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ABSTRACT

The functional interleukin 6 (IL-6) signaling complex is a hexameric structure composed of IL-6, IL-6Ra, and
the signaling receptor gp130. There are three different modes of IL-6 signaling, classic signaling, trans-
signaling, and trans-presentation, which are not functionally redundant and mediate pleiotropic effects
on both physiological and pathophysiological states. Monoclonal antibodies against IL-6 or IL-6Ra have
been successfully developed for clinical application. However, designing therapeutic interventions that
block specific modes of IL-6 signaling in a pathologically relevant manner remains a great challenge. Here,
we constructed a fusion protein Hyper-IL-6 (HylL-6) composed of human IL-6 and IL-6Ra to develop
specific blocking antibodies against the IL-6/IL-6Ra complex. We successfully screened the monoclonal
antibody C14mab, which can bind to HylL-6 with the binding constant 2.86 x 107'° and significantly
inhibit IL-6/IL-6Ra/gp130 complex formation. In vitro, C14mab effectively inhibited HylL-6-stimulated
signal transducer and activator of transcription 3 (STAT3) activation and related vascular endothelial
growth factor (VEGF) induction. Moreover, C14mab efficaciously suppressed HylL-6-induced acute phase
response in vivo. Our data from hydrogen-deuterium exchange mass spectrometry demonstrate that
C14mab mainly binds to site llla of IL-6 and blocks the final step in the interaction between gp130 and IL-
6/IL-6Ra complex. Additionally, data from enzyme-linked immunosorbent assays and kinetics assays
indicate that C14mab interacts simultaneously with IL-6 and IL-6Ra, while it does not interact with IL-
6Ra alone. The unique features of C14mab may offer a novel alternative for IL-6 blockade and illuminate
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a better therapeutic intervention targeting IL-6.

Introduction

Interleukin-6 (IL-6), identified initially as B cell stimulatory
factor 2, is a pivotal cytokine with a diverse repertoire of
functions in normal physiology and disease." IL-6 mediates
several biological functions in a wide variety of physiological
processes, including energy homeostasis, bone metabolism,
acute phase response, regenerative processes, and neural
function.>®> As an essential member of the cytokine network,
IL-6 plays a central role in acute inflammation and links innate
to acquired immune response.* Excessive synthesis of IL-6 is
critically involved in the cytokine release syndrome (CRS)
elicited by immune-related therapy such as chimeric antigen
receptor T-cell (CAR-T) therapy and in viral infections, includ-
ing severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2).>® CRS is a potentially life-threatening systemic
inflammatory response, and IL-6 blockade has been shown to
reverse CRS associated with novel T cell-engaging therapies
and SARS-CoV-2.”® In addition, IL-6 plays a central role in the
transition from neutrophil to monocyte recruitment during

inflammation, and dysregulated IL-6 essentially contributes
to perpetuating tissue damage in chronic inflammatory dis-
eases and autoimmune diseases.” The therapeutic efficacy of
IL-6 targeted therapy has substantiated the significant patho-
genic role of IL-6 in rheumatoid arthritis, systemic juvenile
idiopathic arthritis, polyarticular juvenile idiopathic arthritis,
and giant cell arteritis.'”"'> Furthermore, excessive IL-6 pro-
duction in the germinal center of hyperplastic lymph nodes
drives the array of clinical manifestations in Castleman
disease.'® In 2014, siltuximab, an IL-6-targeted therapy, was
approved for multicentric Castleman disease.'* These studies,
taken together, validate the IL-6 signaling pathway as an essen-
tial molecular therapeutic target.

IL-6 target cells express a low-affinity receptor (IL-6Ra)
devoid of transducing activity on their surface."” The binding
of IL-6 to IL-6Ra is followed by an association with a second
membrane protein of the same cell, gp130, which dimerizes and
initiates intracellular signaling.'® The signal transduction within
the cell involves activation of the Janus kinase (JAK) and activa-
tor of transcription (STAT) pathway and the RAS-dependent
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mitogen-activated protein kinase (MAPK) signaling cascade.'”
This so-called classic signaling is relevant only in a few cell
types (hepatocytes, some epithelial cells, and leukocytes) that
express IL-6Ra.'® A key feature in regulating the many biological
activities assigned to IL-6 has been identifying a soluble IL-6Ra
(sIL-6Ra).'® The sIL-6Ra forms an agonistic complex with IL-6
that binds ubiquitous transmembrane gp130 to trigger cellular
responses (IL-6 trans-signaling).”**' Notably, the pathogenic role
of IL-6 trans-signaling has been increasingly implicated in several
inflammatory diseases, autoimmune diseases, and inflammation-
associated cancers.”” Alternatively, IL-6/IL-6Ra has been discov-
ered to present to neighboring cells, called IL-6 trans-
presentation, which occurs in the context of the antigen-specific
interaction of dendric cells (DCs) with T cells. Specifically, the IL-
6-IL-6Ra complex is formed in intracellular compartments of
DCs and then presents to the cell surface, which subsequently
induces signaling from gp130 expressed on CD4" cells to gen-
erate a highly tissue-destructive phenotype, T helper 17 cells.””
These three modes of IL-6 signaling are not functionally redun-
dant in mediating IL-6's pleiotropic functions, suggesting that
selective blockade of different modes of IL-6 signaling has differ-
ent outcomes on disease pathology. Given the complex biology of
IL-6, suppressing trans-signaling and trans-presentation while
sparing the homeostatic functions of IL-6 classic signaling
would be a crucial therapeutic strategy for IL-6 blockade.
Crystallographic data analysis for IL-6 signaling assem-
bly revealed that the complex ternary forms a hexamer
containing two IL-6, two IL-6Ra, and two gp130, which
assemble sequentially and cooperatively.>**” IL-6 is a four-
alpha-helix bundle cytokine.?® IL-6 first interacts with the
D3/D2 domain of IL-6Ra to form the initial IL-6/IL-6Ra
binary complex through the site I binding epitope located
in the A and D helices. The IL-6/IL-6Ra complex com-
prises a composite epitope (sites Ila and IIb) that interacts
with the gp130 cytokine-binding-homology region (CHR).
Site ITa is between the IL-6 A and C helical faces and the
gp130 CHR. Site IIb is between the IL-6Ra D3 domain
and the gpl30 D3 domain, which provides additional
surfaces to enhance the overall binding affinity. The sub-
sequent assembly of the functional IL-6 hexamer signaling
complex requires a third receptor-binding epitope, site III.
Site IITa possesses a broad interface between the tip of the
IL-6 four-helix bundle and the D1 domain of gp130. In
contrast, IIIb is between the tip of the gp130 D1 domain
and the D2 domain of IL-6Ra.** Several inhibitors target-
ing the defined epitope regions of the IL-6 receptor com-
plex display distinct modes of action.”’ > For example,
when inhibitory antibodies bind to either IL-6 site
I (siltuximab; sirukumab; clazakizumab) or IL-6Ra D3/
D2 (tocilizumab; sarilumab), it blocks the binding of IL-
6 to IL-6Ra, resulting in blockade of both classic and
trans-signaling of IL-6, but not IL-6 trans-presentation.
In contrast, the anti-IL-6 antibody olokizumab binds to
site IITa of IL-6 and interferes with the fully functioning
receptor complex by blocking the interaction with gp130.
Furthermore, olamkicept (sgpl130Fc) exclusively inhibits
IL-6 trans-signaling by interference with the binding of
site IT and site IIT of the IL-6/IL-Ra complex with gp130.
The action of these inhibitors yields differences in

pharmacokinetics and efficacy under various disease states.
More importantly, it remains largely unknown whether
blockade of different functional epitopes within the IL-6/
IL-6Ra/gp130 structure may translate into unique clinical
benefits.

Here, we present the discovery and characterization of
Cl4mab, a novel therapeutic antibody with a greater affi-
nity to bind to the IL-6/IL-6Ra complex over IL-6 and
thereby interfere with the fully functioning receptor com-
plex by blocking interaction with gp130 (site III).

Results

Generation and characterization of anti-HyIL-6 hybridoma
cells

Most antibodies under clinical use or development that
target the IL-6 axis prevent IL-6 binding to IL-6Ra and
thus neutralize IL-6 activity (the site I blockade). To dis-
cover novel antibodies that may target other functional
epitopes within the IL-6/IL-6Ra/gp130 structure, we immu-
nized mice with recombinant human Hyper-IL-6 (HyIL-6)
protein composed by fusing human IL-6 and human sIL-
6Ra with a 13-aa linker.’°** Subsequent antibody discovery
led to the generation of 32 hybridoma clones that recog-
nized HyIL-6 in an initial enzyme-linked immunosorbent
assay (ELISA) screen. Next, supernatants of these 32 hybri-
doma clones were tested for their ability to block the
binding of gpl30 to the IL-6/IL-6Ra complex.
Theoretically, this approach can screen antibody candidates
that target distinct binding sites other than the site
I. Figure 1 shows data generated using competitive ELISA
identifying several potential antibody candidates that can
significantly interfere with the binding of HyIL-6 with
gp130. The top 10 ranking candidates were selected for
further characterization of their binding affinity with
HyIL-6 and IL-6 using an indirect ELISA assay. Figure 2
shows representative binding curves for the binding of
various antibody candidates to HyIL-6 and IL-6, respec-
tively. Our data revealed that most tested candidates have
a superior affinity to HyIL-6, while the C40 clone showed
similar binding characteristics to IL-6 and HyIL-6.

To further verify the inhibitory ability of these antibody
candidates to IL-6/HyIL-6-induced signaling on target
cells, tyrosine phosphorylation of STAT3 (p-STAT3) was
analyzed using immunoblot in HeLa cells that express low
levels of IL-6Ra subunit. Figure 3 shows that IL-6 stimu-
lation led to a poor signaling response in HeLa cells, while
HyIL-6 stimulation produced a robust STAT3 activation.
As expected, both IL-6- and HylIL-6-mediated STAT3
phosphorylation levels were reduced in a dose-dependent
manner in the presence of hybridoma supernatants con-
taining antibody candidates. Notably, the Cl14 clone
showed superior inhibitory activity against HyIL-
6-mediated trans-signaling, among others (Figure S1).
Similar results were obtained with HyIL-6-induced
STAT3 activation in the IL-6Ra-null C33A cells (Figure
S2). We, therefore, selected the C14 clone for further
development and characterization.
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Figure 1. Representative results of hybridoma screening by competitive ELISA. The cu
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[ture supernatants from hybridomas were mixed with HyIL-6 for analysis. The color

formation is reported as an absorbance (ODyso) observed for each hybridoma. The top 10 ranking antibodies were selected as antibody candidates based on their ability

to neutralize the binding of HyIL-6 and sgp130-Fc. A bar graph showing the absorb,

ance observed for each hybridoma.
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Figure 2. The binding characteristics of antibodies to IL-6 and HyIL-6 from hybridoma culture supernatants. After the microplates were coated with IL-6 (20 ng/well) or

HylL-6 (60 ng/well) overnight, indirect ELISA was conducted with serial dilution of
hybridoma candidates C40, C14, C85, C92, C148, and C155 were shown in (a-f). Data
SEM. Fig. (a) to (f) Comparative line graphs plotting absorbance (OD,so) observed of

The binding affinity of monoclonal antibody C14

The purified C14 monoclonal antibody (Cl4mab) was first
subjected to the binding experiment with IL-6, IL-6Ra, and
HyIL-6 based on ELISA. The representative diagrams of the
binding characteristics of Cl4mab shown in (Figure 4(a))
reveal that Cl4mab binds to IL-6 and HyIL-6, but not IL-
6Ra. Notably, HyIL-6 possessed stronger Cl4mab binding
activity than IL-6 (Figure 4(b)). ELISA analysis showed the
ECs value of Cl4mab to bind coated HyIL-6 (4.296 ng/ml)

f 1gG-normalized hybridoma culture supernatants. The ODgso binding curves of
are compiled from three independent experiments. Values represent the mean +
IL-6 versus HylIL-6 from C40, C14, C85, C92, C148 and C155 hybridoma candidates.

was ~3.5 times stronger than that of IL-6 (ECs = 15.32 ng/ml),
while the maximum OD value of HyIL-6 was also obviously
higher than IL-6. Moreover, while C14mab demonstrated
high-affinity binding to human HyIL-6, C14mab lacked affinity
to mouse HyIL-6, indicating that C14mab does not exhibit
cross-species reactivity (Figure 4(c)).

We next determined the binding kinetics of the purified
Cl4mab to IL-6 and HyIL-6. The representative sensorgrams
are shown in Figure 5. The binding affinities were 1.13 x 10°
and 2.86 x 107'° for IL-6 and HyIL-6, respectively (Table 1).
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Figure 3. The activity of antibody candidates against IL-6 and HyIL-6 in vitro. Hela cells (1 x 10° cells/well) were stimulated with the mixture containing recombinant
human IL-6 (20 ng/ml) or HyIL-6 (60 ng/ml) at the same molar ratio, with or without serial dilution of the hybridoma culture supernatants. STAT3 activation (p-STAT3)
was determined 15 mins after IL-6/HylIL-6 stimulation by Western blot. Western blot analysis of antibody candidates against IL-6 and HylL-6 in vitro, with or without
serial dilution of various hybridoma culture supernatants.
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Figure 4. The binding characteristics of purified C14mab. (a) The microplates were coated with human IL-6 (20 ng/well), HylL-6 (60 ng/well), and IL-6 Ra (40 ng/well).
Serial dilutions of C14mab were added for 1 hr at room temperature. The binding ELISA data is graphed with OD,s, readings and their associated binding percentages
vs. log antibody concentration. Data are compiled from three independent experiments. Values represent the mean + SEM. (b) Data were normalized to maximum
signal for IL-6 and HylL-6 individually. ECs, values were obtained by nonlinear regression fitting to a variable slope, four-parameter dose-response model using the
GraphPad Prism software (San Diego, CA, USA). (c) The binding of mouse HylL-6 (60 ng/well) with C14mab was measured by ELISA as described in (a). Values represent
the mean + SEM from three independent experiments. Fig. (a) Comparative line graphs plotting absorbance (OD,s0) observed of IL-6 and HylL-6 from log C14 mab
concentrations. Fig. (b) Comparative line graphs plotting binding percentage of IL-6 and HyIL-6 from log C14 mab concentrations. Fig.(c) Comparative line graphs
plotting absorbance (ODyso) observed of HylL-6 Human and HylL-6 Mouse from log C14 mab concentrations.

Indeed, the binding strength of C14mab of HyIL-6 was about
four times that of IL-6. The binding characteristics of purified
Cl4mab were consistent with the results from ELISAs. For IL-
6, C14mab followed a fast-on (6.05 x 10> M~'s™") and slow-off
(6.65 x 107* s binding kinetics, resulting in a Kp of
1.13 x 10~° M. For HyIL-6, Cl4mab followed a fast-on (4.98

other hand, the off-rate of binding for HyIL-6 was lower than
IL-6, meaning the dissociation of Cl4mab and HyIL-6 was
slower, indicating the complex was more stable.

Neutralization activity of C14mab

x 10> M~'s™") and slow-off (1.44 x 107* §7") binding kinetics,
resulting in a K, of 2.86 x 107" M. The high on-rate of binding
was similar, which means that very little energy was required
for IL-6 and HyIL-6 to form the complex with C14mab. On the

To validate the neutralization activity of Cl4mab, we com-
pared the inhibitory characteristics of C14mab to tocilizumab
on IL-6-mediated p-STAT3 by immunoblot. Figure 6(a)
demonstrated that Cl4mab and tocilizumab dose-
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Figure 5. Binding kinetics of C14mab. Biolayer interferometry analysis of the binding of C14mab to IL-6 (a) and HylL-6 (b) was carried out. In brief, C14mab was loaded
onto an Octet anti-mouse Fc-capture (AMC) sensor and incubated over a range of concentrations (1.56-25 nM) of IL-6 and HylIL-6, respectively. Kinetic parameters were
evaluated by using a 1:1 binding model with global fitting. The experimental curves of each concentration (solid line) are shown alongside the fitted curves (dashed
line). One representative set of curves is shown from three independent experiments. Comparative line graphs plotting binding of C14mab (incubated over a range of

concentrations 1.56-25 nM) to IL-6 (Fig. a) and HylL-6 (Fig. b) over time.

Table 1. Kinetic rate constants and equilibrium dissociation constants for the
binding interaction of IL-6 and HyIL-6 with C14mab.

Complex Kon (M7'S™") Korr (S7") Kp (M)

IL-6-C14mab  6.05 (£0.91) x 10° 6.65 (+1.16) x 107 1.13 (£0.33) x 107°
HylL-6-C14mab  4.98 (+0.20) x 10° 1.44 (+0.42) x 107* 2.86 (+0.72) x 107 '°

dependently inhibit IL-6-induced p-STAT3 in HeLa cells, and
Cl4mab shows a superior potency over tocilizumab. The com-
bination of IL-6 and sIL-6Ra significantly induced p-STAT3 in
the IL-6Ra-null C33A cells, whereas IL-6 alone treatment did
not. Figure 6(b) demonstrated that C14mab, tocilizumab, and
olokizumab substantially inhibit IL-6/sIL-6Ra combination-
mediated p-STAT3 induction in C33A cells. Like site 1 inhi-
bitor, tocilizumab is an anti-IL-6Ra antibody that inhibits the
binding of free IL-6 to IL-6Ra. Tocilizumab, however, cannot
prevent STAT3 activation initiated by the preexisting IL-6/IL-
6Ra complex (HyIL-6) (Figure 6(c)). In contrast, Cl4mab
inhibits HyIL-6 induced STAT3 activation in a dose-
dependent manner, supporting its ability in preventing IL-6/
IL-6Ra complex from binding to gpl30 and initiating signaling
(Figure 6¢).

IL-6/HyIL-6  signaling links inflammation with
angiogenesis.”** Induction of VEGF is one of the significant
STATS3 signaling downstream events. We, therefore, evaluated
the effect of C14mab on HyIL-6-induced VEGF expression by
ELISA. Figure 7(a) reveals that HyIL-6 substantially induced
VEGF production in C33A cells, which can be dose-
dependently reduced by Cl4mab, with complete blockade
when applying >0.1 pg/ml Cl4mab in C33A cells.
Furthermore, IL-6 plays an obligatory role in generating IL-
17A-secreting CD4" T cells (Th17 cells) through trans-
signaling.®® Figure 7(b) demonstrates that HyIL-6 supports
the transforming growth factor (TGF)-pf-mediated differentia-
tion of Th17 cells. In contrast to tocilizumab, Cl4mab and
olokizumab remarkably inhibited IL-17 levels in culture super-
natants in a dose-dependent manner (Figure 7(b)).

IL-6 is the primary inducer of hepatic acute-phase
proteins.’® To explore the efficacy of C14mab to abrogate IL-
6 response in vivo, we examined serum levels of amyloid
A (SAA), the primary acute phase protein and inflammation
marker in mice. Upon intraperitoneal HyIL-6 injection, SAA

levels substantially elevated 3 hours (hrs) after stimulation in
BALB/c mice. The Cl4mab significantly suppressed HyIL-
6-elicited SAA production compared with the isotype control
antibody (Figure 7(c)). Figure 7(d) demonstrates that C14mab
abrogates HylIL-6-produced SAA production in a dose-
dependent manner in mice. At the dose above 0.1 mg/kg, our
data showed that C14mab significantly suppresses SAA expres-
sion in mice. Our in vitro and in vivo assays collectively
demonstrated the profound efficacy of C14mab in neutralizing
the IL-6 pathway.

Epitope characterization of C14mab

To obtain molecular details of the Cl4mab binding epitope,
hydrogen/deuterium exchange mass spectrometry (HDX-MS)
was applied to map the antibody’s epitope by comparing the
HDX for HyIL-6 with that for the C14mab/HyIL-6 complex.
After the exchange reaction, the proteins were digested by
pepsin, and the resulting peptides were analyzed by liquid
chromatography (LC)-MS. Our assay generated 30 HyIL-6
peptides covering 80.7% of the HyIL-6 sequence, which con-
stitutes up to 89.2% of the functional epitopes of HyIL-6
involved in IL-6 hexamer formation. The differential HDX
results of the HyIL-6 and C14mab/HyIL-6 complex are exhib-
ited in Figure 8a. A reduction in the amount of deuterium
exchange indicates protection of that region by a binding event.
Several peptides, in regions 103-111, 130-141, 148-158, 159-
168, 207-217, 235-249, 250-273, 274-284, 306-314, 315-325,
and 390-399, demonstrated modest HDX reduction upon
Cl4mab binding with a total < 1 Da reduction, which were
considered nonsignificant. Our HDX data revealed one essen-
tial region (composed of residues 498-510) as the potential
binding epitope (Figure 8a), which showed >70% deuterium
exchange upon Cl4mab binding. These residues are located at
gp130 interaction site IIla in IL-6, including the critical residue
Trp157 of IL-6 in the site IITa interface.**

Based on the kinetic analysis, C14mab exhibits stronger
binding to HylL-6 (Kp = 0.286 nM) than IL-6 (Kp
= 1.13 nM), suggesting the interface between Cl4mab and
HyIL-6 may span from IL-6 over to IL-6Ra. However, our
HDX-MS measurements did not identify any potential
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Figure 6. The inhibitory profile of C14mab in various IL-6-mediated signalings. (a) HeLa cells (1 x 10° cells/well) were serum-starved for 5 hrs before stimulation. IL-6
(30 ng/ml) was premixed with indicated concentrations of C14mab or Tocilizumab for 15 mins. Cells were treated with the mixtures for 15 mins and p-STAT3 was
determined by Western blot (left panel). The inhibition data is analyzed by ImageJ software and graphed with p-STAT3 activity percentages vs. log antibody (right
panel). (b) C33A cells (1 x 10° cells/well) were serum-starved for 5 hrs before stimulation. IL-6 (100 ng/ml) and sIL-6 Ra (200 ng/ml) were mixed for 15 mins, then the IL-
6/sIL-6 R combination was incubated with indicated concentrations of C14mab, tocilizumab, or olokizumab for another 15 mins. Cells were treated with the mixtures for
15 mins and p-STAT3 was determined by Western blot. (c) For HylL-6 mediated signaling blockade, HeLa cells (1 x 10° cells/well) were stimulated with HylL-6 (10 ng/ml)
and indicated antibodies. The levels of p-STAT3 were determined by Western blot (left panel) and analyzed by Image J software (right panel) as described in (a). Fig (a)
Left: Western blot analysis of IL-6 with various C14mab and Tocilizumab concentrations. Fig (a) Right: Line graphs plotting p-STAT3 activity percentages over log
antibody (C14mab vs. Tocilizumab). Fig. (b) Western blot analysis of IL-6 and IL-6 R with various C14mab, Tocilizumab, and Olokizumab concentrations. Fig. (c) Left:
Western blot analysis of HylL-6 with various C14mab and Tocilizumab concentrations. Fig (c) Right: Line graphs plotting p-STAT3 activity percentages over log antibody
(C14mab vs. Tocilizumab).

binding epitopes in IL-6Ra, probably owing to the limited
deuterium exchange levels under the experimental condi-
tions. To further understand the C14mab binding mechanism
in HyIL-6, we performed an indirect ELISA assay using
Cl4mab as a detection antibody. Briefly, IL-6Ra was immo-
bilized directly on the plate, and then IL-6 was added to the

IL-6Ra and allowed to bind. The unbound IL-6 was washed
away, and the IL-6/IL-6Ra complex was detected by C14mab
(Figure 8b, blue line). Notably, when Cl4mab was added
without washing off unbound IL-6, the ELISA readout sig-
nificantly increased (Figure 8b, red line), indicating C14mab
changes the equilibrium state of the IL-6/IL-6Ra interaction.
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Figure 7. Neutralization activity of C14mab. (a) C14mab inhibits HylL-6 induced VEGF expression in C33A. VEGF protein expression was evaluated by ELISA in the culture
supernatant of C33A cells after incubation under treatment with HyIL-6 (50 ng/ml) in the presence or absence of the indicated concentrations of C14mab. The culture
media were collected for the determination of VEGF levels. Data expressed as mean + SD, n = 4. * Statistically significant difference from the positive control; P < .05. **
Statistically significant difference from the positive control; P < .01 (b) Wildtype naive CD4* T cells were stimulated with anti-CD3 and anti-CD28 for four days in the
presence of TGF-B1 (2 ng/ml) and anti-IL-2 (10 ug/ml). HyIL-6 (50 ng/ml) mediated signaling was blocked in cultures using indicated concentrations of C14mab,
tocilizumab, and olokizumab. IL-17A levels in culture supernatants were determined by ELISA (R&D Systems). Values represent the mean + SD: n = 3. ** Statistically
significant differences from the positive control; P < .01. (c) BALB/c mice were injected with either C14mab (0.1 mg/ml), DPBS, or isotype control antibody (0.1 mg/kg).
After 1 hr, mice were challenged with recombinant human HylL-6 (1 ug). After an additional 6 hrs, whole blood was collected. SAA levels were determined from serum
by using the mouse SAA ELISA. (d) C14mab dose-dependently decreases HylL-6 induced SAA levels in mice. BALB/c mice were injected with the indicated dose of
C14mab. After 1 hr, mice were challenged with recombinant human HylIL-6 (1 ug). After an additional 6 hrs, whole blood was collected. SAA levels were determined
from serum by using the mouse SAA ELISA. Data expressed as mean + SD, n = 5. ** Statistically significant differences from the positive control; P < .01. Fig (a) Histogram
of HyIL-6 induced VEGF expression with various indicated concentration of C14mab. Highest VEGF expression noted with 10(—3) concentration of C14mab. Fig (b) Three
histograms of IL-17A levels with HylL-6 mediated signaling blockage in indicated concentrations of C14mab, Tocilizumab, and Olokizumab. Fig. (c) Histogram of IL-6
induced SAA levels in mice with indicated injected concentrations of C14mab and isotype control antibody. Fig (d) Histogram of IL-6 induced SAA levels in mice with

indicated injected concentration of C14mab.

Overall, our data revealed Cl14mab recognizes and stabilizes
the complex formed by IL-6 and IL-6Ra, instead of recogniz-
ing IL-6 alone.

Discussion

Using the designer cytokine HyIL-6 as an antigen for immu-
nization, we successfully screened an inhibitory antibody
Cl4mab that possesses a distinct binding mode recognizing
the fusion protein of sIL-6Ra/IL-6 and prevents the formation
of the signaling-competent receptor complex with gp130. Both
in vitro and in vivo functional assays show that Cl4mab
potently inhibits IL-6-mediated signal transduction and biolo-
gical activities. Data from ELISA binding assays and kinetics
assays indicate that C14mab interacts simultaneously with IL-6
and IL-6Ra, suggesting the Cl4mab binding surface spans
across the interface of IL-6 and IL-6Ra, either continuously
or not. While C14mab binds to IL-6 alone, it does not have
a measurable affinity for IL-6Ra alone. Notably, C14mab pre-
ferentially binds to the fusion protein of sIL-6Ra/IL-6 over IL-6
and increases the concentration at the equilibrium of the IL-6/
IL-6Ra complex while interfering with the recruitment of the

signaling partner gp130. This characteristic of Cl14mab makes
it a unique neutralizing antibody for IL-6, offering a different
way of designing specific therapeutics for IL-6 blockade.

Our biophysical and structural analysis indicates that epi-
topes of the sIL-6Ra/IL-6 recognized by Cl4mab mainly lie
within the IL-6 molecule. Data from HDX-MS revealed that
Cl4mab targets site IIla of IL-6, encompassing the amino acid
residue W57, the critical aromatic site III signature residue
involved in the final step in assembling the functional human
IL-6 hexamer signaling complex.’”*® This study, however,
could not determine epitopes covering IL-6Ra because the
signal-to-noise ratio in the HDX-MS of the IL-6Ra molecule
was not clear enough to determine the binding residues.
Nevertheless, we further analyzed the differential HDX-MS
and the spatial distribution between pepsin-digested peptides
and the amino acid residue Ws,,. Those peptides with proper-
ties of HyIL-6 deuterium level > 25%, difference upon C14mab
binding > 9%, and the distance from peptide to Wsq; < 30 A
were considered potential candidates for antibody-binding
epitopes. Only one, peptide;sg.141, meets the abovementioned
criteria (Table S1.) Accordingly, we propose a complex model
that consists of a homology model of the Cl14mab variable
region, which spans a distance of about 30 A and
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Figure 8. The epitope of HylL-6/C14mab interaction. (a) Differential HDX of HylL-6 upon C14mab binding. A superimposed scatter plot shows pink, purple, green,
Orange, blue, and red dots corresponding to data acquired at 30, 180, 600, 1800, and 5400 sec of deuteration. The sequence, 498 TKLQAQNQWLQD®™®, upon C14mab
binding shows significant HDX reduction compared to other sequences. (b) A scheme depicts the assay procedure (left panel). The microplates were coated with slL-
6 Ra (50 ng/well) in PBS buffer at 4°C overnight and blocked with 1% BSA in PBS for 1 hr. Then plates were washed with PBS containing 0.05% Tween-20. Upper; without
washing group, IL-6 (10 ng/well) was added for 1 hr at room temperature. Then serial dilution concentrations of C14mab were added directly for another 2 hrs. Lower;
washing group, IL-6 (10 ng/well) was added for 1 hr at room temperature. After plates were washed with PBS containing 0.05% Tween-20, serial dilution concentrations
of C14mab were added directly for another 1 hr. The bound C14mab was determined by ELISA. The binding results with or without washing before C14mab incubation
are shown in blue and red, respectively (right panel). One representative assay of 3 is shown. Figure (8a) Scatter plot of relative uptake difference of HylL-6 with C14 mab
binding with various corresponding sec of deuteration (30,180, 600, 1800, and 5400 sec). Fig. (8b) Left: Assay procedures showing IL-6 added to IL-6 R coated plate with
(lower diagram) and without PBS wash (upper diagram), then serial dilution concentration of C14mab were added to result in detected levels. Figure (8b) Right:
Comparative line graphs plotting binding absorbance (OD,s0) with and without PBS wash with indicated log C14mab concentrations.

simultaneously engages IL-6 and IL-6Ra using its complemen-
tarity-determining regions, superimposed onto the IL-6/IL-
6Ra/gp130 structure (Figure 9(a)). The C14mab binding resi-
dues in the two distinct regions of the IL-6/IL-6Ra complex,
peptidesos 510 and peptide;sp.14; are within the approximate
size of the variable domains of the heavy and light chains of
Cl14mab (Figure 9(b)). These residues are located at the gp130
interaction site IIla in IL-6 and site IIIb in IL-6Ra, respectively.
Moreover, C14mab and the gp130 D1 domain overlap signifi-
cantly in space, indicating C14mab blocks the formation of IL-
6/IL-6Ra/gp130 complex and subsequent signal transduction.

Sequential assembly of the IL-6/IL-6Ra/gp130 hexameric
complex offers several alternatives for therapeutic intervention.
Inhibitors that target different steps in the IL-6 signaling cas-
cade have been developed. However, the question remains as to
which of these modes of the blockade is superior and whether

this difference can translate into clinical benefit. Tocilizumab,
the first biologic targeting the IL-6 pathway to be approved by
the Food and Drug Administration, recognizes both mIL-6Ra
and sIL-6Ra and inhibits IL-6 signaling through competitive
blockade of IL-6 binding.”” In comparison with anti-IL-6 anti-
bodies, treatment of patients with anti-IL-6Ra antibodies pre-
vents serum IL-6 accumulation and related adverse responses,
such as fever, fatigue, and hypercalcemia.”® Nevertheless, tar-
geting a receptor like IL-6Ra instead of the individual cytokine
IL-6 already reduces the specificity. It has been shown that
human IL-6Ra binds not only to IL-6, but also to human ciliary
neurotrophic factor*’ and IL-30,*' indicating that the blockade
of IL-6Ra might also affect other signaling pathways. Likewise,
experiments using olamkicept have shown that blocking IL-6
trans-signaling with sgp130Fc interferes with signaling elicited
by the IL-11 trans-signaling pathway.** C14mab’s blockade of
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Figure 9. The proposed model of IL-6/IL-6 R/C14mab (a) The three key interaction sites of IL-6 (red), IL-6 R (green), and gp130 (pink) within the hexameric signaling
complex are shown. The proposed model of IL-6/IL-6 R/C14mab and the trimeric structure of IL-6/IL-6 R/gp130 are superimposed. IL-6, IL-6 R, gp130, and C14mab are
represented by a cartoon, shown in red, green, purple, and blue, respectively. The binding candidates, peptides 498-510 and peptides 130-141are demonstrated in
black and gray, respectively. The surface representation of gp130 domain | overlap with C14mab interacting on IL-6 and IL-6 R in space. (b) HDX-MS was applied to map
the epitope of the C14mab onto HylL-6 by comparing the H/D exchange for HyIL-6 with that for the HyIL-6-C14mab complex. IL-6 R, linker, and IL-6 are colored green,
Orange, and red, respectively. Candidate residues that are significantly reduced in the presence of C14mab are shown in black, while candidate residues with low
reduction levels are shown in gray. The sequences with a pink background are the peptide sequences involved in the binding of IL-6 to gp130 (site lll). (Fig. 9a) 2-D and
3-D models of IL-6/IL-6 R/C14mab with three key interaction sites of IL-6, IL-6 R, and gp130 with superimposed trimeric structure of IL-6/IL-6 R/gp130 and associated
binding peptides, 498-510 and 130-141 (shown in black and gray). (Figure 9b) Epitope mapping of C14mab onto HylL-6 with IL-6 R(green), linker(Orange) and IL-6(red).
Candidate residue reduced with C14mab presence is shown in black while residue with low reduction level was shown in gray.

the IL-6/IL-6Ra complex, but not IL-6Ra alone, enables the
targeting of a single signaling entity and allows uninterrupted
signaling of other cytokines in the IL-6 family.

Blockade of IL-6 offers the most direct mode of IL-6 inhibi-
tion without interfering with other cytokines that can signal
through IL-6Ra. IL-6 has three distinct binding sites to bind to
its receptor subunits. Most anti-IL-6 antibodies under clinical
use/development, such as siltuximab, sirukumab, and clazaki-
zumab, are directed against site I to interfere with the initial
binding of IL-6 to its membrane-bound IL-6Ra or soluble IL-
6Ra. Apparently, the site I blockade cannot discriminate

between classic and trams-signaling. Moreover, the site
I blockade does not block IL-6 trans-presentation, which is
required for priming pathogenic Ty 17 cells.”* Of note, olam-
kicept efficiently inhibits trans-signaling, but not trans-
presentation owing to steric hindrance.”>*> On the other
hand, an anti-IL-6Ra MR16-1, which might interfere with the
assembly of the IL-6/IL-6Ra/gp130 complex, suppresses IL-6
trans-presentation.”** In this context, non-site I blockade, like
Cl4mab, theoretically suppresses classic and trans-signaling as
well as trans-presentation, suggesting its potential therapeutic
gap. Moreover, C14mab possesses a binding preference for IL-
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6/IL-6Ra complex compared to IL-6, and whether such
a characteristic may relatively selectively blockade IL-6 activity
instead of eliciting global IL-6 inhibition remains largely
unknown. Further studies are needed to prove these concepts.

Targeting IL-6 signaling for treating many human diseases
has entered clinical practice.””*>*® However, many questions
remain, and the features of IL-6 inhibitory antibodies vary
considerably based on their mode of blockade. Choosing the
suitable antibody with the appropriate mechanism of action
against IL-6/IL-6Ra/gp130 signaling for various IL-6 mediated
diseases remains a challenge. Our work shows that Cl4mab
explicitly recognizes the epitope containing a critical amino
acid residue in site III of IL-6 for the IL-6/IL-6Ra/gp130 com-
plex assembly, similar to olokizumab,*” which is approved in
Russia for treatment of rheumatoid arthritis. The critical dif-
ference between Cl14mab and olokizumab is that the epitope of
Cl14mab for IL-6/IL-6Ra complex is split spatially across IL-6
and IL-6Ra, thus preferentially binding to IL-6/IL-6Ra com-
plex. This unique feature may increase specificity and potential
efficacy against various IL-6/IL-6Ra mediated diseases. These
characteristics of Cl4mab shed light on its further develop-
ment as a better IL-6 blockade strategy.

Materials and Methods
Recombinant protein

To construct and express the bioactive designer cytokine HyIL-6,
a cassette consisting of human slL-6Ra cDNA (corresponding to
amino acid residues 113-323) and human IL-6 cDNA (corre-
sponding to amino acid residues 30-212) fused by a synthetic
DNA linker coding for the amino acid sequence Arg-Gly-Gly-Gly
-Gly-Ser-Gly-Gly-Gly-Gly-Ser-Val-Glu was constructed by the
PCR technique and cloned into the mammalian expression vector
IgMu/pEF-BOS using the restriction enzymes Ndel and BamHI.
Cleavage of the signal peptide in transfected mammalian cells
leads to the secretion of HyIL-6 with a C-terminal 6 His-tag.
The purified protein was used as the immunogen for monoclonal
antibody development. In addition, IL-6 (R&D systems, #7270-IL
/CF), IL-6Ra (R&D systems, #227-SR/CF), human IL-6Ra/IL-6
chimera (R&D systems, #8954-SR/CF), and mouse IL-6/IL-6Ra
complex (R&D systems, #9038-SR/CF) were used for ELISA, cell
function, in vivo model, and kinetics assays.

Generation of hybridoma cell lines and antibody discovery

HyIL-6 protein was used for BALB/c mice injection. HyIL-6
protein was emulsified with Freund’s Complete Adjuvant for
antigen priming. For the following injections, HyIL-6 protein
was mixed with Incomplete Freund’s Adjuvant. Mice were
injected every week and followed by a bleeding procedure for
antibody titration. Indirect ELISA was used to test antibody
titer after 3 ~ 4th boost injection. Mice with antibody titer
larger than 1:10,000 were further used for hybridoma genera-
tion. Hybridoma preparation followed previous studies.*® After
three rounds of limiting dilution, culture supernatants from
hybridoma candidates were screened using indirect ELISA.
Subsequently, selected candidates underwent expansion for
large-scale antibody production and cryopreservation. IgG-

containing culture supernatant and control samples were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and, based on the results, the IgG
concentration of the supernatant was estimated and adjusted
for normalization.

Competition screening assays

ELISA plates were coated with 100 ul of 10 ug/ml solution of
purified sgp130-Fc (a gift from Stefan Rose-John, University of
Kiel, Germany) in Dulbecco’s phosphate-buffered saline (DPBS)
buffer. A mixture of 50 pl of the ligand (HyIL-6, 100 ng/ml) and
50 ul of supernatant from selected hybridomas were prepared in
advance. 100 pL/well mixture was added and incubated for 1 hr at
room temperature. Afterward, primary anti-sIL-6Ra mouse
monoclonal antibody (R&D systems, #DY227) and horseradish
peroxidase (HRP)-coupled horse anti-mouse IgG secondary anti-
body (Cell Signaling Technology, #7076) was incubated sequen-
tially. Tetramethyl benzidine (TMB) solution (0.12 mg/mL TMB
with 0.04% hydrogen peroxide in 25 mM NaH,PO,) was used as
substrate. The reaction was stopped after 5 min with 1 M H,SO,.
Optical density (OD) was measured at 450 nm with a reference of
630 nm.

ELISA binding assays

ELISA plates were coated with 100 ul of target proteins pre-
pared in PBS buffer at 4°C overnight and blocked with 1%
bovine serum albumin (BSA) in PBS for 1 hr. After washing
with PBS containing 0.05% Tween-20, serial dilution concen-
trations of analyte (culture supernatants, antibodies) were
added for 1 hr at room temperature. After further washing,
bound antibodies were revealed using goat anti-mouse IgG
coupled to HRP. TMB substrates (100 ul) were added for 10-
20 mins, and then 50 ul stop solution (1 N H,SO,) was added.
Absorbance at 450 nm was then determined.

Antibody expression and purification

Hybridomas were cultured in a culture medium (high glucose
Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal bovine
serum (FBS), 1% penicillin-streptomycin) at 37°C under a 5%
CO;-enriched atmosphere. After the cultures reached about
80% confluence in 10-cm culture dishes, the 10% FBS medium
was replaced by a serum-free medium (high glucose DMEM) to
produce mAbs. IgG was purified from the culture supernatants
using columns containing protein-A resins (GenScript,
#1.00210). Immunoglobulins were eluted in 100 mM glycine.
For neutralization, 1 M Tris buffer (pH 9.0) was added to
purified immunoglobulin fractions. The purified C14mab is
characterized using SDS-PAGE, size-exclusion LC, and thermal
melting analysis (Figure S3). The antibody concentration was
determined using a Bradford assay.

Cell signaling transduction assay

HeLa, C33A Cells (1 x 10° cells/well, 1 x 10° cells/well) were
seeded in 6-well tissue culture dishes and cultured overnight.
After serum starvation for 5 hrs, cells were stimulated with



a pre-mixture containing IL-6 (R&D systems), IL-6/sIL-6Ra
combination (R&D Systems), or HyIL-6 (R&D systems) with
or without antibodies for 15 mins. The incubation time was
15 mins for each mixture period. Cells were washed with ice-
cold PBS twice and lysed in RIPA buffer supplemented with
protease and phosphatase inhibitor. Western blot analysis was
performed using anti-pSTAT3 (Cell Signaling Technology,
#9145) and anti-STAT3 antibodies (Cell Signaling
Technology, #9137). After incubation with HRP-labeled goat
anti-rabbit (Cell Signaling Technology, #7074) or HRP-labeled
horse anti-mouse antibody (Cell Signaling Technology, #7076),
the membranes were detected by enhanced chemilumines-
cence HRP substrate (Merck).

Kinetics assays

Octet is based on bio-layer interferometry (BLI) for measuring
protein-protein interactions. BLI analyzes the interference pat-
tern of white light reflected from two surfaces: a layer of
immobilized protein on the biosensor tip and an internal
reference layer. The binding between Cl4mab immobilized
on the biosensor tip surface using Biosensor AMC tips
(ForteBio, Pall Corporation) and IL-6 (R&D systems) and
HyIL-6 (R&D systems) in the complex was measured.
Interference patterns for binding or dissociating from the
biosensor were measured in real-time to generate a response
profile on the Octet® System Octet 96 Red (ForteBio, Pall
Corporation). Kinetic parameters were evaluated using a 1:1
binding model with the global fitting of three independent
experiments with the Octet Red analysis software.

Cultured cell VEGF assay

Serum-starved C33A cells were cultured in 6-well plates (1x10°
cells/ well) for 15 hrs in unsupplemented MEM before stimula-
tion. C33A cells were treated with recombinant human HyIL-6
(50 ng/ml, R&D Systems) in the presence or absence of anti-
bodies for 24 hrs. The culture media were collected for the
determination of VEGF levels. VEGF concentrations in the
supernatant were measured by human VEGF DuoSet ELISA
(R&D systems), and each measurement was repeated in
triplicate.

Use of laboratory animals

The mouse studies were performed using protocols approved
by the Institutional Animal Care and Use Committee of the
College of Medicine, National Taiwan University (Taipei,
Taiwan).

In vitro expansion of murine TH17 cells

Mouse naive CD4" T cells were isolated from the 6- to 8-week-
old C57BL/6 mice using EasySep™ mouse CD4* T cell isola-
tion kit (Stemcell). Cells were cultured in RPMI 1640 supple-
mented with 10% (v/v) fetal calf serum, 2 mM L-glutamine,
100 U/ml penicillin, 100 ug/ml streptomycin, 1 mM sodium
pyruvate, and 50 pM P-mercaptoethanol (all from Invitrogen,
Carlsbad, CA). A total of 2.5 x 10° cells/well were cultured in
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96-well plates coated with anti-CD3 (2 pg/ml, R&D Systems,
#MAB4841-100) and anti-CD28 (10 pg/ml, BD Biosciences, San
Jose, CA, #553294). Cultures were supplemented with TGF-p1
(2 ng/ml, R&D Systems, #7666-MB-005/CF), anti-IL-2 (10 pg/
ml, R&D Systems, #MAB702-100) and HyIL-6 (50 ng/ml, R&D
Systems). Antibodies were included as indicated.

In vivo neutralization of HylL-6 induced SAA in mice

Male BALB/c mice (Harlan Laboratories), weighing 23-27 g, were
housed for one week before testing. Mice received an intraperito-
neal administration of 0.01, 0.03, 0.1 mg/kg of C14mab, DPBS, or
0.1 mg/kg isotype control antibody (Biolegend, #401408) 1 hr
before an intraperitoneal administration of 1 ug/mouse of
human HyIL-6 (R&D Systems). Blood was collected into
Eppendorf tubes to prepare plasma and evaluate SAA levels by
mouse serum amyloid A DuoSet ELISA (R&D Systems).

HDX-MS

The hydrogen-deuterium exchange in target recombinant pro-
tein was measured by pepsin-digested fragments using HDX-
MS in the presence and absence of the mouse monoclonal
antibody. The recombinant protein (60 pmol) and protein-
antibody complex (60 pmol: 72 pmol) were diluted in the
exchange buffer (99.9% D,O in PBS, pH 7.4) at a ratio of 1:9
to initiate HD exchange at room temperature. At six time
points (0s, 30s, 180s, 600s, 1800s, 5400s), an aliquot (10 pmol
of target protein) was aspired and mixed with prechilled
quenching buffer (to a final concentration of 1.7 M guanidine
hydrochloride, 250 mM tris(2-carboxyethyl) phosphine, and
0.8% formic acid). The mixture was immediately loaded onto
a homemade pepsin column for online digestion. The digested
peptide mixtures were then loaded onto a reverse-phase col-
umn (Zorbax 300SB-C18, 0.3 x 5 mm; Agilent Technologies,
Wilmington, DE, USA). The desalted peptides were then sepa-
rated on a reverse-phase column (nanoEase M/Z Peptide BEH
C18 300 A, 1.7 um, 100 um LD. x 50 mm) using a multi-step
linear gradient of 8%-95% HPLC buffer (99.5% acetonitrile/
0.5% formic acid) for 10 minutes with a flow rate of 0.4 pl/min.
The LC apparatus was coupled with a 2D linear ion trap mass
spectrometer (Orbitrap Classic; Thermo Fisher, San Jose, CA,
USA) operated using Xcalibur 2.2 software (Thermo Fisher,
San Jose, CA, USA). The full-scan MS was performed in the
Orbitrap over a range of 400 to 1,600 Da and a resolution of
30,000 at m/z 400. Internal calibration was performed using the
ion signal of [Si(CH;),0]°H+ at m/z 445.1200 as lock mass.
The electrospray voltage was set to 2.4 kV, and the capillary
temperature was set to 220°C. MS and MS/MS automatic gain
control was set to 1,000 ms (full scan) and 200 ms (MS/MS), or
2 x 10° jons (full scan) and 5 x 10* ions (MS/MS) for maximum
accumulated time or ions, respectively.

Peptide identification and HDX data analysis

The peptide identification was carried out using Proteome
Discoverer software (version 2.3, Thermo Fisher Scientific).
The MS/MS spectra were searched against the single pro-
tein database using the SEQUEST search engine. For



2029675-12 (&) C.-C. CHOU ET AL.

peptide identification, 10 ppm mass tolerance was per-
mitted for intact peptide masses and 0.5 Da for collision-
induced dissociation fragment ions. Peptide-spectrum
matches were filtered based on high confidence and search
engine rank 1 of peptide identification to ensure an overall
false discovery rate below 0.01. For HDX profile analysis,
the peptide identification template was made based on the
LC-MS/MS result of target protein identification. The tem-
plate was then preloaded in the ExMS module installed in
the MATLAB environment. The HDX-MS spectra were
loaded and analyzed to calculate the number of incorpo-
rated deuterium atoms for each peptide, then presented as
the average number of deuterium incorporation in three
independent experiments.
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