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Human Herpesvirus 8 Viral Interleukin-6 Signaling through gp130
Promotes Virus Replication in Primary Effusion Lymphoma and

Endothelial Cells
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The contributions of human herpesvirus 8 (HHV-8) viral interleukin-6 (vIL-6) to virus biology remain unclear. Here we exam-
ined the role of vIL-6/gp130 signaling in HHV-8 productive replication in primary effusion lymphoma and endothelial cells. De-
pletion and depletion-complementation experiments revealed that endoplasmic reticulum-localized vIL-6 activity via gp130 and
gp130-activated signal transducer and activator of transcription (STAT) signaling, but not extracellular signal-regulated kinase
(ERK) activation, was critical for vIL-6 proreplication activity. Our data significantly extend current understanding of vIL-6

function and associated mechanisms in HHV-8 biology.

uman herpesvirus 8 (HHV-8) is associated with multicentric
Castleman’s disease, primary effusion lymphoma (PEL), and
Kaposi’s sarcoma (1-3). HHV-8-encoded viral interleukin-6
(VIL-6) promotes cell growth and survival, inflammation, and an-
giogenesis and is implicated in pathogenesis (4-9). However, its
role in normal virus biology remains unclear. Viral IL-6 and its
human IL-6 (hIL-6) homolog share ~25% sequence identity, fold
into similar three-dimensional structures, and initiate signaling
through similar complexes (10-15). Human IL-6 forms hexam-
eric signaling complexes comprised of two gp80 receptor sub-
units, two gp130 signal transducers, and two hIL-6 molecules
(gp80,-gp130,-1L-6,) (10). Viral IL-6 can also form signaling hex-
amers at the cell surface, but its unique signaling from the endo-
plasmic reticulum (ER) occurs via tetrameric complexes (gp130,-
vIL-6,) exclusively (8, 12, 15, 16). Viral IL-6 can be expressed
duringlatent stages, in addition to lytic stages, of the viral life cycle
(8,17). Latently infected PEL cell viability is maintained in part via
vIL-6/gp130 signaling from the ER and also through its inter-
action with vitamin K epoxide reductase complex subunit 1 vari-
ant 2 (VKORC1v2) (7, 18); the latter contributes to productive
replication as well (19). Upon vIL-6-induced gp130 dimerization,
phosphorylation of specific gp130 tyrosine residues initiates either
signal transducer and activator of transcription 1 and 3 (STAT1/3)
(Y67 Ygour Yoos and Yg,5) or mitogen-activated protein kinase
(MAPK) (Y,5,) signaling (20-23). Activated STAT3 and extracel-
lular signal-regulated kinase 1 and 2 (ERK1/2) have been shown to
promote growth and survival of PEL cells, and vIL-6/gp130 sig-
naling contributes (7, 24). The goal of this study was to determine
the role of vIL-6/gp130 signaling in HHV-8 lytic replication in
PEL and endothelial cells.
gp130 and vIL-6 promote HHV-8 replication in PEL and en-
dothelial cells. The gp130 signal transducer was depleted in
TRExBCBLI-replication and transcription activator (RTA) and
JSC-1 PEL cells (26, 27) and in TIME-TRE/RTA endothelial cells
(28) latently infected with HHV-8 1219 (29) using previously es-
tablished techniques (7, 8). Following depletion, lytic replication
was induced with doxycycline (Dox) or 12-O-tetradecanoylphor-
bol-13-acetate (TPA) and sodium butyrate (NaB). HHV-8 was
collected from PEL and endothelial cell culture media, and infec-
tious viral titers were determined as undertaken previously (19).
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Depletion of gp130 led to decreased HHV-8 titers in PEL (~3-
fold) and endothelial cell (>8-fold) cultures (Fig. 1A, B, and C).
Similarly, vIL-6 depletion in endothelial cells reduced viral titers
by ~3-fold (Fig. 1D). Rates of reactivation, measured by ORF59
antigen immunofluorescence (PEL cells; data not shown) and red
fluorescent protein (RFP) imaging (Fig. 1C and D, bottom), were
equivalent in depleted and control cultures. Combined, these data
identify the importance of gp130 for productive replication in PEL
and endothelial cells and the involvement of vIL-6 in support of
productive replication in endothelial cells in addition to BCBL-1 and
JSC-1 cells, which we previously reported (19). In contrast to effects
on reactivated productive replication, gp130 or vIL-6 depletion had
no substantial effect on latency titers (measured 3 days postinfection)
following de novo infection of endothelial cells (Fig. 1E), a process
known to involve a burst of expression of a subset of lytic genes,
including vIL-6, prior to rapid latency establishment (30, 31).

ER-localized vIL-6/gp130 signaling contributes to produc-
tive replication. Dox-inducible TRExBCBL1-RTA PEL cells were
used to test the ability of gp130 signaling-competent and ER-re-
tained vIL-6 to rescue the vIL-6 depletion phenotype. As before,
lentiviral vectors encoding either control (NS) or vIL-6 mRNA-
directed short hairpin RNAs (shRNAs) were used for transduc-
tion. Depletion of vIL-6 led to reduced virus production (lucifer-
ase control), and this phenotype could be rescued with lentiviral
vector-transduced vIL-6.KDEL (ER-retained [8]) but not with
vIL-6.W,4,G.KDEL (ER-retained and gpl130 dimerization-in-
competent in the ER [7, 32]) (Fig. 2). These data identify the
involvement of ER-localized vIL-6/gp130 signaling in support of
HHV-8 productive replication.

gp130-mediated STAT signaling, but not ERK signaling, sup-
ports HHV-8 replication. To determine the significance of gp130-
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FIG 1 Involvement of gp130 and vIL-6 in promotion of HHV-8 productive replication. (A) HHV-8 titers following gp130 depletion in TREXBCBL1-RTA cells. The
gp130 signal transducer was depleted in TREXBCBLI-RTA cells using lentivirus-encoded shRNAs (nonsilencing [NS] control or gp130-specific) described previously
(7). Two days postransduction of lentiviral vectors, cell numbers were normalized and cultures were treated with doxycycline (1 pg/pl) to induce RTA expression and
Iytic reactivation. Media were collected following 4 days of induction, and virus was pelleted by ultracentrifugation. Aliquots of harvested virus were applied to naive
TIME-TRE/RTA cells to determine infectious virus titers by staining for latency-associated nuclear antigen (LANA) as described previously (19). Multiple random fields
were assessed to quantify the number of LANA-positive (LANA™) cells in the total [4’,6'-diamidine-2-phenylindole (DAPI)-positive] population. Densities of viable
(trypan blue-excluding) TREXBCBL1-RTA cells at the time of medium harvest were not negatively affected by gp130 transduction (1.31 X 10° and 1.41 X 10° cells per
ml for NS shRNA-transduced duplicate cultures versus 1.75 X 10° and 1.83 X 10° cells per ml for gp130 shRNA-transduced cells). Frequencies of reactivation, as
determined by immunostaining for ORF59-encoded early antigen, were unaffected (data not shown). (B) Importance of gp130 in HHV-8 replication in JSC-1 cells.
JSC-1 cells were depleted of gp130 (as described for panel A) and induced with sodium butyrate (NaB; 0.5 wM) and 12-O-tetradecanoylphorbol-13-acetate (TPA; 20
ng/ml) for 12 h and then continuously treated with TPA for 3 days. Released virus was pelleted from culture media and quantified as before. (C and D) Influence of gp130
and vIL-6 on HHV-8 replication in endothelial cells. TIME-TRE/RTA cells were first infected with HHV-8 r219 virus (29) at a multiplicity of infection yielding an
infection rate (determined by the proportion of cells positive for green fluorescent protein [GFP]) of ~90%; these cells were negative for RFP, confirming that they were
latently infected. Cells were then transduced with shRNA-encoding lentiviral vectors (NS [control], gp130-specific, or vIL-6-specific [8]) 2 days post-HHV-8 infection
and induced with doxycycline (1 pg/ml) 1 day post-lentiviral transduction. Lentiviral vector-encoded GFP, expressed above levels arising from latent r219 HHV-8
genomes, was used to monitor lentiviral infection, achieved in >90% of cells. HHV-8 reactivation was monitored by visualizing RTA-induced RFP expression from 1219
viral genomes via fluorescence after doxycycline treatment (examples shown). Media containing virus were collected for 6 days and pooled prior to virus concentration
and titration. TIME-TRE/RTA cells were visibly unaffected by gp130 or vIL-6 depletion, and rates of apoptosis (percent annexin V-Cy3* cells) were equivalent in gp130-
and vIL-6-depleted and NS shRNA-transduced cultures (data not shown). (E) NS, gp130, and vIL-6 shRNA-transduced TIME-TRE/RTA cells were infected with a
subsaturating infectious dose (~50% GFP™) of HHV-8 r219 2 days post-lentiviral transduction to determine possible effects of gp130 and vIL-6 depletion on de novo
infection and establishment of latency, as determined by LANA staining 3 days post-HHV-8 1219 infection. For all panels, data were derived by counting LANA™ cells
in multiple (>6) fields, together comprising 200 to 300 cells, to obtain the percentage of LANA*/DAPI™ cells. Average values from duplicate cultures are shown; error
bars represent deviations of individual values from the means.

activated STAT versus ERK signaling in HHV-8 replication, we em-  cloned gp130 open reading frames (ORFs) for complementation en-
ployed signaling-altered gp130 variants in gp130 depletion-rescue  coded wild-type gp130 (WT), gpl130.STAT-Ys (Y,5F mutated;
experiments. Four C-tail tyrosines of gp130 initiate STAT1/3 signal-  ERK1/2 signaling-null), gp130.ERK-Y (Y5, only; STAT1/3 signal-
ing, and one induces MAPK signaling (20-23). Lentiviral vector-  ing-null),and gp130.AYs (inactive). Functional testing in transfected

12168 jvi.asm.org Journal of Virology


http://jvi.asm.org

TRExBCBL1-RTA

+Dox

Virus titer (% LANA* cells)

NS vIiL-6 NS vIL-6 NS VvIL-6

shRNA shRNA shRNA
rescue: vIL-6.K  W,s,G.K luciferase
vIL-6.K  W,;6,G.K
vg g v g g
VIL-6 —»
GAPDH >
-RT -RT
cell counts
5
4 4
=)
S 3
€
2
2%
°©
o
1 4
0 4

NvNVNVNVNVNYVSsh

V.K vie;.K luc  v.K vy.K luc rescue
day 0 day 4

FIG 2 Importance of ER-localized vIL-6/gp130 interaction for HHV-8 repli-
cation. TREXBCBL1-RTA cells were transduced with lentiviral expression vec-
tors encoding KDEL motif-tagged (ER-retained) and shRNA-resistant forms
of vIL-6 (vIL-6.K) or vIL-6.W,,G (W,4,G.K) (7, 8) or with lentivirus encod-
ing luciferase (negative control). Two days posttransduction, cells were trans-
duced with control (NS) shRNA-encoding lentivirus (N) or lentivirus express-
ing vIL-6-specific ShRNA (v). Dually transduced cells were then normalized
for cell density and induced the following day with doxycycline. Virus was
collected and titers were determined as before (see Fig. 1 legend). RNA was
harvested from a subset of cells, and cDNA was amplified for vIL-6.KDEL (7)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; used for normal-
ization and positive control) mRNA to verify expression of the introduced
vIL-6 genes (v, vVIL-6 reverse transcription [RT]-PCR; g, GAPDH RT-PCR;
—RT, no reverse transcriptase). Densities of viable cells at the time of Dox
treatment (day 0, normalized) and at virus harvest (day 4) are shown (bottom
panel). v.K, vIL-6-KDEL; v,,.K, vIL-6.W,,G-KDEL; luc, luciferase.

cells verified that in the presence of vIL-6, introduced WT and
gp130.STAT-Ys induced STAT3 phosphorylation above levels
supported by endogenous gp130, and gp130.ERK-Y exclusively
induced phospho-ERK levels (Fig. 3A). Unexpectedly, WT
gp130 did not support detectable ERK signaling in response to
vIL-6, but the same result was seen for hIL-6 in the presence of
overexpressed gp80 (data not shown). In TRExBCBLI1-RTA-
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FIG 3 Contributions of gp130-mediated STAT and ERK signaling to HHV-8
productive replication. (A) Functional assessment of gp130 signaling-tyrosine
variants. HEK293T cells were cotransfected with empty vector (—) or vIL-6
plasmid (+) together with empty lentiviral vector or lentiviral vectors express-
ing wild-type gp130, gp130.STAT-Ys (Y,s,F-mutated), gp130.ERK-Y (Y5,
only; other C-tail tyrosines mutated to F), or gp130.AYs (pan-Y-to-F-mu-
tated). Two days postransduction, cells were lysed for Western blot analysis to
detect phospho-STAT3 (pSTAT3) and pERK as indicators of gp130-activated
STAT and MAPK pathways. (B) Role of STAT and ERK signaling in vIL-6/
gp130 promotion of HHV-8 replication. TRExXBCBL1-RTA PEL cells were
transduced with empty lentiviral vector (pDUET001 [39]) or vectors express-
ing Flag-tagged wild-type gp130, gp130.STAT-Ys, gpl30.ERK-Y, or
gp130.AYs. Two days postransduction, cells were transduced with either NS
(control) or gp130-specific shRNA-encoding lentiviral vectors. Following
doxycycline-induced HHV-8 reactivation for 4 days, virus was collected and
titers were determined as described previously. To verify appropriate expres-
sion of wild-type gp130 and the tyrosine-mutated gp130 variants, we lysed a
subset of cells in TRIzol for preparation of RNA samples. RNA was reverse
transcribed and amplified using 3'-Flag- and 5'-gp130-directed primers (TA
GATGGCGGTGATGGTATTT and CTTGTCATCGTCGTCCTTGTA) to as-
sess expression of transduced gp130-Flag mRNAs. GAPDH-specific primers
were used for normalization and to provide a positive control. Flag, gp130-Flag
RT-PCR; g, GADPH RT-PCR; —RT, no reverse transcriptase.
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FIG 4 Role of STAT3 in HHV-8 replication in PEL and endothelial cells. (A) TRExXBCBL1-RTA cells were transduced with control (NS) and STAT3 (ST.3)-
specific shRNA-encoding lentiviral vectors. After 2 days, lytic reactivation was induced with doxycycline for 4 days, and virus was then collected and concentrated
from culture media for titration. Experimental procedures and data collection and calculations were as outlined in the legend to Fig. 1. Subsets of transduced cells
were harvested at the time of induction and lysed for Western blot analysis to verify STAT3 depletion. Densities of viable (trypan blue-excluding) cells were
normalized at the time of lytic induction (day 0) and determined at the end of the experiment (day 4) (bottom panel). (B) The same analyses were undertaken
for JSC-1 cultures induced with TPA/NaB and harvested after 4 days for virus titration. A subset of cells was lysed for Western blotting at the time of induction
to verify STAT3 depletion. Densities of viable cells at the start and end of the experiment are shown (bottom). (C) Doxycycline-induced TIME-TRE/RTA cultures
were analyzed in the same way except that virus was harvested following 6 days of doxycycline treatment; parallel cultures were harvested at the time of induction
for Western blot analysis. Cultures were not visibly affected by STAT3 depletion during the course of infection (not shown). (D) Rates of apoptosis (% annexin
V-Cy3"/DAPI" cells) in similarly transduced TIME-TRE/RTA cultures were unaffected by STAT3 depletion.

based depletion-complementation experiments, WT and gp130. Contribution of STAT3 to HHV-8 replication. As previous
STAT-Ys, but not gp130.ERK-Y or negative controls gp130.AY  reports have demonstrated the importance of STAT3 for latent
and empty vector, fully rescued replication (Fig. 3B), indicating  PEL cell proliferation and viability (7, 24), we examined its role in
that STAT signaling alone is sufficient for vIL-6/gp130-mediated  productive replication. STAT3 depletion led to reduced HHV-8
support of HHV-8 replication. titers induced from both PEL and endothelial cell cultures, al-
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though effects in TPA/NaB-induced JSC-1 cultures were modest
despite robust STAT3 depletion (Fig. 4). The latter may reflect
different PEL cell-specific thresholds of STAT3 functionality or
different dependencies on STAT3 for support of HHV-8 replica-
tion. It is important to note that viable cell densities at the end of
the experiment were equivalent in NS and STAT3-directed
shRNA-transduced cultures (Fig. 4A and B, bottom), indicating
that proproliferative and antiapoptotic activities of STAT3 oper-
ating in latently infected PEL cells (7, 24) do not account directly
for diminished replication resulting from STAT3 depletion in re-
activated cultures. Also, STAT3 depletion in TIME-TRE/RTA
cells had no detectable effect on cell viability (Fig. 4D). Our data
show that STAT3 supports HHV-8 replication, and together with
the vIL-6 and gp130 depletion-rescue data (Fig. 2 and 3) indicate
that vIL-6/gp130 signaling via STAT3 contributes significantly to
the proreplication activities of vIL-6 and gp130.

The likely role of vIL-6 in pathogenesis has been described in
numerous reports (4-9). However, investigation of the role of
vIL-6 in HHV-8 replication is restricted to one study of vIL-6-null
virus replication in (HHV-8-negative) BJAB cells, which noted no
phenotype (33), and our own preliminary vIL-6 depletion exper-
iments in PEL cells (19). The present study significantly extends
these previous reports, demonstrating that vIL-6 promotes
HHV-8 productive replication in endothelial cells in addition to
PEL cells, that gp130 contributes significantly to HHV-8 replica-
tion in these cell types, that vIL-6 activity via gp130 can be medi-
ated largely or exclusively through ER-localized signaling via
tetrameric complexes, and that STAT3 signaling, but not gp130-
activated MAPK signaling, is likely critical for vIL-6/gp130-en-
hanced replication. While it is possible that gpl30-activated
STAT]1 signaling could also contribute, the lack of detectable ef-
fects of STAT1 depletion on PEL cell growth (7) coupled with the
well-established role of STATI in promotion of antiviral inter-
feron and apoptotic signaling (34) indicates that this is unlikely. It
is noteworthy that previous studies have reported the importance
of STATS3 signaling for the replication of viruses, including vari-
cella-zoster virus (VZV) and hepatitis C virus (35, 36). For VZV,
STAT3-activated survivin was found to be involved in proreplica-
tion activity, reflecting the prosurvival activities of STAT3 via sur-
vivin reported for PEL cells (24). However, human cytomegalovi-
rus blocks STAT3 phosphorylation, though it requires it for
optimal replication, and mouse cytomegalovirus induces phos-
phorylation of STAT3 but not STAT3-responsive cellular genes,
suggesting novel, virus-redirected activities of the transcription
factor (37, 38). Our findings of vIL-6/gp130 and STAT3 involve-
ment in HHV-8 productive replication could facilitate the devel-
opment of therapeutic interventions for the treatment of HHV-8-
associated diseases, to which productive replication contributes
significantly.
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