
L E T T E R S

The biology of Kaposi sarcoma is poorly understood because the
dominant cell type in Kaposi sarcoma lesions is not known1–4.
We show by gene expression microarrays that neoplastic cells
of Kaposi sarcoma are closely related to lymphatic endothelial
cells (LECs) and that Kaposi sarcoma herpesvirus (KSHV)5,6 infects
both LECs and blood vascular endothelial cells (BECs) in vitro.
The gene expression microarray profiles of infected LECs and BECs
show that KSHV induces transcriptional reprogramming
of both cell types. The lymphangiogenic molecules VEGF-D and
angiopoietin-2 were elevated in the plasma of individuals with
acquired immune deficiency syndrome and Kaposi sarcoma. These
data show that the gene expression profile of Kaposi sarcoma
resembles that of LECs, that KSHV induces a transcriptional
drift in both LECs and BECs and that lymphangiogenic molecules
are involved in the pathogenesis of Kaposi sarcoma.

The cellular origin of the spindle cells of Kaposi sarcoma lesions is

poorly defined3,7. Kaposi sarcoma spindle cells express endothelial

cell markers but also have features of other cell lineages, including

fibroblasts, macrophages and smooth muscle cells1–3. Kaposi sarcoma

could be a tumor originating from LECs, as spindle cells ubiquitously

express VEGFR-3 and podoplanin and stain with the antibody D2-40

recognizing LECs4,8. But these markers can also be expressed on

angiogenic blood vessels, or on other cell types9. Furthermore, some

BEC markers (e.g., CD34) are expressed in all Kaposi sarcoma spindle

cells1. KSHV is the infectious cause of Kaposi sarcoma5,6. In vitro,

KSHV can infect both micro- and macrovascular endothelial cells,

and these cells are useful to study the role of KSHV in the pathogene-

sis of Kaposi sarcoma10–12.
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Figure 1 GEM data for Kaposi sarcoma and cell groups. (a) A group of 5,894

genes normalized and filtered (0.5 < coefficient of variance < 10) using

default parameters of the DChip package13 were used to construct a

dendrogram representing relationships between the 35 samples. KS, Kaposi

sarcoma. (b) A heat map of 1,482 genes that differentiate Kaposi sarcoma

(KS) and skin sample groups (q ≤ 0.05). Selected downregulated genes are

shown in blue and upregulated genes in red. Cytokines and chemokines

and their receptors are underlined. The full list of genes is available in

Supplementary Table 1 online. Color scale indicates units of standard

deviation (s.d.) from the mean expression of each gene.
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L E T T E R S

We used oligonucleotide microarrays to compare the gene expres-

sion microarray (GEM) profile of samples of Kaposi sarcoma and nor-

mal skin to various cell cultures. We used nodular Kaposi sarcoma

biopsy samples with >80% spindle cells to minimize the dermal and

epidermal components. Hierarchical clustering of 35 samples using

5,894 filtered genes13 showed that each group of samples was distinct

(Fig. 1a). More genes are similarly overexpressed between Kaposi sar-

coma and endothelial cells than between Kaposi sarcoma and any

other cell type that we tested (Supplementary Fig. 1 online).

Hierarchical clustering showed that Kaposi sarcoma, skin and

CD34+ cells clustered together, indicative of the relative abundance of

CD34+ cells in both Kaposi sarcoma and skin. To eliminate the com-

mon tissue background present in normal skin biopsy samples, we

selected a subset of the global expression profile to provide a ‘Kaposi

sarcoma expression signature’ by removing genes that were expressed

at a similar level in both Kaposi sarcoma and the dermis or epidermis.

The signature contained 1,482 genes that differentiate Kaposi sarcoma

from normal skin (q ≤ 0.05; Fig. 1b and Supplementary Table 1

online). Despite the rich lymphatic network of normal skin, known

LEC markers VEGFR-3, podoplanin and CD206 were present in the

Kaposi sarcoma expression signature. We used Kaposi sarcoma biopsy

samples, rather than cells cultured from primary lesions, to create the

Kaposi sarcoma expression signature, because cells from primary

lesions can represent many cell types, including fibroblasts and

endothelial cells from infiltrating blood vessels, and lose the KSHV

episome2,14 after a few passages. Our method is robust: most of the

molecules previously identified as expressed by Kaposi sarcoma spin-

dle cells in culture and by immunostaining of lesions were present in

the Kaposi sarcoma expression signature (Table 1).

The Kaposi sarcoma transcriptome shows that expression of

TGFβ1, TGFβ3, PDGFA and PDGFB was higher in Kaposi sarcoma

than in normal skin (q ≤ 0.05). The mRNA levels of their receptors

(TGFβR and PDGFRβ) were also upregulated, indicative of autocrine

loops for these growth factors. The HIV coreceptor CCR5 and its lig-

ands CCL5 and CCL8 were upregulated in Kaposi sarcoma, again sug-

gestive of autocrine loops. In contrast, cytokines previously shown to

be mitogens for Kaposi sarcoma spindle cells in vitro, including TNFα,

IL-2, IL-6, VEGF-C/D and oncostatin M15,16, were not substantially

overexpressed in Kaposi sarcoma, although their corresponding recep-

tors were, implying that these cytokines might promote Kaposi sar-

coma through paracrine effects (Table 1).

We used the Kaposi sarcoma expression signature to compare the

Kaposi sarcoma samples with all other samples by calculating average

linkage distances between sample groups. A multidimensional scaling

(MDS) plot represents these relationships (Fig. 2a). The Kaposi sar-

coma group is more closely related to the endothelial cell group than

to any other cell type that we tested (Supplementary Table 2 online).

As microvascular endothelial cells (MVECs) represent a mixed popu-

lation of LECs and BECs17, we next determined whether the gene

expression profile of Kaposi sarcoma is closer to that of LECs or to that

of BECs. This analysis showed that Kaposi sarcoma was more similar

to LECs than to BECs, using both the Kaposi sarcoma expression sig-

nature and a selection of 114 genes that discriminate between LECs

and BECs (q ≤ 0.2; Fig. 2b and Supplementary Table 1 online). This

was confirmed by investigating the number of genes that discriminate

between LECs and BECs that are also present in the Kaposi sarcoma

expression signature. Substantially more LEC markers (those with

higher expression in LECs than in BECs) than BEC markers were pre-

sent in the Kaposi sarcoma expression signature (Fig. 2c).

Staining for CD31 confirmed that the LECs and BECs were pure

populations of endothelial cells, and staining for LEC markers

podoplanin and CD206 (ref. 17) confirmed that we isolated pure pop-

ulations of LECs and BECs. The LEC marker CD206, identified in the

Kaposi sarcoma expression signature, was expressed in all Kaposi sar-

coma spindle cells (Fig. 2d).

We further explored the close relationship between Kaposi sarcoma

and endothelial cells, especially LECs, by testing the susceptibility of sev-

eral candidate cells, from which Kaposi sarcoma spindle cells have been

proposed to originate, to KSHV infection. MVECs were the most sus-

ceptible to infection, as determined by flow cytometry for green fluores-

cent protein (GFP)-tagged KSHV18 and quantitative PCR (qPCR) for

KSHV genomes (Fig. 3a). The typical nuclear stippling staining pattern

of KSHV latent nuclear antigen (LANA) was observed in all GFP-posi-

tive cells. Some GFP-negative cells also stained positive for LANA,

because the recombinant virus preparation that we used contains wild-

type, GFP-negative KSHV18. Next we tested the susceptibility of pure

populations of LECs and BECs to KSHV infection. LANA immunofluo-

rescence assays showed that similar numbers of LECs and BECs were

infected at various multiplicities of infection (MOIs), with a linear rela-

tionship between MOI and number of infected cells (R2 = 0.995 for

LECs and R2 = 0.9846 for BECs). But qPCR showed that KSHV

genomes had a higher copy number in LECs than in BECs (Fig. 3b and

Supplementary Fig. 2 online). Improved KSHV replication in LECs,

more efficient maintenance of episomal DNA or a higher density of cel-

lular receptors allowing viral entry on LECs could contribute to this.
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Table 1  Cytokine network in Kaposi sarcoma

Ligand Ligand up Receptor up Receptor

Paracrine

TNFα – + TNF-R1/R4

IL-6 – + gp130

Oncostatin M – + gp130

VEGF-C/VEGF-D – + VEGFR3

Insulin – + Insulin R

IL-10 – + IL-10Rβ

IL-2 – + IL-2Rγ

Thrombospondin – + CD36

VEGF165/VEGFB/PlGF-2 – + Neuropilin 1

CXCL12 – + CXCR4

Autocrine

PDGFA/PDGFB + + PDGFRβ

TGFβ1/TGFβ3 + + TGFβ R2

IGF-1 + –* IGF-1R

ANG2 + –* Tie-2

CCL5 (RANTES) + + CCR5

CCL8 (MCP-2) + + CCR5

Endothelin + + Type A and B

vIL6 + + gp130

vMIP-I/vMIP-II/vMIP-III + + CCR5/CXCR4

Unknown

Ang-like 2 + ? ?

InhibinβB + – Inhibin R

PlGF + – VEGFR1

CXCL10 + – CXCR3

CCL14 (HCC-1) + – CCR1

CCL21 (SLC) + – CCR7

*Although IGF-IR and Tie-2 are not upregulated in Kaposi sarcoma, they are always expressed

on endothelial cells, implying that they are involved in putative autocrine loops.

Cytokines and receptors whose expression is upregulated in Kaposi sarcoma biopsy

samples (q ≤ 0.05) are shown, grouped according to putative behavior. Expression

of genes shown in bold was previously confirmed in Kaposi sarcoma lesions by

immunohistochemistry, in situ hybridization or western blotting.
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L E T T E R S

The finding that both LEC and BEC markers are present in the Kaposi

sarcoma expression signature (Fig. 2c) indicates that Kaposi sarcoma

spindle cells do not faithfully represent either cell lineage, which could

be a consequence of KSHV infection. We used GEM analysis to examine

the effects of KSHV infection on LEC and BEC transcriptomes. We used

the 114 genes that differentiate LECs and BECs in calculating average

linkage distances between groups of infected and uninfected LECs and

BECs. The genetic profile of KSHV-infected BECs was closer to that of

LECs than was the profile of uninfected BECs, and vice versa. These

results imply that KSHV infection induces a transcriptional reprogram-

ming of both infected LECs and infected BECs to move away from the

uninfected populations and toward each other (Fig. 4a).

We investigated the mechanism of KSHV-induced transcriptional

reprogramming by analyzing the expression levels of PROX1. PROX1

is a key LEC-specific homeobox transcription factor that is pivotal in

regulating the differentiated LEC and BEC phenotypes by inducing

LEC markers and suppressing BEC markers19. PROX1 was moderately

upregulated in Kaposi sarcoma relative to skin (Fig. 4b; q = 0.155),

although the rich lymphatic network of normal skin could dilute sig-

nificance. PROX1 was downregulated in KSHV-infected LECs, as

shown by GEM and qRT-PCR analysis (Fig. 4b).

Certain cytokines and their cognate receptors are present in the

Kaposi sarcoma expression signature (Fig. 1b and Table 1), indicative

of autocrine growth loops. Angiopoietin-2 (ANG2) was highly

expressed in the Kaposi sarcoma signature, and we confirmed its

upregulation in both LECs and BECs infected by KSHV (Fig. 5a and

Supplementary Fig. 2 online). ANG2 is involved in angio- and lym-

phangiogenesis20 and is also upregulated by KSHV in MVECs21. We

examined the clinical relevance of this upregulation by measuring

plasma levels of ANG2 in different individuals. We tested all plasma

samples for vascular endothelial growth factor (VEGF) and for the

lymphangiogenic molecule VEGF-D22 in parallel. Previous reports on

VEGF plasma levels in individuals with acquired immune deficiency

syndrome (AIDS) and Kaposi sarcoma are contradictory23,24. VEGF

binds VEGFR-1 and VEGFR-2, whereas VEGF-D is a high-affinity lig-

and and activator of VEGFR-2 and VEGFR-3 and stimulates lymphan-

giogenesis9. VEGFR-3 was present in the Kaposi sarcoma expression

signature.

ANG2 levels were significantly higher in individuals with AIDS

and Kaposi sarcoma than in any other group (P = 0.003). VEGF-D

levels were significantly higher in individuals with AIDS and Kaposi

sarcoma than in healthy blood donors (P = 0.017). VEGF levels were
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Figure 2  Relationships between the Kaposi

sarcoma expression signature and cell groups.

(a) Two-dimensional MDS plot using the Kaposi

sarcoma expression signature (n = 1,482;

q ≤ 0.05). Each spot represents a single sample.

The average linkage distance between Kaposi

sarcoma (KS) and each group is shown (right).

The confidence limits shown represent the

standard error (mean of intergroup linkages

divided by root of the number of linkages).

EC (L+B), LECs + BECs. (b) An MDS plot using

the LEC-BEC discriminatory gene signature

(n = 114; q ≤ 0.2). The average linkage

distance between Kaposi sarcoma (KS) and

each group is shown (right). (c) Heat map

of genes in the Kaposi sarcoma expression

signature that differentiate LECs and BECs.

(d) Immunostaining. Left two columns,

immunofluorescence on pure LECs and BECs.

Both populations stained for CD31, and LECs

stained for podoplanin and for CD206. Nuclei

were counterstained with Hoechst 33258.

Right three columns, immunostaining of tissues

showed that CD31 was expressed in lymphatic

and blood vessels in lymph nodes and in

spindle cells in plaque stage and nodular Kaposi

sarcoma lesions. CD206 stained lymphatic

vessels (red arrows), but not blood vessels

(black arrow) in lymph nodes, and all spindle

cells in Kaposi sarcoma. Spindle cell expansion

in dermis is indicated (blue arrow). H&E,

hematoxylin and eosin.
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L E T T E R S

significantly higher in individuals with HIV than in healthy blood

donors (P = 0.012). Individuals with AIDS and Kaposi sarcoma also

had significantly higher levels of VEGF than healthy blood donors

(P = 0.009), but this was not significantly different from the other

groups (Fig. 5b). VEGF-D levels also correlated with number of

Kaposi sarcoma lesions (P = 0.030; Fig. 5c). Furthermore, plasma

levels of both VEGF-D (P = 0.030) and ANG2 (P = 0.041) were sig-

nificantly lower during resolution of Kaposi sarcoma with antiretro-

viral therapy (ART; Fig. 5d).

KSHV is the first human pathogen capable of reprogramming

endothelial cell transcriptomes. Endothelial cells undergo trans-

differentiation in vivo (e.g., venous arterialization), which can be

reproduced in vitro by regulating specific genes or culture condi-

tions25. Downregulation of PROX1 after infection of LECs may be

partly responsible for the genetic drift of infected LECs toward

BECs (Fig. 4b). We did not observe upregulation of PROX1 after

KSHV infection of BECs26, and this could be a result of using dif-

ferent culture conditions. But the lack of PROX1 induction indi-

cates that other cellular or viral genes are also involved in

BEC-to-LEC reprogramming.

We propose two interpretations of our findings. First, KSHV can

infect both LECs and BECs in vivo and drives the gene expression pro-

file of each type closer to that of the other. This may explain why,

although Kaposi sarcoma spindle cells express mainly LEC markers,

BEC markers are also expressed. LECs could be the favored target of

infection, however, because more KSHV genome copies per infected

cell indicate that LECs are more competent hosts to KSHV in vitro;

KSHV is not present in resident blood vessels (BECs) of Kaposi sar-

coma lesions8 despite the production of KSHV virions in such

lesions27; and Kaposi sarcoma occurs most frequently at sites rich in

LECs (i.e., skin, lymph nodes and mucosa), but not in organs without

lymphatic vessels (e.g., brain). A second interpretation that cannot
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b

Figure 4 Reprogramming of LECs and BECs by

KSHV. (a) Two-dimensional MDS plot of infected

and uninfected LECs and BECs using the LEC-

BEC discriminatory gene signature (n = 114;

q ≤ 0.2). Each spot represents a single sample.

The average linkage distances between

uninfected LECs or BECs and each group are also

shown (right). The confidence limits shown

represent the standard error (the mean of

intergroup linkages divided by root of the number

of linkages). The infected LEC and BEC samples

seemed to move toward each other, away from the

uninfected populations. (b) PROX1 expression

levels in Kaposi sarcoma biopsy samples and in

KSHV-infected LECs and BECs. GEM data are

illustrated for PROX1 in Kaposi sarcoma

compared with normal skin and in infected BECs

and LECs (2 and 7 d after infection) compared

with noninfected ones. PROX1 was upregulated

(red) in Kaposi sarcoma and downregulated (blue)

in infected LECs but not significantly different

after infection of BECs. Histograms show the qRT-

PCR confirmation of PROX1 levels in two

independent experiments (error bars). Relative

expressions are normalized to that of skin or to

that of uninfected LECs and are indicated in the

histogram.

a

b

Figure 3 Tropism of KSHV. (a) Quantification of KSHV infection in

different cell types. MVECs, mesenchymal stem cells (MSCs), smooth

muscle cells (SMCs) and fibroblasts (Fibro) were infected with a

recombinant KSHV expressing GFP18 at similar MOI and culture

conditions. Left, the percentage of GFP-positive cells. Middle, the

copy number of KSHV genomes in each infected cell type as determined

by qPCR. Right, KSHV LANA staining on infected MVECs shows the

nuclear stippling pattern, and red arrows indicate cells also expressing

GFP. (b) Quantification of KSHV infection of LECs and BECs. Upper

left panel, the percentage of LANA-positive cells in infected LEC

and BEC populations was comparable. LECs and BECs from the same

donor were infected with GFP-KSHV at different MOIs and LANA

immunofluorescence analyzed. Lower left panel, the copy number of

KSHV genomes in 100,000 total cells at each MOI was determined by

qPCR for LANA. Right, the KSHV genome copies per infected LEC or

BEC, at different MOIs, after normalization for the number of cells

infected (LANA-positive). This is done by dividing genome copies (lower

left panel) by 100,000 and then by the percentage of LANA-positive

cells (upper left panel).
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L E T T E R S

currently be addressed is that KSHV preferentially infects endothelial

cell precursors in vivo and drives these cells toward a LEC genotype6.

The transcriptional drift of both LECs and BECs infected with

KSHV indicates that Kaposi sarcoma spindle cells do not faithfully

represent either cell lineage. As lymphangiogenic molecules are ele-

vated in plasma of individuals with AIDS and Kaposi sarcoma, Kaposi

sarcoma could be an ideal neoplasm in which to test the efficacy of new

antilymphangiogenic therapies.

METHODS
Cells and media. We grew a GFP-recombinant, KSHV-positive, EBV-negative

BCBL-1 cell line18 in RPMI medium (Gibco/BRL) supplemented with 20%

heat-inactivated fetal calf serum at a density of 5 × 105 to 1 × 106 cells per ml.

We grew an AIDS Kaposi sarcoma cell line, KS Y-1, and an iatrogenic Kaposi

sarcoma cell line, KS-IMM, in Dulbecco’s modified Eagle medium

(Gibco/BRL) supplemented with 5% heat-inactivated fetal calf serum. We cul-

tured primary MVECs (Clonetics) and human umbilical vein endothelial cells

(Clonetics) in EGM-2 MV BulletKit medium (Clonetics). We isolated human

LECs and BECs using a polyclonal podoplanin antibody (provided by D.

Kerjaschki; University of Vienna, Austria) from three different batches of

MVECs from three different donors and cultured them in Endothelial Cell

Growth Medium MV (PromoCell) plus 10 ng ml–1 of VEGF-C as described17.

Immortalized human endothelial cells were provided by M.J. O’Hare

(University College of London) and cultured in EGM-2 MV BulletKit medium.

We cultured human primary uterine and aortic smooth muscle cells

(Clonetics) in SmGM-3 BulletKit medium (Clonetics). We cultured primary

human dermal fibroblasts (Clonetics) and isolated two primary fibroblasts

(CR1E and SS1MB) from two different donors and cultured them in FGM-2

MV BulletKit medium (Clonetics). We isolated human bone marrow CD34–

mesenchymal stem cells and CD34+ stem cells from different donors. CD34+

cells were directly used for RNA extraction but mesenchymal stem cells were

further cultured in MesenCult basal medium (StemCell) supplemented with

mesenchymal stem cell stimulatory supplements (StemCell).

Virus and infection. We used a recombinant KSHV expressing GFP produced

from BCBL-1 cells after induction of the lytic cycle with 20 ng ml–1 of tetrade-

canoyl phorbol acetate (Sigma) for 4–5 d (ref. 18). We omitted polybrene from

the infection to exclude non-receptor-mediated, nonspecific viral entry. For

most infections, we also measured KSHV copy numbers in cells by qPCR.

Unless otherwise specified, all infections were done at an MOI of 250 and in

triplicate. We determined the number of cells expressing GFP by flow cytome-

try in triplicate 2 d after infection.

Tissue samples and array processing. We assembled a collection of 24 cell cul-

tures, five AIDS-associated Kaposi sarcomas from five different individuals, one

classic Kaposi sarcoma and five skin biopsy samples from five different individu-

als. All Kaposi sarcoma biopsy samples used for the array studies were nodular

lesions that contained >80% spindle cells. Skin samples and Kaposi sarcoma

biopsy samples were frozen fresh in liquid nitrogen and stored at –70 °C. All exper-

iments used Affymetrix Hg-U133A oligonucleotide arrays containing 22,283

human gene probes. We used total RNA from each sample to prepare biotinylated

target RNA, with minor modifications from the manufacturer’s recommenda-

tions. We first homogenized clinical samples and extracted the RNA using Trizol

solution (Gibco/BRL) followed by RNeasy Mini kit (Qiagen) purification. We also

collected total RNA from culture cells using the RNeasy Mini kit and assessed RNA

integrity and quantity using RNA 6000 Nano chips (Agilent). We used 5 µg of total

RNA to generate first-strand cDNA using a T7-linked oligo(dT) primer and the

Custom SuperScript dscDNA Synthesis Kit (Invitrogen). After second-strand syn-

thesis, we carried out in vitro transcription with biotinylated UTP and CTP using

the Enzo BioArray HighYield RNA Transcript Labeling Kit (Affymetrix) and the

GeneChip Sample Cleanup Module (Affymetrix), resulting in ∼100-fold amplifi-

cation of RNA. We processed 20 µg of the synthesized biotinylated cRNA probes

according to the manufacturer’s recommendation using an Affymetrix GeneChip

Instrument System (see URL below). We added spike controls to fragmented

cRNA before overnight hybridization. We then washed arrays and stained them

with streptavidin-phycoerythrin, before scanning them on an Affymetrix

GeneChip scanner. After scanning, we visually assessed array images to confirm

scanner alignment and the absence of marked bubbles or scratches on the chip

surface. We confirmed that 3′/5′ ratios for GAPDH and β-actin were within

acceptable limits and found that BioB spike controls were present on all chips, with

BioC, BioD and CreX also present in increasing intensity. When scaled to a target

intensity of 100 (using Affymetrix Microarray Suite software MAS v5.1), scaling

factors for all arrays were within acceptable limits, as were background, Q values

and mean intensities. Details of quality control measures can be found in the

ArrayExpress database (see URL and accession numbers below).
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a

b

c d

Figure 5 ELISA of ANG2, VEGF and VEGF-D levels. (a) GEM data are

illustrated for ANG2 in Kaposi sarcoma (KS) compared with normal skin,

and after infection of BECs and LECs. ANG2 is significantly upregulated

(red) in all three heat maps. ELISA confirmation of ANG2 levels in

supernatants from infected and uninfected cells. (b) Box plots of VEGF-D,

VEGF and ANG2 plasma levels from healthy blood donors (HBD) and three

groups of ART-naive individuals infected with HIV-1: individuals with AIDS

and Kaposi sarcoma (AIDS-KS), HIV-1-infected individuals seronegative

for KSHV (HIV) and HIV-1-infected individuals seropositive for KSHV

(HIV/KSHV). Green circles represent outliers. *P < 0.05 versus healthy

blood donors; **P < 0.05 versus all other groups. (c) Only VEGF-D was

significantly (*P < 0.05) elevated in individuals with >20 lesions (d) ANG2

and VEGF-D levels correlate with resolution of Kaposi sarcoma lesions during

ART. VEGF-D and ANG2 levels decreased significantly (*P < 0.05) during

ART. VEGF-D and ANG2 levels of nonresponders remained stable, increased

or decreased, but remained outside the range of normal healthy blood

donors. CR, complete responder; PR, partial responder; NR, nonresponder.
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L E T T E R S

Computational analysis. We calculated RMA log expression units28 from

Affymetrix GeneChip array data using the ‘affy’ package of the Bioconductor

suite of software for the R statistical programming language (see URLs below).

The default RMA settings were used to background-correct, normalize and

summarize all expression values. We identified significant differences between

sample groups using a previously described method29. We calculated a t-statistic

as normal for each gene and then calculated a P value using a modified permuta-

tion test as described29. To control the multiple testing error, we then applied a

false discovery rate algorithm to these P values to calculate a set of q values,

thresholds of the expected proportion of false positives, or false rejections of the

null hypothesis29. For example, calling the differential expression of a gene sig-

nificant with a q value of 0.05 assures that fewer than 5% of genes with q values

less than 0.05 can be expected to be false positives.

We created heat maps of differential gene expression (Figs. 1b and 2c) by

exporting the selected RMA data to the DChip microarray analysis package13.

We carried out classical MDS30 using the standard function of the Matlab sta-

tistical software package (Mathworks); this reflects how the various sample

groups are related. We used the Pearson correlation subtracted from unity to

measure the distance between samples, providing bounded distances in the

range (0, 2). We calculated the distance between two groups of samples using

the average linkage measure (the mean of all pairwise distances (linkages)

between members of the two groups concerned). The standard error of the

average linkage distance between two groups (the standard deviation of pair-

wise linkages divided by the square root of the number of linkages) is quoted

when intergroup distances are compared in the text.

Immunofluorescence and immunostaining. We grew cell preparations on

coverslips, fixed them with 4% paraformaldehyde (SERVA Electrophoresis) and

permeabilized them with 0.2% Triton X100 (Sigma). We blocked cells for

30 min with phosphate-buffered saline and 1% bovine serum albumin factor V

(Sigma). For KSHV LANA, we used the monoclonal antibodies LN53 at a 1:500

dilution. We stained cultivated endothelial cells with monoclonal antibody to

CD206 (PharMingen; 1:100) and CD31 (Sigma; 1:200). All primary and sec-

ondary antibodies were incubated with the cells for 30 min at 37 °C. We used

rabbit antibody to rat IgGs conjugated to fluorescein isothiocyanate (1:120,

DakoCytomation) or goat F(ab)’2 fragment to mouse IgGs conjugated to fluo-

rescein isothiocyanate or R-phycoerythrin (1:200, DakoCytomation) as sec-

ondary antibodies. We counterstained cell nuclei with Hoechst 33258 (Sigma)

and examined them by fluorescence confocal microscopy (Leica).

For immunostaining of tissues, we used monoclonal antibodies to CD31

(Dakocytomation) and to CD206 (Autogenbioclear). We cut fresh-frozen sec-

tions at 5-µm intervals, picked them up onto Vectabond-coated slides,

wrapped them in foil and placed them at –20 °C. We carried out antigen

retrieval by placing the fixed sections in boiling citrate buffer (pH 6.0) in the

microwave for 2 min, cooling them in water and transferring them to Ventana

APK wash solution. The antibodies were used in accordance with the manufac-

turers’ instructions. We carried out immunohistochemical analysis using the

Ventana neXESimmunocytochemistry staining system.

Real-time qPCR and RT-PCR. We treated cell culture supernatants (400 µl)

with 20 U ml–1 of RNase-free DNase (DNA-free, Ambion) at 37 °C for 1 h to

degrade any free KSHV DNA. We extracted DNA from supernatants or cell

pellets using QIAamp blood Mini kit (Qiagen) according to the manufac-

turer’s protocol. We determined KSHV genome copy number after adjustment

to the number of cells analyzed (two copies of GAPDH per cell). A fragment of

DNA containing part of the genes encoding GAPDH and LANA was previ-

ously developed and used as a standard in the assay. We detected and analyzed

specific products using a Perkin-Elmer 7700 sequence detector (PE Applied

Biosystems). We carried out real-time PCR using the SYBR Green PCR Master

Mix (Applied Biosystems) in duplicate, with triplicate nontemplate controls in

a 25-µl PCR reaction. We used 1 µl of cDNA in a 25-µl PCR mixture contain-

ing 1× SYBR Green PCR mix (Applied Biosystems), 0.3 µM of the PROX1 for-

ward and reverse primers or 0.3 µM of the GAPDH forward and reverse

primers. We then amplified the cDNAs by denaturation for 10 min at 95 °C,

followed by 40 cycles of denaturation at 95 °C for 15 s and annealing-extension

at 60 °C for 1 min. Primer optimization and efficiency were done before the

relative quantification of the expression of the gene (data not shown). We

determined the relative expression of PROX1 on the basis of the CT value (the

PCR cycle at which an increase in reporter fluorescence above a baseline signal

can first be detected) using the ∆∆Ct method. Primer and probe sequences are

available on request.

Determination of cytokine levels. We collected culture supernatants from

infected and uninfected cells 2, 5 and 7 d after infection from LECs, and 7 d

after infection from BECs. We took plasma samples from individuals infected

with HIV-1 from University College London Hospitals. We obtained approval

from Camden and Islington Community Local Research Ethics Committee. We

assessed KSHV serostatus by immunofluorescence analysis for antibodies to

LANA. Initially, we classified samples into three categories: individuals with

AIDS and Kaposi sarcoma, KSHV-seropositive individuals without Kaposi sar-

coma and KSHV-seronegative individuals without Kaposi sarcoma. Cytokine

levels of individuals in these groups were compared with those of healthy blood

donors. All groups were age-matched, and HIV-1-positive groups had not

undergone ART and were matched with respect to CD4+ T-cell count. Only

fresh-frozen plasma samples were used for the study. The size of group studied

varied between cytokine studies (e.g., for AIDS and Kaposi sarcoma, n = 50 for

VEGF-D and n = 23 for ANG2) because multiple samples were not available

from all individuals. For 24 individuals with AIDS and Kaposi sarcoma, plasma

samples were also available during ART. We obtained informed consent from

all the enrolled individuals to take blood samples and approval from the Ethics

Committee of Camden & Islington Community Health Services NHS Trust.

We determined VEGF, VEGF-D and ANG2 levels with commercially avail-

able quantitative ELISA kits (R&D Systems). We tested all plasma samples in

duplicate according to the manufacturer’s instructions. We constructed a stan-

dard curve between concentration and absorbance at 450 nm (A450) each time

with the use of recombinant human protein standards. We confirmed mini-

mum interassay variability by repeated testing of identical plasma samples and

recombinant protein controls. We compared cytokine levels of different groups

using the parametric, two-tailed, unpaired Student’s t-test. We used the same

test to assess the difference between the group of individuals with AIDS and

Kaposi sarcoma with more than 20 lesions and those with fewer than 20 lesions.

The effect of ART on VEGF-D and ANG2 levels was assessed using the para-

metric, two-tailed, paired Student’s t-test.

In box plots, the box indicates the lower and upper quartiles, whereas the

line in the box is the median of each data set. The points at the end of the lines

outside the box represent the minimum and maximum of the data set. Circles

represent outliers. Graphs were drawn using the StatView statistical software

package (SAS Institute).

URLs. Information on Affymetrix Hg-U133A oligonucleotide arrays is avail-

able at http://www.affymetrix.com/products/arrays/specific/hgu133.affx.

Information on biotinylated target RNA preparation is available at http://

www.affymetrix.com/support/technical/manual/expression_manual.affx. The

Affymetrix GeneChip instrument system is described at http://www.

affymetrix.com/support/downloads/manuals/expression_s2_manual.pdf. The

ArrayExpress database is available at http://www.ebi.ac.uk/arrayexpress. The

Bioconductor suite of software is available at http://www.bioconductor.org.

Information on the R statistical programming language is available at

http://www.r-project.org.

Accession numbers. Details of quality control measures and all microarray

data can be found in the ArrayExpress database with the accession number

E-MEXP-66.

Note: Supplementary information is available on the Nature Genetics website.
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