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Epstein-Barr virus-induced gene 3 (EBI3) is a subunit of the
composite cytokines IL-27 and IL-35. Both have beneficial func-
tions or effects in models of infectious and autoimmune dis-
eases. This suggests that administration of EBI3 could be thera-
peutically useful by binding free p28 and p35 to generate IL-27
and IL-35. IL-27- and IL-35-independent functions of EBI3
could compromise its therapeutic uses. We therefore assessed
the effects of EBI3 on cytokine receptor-expressing cells. We
observed that EBI3 activates STAT3 and induces the prolifera-
tion of the IL-6-dependent B9 mouse plasmacytoma cell line.
Analyses using blocking mAbs and Ba/F3 transfectants express-
ing gp130 indicate that EBI3 activity was linked to its capacity to
mediate IL-6 trans-signaling, albeit less efficiently than soluble
IL-6Ra. In line with this interpretation, co-immunoprecipita-
tion and SPR experiments indicated that EBI3 binds IL-6. An
important pro-inflammatory function of IL-6 trans-signaling is
to activate blood vessel endothelial cells. We observed that EBI3
in combination with IL-6 could induce the expression of chemo-
kines by human venal endothelial cells. Our results indicate that
EBI3 can promote pro-inflammatory IL-6 functions by mediat-
ing trans-signaling. These unexpected observations suggest that
use of EBI3 as a therapeutic biologic for autoimmune diseases
will likely require co-administration of soluble gp130 to prevent
the side effects associated with IL-6 trans-signaling. Together
with previous studies that demonstrated activation of IL-6R by
p28 (IL-30), new findings further suggest a complex interrela-
tion between IL-27 and IL-6.

Epstein-Barr virus-induced gene 3 (EBI3)? encodes a 34-kDa
soluble cytokine receptor that shares homologies with the p40
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subunit of IL-12 and IL-23 and the non-signaling « chain recep-
tors of the IL-6 cytokine family (ciliary neurotrophic factor and
IL-11 receptors) (1). As indicated by its name, EBI3 was identi-
fied as a transcript induced in B cells by Epstein-Barr virus
infection (2). EBI3 expression in peripheral blood cells can be
triggered by mitogen activation (2). In vivo, EBI3 is present in
interfollicular cells in tonsils, perifollicular cells in the spleen,
and placental syncytial trophoblasts (3).

EBI3 pairs with IL-30 (p28) to form IL-27 (4), or, alterna-
tively, with the p35 subunit of IL-12 to form IL-35 (5) (Fig. 1).
Both IL-27 and IL-35 belong to the IL-6/IL-12 family of cyto-
kines (6). IL-27 is mainly produced by activated dendritic cells
and macrophages in response to Toll-like receptor ligands
and pro-inflammatory cytokines (7). Its receptor comprises a
unique IL-27Rea chain and the gp130 chain shared with mem-
bers of the IL-6 cytokine family (Fig. 1) (8). Initially identified as
a CD4™" T cell activator (4), IL-27 can induce signaling in a large
array of immune and non-immune cells, notably T, B, and mye-
loid cells. IL-27 has pleiotropic functions, including the regula-
tion of inflammation in multiple models of infectious diseases
(9). For example, it induces the secretion of IL-10 and limits
inflammatory responses (10). It also inhibits Th17 CD4™ T cell
differentiation and shows promising effects in EAE models of
multiple sclerosis (11, 12). Like other cytokines of the IL-12
family, IL-27 has potent anti-tumor effect in mouse models of
cancer (13).

IL-35 is a composite cytokine produced by regulatory T cells
(14). Like IL-27, IL-35 has anti-inflammatory roles in models of
infectious diseases and EAE. IL-35, akin to IL-10 and TGF-j,
promotes the differentiation of human and mouse induced T
regulatory cells (iTR35) that play a key role in infection toler-
ance and contribute to tumor progression (15). IL-35 induces
ex vivo conversion of mouse or human B cells into IL-35 or
IL-10 producing B-cells (16). Studies using cells deficient in
hematopoietin receptor chains revealed that IL-35 signals
through unconventional receptors comprising IL-12RB2 or
gp130 homo- or heterodimers (Fig. 1) (17).

EBI3 lacks the cysteine homologous to the residue forming
the interchain disulfide bond in IL-12 and IL-23, indicating that
cytokines involving EBI3 may be more unstable than their
counterparts that utilize p40 (1). Furthermore, the p28 subunit
of IL-27, IL-30, which can be secreted independently of EBI3
(18) is an IL-6 receptor (IL-6R) ligand with pro-inflammatory
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Figure 1. EBI3 participates in the composite cytokines IL-27 and IL-35
and could be implicated in IL-6 trans-signaling.

activities (19, 20). This suggests that injection of EBI3 or EBI3
derivatives such as EBI3-Fc fusion proteins could have thera-
peutic anti-inflammatory effect by favoring the formation of
IL-27 and IL-35 complexes in vivo.

EBI3, like p40, can be secreted independent of its cytokine
subunit partners (4, 21). Secreted p40 homodimers have been
shown to bind IL-12R and to have specific biological activities
(22-25). Therefore, we investigated whether EBI3 has func-
tions outside IL-27 or IL-35 complexes and whether such func-
tions could adversely affect the therapeutic use of recombinant
EBI3 or EBI3 derivative in inflammatory or autoimmune dis-
eases. We observed that EBI3 can activate gp130-expressing
cells by mediating IL-6 trans-signaling (Fig. 1).

Results

mEBI3 activates the IL-6-dependent mouse plasmacytoma cell
line B9

The B9 cell line is a mouse IL-6-dependent plasmacytoma
widely used to measure mouse IL-6 biological activity (26). We
previously generated a derivative of this cell line transfected
with the IL-27Ra ¢cDNA that responds to IL-27 (Fig. 2B, left
panel) (20). We observed that the IL-27Ra-expressing B9 cells
(B9-IL-27R) also respond in a dose-dependent manner to
recombinant mEBI3 (Fig. 2B, right panel). To assess whether
the observed effect reflects the capacity of mEBI3 to recruit and
activate the IL-27Ra, we tested the effect of mEBI3 on the
unmodified B9 cells that express only the IL-6Ra and therefore
do not respond to IL-27 (Fig. 24, left panel). Unexpectedly,
these cells also proliferated in response to mEBI3 (Fig. 24, right
panel). Because mEBI3 can form a composite cytokine with the
IL-12 p35 subunit (IL-35) shown to activate homodimers of the
signal transducing subunit of gp130 (Fig. 1) (17), we assessed
the expression of p35 mRNA by B9 cells by real-time RT-PCR.
No expression could be detected, suggesting that the observed
proliferation was not due to the formation of IL-35 by an inter-
action between the exogenous EBI3 and B9-secreted p35 (data
not shown).
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Figure 2. EBI3 activates IL-6-dependent mouse plasmacytoma cell line
B9. Untransfected B9 cells (A) or B9 cells stably transfected with mouse
IL-27Ra: cDNA (B) were incubated with the indicated concentrations of mEBI3,
IL-6, IL-3, or IL-27 for 72 h, and proliferation was measured by fluorescence using
the AlamarBlue® colorimetric assay. Error bars indicate the S.D. of triplicate cul-
tures. The data are representative of three independent experiments.

The mEBI3-induced B9 cell proliferation can be inhibited by
anti-IL-6 and anti-gp 130 mAbs

B9 cells express low levels of IL-6 mRNA and proliferate in
response to soluble IL-6R« in a dose-dependent manner (26).
This proliferation is believed to reflect trans-signaling induced
by the formation of a soluble IL-6Ra-IL-6 complex (10, 26).
We therefore investigated whether mEBI3 can substitute for
IL-6Ra and promote B9 proliferation by trans-signaling (Fig. 1).
Because this signaling would imply the formation of a complex
between recombinant mEBI3 and B9-secreted IL-6 followed by
the recruitment and activation of gp130 by this initial complex
(27), we first assessed the effect of blocking anti-IL-6 and anti-
gp130 mAbs on EBI3-induced proliferation. Isotype-matched
rat IgG was used as negative control. A marked inhibition of the
mEBI3-induced B9 proliferation was observed by blocking
either the gp130 receptor (Fig. 3A) or the B9-secreted IL-6 (Fig.
3B). These results indicate that both IL-6 and gp130 were
involved in B9 proliferative response, supporting the hypothe-
sis that mEBI3 could substitute for IL-6R« in the activation of
gp130 by trans-signaling (Fig. 1).

The mEBI3-induced B9 cell proliferation can be inhibited by
the trans-signaling inhibitory mAb 25F10

We further explored the mechanism involved in the activa-
tion of B9 by mEBI3 using the mAb 25F10. This mAb, which
was generated at Novimmune using the IL-6:IL-6Ra complex
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Figure 3. EBI3-induced B9 cell proliferation can be inhibited by anti-IL-6, anti-gp130, and 25F 10, a mAb that block IL-6 trans-signaling. Untransfected
B9 cells were incubated with mEBI3 (500 ng/ml), IL-6 (0.01 ng/ml), or IL-27 (100 ng/ml) with or without anti-gp130 (A), anti-IL-6 (B), 25F10 (C), or anti-IL-6R (D)
mAbs. Proliferation was measured as described in the legend to Fig. 2. Error bars indicate the S.D. of triplicate cultures. Statistical differences between IL-6 *
mAbs and EBI3 == mAbs were determined using Student's t test. ***, p < 0.001; **, p < 0.01. The data are representative of three independent experiments.

as immunogen, can prevent IL-6 trans-signaling (28). The addi-
tion of mAb 25F10 inhibited B9-IL-27R cell proliferation
induced by IL-6 but not by IL-27, included as control (Fig. 3C).
Interestingly, 25F10 mAb also inhibited the proliferation of
B9-IL-27R cells induced by mEBI3 (Fig. 3C). To investigate
whether the observed proliferation was IL-6R-independent, we
assessed the effect of blocking anti-IL-6Ra mAb on IL-6, EBI3,
or IL-27-induced proliferation using the B9-IL-27R transfec-
tants: although IL-6-induced proliferation was inhibited, either
EBI3 or IL-27 proliferations were unaffected in the presence of
blocking anti-IL-6R mAb (Fig. 3D). Collectively, these results
suggest that mEBI3 can form a trans-signaling complex with IL-6
and that the EBI3-IL-6 and IL-6RaIL-6 complexes are sufficiently
similar for recognition by the same mAb. In line with this hypoth-
esis, the epitope recognized by the mAb 25F10 has been mapped
near Glu-261 in the D3 mlIL-6Ra domain (28). This residue
diverge between mouse, human, and rat IL-6a (28) or between
IL-6Rw and EBI3 (28) but precedes the conserved Phe-262 (29).

mEBI3 activates STAT3 phosphorylation in B9 and CD4 T cells,
and this phosphorylation is blocked by anti-IL-6 mAb

We analyzed whether induction of B9 cell proliferation was
paralleled by activation of the JAK/STAT pathway. Although
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15 min of stimulation with IL-6 induced a clear STAT3 tyrosine
phosphorylation, no signal was observed in response to mEBI3
(Fig. 4A). Because activation of B9 by a trans-signaling mecha-
nism involving an EBI3-IL-6 complex would require a secretion
of IL-6 in the B9 culture medium unlikely to occur in 15 min, we
tested the effect of longer incubation. Interestingly, overnight
incubation with mEBI3 resulted in a STAT3 phosphorylation
detectable by flow cytometry (Fig. 44) or Western blot (Fig. 4C)
that could be prevented by the inclusion of a blocking anti-IL-6
mAb (Fig. 4, A and C). B9 transfectants expressing IL-27Ra
were used as control for the specificity of the blocking anti-IL-6
mAD (Fig. 4, B and C). Induction of STAT3 phosphorylation
could be observed with EBI3 concentrations ranging from 0.5 to
2 pg/ml (Fig. 4C). These results indicate that mEBI3 can induce
the JAK/STAT signaling pathway in B9 cells and confirm the
implication of IL-6 in the activation of B9 cells. To assess
whether mEBI3 could also induce STAT3 phosphorylation in
primary mouse cells, we stimulated mouse splenocytes with
IL-6, IL-27, or mEBI3 for 15 min or 16 h and analyzed STAT3
phosphorylation in CD4 T cells by flow cytometry (Fig. 5).
Whereas no STAT3 activation could be detected in cells incu-
bated with mEBI3 for 15 min, a detectable signal was observed
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Figure 4.EBI3 activates STAT3 phosphorylation in B9 cells, and this phosphorylation is IL-6-dependent. A, B9 cells were stimulated with mEBI3 (1 wg/ml),
IL-27 (100 ng/ml), or IL-6 (100 ng/ml) for 15 min or 16 h with or without anti-IL-6 mAb. B, B9 cells stably transfected with mouse IL-27Ra cDNA were stimulated
with IL-27 (100 ng/ml) for 15 min with or without anti-IL-6 mAb. The cells were fixed, permeabilized, and stained with FITC-labeled anti-pSTAT3. Fluorescence
was assessed by flow cytometry. The filled histograms indicate unstimulated cells. Mean fluorescence intensity values of the unstimulated (upper left corners)
and stimulated cells (upper right corners) are indicated in the histograms. C, B9 cells were stimulated with mEBI3 (0.5, 1, or 2 ug/ml) for 16 h, IL-27 (100 ng/ml),
or IL-6 (100 ng/ml) for 15 min with or without anti-IL-6 mAb. D, B9 cells stably transfected with mouse IL-27Ra cDNA were stimulated with IL-27 (100 ng/ml) for
15 min with or without anti-IL-6 mAb. Cell lysates were analyzed by Western blot using anti-pSTAT3 or anti-STAT3 followed by anti-rabbit IgG-HRP. The data are

representative of three independent experiments.

at 16 h. This signal could be prevented by the inclusion of a
blocking anti-IL-6 mAb (Fig. 5), suggesting that it was induced
by a complex formed between the recombinant mEBI3 and
IL-6 secreted by the splenocytes. To investigate whether the
observed EBI3-induced STAT3 phosphorylation was IL-6R-
independent, we assessed the effect of blocking anti-IL-6Ra
mAb inclusion during the splenocyte stimulation. Although the
IL-6-induced STAT3 phosphorylation was blocked by anti-
IL-6R mAb, it did not affect the EBI3 and IL-27-induced STAT3
phosphorylation (Fig. 5B). These results indicate that EBI3 can
activate the JAK/STAT pathway in CD4 T cells independently
of the canonical IL-6/IL-6R signaling and suggest that EBI3 can
form an active complex with IL-6.

EBI3 forms a secreted complex with IL-6

Next, we evaluated the binding between EBI3 and IL-6 by
co-immunoprecipitation (Fig. 6). We generated stable HEK-
293 transfectants expressing IL-6, IL-27 (i.e. co-expressing
EBI3 and IL-30), or a combination of EBI3 and IL-6. Both EBI3
and IL-6 were detected in respective transfectant cell culture
medium (Fig. 6A4). When EBI3 was immunoprecipitated with a
specific mAb, co-immunoprecipitation of IL-6 could be detected
(Fig. 6A, bottom panel). As expected, no signal for IL-6 was
observed when the co-immunoprecipitation assays were per-
formed using medium containing IL-6 alone or IL-27 (Fig. 64,

SASBMB

bottom panel). To investigate whether both mouse and human
EBI3 could bind IL-6, His-Biotin-tagged mouse or human EBI3
was incubated with unconjugated mouse or human IL-6, and the
mix was subjected to IMAC. Co-immunoprecipitation of EBI3 and
IL-6 could be detected using HRP-labeled streptavidin to reveal
EBI3 and anti-IL-6 to detect IL-6 (Fig. 6B). As expected, no signal
was observed when co-immunoprecipitation assays were per-
formed using medium containing only IL-6 (Fig. 6B). These results
indicate that both mouse and human EBI3 can bind IL-6.

IL-6 binding to EBI3 could be detected by SPR

We further proved binding of EBI3 with IL-6 with SPR mea-
surements. EBI3 was covalently immobilized on the surface of
the SPR chip and incubated with IL-6. A shift of ~3.5 nm was
observed with IL-6 (Fig. 7, A and D). When EBI3 immobilized
on the SPR chip was incubated with identical concentrations of
IL-11, a background shift of 0.8 nm was observed (Fig. 7, C and
D). When equal concentrations of soluble G-CSFR were immo-
bilized on the surface by the same manner, a background shift
of 0.8 nm was observed with IL-6 (Fig. 7, B and D). The signif-
icantly larger SPR response for EBI3-IL-6 confirms the selectiv-
ity of interaction between these proteins. We then used SPR to
estimate the dissociation constant (K,) of the EBI3-IL-6 com-
plex, which was measured at 4.1 um (Fig. 7E). These data fur-
ther indicate that EBI3 can bind IL-6.

J. Biol. Chem. (2017) 292(16) 6644-6656 6647
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Figure 5. EBI3 activates STAT3 phosphorylation in CD4* T cells, and this
phosphorylation is blocked by anti-IL-6 mAb. A, mouse splenocytes were
stimulated with mEBI3 (1 wg/ml), IL-27 (100 ng/ml), or IL-6 (10 ng/ml) for 15
min or 16 h with or without anti-IL-6 mAb. B, mouse splenocytes were stimu-
lated with mEBI3 (1 wg/ml), IL-27 (100 ng/ml), or IL-6 (10 ng/ml) for 15 min or
16 h with or without anti-IL-6R mAb. The cells were fixed, permeabilized, and
stained with APC-labeled anti-CD4 and FITC-labeled anti-pSTAT3. Fluores-
cence was measured by flow cytometry. Histograms represent the fluores-
cence of the cells gated for CD4 expression. The filled histograms indicate
unstimulated cells. Mean fluorescence intensity values of the controls (upper
left corners) and stimulated cells (upper right corners) are indicated in the his-
tograms. The data are representative of three independent experiments.

mEBI3-IL-6 activates gp130-expressing Ba/F3 cells

Recombinant fusion proteins between sIL-6Ra-IL-6 (“hyper-
IL-6”) in which the complex s stabilized by a flexible linker have
been widely used to demonstrate that the sIL-6Ra-IL-6 complex
can activate cells expressing only gp130 (“trans-signaling”) (Fig.
1) and to investigate the role of IL-6 trans-signaling (30). We
therefore assessed whether a structurally analogous fusion
between EBI3 and IL-6 could, like hyper-IL-6, activate gp130-
expressing Ba/F3 cells. Ba/F3 was chosen because this IL-3-de-
pendent cell line does not express IL-6Rq, can be rendered sen-
sitive to other cytokines by transfection with the relevant
receptor cDNA, and has been widely used to study type I cyto-
kine receptors (31). As expected, expressions of gp130 rendered
Ba/F3 cells sensitive to hyper-IL-6, as well as to IL-27, because
Ba/F3 spontaneously express IL-27Ra (32) (Fig. 84, left panel).
No proliferation in response to either IL-6 (Fig. 84, left panel)
or EBI3 alone could be detected (Fig. 84, right panel), confirm-
ing that these transfectants do not constitutively express either
IL-6 or IL-6R« and are therefore suitable for investigating the
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trans-signaling capacity of the EBI3-IL-6 fusion. A clear prolif-
eration in response to the EBI3-IL-6 fusion protein was
observed (Fig. 8A, right panel). The EBI3-IL-6 fusion protein
could also stimulate the activation of STAT3 (Fig. 8B). The
up-regulation of STAT3 phosphorylation induced by 30 min
stimulations with 1 pg/ml of EBI3-IL-6 was, however, substan-
tially lower than that induced by hyper-IL-6 at 100 ng/ml. Alto-
gether, these results indicate that EBI3 can mediate IL-6 trans-
signaling, albeit less potently than sIL-6Ra.

EBI3-IL-6 binds immobilized gp130

We covalently immobilized human soluble gp130 on the sur-
face of the SPR chip and incubated it with hEBI3-IL6 fusion or
hEBI3. Although the scarcity of the purified protein limited the
concentration that could be used to a maximum ~55 times
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response for the EBI3 + IL-6 binding partners, while controls with EBI3 modified SPR chip had a significantly lower response to IL-11 than EBI3 + IL-6, or a
G-CSFR modified SPR chip exposed to IL- 6. E, dose-response curve for IL-6 with an EBI3 modified SPR chip. The concentration of K, is shown as the dotted line

in the figure. The data are representative of three independent experiments.

lower than that used for the IL-6 binding to EBI3, a smaller,
albeit significant shift of ~0.5 nm was observed (Fig. 9, A and
C), whereas no signal was detected with EBI3, indicating that
hEBI3-IL-6 binds gp130 (Fig. 9, B and C).

Induction of chemokine production by EBI3-mediated IL-6
trans-signaling

Previous reports indicate that IL-6-induced chemokine pro-
duction by HUVEC is strictly mediated by trans-signaling and
that it can be induced using combinations of IL-6 and sIL-6R«
(33). Therefore, we used this system to investigate whether
EBI3 could mediate trams-signaling on human cells. When
HUVEC were stimulated for 4 h in the presence of sIL-6Ra and
IL-6, a strong up-regulation of MCP-1 and MCP-3 mRNA (Fig.
10A4) or MCP-1 and MCP-2 (Fig. 10C) production could be
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observed. Interestingly, up-regulation of MCP-1 and MCP-3
mRNA levels or production was also induced by the conjunc-
tion of hIL-6 and hEBI3, albeit less efficiently (Fig. 10, A and C).
As expected, no chemokine mRNA or protein level up-regulation
was detected when cells were stimulated with hIL-6 alone, con-
firming that trans-signaling (Fig. 1) was required for the induction
of chemokine production by HUVEC. Up-regulation of MCP-1
and MCP-3 mRNA levels could be detected with EBI3 concentra-
tions between 0.5 and 2 pg/ml (Fig. 10B). These results indicate
that EBI3 can mediate IL-6 trans-signaling in human cells.

EBI3-mediated IL-6 trans-signaling can be induced by EBI3-IL-
6 fusion protein and inhibited by anti-gp 130 mAb

We next observed that the up-regulation of MCP-1 and
MCP-3 secretion can also be induced by the conjunction of
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Figure 8. EBI3-IL-6 fusion protein activates gp130-expressing Ba/F3
cells. A, BAF/3 cells stably transfected with mouse gp130 cDNA were incu-
bated with the indicated concentrations of mEBI3, IL-6, IL-27, mEBI3-IL-6
fusion (EBI3-IL-6 Fus), or hyper-IL-6 for 72 h. Proliferation was measured as
described in the legend to Fig. 1. The error bars indicate the S.D. of triplicate
cultures. B, BAF/3-gp130 were stimulated with mEBI3 (1 wg/ml), mEBI3-IL-6
fusion (1 wg/ml), or hyper-IL-6 (100 ng/ml) for 30 min. The cells were fixed,
permeabilized, and stained with FITC-labeled anti-pSTAT3. Fluorescence was
measured by flow cytometry. The filled histograms indicate unstimulated
cells. Mean fluorescence intensity values of the non-stimulated (upper left
corners) and stimulated cells (upper right corners) are indicated in the histo-
grams. The data are representative of three independent experiments.

hIL-6 and hEBI3 (Fig. 10C) or the hEBI3-IL-6 fusion (Fig. 10D)
and that the responses induced by the combinations of sIL-6Ra
and IL-6, of EBI3 and IL-6 or hEBI3-IL-6 can be inhibited by the
inclusion of anti-gp130 mAb (Fig. 10, C and D). These results
indicate that EBI3 can mediate IL-6 trans-signaling through
gp130.

Discussion

IL-6 is a cytokine that elicits a broad range of immune and
acute phase responses with both pro- and anti-inflammatory
functions. The dual role of this cytokine, at least in part,
depends on the nature of the signaling pathway induced: IL-6
“classical” cis-signaling involving membrane IL-6Ra is believed
to maintain body homeostasis, whereas IL-6 trans-signaling via
the soluble IL-6 receptor mediates most pro-inflammatory
responses (34, 35). We and others observed that IL-30, the p28
subunit of IL-27, has functions unrelated to its capability to
form a complex with EBI3: it can activate the IL-6 receptor by
cis- or trans-signaling and can trigger the differentiation of B
cells in plasmocytes (19, 20, 36). That EBI3 also has roles unre-
lated to IL-27 is suggested by publications indicating its pres-
ence in tissues negative for p28: no significant p28 expression
was detected in EBI3-secreting Hodgkin lymphoma-derived
cell lines, in Epstein-Barr virus-transformed B cell lines (37),
or in EBI3-expressing tumor-infiltrating dendritic cells (37).
Although the report did not rule out that these cells express
p35, the authors suggested that EBI3 regulates immune
response independently from its association to p28. In accord-
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ance with this hypothesis, EBI3 is involved in transplantation
tolerance induced by tolerogenic dendritic cells in mice
through a mechanism involving IFN-vy expression by double-
negative T cells in the absence of both p35 and p28 partners
(38). Furthermore, EBI3 expression was shown to be up-regu-
lated in response to IL-1a and TNF-a in human intestinal epi-
thelial cells, suggesting a potential role for EBI3 in the early host
response to inflammation with no observed expression of p28
and lack of coordination with p35 (39).

Studies investigating the role of EBI3 were mostly based on
the use of EBI3-deficient mouse model (40 —42). While testing
its biological activities in vitro, we observed that EBI3 supports
the proliferation of the IL-6-responsive mouse plasmacytoma
cell line B9. This cell line is IL-27-unresponsive (20), indicating
that EBI3 could have IL-27Ra-independent regulatory roles.
Previous studies revealed that sIL-6Ra induces B9 cell prolifer-
ation through a trans-signaling pathway involving the forma-
tion of a complex between minute amounts of IL-6 secreted by
the plasmacytoma cell line and exogenous sIL-6Ra (26). Our
analysis of the activation of B9 cells by EBI3 indicated that it
could be blocked by either anti-gp130 or anti-IL-6 mAbs and
thatinduction of STAT3 phosphorylation required a long stim-
ulation time. This suggests that proliferation was induced
through an analogous trans-signaling triggered by an alterna-
tive complex formed by the B9-released IL-6 and recombinant
EBI3. Also in agreement with this hypothesis, we observed in
co-immunoprecipitation studies that EBI3 binds IL-6 when the
two proteins are co-expressed or mixed iz vitro or in SPR biding
assays. To further test the ability of EBI3 to mediate IL-6 trans-
signaling, we produced an EBI3-IL-6 fusion protein structurally
similar to the hyper-IL-6 used to study IL-6 trans-signaling
(30). This fusion protein could induce the activation of Ba/F3
cells transfected with gp130, albeit less potently than hyper-
IL-6. We investigated the effect of EBI3 on primary splenocytes
and observed that it could induce an IL-6-dependent STAT3
activation in the CD4 T-cells.

A physiologically important pro-inflammatory role of IL-6
trans-signaling is to activate IL-6Ra negative endothelial cells
(43). HUVEC have been used as a model to assess the effect
of IL-6 trans-signaling in human endothelial cells (33). We
observed that EBI3 could, in conjunction with IL-6, induce
MCP-1 and MCP-3 gene expression in HUVEC, indicating that
EBI3 can mediate IL-6 trans-signaling in human cells and sug-
gesting that the EBI3:IL-6 complex could be involved in the
recruitment of leukocytes at sites of inflammation.

Our results imply that EBI3 could have either pro- or anti-
inflammatory effects on gp130-expressing cells depending on
its binding to the cytokine partner subunits p35, IL-30 (p28), or
IL-6. The effects of EBI3 on IL-6 trans-signaling were observed
with EBI3 concentrations between 500 ng and 2 ug/ml, much
higher than those detected in peripheral blood (3). These con-
centrations are, however, close to those detected in sera during
the last months of pregnancy (117-446 ng/ml) (3), suggesting
that EBI3 could contribute to the role of IL-6 in preterm deliv-
ery (44), believed to involve trans-signaling (45). These data and
previous observations that IL-30 can activate the IL-6 receptor
by cis- or trans-signaling (18 —20) further demonstrate a high
level of complexity and interchangeability in this family of cyto-
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Figure 9. EBI3-IL-6 fusion interaction with soluble gp130 assessed by SPR. Soluble gp130 was immobilized via EDC/NHS on 50-mm-thick gold surface
coated with a peptide monolayer as indicated under “Experimental procedures.” The sensorgram for EBI3-IL-6 (A and C) or EBI3 (B and C) are indicated. PBS (pH
7.4 or 4.5) rinsing is also shown. The decrease of the SPR signal observed with the injection of EBI3 is due to the different refractive index of the solution. The

data are representative of three independent experiments.

kines and cytokine receptors (46). Our observations suggest
caution in using EBI3 derivatives as potential therapeutic
agents to favor the generation or stabilization of IL-27 and
IL-35 through complexing unbound IL-30 or p35. Further stud-
ies should indicate whether this novel EBI3 activity contributes
to IL-6 trans-signaling in autoimmune and inflammatory dis-
eases models.

Experimental procedures
Cells and reagents

B9-IL-27Re and Ba/F3-gpl130 cells were generated as
described previously (20, 47). The cells were grown in RPMI
1640 (Wisent Bio Products, St-Bruno, Canada) supplemented
with 10% FBS, 10 mm HEPES, 2 mMm L-glutamine, 1% nonessen-
tial amino acids, 100 units/ml penicillin, and 100 pug/ml strep-
tomycin (all from Wisent) in the presence of IL-6 (10 ng/ml;
R&D Systems, Cedarlane) or IL-3 (10 ng/ml; PeproTech Inc.,
Cedarlane) and hygromycin (1 mg/ml) for B9-IL-27Ra and
Ba/F3-gp130, respectively. High Five™ insect cells were cul-
tured in Express Five® medium (Invitrogen, ThermoFisher Sci-
entific) supplemented with 20 mM L-glutamine at 27 °C. Flp-In-
293 cells were expanded in DMEM (Wisent Bio Products)
supplemented with 10% FBS. HUVEC were cultured in M-199
medium (ThermoFisher Scientific) supplemented with 20%
FBS, 100 units/ml penicillin, 100 pg/ml streptomycin, 50 ug/ml
endothelial cell growth supplement, and 100 ug/ml heparin in
0.1% collagen precoated dishes. Recombinant mIL-27, hIL-6,
hIL-11, hsIL-6Ra, human soluble G-CSFR, and human soluble
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gp130 were purchased from R&D Systems (Cedarlane). The
following primary antibodies were used: anti-His mAb (Qia-
gen), anti-mEBI3 (clone no. DNT27; eBioscience, Cedarlane),
anti-mIL-6 (clone no. MP5-20F3; R&D Systems), biotinylated
polyclonal anti-mIL-6 (R&D Systems), and anti-hIL-6 (clone
no. 6708; R&D Systems). The following HRP-conjugated anti-
bodies were used: anti-mouse IgG (GE Healthcare Biosciences,
Cedarlane), anti-rat IgG, and anti-goat IgG (R&D Systems).
HRP-labeled streptavidin (GE Healthcare Biosciences) was
used to detect biotinylated proteins and antibodies. The follow-
ing antibodies were used at 5 ug/ml to block the IL-6- and
gp130-dependent activities: anti-mgp130 (clone no. 125623;
R&D Systems) and anti-mIL-6 (Biolegend, Cedarlane). For flow
cytometry assay, FITC-labeled anti-phospho-STAT3 mAb and
APC-labeled anti-phospho-CD4 mAb were obtained from BD
Biosciences.

Experimental animals

All procedures conformed to the Canadian Council on Ani-
mal Care guidelines and were approved by the Animal Ethics
Committee of the Université de Montréal. 6—8-week-old
female C57BL/6 mice were purchased from The Jackson Labo-
ratory (Bar Harbor, ME).

Expression and purification of mEBI3, mEBI3-IL-6, and
mhyper-IL-6 recombinant proteins

Derivatives of the pIB/V5-His vector coding for a carboxy-
His,-tagged mEBI3 or mEBI3-IL-6 and mIL-6-sIL-6R (hyper-
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Figure 10. The combination of IL-6 and EBI3 induces chemokine expression and production in HUVEC in a dose-dependent manner, and this expres-
sionis blocked by anti-gp130 mAb. A, cells were stimulated for 4 h with EBI3 (1 ng/ml) and sIL-6R (100 ng/ml) with or without IL-6 (10 ng/ml). Gene expression
was assessed by real-time RT-PCR. B, cells were stimulated for 4 h with IL-6 (10 ng/ml) and an increasing concentrations of EBI3. Gene expression was assessed
by real-time RT-PCR. Cand D, cells were stimulated for 24 h with EBI3 (2 wg/ml) and IL-6 (10 ng/ml) or with EBI3-IL-6 recombinant fusion protein (200 ng/ml) with
or without anti-gp130 mAb. Chemokine levels were measured by ELISA. Statistical differences between sIL-6R * IL-6 and EBI3 = IL-6 were determined using
a Student’s t test. ***, p < 0.001; *, p < 0.05. The error bars in the figures represent S.D. of triplicate cultures. The data are representative of two independent
experiments.
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IL-6) fusion proteins linked by GGG(SGGGG)*SHHHHHH
sequence were generated using synthetic DNA (GeneArt,
ThermoFisher Scientific) and standard molecular biology
methods and then transfected in High Five™ insect cells
(ThermoFisher Scientific) according to the supplier’s instruc-
tions. Transfected cells were selected using blasticidin S hydro-
chloride (100 ug/ml). Batches of 500 ml of transfected cell cul-
ture medium were concentrated 25 times with Vivaflow® 200
cross-flow cassettes (Sartorius Inc., Mississauga, Canada) in the
presence of 0.5 mMm PMSF and purified by immobilized metal-
affinity chromatography (IMAC) using nickel-nitrilotriacetic
acid-agarose beads (Qiagen) under the conditions suggested by
the manufacturer. Purified proteins were dialyzed two times
against PBS, sterile-filtered, quantified, and analyzed by West-
ern blot for the presence of mEBI3 and mIL-6 using anti-His,
mADb followed by anti-mouse HRP-conjugated IgG. Biological
activity of mEBI3 was assessed using a B9 plasmacytoma prolif-
eration assay (26).

Expression and purification of bacterial EBI3

Synthetic (GenArt) cDNA coding for His./Avitag-tagged
mouse and human mature EBI3 were subcloned in the expres-
sion plasmid pET24d (Novagen). Expression of EBI3 was per-
formed in Escherichia coli BL21 (DE3) (Novagen) as described
(48). EBI3 was purified from bacterial inclusion bodies by
IMAC under the denaturing conditions suggested by Qiagen.
EBI3 was refolded by subsequent dialysis against 20 mm glycine
(pH 3.0), 0.2 mm oxidized glutathione, and 2 mm reduced glu-
tathione and decreasing urea concentrations. EBI3 was sterile-
filtered and quantified by SDS-PAGE and Coomassie Blue
staining using BSA as standard. Biological activity was assessed
using a B9 plasmacytoma proliferation assay (26).

Expression and purification of hEBI3-IL-6 fusion protein

A synthetic pcDNA3.4 derivatives coding for a human EBI3—
6H-(SGGG)®S-IL-6 fusion protein (GenArt) was transiently
transfected in HEK 293T cells (ATCC, Cedarlane) using poly-
ethylenimine (49). Transfected cells were maintained in Opti-
MEM™ (ThermoFisher Scientific) for 5 days. Cell culture
medium was concentrated by ultrafiltration. EBI3-IL-6 was
purified by IMAGC, sterile-filtered, quantified, and analyzed by
Western blot for the presence of hEBI3 and hIL-6. Biological
activity of the fusion protein was assessed using a B9 plasmacy-
toma proliferation assay (26).

Proliferation assays

Untransfected B9 cells, B9-IL-27Ra, or Ba/F3-gp130 cells
were incubated for 72 h in triplicate with the indicated dilutions
of recombinant proteins (19). For inhibitory studies, IL-6 or
gp130 targeting antibodies (5 ug/ml) or the anti-IL6:IL-6Re
complex 25F10 mAb (10 pg/ml; Novimmune, Plan-Les-
Ouates, Switzerland) were added as indicated. Proliferation was
measured using a fluorometric assay (AlamarBlue®; AbDSero-
tec, Cedarlane). Mean unstimulated cell fluorescence back-
ground was subtracted from the values obtained with the stim-
ulated cells.
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Measurement of STAT3 activation by flow cytometry

Untransfected B9 cells, B9-IL-27Ra, or Ba/F3-gp130 cells
were serum- and cytokine-starved for 16 h. B9, B9-IL-27Rq,
Ba/F3-gp130, or C57BL/6 mouse primary splenocytes (10°
cells/condition) were activated with cytokines in the presence
or absence of anti-IL-6 mAb or anti-IL-6R mAb for 15 min or
16 h at 37 °C. The cells were fixed, permeabilized, and stained
with FITC-labeled anti-phospho-STAT3 (Tyr-705) and APC-
labeled anti-CD4 mAbs as described (19). Fluorescence was
assessed using a FACSCalibur (BD Biosciences). The data were
analyzed using the Flow]Jo software (Tree Star Inc., Ashland,
OR).

Measurement of STAT3 activation by Western blot

Untransfected B9 cells or B9-IL-27Ra cells were serum- and
cytokine-starved for 16 h. The cells were then activated with
cytokines in the presence or absence of anti-IL-6 mAb for 15
min or 16 h at 37 °C. The cells were lysed in 1% Triton X-100,
10% glycerol, 50 mm NaCl, 50 mm HEPES, 5mM EDTA (pH 7.3).
Protein levels were quantified using a bicinchoninic acid assay.
Aliquots of lysates containing 20 ug of proteins were analyzed
by Western blotting for total and phosphorylated STAT3 using
specific Abs (Cell Signaling Technology) followed by HRP-la-
beled anti-rabbit IgG.

Generation of stable HEK-293 transfectants co-expressing
mEBI3 and miL-6

pcDNAS5 derivatives coding for mIL-6, mEBI3, mIL-30
(p28), or the combination of these proteins were generated
using synthetic cDNAs (GeneArt) and standard molecular
biology techniques. For the bicistronic pcDNAS5 vectors, the
¢DNA coding for mEBI3 and mIL-6 or mEBI3 and p28 (IL-
27) were separated by a sequence coding for a T2A “self-
cleaving peptide” (50). Stable Flp-In"™™-293 transfectants
were generated and selected following ThermoFisher Scien-
tific protocol.

Co-immunoprecipitations and Western blotting

Flp-In-293 transfectants expressing mIL-6, mIL-27 T2A, or
mEBI3-T2A-IL-6 were expanded to confluence in DMEM,
10% FBS. Confluent cells were maintained in Opti-MEM™
medium for 72 h. Supernatants (20 ml) were concentrated
using Amicon Ultra-15 centrifugal filters (EMD-Millipore),
mEBI3 was immunoprecipitated using 1 ug of rat anti-mEBI3
(clone no. DNT27; eBioscience) and 50 ul of agarose-conju-
gated anti-rat IgG antibody (Rockland, Cedarlane) for 16 h at
4 °C. The immunoaffinity-purified proteins were washed three
times with cold PBS and eluted with 0.1 m glycine HCI (pH 2.5).
Eluted fractions were analyzed by Western blotting using anti-
mEBI3 followed by HRP-conjugated anti-rat IgG or biotiny-
lated anti-mIL-6 followed by HRP-conjugated streptavidin. For
co-immunoprecipitation of mouse or human EBI3 and IL-6, 1
pg of 6-His/Biotin-tagged mEBI3 and 100 ng of mIL-6 (R&D
Systems) or 5 ug of 6-His/Biotin-tagged hEBI3 and 500 ng of
hIL-6 (R&D Systems) were co-immunoprecipitated using His-
select® HF nickel affinity gel (Sigma-Aldrich) for 16 hat 4 °C in
1 ml of binding buffer (50 mm NaH,PO,, 300 mm NaCl, 10 mm
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immidazol, pH 8). The immunoaffinity-purified proteins were
washed three times with cold buffer containing (50 mm
NaH,PO,, 300 mMm NaCl, 20 mMm imidazole, pH 8) and eluted
with (50 mm NaH,PO,, 300 mm NaCl, 500 mm immidazol, pH
8). Eluted fractions were analyzed by Western blotting using
streptavidin-HRP for EBI3 detection or polyclonal anti-mouse
or human IL-6 (R&D Systems) followed by HRP-labeled anti-
IgG for IL-6 detection.

Surface plasmon resonance binding assay

Binding of IL-6 and IL-11 on EBI3 or G-CSFR was evaluated
with surface plasmon resonance (SPR). All SPR measurements
were acquired with a home-built instrument described else-
where (51). To perform the binding assays, the SPR chip was
functionalized with a peptide monolayer consisting of 3-mer-
captopropyl-LHDLHD-OH(3-MPA-LHDLHD-OH) in condi-
tions previously reported (52). Immobilizations of EBI3 and
G-CSER were realized using a peptide cross-linking reaction.
First, a baseline was acquired for 5 min in acidic water (pH 3)
adjusted with hydrochloric acid or PBS adjusted to pH 4.5 with
hydrochloric acid. Then a 1:1 solution of 35 mm ethyl-(dimeth-
ylaminopropyl) carbodiimide and 110 mm N-hydroxysuccin-
imide was injected for 5 min on the sensors to activate the
carboxylic acid functions of the peptide monolayer immobi-
lized at the surface of the SPR chip. The SPR chip was then
washed with acidic water or PBS (pH 4.5) for 3 min. EBI3 or
G-CSFR was diluted to 204 nM in acidic water or PBS (pH 4.5)
and reacted with the SPR chip for 15 min. Subsequently, the
EBI3 or G-CSER solution was washed with acidic water or PBS
(pH 4.5) for 3 min. Then a 1 M ethanolamine solution (pH 8.5)
was added for 5 min to block any remaining activated site on the
sensor. Ethanolamine solution was washed with PBS (pH 7.4)
for 3 min, and then PBS with 0.1% BSA was injected for 5 min to
further block any remaining active sites on the SPR chip. The
surface was further washed with PBS (pH 7.4) for 3 min. A
solution of IL-6 or IL-11 at 680 nm prepared in PBS (pH 7.4) was
injected for 20 min before finally rinsing the sensor surface with
PBS (pH 7.4) for 5 min.

Determination of IL-6-EBI3 dissociation constant

The dissociation constant (Kj) of IL-6 and EBI3 was deter-
mined using experimental SPR data. The sensor surface was
modified with EBI3 as described above. IL-6 solutions of con-
centrations ranging from 50 nM to 50 um were then exposed to
the sensor surface for 5 min and rinsed with PBS (pH 7.4). The
shift of the SPR band for each concentration was used to deter-
mine the K, using the Langmuir isotherm model with Matlab
(Natick, MA) and the curve fitting toolbox. The equation used
in Matlab is AAgpr = [C/(Kp + O)] * AAgpg max and experimen-
tal data were fitted with a non-linear least-squares method. In
the equation, AAgpy is the SPR shift for each concentration, Cis
the IL-6 concentration, K, is the dissociation constant (K),
and AAgpp max 18 the maximum SPR shift calculated with the
model.

Binding assay of the EBI3-IL-6 fusion protein to gp130

The binding of EBI3-IL-6 to gp130 was assessed by SPR.
The sensor was coated with the peptide monolayer, in which
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the carboxylic acid groups immobilized at the surface of the
SPR chip were activated and washed as described above.
Then a5 wg/ml solution of soluble gp130 in PBS (pH 7.4) was
reacted with the SPR chip for 20 min. The gp130 solution was
washed with PBS (pH 7.4) for 1 min and with PBS + 0.1%
BSA for 5 min. Then a 1 M ethanolamine solution (pH 8.5)
was added for 5 min to block any remaining activated site on
the sensor. Ethanolamine solution was washed with PBS +
0.1% BSA for 5 min. A 90 nm solution of either EBI3-IL-6 or
EBI3 was injected for 15 min. Finally, the sensor surface was
rinsed with PBS + 0.1% BSA for 5 min. EBI3-IL-6 and EBI3
solutions were prepared in PBS at pH 7.4 or pH 4.5,
respectively.

Human endothelial cell culture

Confluent HUVEC in their fifth passage were kept for 4 h in
M-199 plus 1% BSA. The medium was replaced with M-199
containing 1% BSA and 5 ug/ml polymixin B in the presence or
absence of IL-6 (10 ng/ml), sIL-6R« (100 ng/ml), EBI3 (0,1-2
pg/ml), EBI3-IL-6 recombinant fusion protein (200 ng/ml), or a
combination of either sIL-6Ra-IL-6 or EBI3-IL-6 for 4 h at
37 °C prior to RNA extraction or 24 h for measuring chemo-
kines levels in the cell culture medium. For inhibition studies,
blocking anti-gp130 Ab or isotype control (R&D Systems) were
used at 10 pg/ml.

Analysis of MCP-1 and MCP-3 expression by RT-PCR

Expression of MCP-1 (NCBI accession no. IR5047) and
MCP-3 (NCBI accession no. IR5048.2) was analyzed by real-
time RT-PCR. Briefly, RNA was extracted using EZ-10 column
total RNA mini-prep kits (Bio Basic Inc., Markham, Canada).
RNA integrity was assessed using an Agilent Bioanalyzer at the
genomic platform of the Institute for Research in Immunology
and Cancer (Montreal, Canada). Random-primed single-
stranded cDNA was then synthesized using Moloney murine
leukemia virus reverse transcriptase (ThermoFisher Scientific)
and 0.5 ug of total RNA. MCP-1 and MCP-3 cDNA levels were
assessed using TagMan probes and a TagMan Fast qPCR Mas-
terMix (Applied Biosystems; Thermo Fisher Scientific) at the
Institute for Research in Immunology and Cancer genomic
platform.

Analysis of MCP-1 and MCP-3 levels by ELISA

MCP-1 and MCP-3 concentrations were measured using
human ELISA kits according to the instructions of the supplier
(Abcam Inc., Cedarlane).

Statistical analysis

The error bars represent means = S.D. of triplicate cultures.
Statistical analysis was performed using Student’s unpaired ¢
test. p < 0.05 was considered statistically significant. *, p < 0.05;
**, p < 0.01; ***, p < 0.001.
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