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Human herpesvirus 8 (HHV-8) is associated with Kaposi’s sarcoma, primary effusion lymphoma, and multi-
centric Castleman’s disease; in all of these diseases, interleukin-6 (IL-6) has been implicated as a likely mi-
togenic and/or angiogenic factor. HHV-8 encodes a homologue of IL-6 (viral IL-6 [vIL-6]) that has been shown
to be biologically active in several assays and whose activities mirror those of its mammalian counterparts.
Like these proteins, vIL-6 mediates its effects through the gp130 signal transducer, but signaling is not de-
pendent on the structurally related IL-6 receptor (IL-6R; gp80) subunit of the receptor-signal transducer
complex. However, as we have shown previously, IL-6R can enhance vIL-6 signal transduction and can enable
signaling through a gp130 variant (gp130.PMS5) that is itself unable to support vIL-6 activity, indicating that
IL-6R can form part of the signaling complex. Also, our analysis of a panel of vIL-6 mutants in transfection
experiments in Hep3B cells (that express IL-6R and gp130) showed that most were able to function normally
in this system. Here, we have used in vitro vIL-6-receptor binding assays to demonstrate direct binding of vIL-6
to both gp130 and IL-6R and vIL-6-induced gp130-IL-6R complex formation, and we have extended our
functional analyses of the vIL-6 variants to identify residues important for IL-6R-independent and IL-6R-
dependent signaling through native gp130 and gp130.PMS5, respectively. These studies have identified residues
in vIL-6 that are important for IL-6R-independent and IL-6R-mediated functional complex formation between

vIL-6 and gp130 and that may be involved directly in binding to gp130 and IL-6R.

Human herpesvirus 8 (HHV-8) has been associated with all
forms of Koposi’s sarcoma (KS) and primary effusion lym-
phoma (PEL) and is found in a high proportion of affected
lymph nodes of patients with Multicentric Castleman’s disease
(MCD). The roles of interleukin-6 (IL-6) in KS and MCD have
long been suspected; IL-6 promotes the growth of KS cells in
culture, and IL-6 is present at elevated levels in KS and MCD
lesions. Recent reports have also implicated human IL-6
(hIL-6) in the growth of HHV-8 latently infected PEL cells in
soft agar and in inoculated nude mice, and hIL-6 and viral IL-6
(VIL-6) enhance tumor formation in mice (1, 2, 9). vIL-6 has
been shown to enhance the growth of PEL cells in culture,
although IL-10 and other factors also play a role, and to be a
mitogenic factor for human T-cell and murine hybridoma cell
lines (5, 13, 20, 23). Since vIL-6 has been shown to be produced
by uninduced PEL cell lines, in freshly isolated PEL tissue, and
in MCD and at least some KS lesions, it is possible that vIL-6,
in addition to hIL-6, can play a role in the development and
progression of these diseases (6, 20, 23, 26, 34). In fact, because
vIL-6 signaling is not restricted to cells expressing IL-6R (also
called gp80, the a-subunit of the IL-6 receptor), which is re-
quired for hIL-6 signaling through the gp130 signal transducer,
it is possible that vIL-6 plays a disproportionate or distinct role
in the disease process (19, 22, 24, 35).

* Corresponding author. Mailing address: Johns Hopkins Oncology
Center, 1650 Orleans St., Baltimore, MD 21231. Phone: (410) 502-
6801. Fax: (410) 502-6802. E-mail: nichojo@welchlink.welch.jhu.edu.

3325

Over the past few years, extensive work has been under-
taken to characterize IL-6 and its receptor subunits, IL-6R and
gp130. These studies include mutagenesis of ligand and recep-
tors and their use in binding and functional experiments to try
to elucidate ligand-receptor contact sites and the nature of the
functional receptor-ligand complex (see, e.g., references 3, 7, 8,
11, 14, 27, 28, 29, 30, and 37). More recently, the structures of
hIL-6 and the “cytokine receptor homology domain” (CHD) of
human gp130 (hgp130) have been elucidated through X-ray
crystallography (4, 33). Taken together, this large body of data
has provided a fairly detailed picture of how the ligand and
receptor subunits interact to form a complex that then medi-
ates, through phosphorylation of cytoplasmic tyrosine residues
of gp130, signal transduction via the Jak/STAT and mitogen-
activated protein kinase pathways. Dimerization of gp130, the
centrally important event that initiates signal transduction, oc-
curs on formation of a hexameric complex between two mol-
ecules of IL-6 and two molecules of each of the receptor
subunits (36). IL-6 can bind to IL-6R in the absence of gp130;
binding to gp130 requires prior binding of IL-6 to IL-6R.
Three receptor-binding regions (sites I, II, and III) have been
identified; site I interacts with IL-6R, whereas sites II and III
are involved in IL-6 interactions with gp130 (17, 25, 32, 33)
(Fig. 1). Site II interacts with the CHD region of gp130, while
site III interacts with the more proximal immunoglobulin ho-
mology domain. For IL-6R, several residues have been shown
to be important for IL-6 interaction and/or functional complex
formation. Some of these residues are conserved in gp130
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FIG. 1. Diagrammatic representations of the cytokine receptor homology and immunoglobulin-like domains (CHD and Ig, respectively) of
gp130 and IL-6R, their interactions with hIL-6, and complex formation resulting from these interactions. The figure on the left is a side view that
indicates the general locations (asterisks) of receptor residues known to interact with hIL-6. Sites II and III of hIL-6 interact with distinct gp130
molecules to form, in association with IL-6R, the functional hexameric complex, as shown schematically in the right panel (top view); for IL-6R,
only the hIL-6 site I-interacting CHD region is depicted (individual, lightly shaded circle), with CHD (site II-interacting) and Ig (site III-
interacting) regions of gp130 indicated as adjoined lightly and darkly shaded circles, respectively. There is strong experimental evidence for an
IL-6R-gp130 dimerization interface (27, 37), here indicated by double-headed arrows.

(which is related structurally to IL-6R) (Fig. 1), and resolution
of the structure of the CHD region of gp130 has shown that
some occur in two interstrand loops (E-F and B2-C2) that are
positioned appropriately for interactions with ligand (via site II
of hIL-6) (4). We have shown previously that alteration of
three adjacent residues within one of these loops (E-F) in the
gp130 variant gp130.PMS abrogates IL-6R-independent sig-
naling by vIL-6 (35).

In this report, we have used in vitro ligand-receptor binding
assays to demonstrate binding of vIL-6 to gp130 and IL-6R
both independently and as a complex, and we have measured
the signaling activities of our previously reported panel of
vIL-6 mutants (35) in IL-6R-independent and IL-6R-depen-
dent assays (employing transfected gp130 or gp130.PMS5 plus
IL-6R) to identify residues within vIL-6 that potentially are
important for interactions with gp130 and/or IL-6R. Two vari-
ants that were found to be defective in signaling through gp130
alone were able to abrogate native vIL-6 activity, indicating
competitive interactions with receptor. Our data demonstrate
that vIL-6 is indeed able to bind directly and independently to
IL-6R and gp130 and that vIL-6 can induce IL-6R-gp130 com-
plexing, and we identify vIL-6 residues that are important for
vIL-6-gp130 and vIL-6-gp130-IL-6R functional complex for-
mation.

MATERIALS AND METHODS

Cell culture and transfections. HEK293-T cells were grown in minimal essen-
tial medium supplemented with 5% fetal calf serum. Cells were passaged 12 to
24 h before transfection to produce monolayers of 40 to 60% confluency in
25-cm? flasks (for vIL-6 functional assays) or 100-mm dishes (for generation of
secreted proteins for receptor-ligand binding assays). Transfections were carried
out by calcium phosphate-DNA coprecipitation with HEPES-buffered saline;
cells or media were harvested 24 to 48 h posttransfection. For functional analyses
of vIL-6 variants, gp130 or gp130.PM5 plus IL-6R expression constructions (1
ng) were used together with 3 g of each vIL-6 expression vector (35) or pSGS5
(negative control) and 1 pg of pa,MCAT reporter plasmid. Where necessary,

total amounts of transfected DNA were made up to a standard amount using
pEF-BOS (receptor expression vector) DNA. For wild-type—variant vIL-6 com-
petition assays, 2 pg of each effector was used.

Plasmids and oligonucleotides. The pSGS5-based eukaryotic expression plas-
mids for vIL-6 and specifically altered derivatives have been described previously
(35). The hIL-6 open reading frame was cloned as a BamHI fragment into the
BamHI site of pSGS5 to generate an hIL-6 expression plasmid. The hIL-6R and
hgp130 expression vectors pEF-BOS-hIL-6R and pEF-BOS-hgp130 were pro-
vided by M. Narazaki and T. Kishimoto; they comprise the receptor coding
sequences cloned between the Xbal (IL-6R) or Sacl and BamHI sites of the
pEF-BOS eukaryotic expression vector (18). The pa,MCAT reporter plasmid
comprises a,-macroglobulin promoter sequences cloned upstream of the chlor-
amphenicol acetyltransferase (CAT) gene (31). The generation of the signaling-
defective gp130 variant, gp130.PMS5, has been described previously (35). Extra-
cellular regions of gp130 and IL-6R were cloned into a pSG5-based expression
vector containing human immunoglobulin G (IgG) Fc coding sequences to gen-
erate contiguous soluble gp130 (sgp130)-Fc and sIL-6R-Fc coding sequences for
the expression of these fusion proteins by transfected cells. For expression and
purification of vIL-6 protein from bacteria, the vIL-6 open reading frame was
cloned as a BamHI-Xhol fragment into the expression vector pTrcHisB (Invitro-
gen, San Diego, Calif.).

Western blotting. vIL-6 and sgp130 proteins derived from transfected cell
media were size fractionated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and electrophoretically transferred to nitrocellulose
membranes. These were blocked in TBS-T (10 mM Tris-HCI, pH 8.0; 150 mM
NaCl; 0.05% Tween 20) containing 5% nonfat milk prior to the addition of
primary antibody (0.1 to 1.0 pg/ml). Antibody used for the detection of gp130
was obtained from PharMingen (Catalog no. 33831; San Diego, Calif.); vIL-6
peptide antiserum used for the detection of vIL-6 has been described previously
(35); hIL-6 antibody was obtained from R&D System (catalog no. AB-206-NA;
Minneapolis, Minn.). After washing in TBS-T containing 5% nonfat milk, horse-
radish peroxidase (HRP)-conjugated anti-mouse (gp130), anti-rabbit (vIL-6), or
anti-goat IgG secondary antibody (Santa Cruz Biotechnology [Santa Cruz, Calif.]
catalog numbers sc-2005, sc-2004, and sc-2020, respectively) diluted 1:2,000 was
used to detect filter-bound primary antibody. HRP on TBS-washed filters was
visualized by the chemiluminescence assay.

Bacterially produced vIL-6. Hisc—vIL-6 fusion protein was extracted from
pTrcHisB- vIL-6-transformed bacteria and purified by Ni>™ affinity chromatog-
raphy. For this, 250-ml cultures of bacteria in log-phase growth were induced by
the addition of IPTG (isopropyl-B-p-thiogalactopyranoside) to a final concen-
tration of 1 mM and incubated at 18°C overnight. Cells were harvested by
centrifugation, resuspended in 10 ml lysis buffer (50 mM sodium phosphate, pH
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8.0; 300 mM NaCl), and sonicated to disrupt the cells. Following centrifugation
(10,000 X g, 20 min), the cleared lysate was loaded onto a Ni** affinity column
(Hi-Trap; Pharmacia Biotech, Piscataway, N.J.), which was then washed with
lysis buffer containing 10 mM imidazole. Bound His,—vIL-6 fusion protein was
eluted in lysis buffer containing 250 mM imidazole.

vIL-6-receptor binding assays. Binding of vIL-6 to purified gp130 and IL-6R
was determined by using a microplate binding assay in which wells were coated
with either sgp130 or sIL-6R (75 ng/well) in NaHCO; at pH 9.6 (overnight, 4°C)
prior to blocking with 10% fetal calf serum in phosphate-buffered saline (PBS;
2 h, room temperature), application of vIL-6 protein (4 h, room temperature),
and detection of bound vIL-6 by vIL-6 antiserum (35)-HRP-conjugated a-rab-
bit-IgG secondary antibody (1-h incubations at room temperature for each).
Visualization of bound HRP was effected by application of 2,2'-azinobis(3-
ethylbenzthiazolinesulfonic acid) (ABTS)—citric acid (2 ug of ABTS/ml; 100 mM
citric acid), and the relative amounts of bound HRP were quantified by measur-
ing the optical density at 450 nm (OD,s() in a microplate spectrophotometer.
Extensive washing with PBS-0.05% Tween 20 was performed between each step
of the assay. Purified sgp130 and sIL-6R proteins were obtained from R&D
Systems and detection reagents from Santa Cruz Biotechnology. Purified Hiss—
vIL-6 protein was used at doses ranging from 25 to 200 ng (in 100 wl of PBS).
Analogous experiments were undertaken with rhIL-6 (R&D Systems catalog no.
206-IL) using 100 ng of the cytokine per binding assay, and immunological
detection was achieved using HRP-conjugated o-hIL-6 antibody (R&D Sys-
tems catalog no. AB-206-NA). Assays of vIL-6 binding to sgp130-Fc, gp130.PM5-
Fc, or sIL-6R-Fc fusion proteins, vIL-6.24 binding to sgp130-Fc, hIL-6 binding to
IL-6R-Fc, and ligand-induced gp130 associations with IL-6R-Fc were carried out
using the component proteins derived from growth media of HEK293-T cells
transfected with the appropriate expression vectors. Next, 400-pl aliquots of
ligand and receptor samples (or pSGS controls) were incubated with protein
A-Sepharose (Pharmacia Biotech catalog no. 170974) at 4°C overnight, and the
matrix and bound material were then subjected to repeated centrifugation and
washing in PBS. Denatured samples were applied to SDS-polyacrylamide gels
and transferred to nitrocellulose for Western analysis to detect vIL-6, hIL-6, or
gp130.

RESULTS

Interactions of vIL-6 with gp130 and IL-6R. Previously pub-
lished data have shown that vIL-6, unlike hIL-6, can signal
through gp130 alone, in the absence of IL-6R (19, 22, 35).
However, it has also been reported that IL-6R neutralizing
antibodies can partially inhibit vIL-6 activity and that IL-6R
can enhance vIL-6 signaling through gp130 or enable signaling
through an otherwise nonfunctional variant, gp130.PMS5, in
cotransfection assays, indicating that IL-6R can form part of
the signaling complex induced by vIL-6 (5, 35). To identify
direct interactions of vIL-6 with gp130 and IL-6R, we used two
distinct in vitro binding assays, one employing purified recep-
tor subunits in enzyme-linked immunosorbent assay (ELISA)
and the other utilizing receptor-Fc fusion proteins in copre-
cipitation experiments.

In the first approach, sIL-6R and sgp130 proteins were used
to coat the wells of assay plates, to which purified, bacterially
expressed His,—vIL-6 protein or recombinant hIL-6 was ap-
plied; wells were subsequently washed, and bound ligands were
detected and quantified with a-vIL-6-a-rabbit-IgG-HRP or
a-hIL-6-HRP reagents and ABTS-based colorimetric analysis
(see Materials and Methods). The results of these assays (Fig.
2A) demonstrated binding by vIL-6 to both sIL-6R and sgp130;
hIL-6 bound sIL-6R but not sgp130 (in isolation), as has been
shown previously. No significant binding was detected when
IL-6 protein was added to wells containing no receptor protein
(Fig. 2A), nor in controls in which no a-vIL-6 detection anti-
body was used prior to the addition of a-rabbit-IgG-HRP (data
not shown). Furthermore, no binding of His;-DHFR protein
(50 ng) to wells coated with either sIL-6R or sgp130 was de-
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FIG. 2. In vitro binding of vIL-6 to IL-6R and gp130. (A) ELISA
techniques (see Materials and Methods) were used for the detection of
binding by vIL-6 and hIL-6 of sgp130 and sIL-6R. For vIL-6, various
amounts (25 to 200 ng) of bacterially produced, purified His;—vIL-6
fusion protein were applied to microassay plate wells coated with
sIL-6R or sgp130 or to untreated wells (Blk). After incubation and
washing, bound ligand was detected with vIL-6 rabbit antiserum (35)
and HRP-conjugated a-rabbit-IgG secondary antibody. Visualization
and quantitation was carried out using ABTS reagent and the deter-
mination of the OD,s, (top panel). Analogous assays were undertaken
with rhIL-6 using HRP-conjugated o-hIL-6 as the detection antibody.
Experiments were performed in triplicate using 100 ng of ligand (bot-
tom panel). (B) vIL-6 binding to IL-6R and gp130 was determined also
by coprecipitation assays using transfected cell media containing sIL-
6R-Fc (RFc) or sgp130-Fc (gpFc) together with media containing
vIL-6 (see Materials and Methods). Protein A-Sepharose-precipitated
material was analyzed by Western blot for the detection of vIL-6.
Analogous experiments were undertaken with hIL-6. Inclusion of
sgp130 in the sIL-6R-Fc/ligand-binding assays, followed by Western
analysis to detect coprecipitated sgp130, demonstrated that vIL-6, in
addition to hIL-6, could induce gp130-IL-6R complexing. Experiments
using vIL-6 or hIL-6 in the absence of Fc fusion protein or sIL-6R-Fc
plus sgp130 in the absence of ligand were included to control for
nonspecific binding of proteins to protein A-Sepharose.
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tected in separate experiments giving positive results for vIL-6
binding, thus ruling out the possibility of nonspecific binding of
the His, tag to the receptor subunits (data not shown).

To confirm the results of our plate assays, we used copre-
cipitation assays to detect associations of vIL-6 with gp130 and
IL-6R. The soluble receptor subunits were expressed as IgG Fc
fusion proteins by transfection of HEK293-T cells with appro-
priate expression vectors (see Materials and Methods). These
proteins, VIL-6 and hIL-6, were derived from transfected cell
media for use in the protein A-Sepharose-mediated coprecipi-
tation assays; precipitated ligands were detected by Western
analysis. As shown in Fig. 2B (top panels), both sgp130-Fc
and sIL-6R-Fc fusion proteins were able to precipitate vIL-6,
whereas only low background levels of vIL-6 were detected in
the absence of receptor fusion protein. Similar results were
obtained using sIL-6R-Fc and hIL-6 in this assay (Fig. 2B, top
panel of bottom pair). To determine whether vIL-6 could in-
duce gp130-IL-6R complexing, similar experiments were un-
dertaken in which IL-6R-Fc- and sgpl30-containing media
were mixed either in the presence or in the absence of vIL-6,
and subsequent Western analysis was used for the detection of
precipitated sgp130. Analogous experiments were undertaken
with hIL-6 to provide a positive control. The results of these
assays (Fig. 2B) demonstrate that vIL-6, like hIL-6, can induce
interactions between gp130 and IL-6R, thereby providing di-
rect evidence of vIL-6—-gp130-IL-6R complexing.

The combined data from our in vitro binding assays demon-
strate that vIL-6 can interact with both IL-6R and gp130 and
that vIL-6 can induce interactions between gp130 and IL-6R.
These data are consistent with our previously reported findings
from vIL-6 functional assays of enhancement of gp130 signal-
ing and “rescue” of gp130.PMS5 signaling by IL-6R (35).

IL-6R-independent signaling by vIL-6 variants through gp130.
We previously reported on the generation, by targeted mu-
tagenesis, of a series of specifically altered vIL-6 proteins that
were assayed for function by reporter-based transfection assays
conducted in Hep3B cells, which naturally express gp130 and
IL-6R (35). Only two (variants 15 and 24, “site III” mutants) of
a panel of 28 altered proteins (Table 1) were found to be
defective for signaling (although appropriately expressed) in
this experimental system, despite the targeting for mutagenesis
of residues whose equivalents in hIL-6 were shown to affect
hIL-6-receptor binding or that were highly conserved between
vIL-6 and IL-6 proteins from several different species. We
decided to investigate the possibility that vIL-6 variants other
than 15 and 24 might be abrogated in their ability to signal
through to gp130 alone. We used cotransfection assays to over-
express gpl130 and each of the vIL-6 variants in turn, together
with the STAT-inducible reporter pa, MCAT, in HEK293-T
cells (see Materials and Methods).

Initial experiments were performed to confirm that high
level induction by vIL-6 of the pa,; MCAT reporter was depen-
dent on cotransfection of pEFBOS-hgp130 and that cotrans-
fection of the gp130 expression vector alone had no effect on
CAT expression (Fig. 3A). The profile of signal transduction
by vIL-6 and its derivatives through overexpressed gp130 alone
generally paralleled that obtained previously in Hep3B cells
(35) (Fig. 3B). It is notable, however, that several of the vIL-6
variants showed somewhat reduced or enhanced activities rel-
ative to wild-type vIL-6, while being functionally equivalent to

J. VIROL.
TABLE 1. Mutated residues in vIL-6
Position(s) Residue(s) Change(s) Mutant no. Comments
13 G W 1 Conserved
41, 43 W, L F,G 19 Site II
54 C D 2 Conserved
G 3
60 C S 4 Conserved
L 5
75 P S 7 Conserved
83 C G 8 Conserved
88 F L 20 Site I
93 C G 9 Site I
W% 10
103-105 EFE EGG 22 Site 1
GVA 23
129 T L 11 Site II
A 12
151 P F 13 Conserved
S 14
167 W G 15 Site III
R 16
167, 172 W, A R, P 24 Site III
183 F W% 17 Conserved
G 18
E 29
L 31
189 R L 25 Site I
S 26
C 27
195 P Stop 28 C-tail deletion

vIL-6 in the Hep3B system (35). For those proteins with re-
duced activity, such as variants 2, 17, 18, 20, 22, and 29, this
could indicate that IL-6R (expressed in Hep3B cells) can sta-
bilize otherwise lower-affinity interactions between some of the
vIL-6 variants and gp130, a situation akin to the stabilization of
hIL-6-IL-6R interactions by complex formation with gp130.

Functional competition and receptor binding by gp130 sig-
naling-defective vIL-6 variants. To assess whether the vIL-6
variants 15 and 24 that were essentially inactive in the gp130
transfection assay might be able to bind to gp130, further
transfection experiments were undertaken using each of the
variants together with wild-type vIL-6. We hypothesized that if
inhibition of vIL-6 by the nonsignaling variants occurred, this
would most likely be because of competition for receptor bind-
ing. The transfection experiments used equal amounts of wild-
type, vIL-6.15, and vIL-6.24 expression vectors cotransfected,
either alone or in combination, with pEFBOS-hgp130 and the
pa,MCAT reporter plasmid. The results of these experiments
are shown in Fig. 4. When transfected individually, the vIL-6
effectors led to levels of signaling similar to those obtained in
previous experiments, with native vIL-6 leading to over 10-fold
activation, relative to the pSGS5 control, and the vIL-6 variants
being functionally inactive. When vIL-6 was transfected with
vIL-6 variants 15 or 24, activation by the wild-type protein was
almost completely inhibited. These data suggest that vIL-6 va-
riants 15 and 24 are able to bind to gp130 and to inhibit gp130-
vIL-6 interactions and/or vIL-6-induced gp130-gp130 func-
tional dimerization.

To determine directly the gp130 binding activity of vIL-6
variant 24 relative to wild-type vIL-6, we used sgp130-Fc fusion
protein together with vIL-6.24 or vIL-6 proteins in protein
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FIG. 3. Signaling by vIL-6 variants through overexpressed gp130. (A) Dependence on overexpressed gp130 of high-level activation of the STAT
binding site-containing pa, MCAT reporter plasmid was tested by comparing the levels of CAT expression in HEK293-T cells cotransfected with
pSGS5-VIL-6 plus pa,MCAT and either pEF-BOS-hgp130 or the empty pEF-BOS expression vector. Similar transfection experiments were
performed in which pSGS5 was substituted for pSG5-vIL-6 to ensure that gp130 overexpression alone did not influence pa, MCAT expression. (B)
pSGS5-cloned vIL-6 (WT) and vIL-6 variants (see Table 1), or pSGS5 (P, negative control), were cotransfected into HEK293-T cells, together with
pEF-BOS-hgp130 and pa,MCAT. Cells were harvested 2 days after transfection, and CAT activities present in cell extracts were assayed to
determine the relative activities of each of the vIL-6 variants relative to wild-type vIL-6. The results of duplicate experiments are shown.

A-Sepharose-mediated coprecipitation assays (see above and
Materials and Methods). Detection of precipitated sgp130-Fc
(to control for efficient and uniform precipitation) and vIL-6
proteins was achieved by Western analysis using peptide anti-
sera specific for these proteins. The expression and relative
amounts of vIL-6 and vIL-6.24 in the transfected cell media
used in the binding assays were determined by Western anal-
ysis of samples of each. The results of a representative exper-
iment are shown in Fig. 5A and indicate that vIL-6 variant 24
binds with reduced affinity to sgp130. Whether this level of
binding is sufficient to account for the inhibition of wild-type
vIL-6 activity by vIL-6.24 through direct competition for bind-
ing is uncertain, but it is possible that within the context of
cell-expressed gp130, vIL-6.24 is able to bind (nonfunctionally)
with high affinity to gp130 monomers or to gp130 in higher-

order complexes (e.g., those involving gp130 dimers). Clearly,
gp130 binding by vIL-6.24 is incompatible with the view that
this vIL-6 variant is functionally negative because it cannot
recognize gp130.

IL-6R-dependent signaling by vIL-6 variants through
gpl130.PM5. To examine the effects of the various vIL-6
alterations on signaling involving IL-6R-mediated complex
formation, we made use of the IL-6R-dependent CHD E-F
loop-altered gp130 protein, gp130.PMS, described previously
(35). Since this gp130 variant is unable to signal indepen-
dently of IL-6R, we used it as a means of testing, by co-
transfection assays, the vIL-6 variants for their ability to
signal through gp130.PM5-IL-6R complexes and so identify
amino acid residues in vIL-6 that might be important for IL-6R
recognition and/or functional vIL-6-gp130-IL-6R complex
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FIG. 4. Inhibition of gp130-mediated vIL-6 signaling by function-
ally negative vIL-6 variants. Plasmids expressing vIL-6 variants 15
or 24, or pSG5 (P), were cotransfected with pEF-BOS-hgp130 and
pa,MCAT and either pSG5-vIL-6 or pSGS5. Results with pSG5 con-
firmed those obtained previously (Fig. 3B); these altered vIL-6 pro-
teins are unable to signal through gp130. Coexpression of variants 15
and 24 with vIL-6 resulted in almost complete inhibition of vIL-6
signaling. The results of duplicate experiments are shown.

formation. Initially, however, we sought to determine the
likely effect of the PMS5S mutation (residues Y,90FV 9
changed to AAA) on vIL-6 binding, as determined by co-
precipitation assays using gp130.PM5-Fc (see Materials and
Methods). The results of these assays are shown in Fig. 5B
and demonstrate the reduced ability of gp130.PMS5 to bind
vIL-6. This supports our earlier hypothesis (35) that
gp130.PMS5 cannot form stable interactions with vIL-6 and that
IL-6R complexes with gp130.PMS5 and vIL-6 to allow signaling
through gp130.PMS5.

In cotransfections of the vIL-6 variant expression construc-
tions with gp130.PMS5 and IL-6R, the results were very different
from those obtained in Hep3B cells (35) and in the gp130 co-
transfection studies (Fig. 3B). The data from the gp130.PM5-
IL-6R cotransfection experiments (Fig. 6) identified several
vIL-6 variants (i.e., variants 2, 9, 10, 11, 14, 16, 17, 18, 20, 22,
25,27, 28, 29, and 31), in addition to variants 15 and 24, that
were greatly abrogated in their ability to signal (less than 25%
of wild-type). The amino acid changes in these proteins oc-
curred in positions corresponding to site I (variants 9, 10, 20,
22, 25, and 27), site II (variant 11), a conserved F, g, residue
previously reported to be important for high-affinity cell sur-
face binding by hIL-6 (16) (variants 17, 18, 29, and 31), loci
containing interspecies-conserved residues (variants 2 and 14),
and the C-terminal 10 amino acids of vIL-6 (deleted in variant
28) representing an “extension” relative to endogenous IL-6
proteins. It is likely that these residues occur in regions that
are important for direct interactions of vIL-6 with IL-6R
and/or gp130. Multiple receptor interaction points in vIL-6
would allow “bridging” between neighboring IL-6R and gp130
proteins to allow complex formation between vIL-6 and IL-
6R—gp130 dimers; disruption of protein-protein interaction in-
terfaces in gp130.PM5 (vIL-6-gp130) and the signaling-de-
fective vIL-6 variants (VIL-6-IL-6R or vIL-6—gp130) would
thus affect the formation of stable vIL-6-1L-6R—gp130 com-
plexes and signaling. For the vIL-6 variants that are specifically
defective in the gp130.PM5-IL-6R-type transfections, it is un-
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certain from these data whether they are defective for binding
to gp130, IL-6R, or both receptor subunits or, indeed, whether
they bind to the receptor subunits but are impaired in their
ability to form signaling complexes.

Signaling-defective vIL-6 variants do not inhibit vIL-6 ef-
fects through gp130.PM5-IL-6R. Competition experiments
similar to those undertaken with vIL-6, gp130, and the vari-
ants 15 and 24 (Fig. 4) were performed to determine whether
vIL-6 proteins showing reduced activity through cotransfected
gp130.PMS5-IL-6R could inhibit IL-6R-dependent signaling by
wild-type vIL-6 through gp130.PMS5. Several of the functionally
defective variants, including 15 and 24, were cotransfected with
native vIL-6, gp130.PM5, and IL-6R, and the levels of CAT
activity in the cell extracts were compared with those from cells
transfected with pSGS5 instead of competitor. The results of

A

vil-6 gpFc gpFc gpfFc
P P viké  v24
-y S P ESER
- - - ' viL-6
vi-6  v24
“Input” - - vil-6

vi-6 gpFc gpFc pmbFc
P P vil-6  vil-6

M gp130
—
- —u-\ vil-6

FIG. 5. Interactions of vIL-6 and derivatives with gp130 and
gp130.PMS5. Media from cells transfected independently with vIL-6,
vIL-6.24 (v24), sgp130-Fc (gpFc), and sgp130.PMS5-Fc (pmSFc) expres-
sion plasmids or pSG5 (negative control; P) were mixed, as indicated,
precipitated with protein A-Sepharose, and size fractionated by SDS-
PAGE, and component proteins were detected by Western blot anal-
ysis (see Materials and Methods). (A) The relative gp130 binding
activities of vIL-6 and vIL-6.24 were determined from the amounts of
coprecipitated vIL-6 protein. The amounts of sgp130-Fc protein pre-
cipitated were equivalent (top panel). The first lane shows no cross-
reaction of the gp130 antibody with proteins binding (nonspecifically)
to the protein A-Sepharose; there was a protein species, migrating
slightly slower than vIL-6, that cross-reacted with the vIL-6 antiserum.
The relative amounts of the vIL-6 proteins present in samples of the
transfected cell media used in the binding assays are indicated (bottom
panel). (B) Similar experiments using sgp130.PM5-Fc showed that
vIL-6 was not coprecipitated with the altered receptor subunit but was
coprecipitated with sgp130-Fc.
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FIG. 6. IL-6R-dependent signaling of vIL-6 variants through gp130.PM5. Transfection assays similar to those outlined in Fig. 3 were carried
out to investigate the profile of activities of the vIL-6 variants, relative to pSGS (P) and vIL-6 (WT) signaling through overexpressed gp130.PMS5
and IL-6R. The results of duplicate experiments are shown.

these experiments are shown in Fig. 7. None of the vIL-6 DISCUSSION

variants was able to substantially inhibit vIL-6 activity, indicat-
ing a lack of competitive binding to gp130.PMS5 and IL-6R. For
variants 15 and 24, the results in this system contrast sharply
with those obtained in gp130 transfected cells (Fig. 4), suggest-
ing that gp130 binding, abrogated by the PM5 mutation (Fig.
5), is essential for the inhibitory effects of vIL-6.15 and vIL-
6.24 on vIL-6 signaling through gp130.

Numerous studies, using a variety of approaches, including
X-ray crystallography, mutagenesis, and in vitro and in vivo
binding assays, have been undertaken to determine the struc-
tures of hIL-6, IL-6R, and gp130 and the basis of their inter-
actions. It has been determined that there are three main
receptor-interaction sites of hIL-6 (sites I, I, and III) that are

gp130.PM5 + IL-6R

70

% Acetylation

PP 9 11 14 151920222425272829

+ viL-6

FIG. 7. Effects of functionally altered vIL-6 variants on vIL-6 signaling through gp130.PM5-IL-6R. Cotransfections of selected vIL-6 variants
or pSGS5 (P) with wild-type vIL-6 and gp130.PMS5, IL-6R, and pa,MCAT were undertaken (see Materials and Methods). The CAT activities
present in cell extracts from duplicate experiments are shown.
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TABLE 2. Summary of transfection data for
functionally altered” vIL-6 variants

VIL-6 gp130  gpl30-IL-6R

b
variant Hep3B transfection  transfection Comments
WT  +++ +++ +++
9 +++ +++ + Site I, Cy3G
10 +++ +++ + Site I, Co; W
20 ++++  ++ + Site I, Fgl
22 +++ ++ + Site I, FE,(sGG
23 +++ +++ ++ Site I, EFE,,;GVA
25 +4++ ++++ + Site I, R, gL
26 +++ +++ ++ Site I, R,goS
27 +++ ++++ + Site I, R,C
11 +++ ++ + Site II, T,,L
19 +++ ++++ ++ Site I, W,,F + LG
15 + + - Site III, W, ,G; dominant
negative®
16 +++ +++ + Site III, W, ;R
24 + - - Site III, W ;R + A,,,P;
dominant negative®
2 +++ ++ + Cy,D
3 +++ +++ ++ .G
13 +++ +++ ++ P, F
14 +++ +++ + Ps,S
17 +4++ ++ + F,sW
18 +++ ++ + F,s:G
29 +++ ++ - F,:E
31 +++ ++ + F gL
28 +++ +++ + C-terminal deletion (resi-

dues 195 to 204)

“ Signaling efficiencies relative to wild type (WT) vIL-6 are indicated: ++++,
>125%; +++, 75 to 125%; ++, 25 to 75%; +, 10 to 25%; —, 0 to 5%. Scoring
less than 35% wild-type vIL-6 activity in at least one assay.

’ Data from transfections of IL-6R™ gp130* Hep3B cells (35).

¢ Determined by cotransfection with vIL-6 and gp130 (Fig. 4).

involved in interactions with IL-6R (site I) and in hIL-6-IL-6R
associations with gp130 (sites II and IIT). However, the precise
nature of the hIL-6 interactions with IL-6R and gp130 and the
conformational structure of the hexameric signaling complex
formed between ligand and receptor subunit dimers remain to
be determined. Binding assays using specifically altered hIL-6
or receptor subunit molecules have been extremely useful for
the identification of residues likely to be involved in ligand-
receptor interactions, but it has not been possible to examine
hIL-6-gp130 interactions in the absence of IL-6R. The fact
that vIL-6 can bind directly to gp130 affords the opportunity to
examine vIL-6—gp130 interactions more directly.

In the present study we have established that vIL-6 interacts
directly with gp130 and IL-6R and induces gp130-IL-6R com-
plex formation and have utilized our panel of vIL-6 variants in
cotransfections with gp130 and gp130.PM5-IL-6R to examine
residues important for IL-6R-independent and IL-6R-depen-
dent signaling. The main findings from our functional assays
are summarized in Table 2, and models for their interpretation
are shown in Fig. 8. Of relevance to interactions of vIL-6 with
gp130 was the finding that vIL-6 residues W,4, and A,,,, oc-
curring in site III and altered in variants 15 and 24 and that we
previously found were unable to signal in Hep3B cells (which
express gp130 and IL-6R), were also functionally defective in
the gp130 and gp130.PM5-IL-6R cotransfection studies pre-
sented here and vIL-6.24 showed reduced in vitro binding to
gp130. This suggests that the site III variants have altered
interactions with gp130. However, both acted as dominant
negatives in competition with vIL-6 in gp130 cotransfection

J. VIROL.

assays, indicating that they can form stable, possibly higher-
order (but nonfunctional) complexes with gp130 within the
context of the cell. This conclusion is supported by the finding
that variants 15 and 24 failed to influence signaling by wild-
type vIL-6 through gp130.PMS, in the presence of IL-6R;
gp130 binding is therefore necessary for inhibition of vIL-6
signaling. These data indicate that the functional deficiencies
of vIL-6 variants 15 and 24 are likely to be due to their inabil-
ities to induce higher-order signaling complexes with gp130
(involving appropriately conformed gp130 dimers) rather than
their failure to recognize gp130.

With regard to signaling by vIL-6 variants through gp130.PM5
in the presence of IL-6R, many of the vIL-6 alterations led to
significant decreases in signal transduction. These signaling
deficiencies could be due to effects of the mutations on vIL-6
binding to IL-6R and/or gp130 or on the formation or confor-
mation of higher-order signaling complexes. For hIL-6, exper-
imental and structural data have indicated that distinct regions
of hIL-6 interact with IL-6R (site I), gp130 cytokine receptor
homology domain (site II), and gp130 immunoglobulin-like
domain (site IIT) (10, 12, 15, 21, 25, 36). By analogy, our
functional data for vIL-6 variants 9, 10, 20, 22, 23, 25, 26, and
27 (altered in site I and showing reduced IL-6R-dependent
signaling activities) and variants 15 and 24 (altered in site III
and being negative in both IL-6R-independent and IL-6R-
dependent functional assays) can be explained by effects of the
amino acid alterations on IL-6R and gp130 (immunoglobulin
domain) binding, respectively (Fig. 8). Decreased activities of
site IT variants 11 and 19 in IL-6R-dependent signaling through
the gp130 CHD E-F loop variant gp130.PM5 are likely to
reflect decreased interactions with distinct site II-interacting
gp130 CHD residues (Fig. 8). Other vIL-6 variants (i.e., vari-
ants 2, 3, 13, 14, 17, 18, 28, 29, and 31) that showed reduced
IL-6R-dependent signaling through gp130.PM5 may be altered
in their abilities to bind IL-6R or gp130.

The data presented here have established that HHV-8-en-
coded VvIL-6 can bind directly and independently to IL-6R
(reported by others not to be involved in vIL-6 signaling [19,
22]) and gp130 and can induce gp130-IL-6R complexing, and
we have identified residues in vIL-6 that affect vIL-6 signaling
through gp130 alone or through IL-6R-dependent gp130.PMS5
and that may represent receptor subunit interaction sites. Re-
sults from the in vitro binding assays are in agreement with our
previous functional data from gp130.PMS5-IL-6R cotransfec-
tions (35) indicating that vIL-6, like other IL-6 proteins, can
complex with gp130 and IL-6R, although clearly they also are
consistent with the previously reported ability of vIL-6 to bind
to and signal through gp130 in the absence of IL-6R (19, 22,
35). Data from our IL-6R—gp130.PM5 cotransfection assays
demonstrate that residues in vIL-6 that correspond to site I
and site III regions of hIL-6 are important for IL-6R-depen-
dent signaling through gp130.PMS5 and may represent analo-
gous receptor-binding interfaces. However, we have also iden-
tified additional residues, namely Cs,, P,s,, F,55, and the
C-terminal region of vIL-6, that also are important for IL-6R—
gp130.PMS signaling and that may include additional receptor
binding residues. Future delineation of differences in vIL-6 and
hIL-6 receptor recognition and signaling complex formation
could potentially be exploited to specifically block the action of
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FIG. 8. Models of vIL-6 interactions with gp130 and IL-6R, formation of functional signaling complexes, and effects of vIL-6 mutations on
complex formation. Functional complexes, in which gp130 molecules (marked by white dots) are brought into close proximity, result from
interactions of vIL-6 (e.g., via sites I and II) with different gp130 molecules. Amino acid changes affecting but not destroying interaction sites (e.g.,
the PMS5 mutation in gp130, which occurs in one of two loci predicted to interact with vIL-6 site II) are indicated by parentheses [(X), (I), (II)];
site IIT changes in vIL-6 variants 15 and 24 (indicated by an “X” at the appropriate position in vIL-6) are presumed to abolish receptor interactions
through this site.
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