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Selective expression of stromal-derived factor-1 in the capillary vascular
endothelium plays a role in Kaposi sarcoma pathogenesis

Lei Yao, Ombretta Salvucci, Adela R. Cardones, Sam T. Hwang, Yoshiyasu Aoki, Maria De La Luz Sierra, Agatha Sajewicz,
Stefania Pittaluga, Robert Yarchoan, and Giovanna Tosato

Kaposi sarcoma (KS), the most common
neoplasm in patients with AIDS, typically
presents with multiple skin lesions char-
acterized by “spindle cells,” the vast ma-
jority of which are infected with KSHV
(Kaposi sarcoma herpes virus, also
named HHV-8). In patients with AIDS, the
presence of cell-associated KSHV DNAin
blood is predictive of subsequent KS
development, but the mechanisms by
which circulating KSHV-infected cells con-

tribute to AIDS-KS pathogenesis are un-
clear. Here, we show that the chemokine
stromal-derived factor-1 (SDF-1), which is
constitutively expressed by skin capillary

endothelium and displayed on the endo-
thelial cell surface in association with
heparan sulfate, can trigger specific ar-
rest of KSHV-infected cells under physi-
ologic shear flow conditions. Moreover,

in the presence of soluble SDF-1 gradi-
ents, SDF-1 expressed on the endothelial

barrier can promote transendothelial mi-
gration of KSHV-infected cells. By trigger-
ing specific adhesion of circulating KSHV-
infected cells and favoring their entry into
the extravascular cutaneous space, endo-
thelial cell-associated SDF-1 in cutane-
ous capillaries may dictate the preferen-
tial occurrence of KS in the skin. (Blood.
2003;102:3900-3905)
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Introduction

Kaposi sarcoma (KS), a rare malignancy in the general populatidrhus, hematopoietic cell movement to and from the bone

is the most common neoplasm in patients with AlDBypically, marrowt’-24 plasma cell homing to secondary organs and the bone

AlDS-associated KS presents with simultaneous multiple skimarrow?s; thymocyte emigration from the thymifsbreast cancer

lesions that often involve the lower extremitiekess frequently, cell metastasis to the liver, bone marrow, lymph riédeéendritic

KS can also arise in lymph nodes, the gastrointestinal mucosa, @edl recruitment to ovarian tumdfs and melanoma cell localiza-

the lung? Histologically, KS lesions comprise “spindle cells,” thetion to the lung® have been linked to the interaction between CXC

majority of which are infected with KSHV (Kaposi sarcoma herpeshemokine receptor-4 (CXCR-4)—expressing cells and SDF-1

virus, also named HHV-8), inflammatory cells, and vascular 5fits. gradients produced in the homing tissue.

The spindle cells can express markers for smooth muscle cells,Recently, we observed that SDF-1 is constitutively expressed by

vascular endothelium, macrophages, and dendritic cells, suggestiagcular endothelial cells, and that VEGF (vascular endothelial

that they are either heterogeneous or represent different stagegrofvth factor) can enhance SDF-1 expression in endothelial®€ells.

differentiation from a pluripotent cefl.Spindle cells have been Here, we have examined the potential contribution of endothelial

identified belonging to the lymphatic endothelial cell lined§e.  cell-associated SDF-1 to the recruitment of KSHV-infected cells
KSHV, which consistently infects KS lesions, is believed to play affom the circulation to sites of KS development.

essential role in the pathogenesis of KS through its expression of viral

latency genes that directly or indirectly promote cell growth, cytokine

and chemokine expression, and angiogeiéds proportion of HIV- .

infected individuals harbor in the circulation KSHV-infected cellsMaterials and methods

which have been_ identified as B Iy_mphocytgs or monoc%&_‘é@.ete(_:- ~ Cells and cell cultures

tion of cell-associated KSHV DNA in the peripheral blood is predictive

of subsequent KS development, whereas the detection of free KSHYVECs (human umbilical vein endothelial cells) obtained from the

DNA is not®* However, the mechanisms by which circulating cellgmbilical vein were deriveq and cultured as previously descr‘?Bgd.

infected with KSHV contribute to AIDS-KS pathogenesis are cuHlDMECs (human der_mal microvascular endothehal cells) were obtained

rently unclear. from neonatal foreskin and cultured as previously descriBegarly-

. . . . assage (passage 1-4) HUVECs or HDMECs were used throughout, except
A number of stu_dles have implicated stromal-derived factor-_hen noted. Late-passage HUVECS were from passage 16 to 18. The
(SDF-1), a chemokine produced by stromal cells and other CelIsl@aHV—infected primary effusion lymphoma cell lines BC-1 (a gift from Dr

various tissue&?1®as a critical regulator of cell recruitment fromy. Chang, Columbia University, New York, NY) and the Burkitt lymphoma
the bloodstream to specific tissues by promoting transendotheligll line BL41 and the erythroleukemia cell line K562 (ATCC, Rockville,
migration through chemokine gradients across the endotheliuriD) were propagated by standard techniques.
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Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and Western blotting

Cell and tissue lysates were diluted in tricine sodium dodecylsulfate (SDS)
sample buffer, boiled, and run (50 p.g/lane) through 10% to 20% tricine gels
(Novex, San Diego, CA), as described.3® After transfer, Immobilon-P
membranes were incubated overnight with rabbit anti—-SDF-1 (PeproTech,
Rocky Hill, NJ), rabbit anti-CXCR-4 (Santa Cruz Biotechnology, Santa
Cruz, CA), or goat immunoglobulin G (IgG) anti-actin antibodies (Santa
Cruz Biotechnology), followed by affinity-purified, peroxidase-linked,
donkey antirabbit 1gG (Amersham Pharmacia Biotech, Piscataway, NJ) or
donkey antigoat antibodies (Santa Cruz Biotechnology) and a chemilumi-
nescence detection system (ECL kit, Amersham Pharmacia Biotech).

Immunohistochemistry

Tissue sections from patients with AIDS, collected with consent and
institutional approvals, were retrieved from the files of the Laboratory of
Pathology (National Cancer Institute, Bethesda, MD). KSHV-LANA
(latency-associated nuclear antigen) staining was performed as reported
previously.3! SDF-1 immunostaining was performed as previously de-
scribed on formalin-fixed and paraffin-embedded specimens® by using
mouse monoclonal anti-SDF-1 antibody (clone 79018.111, dilution 1:50;
R& D Systems, Minneapolis, MN), followed by abiotin-conjugated second-
ary antibody formulation for recognition of mouse immunoglobulins
(VentanaMedica Systems, Tucson, AZ). Double staining for KSHV-LANA/
SDF-1 used DAKO EnVision doublestain System (Carpinteria, CA), in
which SDF-1 staining was visualized by DAB (diaminobenzidine; brown)
and LANA by Fast Red (red) chromogens. CXCR-4 immunostaining was
performed as previously described™ on frozen tissue specimens by using
mouse monoclonal anti-CXCR-4 antibody (clone 44716, 1gG,g 4 pg/mL;
R&D Systems), followed by biotinylated horse antimouse antibodies and
avidin-biotin-peroxidase complex (ABC; Elite ABC kit; Vector Labs,
Burlingame, CA). The mouse monoclonal antibody S12 directed at latent
membrane protein-1 (LMP-1; 1gGys 4 pg/mL; a gift from Dr F. Wang,
Harvard Medical School, Cambridge, MA) was used as a control. Sections
were counterstained with hematoxylin.

Flow cytometry

HUVECswere detached from culture plateswith 2 mM EDTA (ethylenedia-
minetetraacetic acid) in phosphate-buffered saline (PBS). Remova of
cell-surface glycosaminoglycans was performed as previously described.3?
Briefly, HUVECs (10° cells) were washed and incubated for 90 minutes at
37°C with 1 mU/mL heparinase |, heparinase 111, or chondroitinase (all
from Sigma Chemical, St Louis, MO). After washing, the cells were stained
for surface antigens, as described. Surface SDF-1 was revealed by mouse
monoclonal anti—-SDF-1a (clone MAB310; R&D Systems) followed by
fluorescein isothiocyanate (FITC)— or phycoerythrin (PE)-labeled goat
antimouse F(ab’)2 fragment (30 minutes at 4°C; Jackson Immuno Re-
search, West Grove, PA). Surface CXCR-4 was revealed by PE-labeled
mouse monoclonal anti-CXCR-4 (clone 12G5; Pharmingen, San Diego,
CA; 5 pg/mL for 45 minutes at 4°C). Surface CD31 was revealed by
FITC-labeled anti-CD31 antibody (Pharmingen). Datawere collected using
FACScalibur cytofluorometer (Becton Dickinson, Franklin Lakes, NJ) and
analyzed by using CEL L Quest software (Becton Dickinson).

Analysis of cell attachment under shear flow

Cell adhesion assays under flow were performed as previously de-
scribed.?%33 HUVECs and HDMECs (passage 2-4) were grown to conflu-
ency onto 35 X 10—-mm tissue-culture plates coated with gelatin (Sigma
Chemical; 0.2% in PBS). The monolayers were used untreated or after
exposure to 200 ng/mL SDF-1a (R&D Systems) for 15 minutes at 20°C in
binding buffer (cation-free Hanks balanced salt solution containing 10 mM
HEPES [N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)] at pH
7.4 and 2 mg/mL bovine serum albumin supplemented with 1 mM Ca?* and
Mg?*; al from Sigma). Unbound chemokine was washed away. For SDF-1
neutralization, confluent endothelial cellswere treated with mouse monoclo-
nal anti—-SDF-1 neutralizing antibody (IgG1 clone 79014; R& D Systems) or
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control mouse 1gG1 (clone 11711) for 30 minutes at 20°C in binding buffer.
Unbound antibody was washed away. To block Gi-protein—mediated
signaling, BC-1 and BL-41 cells were incubated with pertussis toxin (PTX;
Sigma Chemical; 200 ng/mL, for 1 hour at 37°C), washed, and suspended in
binding buffer. Enzymatic removal of cell-surface glycosaminoglycans
from HUVEC and HDMEC monolayers was achieved as described earlier.
After enzyme treatment, endothelial cell monolayers were washed. BL-41,
BC-1, and K562 cells were labeled with calcein-am (Molecular Probes,
Eugene, OR), suspended in binding medium, and then injected (2.5 X 10%/
mL) a 1.5 dyne/cm? into a paralel plate flow chamber (Glycotech,
Gaithersburg, MD) containing confluent monolayers of HUVECs or
HDMECs. Two minutes later, flow was stopped to enable the calcein-
labeled cellsto interact with HUVECs or HDMECs in the absence of shear
stress. After 5 minutes, shear was re-established at 1.5 dyne/cm? to detach
unbound cells. Adherent cells present in 5 random fields (each field
measuring 1.18 mm?) were digitally photographed with excitation at 488
nm and emission at 513 nm using approximately 1-second exposure time to
allow distinction between nonmoving and moving cells (moving cells
appear as dim streaks). The number of cells per field was counted by using
IPlab software (Scanalytics, Fairfax, VA).

Analysis of cell migration under static conditions

Transendothelial migration assays were performed by using HUVEC-
coated polycarbonate filters (pore size 5 or 8 um) of transwells separating
the upper and lower chamber of 24-well plates (Costar, Cambridge, MA).
Early (1-4) or late (16-18) passage HUVECs (4 X 10* cellg/filter) were
seeded in complete HUVEC culture medium on transwell filters 1 to 2 days
before use to achieve confluency. Enzymatic removal of cell-surface
glycosaminoglycans was achieved as described earlier. Medium aone or
medium supplemented with SDF-1 (100 ng/mL) was added to the bottom
chamber. BL-41 or BC-1 cells (1 X 106 cells/well) were placed in the upper
chamber, and the plates were incubated at 37°C for 4 hours. Viable cellsin
the lower chamber were collected and counted.

Statistical analysis

The significance of group differences was determined by 2-sided, paramet-
ric, Student t test using STATview (SAS Institute, Cary, NC).

Results

In patients with AIDS, KS occurs most frequently in the skin, and
occasionally in lymph nodes, lung, and gastrointestinal tract.?
Initially, we evaluated SDF-1 and CXCR-4 expressioninAIDS-KS
lesions. By immunohistochemistry, cutaneous KS lesions ex-
pressed SDF-1 at high levels (Figure 1A, representative KSlesion).
Within KS lesions, the spindle cells that are KSHV infected, as
demonstrated by their expression of LANA-1 (latent nuclear
antigen 1),! also expressed SDF-1 (Figure 1A). By contrast, KS
spindle cells generally did not express CXCR-4 (Figure 1B), the
SDF-1 receptor.’® Within the overlaying epidermis (Figure 1A),
endothelial cells lining the blood capillaries and some dendritic
cells were SDF-1 positive, whereas scattered mononuclear cells
and dermal fibroblasts stained for CXCR-4 (Figure 1B). By
immunoblotting, expression of SDF-1, but not CXCR-4, was
confirmed in tissue extractsfrom KSlesions (Figure 1C, lanes 3-4).

To evaluate SDF-1 expression in the vascular endothelium
within tissues not involved with KS, we obtained biopsy and
autopsy specimens from patients with AIDS and systematically
performed immunohistochemical staining for SDF-1. The vascular
endothelium was identified either by its expression of the endothe-
lial cell marker CD31 or morphologically as the inner lining of
channels containing red blood cells. Within tissues not involved
with KS, SDF-1 was restricted to the blood capillaries in the skin,
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Figure 1. SDF-1 and CXCR-4 expression in cutaneous KS lesions. (A) Parallel sections from a formalin-fixed biopsy of an AIDS-KS skin lesion stained with hematoxylin and
eosin (H&E) for SDF-1 and double stained for KSHV-LANA/SDF-1. H&E staining reveals normal epidermis overlaying a spindle cell proliferation consistent with cutaneous
involvement with KS. SDF-1 immunostaining reveals intensely positive spindle cells within the KS lesion (dark arrow); endothelial cells lining skin capillaries (open arrow) and
dendritic cells (arrowhead) in the skin overlaying the KS lesion are also SDF-1 positive. Original magnifications, X 40 (i,ii) and X 60 (iv,v). (iii,vi) Double staining for
KSHV-LANA (red) and SDF-1 (brown) reveals that spindle cells confined to the KS lesion are positive for both LANA and SDF-1 (original magnification, X 100). (B) Parallel
sections from a frozen biopsy of an AIDS-KS skin lesion stained with antihuman CXCR-4 monoclonal antibody or control monoclonal antibody. CXCR-4—specific
immunostaining is confined to scattered cells within superficial dermis. Original magnifications, X 20 (left and middle panels) and X 100 (right panel). (C) Western blot analysis
of SDF-1 and CXCR-4 expression in tissues and cell cultures detected by specific antibodies against SDF-1 and CXCR-4. Cell lysates were obtained from BL41 cells (lane 1),
HUVECS (lane 2), KS tissue from 2 patients (lanes 3-4), and normal skin (lane 5). Protein loading was evaluated by reprobing the membrane with anti-actin antibodies.

the sinusoids of the bone marrow, and the high endothelial venules  with AIDS is similar to that reported for normal tissues from
in lymph nodes (not shown). The capillary vascular endothelium  individuals without A|DS. 141530

from kidneys, heart, liver, skeletal muscle, lower intestine, lung, A proportion (37%) of primary human umbilical vein endothe-
adrena glands, thyroid, testis, and brain did not stain for SDF-1  lial cells (HUVECS) constitutively express surface SDF-1 during
(not shown). Selected specimens displayed SDF-1 staining in the  early passagein culture (Figure 2A), as does the endothelium lining
capillaries of the small intestinal wall (not shown). This pattern of  the umbilical vein from which they are derived.®® Similarly, a
SDF-1 expression in the capillary vascular endothelium of patients  proportion (34%) of early passage human dermal microvascular
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endothelial cells (HDMECs) express surface SDF-1, as does the
capillary endothelium in the skin (Figure 2A).%°

The enzymes heparinase | and heparinase 111 can similarly depoly-
merize heparan sulfate into oligosaccharides.®* Treatment of HUVECSs
and HDMECs with these enzymes markedly reduced surface SDF-1 on
these cdls (HUVECs, 0.4% and 3.22% positive; HDMECs, 2.3% and
5.8% positive after heparinase | and heparinase |11 trestment, respec-
tively). This enzymatic treetment did not reduce levels of CD31 staining
in HUVECs (positive cells ranged from 94% to 96%; Figure 2A,) and
HDMECs (not shown). Chondroitinase ABC (Figure 2A), which
degrades chondroitin sulfate, had little effect on surface SDF-1 expres-
sion in HUVECSs (37% positive cells) and in HDMECs (22% positive
cdls). These reaults are consstent with SDF-1 being secreted by
endothelia cells and then retained on the cell surfacein association with
proteoglycan molecules containing heparan sulfate 3

Skinisapreferred site for KS, and this fact prompted usto examine
whether surface SDF-1 expressed by cutaneous endothdlia cells may
play aroleinthelocd recruitment of KSHV-infected cells, which would
then initiate the development of KS lesions. Because KSHV-infected
cells from the peripherd blood of virus-infected individuas cannot be
isolated because of their low frequency,® we used the primary effusion
lymphoma cell line BC-1% as a prototype for a circulating KSHV-
infected B cell. Because of their coinfection with Epstein-Barr virus
(EBV), BC-1 celsmay reflect the close association of KSHV and EBV
in peripheral blood mononuclear cells from patients with KS* and in
cedls underlying KHSV-associated germinotropic lymphoproliferative
disorder (GLD).%"

Wetested BC-1 cdllsfor surface CXCR-4 expression and compared
them with Burkitt lymphoma BL-41 cells known to express high levels
of CXCR-4 and to the erythroleukemia K562 cdllsknown not to express
CXCR-4.3 Both BL-41 and K562 are EBV and KSHV negative. By
flow cytometry, 99% BC-1 cdllsand 93% BL-41 cdlsexpressed surface
CXCR-4; the erythroleukemia K562 cells were only minimally positive
for CXCR-4 (< 1% cdlls positive; Figure 2B). We examined the ability
of BC-1, BL-41, and K562 to bind to HUVECs (that bear surface
SDF-1) under conditions of physiologic shear flow (1.5 dyne/cm?). A
significantly grester proportion of BL-41 and BC-1 cells arrested onto
the endothelial monolayer compared with K562 cdlls (P < .001) that
displayed minimd arest (Figure 2C). We then examined whether
loading SDF-1 onto the endotheliad monolayer could enhancecdll arrest.
When the endothelium was preincubated with SDF-1 (200 ng/mL)
under conditions known to enhance levels of surface SDF-1 on
HUVECs®% (not shown), adight but significant increase (P < .05) in
the number of BC-1 and BL-41 cdllsarresting onto the endothelium was
observed (Figure 2C). By contrast, the number of K562 cdls that
arrested remained minimal (Figure 2C). We aso tested the ability of
BC-1 cdls to arrest, under conditions of physiologic shear flow (1.5
dyne/cn?) onto HDMECs, which, like HUVECs, display surface
SDF-1 (Figure 2A). As shown (Figure 2D), a significantly grester
proportion of BC-1 cells arrested onto HDMECs either untrested or
preincubated with SDF-1 (200 ng/mL) as opposed to K562 cdls
(P < .001, al comparisons), providing evidence that SDF-1—positive
dermd vascular endothelium can promote specific arrest of CXCR-4—
positive cellsunder conditions of physiologic shear flow.

Because pertussis toxin (PTX) can block Gi-protein—-mediated
CXCR-4 signaling through adenosine diphosphate (ADP) ribosyla-
tion of the a subunit of G;-proteins,*® we tested its effects on cell
arrest under conditions of shear flow. Pretreatment of BC-1 (Figure
2E) and BL-41 (not shown) cells with pertussis toxin (PTX; 200
ng/mL incubation for 1 hour) significantly (P < .001) reduced cell
arrest onto HUVECSs, providing evidence for a requirement of a
G;-protein—mediated process.
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To test for the contribution of endothelial cell surface—
associated SDF-1 to cell arrest, we used a neutralizing antibody
directed at SDF-1. Pretreatment of HUVECs with anti—-SDF-1
neutralizing antibody, but not a control antibody, significantly
(P < .001) reduced BC-1 (Figure 2E) and BL-41 (not shown) cell
arrest onto the endothelial cells. Furthermore, pretreatment of
HUVECs with heparinase | under conditions that reduce cell
surface SDF-1 expression on HUVECs (Figure 2F) virtualy
abolished BC-1 cell arrest onto HUVECs under conditions of shear
flow (P < .001). By contrast, treatment of HUV ECswith chondraiti-
nase ABC had little effect on BC-1 cell arrest (P > .05; Figure 2F).
Similar results were observed with BL-41 cells (not shown). These
results provide evidence that CX CR-4—expressing BC-1and BL-41
cells can arrest under conditions of shear flow onto endothelial cell
monolayersthat constitutively express surface SDF-1. This process
is dependent on the presence of surface SDF-1 on the endothelium
and signaling through a G;-protein—coupled receptor in the arrest-
ing B cells.

An in vitro transendothelial migration assay using a monolayer
of SDF-1-expressing HUVECs or HDMECs was used to assess
whether cells arrested onto SDF-1-bearing endothelium would
transmigrate across the endothelial barrier. In the absence of a
soluble SDF-1 gradient across the HUVEC barrier, minimal cell
transmigration was observed with BC-1 and BL-41 cells (Figure
3A). In the presence of soluble SDF-1 (100 ng/mL) across the
HUVEC barrier, BC-1 and BL-41 cell transmigration was mark-
edly enhanced (P < 0.05; Figure 3A). Similar results were ob-
tained for BC-1 cell transmigration across a monolayer of SDF-1—
expressing HDMECs (Figure 3B). Treatment of the HUVEC
endothelial cell barrier with heparinase 1 prior to addition of BC-1
or BL-41 cellsto the upper chamber reduced significantly (P < .05)
cell transmigration (Figure 3A). Only a modest reduction was
noted after treatment of the endothelial cell barrier with chondroiti-
nase ABC (P > .05; Figure 3A). Addition of SDF-1 (200 ng/mL) to
the upper chamber reduced significantly (P <.05) BC-1 cell
transmigration across the HDMEC monolayer, confirming arequire-
ment for soluble SDF-1 gradients across the endothelial barrier for
transmigration to occur.

To further evduate the contribution of cell-associated SDF-1, we
compared cell transmigration across endothelid monolayers that differ
in the levels of cdl-associated SDF-1 they express. Early passage
(passage 2-4) HUV ECs express surface SDF-1, whereassHUV ECsfrom
alater passage (passage 18) do not (Figure 3C). The cells are otherwise
indigtinguishable morphologically, inthelevels of surfface CD31, CD34,
and von Willebrand factor they express, and their ability to form
extracellular matrix-dependent tubes. In the presence of asoluble SDF-1
gradient across the endothelium, BC-1 and BL-41 cells transmigrated
sgnificantly (P < .05) better across the endothelia monolayer com-
posed of early passage, SDF-1-positive HUVECSs as opposed to the
later passage, SDF-1 weskly positive HUVECs (Figure 3D). Together,
these results show that surface SDF-1 condtitutively expressed by
vascular endothelid cells in sdlected tissues can promote CXCR-4—
mediated cell arrest and transmigration across endothelia monolayers.

Discussion

A number of studies have implicated SDF-1 and CXCR-41213 as
critical regulators of cell recruitment from the bloodstream to
specific tissues by promoting transendothelial migration through
chemokine gradients across the endothelium.! Thus, hematopoi-
etic cell movement to and from the bone marrow”:23; plasma cell
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homing to secondary organs and the bone marrow?; and cancer
cell metastasis to the liver, bone marrow, and lymph node?”2° have
been linked to the interaction between CXCR-4—expressing cells
and SDF-1 gradients produced in the homing tissue. In these in
vivo studies, high-level expression of SDF-1 in a target tissue is
critical to the generation of a chemokine gradient across the
endothelium, which then promotes transendothelial migration of
SDF-1 receptor-expressing cells. Experiments in vitro have shown
that SDF-1 could be “loaded” onto tumor necrosis factor «
(TNF-o)—activated endothelial cells, themselves negative for SDF-1.
Once present on the surface of endothelia cells, SDF-1 could
support lymphocyte arrest onto the vascular endothelium.3® How-
ever, the homing potential of cell surface-bound SDF-1 constitu-
tively expressed by selected capillary endothelium has not been
previously explored.

Here, we show that surface SDF-1 constitutively expressed by
selected vascular endothelium can promote specific arrest and
transendothelial migration of cells that express the SDF-1 receptor
CXCR-4 and suggest that endothelium-associated SDF-1 can play
an important role in the recruitment of KSHV-infected cells to the
skin. Cell arrest under conditions of shear flow is not simply
dependent on mechanical adhesion between chemokine-coated
surfaces and chemokine receptors on rolling cells*? Rather, it
constitutes amultistep cascade-type process that requires G;-protein—
linked signaling and is dependent on increased adhesiveness of
integrins VLA-4 (very late activation antigen 4) and LFA-1
(lymphocyte function-associated antigen-1) to their respective
endothelial cell ligands VCAM (vascular cell adhesion molecule)
and ICAM-1 (intercellular adhesion molecule 1), in part because of
integrin clustering to specific cell surface contact points,39.4344

Circulating KSHV-infected cells have been identified as B
lymphocytes or monocytes, 819 cell types known to be CXCR-4
positive and, thus, would be expected to respond to SDF-1. The
HIV-1 protein Tat can markedly enhance expression of CXCR-4 in
lymphocytes.®® HIV-Tat can aso activate the VEGF receptor
Flk-1/KDR, acting as a pro-angiogenic factor.*647 We have found
that VEGF-A can promote SDF-1 expression in vascular endothe-
lial cells.® Recently, KSHV infection induced CXCR-4 expression
in microvascular endothelial cells.®® Thus, circulating cells natu-
raly infected with KSHYV, particularly in HIV-infected individuals,
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Figure 3. Endothelial cell surface SDF-1 regulates
specific cell transmigration under static conditions.
(A) BL-41 and BC-1 cell migration across HUVEC mono-
layers in the presence or absence of SDF-1 in the lower
chamber of transwells. HUVEC monolayers were either
untreated or treated with heparinase Il (Hep Ill) or
chondroitinase (Chon). The results reflect the mean
(= SEM) number of cells transmigrated to the lower chamber
over 4 hours from 3 replicate wells per condition. Representa-
tive experiment of 5 performed. (B) BC-1 cell migration
across HDMEC monolayers in the presence or absence of
SDF-1 in the lower and upper chamber of transwells. The
results reflect the mean (= SEM) number of cells transmi-
grated to the lower chamber over 4 hours from 3 replicate
wells per condition. Representative experiment of 3 per-
formed. (C) Surface SDF-1 expression in early (passage 4)
and late (passage 18) passage HUVECs detected by flow
cytometry. (D) BL-41 and BC-1 cell transmigration as a
function of HUVEC passage in culture. Early (passage 4) or
late (passage 18) passage HUVECs were used to generate
monolayers separating the upper and lower chambers of
transwells. Medium alone or with SDF-1 was placed in the
lower chamber. The results reflect the mean (= SEM)
number of cells transmigrated to the lower chamber from 9
replicate wells per condition. Representative experiment of 3
BC-1 performed is shown.

No SDF in
upper chamber

HUVEC p4 HUVEC p18

would be expected to come to a stop and bind to the SDF-1—
expressing vascular capillary network of the skin.

Once arrested at this site, KSHV-infected cells could migrate to
the extravascular space by chemotaxis in the presence of a
transendothelial SDF-1 gradient. Dermal Langerhans cells and
fibroblasts constitutively express SDF-14 and, thus, could be a
source of such an SDF-1 gradient. Quantitative analysis of SDF-1
expression in different human tissues has reveal ed that the skin has
higher levels of expression compared with muscle and brain.?’
Once established, KS lesions expressing high levels of SDF-1
could generate strong local SDF-1 gradients, explaining why KS
lesions often occur in clusters. CXCR-4 expression was undetect-
ablein KSlesions, suggesting that the spindle cells may be progeny
of a CXCR-4-negative cell, which became infected with KSHV
from infected circulating cells. Sustained contact of KSHV-
infected cells with the endothelial cell lining or other cells in the
extravascular space could favor transmission of virus through the
o3P integrin receptor for KSHV entry.*

Less frequently than in the skin, KS lesions in AIDS involve the
lymph node, and in advanced AIDS a so the lung and the gastrointestinal
tract.? The high endothelia venules in lymph nodes are consistently
SDF-1 positive® but only rarely did the capillaries from the lung and
the gadtrointestinal tract stain for SDF-1. However, because the pro-
angiogenic factor VEGF-A® and presumably the HIV-Ta protein
which activatesthe V EGF-A receptor FIk-1/KDR*47 caninduce SDF-1
expresson on endothelia cells, the capillary vasculature of the lung and
the gastrointesting tract could aso become SDF-1 postive, perhaps
under hypoxic conditions.

The potential contribution of CXCR-4 expression on circulating
KSHV-infected cells and SDF-1 expression on selected capillary
endothelium to KS pathogenesis suggests that therapeutic manipu-
lations designed to alter SDF-1/CXCR-4 interactions may prove
useful in preventing KS or in reducing its dissemination.

Acknowledgments

We thank Drs Rich Little and Josh Farber for helpful discussions
and Ms Angelica Vivero, Sabrina Villalba, and Kathy Wyvill for
help in various aspects of thiswork.

¥20g dunr g0 uo jsenb Aq Jpd'006€00£0£28Y/99.2691/006€/2 /201 /4Pd-8]01E/POO|q/A8U" suoledlqndyse//:dny woly papeojumoq



BLOOD, 1 DECEMBER 2003 - VOLUME 102, NUMBER 12

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

ROLE OF ENDOTHELIAL SDF-1 IN KAPOSI SARCOMA

3905

Boshoff C, Weiss R. AIDS-related malignancies.
Nat Rev Cancer. 2002;2:373-382.

Dezube BJ. Clinical presentation and natural his-
tory of AIDS-related Kaposi’s sarcoma. Hematol
Oncol Clin North Am. 1996;10:1023-1029.

Moore PS, Chang Y. Detection of herpesvirus-like
DNA sequences in Kaposi’'s sarcoma in patients
with and without HIV infection. N Engl J Med.
1995;332:1181-1185.

Roth WK, Brandstetter H, Sturzl M. Cellular and
molecular features of HIV-associated Kaposi's
sarcoma. AIDS. 1992;6:895-913.

Jussila L, Valtola R, Partanen TA, et al. Lymphatic
endothelium and Kaposi's sarcoma spindle cells
detected by antibodies against the vascular endo-
thelial growth factor receptor-3. Cancer Res.
1998;58:1599-1604.

Weninger W, Partanen TA, Breiteneder-Geleff S,
et al. Expression of vascular endothelial growth
factor receptor-3 and podoplanin suggests a lym-
phatic endothelial cell origin of Kaposi's sarcoma
tumor cells. Lab Invest. 1999;79:243-251.

Aoki Y, Jones KD, Tosato G. Kaposi's sarcoma-
associated herpesvirus-encoded interleukin-6.
J Hematother Stem Cell Res. 2000;9:137-145.

Whitby D, Howard MR, Tenant-Flowers M, et al.
Detection of Kaposi sarcoma associated herpes-
virus in peripheral blood of HIV-infected individu-
als and progression to Kaposi’s sarcoma. Lancet.
1995;346:799-802.

Ambroziak JA, Blackbourn DJ, Herndier BG, et
al. Herpes-like sequences in HIV-infected and
uninfected Kaposi's sarcoma patients. Science.
1995;268:582-583.

Humphrey RW, O’'Brien TR, Newcomb FM, et al.
Kaposi’'s sarcoma (KS)-associated herpesvirus-
like DNA sequences in peripheral blood mono-
nuclear cells: association with KS and persis-
tence in patients receiving anti-herpesvirus
drugs. Blood. 1996;88:297-301.

Campbell TB, Borok M, Gwanzura L, et al. Rela-
tionship of human herpesvirus 8 peripheral blood
virus load and Kaposi’'s sarcoma clinical stage.
AIDS. 2000;14:2109-2116.

Tashiro K, Tada H, Heilker R, Shirozu M, Nakano
T, Honjo T. Signal sequence trap: a cloning strat-
egy for secreted proteins and type | membrane
proteins. Science. 1993;261:600-603.

Federsppiel B, Melhado IG, Duncan AM, et al.
Molecular cloning of the cDNA and chromosomal
localization of the gene for a putative seven-
transmembrane segment (7-TMS) receptor iso-
lated from human spleen. Genomics. 1993;16:
707-712.

Pablos JL, Amara A, Bouloc A, et al. Stromal-cell
derived factor is expressed by dendritic cells and
endothelium in human skin. Am J Pathol. 1999;
155:1577-1586.

Ponomaryov T, Peled A, Petit |, et al. Induction of
the chemokine stromal-derived factor-1 following
DNA damage improves human stem cell function.
J Clin Invest. 2000;106:1331-1339.

Tanabe S, Heesen M, Yoshizawa |, et al. Func-
tional expression of the CXC-chemokine recep-
tor-4/fusin on mouse microglial cells and astro-
cytes. J Immunol. 1997;159:905-911.

Nagasawa T, Hirota S, Tachibana K, et al. Defects
of B-cell ymphopoiesis and bone-marrow myelo-
poiesis in mice lacking the CXC chemokine
PBSF/SDF-1. Nature. 1996;382:635-638.

Zou YR, Kottmann AH, Kuroda M, Taniuchi I, Litt-
man DR. Function of the chemokine receptor

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

CXCR4 in haematopoiesis and in cerebellar de-
velopment. Nature. 1998;393:595-599.

Aiuti A, Webb 13, Bleul C, Springer T, Gutierrez-
Ramos JC. The chemokine SDF-1 is a chemoat-
tractant for human CD34* hematopoietic progeni-
tor cells and provides a new mechanism to
explain the mobilization of CD34* progenitors to
peripheral blood. J Exp Med. 1997;185:111-120.

Mohle R, Bautz F, Rafii S, Moore MA, Brugger W,
Kanz L. The chemokine receptor CXCR-4 is ex-
pressed on CD34" hematopoietic progenitors
and leukemic cells and mediates transendothelial
migration induced by stromal cell-derived fac-
tor-1. Blood. 1998;91:4523-4530.

Frenette PS, Subbarao S, Mazo IB, von Andrian
UH, Wagner DD. Endothelial selectins and vascu-
lar cell adhesion molecule-1 promote hematopoi-
etic progenitor homing to bone marrow. Proc Natl
Acad Sci U S A. 1998;95:14423-14428.

Mazo IB, Gutierrez-Ramos JC, Frenette PS,
Hynes RO, Wagner DD, von Andrian UH. Hema-
topoietic progenitor cell rolling in bone marrow
microvessels: parallel contributions by endothelial
selectins and vascular cell adhesion molecule 1.
J Exp Med. 1998;188:465-474.

Peled A, Petit I, Kollet O, et al. Dependence of
human stem cell engraftment and repopulation of
NOD/SCID mice on CXCR4. Science. 1999;283:
845-848.

Petit |, Szyper-Kravitz M, Nagler A, et al. G-CSF
induces stem cell mobilization by decreasing
bone marrow SDF-1 and up-regulating CXCRA4.
Nat Immunol. 2002;3:687-694.

Hargreaves DC, Hyman PL, Lu TT, et al. A coordi-
nated change in chemokine responsiveness
guides plasma cell movements. J Exp Med. 2001;
194:45-56.

Poznansky MC, Olszak IT, Evans RH, et al. Thy-
mocyte emigration is mediated by active move-
ment away from stroma-derived factors. J Clin
Invest. 2002;109:1101-1110.

Muller A, Homey B, Soto H, et al. Involvement of
chemokine receptors in breast cancer metasta-
sis. Nature. 2001;410:50-56.

Zou W, Machelon V, Coulomb-L'Hermin A, et al.
Stromal-derived factor-1 in human tumors re-
cruits and alters the function of plasmacytoid pre-
cursor dendritic cells. Nat Med. 2001;7:1339-
1346.

Murakami T, Maki W, Cardones AR, et al. Expres-
sion of CXC chemokine receptor-4 enhances the
pulmonary metastatic potential of murine B16
melanoma cells. Cancer Res. 2002;62:7328-
7334.

Salvucci O, Yao L, Villalba S, Sajewicz A, Pitta-
luga S, Tosato G. Regulation of endothelial cell
branching morphogenesis by endogenous che-
mokine stromal-derived factor-1. Blood. 2002;99:
2703-2711.

Dupin N, Fisher C, Kellam P, et al. Distribution of
human herpesvirus-8 latently infected cells in Ka-
posi’s sarcoma, multicentric Castleman’s dis-
ease, and primary effusion lymphoma. Proc Natl
Acad Sci U S A. 1999;96:4546-4551.

AmaraA, Lorthioir O, Valenzuela A, et al. Stromal
cell-derived factor-1lalpha associates with hepa-
ran sulfates through the first beta-strand of the
chemokine. J Biol Chem. 1999;274:23916-23925.

Cinamon G, Shinder V, Alon R. Shear forces pro-
mote lymphocyte migration across vascular en-
dothelium bearing apical chemokines. Nat Immu-
nol. 2001;2:515-522.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Lohse DL, Linhardt RJ. Purification and charac-
terization of heparin lyases from Flavobacterium
heparinum. J Biol Chem. 1992;267:24347-24355.

Renne R, Zhong W, Herndier B, et al. Lytic
growth of Kaposi's sarcoma-associated herpesvi-
rus (human herpesvirus 8) in culture. Nat Med.
1996;2:342-346.

Purvis SF, Katongole-Mbidde E, Johnson JL, et
al. High incidence of Kaposi’s sarcoma-associ-
ated herpesvirus and Epstein-Barr virus in tumor
lesions and peripheral blood mononuclear cells
from patients with Kaposi's sarcoma in Uganda.
J Infect Dis. 1997;175:947-950.

Du MQ, Diss TC, Liu H, et al. KSHV- and EBV-
associated germinotropic lymphoproliferative dis-
order. Blood. 2002;100:3415-3418.

Gupta SK, Pillarisetti K, Lysko PG. Modulation of
CXCR4 expression and SDF-1alpha functional
activity during differentiation of human monocytes
and macrophages. J Leukoc Biol. 1999;66:135-
143.

Grabovsky V, Feigelson S, Chen C, et al. Subsec-
ond induction of alpha4 integrin clustering by im-
mobilized chemokines stimulates leukocyte teth-
ering and rolling on endothelial vascular cell
adhesion molecule 1 under flow conditions. J Exp
Med. 2000;192:495-506.

Wong WS, Rosoff PM. Pharmacology of pertussis
toxin B-oligomer. Can J Physiol Pharmacol. 1996;
74:559-564.

Campbell JJ, Butcher EC. Chemokines in tissue-
specific and microenvironment-specific lympho-
cyte homing. Curr Opin Immunol. 2000;12:336-
341.

Campbell JJ, Hedrick J, Zlotnik A, Siani MA,
Thompson DA, Butcher EC. Chemokines and the
arrest of lymphocytes rolling under flow condi-
tions. Science. 1998;279:381-384.

Peled A, Grabovsky V, Habler L, et al. The che-
mokine SDF-1 stimulates integrin-mediated ar-
rest of CD34(+) cells on vascular endothelium
under shear flow. J Clin Invest. 1999;104:1199-
1211.

Cardones AR, Murakamit MT, Hwang ST.
CXCR-4 enhances adhesion of B16 tumor cells
to endothelial cells in vitro and in vivo via beta-1
integrin. Cancer Res. In press.

Secchiero P, Zella D, Capitani S, Gallo RC, Zauli
G. Extracellular HIV-1 tat protein up-regulates the
expression of surface CXC-chemokine receptor 4
inresting CD4* T cells. J Immunol. 1999;162:
2427-2431.

Albini A, Soldi R, Giunciuglio D, et al. The angio-
genesis induced by HIV-1 tat protein is mediated
by the FIk-1/KDR receptor on vascular endothe-
lial cells. Nat Med. 1996;2:1371-1375.

Ganju RK, Munshi N, Nair BC, Liu ZY, Gill P,
Groopman JE. Human immunodeficiency virus
tat modulates the Flk-1/KDR receptor, mitogen-
activated protein kinases, and components of fo-
cal adhesion in Kaposi's sarcoma cells. J Virol.
1998;72:6131-6137.

Poole LJ, Yu Y, Kim PS, Zheng QZ, Pevsner J,
Hayward GS. Altered patterns of cellular gene
expression in dermal microvascular endothelial
cells infected with Kaposi's sarcoma-associated
herpesvirus. J Virol. 2002;76:3395-3420.

Akula SM, Pramod NP, Wang FZ, Chandran B.
Integrin alpha3betal (CD 49c/29) is a cellular re-
ceptor for Kaposi's sarcoma-associated herpesvi-
rus (KSHV/HHV-8) entry into the target cells. Cell.
2002;108:407-419.

¥20g dunr g0 uo jsenb Aq Jpd'006€00£0£28Y/99.2691/006€/2 /201 /4Pd-8]01E/POO|q/A8U" suoledlqndyse//:dny woly papeojumoq



