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ABSTRACT Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent
of two B-cell lymphoproliferative diseases and Kaposi’s sarcoma, an endothelial-cell-
driven cancer. KSHV viral interleukin-6 (vIL-6) is a viral homolog of human IL-6 (hIL-6)
that is expressed in KSHV-associated malignancies. Previous studies have shown that
the expression of the integrin �3 (ITGB3) subunit is induced upon KSHV infection.
Here we report that KSHV vIL-6 is able to induce the expression of ITGB3 and in-
crease surface expression of the �V�3 integrin heterodimer. We demonstrated using
small interfering RNA (siRNA) depletion and inhibitor studies that KSHV vIL-6 can in-
crease ITGB3 by inducing STAT3 signaling. Furthermore, we found that secreted
vIL-6 is capable of inducing ITGB3 in endothelial cells in a paracrine manner. Impor-
tantly, the ability to induce ITGB3 in endothelial cells seems to be specific to vIL-6,
as overexpression of hIL-6 alone did not affect levels of this integrin. Our lab and
others have previously shown that vIL-6 can induce angiogenesis, and we investi-
gated whether ITGB3 was involved in this process. We found that siRNA depletion of
ITGB3 in vIL-6-expressing endothelial cells resulted in a decrease in adhesion to ex-
tracellular matrix proteins. Moreover, depletion of ITGB3 hindered the ability of vIL-6
to promote angiogenesis. In conclusion, we found that vIL-6 can singularly induce
ITGB3 and that this induction is dependent on vIL-6 activation of the STAT3 signal-
ing pathway.

IMPORTANCE Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiological
agent of three human malignancies: multicentric Castleman’s disease, primary effu-
sion lymphoma, and Kaposi’s sarcoma. Kaposi’s sarcoma is a highly angiogenic tu-
mor that arises from endothelial cells. It has been previously reported that KSHV in-
fection of endothelial cells leads to an increase of integrin �V�3, a molecule
observed to be involved in the angiogenic process of several malignancies. Our data
demonstrate that the KSHV protein viral interleukin-6 (vIL-6) can induce integrin �3
in an intracellular and paracrine manner. Furthermore, we showed that this induc-
tion is necessary for vIL-6-mediated cell adhesion and angiogenesis, suggesting a
potential role of integrin �3 in KSHV pathogenesis and development of Kaposi’s sar-
coma.
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Integrins are heterodimeric membrane glycoproteins that consist of an alpha and a
beta subunit. These cell surface proteins are receptors for extracellular matrix pro-

teins, growth factors, cytokines, immunoglobulins, and matrix-degrading proteases (1).
One of the beta subunits, �3, can dimerize with �IIb in platelets and �V in other cell
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types, including endothelial cells. Integrin �V�3 binds to adhesive proteins such as von
Willebrand factor, fibrinogen, and fibronectin. The binding of these ligands can induce
“outside-inside” signaling through the integrin, resulting in endothelial cell migration
(2), angiogenesis (2, 3), and transforming growth factor �1 (TGF-�1) signaling (4, 5).
Integrin �V�3 expression and function are of significant interest, as expression of
integrin �V�3 is upregulated in several forms of cancer and correlates with progression
of malignancies (1, 6).

A receptor for cellular proteins, integrin �V�3 has also been reported to be a
receptor for viruses, including Kaposi’s sarcoma-associated herpesvirus (KSHV), also
known as human herpesvirus 8 (HHV-8) (7–9). KSHV, a double-stranded DNA virus from
the gammaherpesvirus family (10), was first isolated from a Kaposi’s sarcoma (KS)
patient and found to be the causative agent of this cancer (11). Subsequently, it was
demonstrated that KSHV also causes the B-cell malignancy primary effusion lymphoma
(PEL) (12). KSHV is also associated with the proliferative disorder multicentric Castle-
man’s disease (MCD) (13). DiMaio and colleagues reported that latent infection of KSHV
increases integrin �3 (ITGB3) expression in endothelial cells (14). This increase causes
the infected cells to bind more strongly to particular extracellular matrix (ECM) com-
ponents. Additionally, knockdown of ITGB3 results in a decreased ability of infected
cells to form tubules in an in vitro model of angiogenesis. These data suggest that KSHV
upregulates ITGB3, which can play a role in the angiogenic processes of KSHV-infected
endothelial cells (14). However, the mechanism by which the virus mediates the
induction of ITGB3 has not been characterized.

KSHV encodes over 80 open reading frames (ORFs), which consist of latent and lytic
genes. Most infected cells contain a latent virus, expressing only a small subset of genes
that encode proteins and noncoding RNAs. Upon reactivation, the virus starts express-
ing lytic genes in an ordered fashion and produces new viral progeny (15). ORF K2
encodes viral interleukin-6 (vIL-6), a homolog of human IL-6 (hIL-6) (16–18). During
latency, vIL-6 expression is detected at low levels but significantly increases during lytic
replication (19). Similar to hIL-6, secreted vIL-6 binds to the IL-6 receptor (IL-6R,
composed of gp80 and gp130 subunits) and induces the JAK/STAT signaling cascade
(18, 20). However, while the cell readily secretes hIL-6, a majority of vIL-6 is localized to
the endoplasmic reticulum (ER). Here, vIL-6 interacts with gp130, a component of the
IL-6R, and induces JAK/STAT signaling in an intracellular manner (21). Through activa-
tion of transcription factor STAT3, vIL-6 induces cell proliferation (18, 22, 23) as well as
migration (23–25). vIL-6 also induces angiogenesis and hematopoiesis, aiding in the
growth of tumors (26, 27).

We report that vIL-6 expressed from different cell types is capable of inducing ITGB3
at the mRNA and protein levels. Phosphorylation of STAT3 is required for this induction,
as indicated by assays using drug inhibitors and small interfering RNA (siRNA) knock-
downs. Interestingly, in endothelial cells, vIL-6 is a stronger inducer of ITGB3 compared
to the human homolog, even though both are capable of inducing STAT3 signaling.
Finally, we show how this phenotype may promote KSHV pathogenesis by contributing
to angiogenesis. These studies highlight vIL-6 as a player in KSHV-induced ITGB3.

RESULTS
Viral IL-6-expressing cells have increased levels of ITGB3. Our lab has previously

reported microarray data that indicated that human umbilical vein endothelial cells
(HUVEC) stably expressing vIL-6 (vIL-6-HUVEC) had increased levels of ITGB3 mRNA
compared to those of cells expressing the empty vector (EV-HUVEC) (25). High levels of
ITGB3 expression in vIL-6-expressing HUVEC were confirmed with reverse transcription-
quantitative PCR (RT-qPCR) (Fig. 1A). We next performed immunoblotting to probe for
ITGB3 and found that the protein level was also increased in the vIL-6-HUVEC (Fig. 1B).
Additionally, we wanted to know whether the higher levels of ITGB3 mRNA and protein
were due to increased ITGB3 transcription. HEK293T cells were cotransfected with a
vIL-6-expressing plasmid or the corresponding EV control and a luciferase reporter
plasmid. Expression of vIL-6, as detected by immunoblotting, led to a significant
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increase in the expression of luciferase (Fig. 1C). The results suggest that vIL-6 promotes
the activation of the ITGB3 promoter and consequently increases the ITGB3 mRNA and
protein levels.

It has been suggested that the surface expression of the heterodimer �V�3 is
determined by the expression of ITGB3, as integrin �V (ITGAV) is usually excessively
expressed in cells (28). To assess the levels of ITGAV, we performed immunoblotting
with cell lysates from EV- and vIL-6-HUVEC. As expected, vIL-6-HUVEC showed a slight
increase in the protein levels of ITGAV (Fig. 1D). Furthermore, to determine if the
increase in total ITGB3 resulted in increased surface expression, we performed flow
cytometry analysis using an �V�3 antibody. Histograms comparing the geometric
means of fluorescence intensity indicate that vIL-6-HUVEC had a 2-fold increase in
levels of surface �V�3 integrin (Fig. 1E). Together, these results suggest that expression
of vIL-6 in HUVEC promotes an increase in the expression of ITGB3, leading to higher
surface expression of integrin �V�3.

Viral IL-6-expressing cells can induce ITGB3 expression in a paracrine manner.
We next wanted to determine whether vIL-6-expressing endothelial cells induce ITGB3
through paracrine signaling. To explore this possibility, we collected conditioned
medium (CM) from both the EV- and vIL-6-HUVEC and added them to naive HUVEC at
a 1:1 ratio with fully supplemented medium. After 24 h, we were able to detect an
increase in ITGB3 mRNA (Fig. 2A) and protein (Fig. 2B) from the HUVEC that were
treated with the vIL-6-containing conditioned medium.

In addition to endothelial cells, B cells are another cell type that is readily infected
in vivo (29–32). In KS lesions, the cells that express the highest quantities of vIL-6 are
from invading lymphocytes (33). For these reasons, we constitutively expressed EV or
vIL-6 in BJAB cells, a B-cell line. Conditioned medium from these vIL-6-expressing BJAB
cells induced ITGB3 mRNA and protein expression in HUVEC similarly to what we
observed from the HUVEC-conditioned medium (Fig. 2C and D).

FIG 1 HUVEC stably expressing vIL-6 have increased ITGB3 mRNA and protein levels. (A) Relative ITGB3 mRNA
expression in stable HUVEC normalized to the expression levels in EV-HUVEC. (B) Integrin �3 protein expression in
the total cell lysate of stable HUVEC. (C) (Top) Relative luciferase expression from a luciferase reporter under the
control of an ITGB3-promoter transfected into HEK293T cells. (Bottom) Immunoblots for vIL-6 and actin from
transfected HEK293T cells. (D) Integrin �V protein expression in the total cell lysate of stable HUVEC. (E) Surface
expression of �V�3 integrin in stable HUVEC was measured using flow cytometry. The gray histogram represents
EV HUVEC, and the white histogram represents vIL-6 HUVEC. **, P � 0.01; ***, P � 0.001.
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To determine whether secreted vIL-6 was necessary for the induction of ITGB3 or if
it was another secreted factor from stable vIL-6 cells, we performed a neutralization
assay (Fig. 2E). Conditioned media were created containing no antibody, mouse
nonspecific IgG, or mouse anti-vIL-6 IgG. These conditioned media were then placed on
naive HUVEC, further supplemented with antibody, and incubated for 24 h. As ex-
pected, cells treated with the EV-conditioned medium, regardless of the antibody
supplement, did not induce ITGB3. On the other hand, cells that were treated with the
mock or nonspecific-antibody-containing vIL-6-HUVEC-conditioned medium had in-
creased levels of ITGB3. However, cells that were treated with the vIL-6-HUVEC-
conditioned medium that contained the vIL-6-specific antibody had ITGB3 levels similar
to those of the EV-conditioned-medium-treated cells. These results demonstrate that
secreted vIL-6 is involved in the induction of ITGB3.

Lytic replication promotes the expression of ITGB3 in a paracrine manner. Since
vIL-6 expression in latently infected cells is relatively low (19), we wanted to determine
whether induction of the lytic life cycle would promote the expression of ITGB3. To test
this, we reactivated a KSHV-infected cell line, iSLK.219, for 24 h and harvested protein
lysates. Although the induction of lytic replication significantly increased the expression
of vIL-6, the levels of ITGB3 remained relatively similar to those in unreactivated cells
(Fig. 3A). These results suggest that the contribution of vIL-6 to ITGB3 expression in
infected cells may take place mostly during latency.

Given that vIL-6 expression in iSLK.219 cells was significantly increased during the
induction of the lytic life cycle (Fig. 3A), we asked whether these levels of vIL-6 were
comparable to those in the vIL-6-expressing HUVEC. We found that expression of vIL-6

FIG 2 vIL-6 induces ITGB3 expression in a paracrine manner. (A and B) HUVEC were treated with
conditioned medium from EV- or vIL-6-expressing HUVEC for 24 h, followed by the comparison of ITGB3
mRNA levels (A) and protein levels (B). (C and D) Similar experiments were conducted using conditioned
medium from EV- and vIL-6-expressing BJABs. (E) Conditioned media were collected from EV- and
vIL-6-HUVEC in the presence of nonspecific mouse IgG or mouse anti-vIL-6 IgG. This conditioned medium
was then placed on HUVEC. After 24 h, lysates were collected, and immunoblotting was performed for
actin and ITGB3. CM, conditioned medium; NS, nonspecific. *, P � 0.05; ***, P � 0.001.
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in the reactivated iSLK.219 cells was slightly higher than in the stable vIL-6-HUVEC (Fig.
3B). The minimal change in the expression of ITGB3 following lytic reactivation, despite
vIL-6 expression, might be due to the difference in cell type, as iSLK.219 cells are
considered epithelial cells.

The results from Fig. 2 showed that secreted vIL-6 induces the expression of ITGB3
in a paracrine manner. Since reactivated iSLK.219 cells express high levels of vIL-6, we
investigated if secreted factors such as vIL-6 can induce the expression of ITGB3 in naive
HUVEC. To address this question, we reactivated iSLK.219 and collected the conditioned
medium 24 h post-doxycycline treatment. The conditioned medium from the unreac-
tivated and reactivated iSLK.219 cells was mixed with HUVEC medium and added to
naive HUVEC for 24 h. Importantly, vIL-6 was detected in the cell-free conditioned
medium collected from reactivated cells but not from the dimethyl sulfoxide (DMSO)-
treated cells. Similar to the results obtained with the conditioned medium of vIL-6-
expressing-HUVEC (Fig. 2A and B), cells cultured in the conditioned medium from
reactivated cells showed a higher expression of ITGB3 than cells cultured in the
conditioned medium from unreactivated cells (Fig. 3C).

We also investigated whether vIL-6 secreted from primary effusion lymphoma cells
was able to induce ITGB3 in a paracrine manner. We reactivated TREx-Rta-BCBL-1
(BCBL-1) cells for 24 h and collected conditioned medium. Filtered conditioned medium
from reactivated cells contained vIL-6 and was able to promote the expression of ITGB3
in HUVEC (Fig. 3D). Importantly, vIL-6 antibodies blocked the induction of ITGB3 driven
by the conditioned medium from reactivated BCBL-1 cells. Together, these results
suggest that although lytically replicating cells do not induce the expression of ITGB3,
secreted vIL-6 from iSLK.219 and BCBL-1 cells, can induce ITGB3 in neighboring
uninfected endothelial cells.

STAT3 signaling is necessary for vIL-6-mediated ITGB3 induction. A previous
study examining the effect of high �V�3 integrin levels in breast cancer cells found that
STAT3 contributes to the invasiveness of these cells (34). This finding indicated to us a
possible link between STAT3 and �V�3 activity. Since it is well established that vIL-6
interacts with gp130 to induce JAK2/STAT3 signaling (20, 35), we wanted to examine

FIG 3 vIL-6 from lytically replicating cells promotes the expression of ITGB3 in a paracrine manner. (A) iSLK.219 cells
were reactivated with doxycycline for 24 h, and the levels of ITGB3, vIL-6, and actin were detected by immuno-
blotting. (B) Lysates from reactivated (24 h post-doxycycline treatment) iSLK.219 and vIL-6-expressing HUVEC were
resolved by SDS-PAGE, and vIL-6 expression was detected by immunoblotting. (C) HUVEC were treated for 24 h
with conditioned medium from latent or reactivated iSLK.219 (24 h post-doxycycline treatment). Immunoblotting
was performed with HUVEC lysates and iSLK.219 conditioned medium. (D) Conditioned media were collected from
TREx-Rta-BCBL-1 after 24 h of DMSO (latent) or doxycycline (reactivated [react.]) treatment. Conditioned medium
was supplemented with nonspecific mouse IgG or mouse anti-vIL-6 IgG and placed on HUVEC. After 24 h, lysates
were collected, and immunoblotting was performed. BCBL-1 cell conditioned medium was processed in the same
manner.
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the relationship between this signaling pathway and ITGB3 in vIL-6-expressing cells. To
determine whether vIL-6 interacts with gp130 in HUVEC, we performed coimmunopre-
cipitations with FLAG-antibody-conjugated beads to immunoprecipitate FLAG-tagged
vIL-6 (24). The proteins bound to vIL-6 were eluted with a FLAG peptide and resolved
on an SDS-PAGE gel. The results showed that gp130 coimmunoprecipitated with vIL-6
in HUVEC (Fig. 4A). Furthermore, to assess the importance of the pathway in inducing
ITGB3, we knocked down gp130 in EV- and vIL-6-HUVEC and performed immunoblot-
ting. The depletion of gp130 reduced vIL-6-mediated induction of phosphorylated
STAT3 and ITGB3, suggesting that activation of STAT3 may be essential in this process
(Fig. 4B).

To further test whether STAT3 is necessary for this process, we treated EV- and
vIL-6-HUVEC with the STAT3 inhibitor cryptotanshinone. After 48 h, we observed the
expected decrease in STAT3 phosphorylation as well as a decrease in total ITGB3
expression (Fig. 4C). This result indicates that vIL-6-induced STAT3 signaling is essential
for ITGB3 induction. To confirm these data, we transfected cells with a STAT3-specific
siRNA and observed the same loss of ITGB3 levels in the vIL-6-HUVEC (Fig. 4D). We then
performed a similar experiment in which naive HUVEC were first transfected with STAT3
siRNA, followed by treatment with EV- or vIL-6-conditioned medium. We observed that

FIG 4 JAK/STAT3 signaling is necessary for vIL-6-induced ITGB3. (A) Whole-cell lysates from EV- and
vIL-6-HUVEC were immunoprecipitated with a FLAG (vIL-6) antibody. The eluates and inputs were
resolved by SDS-PAGE, and immunoblotting was performed for the indicated proteins. (B) EV- and
vIL-6-HUVEC were transfected with siRNAs for 72 h, and lysates were probed for the indicated proteins.
(C) EV- and vIL-6-HUVEC were treated with the STAT3 inhibitor cryptotanshinone (0 or 20 �M) for 48 h.
Lysates were then collected, and immunoblotting was performed for the indicated proteins. (D) EV- and
vIL-6-HUVEC were transfected with siRNAs for 48 h, and lysates were probed for the same proteins as for
panel C. (E) HUVEC were transfected with siRNAs against a nontargeting control or STAT3. Twenty-four
hours posttransfection, cells were treated with conditioned medium from EV- or vIL-6-HUVEC and
incubated for an additional 24 h before lysates were collected and used for immunoblotting. NTC,
nontargeting control; H, HUVEC.
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knockdown of STAT3 attenuated ITGB3 induction by the vIL-6-containing conditioned
medium (Fig. 4E). Together, these results suggest that activation of STAT3 is necessary
for the ability of vIL-6 to induce ITGB3 in endothelial cells.

Human IL-6 is not a strong inducer of ITGB3 as is vIL-6 in HUVEC. Since vIL-6 and
hIL-6 can both activate STAT3, we hypothesized that hIL-6 could induce ITGB3 as well.
To test this hypothesis, we collected lysates from HUVEC expressing EV, vIL-6, or hIL-6
and performed immunoblotting (Fig. 5A). Surprisingly, hIL-6 did not affect levels of
ITGB3. To confirm these results, stable HUVEC were supplemented for 48 h with
recombinant hIL-6 (rhIL-6). The results indicate that even in the presence of rhIL-6,
levels of ITGB3 only increase in vIL-6-expressing cells. We next prepared conditioned
media from HUVEC and BJAB cells that contained EV, vIL-6, or hIL-6. These conditioned
media were then used to treat naive HUVEC for 24 h, after which the lysates were
collected (Fig. 5B). Again, we observed a substantial increase in ITGB3 protein levels in
cells treated with the vIL-6-conditioned medium. Cells that were treated with the EV- or
hIL-6-conditioned medium had no increase or a very modest increase in ITGB3 protein
compared to EV control cells. These results suggest that hIL-6 is not a potent inducer
of ITGB3 compared to vIL-6 in HUVEC.

The induction of signaling pathways by hIL-6 can occur through two different but
similar mechanisms known as classical signaling and trans-signaling (36, 37). In classical
signaling, hIL-6 binds to membrane-bound IL-6R� (gp80), which interacts with gp130,
leading to the intracellular activation of the JAK/STAT signaling pathway. This process
is restricted to cells that express the membrane-bound receptor, which includes
hepatocytes, some leukocytes, and some epithelial cells (36). In contrast, the trans-
signaling pathway occurs when secreted hIL-6 binds to the soluble form of the IL-6R�.
This hIL-6/soluble IL-6R (sIL-6R) complex binds gp130 and induces activation of the
JAK/STAT signaling pathway. Importantly, since gp130 is ubiquitously expressed, this
process can take place even in cells that lack expression of the membrane-bound
IL-6R�.

FIG 5 Human IL-6 is not a strong inducer of ITGB3 as is vIL-6 in HUVEC. (A) Immunoblots of total cell
lysates from HUVEC expressing EV, vIL-6, or hIL-6 treated for 48 h in the presence of recombinant hIL-6
at the indicated concentrations. (B) Immunoblots of HUVEC treated with conditioned medium from EV-,
vIL-6-, and hIL-6-expressing HUVEC and BJABs. (C) Similar to panel A, but EV- and vIL-6-HUVEC were
grown for 24 h in the presence of recombinant hIL-6 (rhIL-6; 250 ng/ml), soluble IL-6R� (sIL-6R; 250 ng/
ml), or both.
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Recently, it was shown that HUVEC could support both mechanisms, but activation
of the trans-signaling pathway by treating cells with both recombinant hIL-6 and sIL-6R
led to higher and longer activation of STAT3 (38). For this reason, we hypothesized that
supplementing cells for 24 h with both hIL-6 and sIL-6R� would result in high levels of
activated STAT3 and, thus ITGB3. Immunoblots show that EV-HUVEC treated with both
recombinant proteins displayed an increase in phosphorylated STAT3, confirming
activation of the pathway (Fig. 5C). Importantly, this activation also increased ITGB3 to
levels similar to those seen in the vIL-6-expressing cells (Fig. 5C). However, the addition
of the recombinant proteins did not enhance vIL-6-mediated induction of ITGB3.
Altogether, the data suggest that in endothelial cells, activation of IL-6R plays a crucial
role in the induction of ITGB3, and in comparison to its cellular homolog, vIL-6 can
accomplish this even in the absence of soluble IL-6R�.

Integrin �3 expression increases vIL-6-HUVEC adhesion. DiMaio et al. demon-
strated that KSHV-infected endothelial cells adhere more readily to the ECM proteins
fibronectin and vitronectin (14). This increase in adhesion could be inhibited by the
addition of RGD peptides, which interfere with several integrin-ECM interactions. We
wanted to examine if the increased amount of ITGB3 in vIL-6-HUVEC resulted in
increased adherence to fibronectin and vitronectin. EV- and vIL-6-HUVEC were trans-
fected with nontargeting control (NTC) or an ITGB3-targeting pool of siRNAs (Fig. 6A).
Cells were stained with a fluorescent dye and then allowed to adhere to wells coated
with fibronectin or vitronectin (Fig. 6B and C, respectively). We found that vIL-6-HUVEC
transfected with NTC siRNAs had increased adherence to fibronectin-coated wells but
had relatively the same adherence to vitronectin as EV-HUVEC. However, when ITGB3
was knocked down in vIL-6-HUVEC, the fluorescent signal, indicating the number of
attached cells, significantly decreased for both ECM components, whereas the signal for
EV-HUVEC did not show a significant decrease. These results indicate that vIL-6 expres-
sion makes cell attachment to the ECM components, fibronectin and vitronectin, more
heavily dependent on ITGB3.

Viral IL-6-induced tubule formation is mediated through ITGB3. vIL-6 has been
previously reported to aid in angiogenesis (26, 27, 39, 40). Since KS is highly vascular-
ized, we sought to determine if this was the case for vIL-6-expressing cells as well. EV-
and vIL-6-HUVEC were treated with NTC or ITGB3 siRNAs for 48 h. Cells were then
placed on top of Matrigel and incubated for up to 4 h. The number of branching points
was manually calculated from at least 32 images. The results showed that vIL-6-HUVEC
transfected with NTC siRNA had significantly more branch points than EV-HUVEC (Fig.
7). The number of branching points, however, significantly decreased when ITGB3 was
knocked down in vIL-6-HUVEC; this decrease was not observed in EV-HUVEC depleted

FIG 6 ITGB3 aids in vIL-6-HUVEC adhesion to ECMs. (A) EV- and vIL-6-HUVEC were transfected for 48 h with nontargeting control or ITGB3 siRNAs, and cell lysates
were collected for immunoblotting to confirm knockdown efficiency. (B) Cells treated as for panel A were stained with calcein-AM and plated for 30 min on
wells precoated with fibronectin. Unattached cells were removed by gentle washes, and fluorescence was measured to quantify the relative amounts of cells
adhered to the ECM component. (C) Similar to panel B, but with vitronectin-coated wells. Panels B and C represent the averages from three experiments, each
with seven technical replicates. ***, P � 0.001.
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of ITGB3. These results indicate that ITGB3 is involved in vIL-6-mediated endothelial
tubule formation, suggesting a possible role for ITGB3 in KSHV-induced angiogenesis.

DISCUSSION

The heterodimer �V�3 integrin is hypothesized to be important in several cancers
and viral infections. A role for �V�3 integrin has been suggested in KSHV pathogenesis,
specifically in viral infection (7–9) and angiogenesis (14). Though KSHV infection has
been demonstrated to induce ITGB3 (14), and the viral protein gB has been shown to
interact with integrin �V�3 (8), no specific KSHV protein has been identified as
responsible for ITGB3 induction. In this report, we demonstrate that ITGB3 is highly
upregulated in vIL-6-HUVEC and demonstrate that stable expression of this viral protein
in endothelial cells results in an increase of total and cellular-surface-targeted ITGB3
protein (Fig. 8). Interestingly, the levels of ITGB3 gene expression in the vIL-6-HUVEC
were similar to what DiMaio and colleagues detected following KSHV infection of
endothelial cells (14) despite the generally low levels of vIL-6 expression seen upon
infection. To our surprise, the induction of the lytic life cycle, which significantly
increased vIL-6 expression, did not affect the levels of ITGB3 in KSHV-infected cells. We
hypothesized that this is due to the persistent activation of STAT3 in latently infected
cells (41). Thus, the activation of STAT3 by vIL-6 and other viral factors during latency
may induce maximal levels of ITGB3 in latently infected cells.

We have also demonstrated that vIL-6 is secreted from endothelial, epithelial, and B
cells and intercellularly induces ITGB3 at the mRNA and protein levels in naive endo-
thelial cells. Importantly, lytically replicating cells secreted high levels of vIL-6, which

FIG 7 ITGB3 contributes to vIL-6-induced tubule formation of endothelial cells. (A) Representative images from four
experiments performed in duplicate with EV- and vIL-6-HUVEC treated with siRNAs against a nontargeting control
or ITGB3. The center of the images was zoomed in for a better resolution of the tubules. (B) The average number
of branching points per well (4 or 5 frames/well) in duplicates was calculated and represented in the scatterplot
graph. **, P � 0.01.
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induced ITGB3 in a paracrine manner. These results are relevant because vIL-6 can be
found circulating in the blood of KSHV- and HIV-coinfected individuals (42, 43), and its
paracrine signaling is believed to play a significant role in viral pathogenesis (44).

Since vIL-6 is known to induce the activation of the JAK/STAT signaling pathway (20,
35), we sought to determine if this pathway is involved in ITGB3 induction. First, we
found, as has been shown in other cell types (21, 24), that vIL-6 coimmunoprecipitates
with gp130 in HUVEC and that siRNA-mediated knockdown of gp130 reduced vIL-6-
induced activation of STAT3 and ITGB3 expression. Additionally, we found that phos-
phorylated STAT3 is required for vIL-6 specific induction of ITGB3. To our knowledge,
this is the first report to demonstrate a mechanism of ITGB3 expression that requires
STAT3 signaling.

Furthermore, neither overexpression of the cellular IL-6 homolog nor treatment with
recombinant hIL-6 in endothelial cells induced ITGB3 expression. A possible explana-
tion for this result is that HUVEC are more responsive to hIL-6 trans-signaling activation
that relies on the binding of the cytokine to soluble, rather than to membrane-bound,
IL-6R� (37, 38). Despite the slight activation of STAT3, levels of ITGB3 were not
increased in the presence of hIL-6. Importantly, this was circumvented when cells were
supplemented with recombinant, soluble IL-6R� that increased the levels of ITGB3 to
levels seen in vIL-6-expressing cells, confirming that induction of the pathway plays a
significant role in modulating the expression of ITGB3. In our studies, activation of
STAT3 signaling by hIL-6 alone in endothelial cells is not sufficient for ITGB3 induction,
suggesting that vIL-6 overcomes the need for IL-6R� by consistently activating the
pathway through gp130. Given that sIL-6R can be found circulating in human blood
(37) and KSHV-infected individuals have high levels of circulating viral and cellular IL-6,

FIG 8 Model of vIL-6 induction of ITGB3. Expression of vIL-6 augments JAK/STAT3 activation increasing
the levels of ITGB3, which results in higher surface expression of the heterodimer �V�3 integrin. This
process promotes vIL-6-induced endothelial cell adhesion to the ECM components fibronectin and
vitronectin and promotes tubule formation. The illustration was designed using BioRender.
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we speculate that in patients, activation of the signaling pathway by both proteins may
induce the expression of ITGB3.

Viral IL-6-HUVEC treated with a nontargeting siRNA pool have a statistically signif-
icant higher binding affinity to the ECM proteins, fibronectin and vitronectin, than do
vIL-6-HUVEC that have ITGB3 knocked down. This significant decrease in binding with
ITGB3 knockdown was unique to the vIL-6-HUVEC. Furthermore, utilizing these siRNAs,
we performed a tubule formation assay, an in vitro approach to measure angiogenic
phenotype. The vIL-6-HUVEC that still expressed ITGB3 had more branching points than
either EV-HUVEC or vIL-6-HUVEC treated with the ITGB3 siRNA. The ability of vIL-6-
HUVEC to have increased binding to fibronectin, which aids in the stability and growth
of microvessels (45, 46), and increased endothelial cell branching only when ITGB3 is
expressed hints at the importance of this induction for angiogenesis.

Altogether, our data identify the KSHV vIL-6 protein as a bona fide inducer of ITGB3.
We hypothesize that ITGB3 plays an important role in the capacity of the virus to induce
angiogenesis and endothelial cell migration. The ability of vIL-6 to be secreted from
KSHV-infected cells to affect cells in a paracrine manner further confirms the essential
role that infiltrating cells might play in KS lesions by enhancing cellular processes such
as angiogenesis. In conclusion, this report further characterizes the role of vIL-6 in
endothelial cells and its contribution to viral pathogenesis.

MATERIALS AND METHODS
Cell culture. All endothelial-cell-based assays used human telomerase reverse transcriptase (hTERT)-

immortalized human umbilical vein endothelial cells (HUVEC) cultured in EBM-2 (Lonza) or ECGM2
(PromoCell) and their respective supplement kits as described previously (47). BJAB and TREx-Rta-BCBL-1
cells were maintained in RPMI 1640 medium (Corning). The cell line iSLK.219 (harboring latent rKSHV.219)
was maintained in Dulbecco modified Eagle medium (DMEM; Corning) in the presence of 1 �g/ml of
puromycin (Corning), 250 �g/ml of G418 (Sigma), and 400 �g/ml of hygromycin (Corning). All media
were supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin-streptomycin, and
1% L-glutamine. The iSLK.219 and TREx-Rta-BCBL-1 cells were reactivated by supplementing the media
with 1 �g/ml of doxycycline for up to 24 h.

Production of lentivirus vectors and stable cell lines. Production of the empty vector (EV) and
vIL-6 lentivirus and the construction of stable cell lines were described previously (24). The hIL-6 lentiviral
vector was cloned similarly. Briefly, hIL-6 was inserted into a lentivirus vector with puromycin resistance.
Lentivirus was produced using the ViraPower lentiviral expression system (Invitrogen), and cells were
transduced by spin inoculation in the presence of Polybrene (8 �g/ml). BJAB cells expressing EV, vIL-6,
or hIL-6 were made using the same lentivirus and spin inoculation procedure.

RNA isolation and real-time qPCR. RNA was isolated from cells using the RNeasy Plus minikit
(Qiagen). cDNA was obtained from 1 �g of total RNA using the iScript cDNA synthesis kit (Bio-Rad). At
least three biological replicates were performed for each condition used in experiments, with three
technical replicates for each sample. Real-time qPCR was performed on a Quantstudio 6 Flex real-time
PCR machine (Thermo Fisher) using SensiFAST SYBR Lo-Rox real-time PCR master mix (Bioline). PCR
primer sequences used for ITGB3 were obtained from reference 48. To amplify actin cDNA, the forward
primer 5=-TCATGAAGTGTGACGTGGACATC-3= and reverse primer 5=-CAGGAGGAGCAATGATCTTGATCT-3=
were used.

Immunoblotting. Cells were collected, and lysates were prepared from washed pellets using NP-40
lysis buffer (0.1% NP-40, 150 mM NaCl, 50 mM Tris HCl [pH 8.0], 30 mM �-glycerophosphate, 50 mM NaF,
1 mM Na3VO4, and 1 Roche protease inhibitor tablet per 50 ml). Samples were clarified by centrifugation
at 16,000 � g for 10 to 15 min, and protein concentration was determined by Bradford assay (Bio-Rad).
Lysates were resolved on acrylamide SDS-PAGE gels. ITGB3 (4702S), ITGAV (4711S), gp130 (3732S),
pSTAT3 Y705 (9131S), total STAT3 (4904S), and secondary horseradish peroxidase (HRP)-conjugated
antibodies (anti-rabbit [7074] and anti-mouse [7076]) were purchased from Cell Signaling Technology
(CST). Human IL-6 antibodies were obtained from Origene (TA300413) and CST (12153S). The vIL-6
antibody was purified from the supernatant of v6m 12.1.1 hybridomas (ATCC) (49) using magnetic
protein A/G beads (Thermo Fisher). Actin (sc-47778) antibody conjugated with HRP was purchased from
Santa Cruz Biotechnology.

Coimmunoprecipitation. Cell lysates containing equal amounts of proteins from EV- and vIL-6
(FLAG-tagged)-HUVEC were precleared with EZview red protein A affinity gel (P6486; Sigma) and mouse
nonspecific IgG (sc-2025; Santa Cruz Biotechnology). Supernatants were collected and incubated with
40 �l of EZview red anti-FLAG M2 affinity gel (F2426; Sigma) overnight at 4°C. Beads were pelleted and
washed twice with lysis buffer and twice with cold Tris-buffered saline. Bound proteins were eluted with
3� FLAG peptide (F4799; Sigma). All immunoprecipitation inputs and eluted proteins were resolved in
SDS-PAGE gels, and immunoblottings were performed as described above.

Luciferase reporter assay. Two hundred thousand HEK293T cells were plated per well into a 24-well
plate. Twenty-four hours postseeding, cells were cotransfected with 500 ng/well of a vIL-6-expressing
plasmid or the corresponding EV backbone (a gift from Britt Glausinger) (50) and 150 ng/well of
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ITGB3-luciferase reporter plasmid (HPRM23183-PG04) purchased from GeneCopoeia. Transfection was
performed with Lipofectamine 3000 (Thermo Fisher) according to the manufacturer’s protocol. Super-
natants were collected 48 h posttransfection. The Gaussia luciferase and the internal control, secreted
embryonic alkaline phosphatase (SEAP), were measured using the Secrete-Pair dual-luminescence assay
kit (GeneCopoeia) according to the manufacturer’s protocol. To confirm vIL-6 expression, protein lysates
were prepared and immunoblotting was performed as described above.

Flow cytometry. Endothelial cells were plated after trypsinization and incubated for 48 h. Cells were
then collected using Versene and counted. Five hundred thousand cells per sample were washed and
resuspended in 80 �l of FACS buffer (phosphate-buffered saline [PBS], 2% FBS, 2 mM EDTA) along with
20 �l of human Fc receptor (FcR) blocking reagent (MACS Miltenyi Biotec) and then allowed to incubate
for 10 min at 4°C. Cells were then spun down and stained with 2 �g of �V�3 antibodies (MAB1976;
Millipore Sigma) in 100 �l of fluorescence-activated cell sorter (FACS) buffer and incubated on ice in the
dark for 30 min. After primary staining, cells were washed three times and then stained for 30 min on ice
in the dark with 300 ng of goat anti-mouse antibody conjugated with Alexa Fluor 488 (AF488) fluoro-
phore (Thermo Fisher). After washing off the excess secondary stain, cells were fixed in FACS buffer
containing 1% formaldehyde. Samples were run on a MACSQuant VYB flow cytometer (Miltenyi Biotec).
The analysis was conducted using FlowJo software.

Conditioned-medium preparation and treatment. HUVEC and BJAB stable cell lines were incu-
bated for 24 h in serum- or supplement-free medium. TREx-Rta-BCBL-1 and iSLK.219 cells were reacti-
vated for 24 h in complete medium. The conditioned medium was then collected, centrifuged, filtered,
and then added to naive HUVEC cells supplemented with completed medium. Lysates were harvested
24 h posttreatment.

Neutralization antibody assay. Conditioned medium from stable HUVEC and BCBL-1 cells were
created as described above except for certain wells that received 10 �g of mouse nonspecific IgG (Santa
Cruz Biotechnology) or 10 �g of purified vIL-6 antibody. Conditioned medium was then added to
immortalized HUVEC and resupplemented with the antibody. After a 24-h incubation, lysates were
collected, and immunoblotting was performed.

siRNA transfections and drug inhibitor treatment. siRNAs were transfected into cells using
Lipofectamine RNAiMax reagent (Thermo Fisher) and allowed to incubate for up to 72 h before lysate
collection or cell use in other assays. ON-TARGETplus SMARTpool siRNAs for human ITGB3 (L004124),
IL-6ST/gp130 (L005166), as well as the nontargeting control (D001810) siRNAs, were purchased from
Dharmacon. Silencer Select siRNA targeting STAT3 (4390824), as well as the respective negative control,
was obtained from Thermo Fisher. For STAT3 drug inhibition, cells were treated with 20 �M cryptotan-
shinone (MedChemExpress) or a vehicle (DMSO). Cells were incubated for 48 h posttreatment before
lysates were collected.

Recombinant human IL-6 and sIL-6R� treatment. For hIL-6 treatment, HUVEC were plated on
six-well plates with complete medium. Twenty-four hours after plating, the medium was replaced with
fresh medium containing rhIL-6 (Peprotech) at the desired concentrations. After incubating cells for 48 h
with rhIL-6, lysates were prepared and immunoblotting was performed as described above. For the
experiment with sIL-6R�, cells were treated for 24 h similarly to the above description but in the presence
or absence of sIL-6R� (GenScript).

Adhesion assay. Cells were plated in 100-mm dishes and transfected the next day with siRNAs as
described above. Cells were removed from the plate using Versene and washed in PBS twice. Cells were
resuspended in 500 �l of serum-free medium at a concentration of 106/ml. Two and a half microliters of
the fluorescent dye calcein-AM, obtained from Invitrogen Vybrant cell adhesion kit (Thermo Fisher), was
added to the cell suspension and incubated for 30 min at 37°C. During the incubation, 8-well strips that
contained either fibronectin or vitronectin (Millicoat Cell Adhesion strips; Millipore) were allowed to
warm up to room temperature and washed in PBS. After the 30-min incubation, cells were washed in
prewarmed medium three times and then diluted to 105/ml, and 100 �l was added to each well. The cells
were allowed to adhere to the ECM components for 30 min at 37°C. Nonadherent cells were removed
by gentle washing (repeated five times) in a warmed medium. After the final wash, 200 �l of PBS was
added to each well, and the fluorescence was measured on a CLARIOstar plate reader (BMG Labtech).

Tubule formation assay. EV- or vIL-6-HUVEC were plated and transfected with siRNAs as indicated
above. Forty-eight hours posttransfection, cells were detached from the plates and counted, and
1.25 � 105 cells in a total of 1 ml of complete medium were seeded on top of 300 �l of Matrigel (Corning)
in the wells of a 24-well plate. At least four images were taken per well between 3 and 4 h postseeding,
and the number of branching points was manually calculated using ImageJ.

Statistics. Statistical tests (Student’s t test for RT-qPCR, Mann-Whitney test for luciferase assay, and
Kruskal-Wallis for adhesion and tubule formation assays) were calculated using GraphPad.
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