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ABSTRACT

Four antibodies that inhibit interleukin (IL)-23 are approved for the treatment of moderate-to-severe
plaque psoriasis. Here, we present non-clinical data comparing ustekinumab, guselkumab, tildrakizumab
and risankizumab with regard to thermostability, IL-23 binding affinity, inhibitory-binding mode, in vitro
potency and in vivo efficacy. Risankizumab and guselkumab exhibited 5-fold higher affinity for IL-23 and
showed more potent inhibition of IL-23 signaling than ustekinumab and tildrakizumab. Risankizumab and
guselkumab completely blocked the binding of IL-23 to IL-23Ra as expected, whereas tildrakizumab did
not. In vitro, risankizumab and guselkumab blocked the terminal differentiation of T;17 cells in a similar
manner, while tildrakizumab had minimal impact on T,17 differentiation. In a human IL-23-induced ear-
swelling mouse model, risankizumab and guselkumab were more effective than ustekinumab and
tildrakizumab at reducing IL-17, IL-22, and keratinocyte gene expression. Our results indicate that the
four clinically approved antibodies targeting IL-23 differ in affinity and binding epitope. These attributes
contribute to differences in in vitro potency, receptor interaction inhibition mode and in vivo efficacy in
preclinical studies as described in this report, and similarly may affect the clinical performance of these
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drugs.

Introduction

Psoriasis is one of the most common autoinflammatory dis-
eases and affects more than 125 million people worldwide. '
This chronic immune-mediated condition is characterized by
inflammatory skin lesions with hyperplasia of keratinocytes in
the epidermis and infiltration of leukocytes, especially T cells
into the dermis.” The initiation of disease pathogenesis
involves the activation of dermal dendritic cells to secrete
factors that support the differentiation of T helper 17 (Ty17)
cells.®> One of these factors, the cytokine interleukin (IL)-23, is
thought to be required for the maintenance and generation of
pathogenic Ty17 cells that produce the inflammatory cytokines
IL-17 and IL-22, which in turn stimulate keratinocyte
responses including proliferation and secretion of psoriasis
associated mediators. Blocking the activity of IL-23 with neu-
tralizing antibodies therefore offers an attractive therapeutic
intervention for psoriasis.

Four antibodies that inhibit IL-23 through interaction with
either the p19 or p40 subunit have been approved by the U.S.
Food and Drug Administration for the treatment of moderate-to
-severe plaque psoriasis in adults. Ustekinumab, approved in
2009 and previously known as CNTO 1275, was generated
using Medarex’s transgenic HuMab-Mouse. It is a human
IgG1, k monoclonal antibody that binds to the p40 subunit of
IL-12 and IL-23.>° Guselkumab, approved in 2017 and pre-
viously known as CNTO 1959, is a human IgGl, A antibody

derived from the MorphoSys HuCAL phage display antibody
library. It binds to the p19 subunit of IL-23 and inhibits the
binding to the IL-23Ra receptor subunit.” Tildrakizumab,
approved in 2018 and also known as MK-3222, is a humanized
IgG1, k monoclonal antibody that is specific for the p19 subunit
of IL-23.% Risankizumab, approved in 2019 and described as BI
655066, is a high-affinity antibody that binds to the p19 subunit
and blocks its interaction with IL-23Ra receptor subunit.” It is
a humanized IgGl, k antibody with L234A, L235A mutations to
reduce unnecessary and unwanted FcyR interactions.

The p19 antibodies showed superiority against several stan-
dard-of-care biologics in clinical studies, as described for guselk-
umab versus anti-tumor necrosis factor (TNF) adalimumab,'®~"?
tildrakizumab versus anti-TNF etanercept,'® and risankizumab
versus ustekinumab'*'® and adalimumab.'” The reported
Psoriasis Area and Severity Index (PASI) 90 responses after
long-term treatment are 43-62% for ustekinumab,'®>° 76% for
guselkumab,'*! 52-59% for tildrakizumab,'’ and 81% for
risankizumab."” In addition to nonclinical attributes, such as
affinity, potency and epitope, the clinical response rates are
also driven by a variety of factors, including dose, dosing fre-
quency, and serum half-life of the drug (Table 1). >*~**

In this study, we compared ustekinumab, guselkumab, til-
drakizumab and risankizumab in relevant assays used in
a preclinical setting. The results from thermostability studies,
target-binding studies, cellular potency assays, a Tyl7
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Table 1. Biochemical, biophysical, and clinical parameters of the IL-23 antibodies.

Antibody PASI 90 Tonset-0sc  Tagg
Name Target format Maintenance dosing regimen after 2 doses at Wk 0 and Wk 4  Week 28-52  Serum half-life (days) (~Q) (=C)
Ustekinumab  p40 hlgG1,k 45 or 90 mg Q12 Wk 43-62 15-45 A 56.7 70.3
Guselkumab ~ p19 higG1,\ 100 mg Q8 Wk 76 15-18 A2 602 704
Tildrakizumab ~ p19 hlgG1,k 100 mg Q12 Wk 52-59 23 A% 614 703
Risankizumab  p19 hlgG1 LALAk 150 mg Q12 Wk 81 28 A2 660 839
A. Serum half-life from approved labels.
Tonset-Dsc is the onset temperature of protein unfolding measured by DSC. Tpqq is the onset temperature of protein aggregation measured by nanoDSF.
Table 2. Binding affinity and kinetics of IL-23 antibodies measured by SPR.
Sc hull-23 (n = 5) Heterodimer hulL-23 (n = 3)
k, x 106 (M7's™") kg x 107° (s71) Ko (pM) ky X 10° (M~'s™") kg x 107° (s71) Ko (pM)
Risankizumab 1.0+£03 1.8+£1.0 21+ 16 56+£0.6 23+0.2 437
Guselkumab 1.0+ 04 26+ 1.1 35+ 27 47 +£04 36+0.3 77+ 1
Tildrakizumab 1.2+£03 144+73 136 £ 91 93 +£0.6 21.1+£14 228 £ 6
Ustekinumab 21 £06 172 +£11.7 106 + 98 134 +£20 308+ 1.2 232 +£23

Average values and standard deviations for k,, kq, Kp were calculated from five (sclL-23) or three (heterodimeric IL-23) experiments, respectively. Measurements were

done at 37°C in HBS-EP+ running buffer. .

differentiation assay and a human IL-23-induced ear-swelling
mouse model shed light on the molecular attributes that may
contribute to these antibodies’ clinical efficacy.

Results
Antibody stability and potential deamidation sites

The conformational and colloidal stabilities of ustekinumab,
guselkumab, tildrakizumab and risankizumab were assessed
using differential scanning calorimetry (DSC) and nano differ-
ential scanning fluorimetry (nanoDSF) (Table 1, Supplemental
Figure S1). All four antibodies displayed high onset temperatures
of unfolding

(Tonset-psc > 56°C), suggesting they have good conformational
stability, as well as high onset temperatures of protein aggrega-
tion Tyge (>70°C) as measured by nanoDSF, indicating good
colloidal stability. Among these four antibodies, risankizumab
has the highest

Tonset-psc (66.0°C) and Tagy (83.9°C). Guselkumab contains
several potential deamidation sites in complementarity-
determining region 2 of the heavy and light chains. However,
prolonged in vitro incubation at pH 8.0 and pH 9.5 followed by
liquid chromatography-mass spectrometry (LC-MS) analysis
indicated that these residues were not prone to deamidation, as
less than 15% deamidation was observed (Supplemental
Table S1).

Antibody interactions with IL-23 and Fc receptors

A central mechanism of therapeutic anti-IL-23 antibodies is the
neutralization of free IL-23. The binding affinity for IL-23 may
therefore be a major determinant of clinical efficacy. To assess
the binding kinetics of the antibodies to human IL-23, we per-
formed surface plasmon resonance (SPR) measurements at
37°C. The antibodies were captured on the chip surface using
a goat anti-human IgG Fc polyclonal antibody. Different con-
centrations of the analyte, either single-chain (sc) or heterodi-
meric human IL-23, were interacted in consecutive cycles with
surface-displayed IL-23 antibodies. The individual association

(k,) and dissociation (k4q) rate constants and the equilibrium
dissociation constant (Kp) were calculated using global fitting
to a 1:1 binding model. Risankizumab and guselkumab exhibited
high affinity to human scIL-23 with mean Kps of 21 pM and 35
PM, respectively, whereas tildrakizumab and ustekinumab
showed about a 5-fold lower affinity for scIL-23 than risankizu-
mab with mean Kps of 136 pM for tildrakizumab and 106 pM for
ustekinumab (Table 2 and Supplemental Figure S2). The affi-
nities of the antibodies for heterodimeric IL-23 were slightly
lower than for scIL-23 but followed a similar trend. The differ-
ence in Kp between risankizumab and tildrakizumab/ustekinu-
mab is mainly driven by risankizumab having an 8- to 13-fold
slower dissociation rate constant (kg), indicating that risankizu-
mab forms a more stable immune complex with IL-23.

Guselkumab, tildrakizumab and ustekinumab, which are
human IgG1 with intact Fc, exhibited high monomeric binding
to high-affinity FcyRs and low monomeric binding to low-afhinity
FcyRs, while risankizumab, which possesses the L234A, L235A
mutations,” displayed the expected reduced binding to human
FcyRI and FcyRIITA V176 and undetectable binding to low-
affinity FcyRs (data not shown). These Fc differences are not
expected to result in a different biological outcome because
FcyR-mediated effector function is not thought to be part of the
mechanism of action of the IL-23 antibodies, as they bind a soluble
cytokine and do not form multimeric antibody/antigen
complexes.

Antibody interactions with the neonatal Fc receptor (FcRn)
in the low pH environment of the endosome and subsequent
dissociation at the neutral pH on the cell surface after recycling
play a critical role in maintaining the long serum half-life of
IgGs.”® All IL-23 antibodies showed similar binding affinities of
about 5 uM to FcRn at pH 6.0 and little binding at pH 7.4 in an
SPR assay (data not shown). However, when antibodies were
bound to an FcRn column and subjected to a pH gradient,
guselkumab showed a delayed elution at physiological pH. In
contrast, ustekinumab, tildrakizumab and risankizumab
immediately eluted when the pH reached 7.4 (Supplemental
Figure S3). Guselkumab’s slower dissociation from FcRn may
contribute to its shorter half-life in psoriasis patients (Table 1).
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Figure 1. In vitro potency of the IL-23 antibodies. (a) Dose-dependent inhibition of STAT3 luciferase reporter expression in HeLa cells with the stimulation of 1 ng/mL IL-
23 (n = 3). (b) Dose-dependent inhibition of pSTAT3 expression by FACS in CD45* CD161™ cells from human whole blood with the stimulation of 1 ng/mL IL-23 (n =6
with 3 healthy donors). Data are plotted as mean + SEM. Antibody potency was determined by calculating the inhibitory concentration that results in 50% inhibition
(ICs0) and 80% inhibition (ICgo) with 95% confidence interval (Cl). Data and statistical analysis are summarized in (Table 3).

Table 3. In vitro cellular potency of IL-23 antibodies.

STAT3 Reporter

pSTAT3 Whole Blood

1Cso ICso 1Cso ICso

(pM) 95% Cl (pM) 95% Cl (pM) 95% Cl (pM) 95% Cl
Risankizumab 23 18-29 42 32-56 6 2-21 12 4-35
Guselkumab 59* 46-76 117** 89-155 10 3-34 20 7-55
Tildrakizumab 203%** 157-262 1155%** 873-1529 39%* 12-129 197%** 70-548
Ustekinumab 316%** 244-408 1460%** 1103-1933 40%* 12-133 246%** 88-692

Antibody potency was determined by calculating the inhibitory concentration that results in 50% inhibition ICso and 80% inhibition ICgo with 95% confidence interval
(Cl). Pairwise comparison with risankizumab: * p < 0.05, ** p < 0.001, *** p < 0.0001.

Antibody activity in cell-based bioassays

The in vitro potency of the antibodies was compared in two
different bioassays. The first, a STAT3-driven luciferase repor-
ter assay, used HeLa cells recombinantly expressing the human
IL-23Ra and IL-12RP1 receptors (Figure la). Risankizumab
inhibited IL-23-induced STAT3 signaling with an ICsy of 23
pM. Risankizumab was 2.6-fold more potent than guselkumab
(p £ 0.05), 9-fold more potent than tildrakizumab (p < 0.0001)
and 14-fold more potent than ustekinumab (p < 0.0001) based
on calculated ICsps of 59 pM, 203 pM and 316 pM, respectively
(Table 3). The second pSTAT3 assay used human whole blood
from healthy donors and measured increased pSTAT3 in
CD45% CD161™ cells, which are IL-17 producing CD4" Ty
17%° and CD8" T¢17 cells.”” Upon stimulation with IL-23,
risankizumab and guselkumab demonstrated similar potency
with ICsy of 6 pM and 10 pM, respectively, whereas tildraki-
zumab and ustekinumab were about 6-fold less potent than
risankizumab with ICss of 39 pM and 40 pM (p < 0.001)

(Figure 1b). A comparison of the ICgy values showed
a similar trend, but with a greater potency differential. While
risankizumab and guselkumab were able to achieve 80% inhi-
bition in these assays at concentrations that were twice as high
as their ICy, concentration, tildrakizumab and ustekinumab
required significantly higher antibody concentrations to
achieve 80% inhibition. As a result, risankizumab was able to
achieve 80% inhibition at concentrations that were 16- to 35-
fold lower than those required for tildrakizumab and usteki-
numab as based on the calculated ICg, values (Table 3).

Antibody epitope mapping

The antibody epitopes on IL-23 were compared (Figure 2).
Ustekinumab’s epitope is on the p40 subunit of IL-23,”° while
guselkumab, tildrakizumab and risankizumab all recognize the
pl9 subunit, albeit at slightly different epitopes.
Tildrakizumab’s epitope has been determined by x-ray crystal-
lography in which K39, T42, W45, S46, P49, E101, S114-D118,

Epitope mapping

M1 Y100 L124 S151F172 P189
IL-23 p19 |
IL-23Ra | W il [ []]]
Risankizumab I e
Guselkumab ] ]
Tildrakizumab 111 I Wl

Figure 2. Epitope alignment of IL-23 Ra and IL-23 antibodies on the IL-23p19 sequence. The epitopes of guselkumab (white boxes) and risankizumab (black boxes)° as
determined by HDX-MS. The epitopes of tildrakizumab®® and IL-23 Ra®® as determined by x-ray crystallography are shown in black bars.
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P120, G122, Q123, H125, A126, L129 were identified as impor-
tant contact residues within 4 A of antigen.”® Risankizumab’s
epitope has been determined by hydrogen deuterium exchange
mass spectrometry (HDX-MS) to encompass 1108-A126 and
P137-5151.° Guselkumab’s epitope, which was determined by
HDX-MS in this study, involves residues in two peptide
regions, Y100-L124 and S151-F172 (Supplemental Figure S4).

The binding interface of IL-23Ra and IL-23 has been
reported.”” Both risankizumab and guselkumab showed over-
lapping epitopes with IL-23Ra (Figure 2). Specifically, 1108 and
P113 are residues on IL-23 covered by risankizumab, guselku-
mab and IL-23Ra. Residues Y100, L103, Q154-Q157, L159-L161,
K164-K165, R167-5168 are additionally shared between guselk-
umab and IL-23Ra. Interestingly, tildrakizumab and IL-23Ra do
not share critical contact residues on IL-23, despite tildrakizu-
mab showing inhibitory activity in cellular potency assays.

IL-23 receptor activation and antibody inhibitory binding
mode characterization

IL-23 receptor activation requires assembly of the ternary
complex consisting of IL-23Ra, IL-23 and IL-12RB1. The IL-
23p19 subunit is known to interact with IL-23Ra, and the IL-
23p40 subunit interacts with IL-12RB1.* Binding affinities of
these two interacting pairs were measured by SPR to be 0.8 nM
for the IL-23/IL-23Ra and 19 nM for the IL-23/IL-12RB1 pair
(Supplemental Figure S5). To further characterize the cyto-
kine/receptor interaction, we also measured the dissociation
constants of the ternary complex assembly. The binding affi-
nity of IL-12RP1 for IL-23Ra-bound scIL-23 was determined
by SPR to be 56 nM, while IL-23Ra’s affinity for IL-
12RP1-bound scIL-23 was 6 nM (Supplemental Figure S5).

To investigate whether antibody-bound IL-23 would be
blocked from binding to its receptors, we conducted binding
studies using both recombinant IL-23 receptor proteins and IL-
23 receptor expressing HEK293 cells.

The binding of antibody/IL-23 complexes to immobilized
IL-23Ra or IL-12RP1 was assessed by SPR. IL-23 pre-incubated
with a saturating amount of ustekinumab or a control human

IgG1 antibody showed binding to IL-23Ra as expected since
ustekinumab bound to the p40 subunit would not interfere
with the p19/IL-23Ra interaction. IL-23/risankizumab and IL-
23/guselkumab complexes did not show any binding to IL-
23Raq, indicating both risankizumab and guselkumab comple-
tely blocked the binding of IL-23 to IL-23Ra (Figure 3a). Our
result is consistent with previously reported data for these
antibodies.”” Surprisingly, the IL-23/tildrakizamab complex
was still able to bind IL-23Ra, even in the presence of
a saturating amount of tildrakizumab. To better understand
the inhibitory effect of tildrakizumab on the IL-23/IL-23Ra
interaction, the affinity of IL-23 for IL-23Ra was determined
in the presence and absence of a saturating amount of tildra-
kizumab. The presence of tildrakizumab reduced IL-23’s affi-
nity for IL-23Ra by approximately 200-fold from 0.8 nM to
190 nM (Supplemental Figure S5), suggesting that tildrakizu-
mab may inhibit the pl9/IL-23Ra interaction through
a negative allosteric modulation rather than a competitive
inhibition. Additionally, we investigated whether antibodies
would bind to IL-23Ra-bound IL-23. Consistently, risankizu-
mab and guselkumab did not show binding to the IL-23Ra-
bound cytokine, while tildrakizumab and ustekinumab showed
binding (Supplemental Figure S6). The binding of antibody/IL-
23 complexes to immobilized IL-12RP1 was similarly assessed
by SPR. IL-23 complexes with guselkumab, tildrakizumab and,
to a lesser extent, risankizumab were able to bind to IL-12Rp1
(Figure 3a). The IL-23/ustekinumab complex did not bind
since ustekinumab is a competitive inhibitor of IL-23p40/IL-
12RB1 binding.>*°

The binding of IL-23/antibody complexes to HEK293 cell
lines expressing either one or both IL-23 receptor subunits was
further assessed by fluorescence-activated cell sorting (FACS)
(Figure 3b). IL-23/antibody complexes comprising Zenon-
labeled antibody (10 nM) and human scIL-23 at concentrations
ranging from 1.25 to 20 nM were added to cells for 1 hour on ice
prior to FACS analysis. As expected, IL-23 in complex with
ustekinumab showed strong binding to cells expressing IL-
23Ra, whereas IL-23 in complex with risankizumab or guselk-
umab did not. Under this experimental condition, IL-23/

IL-12RB1-Fc
a B1FC 1723 + mab
IL-23Ro
.( P
Anti-IL-23Ra. IL-23 + mAb
1400~ 1400+
Control human IgG — Risankizumab

11004 Tildrakizumab 1100 — Guselkumab
2\ mAb/IL23 Ustekinumab 5 — Tildrakizumab
g &0 Risankizumab/Guselkumab X 800 — Ustekinumab
(0] [}
§ 500 g 5004 Control human IgG
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Figure 3. The binding mode of antibodies, IL-23 and IL-23 receptors characterized by SPR and FACS. (a) the SPR sensorgram of antibody/IL-23 complexes binding to IL-
23 Ra (left) or IL-12RB1-Fc (right) immobilized on the chip. (b) IL-23/antibody complexes, comprising Zenon-labeled antibody (10 nM) and human scIL-23 at
concentrations ranging from 1.25 to 20 nM, were added to HEK293 cells expressing either one or two IL-23 receptor subunits for one hour on ice prior to FACS analysis.
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Figure 3. Continued.

tildrakizumab did not show observable binding to cells expres-
sing IL-23Ra. IL-23 precomplexed with the labeled anti-p19
antibodies showed binding to cells expressing IL-12Rp1 to
a different extent. These differences were not due to
a difference in antibody labeling efficiency (data not shown).
IL-23/guselkumab binding was strong, IL-23/tildrakizumab
intermediate and IL-23/risankizumab binding was very low,
suggesting that risankizumab’s binding to the p19 subunit may
create a steric hindrance or conformational change between the
p40 subunit and IL-12RP1. Similar binding patterns were
observed when IL-23 was first allowed to bind to cells expressing
the individual receptors and bound IL-23 was detected using the
labeled antibodies (Supplemental Figure S7).
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T, 17 differentiation

We used an in vitro human Tyl7 differentiation assay to
understand how IL-23 antibodies may affect the differen-
tiation of naive CD4" T (T,.ive) cells toward Ty17 cells. In
this assay, Thave cells were isolated from cord blood,
activated with anti-CD3- and anti-CD28-coated beads
and polarized into Tyl7 cells with a Ty17-skewing cock-
tail in the presence or absence of 1 uM risankizumab,
guselkumab, or tildrakizumab.’' Accumulated cytokines
were analyzed by multiplex assay at day 4 postdifferentia-
tion. Treatment with control human IgG did not affect the
release of Tyl7 cytokines (data not shown). Secretion of
IL-17A, IL-17F and IL-22 into the supernatants was
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greatly inhibited by risankizumab and guselkumab, while
tildrakizumab showed only partial inhibition of IL-17 F
and IL-22, and almost no inhibition of IL-17A secretion
(Figure 4a). To gain a deeper understanding of the phe-
notypic changes that occur during this process, we per-
formed standard flow cytometry and high-dimensional
mass cytometry (CyToF) analysis on day 4 of the culture
using a panel of antibodies as indicated (Supplemental
Table S2). Consistent with the secreted cytokine levels in
the supernatants, the frequencies of IL-17A" and IL-17 F*
cells were significantly reduced by risankizumab and
guselkumab, while tildrakizumab elevated the percentage
of IL-17A" cells and only partially inhibited the differen-
tiation of IL-17 F* Tyl7 cells (Figure 4b). It has been
reported that the IL-23/Tyl7 axis plays a crucial role in
regulating the immunopathogenesis of psoriasis, and IL-
23R expression and signaling is a critical component of
pathogenic Tyl7 cells.>**** We confirmed the surface
expression of IL-23R in differentiated Tyl7 cells with an
anti-IL-23R  antibody  (Supplemental = Figure S8a).
Risankizumab displayed a better inhibitory effect on the
generation of IL-23R* Ty17 cells than tildrakizumab, but
similar or slightly better than guselkumab (Figure 4b).

To understand the effects of IL-23 signaling blockade on Ty
17 differentiation in more detail, a uniform manifold approx-
imation and projection (UMAP) dimension reduction analysis
was performed on day 0 (T..) and day 4 (Ty17 control and
risankizumab-, guselkumab- or tildrakizumab-treated) cells.
PhenoGraph cell clustering revealed 28 populations within the
Tyl7 cultures, and Wanderlust trajectory analysis indicated
the likely path of differentiation of T, . cells to Tyl7 cells
in vitro (Figure 4c, Supplemental Figure S8b,c). Among the 28
clusters, distinct populations of terminally differentiated IL-
17A717 P (cluster 26), IL-17AM17F (cluster 27) and IL-
17AM17E™ (cluster 28) cells were identified and were greatly
reduced when cells were polarized in the presence of risanki-
zumab or guselkumab (Figure 4c,d). In contrast, tildrakizumab
had minimal impact on terminally differentiated Ty17 cells
by day 4 of culture, as its profile is nearly identical to the Ty
17 control UMAP plot (Figure 4d).

A heatmap of cluster frequencies provided an objective view
of which treatments behaved most similarly with respect to the
phenotypic distribution of cells in culture (Supplemental
Figure S9a). Volcano plots showing differences in cluster fre-
quencies as a ratio of the Tyl7 control were generated. In
risankizumab- or guselkumab-treated cultures, cluster 26, 28
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Figure 4. Treatment of naive T cells in T;17 polarizing conditions with IL-23 antibodies results in loss of terminally differentiated IL-17+ cells and accumulation of T;17
differentiation intermediates. (a) The inhibition of IL-17A, IL-17 F and IL-22 cytokine secretion by IL-23 antibodies at day 4 of Ty;17 polarization analyzed by multiplex. (b)
The inhibition of IL-17A, IL-17 F, and IL-23 R expressing cells by IL-23 antibodies at day 4 of T;;17 polarization analyzed by mass (IL-17A, IL-17 F; n = 5) or flow (IL-23 R;
n = 6) cytometry. ns. not significant. * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001. (c) UMAP dimension reduction of all events from mass cytometry analysis of
all day 4 treatment groups shows the landscape of populations arising during T,17 differentiation. PhenoGraph cell clustering identified 28 populations as shown in the
legend. The Wanderlust algorithm was run using PhenoGraph population 2 as the seed population, and populations were then numbered according to the Wanderlust
predicted order of differentiation. The red line indicates a likely path of differentiation. The terminally differentiated clusters expressing IL-17A (cluster 27), IL-17 F
(cluster 26) or IL-17A and IL-17 F (cluster 28) are shown along with the expression of IL-17A and IL-17 F. (d) The UMAP plot of mass cytometry data from (c) is shown for
individual treatment groups, which demonstrates the redistribution of populations as a result of treatment with IL-23 antibodies. Terminally differentiated IL-17"
clusters are highlighted with black rectangles. (e) Volcano plots show the fold change of PhenoGraph clusters following treatment with risankizumab compared to the
Ty17 control, guselkumab compared to the Ty17 control, and risankizumab compared to guselkumab treatment. A false discovery rate (FDR) of 0.05 is shown with the
dotted line to indicate the threshold for significant change. Populations that changed significantly are shown in green. n = 5 in c-e.
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Figure 4. Continued.

and to a lesser extent cluster 27 were significantly decreased,
while an intermediate CCR4"RORyt"CD69™ Ty17 population
(cluster 24) had accumulated the most (Figure 4e). It is not
known whether cluster 24 is a nonpathogenic Ty17 subset or
an intermediate population differentiating toward an IL-23-
dependent pathogenic population. While treatment with risan-
kizumab and guselkumab resulted in very similar phenotypic
changes in vitro, one cluster was significantly different in fre-
quency (Figure 4e). Cluster 9, an early differentiation inter-
mediate with a Treg-like phenotype (Foxp3'°Helios*CD127")
accumulated more with guselkumab treatment than with risan-
kizumab. In contrast to risankizumab and guselkumab, treat-
ment with tildrakizumab only caused an increase in two very
early differentiation intermediates, CCR6 IL-23R'°CD69*
(cluster 6) and CCR6'IL-23R"CD69~ (cluster 3) populations
(Supplemental Figure S9b).

In vivo activity in IL-23-induced ear inflammation model

We previously described a psoriasis-like skin inflammation
model in C57BL/6 mice by daily intradermal injection of
murine IL-23 into the ear.>*** This 5-d model demonstrates
an IL-23-induced skin inflammation with increased ear
thickness, leukocyte infiltration and elevated expression of
IL-23/Th17 pathway genes, including IL-17A, IL-17 F, IL-
22, S100A7a and B-defensin-4. The proinflammatory tran-
scriptome of the model closely reflects the transcriptome of
human psoriasis.”**® To investigate the effects of human
IL-23 antibodies that do not cross-react with mouse IL-23,

Increased with
Risankizumab

Increased with
Guselkumab

Decreased with
Guselkumab

a modification was made using intradermal injection of
human IL-23 at 1 pg/d for 4 d. The inflammation in
response to human IL-23 injection was comparable to the
murine IL-23-induced skin inflammation (Supplemental
Figure S10).

To study the effects of risankizumab, guselkumab, tildra-
kinumab and ustekinumab on human IL-23-induced skin
inflammation, dose response studies with the individual
mAbs were conducted. Antibodies at doses of 0.01, 0.1, 1,
5 and 25 mg/kg were injected intraperitoneally (i.p.) 4
hours prior to the IL-23 ear injection on day 0 and day 2.
Both risankizumab and guselkumab antibodies reduced IL-
23-induced ear swelling in a dose-dependent manner
(Figure 5a) at similar plasma concentrations (Table 4) and
showed robust reduction in IL-23-induced proinflammatory
and keratinocyte gene expression, including IL-17A, IL-22,
S100A7a and [-defensin 4 (Figure 5b). At high plasma
concentrations, in the range of 10-1000 pug/mL, both risan-
kizumab and guselkumab reduced IL-17A, IL-22, S100A7a
and P-defensin 4 to a similar level (>70%). Surprisingly,
risankizumab achieved a more pronounced reduction of the
above gene expression than guselkumab at a lower plasma
concentration of about 1 pg/mL. In contrast to risankizu-
mab and guselkumab, the impact of tildrakinumab and
ustekinumab on IL-23 mediated skin inflammation was
reduced. Tildrakinumab was ineffective in blocking both
inflammation and gene expression changes, while ustekinu-
mab generated a more modest response, marked by signifi-
cant changes in ear thickness at only the highest dose
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Figure 5. Risankizumab and guselkumab differentially inhibited IL-23 induced skin inflammation. (a) Ear swelling of vehicle- and IL-23-injected animals that were
administrated with either PBS (Veh+Veh) or various doses of antibodies are represented by day 0 to day 4 area under the curve ear thickness measurement (D0-D4 AUC).
Data are shown as bar graph with mean + SEM. Values of mean percentages of inhibition (compared to the IL-23 injected alone animals) of the significantly reduced
groups are also labeled on the graph. Data are pooled from two studies of four antibodies with total 11-12 animals in each dosing group. Significance was analyzed
using one-way ANOVA with Tukey's or Dunnetts multiple comparison post hoc analysis. (b) The percentage inhibition of IL-17A, IL-22, ST00A7a and B-Defensin 4 mRNA
expression from (a) are plotted against the plasma concentrations of the antibody dosed groups in the IL-23 injected animals. Each point represents the mean values of
the dosing group from pooled studies. Non-linear regression curve fittings of the four antibodies are also indicated on the plot using four parameter fit algorithm. (c)
The percentage inhibitions of ear thickness AUC, and inhibition of IL-17A, IL-22, ST00A7a and B-Defensin 4 mRNA expression from the head-to-head comparison studies
between 0.1 mg/kg dosed risankizumab and guselkumab are plotted as bar graphs. Data are pooled from two studies with total 11-12 animals in each group and
shown as mean + SEM. Significance was analyzed using two-way ANOVA with Sidak’s multiple comparison post hoc analysis. * p < 0.05; ns, no significance, i.e., p > .05.
(d) The percentage inhibition of IL-17A, IL-22, S100A7a and B-defensin 4 mRNA expression from individual animals of the head-to-head comparison studies that were
dosed with antibodies at 0.1 and 1 mg/kg are plotted against the plasma concentrations of the antibodies of correlated animals. Data are pooled from two studies with
5-6 animals per group in each study.

group. In addition, changes to gene expression were
reduced in the ustekinumab-treated group, compared to
risankizumab and guselkumab, at lower drug exposures.
Dose (mgrkg) 0.01 01 ] 5 25 In subsequent head-to-head studies, rlsanklzu.me.lb and
Risankizumab < 0.03% 09:01 13:10 58+29 200+25  Suselkumab were dosed at 0.1 and 1 mg/kg (achieving the
Guselkumab 004 +0003 10+005 16+07 68+44 374+91  targeted plasma concentrations of about 1 pg/mL and 14 g/
A. Exposure level of 0.01 mg/kg risankizumab was below the lowest level of ML, respectively) to confirm and further investigate the differ-
detection limit at 0.03 ug/mL. Data is presented as mean + SEM. ences between the observed efficacy at the lower plasma

Table 4. Antibody plasma concentrations (ug/mL) in the IL-23 induced ear
inflammation model.
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Figure 5. Continued.



exposure levels. At the 0.1 mg/kg dose, inhibition of IL-23-
induced ear swelling trended higher (not significant) in risan-
kizumab- (33%) than guselkumab- (10%) treated animals,
while risankizumab reduced IL-17A, IL-22, S100A7a and -
defensin 4 gene expressions to a significantly greater extent
than guselkumab (64%, 63%, 54% and 62% for risankizumab
compared to 16%, 23%, 15% and 7% for guselkumab, respec-
tively) (Figure 5¢). Analysis of gene expression relative to anti-
body plasma concentrations revealed a more uniform
inhibition of inflammatory gene expression with risankizumab
at 1 pg/ml compared to a greater range of inhibition in the
guselkumab group. Meanwhile, the range of gene expression
inhibition was more similar between risankizumab and guselk-
umab groups at the higher plasma concentration of about
14 pg/mL (Figure 5d).

Discussion

The antibodies that inhibit IL-23 through interaction with
either the p19 or p40 subunit described in this study have all
shown efficacy in patients with moderate or severe plaque
psoriasis. Direct head-to-head clinical study between these
antibodies has only been performed for risankizumab and
ustekinumab, resulting in PASI 90 responses after 52 weeks
of treatment of 81% for risankizumab vs 44% for
ustekinumab. It has been speculated that the lower response
rate observed with ustekinumab may be due to the fact that
ustekinumab, through its interaction with the p40 subunit, also
inhibits IL-12. In contrast to IL-23, which stimulates IL-17
production by T lymphocytes, IL-12 has a regulatory role by
specifically suppressing IL-17 secretion.”” An alternate theory
is that the difference in performance could be due to the lack of
IL-39 inhibition. Any p40-specific antibody would not be able
to inhibit this newly described cytokine comprising p19
(shared with IL-23) and EBI3 (shared with IL-27 and IL-35),
which has been implicated in a mouse model of experimental
lupus.®® The existence of IL-39 in humans remains controver-
sial, as some report that IL-39 has not been detected in humans
and a recombinantly expressed version has no activity on
human cells,”® while others report upregulation and interac-
tion of p19 and EBI3 in human keratinocytes stimulated with
poly (I:C).** Whether human IL-39 exists and plays a role in
the inflammatory disease process in psoriatic skin remains to
be investigated.

The lower response rate observed with ustekinumab in
psoriasis patients may also be partly due to suboptimal dose
selection and its affinity for IL-23. Risankizumab has about
5-fold higher affinity than ustekinumab. Under equilibrium
and nonsaturating dosing conditions, higher affinity antibodies
bind more IL-23 until the affinity ceiling is reached.*!
Furthermore, the off-rate of the risankizumab/IL-23 complex
is 10-fold slower than that of the ustekinumab/IL-23 complex,
indicating that the risankizumab/IL-23 complex, once formed,
is more stable.

The antibody affinities correlate with the in vitro bioactiv-
ities observed in STAT3 assays. For instance, in the whole
blood STAT3 assay risankizumab and guselkumab had ICs,
s of 6 pM and 10 pM, while tildrakizumab and ustekinumab
had ICsgs of 39 pM and 40 pM. However, to achieve 80%
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inhibition in the assay, the required concentrations were 12
pM for risankizumab, 20 pM for guselkumab, 195 pM for
tildrakizumab and 246 pM for ustekinumab. These results
show that risankizumab and guselkumab were able to reach
their ICgy at concentrations that were only twice as high as
their ICsy, whereas for tildrakizumab and ustekinumab the
concentrations required to reach 80% inhibition were 5-fold
higher than their ICs,, suggesting that to achieve full neutrali-
zation of IL-23 with a lower affinity antibody requires signifi-
cantly higher antibody concentrations. Whether the
requirement for significantly higher antibody concentration
to achieve optimal IL-23 neutralization by ustekinumab and
tildrakizumab translates to their performance in patients is not
known and would require carefully controlled clinical studies.
In this context, it is noteworthy that tildrakizumab’s clinical
efficacy at a 2-fold higher dose did not increase significantly
(PAST 90 of 52-59% at 100 mg and 59% at 200 mg dose)."”

Risankizumab and guselkumab inhibit the interaction of IL-
23 with IL-23Ra through competitive inhibition of IL-23, as
neither shows simultaneous binding with IL-23Ra to IL-23. In
contrast, the tildrakizumab-bound IL-23 is still capable of
binding to IL-23Ra, albeit at a 200-fold weaker affinity.
Indeed, tildrakizumab’s epitope on IL-23 does not have any
overlapping residues with the IL-23Ra interaction site. These
data suggest that tildrakizumab may be an allosteric inhibitor
of IL-23. In the HEK293 cell-binding study, the tildrakizumab/
IL-23 complex did not show binding to the cells expressing IL-
23Ra. Given the weak affinity between the tildrakizumab/IL-23
complex and IL-23Ra (Kp = 190 nM), little binding on
HEK293 cells is expected at the cytokine concentrations tested
(<20 nM). It is not clear whether tildrakizumab’s inhibition of
IL-23 signaling is negatively affected by its epitope on IL-23.

Bloch et al. reported that the assembly of the IL-23 ternary
complex follows a typical two-step heterodimeric receptor
activation mechanism in that IL-23 binds to IL-23Ra first
followed by the recruitment of IL-12RB1.** The binding affi-
nities as measured using isothermal titration calorimetry (ITC)
were Kp ITC = 44 nM for the interaction of IL-23 with IL-23Ra
and Kp ITC = 25 nM for the subsequent recruitment of IL-
12RpB1, while the interaction of IL-23 through its p40 subunit
with IL-12RpB1 was very low affinity with K ITC = 2 uM.* In
our study, we determined the binding affinities of IL-23 with
individual receptor subunits using SPR to be 0.8 nM for IL-23/
IL-23Ra and 19 nM for IL-23/IL-12RP1. The difference in
affinities from the two studies may be due to the use of different
recombinant protein material and methods applied. Others
have reported the affinity of the interaction between IL-12
through its p40 subunit and IL-12Rp1 to be in the low nano-
molar range.*?

Using HEK293 cells expressing the individual receptor sub-
units, we investigated whether antibody/IL-23 complexes
(comprised of 10 nM antibody and 5-20 nM IL-23) were able
to bind to the individual receptor subunits. Ustekinumab/IL-
23 showed strong binding to IL-23Ra expressing cells, while
guselkumab/IL-23 and tildrakizumab/IL-23, respectively,
showed strong and moderate binding to the IL-
12RP1-expressing cells. In contrast, risankizumab/IL-23
showed a very low binding to IL-12RB1 and no binding to
IL-23Ra-expressing cells, suggesting that risankizumab/IL-23
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complexes do not interact with IL-23 receptor-expressing cells.
In addition, risankizumab has reduced binding to the high-
affinity FcyRs and undetectable binding to the low-affinity
FcyRs due to the L234A, L235A mutations in the hinge.
Nevertheless, it is not clear whether the almost complete lack
of cell surface receptor interaction by risankizumab has any
impact on its effectiveness, mechanism of action or tissue
distribution.

In the in vivo studies using an IL-23-mediated psoriasis-like
skin model in mice, we demonstrated differential outcomes
with respect to the efficacy driven by risankizumab, guselku-
mab, tildrakizumab and ustekinumab. Compared to tildraki-
zumab and ustekinumab, both risankizumab and guselkumab
were able to robustly inhibit IL-23-induced ear swelling and
pathway gene expression of IL-17A, IL-22, S100A7a and B-
defensin 4. Surprisingly, while both risankizumab and guselk-
umab achieved comparable systemic exposure levels at any
given dose, at the lower dose of 0.1 mg/kg, where plasma
concentrations were about 1 pg/mL, risankizumab showed
significantly greater inhibition of IL-23 pathway gene expres-
sion than guselkumab. This is of particular interest, as in the
clinical setting the human trough plasma concentrations of
risankizumab and guselkumab are about 1-2 pug/mL as indi-
cated in the approved labels. Further investigation revealed
that the higher extent of inhibition by risankizumab compared
to guselkumab was not due to the L234A, L235A mutations in
the risankizumab hinge region, as a non-mutated IgG1 form of
risankizumab also showed similar inhibition at a dose of
0.1 mg/kg (data not shown).

One potential explanation for the differential gene expres-
sion effect of risankizumab over guselkumab, at 0.1 mg/kg, is
the tissue distribution of these antibodies. In an exploratory
study, we observed greater accumulation of risankizumab than
guselkumab in the diseased ear tissue at 48 hours post-dosing
(Supplemental Figure S1lab). The increased accumulation of
risankizumab was dependent on IL-23-induced inflammation,
as risankizumab did not accumulate in the non-inflamed con-
tralateral ear of the same animal. While the accumulation of
antibodies in the ear could only be measured in animals dosed
at 1 mg/kg due to the limitation of the detection method, it is
tempting to speculate that at 0.1 mg/kg dose there is
a connection between the extent of skin tissue distribution of
risankizumab and its impact on reducing IL-23 pathway gene
expression.

Our in vitro Tyl7 differentiation assay provided a unique
insight into the effect of IL-23 neutralization on the develop-
ment of different cell populations along the differentiation path
from naive T cells to Ty17 cells. Risankizumab and guselku-
mab had very similar effects on the inhibition of Ty17 cell
differentiation, showing significantly decreased IL-17A, IL-
17 F, and IL-22 secretion and inhibition of the terminal Ty17
subset formation, while tildrakizumab had very little effect on
Tyl7 cell differentiation and only partially accumulated very
early Tyl7 intermediates with low IL-23R expression. Using
CyTOF analysis, it appeared that risankizumab and guselku-
mab had a greater effect on IL-17 F" than IL-17A" cells,
suggesting that the IL-17 F™ subsets (IL-17A*F™ and IL-
17A"F"™) could be the initial Ty;17 populations affected by IL-
23 neutralization. In vitro IL-23 neutralization also caused

a shift toward the adoption of alternate T helper pathways.
For instance, we observed an increase in Foxp3 and Gata3
expression in cultures treated with either risankizumab or
guselkumab (data not shown), while Cluster 9, an early differ-
entiation intermediate with a Treg-like phenotype
(Foxp3l°Helios+CD127’) accumulated more with guselkumab
treatment than with risankizumab treatment. This suggests
that cells may be re-routed toward a Treg-like lineage upon
IL-23 neutralization.

Tildrakizumab’s poor inhibition in the 4-d Ty17 differen-
tiation assay and the 4-d in vivo mouse ear swelling model was
surprising in light of its sub-nanomolar binding affinity to IL-
23 and bioactivity in whole blood. Tildrakizumab inhibits
human IL-23 activation of mouse splenocytes in vitro as
described in patent US8293883B2, and we confirmed that
active tildrakizumab was present in the mouse sera at the end
of the study, suggesting that in these studies of longer duration
tildrakizumab is not able to effectively inhibit IL-23 signaling,
potentially due to its epitope and unusual mechanism of
inhibition.

Overall, our study results indicate that the four clinically
approved antibodies ustekinumab, guselkumab, tildrakizumab,
and risankizumab differ in affinity for IL-23 and binding epi-
topes. These key attributes contribute to differences in in vitro
potency affecting STATS3 signaling and Ty17 cell differentia-
tion, receptor interaction inhibition mode and in vivo efficacy
in the mouse ear inflammation model. Carefully planned clin-
ical studies are required to further investigate the impact of
observed pre-clinical differences on these drugs’ clinical
performance.

Materials and methods
Proteins, cell lines and human specimen materials

Human  single-chain  (sc¢) IL-23  (IL-12p40(23.32s)
-(GGGGS)x4-IL-23p19(21.189)- TEV-FLAG-8His based on
UnitProt (P29460, QI9NPF7)) was expressed in HEK293
cells and purified using Histrap FF (GE) and Superdex
200. Heterodimeric human IL-23 was purchased from
ThermoFisher (cat. No. 14-8239-63). Human IL-23Ra
protein was purchased from LSBio (LS-G40259-50).
Human IL-12RB1-Fc was purchased from R&D system
(ays0619011). The anti-IL-23R antibodies 20E5 and 3Cl11
were expressed in HEK293 cells.’ Clinical-grade usteki-
numab, guselkumab and tildrakizumab were purchased
from Clinigen Inc. Risankizumab was produced as
a clinical drug substance at Boehringer Ingelheim. An in-
house produced version of ustekinumab, with equal
potency compared to clinical-grade ustekinumab, was
used in the mouse ear-swelling model. Control human
IgGl (anti-tetanus toxoid and anti-CMV) was expressed
in HEK293 cells.

Stable HEK293 cell lines expressing human IL-23Ra
(NP_653302) with an N-terminal HA tag and/or human IL-
12RB1 (NP_005526.1) were generated using standard
procedures.** The expression levels of IL-23Ra and IL-12Rp1
were measured by FACS using anti-HA-PE and anti-CD212-
APC antibodies (Miltenyi Biotec), respectively.



Thermostability assays and forced degradation studies of
deamidation prone sequences

DSC and nanoDSF measurements were performed as previously
described.”> Briefly, antibody samples were prepared at
a concentration of 1 mg/mL in 44 mM Succinate, 225 mM
Sorbitol, 0.02% Polysorbate 20, pH 6.0 (risankizumab) or
3.87 mM L-histidine, 7.15 mM L-histidine monohydrochloride
monohydrate, 7.9% w/v sucrose, 0.05% w/v polysorbate 80, pH
5.8 (ustekinumab, guselkumab, and tildrakizumab). The thermal
ramps were performed from 20°C to 95°C with a scan rate of 1°C/
min. DSC thermograms were normalized by concentration and
fitted to three peaks using a non-two-state unfolding model.
Unfolding transition points
(Tonset-psc and T,,) were determined using MicroCal PEAQ-DSC
software. T ogq Was obtained by monitoring the back-reflection of
near ultraviolet (UV) light using back reflection optics in
Prometheus NT.48 with Prometheus PR. Control software
(NanoTemper Technologies).

Guselkumab was incubated at 5 mg/mL in 0.1 M Tris buffer
pH 8.0 for up to 10 d. The samples were digested and peptides
were analyzed by LC-MS to assess deamidation.

Affinity and kinetics measurement by SPR

Binding kinetics of IL-23 antibodies for recombinant human sc or
heterodimeric IL-23 were determined by SPR at 37°C using an
anti-Fc capture assay approach as described.* Briefly, IL-23 anti-
bodies were captured on an anti-human Fc chip. IL-23, ranging in
concentration from 36 nM to 0.15 nM in a randomized 3-fold
dilution series, was injected over both reference and test surface
for 5 minutes at 50 uL/minute. The dissociation was monitored
for 1 hour at 50 pL/minute. Data were double referenced and
fitted globally to a 1:1 binding model using Biacore T200
Evaluation software to determine the binding kinetic rate con-
stants k, (M™'s™) and k4 (s7!) and the equilibrium dissociation
constant Kp (M). Mean and standard deviations from 5 (scIL-23)
or 3 (heterodimeric IL-23) independent experiments are reported.

FcRn affinity chromatography

FcRn column chromatography was performed essentially as
described.*® Briefly, FcRn/B2 microglobulin was expressed, pur-
ified, biotinylated and coupled to streptavidin sepharose. The
resin was packed into a Tricorn 5/50 column (GE Healthcare)
and equilibrated with 20 mM MES buffer, 150 mM NaCl, pH
5.5. Antibody samples (100-250 ug) were adjusted to pH 5.5 by
dilution with equilibration buffer and applied to the FcRn
column using the AKTA Pure system at a flow rate of
0.25 mL/min. The column was washed with 10 mL equilibration
buffer. Antibodies were eluted with a linear pH gradient to
20 mM Tris, 150 mM NaCl, pH 8.8, within 120 mins.

In vitro bioassay with IL-23-induced human whole blood

Whole blood from three healthy human donors was obtained
through Sanguine Biosciences in K3EDTA Vacuette® tubes
(Greiner, 455036). Donors were selected based on whole-
blood response to scIL-23 stimulation to ensure at least 5-fold
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increase of pSTAT3 expression compared to unstimulated sam-
ples. Test antibodies were serially diluted and preincubated with
10 ng/mL IL-23 in phosphate-buffered saline (PBS) supplemen-
ted with 1% bovine serum albumin (BSA) at 37°C for 1 hour.
The antibody/IL-23 complex was diluted 10-fold with 200 pL
human whole blood such that the final concentration of IL-23
was 1 ng/mL, and the antibody concentrations ranged from
20 nM to 0.076 pM. Anti-CD161-Alexa Fluor 647 (BioLegend,
339910) was added to the reaction and incubated for 20 minutes
at 37°C. Reaction was stopped by adding Phosflow lyse/fix
buffer (BD Biosciences, 558049). Cells were permeabilized
using 90% methanol/10% water (Honeywell) and washed with
PBS supplemented with 1% BSA. Cells were stained with anti-
CD45 PerCp/Cy5.5 (BioLegend, 304028) and anti-pSTAT3 PE
(pY705) (BD Biosciences, 562072). Samples were acquired on
a FACSCanto II using DIVA software (BD Biosciences).
PSTAT3 fluorescence intensity in CD45"CD161™ cells was ana-
lyzed using FlowJo software (BD Biosciences). The data were
expressed as percentage control response where unstimulated
samples were defined as 0% and IL-23 stimulated samples with-
out added antibodies were defined as 100%. ICs, and ICg values
were calculated using a four-parameter equation by Prism 8
software (GraphPad Software).

In vitro bioassay with IL-23 receptor expressing cell line

A cell-based reporter gene assay (RGA) was developed by tran-
siently overexpressing the two subunits of the IL-23 receptor (IL-
12RP1 and IL-23Ra) in a commercially available HeLa (human
epithelial) cell line stably expressing a STAT3-linked firefly luci-
ferase response element (Signosis Inc). IL-23R HeLa STAT3
luciferase cells were thawed and maintained in growth media
(DMEM media supplemented with D-glucose 4.5 g/L,
L-glutamine 2 mM, sodium pyruvate 1 mM, 10% fetal bovine
serum (FBS)) at 37°C in a 5% CO, incubator. A 3-fold serial
dilution of IL-23 mAbs in growth media was pre-incubated with
an equal volume of 4 ng/mL human scIL-23 for 1 hour in
a dilution plate (Costar). Fifty microliters of the mAbs/IL-23
complexes were added in triplicate to wells of a 96-well white
assay plate (Nunc) and IL-23R HeLa STAT3 luciferase cells
(25,000 cells in 50 puL) were added to each well. The final con-
centration of IL-23 was 1 ng/mL (17.4 pM) alone or with a titra-
tion curve of antibodies ranging from 3 nM to 0.15 pM
(risankizumab, guselkumab, control human IgG) or from
27 nM to 1.4 pM (tildrakizumab and ustekinumab). Assay plates
were incubated for 5 hours at 37°C, 5% CQO,, transferred to room
temperature and 100 pL/well of One Glo Luminescence sub-
strate (Promega) was added. The plates were covered with foil to
block the light and sealed with a plate sealer. Plates were shaken
for at least 2 minutes on a plate shaker to mix and lyse the cells
before the readout on a Microbeta2 luminometer (Perkin
Elmer). IC5, and ICg, values were calculated as indicated in the
whole blood assay.

Epitope mapping by HDX-MS

All HDX-MS experiments were performed using
a nanoACQUITY UPLC system with HDX technology
(Waters Corporation). Forty micromolar of scIL-23 was
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incubated with or without 40 uM of guselkumab in equilibra-
tion buffer (10 mM potassium phosphate, pH 7.2). 6 pL of the
samples were diluted with 54 pL equilibration buffer or deut-
erated labeling buffer (10 mM potassium phosphate buffer, pD
7.2) in triplicates at 20°C for different periods of time: 0 second,
10 seconds, 1 minute, 10 minutes, 1 hour and 10 hours. The
sample was quenched with 50 pL of quench buffer (100 mM
potassium phosphate, 4 M guanidine hydrochloride and
500 mM TCEP, pH 2.4) and incubated for 10 minutes at
1°C. A total of 100 uL quenched sample was injected into
UPLC equipped with an Enzymate™ BEH pepsin column
(2.1 mm x 30 mm, Waters Corporation) for online digestion
at 15°C. The desalting and separation were carried out at 0.2°C
using a BEH C18 VanGaurd™ pre-column (2.1 mm x 5 mm,
1.7 um, Waters Corporation) and an ACQUITY BEH C18
analytical column (1.0 mm x 100 mm, 1.7 pm, Waters
Corporation). Peptides were separated using a 12-minute lin-
ear acetonitrile gradient (5-40%) containing 0.1% formic acid
at 40 uL/minute. The eluent was directly sprayed into a Synapt
G2 mass spectrometer (Waters Corporation) with electrospray
ionization and lock-mass correction using Leu-Enkephalin
solution. Mass spectra were acquired in MSE mode with ion
mobility over an m/z range of 50 to 2000. Blanks of 0.1%
formic acid in water were injected in between each LC-MS
run using the same analytical gradient to minimize the carry-
over. All peptides were identified from non-deuteration con-
trols using ProteinLynx Global Server 3.0.2 software (Waters
Corporation). Deuterium uptake for each peptide was deter-
mined based on the difference between the centroid of the
isotopic distribution of undeuterated and deuterated samples
using DynamX 3.0 software (Waters Corporation). Potential
epitope is determined if the deuterium uptake difference
exceeds 0.5 Da for a single time point and 1.1 Da for the sum
of deuterium uptake differences of 5 HDX time points. All
spectra and data processing were manually confirmed and
validated for epitope identification.

Binding mode characterization of IL-23 antibodies

To investigate whether antibody-bound IL-23 still binds IL-
23Ra, the SPR assay format was set up with the following
four steps. First, the anti-IL-23R antibody 20E5, which is
noncompetitive with IL-23 binding to IL-23Ra, was cova-
lently immobilized on the CM5 biosensor chip via amino
groups. IL-23 R antibody 20E5 (25 pg/mL), diluted in
10 mM sodium acetate, pH 4.5, was injected for 420 s across
the activated surface. Approximately 10,000 RU of IL-23 Ra
antibody 20E5 was immobilized on the chip surface on flow
cells 2, 3, and 4. A modified CM surface with similarly
conjugated control human IgG antibody in flow cell 1 was
used as a reference surface. Second, human IL-23 Ra protein
at 100 nM in HBS-EP+ was injected for 60 s over the IL-
23 Ra antibody coated surface. Third, human IL-23 at
30 nM and test antibodies at 300 nM (saturating concentra-
tion) were equilibrated in HBS-EP+ at 25 °C for 5 hours and
were injected for 120 s, followed by 60 s dissociation in
HBS-EP+ at a flow rate of 50 pL/minute. Fourth, the surface
was regenerated by injection of 10 mM glycine-HCI pH1.5
over the test and reference flow cells.

The binding kinetics of IL-23 and IL-23 Ra was assessed in
the presence of tildrakizumab. The assay format was according
to the following four steps: 1) capture of tildrakizumab onto
a testing flow cell of an anti-human Fc chip and reach a density
of about 1500 RU;j 2) load scIL-23 or heterodimeric IL-23 to
test flow cell to a density of around 150 RU; 3) analyte injection
(IL-23 Ra or buffer) over both reference and test surface,
150 pL at 50 pL/minute, after which the dissociation was
monitored for 10 minutes at 50 uL/minute; 4) regeneration of
capture surface by 10 mM glycine-HCI, pH 1.5 injections over
both reference and test surface. IL-23 Ra injections ranged in
concentration from 100 nM to 1 nM in a randomized 3-fold
dilution series. The binding kinetics of IL-23 and IL-23 Ra
without tildrakizumab was measured by capturing IL-23 Ra
onto a chip with the anti-IL-23 R antibody 20E5 to a ligand
density of 100 RU. Analyte (IL-23 or buffer) was injected from
300 nM to 4 nM in a 3-fold dilution series. All other parameters
were the same as described above.

To investigate whether antibody-bound IL-23 binds to IL-
12RP1, 300 nM of IL-23 and 900 nM of antibodies were
equilibrated in HBS-EP+ at 25°C for 5 hours. The complex
was then injected onto a chip surface where IL-12RP1-Fc was
covalently linked through amine chemistry on flow cell 2.
Biacore 8 K was used for data collection. The active flow cell
2 signal was referenced against flow cell 1 without IL-
12Rp1-Fc.

IL-23/antibody complex binding to IL-23 receptor was also
evaluated on HEK293 cells. IL-23 antibodies and control
human IgG1 antibody were labeled with Zenon antibody label-
ing technology (Thermo Fisher Scientific) according to the
manufacturer’s instructions. IL-23/antibody complexes were
prepared by mixing 10 nM labeled antibody with human IL-
23 at concentrations of 0, 1.25, 2.5, 5, 10, and 20 nM in MACS
cell separation buffer (Miltenyi Biotec), resulting in antibody-
binding site/IL-23 molar ratios of 1:0, 16:1, 8:1, 4:1, 2:1, and 1:1,
respectively. IL-23/antibody mixtures were pre-incubated on
ice for 1 hour. The cells were plated in 96-well round-bottom
plates (Corning) at 200,000 cells per well and washed once with
MACS cell separation buffer. IL-23/antibody complex (100 puL/
well) were added and incubated for 1 hour on ice. Cells were
washed twice with 200 uL MACS cell separation buffer, and IL-
23/antibody binding was assessed by FACS (BD Accuri C6)
and analyzed by FlowJo V10.

Ty17 differentiation assay

Mononuclear cells were prepared from human cord blood
(LifeSouth Community Blood Centers) on Ficoll-Paque gradi-
ents, and naive CD4" T cells were isolated using an EasySep
Human Naive CD4" T cell isolation kit (StemCell). To generate
Tyl17 cells, naive CD4" T cells were activated with anti-CD3
/CD28-coated beads (Gibco) in X-VIVO 20 serum-free hema-
topoietic cell media (Lonza) and cultured for 4 d in the pre-
sence of a Tyy17-skewing cocktail containing 10 ng/mL hTGF-
B, 10 ng/mL hIL-1f, 10 ng/mL hIL-2, 1 ug/mL anti-hIL-4, 1 pg/
mL anti-hIFN-y (R&D Systems) and 10 ng/mL human scIL-23.
To assess the effect of anti-IL-23 antibodies on Tyl7 cell
differentiation, risankizumab, guselkumab, tildrakizumab, or
control human IgG (1 pM) was added into the culture on day 0.



Harvested supernatants secreted from cells at indicated time-
points were subjected to cytokine quantification with the
Multiplex Assay Kit (EMD Millipore). Cells were stained with
LIVE/DEAD Fixable Blue (Thermo Fisher Scientific), followed
by Human TruStain FcX Fc Receptor Blocking Solution
(BioLegend). Surface staining was performed by incubation
with PE/Cyanine7 anti-human CD196 (CCR6) antibody
(BioLegend) and biotinylated anti-IL23R antibody (3C11) on
ice for 1 hour, followed by Alexa Fluor 647 Streptavidin
(BioLegend) for an additional 30 minutes on ice. Flow cyto-
metric measures were performed on LSRFortessa (BD
Biosciences) and analyzed using FlowJo software (BD
Biosciences). Percent (%) inhibition of the secreted cytokines
is calculated in the comparison of cytokine from the Ty17-only
group with those from anti-IL23 antibodies-treated groups
after subtraction of day 0 level. Similarly, percentage inhibition
of the frequency of IL-23 R" cells is calculated based on differ-
ences between with and without anti-IL23 antibodies-treated
groups after the subtraction of the frequency of different sub-
sets from day 0 samples.

CyTOF assays

Metal-conjugated antibodies were purchased from Fluidigm or
conjugated using the MaxPar X8 antibody-labeling kit
(Fluidigm) according to manufacturer instructions.

Thirty minutes prior to harvesting cell cultures, 5-Iodo-2'-
deoxyuridine (IdU) (Fluidigm) was added to cell cultures to
identify cells in S-phase. Dead cell staining was done by resus-
pending samples in 1 mL of Fluidigm cell staining buffer (CSB)
along with 1 pL of Cell-ID Cisplatin (Fluidigm), incubating for
30 seconds followed by 2 washes with 2 mL of CSB. For intracel-
lular staining, the eBioscience Foxp3 staining set (Thermo Fisher)
was used according to their protocol, except a 20-minute incuba-
tion with Fixation/Permeabilization reagent was used instead of
the recommended 30 minutes to minimize impact on sensitive
cell surface epitopes. Both surface and intracellular staining were
carried out at room temperature for 30 minutes, followed by 2
washes with 2 mL of CSB. Following intracellular staining samples
were fixed with 1 mL of 4% paraformaldehyde for 15 minutes. Cell
intercalation with natural abundance iridium was done according
to the Fluidigm protocol and incubated overnight. To bank cells at
—80°C so that cells could be acquired in batches, intercalated cells
were washed twice with 2 mL CSB and then resuspended in
0.5 mL of cell freezing solution (FBS with 10% DMSO) and stored
at —80°C until acquisition.

The frozen samples were thawed quickly in 2 mL of CSB and
centrifuged at 600 x g. Samples were then washed and centri-
fuged two more times in Cell Acquisition Solution (Fluidigm)
and left pelleted until acquisition. Prior to sample acquisition,
the Helios mass cytometer was tuned using Tuning Solution
(Fluidigm) and the tuning protocol in version 6.7.1014 of the
CyToF-installed software. Immediately prior to acquisition,
samples were resuspended in 1 mL of Cell Acquisition
Solution containing EQ Four Element Calibration Beads
(Fluidigm). As many events as possible were collected for
each sample, up to a limit of 10° cells/sample. Following acqui-
sition, samples were normalized to the EQ Four Element
Calibration Beads using the CyToF-installed software.
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After gating on viable singlet cells in Cytobank, all subse-
quent analysis was done in OMIQ. The percentage inhibitions
of the frequency of IL-17A" and IL-17 F* cells were calculated
using the same formula used for IL-23 R" cells. The dimension
reduction algorithm UMAP was run on all files using markers
indicated in the antibody panel (Supplemental Table S2). The
default OMIQ settings were used for all algorithmic analysis.
PhenoGraph cell clustering was then performed on all files
using the same markers as used for the dimension reduction.
Following cell clustering, the trajectory inference algorithm
Wanderlust was run on just day 0 and Ty17 control files. The
same markers used for the dimension reduction were used for
trajectory inference. PhenoGraph cluster 2 was used as
a starting point because it was the most abundant cluster
represented in the day O sorted naive CD4" T cells. The
EdgeR tool in OMIQ was used to create volcano plots to
identify significantly different cluster frequencies between two
groups.

Animal models

Wild-type female C57BL/6 mice, 8-12 weeks of age (18-22 g)
were purchased from Charles River Labs. Animals were housed
in a pathogen-free environment of an American Association
for Accreditation of Laboratory Animal Care-approved facility,
five per cage on aspen chip bedding (Sanichip) with individual
ventilation and were kept in a room with an average tempera-
ture of 72°F on a 12-hour light-dark cycle. The mice had free
access to diet (2014 Teklad global 14% protein rodent diets
from Envigo), and water. The animals were acclimated to
laboratory conditions for at least 1 week before the testing.
All studies were conducted in a blinded manner.

IL-23-induced skin inflammation model was similar to pre-
viously described with slight modification.’® In brief, 1 pg
human recombinant IL-23 (AbbVie) solution or sterile PBS +
0.1% BSA (vehicle) was intradermally injected into the dorsal
side of a single ear in an isoflurane-anesthetized mouse with
a 32-gauge needle, once a day for four consecutive days starting
on day 0. Ear thickness was measured daily and mice were then
humanely euthanized on day 4 for tissue harvesting. To assess
the effect of antibodies, i.p. injections of various doses of IL-23
antibodies and control human IgG1 (human anti-CMV) were
performed on day 0 and day 2, 4 hours prior to the IL-23 ear
injection.

Measurement of gene expression

Animal whole ears were homogenized, and the expression
of various genes was determined using QuantiGene multi-
plex kit (ThermoFisher Scientific). All procedures followed
manufacturer’s instructions. Data were acquired using
FlexMAP 3D cytometer (Luminex). All data were normal-
ized by GeoMean to two housekeeping genes, Hprt and
Gapdh. Normalized data were then compared to the con-
trol group (i.e., vehicle-treated Sham animals) and fold
changes were calculated. The fold changes were then
used to calculate the percentage of inhibition for the
genes of interest.
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Probe sets used in the Quantigene multiplex analysis were
designed by the vendor. Detailed information about the genes
that were measured is listed in Supplemental Table S3.

Histology and immunohistochemistry

Collected ears were fixed in 4% paraformaldehyde for 20 hours
at room temperature, transferred to 30% sucrose at 4°C for at
least 24 hours and embedded in Tissue-Tek OCT Compound.
Tissue blocks were stored at —80°C. Immunohistochemistry
(IHC) was performed on fixed frozen 5 pum sections using
a Leica Bond RX Fully Automated Research Stainer (Leica
Biosystems) at ambient temperatures. Following a series of
washes and pretreatments with dual endogenous block
(Dako), 70% methanol in 3% hydrogen peroxide (freshly
made), Protease I (Ventana) and Protein Blocks (Dako), tissue
sections were incubated with 0.5 ug/ml purified rabbit anti-
human or the negative isotype control rabbit anti-hamster IgG
(H + L) mouse adsorbed antibody (Southern Biotech).
Antibody binding was detected with Bond Polymer Refine
Red detection using alkaline phosphatase-linked compact poly-
mer and visualized with Leica red (Leica Biosystems). Slides
were then counterstained with hematoxylin.

IHC image acquisition and quantification

Slides were imaged using the Pannoramic 250 whole slide
scanner at 20x magnification (3D Histech). Image analysis
(IA) was performed on the digitized images to quantitate the
extent of dosed antibody in the ear tissue. The IA involved
a three-step algorithm approach using Visiopharm software
(VisioPharm). The first algorithm isolated the tissue from the
background and delineated the tissue as a ROI (Region of
Interest) around the detected tissue and filtered out all artifacts,
white space, and non-tissue pixels. The second algorithm
detected red (+) stained tissue versus non-stained tissue
regions, and in the third and final step, the ratio of the area
occupied by the red (+) pixels were normalized to the total
tissue area.

Statistics

Prism 8 (GraphPad Software) was used for all the statistical
analyses. ICsq and ICg for the reporter and whole blood assays
were calculated based on the nonlinear regression. Least square
means (LS means) and their 95% confidence intervals (CIs)
were estimated after logl0 transformation in a mixed effect
model with subject as a random effect. The LS means and their
CIs were then transformed back to the original scale for report-
ing purpose. The LS means of ICsy or ICg, for the risankizu-
mab-treated group were head-to-head compared with those of
each individual antibody treated group. The p-values were
generated from Student f-test and the Tukey HSD test after
adjusting for multiple comparisons.

All in vivo studies have been repeated and confirmed. Data
were analyzed using one-way and two-way ANOVAs followed
by Tukey’s and Sidak’s multiple comparison post hoc analyses,
respectively, if the ANOVA revealed significance. A p-value
less than 0.05 was considered significant.

Study approval

Human whole blood samples were acquired from healthy
donors under an AbbVie Institutional Review Board-
approved protocol. Cord blood samples were provided by
LifeSouth Community Blood Centers under Blood Center
Board of Directors approved the protocol. The appropriate
written informed consent was obtained from all the donors
prior to the studies. The studies were performed in adherence
to the Declaration of Helsinki Principles.
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Abbreviations

CyToF cytometry by time of flight

DSC differential scanning calorimetry

FACS fluorescence-activated cell sorting

HDX-MS hydrogen deuterium exchange mass spectrometry

ip. intraperitoneally

IHC immunohistochemistry

ITC isothermal titration calorimetry

ka association rate constant

kq dissociation rate constant

Kp equilibrium dissociation constant

nanoDSF nano differential scanning fluorometry

Sc single-chain

SPR surface plasmon resonance

Tagg temperature of protein aggregation

Ty17 T helper 17

UMAP uniform manifold approximation and projection.
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