this study, we found that

Robo4 formed a complex with fibronectin and integrin a5b1 at

low, basal levels in uninfected lymphatic endothelial cells

(Figures 2B, 5A and 5B). Slit2N did not alter this association,

which is important for maintaining the integrity of the lymphatic

barrier (Figures 5A and 5C). However, exposure to HIV-1 gp120

enhanced the association of a5b1 and Robo4 (Figure 5A) and

resulted in increased lymphatic permeability (Figures 1A and 5C).

Moreover, pre-incubation with Slit2N blocked the HIV-1 gp120-

induced enhanced complexing of Robo4 and a5b1, (Figure 5B)

and lymphatic hyperpermeability was reduced (Figure 5C). These

data suggest that a5b1 integrin may also participate in the effects of

HIV-1 gp120 on lymphatic permeability, and Slit2 may help

sustain the integrity of the lymphatic barrier after HIV-1 exposure.

Activation of the Src kinases modulates cytoskeletal remodeling

and affects cell-to-cell and cell-to-ECM adhesion [61,62]. Our

data indicate that HIV-1 gp120 and Slit2 exert opposing effects on

c-Src kinase signaling, namely, HIV-1 gp120 activates c-Src

signaling, while pretreatment with Slit2N significantly reduces

these effects (Figure 7A). Moreover, the enhancement or inhibition

of Src kinase signaling and the resulting effect on lymphatic

permeability is critically dependent on Robo4 levels (Figures 9A,

9B, and 9C).

Robo4 displays unique structure and function, but the

relationship between these characteristics is largely unknown

[26,32,33]. Although the first Ig domains of the Robos are highly

conserved and important for Slit binding, direct binding of Slit2 to

Robo4 is still debated [37–39]. The Robo proteins, including

Robo4, contain fibronectin type III domains. Previous studies,

which found that the FN domains were required for adhesion to

fibronectin, suggest that these domains may play a central role in

modulating vascular permeability [38]. Our data strongly support

Figure 8. Robo4 expression levels influence HIV-1 gp120-induced lymphatic hyperpermeability. (A) Representative Western blot
analysis of Robo4 expression in L-LECs, 24 hours after transfection with a mixture of Robo4-specific siRNAs or a negative control siRNA. GAPDH used
as loading control. (B) Permeability through an L-LEC monolayer as previously described. L-LECs transfected with control siRNAs or Robo4-specific
siRNAs were seeded into the upper chamber of transwell plates and incubated with Slit2N (500 ng/ml), HIV-1 gp120 (500 ng/ml), or a control, for
18 hours. Data indicate the mean 6 SD of 3 independent experiments. (**p,0.01 for treatment with Slit2N or HIV-1 gp120 versus negative control of
the L-LECs transfected with control siRNAs).
doi:10.1371/journal.ppat.1002461.g008
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their function in Robo4-mediated lymphatic permeability upon

HIV-1 gp120 stimulation, and imply a potential role for Robo4 in

fibronectin-associated vasculopathies, such as HIV-associated

pulmonary hypertension [63].

Based on our new data and that of others, we propose a

hypothetical model for the interactions of HIV-1 gp120, FN, a5b1

integrin, Robo4 and Slit2, and their effect on lymphatic

permeability (Figure 10). Robo4 and a5b1 integrin are transmem-

brane proteins expressed in lymphatic endothelium. We hypoth-

esize that under normal, physiological conditions, soluble FN and

Slit2 are expressed at low, basal levels, and they interact with

Robo4 via its FN type III domains and Ig domains, respectively.

FN also binds to a5b1 integrin, which is expressed on the

endothelial cell surface. Under these conditions, the integrity of the

lymphatic endothelial barrier is intact, and transmigration through

the endothelial barrier is severely restricted. We propose that upon

HIV infection, HIV-1 gp120 elevates FN levels significantly and

complexes with FN. FN then activates a5b1 integrin, which results

in enhanced intracellular signaling through a5b1 integrin, a

significantly stronger interaction between FN and Robo4, and

enhanced intracellular signaling through Robo4. These changes

activate the c-Src signaling pathway and induce hyperpermeability

of the lymphatic endothelial barrier. The resulting ‘‘leaky’’ barrier

may facilitate the dissemination of HIV-1 and virus-infected cells

throughout the body. Furthermore, we propose that elevated levels

of Slit2 may protect the lymphatic channels from HIV-induced

vasculopathy and HIV spread. We hypothesize that at sufficiently

elevated levels, Slit2 will bind strongly to the Ig domains of Robo4

and inhibit c-Src pathway activation and HIV-1 gp120-induced

lymphatic hyperpermeability. Slit2 may affect this inhibition by

various means. A likely senario is that upon binding, Slit2 alters

the protein conformation of Robo4, which may lessen/abolish its

ability to interact with FN, alter a5b1 integrin intracellular

signaling, and inhibit the activation of c-Src. In addition, the

binding of Slit2 may alter also the signaling through Robo4, which

may inhibit c-Src pathway activation and lymphatic hyperperme-

ability. Although our data strongly support this model, further

investigation is needed to confirm it, or posit alternative

mechanisms for the effects of HIV-1 gp120, FN, a5b1 integrin,

Robo4 and Slit2 on lymphatic permeability.

Multiple studies indicate that the lymphatic channels play

important roles in the establishment of HIV infection, and its

dissemination throughout the host [1–4]. HIV-induced lymph-

adenopathy, including lymphoedema, is commonly seen among

HIV-infected individuals with Kaposi’s sarcoma, a vascular

neoplasm which is derived from lymphatic endothelial cells

[64,65]; however, dysfunction of the lymphatic vasculature and

its effects on HIV biology are largely unexplored. We established

an in vitro endothelial monolayer model to study the effects of HIV

on lymphatic permeability. In this model, HIV-1 gp120 and HIV-

1 virions both induced lymphatic hyperpermeability, which was

significantly inhibited by Slit2 preincubation (Figure 6B). These

results suggest key roles for gp120, FN, and Slit2/Robo4 in HIV-

associated lymphatic hyperpermeability, and implicate lymphatic

hyperpermeability in HIV infection and spread throughout the

body. Future studies to explore the traversion of HIV virions or

virus-infected cells through the lymphatic endothelium and its

contribution to HIV infection should provide more evidence on

HIV-induced lymphatic hyperpermeability and HIV dissemina-

tion in a humanized mouse model of HIV infection.

In summary, we found that the balance between HIV-1 gp120/

FN/a5b1 integrin-induced signaling and Slit2/Robo4-induced

signaling in L-LECs modulates lymphatic monolayer permeability.

Targeting these pathways may offer novel approaches to inhibit

HIV-induced lymphatic injury, and limit the dissemination of HIV

in the host.

Materials and Methods

Cells
Human embryonic kidney cells (293 cells) (Stratagene, La Jolla, CA,

USA) were cultured in Dulbecco’s modified Eagle’s medium with

10% fetal calf serum. Primary human lung lymphatic endothelial cells

(L-LECs) and dermal lymphatic endothelial cells (D-LECs) were

Figure 9. The fibronectin domains of Robo4 are critical for
gp120-induced hyperpermeability of L-LEC monolayers. (A)
Representative Western blot analysis of phosphorylated c-Src in L-LECs
pretreated with Slit2N (500 ng/ml) or a control for 1 hour, then
stimulated with fibronectin (FN) [1 mg/ml (16); 10 mg/ml (106)] for
20 minutes as indicated. GAPDH used as loading control. (B)
Permeability through an L-LEC monolayer as previously described. L-
LECs were transiently transfected with expression plasmids encoding
wild-type Robo4 (WT), mutant Robo4 (MT), or a vector control (V). After
48 hours, cells were plated for the permeability assay per manufactur-
er’s instructions. L-LEC monolayers were incubated overnight with
500 ng/ml HIV-1 gp120 or a control. Data are represented as the
percentage increase in permeability of each cell type monolayer
incubated with gp120 vs. control. Data indicate the mean 6 SD of 3
independent experiments. (*p,0.05, ***p,0.001). (C) Representative
Western blot analysis of phosphorylated c-Src and ERK1/2 in L-LECs
transiently transfected with expression plasmids encoding wild-type
Robo4 (WT), mutant Robo4 (MT), or a vector control (V). After 48 hours,
the cells were serum-starved for 2 hours and stimulated with HIV-
1gp120 (500 ng/ml) or a control for 15 minutes as indicated. GAPDH
used as loading control.
doi:10.1371/journal.ppat.1002461.g009

HIV gp120 on Lymphatic Permeability

PLoS Pathogens | www.plospathogens.org 10 January 2012 | Volume 8 | Issue 1 | e1002461



purchased from Lonza, Inc. (Allendale, NJ, USA) and maintained in

EBM-2 medium with EGM-2MV SingleQuots (Lonza, Inc.).

Recombinant Proteins and HIV-1 Virions
Recombinant human Slit2N (the active fragment of Slit2) was

provided by Dr. Dean Li, Department of Oncological Sciences at

the University of Utah. The following reagents were obtained

through the AIDS Research and Reference Reagent Program,

Division of AIDS, NIAID, NIH: recombinant HIV-1Ba-L gp120 (M-

gp120) protein and HIV-1 virus (strain HIV-1 Ba-L, which was from

Dr. Suzanne Gartner, Dr. Mikulas Popovic and Dr. Robert Gallo).

Per NIH data sheet, HIV-1Ba-L was originally isolated from a

primary culture of adherent, human, infant lung tissue cells, and

amplified in human monocytes/macrophages. Virus was harvested

10 days post-infection. This virus was used in the transendothelial

monolayer permeability assays. HIV-1 gp120 LAV (III B) (T-gp120)

was purchased from Protein Sciences Corporation (Meriden, CT,

USA). HIV-1 gp120CM was purchased from ProSpec-Tany

TechnoGene Ltd. (Ness Ziona, Israel). Src inhibitor-1 was

purchased from Sigma-Aldrich, Corp. (St. Louis, MO, USA).

Antibodies
Mouse monoclonal antibody to the HIV-1 gp120 was

purchased from Advanced Biotechnologies Inc. (Columbia, MD,

USA). Anti-integrin b1, anti-phospho-integrin b1 (Tyr783), and

neutralizing anti-integrin a5b1 antibodies were purchased from

Millipore Corp. (Billerica, MA, USA). Anti-phospho-Src kinase

family antibodies were purchased from Cell Signaling Technology,

Inc. (Beverly, MA, USA). All other antibodies were purchased

from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

RT-PCR
Total cell RNA was extracted using the RNeasy Mini Kit from

Qiagen, Inc. (Valencia, CA, USA). RT-PCR was performed using

a one-step RT-PCR kit from Clontech (Mountain View, CA,

USA). Specific primers for CXCR4 and CCR5 were purchased

from R & D Systems (Minneapolis, MN, USA). The primers for

human Slit2 were synthesized by Invitrogen Corp. (Carlsbad, CA,

USA). The sequences are: upstream: 59-GGTGTCCTCTGTG-

ATGAAGAG -39; downstream: 59- GTGTTTAGGACACA-

CACCTCG -39.

Fluorescence Staining
Cells cultured in 8-well chamber slides (Thermo Fisher

Scientific Inc., Waltham, MA, USA) were fixed with 4% (v/v)

paraformaldehyde solution for 1 hour at room temperature,

incubated in fresh permeabilization solution (0.1% sodium citrate

in 1% Triton X-100 in 16 PBS) for 2 minutes on ice, incubated

Figure 10. Hypothetical model for the interactions of HIV-1 gp120, FN, a5b1 integrin, Robo4 and Slit2, and their effect on the
permeability of lymphatic endothelium. Robo4 and a5b1 integrin are expressed on the surface of lymphatic endothelial cells. Under physiologic
conditions, endogenous Slit2 interacts with Robo4 via its Ig domains, and inhibits c-Src signaling. FN also interacts with Robo4 (via its FN type III
domains), and binds to a5b1 integrin on the endothelial cell surface. This contributes further to the dynamic regulation of Robo4 signaling by Slit2
and FN, to maintain the integrity of the lymphatic endothelial barrier. Upon HIV infection, gp120 significantly elevates FN levels and complexes with
FN. FN then activates a5b1 integrin, which results in enhanced intracellular signaling through a5b1 integrin, a stronger interaction between FN and
Robo4, and disruption of Robo4 signaling. These changes activate the c-Src signaling pathway and induce hyperpermeability of the lymphatic
endothelial barrier. Exogenous Slit2 may protect the lymphatic channels from HIV-induced vasculopathy by interacting with Robo4 to restore Robo4
signaling, block the c-Src pathway, and inhibit HIV-induced lymphatic hyperpermeability.
doi:10.1371/journal.ppat.1002461.g010
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with 3% BSA/16PBS on ice for 30 minutes, and then with anti-

human CXCR4 rabbit polyclonal antibody or normal rabbit IgG

(Millipore Corp.) at 4uC for 1 hour. The slides were then washed 3

times in 16 PBS, and incubated with a FITC-conjugated, goat

anti-rabbit IgG antibody (Vector Laboratories, Burlington, CA,

USA) at 4 uC for 30 minutes. The slides were washed again 3

times in 16PBS, and then air dried and mounted with mounting

medium (Vector Laboratories).

Vascular Permeability Assay
Lymphatic endothelial cells were seeded in the top chamber of

transwell plates, according to the manufacturer’s instructions

(Millipore Corp.), starved for one hour, and then incubated with

different reagents or their respective controls as indicated.

Subsequently, FITC-Dextran was added to the top chamber and

allowed to permeate through the monolayer to the lower chamber

for 5 minutes. The extent of permeability was determined by

measuring the fluorescence of the solution in the lower chamber

by a standard plate reader (BioTek Instruments, Inc., Vinooski,

VT, USA). The gp120 control was prepared by boiling gp120 for

10 minutes to inactivate its protein activity while preserving its

inherent endotoxin activity. It was employed here, and in all other

experiments that required a gp120 control.

Cell Stimulation, Immunoprecipitation, and Western
Blotting

Cells were starved for 2 hours in serum-free media, and then

stimulated as indicated. Cells were lysed in RIPA buffer (Cell

Signaling Technology, Inc.) after stimulation. Immunoprecipita-

tion and Western blotting were performed as described previously

[66]. For quantitation, the ratio of protein expression, phosphor-

ylation, or association vs total protein in each lane was obtained by

densitometry with a gel imaging system (Cell Biosciences, Inc.,

Santa Clara, CA, USA).

DNA Constructs
The pCMV6 Entry expression plasmid encoding Myc-DDK-

tagged Slit2 was purchased from OriGene Technologies, Inc.

(Rockville, MD, USA). The expression plasmid encoding RFP-

tagged Robo4 was constructed as follows. Robo4 cDNA was

amplified from the pCMV-SPORT6 containing Robo4 cDNA

(Thermo Fisher Scientific Inc.), using primers purchased from

Invitrogen Corp. (upstream sequence: 59-GAGGCGATCG-

CATGGGCTCTGGAGACAGCCTCCTG-39; downstream se-

quence: 59-GCGACGCGTGGAGTAATCTACAGGAGAAG-

CACCAGC-39). The purified PCR product was digested with

Sgf I plus Mlu I, and inserted into the pCMV6-AC-RFP plasmid

digested with same restriction endonucleases to create the

pCMV6-AC-RFP-Robo4. To make the mutant Robo4 expression

plasmid, we designed a pair of primers to amplify a section of the

pCMV6-AC-RFP-Robo4 plasmid by PCR. The primers are: 59-

CCCCCCCCGCTAGCTCTAGGCTTGGGGCCCTCTGCA-

GGATC-39 and 59-TTTTTTTTGCTAGCCCTGTCTGCC-

TCCTTTTAGAGCAGGCC-39. The PCR product was digested

with Nhe1, purified, and ligated with T4 DNA ligase at 16uC
overnight. The ligation product was used to transform competent

DH5 a cells. Positive clones were screened and confirmed by DNA

sequencing.

siRNA Constructs
Specific Robo4 siRNAs and control siRNAs, purchased from

Santa Cruz Biotechnology, Inc., were used to transfect L-LECs

using HiPerFect transfection reagent from Qiagen, Inc.

Plasmid DNA Transfection
Cells were grown to 60% confluence in tissue culture dishes.

Transfections were done using Super Effectene transfection

reagent according to the manufacturer’s instructions (Qiagen,

Inc.). At 3 hours post-transfection, cells were washed once with 16
PBS, then cultured in full medium for 48 hours. The transfection

efficiency was determined by detection of red fluorescent cells

under a fluorescent microscope (Nikon Diaphot 300, Tokyo,

Japan).

Confocal Microscopy
Cells cultured in 8-well chamber slides (Thermo Fisher

Scientific Inc.) were serum starved for 2 hours, and then treated

with HIV-1 gp120 as indicated. Subsequently, cells were fixed

with 4% (v/v) paraformaldehyde for at least 1 hour at room

temperature and permeabilized for 2 minutes on ice. Cells were

then incubated with primary antibodies or normal IgG controls

overnight at 4uC, and washed 3 times with 16PBS. Fluorescence-

conjugated secondary antibodies were added for 30 minutes at

4uC and the cells were washed 3 times in 16 PBS. Finally, the

chambers were removed and coverslips were affixed with

mounting medium containing DAPI (Vector Laboratories). Slides

were examined under a Leica TCS-NT laser scanning confocal

microscope (Leica Microsystems, Bannockburn, IL, USA).

Data Analysis
Each experiment was repeated at least 3 times, and represen-

tative blots, images, or graphs are shown in the figures. Statistical

significance was determined using the ANOVA test (*p,0.05).

Author Contributions

Conceived and designed the experiments: JEG XZ DYL. Performed the

experiments: XZ JY PMK. Analyzed the data: JEG XZ PMK JY DYL.

Contributed reagents/materials/analysis tools: DYL. Wrote the paper:

JEG XZ PMK. Provided the recombinant Slit2N protein: WZ.

References

1. Kraehenbuhl JP (1998) The gut-associated lymphoid tissue: a major site of HIV

replication and CD4 cell loss. Trends Microbiol 6: 419–420; discussion 420–411.
2. Veazey RS, Marx PA, Lackner AA (2001) The mucosal immune system:

primary target for HIV infection and AIDS. Trends Immunol 22: 626–633.
3. Haase AT (2005) Perils at mucosal front lines for HIV and SIV and their hosts.

Nat Rev Immunol 5: 783–792.
4. Arthos J, Cicala C, Martinelli E, Macleod K, Van Ryk D, et al. (2008) HIV-1

envelope protein binds to and signals through integrin alpha4beta7, the gut

mucosal homing receptor for peripheral T cells. Nat Immunol 9: 301–309.
5. Salcedo R, Oppenheim JJ (2003) Role of chemokines in angiogenesis: CXCL12/

SDF-1 and CXCR4 interaction, a key regulator of endothelial cell responses.
Microcirculation 10: 359–370.

6. Edinger AL, Mankowski JL, Doranz BJ, Margulies BJ, Lee B, et al. (1997) CD4-

independent, CCR5-dependent infection of brain capillary endothelial cells by a

neurovirulent simian immunodeficiency virus strain. Proc Natl Acad Sci U S A

94: 14742–14747.
7. Berger O, Gan X, Gujuluva C, Burns AR, Sulur G, et al. (1999) CXC and CC

chemokine receptors on coronary and brain endothelia. Mol Med 5: 795–805.
8. Drouet L, Scrobohaci ML, Janier M, Baudin B (1990) Endothelial cells: target

for the HIV1 virus? Nouv Rev Fr Hematol 32: 103–106.
9. Chi D, Henry J, Kelley J, Thorpe R, Smith JK, et al. (2000) The effects of HIV

infection on endothelial function. Endothelium 7: 223–242.

10. Kanmogne GD, Kennedy RC, Grammas P (2001) Analysis of human lung
endothelial cells for susceptibility to HIV type 1 infection, coreceptor expression,

and cytotoxicity of gp120 protein. AIDS Res Hum Retroviruses 17: 45–53.
11. Khan NA, Di Cello F, Stins M, Kim KS (2007) Gp120-mediated cytotoxicity of

human brain microvascular endothelial cells is dependent on p38 mitogen-

activated protein kinase activation. J Neurovirol 13: 242–251.

HIV gp120 on Lymphatic Permeability

PLoS Pathogens | www.plospathogens.org 12 January 2012 | Volume 8 | Issue 1 | e1002461



12. Kanmogne GD, Schall K, Leibhart J, Knipe B, Gendelman HE, et al. (2007)

HIV-1 gp120 compromises blood-brain barrier integrity and enhances

monocyte migration across blood-brain barrier: implication for viral neuro-

pathogenesis. J Cereb Blood Flow Metab 27: 123–134.

13. Rusnati M, Presta M (2002) HIV-1 Tat protein and endothelium: from protein/

cell interaction to AIDS-associated pathologies. Angiogenesis 5: 141–151.

14. Albini A, Soldi R, Giunciuglio D, Giraudo E, Benelli R, et al. (1996) The

angiogenesis induced by HIV-1 tat protein is mediated by the Flk-1/KDR

receptor on vascular endothelial cells. Nat Med 2: 1371–1375.

15. Curry FR, Adamson RH (2010) Vascular permeability modulation at the cell,

microvessel, or whole organ level: towards closing gaps in our knowledge.

Cardiovasc Res 87: 218–229.

16. Izquierdo-Useros N, Naranjo-Gomez M, Erkizia I, Puertas MC, Borras FE,

et al. (2010) HIV and mature dendritic cells: Trojan exosomes riding the Trojan

horse? PLoS Pathog 6: e1000740.

17. Jones CA, London NR, Chen H, Park KW, Sauvaget D, et al. (2008) Robo4

stabilizes the vascular network by inhibiting pathologic angiogenesis and

endothelial hyperpermeability. Nat Med 14: 448–453.

18. Brose K, Bland KS, Wang KH, Arnott D, Henzel W, et al. (1999) Slit proteins

bind Robo receptors and have an evolutionarily conserved role in repulsive axon

guidance. Cell 96: 795–806.

19. Kidd T, Bland KS, Goodman CS (1999) Slit is the midline repellent for the robo

receptor in Drosophila. Cell 96: 785–794.

20. Andrews W, Barber M, Hernadez-Miranda LR, Xian J, Rakic S, et al. (2008)

The role of Slit-Robo signaling in the generation, migration and morphological

differentiation of cortical interneurons. Dev Biol 313: 648–658.

21. Park KW, Morrison CM, Sorensen LK, Jones CA, Rao Y, et al. (2003) Robo4 is

a vascular-specific receptor that inhibits endothelial migration. Dev Biol 261:

251–267.

22. Bedell VM, Yeo SY, Park KW, Chung J, Seth P, et al. (2005) roundabout4 is

essential for angiogenesis in vivo. Proc Natl Acad Sci U S A 102: 6373–6378.

23. London NR, Zhu W, Bozza FA, Smith MC, Greif DM, et al. (2010) Targeting

Robo4-dependent Slit signaling to survive the cytokine storm in sepsis and

influenza. Sci Transl Med 2: 23ra19.

24. Jones CA, Nishiya N, London NR, Zhu W, Sorensen LK, et al. (2009) Slit2-

Robo4 signalling promotes vascular stability by blocking Arf6 activity. Nat Cell

Biol 11: 1325–1331.

25. Hohenester E (2008) Structural insight into Slit-Robo signalling. Biochem Soc

Trans 36: 251–256.

26. Legg JA, Herbert JM, Clissold P, Bicknell R (2008) Slits and Roundabouts in

cancer, tumour angiogenesis and endothelial cell migration. Angiogenesis 11:

13–21.

27. Rajagopalan S, Nicolas E, Vivancos V, Berger J, Dickson BJ (2000) Crossing the

midline: roles and regulation of Robo receptors. Neuron 28: 767–777.

28. Simpson JH, Kidd T, Bland KS, Goodman CS (2000) Short-range and long-

range guidance by slit and its Robo receptors. Robo and Robo2 play distinct

roles in midline guidance. Neuron 28: 753–766.

29. Wang KH, Brose K, Arnott D, Kidd T, Goodman CS, et al. (1999) Biochemical

purification of a mammalian slit protein as a positive regulator of sensory axon

elongation and branching. Cell 96: 771–784.

30. Nguyen-Ba-Charvet KT, Brose K, Marillat V, Sotelo C, Tessier-Lavigne M,

et al. (2001) Sensory axon response to substrate-bound Slit2 is modulated by

laminin and cyclic GMP. Mol Cell Neurosci 17: 1048–1058.

31. Neri D, Bicknell R (2005) Tumour vascular targeting. Nat Rev Cancer 5:

436–446.

32. Morlot C, Thielens NM, Ravelli RB, Hemrika W, Romijn RA, et al. (2007)

Structural insights into the Slit-Robo complex. Proc Natl Acad Sci U S A 104:

14923–14928.

33. Fukuhara N, Howitt JA, Hussain SA, Hohenester E (2008) Structural and

functional analysis of slit and heparin binding to immunoglobulin-like domains 1

and 2 of Drosophila Robo. J Biol Chem 283: 16226–16234.

34. Chen JH, Wen L, Dupuis S, Wu JY, Rao Y (2001) The N-terminal leucine-rich

regions in Slit are sufficient to repel olfactory bulb axons and subventricular zone

neurons. J Neurosci 21: 1548–1556.

35. Liu Z, Patel K, Schmidt H, Andrews W, Pini A, et al. (2004) Extracellular Ig

domains 1 and 2 of Robo are important for ligand (Slit) binding. Mol Cell

Neurosci 26: 232–240.

36. Howitt JA, Clout NJ, Hohenester E (2004) Binding site for Robo receptors

revealed by dissection of the leucine-rich repeat region of Slit. EMBO J 23:

4406–4412.

37. Seth P, Lin Y, Hanai J, Shivalingappa V, Duyao MP, et al. (2005) Magic

roundabout, a tumor endothelial marker: expression and signaling. Biochem

Biophys Res Commun 332: 533–541.

38. Kaur S, Castellone MD, Bedell VM, Konar M, Gutkind JS, et al. (2006) Robo4

signaling in endothelial cells implies attraction guidance mechanisms. J Biol

Chem 281: 11347–11356.

39. Kaur S, Samant GV, Pramanik K, Loscombe PW, Pendrak ML, et al. (2008)

Silencing of directional migration in roundabout4 knockdown endothelial cells.
BMC Cell Biol 9: 61.

40. Suchting S, Heal P, Tahtis K, Stewart LM, Bicknell R (2005) Soluble Robo4

receptor inhibits in vivo angiogenesis and endothelial cell migration. FASEB J
19: 121–123.

41. Ullrich CK, Groopman JE, Ganju RK (2000) HIV-1 gp120- and gp160-induced
apoptosis in cultured endothelial cells is mediated by caspases. Blood 96:

1438–1442.

42. Jiang J, Fu W, Wang X, Lin PH, Yao Q, et al. (2010) HIV gp120 induces
endothelial dysfunction in tumour necrosis factor-alpha-activated porcine and

human endothelial cells. Cardiovasc Res 87: 366–374.
43. Yang B, Akhter S, Chaudhuri A, Kanmogne GD (2009) HIV-1 gp120 induces

cytokine expression, leukocyte adhesion, and transmigration across the blood-
brain barrier: modulatory effects of STAT1 signaling. Microvasc Res 77:

212–219.

44. Johansson S, Svineng G, Wennerberg K, Armulik A, Lohikangas L (1997)
Fibronectin-integrin interactions. Front Biosci 2: d126–146.

45. Avraamides CJ, Garmy-Susini B, Varner JA (2008) Integrins in angiogenesis and
lymphangiogenesis. Nat Rev Cancer 8: 604–617.

46. Tammela T, Alitalo K (2010) Lymphangiogenesis: Molecular mechanisms and

future promise. Cell 140: 460–476.
47. Torre D, Pugliese A, Ferrario G, Marietti G, Forno B, et al. (1994) Interaction of

human plasma fibronectin with viral proteins of human immunodeficiency virus.
FEMS Immunol Med Microbiol 8: 127–131.

48. Tellier MC, Greco G, Klotman M, Mosoian A, Cara A, et al. (2000)
Superfibronectin, a multimeric form of fibronectin, increases HIV infection of

primary CD4+ T lymphocytes. J Immunol 164: 3236–3245.

49. Greco G, Pal S, Pasqualini R, Schnapp LM (2002) Matrix fibronectin increases
HIV stability and infectivity. J Immunol 168: 5722–5729.

50. Astrof S, Hynes RO (2009) Fibronectins in vascular morphogenesis. Angiogen-
esis 12: 165–175.

51. Paul R, Zhang ZG, Eliceiri BP, Jiang Q, Boccia AD, et al. (2001) Src deficiency

or blockade of Src activity in mice provides cerebral protection following stroke.
Nat Med 7: 222–227.

52. Hu G, Minshall RD (2009) Regulation of transendothelial permeability by Src
kinase. Microvasc Res 77: 21–25.

53. Weis SM (2007) Evaluating integrin function in models of angiogenesis and
vascular permeability. Methods Enzymol 426: 505–528.

54. Torre D, Issi M, Sampietro C, Fiori GP, Chelazzi G, et al. (1990) Plasma

fibronectin concentrations in patients with human immunodeficiency virus
infection. J Clin Pathol 43: 560–562.

55. Raffi F, Boudart D, Merrien D, Barrier JH (1992) Fibronectin in HIV-infected
patients: a prospective study. Eur J Med 1: 308–310.

56. Trial J, Rubio JA, Birdsall HH, Rodriguez-Barradas M, Rossen RD (2004)

Monocyte activation by circulating fibronectin fragments in HIV-1-infected
patients. J Immunol 173: 2190–2198.

57. Birdsall HH, Porter WJ, Green DM, Rubio J, Trial J, et al. (2004) Impact of
fibronectin fragments on the transendothelial migration of HIV-infected

leukocytes and the development of subendothelial foci of infectious leukocytes.
J Immunol 173: 2746–2754.

58. Zhang X, Groopman JE, Wang JF (2005) Extracellular matrix regulates

endothelial functions through interaction of VEGFR-3 and integrin alpha5-
beta1. J Cell Physiol 202: 205–214.

59. Okazaki T, Ni A, Ayeni OA, Baluk P, Yao LC, et al. (2009) alpha5beta1
Integrin blockade inhibits lymphangiogenesis in airway inflammation.

Am J Pathol 174: 2378–2387.

60. Li L, Welser JV, Milner R (2010) Absence of the alpha v beta 3 integrin dictates
the time-course of angiogenesis in the hypoxic central nervous system:

accelerated endothelial proliferation correlates with compensatory increases in
alpha 5 beta 1 integrin expression. J Cereb Blood Flow Metab 30: 1031–1043.

61. Shajahan AN, Timblin BK, Sandoval R, Tiruppathi C, Malik AB, et al. (2004)

Role of Src-induced dynamin-2 phosphorylation in caveolae-mediated endocy-
tosis in endothelial cells. J Biol Chem 279: 20392–20400.

62. Kim MP, Park SI, Kopetz S, Gallick GE (2009) Src family kinases as mediators
of endothelial permeability: effects on inflammation and metastasis. Cell Tissue

Res 335: 249–259.
63. Newman JH, Phillips JA, 3rd, Loyd JE (2008) Narrative review: the enigma of

pulmonary arterial hypertension: new insights from genetic studies. Ann Intern

Med 148: 278–283.
64. Levine AM, Tulpule A (2001) Clinical aspects and management of AIDS-related

Kaposi’s sarcoma. Eur J Cancer 37: 1288–1295.
65. Tulpule A, Groopman J, Saville MW, Harrington W, Jr., Friedman-Kien A,

et al. (2002) Multicenter trial of low-dose paclitaxel in patients with advanced

AIDS-related Kaposi sarcoma. Cancer 95: 147–154.
66. Wang JF, Zhang XF, Groopman JE (2001) Stimulation of beta 1 integrin

induces tyrosine phosphorylation of vascular endothelial growth factor receptor-
3 and modulates cell migration. J Biol Chem 276: 41950–41957.

HIV gp120 on Lymphatic Permeability

PLoS Pathogens | www.plospathogens.org 13 January 2012 | Volume 8 | Issue 1 | e1002461


