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Systemic lupus erythematosus (SLE) is a chronic, heterogeneous autoimmune disease short of effective therapeutic
agents. A multitude of studies of SLE in the last decade have accentuated a central role of the interferon alpha (IFN-«)
pathway in SLE pathogenesis. We report here a candidate therapeutic neutralizing antibody, AlA22, with a different
binding epitope and discrepant neutralizing profile from the anti-multiple IFN-« subtype antibodies currently in clinical
trials. AIA22 specifically interacts with multiple IFN-« subtypes, binds to the type | IFN receptor 2 (IFNAR2) recognition
region of IFN-« (considered a novel antigen epitope), and effectively neutralizes the activity of almost all of the IFN-«
subtypes (with the exception of IFN-«7) both in vitro and in vivo. Concurrently, structural modeling and computational
design yielded a mutational antibody of AlA22, AIAmut, which exhibited substantially improved neutralizing activity to

multiple IFN-« subtypes.

Introduction

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease typically characterized by the occurrence of many
different autoantibodies that induce inflammation and damage
of vital organs and tissues by the formation of immune complexes
(ICs) with corresponding autoantigens. The etiopathogenesis of
SLE has been studied intensively for many years." Genetic and
epigenetic factors, environmental triggers, sex hormones, immu-
noregulatory factors, and stochastic events are commonly
believed to expound a predisposition for the development of
SLE.” However, these factors fail to fully explain the etiology and
pathogenesis of this disease.” Complex pathogenesis, multisystem
involvement, and clinical heterogeneity render SLE a difficult
disease both in its treatment and diagnosis.* Recently, SLE

patients have been routinely treated with non-targeted chemo-
therapeutic drugs, including the antimalarial agents chloroquine
and hydroxychloroquine, steroids, or immunosuppressive drugs,
resulting in an overall increase in survival.*> However, due to the
progression of SLE in a substantial percentage of patients and the
side effects of recent standard therapy, further research is needed
to better characterize the pathogenetic mechanisms of SLE, iden-
tify specific therapeutic targets, and develop effective and non-
toxic novel agents.

Interferons (IFNs) are a family of mammalian cytokines that
exhibit similar biological effects, including antiviral, antiprolifer-
ative, and immunomodulatory activities. They are classified as
type I, II, or III based on their chromosomal location, protein
sequence, structure, receptor recognition, and physicochemical
properties. Human type 1 IFNs consist of 6 distinct classes
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(IFN-o, IFN-B, IFN-g, IFN-k, IFN-w, and IFN-v), and share
the same cellular receptor (type I IFN receptor), which is com-
posed of 2 subunits commonly termed IFNAR1 and IFNAR2.°
In humans, IFN-o consists of at least 12 subtypes that share
nearly 85% amino acid homology.”® Tt remains unclear why
there are so many different type I IFNs including multiple
IFN-o subtypes. A variety of studies suggest they possess an
overlapping, but also unique, set of biological activities.

Early functional studies of IFN-« focused on their therapeutic
applications and effects on immunocytes, and several recent stud-
ies have revealed their role in the pathogenesis of human disease,
especially in SLE.”'? Studies both in mice and humans have
demonstrated the correlation between IFN-« and disease activity
and severity of SLE. The implication of IFNs in the development
of SLE was first observed in their therapeutic applications in can-
cer and viral infections, which induce autoantibody formation
in 4-19% of patients and a variety of SLE symptoms in
0.15-0.70%.° Elevated levels of IFN-a (particularly TFN-a2)
were also detected in the serum of some SLE patients.'”'" Micro-
array studies that investigated IFN-induced gene expression pro-
files (so-called IFN signature) in peripheral blood mononuclear
cells (PBMCs) of SLE patients have further supported the idea
that IFN-« is involved in disease pathogenesis.'*'? Additionally,
type I IFN receptor deficiency in lupus-prone NZM 2328 mice
has been shown to decrease dendritic cell numbers and activation,
which protects the mice from lupus disease.* These findings
have provided additional rationale for IFN-« blocking strategies
for human SLE therapy.

Clinical trials in patients with SLE have recently been con-
ducted using either monoclonal antibodies against IFN-« (sifali-
mumab, rontalizumab [discontinued after completing Phase 2
trials], AGS-009) or IFNAR (MEDI-546), or a therapeutic vac-
cine (IFN-o kinoid) that induces host polyclonal antibodies
against IFN-a. These agents have shown a positive pharmacody-
namic (PD) effect with respect to inhibition of type I IFN signa-
ture and some promising signs in clinical efficacy.’”” The
monoclonal antibodies that target multiple IFN-or subtypes bind
to amino acid residues of IFN-« that are involved in IFNARI
(IFNARI recognition region), but not to those involved in
IFNAR?2, which is the receptor subunit with higher affinity to
ligand. Notably sifalimumab, a therapeutic antibody developed
by MedImmune LLC, is reported to display high affinity and
extensive neutralizing activity to multiple IFN-a subtypes. The
Phase 2b clinical study of sifalimumab, which enrolled 835
patients with moderate/severe systemic lupus erythematosus
(SLE or lupus), met its primary endpoint and showed clinically
important improvements in organ-specific outcome measures
(joint, skin) and patient-reported outcomes.

Here, we describes a novel monoclonal antibody acquired
from a human single-chain antibody (scFv) phage library, which
has an extensive neutralizing potency to multiple IFN-o sub-
types, but has disparate binding epitopes (IFNAR2 recognition
region) from the anti-IFN-o monoclonal antibodies currently in
clinical trials. Structural modeling of the antibody-antigen com-
plex revealed the interface residues involved in antigen binding
and provided the details of the recognition mechanism;
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subsequent computational design yielded a variant antibody with
extensively improved neutralizing activities to multiple IFN-«
subtypes. Furthermore, the inhibitory effects of the novel mono-
clonal antbodies on IFN-o signature in IFN-a adenovirus
treated mice have also been demonstrated.

Results

IFN-a1b and IFN-a2b are chosen from all of the IFN-a
subtypes as the antigen for panning

The span of polymorphisms of IFN-& renders it an onerous
choice for selecting suitable subtypes to screen antibodies with
high affinity and extensive neutralizing potency to IFN-« sub-
types from the fully synthetic phage display library. Semi-quanti-
tative studies have demonstrated that IFNAR2 is mainly
responsible for the high affinity interaction between ligand and
receptor, while IFNAR1 (required for the stability of the ternary
compound of IFNARI/IFN-a/IFNAR2 and the further initia-
tion of the signaling cascade) displays almost no binding to IFN-
a.%'® Accordingly, the IFNAR2 recognition region was consid-
ered to be the preferred binding epitope of further neutralizing
antibodies. The crystal structure of the IFN-a2/IFNAR2 binary
complex at resolution of 2.0A (PDB:3S9D) revealed the recogni-
tion mode and interaction residues between IFN-2 and
IFNAR2."” The amino acid sequence alignment of the 12 IFN-«
subtypes was then investigated, and the residues that interacted
with IFNAR2 were labeled as described in the Figure SIA leg-
end. Additionally, the crystal structure PDB:3UX9 describes a
high specificity antibody that interacts only with IFN-o1b, but
not IFN-a2b whose interaction residues on IFN-a1b partially
overlap the TENAR2 recognition region.'® The analysis of these
residues indicates that it may be beneficial to avoid interaction
with residues 26, 27, 30, and 31 of IFN-« for future antibodies
with extensive IFN-& subtype-neutralizing activity. IFN-a1 and
IFN-«13 show significant differences with other subtypes at these
4 residue sites, which are graphically described by the alignment
of the structure of IFN-a2 (PDB:3S9D) and IFN-alb
(PDB:3UX9) (Fig. S1B-E). Ultimately, IFN-a1b and IFN-a2b
were employed to screen target antibodies blocking the interac-
tion between IFN-o¢ and IFNAR2 and neutralizing multiple
human IFN-« subtypes effectively from the phage display library.

AIA22 specifically recognizes recombinant IFN-a with high
affinity

A human single-chain antibody (scFv) phage library was
screened with immunotubes coated with IFN-o1b and IFN-a2b
in turn to select scFvs that bind to multiple human IFN-« sub-
types. The three rounds of panning with progressively stringent
washing conditions resulted in about 43 positive clones with spe-
cific genes (Table S1 and Fig. S2), which were then cloned into
full-length human IgG1 expression vectors. From 23 antibodies
that expressed well in the FreeStyle™ 293-F system, one candi-
date, AIA22, was selected for its specific binding activity to both
IFN-o1b and IFN-a2b. The binding specificity of AIA22 to
IFN-a was approximated using ELISA. The result (Fig. 1)
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Figure 1. Binding activity of AIA22 to different antigens. All the antigens
were coated at 5 g/ml. The optical density (OD) at 492 nm reduced in a
dose-dependent manner with decreasing amounts of AIA22 when bind-
ing to IFN-a1b and IFN-a2b. No cross-reactivity was observed when
AlIA22 was incubated with other type | IFN (IFN-B, IFN-w), type Il IFN
(IFN-y), cytokines (VEGF, TNF), and human serum albumin (HSA).

revealed that AIA22 specifically recognizes IFN-o, including
IFN-a1b and IFN-a2b.

The affinity constant of ATA22 to recombinant IFN-a1b and
IFN-02b were examined through surface plasma resonance
(SPR) analysis using the BIAcore™ T200 system. The results are
shown in Table 1. Apparently, sifalimumab forms stronger inter-
actions with IFN-a2b and IFN-a1b than AIA22. It should be
noted that the binding mechanism of AIA22 to IFN-«1b (Fig.
S3D) does not give a straightforward relationship between affin-
ity and kinetics. We determined the affinity constant of AIA22
to IFN-a1b from analysis of the binding level at steady state
(Fig. S4A, B ). The results (Table 1) show that the affinity of
AIA22 to IFN-«1b is about 1/600th of that to IFN-a2b. Accord-
ing to the sensorgrams (Figs. S3D and S4A), AIA22 displays a
sharply decreased disassociation phase when binding to IFN-a1b
that may result from disharmonious recognition of the binding
interface.

Structural prediction of AIA22’s recognition mode to IFN-
a2b and IFN-a1b

To clarify the recognition mode of AIA22 to IFN-alb, we
initially built a structure model of ATA22 and its complex with

Table 1. Affinity constant of AIA22 and sifalimumab

IFN-a2b (Fig. S5). Interestingly, the AIA22/IFN-a2b complex
structure revealed that the binding epitope of AIA22 on
IFN-02b partially overlaps the IFNAR2 recognition region
(Fig. 2A and 2B), which is a potentially novel antigen epitope
different from that of neutralizing antibodies sifalimumab and
AGS-009. The analysis of the predicted interaction interface also
indicated that the light chain residues Ser31a, Asn31b, Tyr32,
Asp50, Asn52, Lys66, and the heavy chain residues Tyr95,
Ser97, Tyr99 make direct interaction with IFN-a2b by forming
extensive hydrogen-bonds (or 7 interaction networks) (Fig. 2C).
This indicates that the complementary-determining region
(CDR) L1, L2 and CDR H3 play an important role in AIA22’s
binding to IFN-a2b. Glu96 of CDR L3 is also a key residue that
maintains the stability between light and heavy chains (Fig. 2C).
To demonstrate these interactions, we substituted these sites with
alanine and detected the relative affinity to IFN-o¢ compared
with AIA22 by ELISA.Y According to the results (Table S3), the
alanine replacement of light chain residues Tyr32, Asp50, Glu96
and heavy chain residue Tyr95 resulted in considerable loss of
binding activity to IFN-a2b, which was in accordance with the
prediction of AIA22/IFN-a2b complex model. Accordingly, we
considered the AIA22/IFN-a2b complex model plausible, and
next built the AIA22/IFN-o1b complex structure by using a
structural superposition method. The predicted AIA22/TFN-a1b
interaction interface is shown in Figure 2D. The key residues of
interaction were also demonstrated by the results of alanine scan-
ning experiments (Table $3). Additionally, the analysis of
AIA22/IFN-alb interaction revealed that residue Tyr99 of
AIA22 heavy chain appeared to account for the low affinity to
IFN-a1b due to its strong clash with the backbone of Leu30 and
Met31 on IFN-a1b (Fig. 2D).

AIA22 binds to the IFNAR?2 recognition region of IFN-a:2b,
which is different from sifalimumab

The structural modeling predicted the overlapping of AIA22’s
binding epitope with IFNAR2 recognition region. To identify
the binding region of AIA22 on the IFN-« surface experimen-
tally, a series of competitive binding assays were performed by
using the forteBio Octet QK* system, which is an application of
biolayer interferometry (BLI) technology. The interface between
the molecular layer on the fiber (biosensor) and the solution will
change with the addition of bound molecules that are monitored

Mean = Standard error

Monoclonal antibody IFN-« subtype ka(10*°M~'s™") kq(107%s7") Ko (107° M) Chi? (RU?)
AlA22 IFN-o2b 200.67 £41.28 6.49 +0.56 0.33 +0.05% 0.24 +0.07
IFN-a1b NA NA 210.90 +6.13° 0.15 +0.13
Sifalimumab IFN-o2b 47.83 +0.29 0.58 +0.13 0.12 £0.03? 0.27 £0.04
IFN-a1b 23.67 +5.68 20.08 +2.41 8.69 +£0.91¢ 0.27 +0.02

ka, association rate constant; kq, disassociation rate constant; Kp, equilibrium disassociation constant; NA, not available. All of the values are determined by
BlAcore™ T200 system and represent the mean = standard error from 3 separate assays.

“The value is derived from kinetics measurements by kq/ka (1:1 binding).
®The value is derived from steady-state measurements (1:1 binding).
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Figure 2. Predicted interaction mechanism of AIA22 with IFN-a«2b and IFN-a1b. (A) The AlIA22/IFN-a:2b
complex model. Variable region of AIA22 light chain (VL): green, variable region of heavy chain (VH):
marine, IFN-a:2b: pink. (B) The recognition region mapping of AIA22 (Green), IFNAR2 (Blue), and their
overlapping region (Red) on IFN-a2b surface. (C) The predicted interaction interface between AlA22
and IFN-a2b. H1~H3 and L1~L3 represent the 6 CDR regions of heavy chain and light chain respec-
tively. IFN-o2b and its residues are labeled as pink. The dotted lines between resides indicate hydro-
gen-bonds and solid lines indicate 7 interactions. (D) The predicted interaction interface between
AlA22 and IFN-a1b. IFN-a1b and its residues were labeled as yellow. The atoms of Tyr99 (CDR H3) are
displayed as CPK scale to clearly reveal its clash with IFN-a1b backbone residues Leu30 and Met31.

by the Octet system in wavelength shift approach over time. Fig-
ure 3A shows the interaction course of a sandwich-like binding
assay. Purified AIA22 was captured on the interface of the anti-
human-IgG conjugated (AHC) biosensor to saturation as the first
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layer of the “sandwich,” while AIA22
(control), sifalimumab, or IFNAR2-
hFc (R&D, 4015-AB) individually
acted as the top layer. The intermedi-
ate layer was occupied by IFN-a2b or
buffer, as shown in the legend box of
Figure 3A. The results showed that
sifalimumab could interact with IFN-
o2b immobilized on AIA22 (NO. I
curve), while the IFNAR2 did not
(NO. II curve). This indicated that
AIA22 might share a proximal binding
region on IFN-a2b with IFNAR2. In
reverse, both AIA22 and IFNAR2
could interact with IFN-a2b immobi-
lized on sifalimumab (Fig. 3B). Fur-
thermore, we performed a competitive
binding assay (Fig. 3). In Figure 3C,
the binding response reduced in a
dose-dependent manner to increasing
amounts of AIA22-Fab (Fab region
of AIA22) (Table S4), indicating that
AIA22-Fab can compete against
IFNAR2 for the interaction with IFN-
a2b. An overlapping binding course
was then executed, and results showed
that sifalimumab also interacted with
IFN-a2b immobilized on IFNAR2 in
a dose-dependent manner (Fig. 3D)
and identified that the binding epitope
of sifalimumab is different from the
IFNAR2 recognition region. To sum-
marize, AIA22, but not sifalimumab,
overlapped the IFNAR2 recognition
region of IFN-« partially, which con-
firmed the prediction of the molecular
modeling results.  With IFNAR2
responsible for high affinity bind-
ing,%*? we predict effective blocking of
[FN-o/IFNAR interaction by AIA22.

AlAmut derived from AIA22 has
an improved affinity to IFN-a1b

The results of structural prediction
clearly revealed the possible improper
recognition mechanism of AIA22/
[FN-«1b complex
modeling, and was confirmed by ala-
nine scanning of the CDR region and
competitive assays experimentally. We
emphasized Tyr99 of the heavy chain
and the neighboring interface residues

interaction by

(e.g., Ser28, Val33, Ser34, Glu96 from the light chain; Tyr95,
Tyr96, Thr100 from the heavy chain), employed mutations of
these sites to all other natural amino acids, and estimated the
changes in the binding free energy of the protein-to-protein
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complexes. The variants showing a decrease in binding free
energy (AAG < 0) were selected and a visual inspection was also
executed for the variants with anomalous AAG value. The
selected variants were used in the binding activity analysis by
ELISA (some variants with apparently decreased binding activity
to IFN-a1b or IFN-a2b are given in Table $5).1 Additionally,
according to the results of alanine scanning, the mutational resi-
dues with remarkably improved affinity were combined with the
positive variant sites yielded from computational design. The
identification results of these variants are shown in Table 2. To
isolate candidate antibodies with extensive neutralizing potency
to multiple IFN-or subtypes, we selected mutants according to
their neutralizing activities to different IFN-& subtypes. The vari-
ant L-S34A + H-32G96W (the combined mutation of L-S34A,
H-Y32G, and H-Y96W) displayed extensively improved neutral-
izing activities to multiple IFN-& subtypes and was termed AIA-
mut. The affinities of AIAmut to IFN-o1b and IFN-a2b were
also determined (Table S6, Figs. S3 and S4). Apparently, AIA-
mut forms stronger interaction with IFN-o2b and IFN-«1b than
AIA22.

Both ATA22 and AIAmut show effective neutralizing activity
to multiple IFN-a subtypes in vitro

IFNs exert a series of biological activities, many of which are
measurable in isolated cell culture systems. Notably, Daudi cells
(Burkitt’s lymphoma-derived B cell line) have been demonstrated
to be highly susceptible to the antiproliferation of IFN-a.?>*
Neutralizing antibodies blocking IFN-o binding to its receptors
have the ability to restore proliferation. First, we examined the
dose-response curves of the antiproliferation activity of multiple
IFN-« subtypes and determined the critical concentrations of dif-
ferent subtypes, where IFN-« displayed 100% suppression of cell
proliferation (Table 3). Next, the cell proliferation assay was per-
formed and the neutralization of 12 IFN-a subtypes by the
monoclonal antibodies was examined (Table 3). According to
the results obtained, AIAmut displayed stronger neutralizing
potency to IFN-« subtypes than AIA22. The neutralizing activi-
ties of AIAmut to IFN-a1b, 2a, 2b, 6, and 21 were considerably
improved compared with AIA22. Compared with sifalimumab,
AIA22 and AlAmut exhibited different neutralizing profiles of
the 12 IFN-« subtypes. Sifalimumab performed the most effec-
tive blocking to IFN-a6, while AIA22 and AlAmut showed

better neutralizing activity to IFN-2. AIAmut displays superior
neutralizing potency compared with sifalimumab to 7 of the 12
IFN-o subtypes, but inferior neutralizing activity to 4 of them.
Interestingly, with a remarkably lower affinity to IFN-a2b,
AIA22 exhibited better neutralizing effects than sifalimumab.
Taking the antigen epitope into consideration, we can conclude
that the binding to IFNAR2 recognition region may provide
AIA22 (and AIAmut) with more effective neutralizing activity to
IFN-a.

Both ATA22 and AIAmut inhibit IFN-a inducible genes
expression in Adv-mIFN-a treated mice

Prolonged mouse IFN-o administration in Balb/c mice using
adenovirus-mediated gene transfer technology was performed to
evaluate the neutralizing activity of AIA22 and AlAmut in vivo
by detecting the expression level of type I IFN inducible genes.
As shown in Figure 4A, all the groups that received Adv-mIFN-
o (recombinant adenovirus vector containing the mouse IFN-«
cDNA) injection exhibited significantly improved blood concen-
trations of mIFN-« after 24 hours, and the subsequent adminis-
tration of equivalent neutralizing antibodies also made the serum
human IgG levels reach a comparative level between groups
(Fig. 4B). The elevated serum IFN-« levels resulting from Adv-
mIFN-« administration markedly increased the expression of the
type I IFN inducible genes IRF-7, IP-10, ISG-15, and Mx-1 in
peripheral blood cells. The over expressions of these inducible
genes were also significantly inhibited by the injection of a large
amount of AIA22 or ATAmut (Fig. 4 C-F).

Discussion

Many studies'®'*?°? have revealed a connection between
the increased IFN-« levels (in both circulation and local tissues)
and disease activity and severity of SLE. The investigation into
the genetics of SLE '* has found significant overexpression of
mRNAs of almost all IFN-« subtypes in the WB of SLE patients,
making it important that [FN-a-targeted therapeutic agents neu-
tralize extensive IFN-« subtypes. Additionally, the possibility
that treatment with IFNAR-targeted agents may provide greater
neutralization than IFN-a-targeted strategies should be consid-
ered. It should be noted, however, that use of canonical anti-
IFNAR antibodies may result in undesired antibody-dependent

Figure 3 (See previous page). AIA22 binds to a novel antigen epitope (the IFNAR2 recognition region) different from that of sifalimumab. (A) and (B)
AIA22 occupies a proximalis binding region on IFN-a2b with IFNAR2, but separated recognition region with sifalimumab. (A) A sandwich approach was
designed to detect whether sifalimumab or IFNAR2-hFc can interact with IFN-«2b immobilized on AlA22. The samples separated by oblique line “/* in
the legend box represents bound molecules of “Loading,” “Association,” and “Re-association” phase in turn. AIA22 was captured (loading phase) on Anti-
Human IgG (AHC) biosensors to saturation (not shown in the graph). The “dissociation” phase was performed in HBS-EP buffer. Background and non-spe-
cific binding of antigen to the biosensor was performed for quality control by detecting the binding to the AHC biosensor loaded with control human
IgG (not shown). (B) A reverse experiment of (A) with sifalimumab captured on AHC biosensors. (C) and (D) AIA22 competed against IFNAR2 for the inter-
action with IFN-a2b. The two graphs are results from experiments performed in one assay. Following the loading of IFNAR2-Fc (not shown), a control
human 1gG was loaded onto the biosensors to block the surface completely. As shown in (C), an association phase was then performed by interaction
with 200 nM IFN-2b incubated with AIA22-Fab (Fab region of AlIA22) at the concentrations indicated. The binding response of IFN-a2b reduced in a
dose-dependent manner to increasing amounts of co-incubated AIA22-Fab, which indicated that AIA22-Fab can compete against IFNAR2 for the interac-
tion with IFN-a2b. After competitive binding, different amounts of IFN-«2b were immobilized on the 4 separate biosensors by IFNAR2. (D) Sifalimumab
interacted with IFN-o2b immobilized on IFNAR2 in a dose-dependent manner, indicating the different recognition region from IFNAR2.
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Table 2. The evaluation results of variants derived from AlIA22

AAG (kcal/mol) ™ Relative Afﬁnity*** Relative Neutralizing Activity****
Variants IFN-a: 1b 2b 1b 2b 1b 2b 5 6 8 14 17 21
L-S34A -0.3 0.24 0.4 0.78 0.88 1.24 - - 3.85 5.22 - -
H-Y32A —0.305 —0.115 0.07 0.88 - 1.15 342 >10 - 8.9 0.83 -
H-Y32G —0.045 —-0.17 0.44 2.52 1.03 1.12 0.73 - - 0.99 1.07 -
H-A33G —8.53 0.04 0.06 0.76 0.33 0.91 - >10 >10 2.53 2.22 >10
H-Y96W —0.02 0 0.13 2.15 0.87 1.05 - >10 - 2.23 0.51 1.67
H-Y99V —1344 —55.425 0.56 0.87 0.48 5.86 7.71 - - - - -
L-S34A+H-A33G —1.925 0.52 0.18 1.01 - 434 - >10 >10 7.48 >20 -
L-S34A+H-Y96W —0.735 0.395 0.27 1.58 0.49 1.85 - >10 6.02 >20 1.25 -
H-32A96W —0.65 —0.075 0.32 7.33 - 0.91 3.15 7.28 - - 2.36 -
H-32G96W —0.36 —0.18 0.22 3.56 1.09 0.88 237 2.89 - 7.98 0.93 -
H-33G96W —5.68 —0.14 0.21 1.08 0.13 1.35 - 1.22 1.05 0.87 2.15 2.23
L-S34A+H-32A96W —1.065 0.105 0.29 2.02 - 2.77 - 1.58 - - - -
L-S34A+H-32G96W —0.05 —-0.14 0.21 1.15 0.15 0.38 0.19 2.11 1.01 8.53 0.62 0.01
L-S34A+H-33G96W —0.06 0.23 0.19 2.39 0.13 1.71 - 11.34 7.59 7.33 1.98 -
H-32G96W99V 0.37 0.66 0.86 0.99 0.22 2.15 9.63 - - - - -

*The “+" symbol represents the combination of light and heavy chain. For multi-site mutation of the same chain, the initial AA is not shown in the name.
**AAG (= AGyariants — AGaiaz2) Was estimated by FoldX based on the AIA22/IFN-« complex model. AG represents the binding free energy between antibody

(AIA22 or variants) and corresponding IFN-« subtype.

***The value of KDyaiants/KDaia22 (Kp was derived from the same ELISA assay with Table S3).
****The value of EC50yayiants/EC50a1a22 (EC50 was derived from proliferation assay of Daudi cell).

The horizontal short line (-) indicates the value was not determined.

cell-mediated cytotoxicity (ADCC), and the thorough blocking
of type I IFN signaling could increase the risk of infection. Tak-
ing all these factors into account, we directed our endeavors
toward the development of antibodies that target multiple IFN-«
subtypes for SLE therapy.

As described in results, the IFNAR2 recognition region is pre-
ferred as the binding epitope of anti-multiple IFN-« subtype
antibodies. As expected, AIA22 and its derived antibody AIAmut
were shown to bind to the IFNAR2 recognition region of IFN-a.
It must be noted that blocking of IFNARI recognition region
can also stop the effects of IFN-a because of its requirement for
the further initiation of the signaling cascade.”>** For example,

sifalimumab, which has a binding epitope that overlaps the
IFNARI recognition region of IFN-o, can also neutralize the
activity of multiple IFN-or subtypes (Table 3). Interestingly,
AIA22 displays a slightly higher neutralizing potency to IFN-a2b
(Table 3) in spite of its considerably lower affinity to IFN-a2b
over sifalimumab (Table 1). It is very likely that the blocking
advantage of AIA22 over sifalimumab can be attributed to its rec-
ognition region of IFN-a. Concurrently, when considering the
low binding affinity between IFNARI and IFN-¢, it can be
expected that the binding of AIA22 and AlAmut to I[FNAR2
recognition region of IFN-« may effectively avoid the ADCC
mediated by IFN-« (Fig. $6). Additionally, the retaining of

Table 3. Neutralizing activities of monoclonal antibodies to multiple IFN-« subtypes

Neutralizing Activity (EC50, nM)

IFN Critical Concentration (IU/ml, pM) AlA22 AlAmut Sifalimumab
IFN-a1b 60, 36 335.90 49.66 18.71
IFN-a2b 0.5%, 25 0.63 0.24 1.80
IFN-a4b 150, 10.29 94.65 26.37 100.30
IFN-a5 100,17.9 823 153 49.7
IFN-a6 200, 10.5 1.34 2.83 0.05
IFN-o7 200, 20.7 NA NA 100.2
IFN-o8 70,10 246 29.6 ~4.17"
IFN-«10 150, 51 3354 76.85 188.4
IFN-a14 60, 25.4 284 246.4 ~2.0°
IFN-«16 30, 45 109.3 23.89 41.21
IFN-a17 100, 20.6 116.5 728 194.7
IFN-0e21 100, 30 79.93 ~5.0¢ 44.43
*The concentration unit is ng/ml.

8The top and bottom value was not reached. NA = no activity.
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Figure 4. AIA22 and AlAmut inhibit IFN-o
inducible genes expression in Adv-mIFN-«
treated mice. 6-8 week old mice (N = 5, 9)
received a single administration of replica-
tion-deficient mouse IFN-o Adv at 1 x 10®
viral particles (vp) per mouse. Control
groups were treated with volume-matched
PBS or 1 x 108 vp of control Adv. 24 hours
after Adv injection, antibodies (AIA22, AIA-
mut, sifalimumab, and control human IgG)
were administered once at 1.0 mg/mouse.
Blood serum was collected both before
administration and at 24h after antibody
treatment. (A) The murine serum IFN-« lev-
els and mean values (horizontal bars) at 24h
after Adv-mIFN-« treatment (N = 5, p =
NS). (B) The human antibody levels in
murine serum and mean values (horizontal
bars) after monoclonal antibody treatment.
The monoclonal antibodies were detected
by ELISA. (N = 5, p = NS). (C-F) The relative
expression levels of type | IFN-inducible
genes and mean fold changes (horizontal
bars). The expression level of each inducible
gene for each mouse was repeatedly exam-
ined 3 times. A single dot (or triangle, rhom-
bus) presents the mean expression level of a
specific inducible gene for one mouse. The
horizontal bars present the average expres-
sion level of the 5 mice of each group. The
age-matched Balb/c mice (?) without any
treatments were set as control group. (N =
5 ns = no significance; * p<0.05; **,
p<0.01; *** p<0.001; **** p<0.0001; 2-
tailed t-test). In D, p=0.0007 without the
outlier point above 8 of Adv-IFN-« / AIAmut
group taken into consideration.
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sifalimumab/IFN-a/TFNAR2 complexes on the cell surface par-
tially antagonizes IFN-f and IFN-w-induced signaling pathways,
which would be avoided by the recognition mode of AIA22 and
AlAmut (Fig. S6).

It has been reported that SLE patients with lower levels of
IFN-I signature responded better than groups with higher levels
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in a Phase 2 trial of rontalizumab (Gen-
entech).? This indicates a necessity for
the improvement of the neutralizing
ability for anti-IFN-« antibodies. Gen-
erally, the neutralizing activity of an
antibody displays a positive correlation
with its affinity. In this study, the struc-
tural modeling of the AIA22/IFN-«
complex confirmed by the alanine scan-
ning and the affinity maturation based
on computational design resulted in a
variant antibody, AIAmut that exhib-
ited an extensively increased neutraliz-
ing potency to IFN-o subtypes
(Tables 2, 3). Alongside the neutraliz-
ing activity, AlAmut also showed
higher affinity to both IFN-a1b and

IFN-o2b over AIA22 (Table 1 and Table S6). Here, we must
emphasize the discrepancy seen in the neutralizing profiles of
IFN-& subtypes among AIA22, AlAmut, and sifalimumab and
note that AIA22 and AIAmut may have novel therapeutic effects.

As previously reported, Adv-mIFN-« treatment of preautoim-
mune (NZBxNZW)F1 mice,”® a classic mouse model of
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spontaneous lupus, results in a rapid and severe disease with all
characteristics of SLE. In this work (Fig. 4), the inhibitory effects
of ATIA22 and AlAmut on IFN-« signature in Adv-mIFN-«
treated Balb/c mice have been demonstrated. According to the
results, we anticipate a promising PD effect of AIA22 and AIA-
mut in Adv-mIFN-a-treated (NZBxNZW)F1 mice; such
experiments are planned for the future.

In conclusion, we developed a novel candidate therapeutic
antibody AIA22 that specifically interacts with multiple IFN-«
subtypes and effectively neutralizes their activities in vitro. Differ-
ent from the anti-IFN-« antibodies in clinical trials (especially
sifalimumab), AIA22 binds to the IFNAR2 recognition region of
IFN-o, which is considered to be a novel antigen epitope. Con-
currently, structural modeling and computational design yielded
a mutational antibody AIAmut, which exhibited remarkably
improved neutralizing activity. Both AIA22 and AIAmut employ
quite different neutralizing profile of IFN-« subtypes from sifali-
mumab, and may yield novel therapeutic effects. Subsequently,
the inhibitory of IFN-« signature by AIA22 and AIAmut in Adv-
mIFN-« treated Balb/c mice predicts a promising PD effect and
warrants further development of AIA22 and AIAmut.

Materials and methods

Generation of monoclonal antibodies

As previously described,”” the phage display single-chain vari-
able fragment (scFv) library was exposed to 3-round selections in
immunotubes (Nunc, 443990) coated with recombinant IFN-
a2b (ProSpec-Tany, CYT-205) and IFN-«1b (gifted from Pro-
fessor Xiaojie Dong) in turn at a decreasing concentration range
of 20 wg/ml, 5 pg/ml, or 1 pg/ml (Table S1). The variable
regions of light or heavy chain genes of positive scFv antibodies
were isolated for sequencing and then cloned into expression vec-
tors pABG and pABL, respectively (both constructed in our lab).
FreeStyleTM 293-F cells (Invitrogen) were cotransfected with
equal parts of both vectors for simultaneous expression and were
cultured according to the manufacturer’s instructions. Antibodies
secreted in the supernatant were purified using HiTrapTM
rProtein A FF (GE healthcare, 17-5079-01/17-5080-01).

Specificity and binding activity ELISAs

Ninety-six-well microtiter plates (Costar, 9018) were coated
with recombinant IFN-a1b, IFN-a2b, IFN-B (Abnova, P3623),
IFN-w (gifted from Professor Wei Chen), IFN-v, or control anti-
gens in carbonate buffer (pH9.6) and incubated overnight at
4°C. They were then blocked with phosphate-buffered saline
(PBS) supplemented with 5% (M/V) fat-free powdered milk
(Amresco, M203-10G-10PK) for one hour at room temperature
(RT). Serial dilutions of purified ATA22 (15.625-1000 ng/ml)
in a dilution buffer of PBS containing 5% fat-free powdered
milk and 0.1% Tween20 were incubated for one hour at 37°C.
After washing, HRP-conjugated goat anti-human IgG (Sigma-
Aldrich, A0170) was added and incubated for 30 minutes at
37°C. Plates were developed with o-phenylenediamine dihydro-
chloride (OPD) substrate. The optical density (OD) was detected
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at 492 nanometers (nm) with 630 nm as a reference by using a
microplate reader (Thermo Multiskan MK3). The binding activ-
ities of AIA22 and mutant antibodies were also compared follow-
ing a coating of IFN-a2b or IFN-a1b at 1 pg/ml.

Affinity Determination by BIAcore Analysis

The interaction affinity between antibodies and recombinant
IFN-a2b were determined by calculation from kinetic constants
using BIAcore™ T200 systems. Multi-cycle kinetics was used
for kinetic analysis experiments. Purified antibodies at 1.0 pg/ml
were first captured on a CM5 chip (GE healthcare, 10226578)
handled with the Human Antibody Capture Kit (GE healthcare,
BR-1008-39). IFN-w2b with a concentration from 1.2 nanomo-
lar (nM) to 120 nM in HBS-EP+ running buffer were passed
over the chip at a rate of 30 pl/min and 25°C. The two minute
association time was followed by a 10 to 40 minute dissociation
period. The regeneration step consisted of chip flushing with the
regeneration buffer for 30 seconds at the rate of 30 pl/min.
Repeated measurements were taken at 7.68 nM and 2 baseline
binding readings of the buffer to the chip with corresponding
captured monoclonal antibody were also detected to correct for
system bias. The experimental data were fitted to 1:1 binding
model using BIAcore™ T200 evaluation software.

Considering the lack of a straightforward relationship between
the affinity of AIA22 (and AIAmut) to IFN-a1b and correspond-
ing kinetics, we examined the binding affinity by measurement
of steady-state binding levels using BIAcore™ T200 systems.
Purified antibodies at 0.4 pg/ml were first captured. Solutions of
IFN-a1b at concentrations from 3 nM to 750 nM in HBS-EP+
running buffer were passed over the chip at a rate of 30 pl/min
and 25°C. The seven minute association time was followed by a
15 minute dissociation period. Repeated measurements were
taken at 19.2 nM, and 2 baseline binding readings of the buffer
to the chip with corresponding captured monoclonal antibody
were detected. The steady-state binding data were analyzed by fit-
ting the curve of binding level against concentration using
BlAcore™ T200 evaluation software.

All reagents and analysis measures used above were obtained
from GE Healthcare, USA.

Molecular modeling, docking and superposition

A scFv homology model for AIA22 was built using Discovery
Studio (Accelrys) according to the structure of PDB:3UX9,
which describes an antibody sharing a high sequence similarity
with AIA22. The CDR loops were refined by using Loop Refine-
ment (MODELER) (a built-in module of Discovery Studio).
The conformations of IFN-«1b and IFN-a2b were taken from
the crystal structures PDB:3UX9 (2.8angstrom [A] resolution)
and PDB:3S9D (2.0 A resolution), respectively. The ZDOCK
algorithm28 was applied to the docking simulations of AIA22
and IFN-a2b. Two thousand docked poses generated in a global
docking search were scored and clustered (ZDock Score and
ZRank Score). The poses with higher ZDock score and lower
ZRank score were identified (Fig. S5) and were chosen for refine-
ment by RDOCK.*” The top refined pose was selected for fur-
ther analysis. The complex structure of AIA22 and IFN-o1b was
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procured by using a structural superposition method with Align
Structures (MODELER). Molecular structure illustrations were
generated using PyMOL Molecular Graphics Software (www.
pymol.org) or Discovery Studio.

Competitive binding assay

The competitive binding experiment was conducted to deter-
mine the binding region of AIA22 on the IFN-« surface experi-
mentally. A sandwich-like binding assay was designed using
forteBIO® Octet QK System (Pall ForteBio Corporation,
USA). Purified AIA22 in HBS-EP buffer at 200 nM was loaded
on an individual anti-human-IgG Conjugated (AHC) biosensor
followed by a one minute wash at 1000 rpm in HBS-EP buffer.
Afterward, a 10 minute association was performed in the sample
plate with 100 nM IFN-a2b or HBS-EP buffer control. This
was followed with a 2—10 minute disassociation in the HBS-EP
buffer plate, which resulted in a decrease of binding that did not
surpass more than 10% of the peak value of binding response. A
re-association step was then executed in a new sample plate con-
taining either purified antibodies or recombinant proteins at
100 nM. Background binding of IFN-a2b to sensor was per-
formed for quality control by detecting the binding to biosensor
loaded with control human IgG. The reverse experiment with
sifalimumab captured on AHC biosensors was performed in the
same manner. The results were analyzed with Octet Date Analy-
sis Software (Pall ForteBio).

Computational design of mutants using FoldX

The computational design of high-affinity AIA22 mutants to
IFN-ar1b was performed using FoldX version 3.0 (Center de
Regulacié Gen f mica, Barcelona E).*° The interface residues (in
particular the collision site and its adjacent sites) were identified
according to the complex structure model, after which the muta-
tion of the specific residue to all other 19 naturally occurring
amino acids were scanned using the mutate residue function in
FoldX. Changes in the binding free energy (AAG, kcal/mol) of
protein-to-protein complexes due to residue mutations were esti-
mated, and the amino acid substitutions showing a notable
decrease in binding free energy were selected. Mutagenesis
experiments of ATA22 were carried out with Quik Change Site-
Directed Mutagenesis (Stratagene, 200518) in accordance with
the manufacturer’s instructions. Mutants were expressed, puri-
fied, and tested as described in previous sections.

A detailed description of the protein design algorithm FoldX
is available at htep://foldx.crg.es/

Cell culture and neutralizing activity

Daudi cells (TCHul140) were purchased from the Commit-
tee on Type Culture Collection of Chinese Academy of Sci-
ence (Shanghai, China) and cultured in RPMI-1640 medium
(Gibco, 31800-022) supplemented with 10% FBS (Gibco,
10099-141), 1/100 Penicillin-Streptomycin solution (Gibco,
15140-122), and 0.11 g/L sodium pyruvate at 37°C in a 5%
CO, humidified incubator unless otherwise indicated. Daudi
cells at logarithmic phase were inoculated in 96-well plates
(Costar, 3599) to a final density of 1 x 10% cells/well and
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were grown with a serial titration of each IFN-« subtype (PBL
Biomedical Labs, 11002-1) for 72 hours to examine cytotoxic-
ity curves. Cell viability was detected by the addition of CCK-
8 (Dojindo, CK04) at an OD of 450 nm after a 2-3 hour
incubation period and was calculated relative to Daudi prolif-
eration in the absence of IFN-o (100% cytoactive) and in the
presentence of IFN-a alone without Daudi cells inoculated
(0% cytoactive). The critical concentration of different sub-
types (where Daudi cells displayed the lowest proliferation)
was determined, and the neutralizing activity was assayed at
ECsy with the determined critical concentration as the final
concentration. A serial titration of AIA22 or mutant antibod-
ies mixed either with or without a certain IFN-« was added to
Daudi cells in a 96-well plate at a final density of 1 x 10*
cells/well. Following a 72-hour conditioned incubation, rela-
tive cell viability was measured using CCK-8. The neutralizing
activity percentage was calculated by setting the OD 450nm
in the absence of the monoclonal antibodies and IFN-« as
‘Ao’, in the presence of IFN-o and monoclonal antibodies at
different concentration as ‘As’, and in the presence of IFN-
aalone as ‘Ab’. The neutralizing percentage of IFN-« equation
was as follows:

—4b

[0)
do—Ab x 100%

Percentage Neutralizing of [FNa(%) =

The ECsq of the monoclonal antibodies to different IFN-«
subtypes was derived with GraphPad Prism software using
non-linear regression, dose-response stimulation, and variable

slope fit.

Mice and treatment

Female BALB/c mice (6-8 weeks old) were purchased from
Beijing Laboratory Animal Center and housed in a pathogen
free facility in barrier cages. These mice were treated with a
single intravenous injection in the vena caudalis of 1x10®
Adv-mIFN-« particles (HanBio, Shanghai, China), recombi-
nant adenovirus vector containing the mouse IFN-a subtype 5
cDNA. Controls received the same amount of control Adv
particles. Twenty-four hours after Adv treatment, these mice
received a single intraperitoneal injection of AIA22, AlAmut,
sifalimumab, or isotype human IgG at 1 mg/mouse. Blood
serum was collected before injection of antibodies and at
24 hours after the injection. Mice were sacrificed on the fourth
day and PBMCs were harvested for RNA extraction using
TRIzol regent (Life Technologies, 15596-026) according to
the manufacturer’s instructions.

The study was approved by the Animal Ethics Committee of
the Academy of Military Medical Sciences (AMMS) and per-
formed in accordance with the guidelines of the National Insti-
tute of Biological Sciences Guide for the care and use of
laboratory animals.

RT-PCR and Quantitative PCR
Total RNA was extracted and resuspended in diethyl
pyrocarbonate (DEPC, Amresco, E147) treated water. The
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RT-PCR was performed using TransScript All-in-One First-
Strand cDNA Synthesis SuperMix for PCR (TransGene Bio-
tech, AT321) concordant with the manufacturer’s instruc-
tions. Gene expression was relatively quantified by real-time
PCR, and SYBR® Green Real-time PCR Master Mix
(Applied Biosystems, 4367659) was used in compliance with
provided instructions. Amplification conditions were per-
formed in succession as follows: 95°C for 10 minutes, 45
cycles at 94°C for 15 seconds, 60°C for 25 seconds, and
72°C for 25 seconds using the ABI PRISM® 7500 Fast RT-
PCR system. A standard melt curve stage followed. Primers
(Table S7) were synthesized by Sangon Biotech (Shanghai,
China) and consistent with ones reported before.’*? Tran-
scripts were quantified using the comparative (2744Cy
method.
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