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Neuropilin 1 is an entry receptor for KSHV infection of
mesenchymal stem cell through TGFBR1/2-mediated
macropinocytosis
Zheng-Zhou Lu1†, Cong Sun1†, Xiaolin Zhang1, Yingying Peng2, Yan Wang2, Yan Zeng3,4,
Nannan Zhu1, Yan Yuan1,5*, Mu-Sheng Zeng1*

Kaposi’s sarcoma–associated herpesvirus (KSHV) has been implicated in the pathogenesis of Kaposi’s sarcoma
(KS) and other malignancies. The cellular origin of KS has been suggested to be either mesenchymal stem cells
(MSCs) or endothelial cells. However, receptor(s) for KSHV to infect MSCs remains unknown. By combining bio-
informatics analysis and shRNA screening, we identify neuropilin 1 (NRP1) as an entry receptor for KSHV infec-
tion of MSCs. Functionally, NRP1 knockout and overexpression in MSCs significantly reduce and promote,
respectively, KSHV infection. Mechanistically, NRP1 facilitated the binding and internalization of KSHV by inter-
acting with KSHV glycoprotein B (gB), which was blocked by soluble NRP1 protein. Furthermore, NRP1 interacts
with TGF-β receptor type 2 (TGFBR2) through their respective cytoplasmic domains and thus activates the
TGFBR1/2 complex, which facilitates the macropinocytosis-mediated KSHV internalization via the small
GTPases Cdc42 and Rac1. Together, these findings implicate that KSHV has evolved a strategy to invade
MSCs by harnessing NRP1 and TGF-beta receptors to stimulate macropinocytosis.
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INTRODUCTION
Kaposi’s sarcoma–associated herpesvirus (KSHV) is an enveloped
double-stranded DNA virus associated with a variety of human ma-
lignancies, including Kaposi’s sarcoma (KS) (1), primary effusion
lymphoma (2), multicentric Castleman’s disease (3), and recently
reported childhood osteosarcoma (4). KS is a multifocal and oligo-
clonal malignancy with complicated pathogenesis. The origin of
spindle-shaped KS cells was originally considered to be endothelial
cell lineage (5). However, the heterogeneity of spindle-shaped cells
has led to the hypothesis that KS may originate from mesenchymal
stem cells (MSCs) or precursors of vascular cells (6). As more and
more evidence (7–10) was unearthed, this hypothesis has been
gaining ground and forming relatively well-developed perspectives
that KS may originate from KSHV-infected pluripotent MSCs and
KSHV infection transforms MSCs to KS cells through an mesenchy-
mal-to-endothelial transition process.

MSCs are a group of pluripotent stem cells with multiple differ-
entiation abilities. The initial evidence supporting KSHV infection
of MSCs was that primary MSCs were susceptible to infection by
both cell-free and cell-associated KSHV in culture (11). The vulner-
ability of MSCs to KSHV infection was further demonstrated by the
report that human MSCs of diverse origins permit persistent KSHV
infection (12). Moreover, primary rat embryonic metanephric mes-
enchymal precursor cells were effectively infected by KSHV and

cellular transformation occurred as early as 4 days after the infection
(13). Considering that the oral cavity is the major route of KSHV
infection and oral MSCs have access to saliva, we investigated the
susceptibility of oral MSCs to KSHV infection. We showed that dif-
ferent types of oral MSCs, including periodontal ligament stem cells
(PDLSC), dental pulp stem cells (DPSC), and gingiva/mucosa-
derived mesenchymal stem cells (GMSC), were highly susceptible
to KSHV infection and the infection promotes MSC differentiation
(7). These studies suggest that MSCs might be a primary target of
KSHV infection in the oral cavity, and KSHV-infected MSCs could
be precursors to KS tumor cells. However, how KSHV infects MSCs
remains unclear.

KSHV infection is a complicated and multistep process involv-
ing the interaction of multiple viral glycoproteins with host recep-
tors. KSHV infection in different target cells except for MSCs have
been intensively investigated (14, 15), and the receptors mediating
KSHV entry in these cells, including integrins (16), Ephrin receptor
family (17–19), Cystine/glutamate transporter (xCT) (20), and Den-
dritic cell-specific ICAM-3-grabbing non-integrin 1 (DC-SIGN)
(21), have been identified. Although MSCs are highly susceptible
to KSHV infection, how KSHV enters MSCs has not been explored
yet. In particular, the host factors mediating KSHV infection and
the mechanism governing KSHV entry into MSCs remain to be un-
veiled. In this study, we identify neuropilin 1 (NRP1) as a crucial
entry receptor for KSHV infection and show that NRP1 takes ad-
vantage of transforming growth factor–β receptor type 1/2
(TGFBR1/2)–transduced signaling to promote macropinocytosis
to support KSHV entry into MSCs.
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RESULTS
Candidate receptors for KSHV were screened by
bioinformatics analysis and shRNA screening experiments
To identify potential receptors for KSHV infection of MSCs, we
adopted a previously reported screening strategy (22) (Fig. 1A).
First, we compared RNA sequencing (RNA-seq) data of primary
MSCs and the BJAB cell line and screened 2453 differentially ex-
pressed genes (DEGs) that were highly expressed in MSCs but
low expressed in BJAB. Similarly, by comparing the RNA-seq
data between KS1 (two cases of KS tissue samples that were se-
quenced in this study) and BJAB and between KS2 {four cases of
KS tissue samples from Gene Expression Omnibus [GEO] database
[GSE100684; (23)]} and BJAB, we screened 1831 and 2674 DEGs,
respectively, that were highly expressed in KS1 and KS2 but lowly

expressed in BJAB. These cell lines and tumor samples were
chosen because MSCs were susceptible to KSHV, and KS was sup-
posed to derive from MSCs whereas BJAB cells were refractory to
cell-free KSHV infection in culture condition (24). We then identi-
fied membrane protein genes from these three groups of DEGs and
obtained 70 genes shared among them (Fig. 1, B and C). To further
narrow down the receptor candidates, these 70 genes were input
into KOBAS 3.0 website (25) for an enrichment analysis for items
associated with “virus,” which yielded a total of 21 receptor candi-
dates (Fig. 1D, the list of these 21 receptor candidates is shown in
fig. S2A).

The importance of these 21 candidates for KSHV infection was
then examined through a loss-of-function strategy. We constructed
a short hairpin RNA (shRNA) library containing two or three

Fig. 1. Bioinformatics analysis combined with shRNA screening identifies candidate receptors for KSHV infection of MSCs. (A) Flow charts of bioinformatics
analysis for identifying candidate receptors. (B) Venn diagram showing the intersection of three groups of differentially expressed membrane protein genes. (C) Heat-
maps showing the expression of the 70 membrane protein genes. (D) KOBAS3.0 enrichment analysis of 70 membrane proteins. Virus-related items are shown here, and
the list of specific genes enriched to these items is shown in fig. S2A. KEGG, Kyoto Encyclopedia of Genes and Genomes. (E) shRNA screening for candidate receptors that
contribute to KSHV infection. shRNA targeting 21 candidate receptors were transduced to PDLSC by lentivirus. These cells were then infected with KSHV, and the
efficiency of infection was determined by flow cytometry. Arrows indicate genes whose knockdown reduces KSHV infection efficiency more than 50% compared to
the shRNA control (shCTR). The red line indicated 50% of relative KSHV infection efficiency in shCTR. Data are means ± SEM (n = 3 biological replicates).
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independent shRNAs targeting each of these candidates to knock
down their expression. To eliminate the subjective influence in
the experiment, we randomly numbered shRNA and carried out
the analysis in a blinded fashion. The knockdown efficiency of
each shRNA was verified by quantitative reverse transcription–po-
lymerase chain reaction (RT-qPCR) (fig. S2B). Then, the effect of
each shRNA on KSHV infection efficiency was examined in
PDLSC transduced with the shRNA. We found that all the
shRNAs targeting ephrin receptor A2 (EPHA2), NRP1, and
TGFBR2 genes reduced the infection of PDLSC by KSHV to 50%
or less (Fig. 1E). We verified the results of shRNA screening with
a single guide RNA (sgRNA)–mediated knockout approach and
found that KSHV infection was indeed significantly reduced after
the knockout of the NRP1, EPHA2, or TGFBR2 gene (Fig. 2, A to
C) and that re-expression of these genes could rescue reduced
KSHV infection (fig. S3A).

The contribution of EPHA2, NRP1, and TGFBR2 to KSHV in-
fection was further studied using a gain-of-function assay. Overex-
pression of EPHA2 or NRP1 in both PDLSC and 293T cells
increased the susceptibilities to KSHV infection, whereas overex-
pression of TGFBR2 and TGFBR1 had no effect on KSHV infection
(Fig. 2D and fig. S3B). These results suggested that both EPHA2 and
NRP1 might serve as receptors for KSHV infection of MSCs.
EPHA2 had been reported as a receptor for KSHV to infect endo-
thelial and epithelial cells, which supports the reliability of our
screening. EPHA2 was expressed at a very low level in MSCs com-
pared to in endothelial cells, whereas the expression of NRP1 was
high in MSCs but was almost undetectable in endothelial cells
(Fig. 2E). Compared to NRP1, other reported KSHV receptors in-
cluding EPHA2, EPHA4, EPHA7, xCT, DC-SIGN, and integrin α3
(ITGA3) also expressed in very low levels in MSCs (fig. S3C). There-
fore, we speculated that NRP1 was the primary receptor for KSHV
infection of MSCs. To determine whether NRP1 is required for all
types of oral MSCs, we performed knockout of NRP1 in DPSC and
GMSC in addition to PDLSC and found that NRP1 was important
for the KSHV infection of all three types of MSCs (Fig. 2A). Togeth-
er, our results suggest that NRP1 is an important candidate receptor
for KSHV infection of oral MSCs.

NRP1 facilitates KSHV binding and internalization
Viral entry is a multistep process, including binding (attachment),
internalization, and membrane fusion. To determine at which steps
EPHA2, NRP1, and TGFBR2 were involved in the process, the
binding, internalization, and fusion assays were performed.
Results showed that the knockout of EPHA2, NRP1, or TGFBR2
in PDLSC significantly decreased KSHV internalization and that
NRP1 knockout also significantly affected the viral binding,
whereas TGFBR2 and EPHA2 knockout has no effect on viral
binding (Fig. 3A). Re-expression of these genes could rescue
reduced KSHV binding or internalization caused by sgRNAs (fig.
S4, A and B). In addition, in 293T cells, overexpression of NRP1
markedly enhanced KSHV binding and internalization, whereas
overexpression of EPHA2 only enhanced KSHV internalization
(Fig. 3B). The expression of NRP1 only marginally increased the
fusion activity, whereas overexpression of EPHA2 markedly en-
hanced fusion using a previously described cell-based fusion assay
(Fig. 3C) (26, 27). This result of EPHA2 is consistent with the
finding that EPHA2 interacts with gH/gL of EBV and KSHV to
trigger fusion (28). Together, both EPHA2 and NRP1 apparently

serve as receptors but contribute to KSHV entry into MSCs
through different mechanisms. Since the mechanism of EPHA2
in promoting KSHV infection through interacting with viral gH/
gL had been well characterized (17, 28), we decided to focus our in-
vestigation on NRP1.

To ascertain NRP1-mediated KSHV infection of MSCs, we ex-
amined the localization of KSHV and NRP1 in PDLSC and 293T
cells during infection. To visualize KSHV virions, we first labeled
them with biotin. Labeled virions were then incubated with cells
at 4°C for 2 hours plus 37°C for 15 min, and lastly, the location of
the biotinylated KSHV virions was indicated with a Streptavidin-
Cy3 dye. Confocal microscopy imaging revealed that KSHV colo-
calized with NRP1 in the cytoplasm (Fig. 3D), which further con-
solidated the function of NRP1 as a receptor mediating KSHV
infection.

NRP1 interacts with KSHV envelope glycoprotein B.
As NRP1 has been reported to play a role in EBV entry into epithe-
lial cells through binding to EBV envelope glycoprotein B(gB) (27),
which shares structural and functional similarities with KSHV gB.
We therefore investigated whether NRP1 promoted KSHV entry by
interacting with KSHV gB. Coimmunoprecipitation assay using the
cell lysate from 293T cells cotransfected with the expression vectors
for Glutathione S-transferase (GST)-NRP1, and HA-gB showed that
the anti–hemagglutinin (HA) agarose beads could precipitated not
only HA-gB but also GST-NRP1 from the cell lysate (Fig. 4A). Sim-
ilarly, the glutathione sepharose beads brought down both gB and
NRP1 (Fig. 4B). Moreover, KSHV gB could also interact with en-
dogenous NRP1 proteins in MSCs (fig. S5A). These results indicat-
ed that there was a physical interaction between NRP1 and
KSHV gB.

To further clarify the gB-NRP1 interaction, we performed an in
vitro pull-down assay. We purified the extracellular domain of
NRP1 protein and coupled it to streptavidin agarose beads (SA
beads) after biotin labeling. Then, the NRP1 beads were incubated
with lysates from 293T cells transfected with KSHV gB expression
plasmid. Western blotting results showed that NRP1 beads success-
fully captured gB protein (Fig. 4C). In addition, the kinetics of gB-
NRP1 interaction was assayed using biolayer interferometry (BLI),
and the results showed that NRP1 bound to the full-length KSHV
gB at an affinity of 2.65 × 10−7 nM (Fig. 4D). Therefore, NRP1 can
directly bind to KSHV gB.

EBV gB interacts with NRP1 via its N terminus and the CendR
motif (27). KSHV gB and EBV gB have high homology in their
amino acid sequence, and there are also potential CendR motifs
in the KSHV counterpart. Some sites (such as aa116, aa439, and
aa440) within the KSHV gB protein sequence conform to R/
KXXR/K sequence, where R stands for arginine, K stands for
lysine, and X stands for any amino acid (fig. S5B). In vivo, these
sites have the potential to be cleaved by furin protease so that R/
KXXR/K is exposed at the end of the C terminus, forming the
CendR motif (29). To investigate whether these motifs contribute
to the interaction between KSHV gB and NRP1 in vitro as it does
in EBV, we constructed KSHV gB truncations to expose these
CendR motifs. We found that the C terminus of KSHV gB did
not participate in the interaction, as gB440-732 failed to interact
with NRP1, whereas the truncations exposed to the potential
CendR motif, namely, gB27-440, gB27-439, and gB27-116, can in-
teract with NRP1, indicating that the motif exposure was important
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for gB to bind to NRP1. However, the truncations gB27-435 without
exposed CendR motif still retains some ability to bind NRP1 (Fig. 4,
E and F), suggesting that, like EBV gB, other site besides the CendR
motif was also involved in the binding of KSHV gB to NRP1.

To determine whether the interaction of gB with NRP1 mediated
viral entry into MSCs, we infected PDLSC using KSHV preincu-
bated with soluble NRP1 protein for 1 hour and found that
soluble NRP1 protein blocked the infection of KSHV in a concen-
tration-dependent manner (Fig. 4G). These results indicate that the
interaction between NRP1 and gB is an important step for KSHV

infection and suggest that NRP1 is a functional receptor of KSHV
entry into MSCs.

KSHV activates TGFBR1/2 complex through interacting
between the cytoplasmic domains of NRP1 and TGFBR2
TGFBR2 is a transmembrane receptor that forms a heteromeric
protein kinase receptor complex with TGFBR1 to mediate TGF-β
signaling (30). Knockout of TGFBR2 or TGFBR1 reduced KSHV in-
fection (Fig. 2C and fig. S6, A and B), especially internalization
(Fig. 3A). We therefore hypothesized that TGFBR1/2 complex
played a role in KSHV internalization and examined whether

Fig. 2. Loss-of-function and gain-of-function analysis show that EphA2 and NRP1 promote KSHV infection. (A to C) Knockout of NRP1, EPHA2, and TGFBR2 indi-
vidually reduces KSHV infection. PDLSC, DPSC, and GMSC transduced with sgRNA targeting NRP1 (A), EPHA2 (B), or TGFBR2 (C) by lentivirus were analyzed for the protein
expression by Western blotting (top) or for the KSHV infection efficiency by flow cytometry (bottom). (D) Effect of overexpression of NRP1, EPHA2, and TGFBR1/2 on KSHV
infection. 293T cells transfected with expression plasmids for NRP1, EphA2, or TGFBR1 together with TGFBR2 (TGFBR1/2) were analyzed for the protein expression by
Western blotting (top) or for the KSHV infection efficiency by flow cytometry (bottom). (E) Endogenous expression levels of NRP1, EPHA2, and TGFBR2 in PDLSC and
human umbilical cord endothelial cells (HUVECs). Results are representative of two or three independent experiments. Data are means ± SEM. One-way analysis of
variance (ANOVA) was carried out with Tukey’s correction for multiple comparisons (A to C). Comparison between two groups was performed by two-tailed unpaired
Student’s t test (D). **P < 0.01; ****P < 0.0001; ns, no significance.
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TGFBR1/2 interacted with KSHV glycoproteins or NRP1. Results of
coimmunoprecipitation assays showed that TGFBR1/2 did not bind
KSHV gB, gH/L, or K8.1 (Fig. 5, A to C). However, TGFBR2 inter-
acted with NRP1 through their respective cytoplasmic domains
(Fig. 5D), which is consistent with previous reports that NRP1
can bind to TGFBR2 and activates TGF-β signal transduction
(31, 32).

We next investigated whether the signal transduction function of
TGFBR1/2 complex was involved in NRP1-mediated KSHV infec-
tion. We found that KSHV infection of PDLSC activated TGFBR1/
2, revealed by the phosphorylation of Mothers against decapenta-
plegic homolog (SMAD2) (33), in the early stage of infection

(Fig. 5E). The KSHV-mediated TGFBR1/2 activation and SMAD2
phosphorylation were completely blocked by specific inhibitors of
TGFBR1 (SB431542) and TGFBR2 (LY2109761) (Fig. 5E). Further-
more, KSHV-mediated TGFBR1/2 activation was NRP1 dependent
as the SMAD2 phosphorylation was completely blocked in PDLSC
where NRP1 was knocked out and that SMAD2 phosphorylation
was rescued with NRP1 re-expression (Fig. 5F). Consistently, over-
expression of the full-length NRP1 substantially up-regulated the
phosphorylation of SMAD2, which was blocked by SB431542
(Fig. 5G). However, overexpression of the NRP1 mutant lacking
the cytoplasmic domain (namely, NRP1 ΔCTD) completely abol-
ished the function of NRP1 in inducing the phosphorylation of

Fig. 3. NRP1 facilitates KSHV binding and internalization. (A) Binding and internalization assay of KSHV in PDLSC. PDLSC with EPHA2, NRP1, or TGFBR2 knockout were
infected with KSHV at 4°C (for binding) for 3 hours or at 37°C (for internalization) for 4 hours followed by relative quantitative real-time PCR analysis for KSHV copy
numbers. (B) Binding and internalization assay of KSHV in 293T cells. 293T cells transfected with expression plasmids for EPHA2, NRP1, or TGFBR1/2 were infected
with KSHV at 4°C (for binding) for 3 hours or at 37°C (for internalization) for 4 hours followed by relative quantitative real-time PCR analysis for KSHV copy numbers.
(C) Cell-based KSHV fusion assay. 293T cells transfected with expression plasmids for pT7-EMCLuc, pRL-SV40, and KSHV gB/gH/gL were cocultured with 293T cells co-
transfected with expression plasmid for T7 polymerase and EPHA2, NRP1, or TGFBR1/2. The relative fusion activity was calculated as the ratio of firefly to Renilla luciferase
activity 24 hours after coculture, with the empty vector (EV) controls set to 100%. (D) NRP1 colocalizes with KSHV. 293T cells transfected with PCR3.1-NRP1-myc plasmid
and PDLSCwere infected with biotin-labeled KSHV followed by immunofluorescence analysis. The NRP1 protein was stained using an anti–c-myc antibody (for 293T cells)
or anti-NRP1 antibody (for PDLSC). KSHV were stained by streptavidin-Cy3. The colocalization profile on the right was analyzed by ImageJ software with the plot profile
analysis function, which describe the intensity change of the fluorescence signal from left to right in the “Enlarge” image. Results are representative of two or three
independent experiments. Data are means ± SEM. One-way ANOVA was carried out with Tukey’s correction for multiple comparisons. *P < 0.05; ***P < 0.001; ****P
< 0.0001.
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Fig. 4. NRP1 interacts with KSHV gB. (A and B) Coimmunoprecipitation of NRP1 and KSHV gB. Cell lysates from 293T cells cotransfected with the indicated plasmids for
24 hours were immunoprecipitated (IP) with the anti-HA agarose beads (A) or glutathione sepharose beads (B), followed by immunoblotting (IB) analysis for the complex
with the indicated antibody. (C) NRP1 pulls down KSHV gB. Cell lysates from 293T cells transfected with pCDNA3.1-HA-gB were incubated with the NRP1 sepharose beads
or SA beads at 4°C overnight. After washed five times with wash buffer, the complex remaining on beads was analyzed by IB with the indicated antibody. The NRP1
protein was stained by coomassie brilliant blue. (D) BLI assay. Biotinylated NRP1 proteins were captured onto streptavidin (SA) biosensors and assayed for binding to KSHV
gB at the indicated concentrations. The data collected were processed on the Octet Analysis Studio software. The 1:1 fittingmodel was used to generate the fitting curves
and calculate the kinetic parameters. (E) Coimmunoprecipitation of NRP1 and KSHV gBmutants. Cell lysates prepared from 293T cells cotransfected with PEBG-GST-NRP1
and a series of KSHV gBmutants for 24 hours were IP with the anti-HA nanobody agarose beads followed by IB analysis for the complex with the indicated antibodies. (F)
Schematic summary of NRP1 and KSHV gB interactions. (G) Soluble NRP1 protein blocks KSHV infection. PDLSC were infected with KSHV that had been preincubated with
purified soluble NRP1 protein for 1 hour at 37°C followed by flow cytometry analysis for the KSHV infection efficiency. Bovine serum albumin (BSA; 250 μg/ml) and
phosphate-buffered saline (PBS) (CTR) were used as a negative control. Results are representative of two or three independent experiments. Data are means ± SEM.
One-way ANOVA was carried out with Tukey’s correction for multiple comparisons. *P < 0.05; **P < 0.01.
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Fig. 5. KSHV activates TGFBR1/2 through NRP1 cytoplasmic domain. (A and B) Interaction analysis of TGFBR1/2 complex with KSHV gH/gL or gB. The cell lysates from
293T cells cotransfected with the indicated plasmids were IP with the anti-HA agarose beads followed by IB analysis with the indicated antibodies. (C) Interaction analysis
of TGFBR1/2 complex with KSHV glycoprotein K8.1. Cell lysates from 293T cells cotransfected with expression plasmids for TGFBR1/2 and K8.1 were IP with the anti-flag
M2 affinity agarose gel followed by IB analysis with the indicated antibodies. (D) Interaction analysis of NRP1 with TGFBR1 or TGFBR2. Cell lysates from 293T cells co-
transfected with expression plasmids for cytoplasmic domains of NRP1 and TGFBR1 or TGFBR2 were IP with the glutathione sepharose beads followed by IB analysis with
the indicated antibodies. (E) KSHV infection activates SMAD2 which was blocked by inhibitors. PDLSC prestarved for 24 hours were infected with KSHV for different
lengths of time followed by IB analysis with the indicated antibodies (left). PDLSC prestarved and pretreated with SB431542 (20 μM) or LY2109761 (10 μM) for 24
hours were mock or infected with KSHV for 30 min followed by IB analysis with the indicated antibodies (right). (F) Knockout of NRP1 impedes KSHV from activating
SMAD2. PDLSC with NRP1 knockout or PDLSC with NRP1 re-expression were mock infected or infected with KSHV for 30 min followed by IB analysis with the indicated
antibodies. (G) Overexpression ofNRP1 activates SMAD2. 293T cells transfectedwith an expression plasmid forNRP1 or empty vector were treated with dimethyl sulfoxide
(DMSO) or 20 μM SB431542 for 24 hours followed by IB analysis with the indicated antibodies. (H) Overexpression of NRP1ΔCTD fails to activate SMAD2. 293T cells were
transfected with indicated expression plasmids for 24 hours followed by IB analysis with the indicated antibodies. Results are representative of two independent
experiments.
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SMAD2 (Fig. 5H). Together, these data indicate that KSHV can ac-
tivate TGFBR1/2 during infection, which relies on the interaction
between the cytoplasmic domain of NRP1 and TGFBR2.

Activation of TGFBR1/2 promotes KSHVentry by enhancing
macropinocytosis-mediated viral internalization
We then investigated the importance of NRP1-mediated TGFBR1/2
activation in KSHV infection. To address this question, we first ex-
amined the effect of deletion of the cytoplasmic domain from NRP1
on KSHV entry into MSCs. Results showed that the full-length
NRP1 activated TGFBR1/2 and promoted viral infection, whereas
NRP1ΔCTD neither activated TGFBR1/2 nor promoted KSHV in-
fection (Figs. 5H and 6A). Further analysis showed that
NRP1ΔCTD still promoted KSHV binding in the same way as the
full-length NRP1 but could not promote KSHV internalization
(Fig. 6B). These results suggest that the extracellular domain of
NRP1 is responsible for recognizing KSHV to facilitate viral adsorp-
tion, while the intracellular domain promotes viral entry by activat-
ing TGFBR1/2.

To directly evaluate the effect of TGFBR1/2 activation on KSHV
infection, we treated PDLSC with TGF-β1 and found that the treat-
ment significantly stimulated KSHV infection in a dose-dependent
manner (Fig. 6C). Consistently, pretreatment of PDLSC with
LY2109761 (Fig. 6D) or SB431542 (Fig. 6E) significantly inhibited
KSHV infection. Since activation of TGFBR1/2 complex triggers in-
tricate downstream signal transduction, including PI3K-AKT
pathway, Rho-(like) guanosine triphosphatase (GTPase) pathway,
and ERK/MAP kinase pathway, which may affect KSHV infection
at different stages (34–36). We then examined which stage TGFBR1/
2 activation is involved in. The internalization assay results showed
that TGF-β1 treatment increased the number of KSHV internaliza-
tion, whereas pretreatment of a TGFBR1 or TGFBR2 inhibitors
reduced KSHV internalization (fig. S6C). However, neither TGF-
β1 (fig. S6D) nor inhibitor (fig. S6E) treatment after KSHV that
had been internalized to cells could affect KSHV infection. There-
fore, we conclude that the activation of TGFBR1/2 is critical for
KSHV entry rather than for viral gene expression at the posten-
try stage.

KSHV entry can be mediated by endocytosis or macropinocyto-
sis, depending on the cell type (37–40). Given the paucity of studies
on KSHV infection of MSCs, we decided to explore how KSHV
enters MSCs. PDLSC were treated with the inhibitor of macropino-
cytosis (Ethylisopropylamiloride, EIPA), lipid raft [methyl-β-cyclo-
dextrin (MβCD)], or clathrin-mediated endocytosis
[chlorpromazine hydrochloride (CPZ)] at the indicated concentra-
tion for 45 min and then infected with KSHV for 4 hours followed
by relative qRT-PCR analysis for KSHV entry. The results showed
that MβCD and EIPA could significantly reduce the KSHV copy
number, whereas CPZ had no obvious effect (Fig. 6F), indicating
that KSHV entry into MSCs was mediated by lipid raft–dependent
macropinocytosis. This conclusion was further supported by the
fact that KSHV colocalized with the macropinocytosis marker
(dextran) during infection (Fig. 6G). TGF-β was reported to
promote macropinocytosis in tumor cells to nonselectively ingest
and digest macromolecules and thereby facilitates tumor cells
survive and grow in a nutrient-poor tumor microenvironment
(41). Therefore, we hypothesized that TGFBR1/2-transduced
TGF-β signaling may promote KSHV infection of MSCs by enhanc-
ing macropinocytosis-mediated KSHV entry. To test this

hypothesis, we conducted two experiments. First, PDLSC pretreated
with 20 μM EIPA for 45 min or 20 μM SB431542 for 12 hours were
treated with fluorescein isothiocyanate (FITC)–dextran (0.1 mg/ml)
for 30 min followed by immunofluorescence analysis. Next, PDLSC
prestarved for 16 hours were treated with 20 μM EIPA or phos-
phate-buffered saline (PBS) for 45 min and then treated simultane-
ously with FITC-dextran (0.1 mg/ml) and TGF-β1(100 ng/ml) for
another 30 min followed by immunofluorescence analysis. The
results showed that TGF-β1 could distinctly promote whereas
EIPA and SB431542 could distinctly inhibit dextran uptake by
MSCs and that TGF-β1 lost its function to promote dextran
uptake in the presence of EIPA (Fig. 6H and fig. S6F). Consistently,
EIPA was also able to block the function of TGF-β1 in promoting
KSHV infection (Fig. 6I). Therefore, these results suggest that
TGFBR1/2-transduced TGF-β signaling promotes KSHV entry
into cells by enhancing the macropinocytosis level of MSCs.

The small GTPases Cdc42/Rac1 of TGF-β signaling
downstream effectors contributes to KSHV entry
To further explore how TGF-β signaling promotes macropinocyto-
sis and KSHV internalization, we decided to analyze the effect of
TGF-β downstream signalings on KSHV infection. Upon activa-
tion, the TGFBR1/2 complex can transmit signals to intracellular
SMAD proteins to activate the SMAD signaling pathway, and this
process requires the cooperation of a collection of adaptor proteins
such as Smad anchor for receptor activation (SARA) and Disabled
homolog 2 (DAB2) (42). Unexpectedly, knockout of SMAD2,
SARA, and DAB2 expression in PDLSC showed that KSHV infec-
tion efficiency was increased rather than decreased (Fig. 7, A and B),
and re-expression of SMAD2, SARA, and DAB2 could rescue in-
creased KSHV infection (fig. S7A), indicating that the SMAD sig-
naling pathway does not contribute to KSHV infection. In addition
to the canonical SMAD signaling, TGFBR1/2 complex can also ac-
tivate the non-SMAD signaling pathways via other signal transduc-
ers. In fibroblasts, TGF-β can activate PAK2 via Rac1 and Cdc42
GTPases, to promote fibroblast morphological transformation. In
epithelial cells, TGF-β rapidly induces activation of RhoA and
Cdc42 GTPases, resulting in rapid actin reorganization and mem-
brane ruffling (42), which are essential for macropinocytosis. Fur-
thermore, the GTPases Cdc42 and Rac1 are thought to be involved
in the initiation of macropinocytosis (43). We therefore examined
the effect of Cdc42 and Rac1 on KSHV infection. The results
showed that knockout of CDC42 and RAC1 expression in PDLSC
result in a significant decrease in the internalization of KSHV
(Fig. 7, C and D), which was rescued by re-expression of CDC42
and RAC1 (fig. S7B). Moreover, both the selective GTPase Cdc42
inhibitor (MLS-573151) and the inhibitor of Rac family small
GTPases (EHT 1864) significantly inhibited KSHV internalization
in a dose-dependent manner (Fig. 7E). Consistently, the pan Ras-
related GTPase activator that can activate Rac1, Cdc42, Ras, and
Rab7 can also promote KSHV internalization (Fig. 7F). Together,
these results suggest that TGF-β signaling promotes macropinocy-
tosis-mediated KSHV internalization through the downstream
GTPases Cdc42 and Rac1.

DISCUSSION
KSHV is a human herpesvirus that infects a variety of target cells
including endothelial cells, epithelial cells, fibroblasts, monocytes,
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macrophages, and MSCs (24, 44, 45). The receptors for KSHV entry
into endothelial, epithelial, and mononuclear cells and macrophag-
es, such as EPHA2, integrins, DC-SIGN, and xCT, as well as related
entry mechanisms, have been intensively investigated [reviewed in
(14, 15)]. In contrast, the receptors for KSHV infection of MSCs had
been largely ignored because its pathogenetic significance was not
clear until recently when increasing evidence emerged showing that
KSHV-infected MSCs may be the origin or progenitor of KS spindle

cells (7, 8, 10, 46) and that pediatric osteosarcoma, a MSC-originat-
ed malignancy, is reported to be associated with KSHV infection
(4). Although numerous KSHV receptors have been identified,
the expression of these receptors in MSCs is very low (fig. S3C).
Therefore, elucidation of the mechanism governing KSHV entry
into MSCs has become a very important task for understanding
the pathogenesis of KSHV-associated malignancies. Here, we iden-
tify NRP1 as a primary receptor for KSHV to infect MSCs and show

Fig. 6. Activation of TGFBR1/2 pro-
motes KSHV entry by enhancing
macropinocytosis. (A and B) Overex-
pression of NRP1ΔCTD promotes KSHV
binding but not KSHV internalization
and infection. 293T cells transfected
with PCR3.1-NRP1, PCR3.1-NRP1ΔCTD,
or empty vector were used for KSHV
binding and internalization assay (B) or
infected with KSHV for 24 hours fol-
lowed by flow cytometry analysis (A).
(C) TGF-β1 promotes KSHV infection.
PDLSC prestarved for 24 hours were
infected with KSHV and immediately
treated with TGF-β1. The infection
efficiency was examined 24 hours after
infection by flow cytometry. (D and E)
Inhibitors of TGFBR1/2 reduce KSHV
infection. PDLSC pretreated with
LY2109761 (D) or SB431542 (E) for 24
hours were infected with KSHV for 24
hours, followed by flow cytometry
analysis. (F) MβCD and EIPA inhibit
KSHV entry. PDLSC pretreated with in-
dicated inhibitors were examined for
KSHV internalization. (G) KSHV colocal-
izes with dextran. PDLSC infected with
biotin-labeled KSHV at 4°C for 1 hour
were treated with FITC-dextran (1 mg/
ml) and transferred to 37°C for another
30 min, followed by immunofluores-
cence analysis. The colocalization
profile on the right was analyzed by
ImageJ software with the plot profile
analysis function, which describes the
intensity change of the fluorescence
signal from left to right in the “Enlarge”
image. (H) TGF-β enhances macropi-
nocytosis. The procedure of this ex-
periment was described in Results. (I)
EIPA blocks the effect of TGF-β1 in
promoting KSHV infection. PDLSC pre-
starved for 16 horus were treated with
20 μM EIPA or DMSO for 45 min, and
then the cells were infected with KSHV
and treated simultaneously with TGF-
β1(100 ng/ml). The KSHV infection
efficiency was examined 24 hours after
infection by flow cytometry. Results are
representative of two or three inde-
pendent experiments. Data are means
± SEM. One-way ANOVAwas carried out
with Tukey’s correction for multiple
comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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that NRP1 takes advantage of TGFBR1/2-transduced signaling to
promote macropinocytosis to support KSHV entry into cells. Al-
though NRP1 mediated EBV infection of nasopharyngeal epithelial
cells by activating EGFR signaling (27), we found that NRP1 pro-
moted KSHV entry into MSCs by activating the TGFBR1/2 signal-
ing pathway, which reflects the signaling adaptation of NRP1 as a
viral receptor according to different viruses and cell types.

NRP1 is a transmembrane receptor involved in angiogenesis,
regulation of vascular permeability, and the development of the
nervous system. NRP1 recognizes the CendR motif R/KXXR/K on
its ligands to cause cellular internalization and vascular leakage
(29). Several viruses, such as human T cell lymphotropic virus
type 1 (HTLV-1) (47), Epstein-Barr virus (EBV) (27), and severe
acute respiratory syndrome coronavirus 2 (48, 49) bind to NRP1

Fig. 7. The small GTPases CDC42/
RAC1 of TGF-β signaling down-
stream contributes to KSHV entry. (A
and B) Knockout of SMAD2, SARA, or
DAB2 does not reduce KSHV infection.
PDLSC transduced with sgRNA target-
ing SMAD2, SARA, or DAB2 by lentivirus
were analyzed for the protein expres-
sion by Western blotting (B) or for the
KSHV infection efficiency by flow cy-
tometry (A). (C and D) Knockout of
CDC42 or RAC1 can reduce KSHV inter-
nalization. PDLSC transduced with
sgRNA targeting CDC42 or RAC1 were
analyzed for the protein expression by
western blotting (D) or infected with
KSHV at 37°C for 4 hours followed by
relative quantitative real-time PCR
analysis for KSHV copy numbers (C). (E)
Inhibitor of Cdc42 or Rac1 inhibits
KSHV internalization. PDLSC pretreated
with MLS-573151 or EHT1864 for 15
min were infected with KSHV at 37°C
for 4 hours followed by relative quan-
titative real-time PCR analysis for KSHV
copy numbers. (F) Activator of Cdc42/
Rac1 promotes KSHV internalization.
PDLSC prestarved for 12 hours were
treated with ML-097 for 15 min, and
then the cells were infected with KSHV
at 37°C for 4 hours followed by relative
quantitative real-time PCR analysis for
KSHV copy numbers. (G) Model of
KSHV entry into MSCs mediated by
NRP1 and TGFBR1/2. Results are repre-
sentative of three independent experi-
ments. Data aremeans ± SEM. One-way
ANOVA was carried out with Tukey’s
correction for multiple comparisons.
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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through their CendR motif to enhance their infection. KSHV gB has
potential furin cleavage sites, and cleavage of these sites would result
in CendR motif exposure. Although our results suggest that the
CendR motif exposure enhances the interaction of KSHV gB with
NRP1, it is not clear how critical the CendR motif is for KSHV in-
fection under physiological conditions. Both full-length and cleaved
forms of gB can be detected on purified virions obtained from
induced BCBL-1 cells (50), and full-length KSHV gB can also
bind to NRP1 (Fig. 4D), suggesting that gB cleavage may not be
always necessary for it to function (51). In addition, we found
that NRP1 promotes KSHV infection by enhancing TGFBR1/2 sig-
naling–mediated macropinocytosis. However, studies have shown
that NRP1-mediated CendR endocytosis is mechanically different
from macropinocytosis (52), again suggesting that the potential
CendR motif in KSHV gB may not be involved in KSHV infection.
This is likely to be why NRP1 acts as a shared receptor for KSHV
and EBV, but the specific mechanism is different.

In this study, we find that NRP1 plays roles in KSHV infection by
enhancing viral adherence and promoting internalization but con-
tributes little to membrane fusion (Fig. 3, A to C). Although reports
indicate that KSHV binding involves the interaction between KSHV
gB and cell surface heparan sulfate moieties (53), it is possible that
the interaction of gB with NRP1 adds an additional adhesion of
viruses to target cells. This notion is supported by previous obser-
vations that NRP1 contributes to the binding of HTLV-1 surface
(SU) subunit and virions to target cells (47, 54) and that soluble
NRP1 and anti-NRP1–neutralizing antibody were reported to di-
minish murine cytomegalovirus attachment to the cell membrane
surface (55). EPHA2 is recognized as a key receptor for KSHV in-
fection of endothelial cells. EPHA2 is expressed highly in endothe-
lial cells but only at a low level in MSCs, whereas, in contrast, NRP1
is expressed highly in MSCs but not in endothelial cells (Fig. 2E).
The expression of NRP1 is also higher than those of other reported
KSHV receptors in MSCs (fig. S3C). Therefore, NRP1 is likely the
primary functional receptor for KSHV infection of MSCs.

NRP1 also promotes KSHV internalization. During KSHV in-
fection, the virus binds to the extracellular domain of NRP1 via
gB, amplifying the TGFBR1/2-transduced TGF-β signaling
through the interaction between cytoplasmic domains of NRP1
and TGFBR2. The signal is transmitted down to intracellular
small GTPases Cdc42 and Rac1, resulting in rapid actin reorganiza-
tion and plasma membrane ruffling which wrap around virus par-
ticles and form macropinosomes for intracellular release (Fig. 7G).
Macropinocytosis is a transient, growth factor–induced, actin-de-
pendent endocytic process that leads to internalization of fluid
and membrane into large vacuoles (56). Macropinosomes are also
an entry site for intracellular pathogens (e.g., viruses, bacteria, and
prions) and a source of metabolites for proliferating cancer cells
(43). A collection of viruses has acquired the ability to stimulate
macropinocytosis indiscriminately by hijacking a battery of recep-
tors (57). Our findings suggest that KSHV has also evolved strate-
gies to hijacks NRP1 and TGFBRs to enhance macropinocytosis,
thereby facilitating viral entry into cells.

TGF-β is versatile and its function is highly location- and
context-dependent. TGF-β signaling usually plays an immunomod-
ulatory role in immune cells, whereas in the field of tumor research,
it is generally accepted that TGF-β signaling has a tumor-suppres-
sive role in normal cells but tumor-promoting and tumor metastasis
role in malignant cells (58–60). It is worth noting that both TGF-β

ligand and TGF-β receptors are widely expressed in KS tissues (61)
and were found to be up-regulated in MSC-originated osteosarco-
mas (4), suggesting that TGF-β signaling in these tumors may be
active. Moreover, in osteosarcoma, TGF-β have the potential to in-
fluence the sarcoma’s aggressive clinical behavior (62) and is asso-
ciated with disease progression (63). Therefore, the TGF-β signaling
activated during KSHV infection can not only facilitate viral infec-
tion but may also be involved in the pathogenesis of KSHV-related
malignancies. Intervention targeting TGF-β signals may be of great
significance for the prevention and treatment of these malignancies.
TGF-β has also been reported to promote viral replication (64, 65)
or increase HSV-1 latency and reactivation (66) but has not been
implicated in the early stages of viral entry. Therefore, in this
study we report that TGF-β signaling can promote virus entry
into cells at the early stage of infection and to elucidate the
mechanism.

In conclusion, this study identifies NRP1 as the primary receptor
for KSHV infection of MSCs and explores the mechanism that
NRP1 mediated KSHV entry by taking advantage of TGFBR1/2-
transduced signaling to promote macropinocytosis. This study
identifies the receptor that mediates KSHV infection of MSCs and
extends the current understanding of the mechanisms of KSHV in-
fection. How NRP1 activates TGFBR1/2 kinase complex and
whether EphA2 is involved in NRP1-TGFBR1/2–mediated KSHV
infection warrant further investigation and will facilitate a better un-
derstanding of the process of KSHV infection, paving the way for
the design of efficient therapeutic strategies against KSHV infection
and related diseases.

MATERIALS AND METHODS
Ethical guidelines
The human sample collection and the use of MSCs in our research
were approved by the Medical Ethics Review Board of Sun Yat-sen
University (approval no. 2015-028) and Shihezi University (IIT-
2017-004-01 to Y.Z.).

Cell culture
PDLSC, GMSC, and DPSC were isolated as described previously (7)
and cultured in complete α-minimal essential medium (Gibco Life
Technologies) containing 10% fetal bovine serum (FBS; Gibco) and
penicillin-streptomycin solution (C3420-0100, VivaCell, Shanghai,
China). The colony-forming unit assessment assay, multiple differ-
entiation ability assays, tissue origin authentication assay, and
surface marker identification assay were performed to characterize
PDLSC, DPSC, and GMSC, and the results were shown in the Sup-
plementary Materials (fig. S1). The iSLK.219 cells (provided by
K. Lan of Wuhan University) and 293T cells were cultured in Dul-
becco’s modified Eagle’s medium (Gibco) supplemented with 10%
FBS. Human umbilical cord endothelial cells were purchased from
the China Center for Type Culture Collection (China) and cultured
in endothelial cell growth medium 2 BulletKit (ScienCell). Cells
were grown in a humidified 5% CO2 incubator at 37°C.

Plasmids
To construct stable expression vectors, the full-length complemen-
tary DNA (cDNA) sequences of NRP1, EPHA2, TGFBR1, and
TGFBR2 were PCR-amplified and then integrated into the
pMSCV-puro vector. To construct transient expression vectors,
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the full-length cDNA sequences of NRP1, EPHA2, and TGFBR2
were PCR-amplified and then integrated into the PCR3.1 vector
with a myc tag in C terminus. The full-length cDNA of KSHV
K8.1 and the truncated form of NRP1 lacking an intracellular
segment were integrated into the PCR3.1 vector with a 3× flag tag
in C terminus. The full-length cDNA of KSHV gH and gB were
PCR-amplified and then integrated into the pCDNA3.1(+) vector
with a 3× HA tag in C terminus. For coimmunoprecipitation,
those truncated forms of gB were PCR-amplified and then integrat-
ed into the pCDNA3.1(+) vector with a 3× HA tag in N terminus.
The full-length cDNA of gL was integrated into the pEGFP-C2
vector with a green fluorescent protein (GFP) tag in N terminus.
The truncated form of NRP1 was integrated into the pEBG-GST
vector a GST tag in N terminus. The cytoplasm domain of
TGFBR1 or TGFBR2 was integrated into the PCR3.1 vector with
a 3× flag tag in C terminus. As for the rescue plasmids, the full-
length cDNAs of NRP1, EPHA2, TGFBR1, TGFBR2, SMAD2,
SARA, DAB2, CDC42, and RAC1 were first PCR-amplified and in-
tegrated into the pMSCV-puro vector. These plasmids are then
mutated at multiple points, synonymously mutating the sequences
targeted by the respective sgRNA. The sequences with synonymous
mutations have been listed in table. S1.

Reagents and antibodies
The reagents and antibodies used were as follows: recombinant
human TGF-β1 protein (240-B, R&D Systems), SB431542 (HY-
10431, MedChemExpress), LY2109761(T2123, TargetMol),
MβCD (C4555-1G, Sigma-Aldrich, EIPA (E884358-5mg,
Macklin), CPZ (C834105-5g, Macklin), FITC-dextran,MW:70K
(R-FD-005, Ruixibio), ML-097(HY-118208, MedChemExpress),
MLS-573151(HY-113849, MedChemExpress), EHT 1864 (HY-
16659, MedChemExpress), anti-NRP1 antibody (ab81321,
Abcam), anti-EphA2 antibody (6997, Cell Signaling Technology),
anti-GST antibody (ET1611-47, HuaBio), anti-HA nanobody
agarose beads (KTSM1305, Alpalife), glutathione sepharose beads
(17-0756-01, Cytiva), anti-flag M2 affinity agarose gel (A2220,
Sigma-Aldrich), anti–HA-tag mouse monoclonal antibody
(M180-3, MBL Beijing Biotech Co. Ltd.), Coomassie Brilliant blue
R-250 (821616, MP Biomedicals), anti–flag-tag mouse monoclonal
antibody (M185-3L, MBL Beijing Biotech Co. Ltd.), anti-Smad2 an-
tibody (5339T, Cell Signaling Technology), anti–phospho-Smad2
antibody (3108T, Cell Signaling Technology), anti–Myc-tag rabbit
monoclonal antibody for Western blot (2278, Cell Signaling Tech-
nology), anti–c-myc mouse monoclonal antibody for immunofluo-
rescence (sc-40, Santa Cruz Biotechnology Inc.), anti-TGFBR1
rabbit polyclonal antibody (A16983, ABclonal), anti-TGFBR2
rabbit polyclonal antibody (A1415, ABclonal), anti-CDC42 anti-
body (10155-1-AP, Proteintech), anti-RAC1 antibody (2465s, Cell
Signaling Technology), anti-SARA antibody (22033-1-AP, Protein-
tech), and anti-DAB2 antibody (10109-2-AP, Proteintech).

Bioinformatics
RNA-seq data of MSCs were obtained in our previous publication
(7). RNA-seq data of BJAB cells were from GEO database
[GSE82184; (67)]. RNA-seq data of KS2 were from GEO database
[GSE100684; (23)]. RNA-seq data of KS1 were obtained by RNA-
seq in this study, and the sequencing method was consistent with
that described previously (7). Briefly, two KS tissue samples were
cut and lysed with TRIzol reagent, and total RNA was extracted

following the manufacturer ’s manual. RNA concentration was
checked using Qubit 3.0 Fluorometer (Life Technologies). For
each sample, 2 μg of RNA was used to generate sequencing libraries
with the NEBNext Ultra RNA Library Prep Kit for Illumina
(#E7530L, NEW ENGLAND BioLabs), referring to the manufactur-
er ’s recommendations. Index codes were added to attribute se-
quences to each sample. The libraries were sequenced on an
Illumina Hiseq 2500 platform, and 150-bp paired-end reads were
generated.

The raw data of KS and MSCs were first quality checked and fil-
tered by fastp to obtain the clean reads data with “--cut_front” and
“--cut_tail” parameters. The clean reads data were aligned to human
genome GRCh38 with -hisat2 and annotated with GENCODE gene
annotation (Release 33). Gene expression profiling was exported in
transcripts per million (TPM) and read counts by StringTie. The
DEGs were screened by setting screening parameters (i.e., TPM of
MSCs was over 10, TPM of KS was over 10, TPM of BJAB was less
than 10, TPM ratio of MSCs to BJAB was greater than 10, and TPM
ratio of KS to BJAB was greater than 10).

shRNA- and sgRNA-mediated gene knockdown/knockout
Target sequences of shRNA and sgRNA are listed in table. S1. For
shRNA, oligonucleotides corresponding to the target sequences
were synthesized and cloned into the Eco RI/Age I sites in
PLKO.1 vector. For sgRNA, oligonucleotides corresponding to
the target sequences were synthesized and cloned into Bsm BI site
in Cas9-expressing plasmid lentiCRISPR-V2. The constructed
shRNA or sgRNA expression vector was packaged into lentivirus
and used to infect MSCs. After 48 hours of infection, cells were
treated with puromycin (2 μg/ml) for 4 days to remove uninfected
cells, and the obtained cells could be used for subsequent experi-
ments. For rescue assay, the rescue plasmids (plasmid construction
details have been described above) were transduced to the knockout
PDLSC by lentivirus, and expression of individual proteins or
KSHV infection was detected after 3 days.

KSHV preparation and infection
KSHV preparation was carried out as previously described (7).
Briefly, iSLK.219 cells harboring rKSHV.219 were used for virus
preparation. The cells were treated with doxycycline (1 mg/ml)
and sodium butyrate (1 mM) and harvested 5 days after induction.
The culture supernatants were first centrifuged at 10,000g for 15
min to remove cell debris and then centrifuged at 134,000g for 70
min. Pellet was resuspended in 1/100 volume of PBS and stored at
−80°C until use. Virus infection was performed according to an es-
tablished procedure. Briefly, MSCs (PDLSC, GMSC, and DPSC)
were incubated with KSHV in the absence of polybrene. After cen-
trifugation at 2500 rpm for 45 min in room temperature, the cells
were incubated at 37°C with 5% CO2 for 4 hours. Then, the inocu-
lum was removed by changing culture medium. For infection of
293T cells, cells were incubated with KSHV at 37°C with 5% CO2
for 4 hours. The inoculum was removed by changing culture
medium. Twenty-four hours after infection, the KSHV infection ef-
ficiency was analyzed by flow cytometry by measuring the percent-
age of GFP-positive cells.

KSHV binding and internalization
The protocols for binding and internalization assay refer to previous
publications (26, 27). Briefly, cells were seeded at cell culture plates
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for 24 hours. KSHV for binding and internalization assay was pre-
treated with deoxyribonuclease I (2270A, Takara) to remove the
exposed KSHV genome. To measure virus binding, cells were
washed with ice-cold PBS twice and then were incubated with
KSHV for 3 hours at 4°C to allow cell surface binding. The cells
were then washed three times with ice-cold PBS to remove
unbound virus, followed by collection to extract genome DNA.
To measure virus internalization, cells were washed with PBS
twice and then were incubated with KSHV for 4 hours at 37°C to
allow internalization and then washed three times with PBS to
remove unbound virus. To remove the surface-bound virus, the
cell was resuspended in 200 μl of trypsin-EDTA and proteinase K
for 5 min, and the cell pellets were then washed three times with
PBS. KSHV genome DNA was extracted from collected cells using
a Hipure tissue DNA Mini Kit (Magen, D2121-03) as recommended
by the manufacturer’s instructions. The copy number of KSHV
bound to the cell surface or internalized into cells was measured
using qPCR for detection of the ORF73 gene of the KSHV
genome. qPCR for the glyceraldehyde phosphate dehydrogenase
(GAPDH) DNA was used for cell counting estimation. The relative
KSHV copy number was expressed as a ratio of the copy number of
the KSHV genome to the GAPDH DNA.

Cell fusion assay
The virus-free, cell-based fusion assay was carried out as previously
described (26, 27). Effector human embryonic kidney (HEK) 293T
cells were transiently transfected with expression plasmid (pT7EM-
CLuc, pRL-SV40, KSHV gB, gH, and gL). Target cells (HEK-293T)
were transfected with expression plasmid for pCAGT7 (expressing
T7 RNA polymerase) together with EPHA2, NRP1, TGFBR1/2, or
empty vector. Twenty-four hours later, effector cells (2.5 × 105 per
24-well plate) were cocultured with target cells (2.5 × 105 per 24-well
plate) for 24 hours. To quantify fusion, the relative fusion activity,
calculated as the ratio of firefly luciferase activity to Renilla lucifer-
ase activity, was measured by a GloMax 96 Microplate Luminome-
ter with a dual-luciferase reporter assay system (E1960, Promega).

Protein expression and purification
For NRP1 construction, NRP1 (22-644) with N-terminal CD5
signal peptide and C-terminal 8*His Tag was cloned into mamma-
lian expression vector pcDNA3.1(+). The plasmids were transfected
to Expi293F cell lines with polyethylenimine (Polysciences, catalog
no. 24765). The supernatant of medium was harvested after 6-day
culture by centrifugation, filtered with 0.22-μm filter membrane,
and applied to gravity column loaded with Ni Sepharose excel
resin (Cytiva, catalog no. 17371201). The resin was washed with
PBS with 30 mM imidazole and eluted with PBS with 300 mM im-
idazole. Then, concentrated elution was applied to a Superdex 200
Increase 10/300 GL column (Cytiva, catalog no. 28990944) for size
exclusion chromatography (SEC). The peak fraction was pooled and
stored at −80°C for further use. To purify the full-length KSHV gB,
KSHV gB coding sequence (CDS) fused with 6*His Tag was cloned
into mammalian expression vector PCR3.1-3*flag. As for purifica-
tion, the full-length KSHV gB could be purified as membrane
protein as previously reported (68). Briefly, the plasmid was trans-
fected to Expi293F, and cell was harvested after 3-day culture by
centrifugation and resuspended in PBS with 10% glycerol plus 1×
protease inhibitor cocktail (Yaesen, catalog no. 20123ES10). Then,
the suspension was lysed by pressure cracking at 850 MPa. The lysed

suspension was further centrifuged for clarity at 2000g for 30 min.
The membrane extraction was collected from the clarified super-
nant through ultracentrifuge at 120,000g for 2 hours and resuspend-
ed in PBS with 10% glycerol plus 1.5% n-dodecyl-β-D-
maltopyranoside (DDM; Macklin, catalog no. D806359). The resus-
pended membrane extraction was filtered with 0.22-μm filter mem-
brane and applied to gravity column loaded with Ni Sepharose excel
resin as previously described. The resin was washed with PBS with
30 mM imidazole plus 5% glycerol and 0.1% DDM and eluted with
PBS with 300 mM imidazole plus 5% glycerol and 0.1% DDM. The
full-length KSHV gB was further purified from the elution
through SEC.

Pull-down assay
For pulldown assay, NRP1 agarose beads were first prepared.
Briefly, biotin (A39257, Thermo Fisher Scientific) was labeled to
soluble NRP1 protein according to the instructions followed by en-
richment of labeled protein with SA beads (16-126, Millipore). For
the mechanism of biotin labeling, please refer to the reagent speci-
fication, which states that the biotin reagent is a biotin derivative
with N-hydroxysuccinimide (NHS) esters. NHS-activated biotin
reacts with primary amine group (−NH2) efficiently in alkaline
buffer to form a stable amide bond. Proteins generally have
several primary amines in the side chain of lysine (K) residues
and the N terminus of each polypeptide that are available as
targets for labeling with NHS-activated biotin reagents. The beads
were washed three times with lysis buffer to remove unbound
protein. After preparation of NRP1 beads, 293T cells transfected
with KSHV gB were lysed in immunoprecipitation (IP) lysis
buffer, and the lysate was collected and incubated with NRP1
beads for 6 hours at 4°C. After washing five times with lysis
buffer to remove unbound proteins, the sample was suspended in
2× SDS sample buffer and boiled for 10 min at 95°C. The
complex was then analyzed by Western blotting with the indicated
antibodies.

Blocking assay
For the soluble NRP1 protein blocking assays, KSHV was preincu-
bated with soluble NRP1 protein at indicated concentration or
bovine serum albumin (BSA; as a negative control) at 37°C for 1
hour, and then the KSHV was used to infect PDLSC. The percent-
age of KSHV infected cells were determined by flow cytometry 24
hours after infection.

BLI assay
To determine the affinity between NRP1 and KSHV gB ex vivo, we
performed BLI assay to determine the binding between these two
proteins, as previously described (69). Briefly, the soluble NRP1
protein was biotinylated using the Sulfo-NHS-LC-LC-biotin kit
(Thermo Fisher Scientific, catalog no. A35358), and kinetic buffer
(KB) was prepared as PBS with 0.1% Tween 20. Then, the SA bio-
sensors were incubated in the KB for 15 min, after which, biotiny-
lated NRP1 at 5 μg/ml was captured on the sensors for 120 s, and
full-length KSHV gB protein diluted from 4 μM to 500 nM was
applied to the biosensors for 300-s association, followed by 600-s
dissociation in KB. The data collected were processed on the
Octet Analysis Studio software. The 1:1 fitting model was used to
generate the fitting curves and calculate the kinetic parameters.
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KSHV labeling with biotin
For fluorescent staining of KSHV, the virus particles were first
labeled with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-2000] [DSPE-PEG (2000)] biotin
(Sigma-Aldrich, 880129P-10MG) to facilitate subsequent reactions
with streptavidin-Cy3. Briefly, the DSPE-PEG (2000) biotin powder
was dissolved in anhydrous ethanol to form a biotin storage solution
(5 mg/ml). The biotin storage solution was then added to the con-
centrated KSHV virus to achieve a final concentration of biotin (0.1
mg/ml). After incubation at room temperature for 2 hours, the
labeled KSHV and excess biotin were separated by illustra NAP
Columns (Cytiva, 17085301) according to the manufacturer’s in-
structions. The labeled KSHV was stored at 4°C and used as soon
as possible.

Immunofluorescence confocal microscopy
293T cells were seeded on coverslips in 48-well plates and then
transfected with the PCR3.1-NRP1-myc plasmids for 24 hours.
For PDLSC, cells were seeded on coverslips in 48-well plates
without transfection. Both 293T and PDLSC cells were then infect-
ed with the labeled KSHV at 4°C for 2 hours and then transferred to
37°C for 15 min, followed by briefly washing with PBS twice, fixed
with 4% paraformaldehyde in PBS for 15 min, and permeabilized
with 0.1% Triton X-100 in PBS for 10 min. After blocking with
1% BSA in PBS, 293T cells were stained with an anti–c-myc
mouse monoclonal antibody (Santa Cruz Biotechnology, sc-40),
and PDLSC were stained with an anti-NRP1 rabbit monoclonal an-
tibody (Abcam, ab81321) for 4°C overnight and washed with PBS
three times, followed by incubation with Alexa Fluor 488–labeled
goat antibody to mouse or rabbit IgG. After wash with PBS three
times, cells were stained with streptavidin-Cy3 in PBS (1:1000 dilu-
tion; Invitrogen, 434315) at 4°C for 15 min, followed by nuclei stain-
ing with Hoechst 33342. After wash with PBS three times, cells were
mounted with ProLong Diamond (Invitrogen, P36961). The confo-
cal images were acquired using a Nikon Eclipse Ni-E confocal laser
scanning microscope.
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