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Abstract

The major transmission route for Kaposi’s sarcoma-associated herpesvirus (KSHV) infection is
the oral cavity through saliva. Kaposi’s sarcoma (KS) frequently occurs in the oral cavity in HIV-
positive individuals and is often the first presenting sign of AIDS. However, the oral target cells
for KSHV infection and the cellular origin of KS remain unknown. Here we present clinical and
experimental evidences that KS spindle cells may originate from virally modified oral
mesenchymal stem cells (MSC). AIDS-KS spindle cells expressed neuroectodermal stem cell
marker (Nestin) and oral MSC marker CD29, suggesting an oral/craniofacial MSC lineage of
AlDS-associated KS. Furthermore, oral MSC were highly susceptible to KSHV infection, and
infection promoted multi-lineage differentiation and mesenchymal-to-endothelial transition
(MENdT). KSHV infection of oral MSCs resulted in expression of a large number of cytokines, a
characteristic of KS, and upregulation of KS signature and MEndT-associated genes. These results
suggest that KS may originate from pluripotent MSC and KSHV infection transforms MSC to KS-
like cells through MENdT.

Introduction

Kaposi’s sarcoma (KS) is the most common malignancy associated with HIV-infection.
About 20% of AIDS patients develop KS with most of them (60%) manifesting with oral
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lesions(1). Oral KS is often the first presenting sign of AIDS and the most common intraoral
KS sites are palate and gingiva (1). Furthermore, oral KS appears to be more aggressive and

malignant than those occur on other sites such as the skin. Oral KS patients have a less than

10% 5-year survival rate (2).

Kaposi’s sarcoma-associated herpesvirus (KSHV), also termed human herpesvirus type 8
(HHV-8), has been established to be an etiologic agent of KS (3). Additionally KSHV is also
associated with two lymphoproliferative diseases, namely primary effusion lymphoma (PEL)
and multicentric Castleman’s disease (MCD) (1, 4, 5). KSHV is considered as a sexually
transmitted pathogen in United States and West Europe and the transmission is mainly
observed in MSM (men having sex with men) (4). However, studies found that oral exposure
to infectious saliva is a potential risk factor for the acquisition of KSHV among MSM (6). It
was also shown that KSHV is shed in saliva of infected individuals regardless of their HIV-1
status and viral titer in oral cavity is higher than that in all other sites of the body (6, 7).
Saliva transmission is also responsible for mother-to-child vertical transmission in endemic
areas as it was reported that the group of mothers who were not shedding KSHV in breast
milk did shed the virus in saliva (8). Therefore, oral transmission is the main route of KSHV
transmission.

KS is a multifocal and oligoclonal malignancy. Tumors comprise proliferating spindle-
shaped KS cells with abundant inflammatory infiltrate and abnormal neoangiogenesis. The
origin of the spindle-shaped KS cells lineage remains elusive. Based on initial
immunohistochemistry studies as well as gene expression profiling research, the most
widely accepted theory is that KS cells may derive from the endothelial cell lineage (9). KS
cells express panendothelial markers (CD31, CD34 and Factor VIII) and lymphatic
endothelial markers (VEGFR3, LYVEL and PDPN). However, KS cells are poorly
differentiated and also express other markers such as smooth muscle, dendritic cell and
macrophage markers, indicating that KS cells do not faithfully represent endothelial cell
lineage (10). The remarkable heterogeneity raised a possibility that KS may derive from
mesenchymal stem cells or precursors of vascular cells (11, 12). This hypothesis appears to
be plausible but has not yet been proven.

MSCs are characterized as a population of hierarchical postnatal stem cells with the
potential to self-renew and differentiate into osteoblasts, chondrocytes, adipocytes,
cardiomyocytes, myoblasts and neural cells (13, 14). Previous studies demonstrated that rat
mesenchymal progenitor cells and human MSCs of bone marrow and other origins are
susceptible to KSHV infection (11, 15, 16). The oral cavity contains a variety of distinctive
MSC populations, including dental pulp stem cells (DPSCs), periodontal ligament stem cells
(PDLSCs), apical papilla stem cells, dental follicle stem cells, and gingiva/mucosa-derived
mesenchymal stem cells (GMSCs)(17-19). These MSCs of craniofacial tissues are mainly
derived from cranial neural crest (20-22). Among them, MSCs in gingiva (GMSC) and in
periodontal ligaments (PDLSCs) have potential to directly interact with oral cavity saliva,
microbiota, and virus and have a chance to be infected by KSHV. In this study, we
investigated the susceptibility of oral MSCs to KSHV infection and potential of infected
MSCs to become KS cancer cells. We also searched for clinical evidences that support the
view that KS spindle cells may originate from virally infected oral MSCs. Our
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immunohistochemical studies of five AIDS-associated KS lesions revealed the presence of
Nestin, a predominant marker for neural crest-derived precursor and MSCs, and CD29, a
MSC marker known to be expressed in oral MSCs, in KS spindle cells, providing evidence
for oral MSCs being a potential origin of KS cells. We showed that oral MSCs can be
efficiently infected by KSHV and the infection promotes MSC differentiation that leads to
morphological changes and enhanced capacities of adipogenesis, osteogenesis and
angiogenesis. A transcription profiling study revealed that KSHV infection reprograms oral
MSCs and transforms them to gain KS pathogenic features, indicating that mesenchymal-to-
endothelial transition (MENdT) driven by KSHV infection contributes to the development of
KS.

Materials and Methods

Ethic statements

The human sample collection and the use of PBMCs and PDLSCs in our research were
approved the Medical Ethics Review Board of Sun Yet-sen University (Approval No.
2015-028). Written informed consent was provided by study participants. The animal
experiments in this study were approved by Animal Ethics Review Board of Sun Yet-sen
University (Approval No. 2015-041) and carried out strictly following the Guidance
suggestion of caring laboratory animals, published by the Ministry of Science and
Technology of the People’s Republic of China.

Isolation of human PDLSCs, GMSCs and DPSCs and cell culture

Normal human impacted third molars and gingival tissue were collected from patients (12—
25 years of age). The periodontal ligament tissues were scraped from third molars, and pulp
tissue was gently separated from the crown and root. Gingival and dental pulp tissues were
minced into 1- to 3-mm? fragments, and then digested at 37°C for 1.5 h in sterile PBS
containing 3 mg/ml collagenase 1V (Worthington Biochemical) and 4 mg/ml of dispase
(Worthington Biochemical). Single-cell suspensions were obtained by passing the cells
through a 70-pm strainer (Falcon), and then plated on 100 mm culture dishes (Corning) with
complete a-MEM containing 10% FBS (BD Clontech), 100 U/ml penicillin/100 g/ml
streptomycin, 2 mM I-glutamine, 100 mM nonessential amino acid, and 550 ¢M 2-ME.
Cells were cultured at 37°C with 5% CO,. After 48 h, the nonadherent cells were removed.
The plastic-adherent confluent cells were passaged with 0.05% trypsin containing 1 mM
EDTA and continuously subcultured and maintained in the complete growth medium. Cells
from the second to sixth passages were used in the experiments. Flow cytometric analysis
was performed to confirm MSC surface markers. PDLSCs from five individuals were pooled
for experiments to offset individual differences. Human Dermal Lymphatic Endothelial Cell
(LEC) was purchased from ScienCell Research Laboratories, Inc (Cat. No. 2010), and
cultured in Endothelial Cell Medium (ECM, ScienCell, Cat. No. 1001) containing 5% FBS,
1% Endothelial cell growth supplement (ECGS, ScienCell, Cat. No. 1052).

Reagents and antibodies

Cell culture medium a-MEM, penicillin and streptomycin were obtained from Invitrogen.
Glutamine, nonessential amino acids, 2-ME, B-glycerophosphate dexamethasone, Alizarin
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Red S, isobutylmethylxanthine, indomethacin, hydrocortisone, insulin, L-ascorbic acid
phosphate, Oil Red O, Drabkin’s reagent and paraformaldehyde were purchased from
Sigma-Aldrich. L-ascorbic acid phosphate was from Wako and TRIzol reagent was from
Invitrogen. Matrigel for tube assay was obtained from Corning. Antibodies against human
CD29, CD73, CD90, CD105 and CD166 were purchased from BioLegend. PE-conjugated
anti-human CD31, CD34, CD44, CD90, CD105 and CD166 were ordered form eBioscience.
Anti-LANA (F0904) antibody was purchased from Advanced Biotechnologies, Inc. Anti-
ETAR (EDNRA, sc-135902), anti-Vimentin (sc-6260), anti-PDPN (sc-376695) antibodies
were purchased from Santa Cruz Biotechnology, Inc. Anti-Collagen | (ab292), anti-FGFR1
(ab137781) and anti-NRP1 (ab81321) were purchased from Abcam. Anti-PROX1 (BA2390)
was purchased from Boster, China. Anti-NES (A0484), Anti-ITGB1 (CD29, A11060), Anti-
ACTA2 (a-SMA, A7248), anti-VCAML1 (A0279) and anti-PML (A1184) was purchased
from ABclonal Biotech Co. Ltd.

KSHYV preparation and infection

iSLK.219 cells harboring rKSHV.219 were used for virus preparation. The cells were treated
with 1pg/ml doxycycline and 1mM sodium butyrate and harvested 5 days post-induction.
The culture supernatants were filtered through a 0.45-um filter and centrifuged at 200000 g
for 1 h. Pellet was resuspended in 1/100 volume of 1xPBS and stored at —80°C until use.
Virus infection was performed according to established procedure. In brief, PDLSCs or
LECs were seeded at 2x10° cell per well in 6-well plates, mixed with KSHV at MOI of 50
(viral genome equivalent) in the presence or absence of polybrene (5ug/ml). After
centrifugation at 2,500 rpm for 60 min in room temperature, the cells were incubated at
37°C with 5% CO, for 2 h. Then the inoculum was removed by changing culture medium.

Immunofluorescence assay (IFA)

After washing with 1xPBS, KSHV-infected MSCs were fixed with 3.6% formaldehyde in
PBS for 10 min, permeabilized in 0.1% Triton X-100 for 15 min, and blocked in 1% BSA
for 1 h. Then the cells were incubated with antibodies against LANA (1:200 dilution),
Vimentin (1:50 dilution), PDPN (1:50 dilution), EDNRA (1:50 dilution), FGFR1 (1:100
dilution) or a-SMA (1:100 dilution), respectively, for 1 h. Fluor Alexa-555-conjugated anti-
IgG (Life technologies, 1:500 dilution) was used as secondary antibody. Slides were
examined with a Zeiss LSM780 confocal laser scanning system (63xoil) and two channels
were recorded sequentially.

Flow cytometry analysis

For quantitation of GFP-positive cells, PDLSCs, GMSCs, and DPSCs infected with KSHV
were detached with 0.05% trypsin for 3~5 minutes, washed twice with PBS and centrifuged
at 1500 rpm for 5 min. Cells were resuspended with PBS (containing 0.1% FBS) and
quantified by flow cytometry analyzer (BD LSRFortessa). For analyses of cell surface
markers, cells were digested, washed and resuspended as described above. Then cells were
incubated with the following antibodies in 1:50 dilution: FITC-conjuncted antibodies against
human CD29, CD73, CD90, CD105 and CD166, and PE-conjuncted anti-human CD31,
CD34, CD44, CD90, CD105 and CD166. After 1 h incubation in room temperature, cells
were washed twice with PBS and analyzed as described above.
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Cell invasion assay

ELISA

Cell invasion assays were carried out in 24-well Transwell units (Millipore). Briefly,
polycarbonate filters with 8-um pores were coated with 60 pl of matrigel-gel. PDLSCs or
KSHV-PDLSCs (15,000 cells) in serum-free media were placed in the upper wells and the
lower chambers were filled with 10% FBS medium. After 24 h incubation the cells that had
passed through the filter were stained with crystal violet. The number of migrated cells was
counted from multiple randomly selected microscopic visual fields using ImageJ software.
Photographs were obtained and independent experiments were performed in triplicate.

Media from mock-infected and KSHV-infected PDLSCs and LECs were harvested and
centrifuged in 10000 rpm for 10 min. Cytokines in the media were determined using specific
ELISA Kits. ELISA kits for human IGF1 (Cat No. DG100), FGF basic (Cat No. DF850) and
VEGF-D (Cat No. DVEDOO) were purchased from R&D Systems. Human VEGF-A ELISA
kit (Cat No. BMS277/2) was purchased from eBioscience. Human TGFp3 ELISA kit (Cat
No. KA4402) was purchased from Abnova. Human ANGPT2 ELISA kit (Cat No. DL-
ANGPT2-Hu) was purchased from DLdevelop.

Western Blot

Cells were lysed on ice for 30 min in lysis buffer [50 mM Tris-HCI, pH 7.4, 150 mM NacCl,
1% NP-40, 1% Triton X-100, 1 mM sodium orthovanadate (NazVVO,), 20 mM sodium
pyrophosphate, 100 mM sodium fluoride, 10% glycerol, protease inhibitor cocktail (1 tablet
in 50 mL lysis buffer)] and then centrifuged in 12,000 rpm for 10 min. The supernatants
were mixed with loading buffer and heated at 95°C for 10 min. The whole cell extracts of 50
ug protein was resolved on a 10% SDS-PAGE and transferred onto nitrocellulose
membranes. The membranes were blocked in 5% non-fat milk in 1xPBS for 1 h, and then
incubated in diluted primary antibodies overnight at 4°C. IRDye 680LT and 800CW goat
anti-rabbit 1gG, anti-mouse IgG or anti-rat IgG antibodies (LI-COR Biosciences) was used
as secondary antibody. An Odyssey system (LI-COR) was used for detection of proteins of
interest.

Assays for osteogenic and adipogenic differentiation of MSCs

PDLSC or KSHV-infected PDLSC were seeded into 6-well plates (Corning) and cultured in
growth medium until the cells reached confluence. To induce osteogenic differentiation, the
MSCs were cultured under osteogenic culture conditions, containing 2 mM -
glycerophosphate, 100 mM L-ascorbic acid phosphate, and 10 nM dexamethasone in culture
medium. Four weeks post-induction, 1% Alizarin Red S staining was performed to detect
matrix mineralization(23). To retain Alizarin Red S, images were analyzed and quantified
using NIH ImageJ software with a 50% threshold by determining the area positive for dye
staining expressed as a fraction of the total area. For adipogenic induction, 500 nM
isobutylmethylxanthine, 60 mM indomethacin, 500 nM hydrocortisone, 10 mg/mL insulin,
and 100 nM L-ascorbic acid phosphate were added to the growth medium. After 2-3 weeks,
the induced cells were stained with Oil Red O. The positive cells were quantified under
microscopy and are shown relative to the total cell count.
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Tube formation assay

Forty-eight-well plates were coated with Matrigel (1:1 dilute with a-MEM without FBS,
100ul/well) and incubated at 37°C for 1h to allow gelation to occur and avoid bubble.
PDLSCs or KSHV-infected PDLSCs were resuspended in the medium and added to the top
of the gel with 200pl a-MEM without FBS. The cells were incubated at 37°C with 5% CO2
for 8 h and images of tube formation were captured using a ZEISS fluorescence microscope.
The quantification of the tube was carried out using the ImageJ software to measure the total
length of tube in the image. The average value was used for the histogram.

Matrigel plug assay

Female C57BL/6J mice at 4 to 6 weeks old were obtained from the Animal Center of Sun
Yat-sen University. Five mice were used for each treatment group. Cells (5-10 x106) in 100-
200 pl of medium were prepared and thoroughly mixed with 500 pl matrigels to total
volume of 600-800 pl, and subsequently implanted to mice by inguinal injection. After
seven days, the mice were sacrificed and matrigel plugs were removed, photographed and
subsequently dissolved in 1 ml Dispase reagent for 16 h at 37 °C. After removal of debris by
centrifugation, hemoglobin was quantified using Drabkin’s reagent (Sigma-Aldrich).

Kidney capsule transplantation

Four million of MSCs were collected and cultured on gelfoam scaffold for 1 day in regular
medium. The host mouse was weighed and anesthetized by strictly following the animal care
guidelines. Kidneys were exposed through incision of the skin and muscle on the back of the
host mouse. The kidney capsule was opened with the fine tip of No.5 forceps. The MSC/
scaffold block was placed under the kidney capsule. Sutures were placed close to the
muscular layer and capsule grafting products were harvested 28 days after transplantation.

Histological analyses

Immunohistochemistry of Kaposi’s sarcoma clinical samples for LANA, Nestin, and CD29
was performed on paraffin-embedded tumors from five AlDS-associated KS patients.
Sections were subjected to antigen retrieval by using 10mM sodium citrate (pH 6.0) buffer
for 10 minutes with an electric pressure cooker. Then tissues were blocked in 3% hydrogen
peroxide for 10 minutes to quench the endogenous peroxidase activity and probed with
antibodies against LANA (1:100), Nestin (1:50) or anti-CD29 (1:100) overnight. The
primary antibody binding was detected using a goat anti-rabbit HRP secondary antibody
(Product # 31460) followed by colorimetric detection using metal enhanced DAB. Tissues
were counterstained with hematoxylin and prepped for mounting.

MSCs transplants were fixed in 4% paraformaldehyde and decalcified with 10% EDTA (pH
7.4) followed by paraffin embedding. Paraffin sections (7 pm) were stained with
hematoxylin and eosin (H&E) and Masson’s trichrome. To perform immunofluorescent
staining, the paraffin-embedded sections were incubated with primary antibody (1:200) at
4°C overnight with rabbit 1gG as negative control, and then treated with Alexa Fluor 594-
conjugated secondary antibody (1:200, Life technologies) for 30 min at room temperature.
Slides were mounted with VECTASHIELD mounting medium (Vector Laboratories).
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RNA sequencing

Mock-infected and KSHV-infected (48 and 96 hours) PDLSCs were lysed with TRIzol
reagent and total RNA was extracted following the manufacturer manual. RNA purity was
checked using Qubit 3.0 Flurometer (Life Technologies, CA, USA). For each sample, 2 ug
RNA was used to generate sequencing libraries with NEBNext Ultra™ RNA Library Prep
Kit for lllumina (#£7530L, NEB, USA), referring to the manufacturer’s recommendations.
Index codes were added to attribute sequences to each sample. The libraries were sequenced
on an Illumina Hiseq 4000 platform and 150 bp paired-end reads were generated.

Data process

Raw data in fastq format were filtered to gain high quality reads. The short reads were
aligned to human reference genome (version hg19/GRCh37) and KSHV reference genome
(version CQ994935.1). The number of clean tags mapped to indicated gene was counted by
RPKM (Reads per Kilo bases per Million reads). Corrected p-value (g-value) < 0.05 and |
log2 (fold change) | > 1 were set as threshold for significantly different expression.

Data analysis

Data of KS signature was from ArrayExpress Database (Accession E-MEXP-66)(24). Data
of HDMEC and KSHV-infected HDMEC was from GEO database (GSE1377)(25). Data of
HMVEC and KSHV-infected HMVEC was from GEO database (GSE6489)(26). Data of
MENdT induction of hRAMSC was from GEO database (GSE28385)(27). Enrichment
analysis was performed with Gene Ontology (GO) tools, and GO terms with p value < 0.05
was considered as significantly enriched gene sets. Classification of different functions was
primarily from GO enrichment analysis for Biological Process and KEGG pathway, then
genes in relevant terms were classified into indicated categories. Venn diagrams were drawn
by Venny 2.0 online (http://bioinfogp.cnb.csic.es/tools/venny/index.html).

In order to compare the RNA-seq data of mock- and KSHV-infected PDLSCs with the
microarray data of KS and endothelial cells, the genes identified as KS expression signature
were picked and aligned by Ensemble Gene ID, respectively. Genes containing an RPKM
value of 0 were discarded. As PDLSCs are highly similar with bone marrow derived MSC,
PDLSC data were normalized with the data of MSC microarray (24). Firstly, each sample
was setting to equal scale. Then, a correction efficient for each gene was calculated by
dividing the mean value of MSC with the mean RPKM value of PDLSC. Last, the RPKM
value of each gene in mock- and KSHV-infected PDLSCs was multiplied with the indicated
correction efficient. Unsupervised clustering of samples (X-axis) and genes (Y-axis) were
preformed with average linkage method and Euclidean distance metric, respectively.
Linkage distance with KS was performed by calculating the Pearson correlation coefficient
with KS, and then subtracted by 1. The comparison of mock- and KSHV-infected PDLSCs
with induced MEndT of hAMSCs was performed in the same way. For principal component
analysis, normalized data were firstly analyzed and identified through SPSS 13.0 and then
the plot was drawn with the first two components.
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Statistical analysis

All data were analyzed with SPSS 13.0 program. Two-tailed Student’s t-test and Chi-square
test were performed, and p values<0.05 were considered as significant.

Data availability

Results

Detection of

Human oral

viral latency

RNA-seq data used in this manuscript were available in NCBI GEO (Gene Expression
Omnibus) database, accession: GSE92341.

oral MSC-specific markers in KS spindle cells

To trace the origin of KS spindle cells, we examined clinical KS lesion samples for specific
cell type markers. Intermediate filament protein Nestin (Neuroectodermal stem cell marker)
predominantly expresses in neural crest-derived stem/progenitor cells and is a useful
molecular tool to characterize tumors originating from neural crest and mesenchymal
lineages (28, 29). Neural crest is a group of embryonic cells that are pinched off during the
formation of the neural tube and become stem cells of mesenchyme. These stem cells with a
neural crest origin persist into adulthood, especially within the craniofacial compartment.
Since oral MSCs are derived from neural crest, expression of Nestin in KS cells could
suggest a lineage connection between oral MSCs and KS. In addition, CD29, also known as
integrin B1, expresses in oral MSCs and is commonly used as an MSC marker (30, 31).
Paraffin-embedded sections of KS from five AIDS-KS patients were subjected to
immunohistochemical analyses with anti-Nestin and anti-CD29 antibodies. All the cases
showed typical KS feathers, including abundant vasculature development, infiltration of
mononuclear cells and red blood cells, and spindle-shaped KS cells. The majority of the
spindle cells expressed LANA, further confirming the diagnosis of KS. The
immunohistochemical staining showed that the majority of KS spindle cells in all five cases
expressed Nestin and CD29 (Fig. 1A) and two cases, one carried the sarcoma in the palate
(case 1) while the other had lesions in the palm (case 2), were shown in Fig. 1B.

Furthermore, oral MSCs from periodontal ligament (PDLSC), dental pulp (DPSC) and
gingiva (GMSC), along with lymphatic endothelial cells (LECs), were prepared and
examined for their expression of Nestin using immunofluoresces assay (IFA). Results
showed that all three types of oral MSCs express Nestin. In contrast, LECs do not express
Nestin and KSHYV infection did not induce Nestin expression in LECs (Fig. 1C). The
expression of Nestin in KS spindle cells as well as oral MSCs provides evidence that KS
may originate from oral MSCs, which prompted us to continue pursuing the question if
virally modified MSCs could become KS cells or precursors to KS.

MSCs are highly susceptible to KSHV infection and support establishment of

Oral cavity is the major route of KSHV infection and exposure to infectious saliva is mainly
responsible for the transmission of the virus. Furthermore, our immunohistochemical
analysis of KS lesions raised a possibility that KS may arise from KSHV-infected oral
MSCs. These notions compelled us to examine the susceptibility of oral MSCs to KSHV
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infection. Oral MSCs (PDLSC, DPSC and GMSC) were infected with recombinant GFP-
expressing KSHV (rKSHV.219). Infectivity for MSCs of each type was estimated with the
rate of the cells converted to GFP-positive. Results showed that all three types of oral MSCs
were efficiently infected by KSHV (Fig. 2A, left panel) with infectivity rates from 72% to
87% in the presence of polybrene (Supplementary Data, Fig. S1A) and around 60% in the
absence of polybrene (Fig. S1B). The infection led to successful latency establishment as
indicated by LANA staining detected in the vast majority of cells (Fig. 2A, right panel). The
infection was found to be persistent as LANA expression were detected in the majority of
infected cells after four weeks of culture without drug selection pressure (Supplementary
Data, Fig. S2). These results are consistent with previous studies with mesenchymal stem
cells from diverse origins (11, 16) and indicate that oral MSCs are highly susceptible to
KSHYV infection and support establishment of latent infection. These findings raise a
possibility that oral MSCs could be the primary target cells for KSHV infection in oral
cavity.

KSHYV infection leads to morphological and stem property changes of oral MSCs

Microscopic examination of the oral MSCs prior to and post KSHV infection revealed
KSHYV infection-associated morphological changes. Oral MSCs of three origins (PDLSC,
DPSC and GMSC) displayed similar morphology of fibroblast-like cells. However, in the
KSHYV infected cell pool, some cells underwent morphological changes and showed an
elongated shape (Fig. 2B).

The effects of KSHV infection on the stem cell property of oral MSCs were examined on the
mesenchymal stem cell surface markers of infected MSCs. Over ninety-eight percent of
uninfected PDLSCs were detected positive for mesenchyme markers CD29, CD44, CD73,
CD90, CD105 and CD166 and only 1.4% and 9.5% cells expressed vascular endothelial
marker CD34 or CD31, respectively (Fig. 2C and D). Interestingly, the ratio of mesenchymal
stem cell marker positive cells significantly decreased in the pool infected with KSHV as
shown in a two-dimensional flow cytometric analysis with GFP as an indicator for KSHV
infected cells, suggesting the KSHV infection led to the loss of MSC marker expression
(Fig. 2C). With the decreases of mesenchyme markers (CD44, CD90, CD105 and CD166),
the endothelial markers CD31 and CD34, which are expressed in Kaposi’s sarcoma spindle
cells, were significantly increased in KSHV-infected oral MSCs (Fig. 2D), suggesting that
KSHYV infection promote differentiation of oral MSCs.

Infection of oral MSCs promotes multiple lineage differentiation

To confirm if KSHV infection indeed enhances differentiation of oral MSCs, we tested the
potentials of KSHV-infected oral MSCs in different lineage differentiation. We first
examined the effect of KSHV infection on the ability of oral MSCs to differentiate into
osteoblasts. Mock- and KSHV-infected PDLSCs were grown in the induced medium
MSCOIM for two weeks and the osteogenic differentiation was examined by staining with
Alizarin red S, which indicates calcium deposition. The result, shown in Fig. 3A,
demonstrated an enhanced calcium deposition in KSHV-infected PDLSCs in comparison to
mock-infected cells. The adipogenic differentiation was also compared between mock- and
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KSHV-infected PDLSCs. Virally infected cells formed more lipid droplets visualized by
higher absorbance of Qil Red O staining in comparison to mock-infected cells (Fig. 3B).

KS is a vascular tumor and abnormal angiogenesis is the hallmark of the malignancy.
Angiogenesis is a multi-step process involving endothelial cell activation, proliferation,
differentiation, migration, and formation of vascular structure. We examined if KSHV
infection of oral MSCs promotes endothelial lineage differentiation and contributes to
KSHV-induced angiogenesis. An /n vitro Matrigel tubulogenesis assay was used to assess
the ability of KSHV-infected oral MSCs in formation of capillary-like tubules that
representing the later stage of angiogenesis. As shown in Fig. 3C, KSHV infection of
PDLSCs increased the tubule formation, while tight cell junction was not formed among
mock-infected MSCs. This result is consistent with two previous reports (16, 32). The
tubulogenic ability of KSHV-infected MSCs was also examined after long-time culture.
Result showed that KSHV-infected PDLSCs still preserved the ability of invasion and
potential of forming tubules on Matrigel four weeks post-infection (Supplementary Data,
Fig. S3, A and B). In addition, long-term infected PDLSCs also exhibited enhanced cell
invasiveness in comparison with mock-infected cells (Fig. S3, C and D). These results
indicate that a differentiation from oral MSCs to endothelial lineage took place and was
enhanced by KSHYV infection.

KSHYV infection confers oral MSCs angiogenic phenotypes ex vivo through mesenchymal-
to-endothelial transition

To further characterize KSHV-enhanced endothelial differentiation of oral MSCs and
angiogenesis, we employed a murine Matrigel plug assay to analyze KSHV-infected
PDLSCs for their ability of differentiation and angiogenesis ex vivo. Mock- and KSHV-
infected PDLSCs were mixed with Matrigel without any cytokines and implanted to
C57BL/6 mice. At day 7, the matrigel plugs were stripped out and examined for new blood
vessel formation. KSHV infection of PDLSCs led to visibly more blood vessel formation on
the Matrigel plug, which was also quantitated by measuring the hemoglobin content (Fig.
3D). In addition, mock- and KSHV-infected PDLSCs were transplanted into
immunocompromised mice under the kidney capsule. Proliferation of implanted MSCs with
slit-like vascular spaces that contain erythrocytes was observed in virally infected cells, but
much less vascular spaces were seen in mock-infected cell transplant (Fig. 4A and B).
Hematoxylin and eosin stain showed spindle-shaped cells resembling to these seen in KS
lesion. Immunohistofluorescence staining showed expression of LANA and vascular
endothelial marker CD31 in KSHV-infected PDLSCs transplant, not in mock-infected cell
transplant (Fig. 4C and D). Furthermore, expression of Nestin and CD29 were detected in
the implantation of both mock- and KSHV-infected MSCs but CD31 and CD34 only in
KSHV-infected MSC implantation (Supplementary Data, Fig. S4). KSHV-induced
expression of CD31 and CD34 in the MSC implants suggests that mesenchymal-to-
endothelial transition (MEndT) took place in KSHV-infected MSCs in animal.

Altered gene expression profile reveals cellular reprograming in KSHV-infected oral MSCs

The finding that KSHV infection enhances MSCs differentiation suggests that the infection
is able to reprogram the cells. To elucidate how KSHYV infection reprograms oral MSCs and
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if such reprograming drives the infected cells toward KS phenotype, we compared the gene
expression profiles of MSCs prior to and post KSHV infection by using a deep RNA
sequencing (RNA-seq) approach. PDLSCs were infected with rKSHV.219 at an MOI of 50
(viral genomic DNA equivalent) for 48 and 96 hours. These two post-infection time points
were chosen as that allows identifying the changes of gene expression profile directly caused
by KSHV infection. Forty-eight hour post-infection represents the early stage of KSHV
primary infection while in 96 hour post-infection latent cycle gene expression has been
established. Total RNAs were purified from the mock-and KSHV-infected cells and
subjected to an RNA-seq analysis (Supplementary Data, Fig. S5A). The RNA-seq reads
were first mapped to the KSHV genome (GenBank ID: GQ994935.1). The result shows that
latent genes (LANA, ORF71 and ORF72) and a selected group of lytic genes (PAN RNA,
ORF57, ORF64, vIL-6 and RTA) expressed in 48 hour post-infection (KSHV-48), while the
expression of most lytic genes decreased and the latent genes continued to rise at 96 hour
post-infection (KSHV-96) (Supplementary Data, Fig. S5B). The viral gene expression
profile in oral MSCs is consistent with that of endothelial cells primarily infected by KSHV
(33, 34) as well as virally infected PBMCs (35).

The reads were then mapped to the human genome. The RPKM (Reads Per Kilobase of
transcript per Million mapped reads) of KSHV-48 and KSHV-96 cells were compared with
mock-infected cells, that revealed 862 differential expressed genes (DEGS) in KSHV-48 and
1023 DEGs in KSHV-96. The KSHV-96 DEGs were subjected to a Gene Ontology (GO)
analysis for significant association of the DEGs with specific GO terms. The molecular
functions and biology process terms with the most enrichment levels are shown in
Supplementary Data (Fig. S6, A and D). In order to define the similarity and difference
between MSCs and endothelial cells in cell reprograming upon KSHV infection, DEGs from
KSHV-infected human dermal endothelial cells (HDMEC) (25) and KSHV-infected
pulmonary microvascular endothelial cells (HMVEC) (26), were included in the GO
enrichment analysis (Supplementary Data, Fig. S6, B and E, C and F).

KSHYV infection of oral MSCs exhibits mixed phenotypes of inflammatory cell infiltration,
inflammation and angiogenesis

Among the top enriched molecular function categories, “cytokine activity” is uniquely found
in KSHV-infected PDLSCs (Supplementary Data, Fig. S6A). The DEGs of KSHV-infected
PDLSCs pertinent to cytokines, chemokines and their receptors are listed in Fig. 5A. A large
spectrum of chemokines were significantly up-regulated in KSHV-infected PDLSCs. Given
that KS is considered as a cytokine disease with strong infiltration of monocytes,
macrophages and lymphocytes, KSHV-infected MSCs resemble KS cells in this phenotype.
Among the chemokines, CCL5, CCL8 and CXCL10 were reported to be up-regulated in KS
versus normal skin cells (24). Furthermore, many cytokines and growth factors involving
endothelial development, angiogenesis and KS cell growth (such as ANGPT4, ANGPTL1,
ANGPTL4, VEGF-A, -C and -D) as well as their receptors (VEGFR1 and 3, EDNRA and
EDNRB) are among the DEGs of KSHV-infected PDLSCs, suggesting that KSHV-infected
MSCs share the angiogenesis, autocrine and paracrine growth regulations with KS cells (36—
38). The cells from KS lesions of AIDS patients constitutively release several growth factors
and cytokines including FGF family. Two members from the FGF family, namely FGF2
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(bFGF) and FGF7 were found up-regulated in KSHV-infected PDLSCs, showing a similarity
between KSHV-infected MSCs and KS in cytokine-mediated autocrine and paracrine
regulation of cell growth. Other inflammatory cytokines such as IL-1a, IL-1f, IL-6 and
IL-10 were also up-regulated in KSHV-infected PDLSCs (Fig. 5A).

To confirm the RNA-seq data on the cytokine network in KSHV-infected MSCs and
determine if it is a unique feature of infected MSCs, several representative cytokines were
analyzed using ELISA for their production upon KSHYV infection in MSCs and endothelial
cells (lymphatic endothelial cells or LECs). It has been known that the FGF family is
strongly expressed in KS, which is 100-fold higher than endothelial cells(37). Our data show
that MSCs secreted a high level of bFGF, which was further enhanced by 2.5-fold upon
KSHYV infection (Fig. 5B). This cytokine was also up-regulated in KSHV-infected LECs, but
the levels were 10-fold lower than infected MSCs (Fig. 5B). VEGF-A, VEGF-D, IGF1 and
TGF3, the cytokines that support endothelial cell growth and differentiation, were up-
regulated by 3-6-fold upon KSHV infection in MSCs. Interestingly, the productions of these
four cytokines did not significantly change in LECs after KSHV infection (Fig. 5B—F).
ANGPT2, an endothelial angiogenesis factor, was shown to express in both MSCs and
LECs. However its secretion was significantly enhanced upon KSHYV infection in LECs but
little in MSCs (Fig. 5G). All the ELISA results were consistent with the RNA-seq data.
Taken together, KSHV-infected PDLSCs leads to production of a large spectrum of
cytokines and chemokines, exhibiting a mixed phenotype of inflammatory cell infiltration,
inflammation and angiogenesis, which is consistent with typical KS features.

KSHV-mediated mesenchymal-to-endothelial transition transforms oral MSCs to KS-like
cells in gene expression profile

As KSHYV infection is able to confer MSCs KS-associated phenotypes such as endothelial
lineage commitment, angiogenesis and chemokine/cytokine production, we asked if the cell
reprograming led by KSHYV infection transforms MSCs toward KS cells. To this end, we
analyzed gene expression profile of KSHV-infected PDLSCs and compared it with KS
signature genes established through analyzing DEGs of KS biopsy samples versus normal
skin (24). The expression of KS signature genes in mock- and KSHV-infected PDLSCs was
examined using an unsupervised clustering analysis. Mock- and KSHV-infected LECs and
BECs (31) were also included in the assay for comparisons. Clustering of cell samples (X-
axis) and genes (Y-axis) were performed by hierarchical clustering with average linkage
method and euclidean distance metric. The similarity of each cell samples to KS cells in KS
signature gene expression were determined by linkage distance based on Pearson correlation
coefficient. Results showed that KSHV-infected PDLSC is much closer than mock-infected
cell to KS in the gene expression profile (Fig. 6A). The linkage distances of different cell
samples to KS cells are illustrated in Fig. 6B, showing the closest distance of KSHV-
infected PDLSC to KS and significant difference between mock- and KSHV-infected
PDLSC in this regard. The reliability of the analysis with this method (with normalization)
was verified by re-analyzing the data reported in Wang et al (24), which resulted in similar
results as originally reported (Supplementary data, Fig. S7) (24). To our surprise, our
analysis did not detect significant difference in statistics between mock- and KSHV-infected
LECs and BECs in KS signature gene expression (Fig. 6B). To further confirm our results on
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relationships between cell groups and KS, principal component analysis was performed with
the same set of data. Result, shown in Fig. 6C, also demonstrated that KSHYV infection
brought about a greater change in PDLSC than those in endothelial cells in distance toward
KS.

Next, we focused on the DEGs of KSHV-infected PDLSCs and compared them with KS
signature genes (the DEGs of KS biopsy samples versus normal skin) (31). The comparison
identified 111 DEGs of KSHV-infected PDLSC that are overlapped with KS expression
signature (p<0.05, llogFCI>1) (Fig. 6D). Eighty of the 111 genes (72%) are consistently
regulated in both KS and KSHV-infected PDLSCs in the same direction as shown in
Supplementary Data (Table S1). Gene ontology analysis showed that many of these
consistent genes are involved in endothelial development, angiogenesis, chemotaxis and
inflammation. For example, PROX1 (Prospero homeobox 1) is a master regulator of
endothelial lineage differentiation (39, 40). Its expression is up-regulated in KS and KSHV-
infected MSCs, suggesting an endothelial differentiation occurred in both cell settings. Other
mesenchymal-to-endothelial differentiation-related genes such as PDPN [podoplanin, a
downstream gene of PROX1 involved in lymphatic endothelial differentiation (41-43)],
EDNRA (endothelin receptor A), PML (Promyelocytic leukemia), PGF (placental growth
factor) and TGFp3 are up-regulated in the same pattern in KSHV-infected PDLSCs and KS
lesions (Table S1). These genes are expressed at relatively low levels in uninfected MSCs
and KSHV infection enhanced their expression dramatically. The gene expression profile of
KSHV-infected PDLSCs suggests that KSHV infection promotes a mesenchymal-to-
endothelial transition (MENdT) in infected MSCs.

To confirm if MENdT indeed occurred during the KSHV-mediated reprogram in MSCs, we
compared the gene expression profiles of mock- and KSHV-infected PDLSCs with a
published MENndT gene profile (27). Human amnionic membrane-derived MSCs (hAMSCs)
were induced in endothelial growth medium and considered as an MSC MEndT model (39).
Interestingly an unsupervised clustering showed that KSHV-infected PDLSC has the first-
level of distance with MEndT-occurred hAMSC, indicating KSHV-infected PDLSCs is very
similar with MEndT MSCs in gene expression profile (Supplementary Data, Fig. S8). DEGs
of KSHV-infected PDLSCs were then compared with the MEndT DEGs. Ninety-one genes
are consistently expressed in these two cell settings and about 1/3 of them (31 genes)
involved in differentiation (p<0.05, IlogFCI>1) (Supplementary Data, Table S2). Among
these genes are endothelial differentiation regulators (PROX1, PDPN and EDNRA) and
cytokines (FGF5, FGF7 and TGFB3). Another group of genes, which are associated with
mesenchymal property including a-SMA, CNN1 (Calponin 1), TAGLN (Transgellin),
NBEA (Neurobeachin), and DDIT3 (DNA-damage-inducible transcript 3) were down-
regulated in both cell settings, a typical sign of MEndT. Up-regulation of endothelial related
genes and down-regulation of mesenchymal related genes were also observed in KS lesions,
suggesting the key role of MEndT process in KS tumorigenesis. Taken together, our results
confirmed that KSHV infection promotes MENndT in MSCs, which contributes to KS
pathogenesis.
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KSHYV infection reprograms MSCs and endothelial cells in two differentiation directions

KSHV-infected endothelial cells including human dermal endothelial cells (HDMEC) (25),
pulmonary microvascular endothelial cells (HMVEC) (26), lymphatic endothelial cells
(LECs) and blood vascular endothelial cells (BECs) (24) were included in the gene
expression profiling analysis for comparison. Interestingly, the expression of the genes that
are altered in KSHV-infected MSCs and involved in endothelial differentiation, vessel
development and angiogenesis (such as PROX1, EDNRA, PML and PGF), was found to be
largely reversed or unchanged in KSHV-infected LECs vs. LECs (Table S1). This result
raised a possibility that KSHV infection drives opposite biological processes in these two
types of cells, i.e. MEndT (differentiation) in MSCs and endothelial-to-mesenchymal
(EndMT) (dedifferentiation) in LECs.

The hypothesis that KSHV infection of MSCs and endothelial cells reprograms cells in the
opposite differential directions was tested as follows. First, we analyzed the DEGs of
endothelial cells of different lineages against KS expression signature (Fig. 6D). Gene
ontology analysis showed that among the common DEGs between KS and KSHV-infected
endothelial cells, many genes are involved in endothelial-to-mesenchymal dedifferentiation
process (Supplementary Data, Table S3-6). For example, Neuropilin 1 (NRP1, a co-receptor
of VEGF and FGF, known as an EndMT marker) was induced in KSHV-infected HMVEC
and LECs.

Second, a three-way comparison was made among KS signature genes, DEGs of KSHV-
infected MSCs and endothelial cells (including HDMEC, HMVEC, LEC and BEC) to reveal
the trend of MSC and endothelial cell reprograming upon KSHYV infection. In contrast to
KSHV-infected MSCs where many genes relevant to MENndT (endothelial differentiation and
angiogenesis) are up-regulated, KSHV infection of endothelial cells down-regulates most of
the MEndT-related genes and activates other classes of genes that favor endothelial-to-
mesenchymal transition (EndMT) (Fig. 6E). Among the KS signature genes expressed in
KSHV-infected MSCs and KSHV-infected endothelial cells, 8 genes (10%) in KSHV-
infected MSCs are related to MENdT, while only 2 (1.49%) genes in KSHV-infected
endothelial cells are classified in MEndT category. Conversely, 2 genes (2.5%) in KSHV-
infected MSCs and 11 genes (8.21%) in KSHV-infected endothelial cells are associated with
EndMT (Fig. 6E). Particularly in KSHV-infected endothelial cells, with the down-regulation
of MENdT relevant genes (such as PROX1, PML, PGF, TGFBR2 and FGF2), some genes
known to be involved in EndMT (such as Notch signaling Hey1, hedgehog signaling S1004,
TGF-p signaling TGFB111, VEGF and FGF receptor NRP1) are up-regulated, suggesting
that a dedifferentiation process occurred in KSHV-infected endothelial cells (Supplementary
Data, Tables S3-6). In addition, the gene ontology analyses of 80 KS signature genes in
KSHV-infected MSCs and 134 KS signature genes in endothelial cells also support the two-
direction reprograming in MSC and endothelial cells (Supplementary Data, Fig. S6 G and
H).

Third, several representative genes for MEndT and EndMT were chosen and examined for
their responsiveness to KSHV infection in MSCs (PDLSCs) and endothelial cells (LEC) by
Western or IFA. As shown in Fig. 7A and C, MENdT relevant genes PROX1, PDPN,
EDNRA, PML and VCAM1 (vascular cell adhesion molecule 1 or CD106) were up-
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regulated in PDLSCs in response to KSHV infection, but down-regulated (PROX1) or
remained unchanged (PDPN, EDNRA, PML and VCAML1) in KSHV-infected LECs. On
other hands, Vimentin (VIM), a-SMA (two typical mesenchymal-related genes), EndMT
signature genes NRP1 (Neuropilin 1, a co-receptor of VEGF/FGF, known as an EndMT
marker) and COL1A1 (type | Collagen Alpha 1 Chain) were up-regulated in LECs but
remained unchanged in PDLSCs upon KSHYV infection (except COL1A1 that was down-
regulated in KSHV-infected PDLSCs) (Fig. 7B and D). In conclusion, these data revealed
that KSHV infection can reprograms undifferentiated MSCs and differentiated endothelial
cells in two differentiation directions: MEndT (differentiation) in MSCs, and EndMT
(dedifferentiation) in endothelial cells, of which both may lead to transformation into KS
cells.

Discussion

KSHYV is mainly shed in saliva of infected individuals and oral exposure to infectious saliva
is the major risk factor for the acquisition of KSHV. Thus, oral transmission is the major
route of KSHYV infection (6, 7). However, little is known about the nature of the target cells
of KSHYV infection in oropharynx. It was reported that a subset of tonsillar B cells can be
infected by KSHV (44), and establish latent infection under a noncytolytic control by CD4 T
cells (45). Given that the primary target cells should be highly susceptible to infection but
infectivity rate of B cells to KSHV infection is generally low, whether tonsillar B cells are
the original target for KSHV infection in oropharynx is in question. Mesenchymal stem cells
(MSCs) are present in any vascularized tissues in human body including oral and
craniofacial tissues. It has been reported that KSHV can efficiently infect human MSCs of
diverse origins (11, 16). The oral cavity contains a variety of distinctive MSC populations,
including dental pulp stem cells (DPSCs), periodontal ligament stem cells (PDLSCs), apical
papilla stem cells, dental follicle stem cells, and gingiva/mucosa-derived mesenchymal stem
cells (GMSCs) (17-19, 46-48). These MSCs show significantly increased proliferation and
self-renewal capacities compared to bone marrow MSCs, which may be associated with their
neural crest origin (20, 22, 49, 50). In the current study, we characterized the susceptibility
of different oral MSCs including PDLSCs, GMSCs and DPSCs and found that all three
types of oral MSCs are permissive to KSHV infection with infectivity rates between 72 to
87%. Among them, the MSCs in gingiva and periodontal ligaments (GMSCs and PDLSCs)
have potential to directly interact with oral cavity saliva, microbiota and viruses and thus
could serve as primary target cells for KSHV infection in oral cavity.

KSHYV infection may lead to development of Kaposi’s sarcoma and other malignancies.
Interestingly, in AIDS-associated KS patients, majority of KS manifest with oral lesions (1).
The nature and cellular origin of KS spindle-shaped cells remains contentious. The current
models for KS cell lineage include that (i) KSHV infects lymphatic endothelial cells (LEC)
and drives them dedifferentiation towards blood endothelial cell (BEC) phenotype (24); (ii)
KSHYV infects BECs and drives them differentiation towards LEC phenotype (24); (iii)
KSHYV infects circulating endothelial progenitor cells and drives differentiation of these cells
towards the LEC phenotype (51); (iv) KSHV infects LEC and drives EndMT (52). However,
KS cells are poorly differentiated and do not faithfully represent any endothelial lineage (9).
The multifocal and oligoclonal nature of KS suggests that the tumor cells derive from a
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KSHV-infected progenitor cell with proliferation and differentiation potentials and the
infection drives differentiation of the progenitor cell to KS spindle cells. The findings that
KS spindle cells expresses neural crest and MSC markers and KSHV effectively infects oral
MSCs raises a question whether virally modified MSCs could be possibly the origin of KS
spindle cells. The proliferation and self-renewal nature of MSCs and the observation that
KSHYV infection of oral MSCs promoted cell multi-lineage differentiation completely
support the hypothesis that KS could derive from KSHV-infected neural crest-derived
MSCs.

The transformation of a progenitor cell, such as a KSHV-infected MSC, to a KS malignant
cell needs a mesenchymal-to-endothelial transition (MENndT) process. A previous
histogenetic study of clinical KS specimens has provided some evidence for MEndT in KS
(12). KS lesions were shown to be positive of CD105, CD34, COX-2, VEGF, a-SMA and c-
Kit, suggesting that KS originates from pluripotent MSCs and cannot be simply considered a
pure vascular tumor (12). Although the observation provided a case-based hypothesis that
KS spindle cells may originate from MSCs through MENdT, but could not definitively rule
out the possibility that KS may arise from differentiated endothelial cells through
endothelial-to-mesenchymal transition (EndMT). Our current study demonstrated that all of
the five AIDS-KS lesions we tested express Neuroectodermal stem cell marker (Nestin) and
oral MSC marker CD29, further arguing that at least in this five cases of AIDS-KS patients
KS derived from neural crest-originated stem cells such as oral and craniofacial MSCs but
unlikely from EndMT of terminally differentiated endothelial cells. Furthermore, our gene
expression profiling study of KSHV-infected oral MSCs revealed how KSHV infection
reprograms the infected MSCs and promotes MENdT, which includes activation of a number
of genes that contribute to MEndT and express in KS lesions (24). Up-regulation of PROX1,
PDPN and other MEndT promoting genes in both KSHV-infected MSCs and KS cells
argues that the MENdT process occurs both in KSHV-infected MSCs and in KS
development. The constant expression of PROX1 and PDPN in KS lesions renders the
cancer cell the morphological and cellular characteristics of lymphatic endothelial lineage
(39, 40), explaining why KS had been considered a neoplasm of lymphatic endothelium (53,
54). Taken together, our results provide both clinical and experimental evidence for KS
spindle cells originating from neural crest-derived MSCs through MENdT, at least in AIDS-
associated KS.

Interestingly, our analysis on KSHV-infected endothelial cells, which was originally
included in our study as controls and references, demonstrated that KSHV infection can lead
endothelial cells, especially terminally differentiated lymphatic endothelial cells (LECs), to
an endothelial-to-mesenchymal transition (EndMT) process, opposite to the MEndT in
KSHV-infected oral MSCs. In particular, PROX1 gene constantly expresses in LECs to
maintain LEC identify, KSHV infection resulted in significant down-regulation of PROX1
expression. Additionally, KSHV infection also up-regulated a class of EndMT-related genes
(such as vimentin, a-SMA, NRP1 and COL1A1) in LECs. Utilizing a 3D culture of KSHV-
infected LEC, Cheng et al. (52) found that in 3D spheroids, KSHV infection induced
transcriptional reprogramming of lymphatic endothelial cells to mesenchymal cells via
EndMT. Taken together, these data suggest that KSHV infection apparently reprograms
undifferentiated MSCs and terminally differentiated endothelial cells in two differentiation
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directions: MEndT (differentiation) in MSCs, and EndMT (de-differentiation or trans-
differentiation) in lymphatic endothelial cells. This notion let us further propose that KS
spindle cells can arise from either KSHV-infected MSCs through a MEndT or from KSHV-
infected LECs through an EndMT. How a virus can promote differentiation in MSCs and
drive de-differentiation in LECs, reaching a same destination — KS cancer cells, warrants
further investigation.

Finally, KSHV-infected oral MSCs closely resemble KS spindle cells in many pathogenic
features of KS cells. KS is considered as a cytokine disease and abundant inflammatory
infiltration is a pathogenic feature of KS (36, 37). In the early stage, KS is not a real sarcoma
but an angiohyperplastic-inflammatory lesion mediated by inflammatory cytokines and
angiogenic factors (36). KSHV infection of oral MSCs enhances the expression of a large
number of chemokines (CCL5, CCL8, CXCL10, etc.), inflammatory cytokines (IL1, IL6,
TNFSF10, etc) and angiogenic factors (bFGF, VEGF, PGF, ANGPTLZ2, etc.), of which many
have been shown to be produced by KS, indicating the remarkable similarity between
KSHV-infected MSCs and KS. Furthermore, KS is a vascular tumor and abnormal vascular
space with red blood cells is another special feature of the lesion. We showed that KSHV
infection of oral MSCs promotes blood vessel formation 7 vitro, ex vivoand in a mouse
kidney capsule model, suggesting that KSHV infection can drive oral MSC into endothelial
lineage differentiation and promote neoangiogenesis. Taken together, our results strongly
suggest that KSHV-infected oral MSCs can be the progenitor of KS malignant cells and
mesenchymal-to-endothelial transition driven by KSHV infection contributes to the
development of KS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Case KS Type Age Tumor Location Expression of Markers
LANA Nestin CD29
1 AIDS-KS 31 Palate + + +
2 AIDS-KS 30 Right Palm + + +
3 AIDS-KS 24 Rectum + + +
4 AIDS-KS 26 Cervical Lymph Node + + +
5 AIDS-KS 6l Facial Skin + + +

Case 1 Case 2 Nestin DAPI Merge

PDLSC

GMSC

DPSC

LEC

KSHV-
LEC

LANA DAPI Merge

LEC

KSHV-
LEC

Fig. 1. AIDS-KS spindle cells exhibit oral M SC-specific markers
(A) Paraffin-embedded sections of KS lesions from five AIDS-KS patients were subjected to

immunohistochemical analyses for LANA, Nestin and CD29. (B) Two cases, one carrying
the sarcoma in the palate and the other in the palm, are illustrated. H&E staining reveals
typical KS histological feathers such as spindle shaped KS cells and slit-like vascular
channels with erythrocytes. Immunohistochemical staining shows LANA, Nestin and CD29
in KS spindle cells. (C) Oral MSCs from periodontal ligament (PDLSC), dental pulp
(DPSC) and gingiva (GMSC), along with lymphatic endothelial cells (LECs) and KSHV-
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infected LECs, were examined for their expression of Nestin using IFA and DAPI. KSHV
infection of LECs was confirmed by IFA with an anti-LANA antibody.
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Fig. 2. Human oral M SCsare highly susceptible for KSHV infection and viral latent infection
leads to mor phological and cell marker changes of MSCs

(A) Primary oral MSCs of different origins (PDLSCs, GMSCs and DPSCs) were infected
with GFP-KSHV in an MOI of 50 (KSHV genome equivalent) for 48 hours and analyzed by
GFP fluoresces. (B) Infected cells were drug-selected for a week followed by two weeks
culture without selection and analyzed by IFA with anti-Vimentin antibody. Images show the
phase-contrast, the antibody staining and GFP fluorescence of the cells. (C) Flow cytometric
analysis of mock- and KSHV-infected PDLSCs with mesenchyme markers (CD29, CD73,
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CD90, VD105 and CD166, Y-axis) and GFP (KSHV-infected cells, X-axis). (D) The
expression of mesenchymal and endothelial markers in mock- and KSHV-infected PDLSCs.
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Fig. 3. KSHV infection promotes multi-lineage differentiation
PDLSCs were mock- and KSHV-infected in an MOI of 50 (viral genomic DNA equivalent).

(A) Cells were induced under osteogenic culture condition for 4 weeks and assayed for their
osteogenic differentiation by Alizarin staining. (B) PDLSCs were subjected to adipogenic
induction and adipogenic differentiation was analyzed by oil Red staining. (C) Mock- and
virally infected PDLSCs were loaded on the top of Matrigel and the ability of the cells in
formation of capillary-like tubules was analyzed under a ZEISS fluorescence microscope.
(D) The effect of KSHV infection on angiogenesis property of PDLSCs was also examined
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ex vivo using the Matrigel plug assay. Matrigel containing mock- or KSHV-infected
PDLSCs were subcutaneously implanted into C57BL/6 mice. After 7 days, Matrigel plug
were removed and photographed. After Matrigel plugs were homogenized and centrifuged,
their supernatant was used to quantitate the haemoglobin content using Drabkin’s reagent.
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Fig. 4. Kidney capsuleimplantation of KSHV-infected M SCs
KSHYV infected-PDLSCs (1x10° cells) were implanted into kidney capsule. Spindle-like

cells, sieve-like pattern, and mononuclear cells, with slit-like vascular spaces containing red
blood cells were observed (B in comparison to A). Immunohistofluorescence staining
showed expression of LANA and vascular endothelial marker CD31 in KSHV-infected
human PDLSC transplant (B in comparison to A). Bar: 50 um.
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Fig. 5. Expression and secretion of chemokines and cytokinesin PDL SCs and endothelial cells
upon KSHYV infection

(A) Chemokines and cyckines that are up-regulated in KSHV-infected PDLSCs identified in
our RNA-seq analysis are listed. Genes that were reported to be over-expressed in KS
lesions are marked in red. The cytokines that are up-regulated in HDMEC and HMVECs
upon KSHYV infection are included as comparison. (B-G) PDLSCs and LECs were infected
with KSHV in a MOI of 50 (viral genomic DNA equivalent). The infectivity rates of
PDLSCs and LECs were determined using GFP fluorescence and were 92.1% and 88.5%
respectively. Ninety-six hours post-infection, mock- and KSHV-infected cells were seeded in
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a relative low density (1x10° per mL) with a-MEM containing 1% FBS. Supernatants were
collected after 6 hours, and subjected to ELISA for bFGF, VEGF-A and VEGF-D, IGF1,
TGFp3 and ANGPT2.
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Fig. 6. Relationship of KSHV-infected M SCsand endothelial cellsto KSin gene expression
profile

(A) Genes listed in KS signature were picked from uninfected and KSHV-infected MSC,
LEC and BEC, and shown by heatmap. RNA-seq Data of KSHV-PDLSC and PDLSC were
normalized with the Microarray data of MSC (31). Unsupervised clustering of samples (X-
axis) and genes (Y-axis) were performed by average linkage method. (B) Linkage distance
between KS and each cell group was determined by Pearson correlation coefficient. (C) First
two principal components of these data were identified and shown in multipledimensional
scaling (MDS) plot. (D) DEGs from KSHV-infected MSCs and ECs are compared with KS
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signature with venny diagram. (E) The genes that are consistently regulated in KS and
KSHV-infected MSCs or ECs were assorted according to their functions, and compared
respectively. “NS”, no significance. “*”, p<0.05.
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Fig. 7. Expression of MEndT and EndM T related genein PDLSCsand LECsin responseto
KSHV infection

PDLSCs and LECs were infected with KSHV in an MOI of 50 (viral genomic DNA
equivalent). Ninety-six hours post-infection, mock- and KSHV-infected cells were collected
and analyzed by Western Blotting (A and B) or seeded in coverslips and subjected to IFA (C
and D) with antibodies specified.
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