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A Bispecific, Tetravalent Antibody Targeting
Inflammatory and Pruritogenic Pathways in
Atopic Dermatitis

Julia Tietz1, Tea Gunde1, Stefan Warmuth1, Christopher Weinert1, Matthias Brock1, Alexandre Simonin1,
Christian Hess1, Maria Johansson1, Fabio Spiga1, Simone Muntwiler1, Belinda Wickihalder1,
Dana Mahler1, Dania Diem1, Julia Zeberer1, Robin Heiz1, Naomi Flückiger1, Noriko Shiraishi2,
Yoshihide Miyake2, Nobuaki Takahashi2, Markus Fehrholz3, Marta Bertolini3, Peter Lichtlen1,
David Urech1 and Daniel Snell1
Inhibition of IL-4/IL-13 signaling has dramatically improved the treatment of atopic dermatitis (AD). However, in
many patients, clinical responses are slow to develop and remain modest. Indeed, some symptoms of AD are
dependent on IL-31, which is only partially reduced by IL-4/IL-13 inhibition. Thus, there is an unmet need for AD
treatments that concomitantly block IL-4/IL-13 and IL-31 pathways. We engineered NM26-2198, a bispecific
tetravalent antibody designed to accomplish this task. In reporter cell lines, NM26-2198 concomitantly inhibited
IL-4/IL-13 and IL-31 signaling with a potency comparable with that of the combination of an antieIL-4Ra anti-
body (dupilumab) and an antieIL-31 antibody (BMS-981164). In human PBMCs, NM26-2198 inhibited IL-
4einduced upregulation of CD23, demonstrating functional binding to FcgRII (CD32). NM26-2198 also inhibited
the secretion of the AD biomarker thymus and activation-regulated chemokine (TARC) in blood samples from
healthy human donors. In male cynomolgus monkeys, NM26-2198 exhibited favorable pharmacokinetics and
significantly inhibited IL-31einduced scratching at a dose of 30 mg/kg. In a repeat-dose, good laboratory
practice toxicology study in cynomolgus monkeys, no adverse effects of NM26-2198 were observed at a weekly
dose of 125 mg/kg. Together, these results justify the clinical investigation of NM26-2198 as a treatment for
moderate-to-severe AD.
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INTRODUCTION
Atopic dermatitis (AD) is a T helper 2 celledriven chronic
skin disease characterized by systemic inflammation, barrier
dysfunction, and persistent itch (Bieber, 2010; Moyle et al,
2019). Patients with moderate-to-severe AD experience
intense pruritus, infectious complications, systemic comor-
bidities, mental health disorders, and impaired QOL (Moyle
et al, 2019). The first biologic agent approved for treatment
of moderate-to-severe AD, dupilumab, improved composite
measures of AD severity in phase III trials (Blauvelt et al,
2017; de Bruin-Weller et al, 2018; Simpson et al, 2016).
Eczema severity and area were reduced by 75% in about half
of dupilumab-treated patients within 16 weeks (Simpson
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et al, 2016). Dupilumab also improved scores for second-
ary outcomes related to pruritus, but pruritus improvements
were incomplete (about 50% mean improvement after 16
weeks) and typically exhibited slow onset (w20% mean
improvement after 2 weeks) (Blauvelt et al, 2021, 2017; de
Bruin-Weller et al, 2018; Simpson et al, 2016). Pruritus is
one of the most troubling symptoms for patients with AD
because it induces the itchescratch cycle, which reinforces
skin inflammation, and because it is strongly linked to
impaired QOL (Moyle et al, 2019). Thus, treatment of
moderate-to-severe AD may require adjunctive therapies
directly targeting pruritus. Furthermore, because scratching is
a major contributor to barrier dysfunction and disease
persistence (Bieber, 2010; Bieber et al, 2021; Guttman-
Yassky et al, 2018; Trier and Kim, 2018; Wahlgren, 1999),
more rapid and complete alleviation of itch may improve the
rapidity and magnitude of treatment efficacy.

Dupilumab blocks IL-4Ra, thereby inhibiting both IL-4 and
IL-13 signaling, owing to the requirement for IL-13Ra1 to
heterodimerize with IL-4Ra (Bitton et al, 2020; Moyle et al,
2019). Dupilumab has helped to establish the central role
of these cytokines in the pathogenesis of AD (Guttman-Yassky
et al, 2018; Trier and Kim, 2018; Werfel et al, 2016). Studies
of selective IL-13 inhibitors further support this role
(Gonçalves et al, 2021). Nevertheless, pruritus in AD is
dependent on another T helper 2ederived cytokine, IL-31,
stigative Dermatology. This is an open
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which directly stimulates cutaneous nerve endings, macro-
phages, and keratinocytes (Cevikbas et al, 2014; Datsi et al,
2021; Dillon et al, 2004; Takamori et al, 2018; Trier and
Kim, 2018). Although dupilumab treatment can reduce the
expression of IL-31 in the skin (Guttman-Yassky et al, 2019),
dupilumab does not directly reduce IL-31 serum levels in
patients with AD (Kishi et al, 2023). Clinical studies have
shown that a mAb targeting IL-31RA, nemolizumab, partially
reduces pruritus and inflammation in patients with moderate-
to-severe AD or prurigo nodularis (Ruzicka et al, 2017;
Silverberg et al, 2020; Ständer et al, 2020). Thus, direct in-
hibition of IL-31 is a promising adjunctive strategy for more
rapid and complete alleviation of itch in patients with AD.
However, combination therapy with dupilumab and nem-
olizumab is likely to be expensive, clinically challenging,
and burdensome for patients. Furthermore, as of this writing,
nemolizumab is not approved for clinical use outside Japan.
JAK inhibitors are available but have serious safety concerns
(Blauvelt et al, 2021; Reich et al, 2022). Therefore, there is a
strong unmet need for rapidly acting, efficacious, safe, and
clinically convenient treatment options targeting multiple
cytokine pathways involved in AD.

To address this unmet need, we have developed NM26-
2198, an antibody-based therapeutic that concomitantly an-
tagonizes cytokine pathways central to inflammatory im-
mune activation in AD (IL-4 and IL-13) and those central to
atopic itch (IL-31). NM26-2198 is a bispecific, tetravalent
IgG4 single-chain variable fragment molecule targeting IL-
4Ra and IL-31 with a molecular weight of 202 kDa. In this
report, we describe the biochemical properties and in vitro
and in vivo functional activities of NM26-2198. These studies
support the clinical development of NM26-2198 for treat-
ment of moderate-to-severe AD.

RESULTS AND DISCUSSION
IL-4, IL-13, and IL-31 co-operatively change the expression
of genes related to AD in human skin samples

AD is associated with upregulation and downregulation of
hundreds of genes, including differential effects in lesional
versus nonlesional skin, as well as changes in the expression
of genes involved in systemic inflammatory and immune
responses (Ewald et al, 2015). Transcriptome profiling may be
useful for predicting therapeutic responses (Ewald et al,
2015); indeed, changes in gene expression patterns in
dupilumab-treated patients with AD were correlated with
pathologic and clinical improvements (Guttman-Yassky et al,
2019). Thus, we used gene expression profiling to explore the
biologic rationale for combining IL-4/IL-13 inhibition with IL-
31 inhibition as a potential treatment for AD. Normal human
skin biopsy samples from 3 healthy human donors were
treated ex vivo with IL-4, IL-13, and IL-31 alone or in com-
bination. IL-4 and IL-13 treatment induced significant
changes in gene expression in these tissues, but IL-31 alone
had limited effects (Figure 1). However, the combination of
all 3 cytokines induced significantly more changes in gene
expression than either IL-4/IL-13 or IL-31 alone. In particular,
expression of genes related to neurological and keratinocyte
function was altered (Figure 1c). Expression of genes related
to inflammatory pathways was also altered during treatment
with all 3 cytokines, suggesting an inflammatory role for IL-
JID Innovations (2024), Volume 4
31 in addition to its role in neurological signaling. These
data are consistent with the effects of nemolizumab treatment
on neuronal and inflammatory markers in patients with pru-
rigo nodularis (Deng et al, 2023).

These results provide initial evidence of a biologic ratio-
nale for combining inhibitors of IL-4/IL-13 and IL-31 cytokine
pathways to treat AD, consistent with observations from
clinical trials described in the introduction. The results are
also consistent with those of a recent study in 12 patients with
AD, which showed that dupilumab treatment significantly
reduced some biomarkers of AD (serum levels of IgE, IL-22,
and thymus and activation-regulated chemokine [TARC])
but did not affect the number of intraepidermal nerve fibers,
which are associated with itch severity and positively corre-
lated with IL-31 levels (Kishi et al, 2023).

A tetravalent, bispecific IgG4 targeting AD cytokine
pathways

Because of the biological and clinical rationale for
concomitant inhibition of IL-4/IL-13 and IL-31 pathways as a
treatment for AD, we developed an antibody-based molecule
that simultaneously targets both pathways. NM26-2198 is a
recombinant, tetravalent, bispecific IgG4 in which l-capped
antieIL-31 single-chain variable fragments are fused to the C-
termini of both antieIL-4Ra IgG4 heavy chains through
flexible peptide (Gly4eSer)2 linkers (Figure 2) (Coloma and
Morrison, 1997; Egan et al, 2017). An IgG4 backbone was
chosen because of its reduced effector function (Davies and
Sutton, 2015). To prevent Fab arm exchange, the core-hinge
region of the heavy chain contains an S228P mutation
(Silva et al, 2015).

The antieIL-4Ra and antieIL-31 sequences were originally
derived from rabbit mAbs. The complementarity-determining
regions were grafted onto human variable domain acceptor
frameworks. The antieIL-31 framework was engineered from
human consensus and germline sequences for favorable sta-
bility and solubility using l-cap technology (Egan et al, 2017).
The single-chain variable fragments were then further engi-
neered to improve stability for use at high concentrations.

NM26-2198 exhibits high-affinity target binding and potent
and concomitant inhibition of IL-4R and IL-31 signaling

Binding of NM26-2198 to recombinant human IL-4Ra
extracellular domain and IL-31 was assessed by surface
plasmon resonance (SPR) (Figure 3a and b). Mean (�SD)
equilibrium dissociation constants were 209 � 68 pM for
human IL-4Ra (n ¼ 3) and 193� 88 pM for human IL-31 (n ¼
3). Concomitant binding to human IL-4R and human IL-31
was also demonstrated by SPR (Figure 3c).

We then studied the ability of NM26-2198 to inhibit either
of its target pathways (IL-4/IL-13, IL-31) alone or in the
presence of excess amounts of the other target. Figure 3d and
e show that NM26-2198 inhibited IL-4e and IL-13einduced
secretion of a signal transducer and activator of transcription
6 (STAT6) reporter gene product in HEK-Blue cells with a
potency comparable with that of dupilumab. The presence of
an excess concentration of IL-31 (9.9 nM) had no effect on
NM26-2198 inhibition of IL-4 or IL-13 signaling. Similarly,
NM26-2198 inhibited IL-31einduced production of active
beta-galactosidase in an osteosarcoma cell line (PathHunter
U2OS cells) with a potency similar to that of the reference



Figure 1. RNA-seq analysis of healthy human skin biopsies from 3 donors treated with IL-4, IL-13, and IL-31 at 50 ng/ml for 72 h. (a) Volcano plots showing

genes whose expression was significantly altered (red) by IL-4 þ IL-13 (left), IL-31 (middle), and IL-4 þ IL-13 þ IL-31 (right) treatments. (b) Heatmap showing

relative expression of specific genes according to treatment condition and donor based on row Z-scores of all samples in the study, of which FLG, FLG2, IL-24,

CXCL-11, IL13Ra2, IL-33, LCN2, K6B, GZMB, CCL17, and CCL13 are known to play an important role in AD. Other important genes known to play a

role in inflammatory and neural processes, keratinocytes, and/or barrier function are also highlighted on the right. (c) Bar plot showing changes in expression
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antieIL-31 antibody BMS-981164. Inhibition by NM26-2198
was unaffected by the addition of excess IL-4Ra (Figure 3f).

To test whether NM26-2198 can concomitantly inhibit IL-
4/IL-13 signaling and IL-31 signaling, we used human bron-
chial epithelial cells (BEAS-2B cells), which express the
subunits of type I and type II IL-4 receptors (IL-4Ra, gcom-
mon, and IL-13R a1) as well as subunits of the IL-31 receptor
(IL-31RA and OSMRb) (Ip et al, 2007; Yamamoto et al, 2004).
Cells were incubated for 24 hours in control conditions or in
the presence of various combinations of IL-4, IL-31, dupilu-
mab, the antieIL-31 antibody BMS-981164, and NM26-
2198. As shown in Figure 3g, IL-4 and IL-31 each stimu-
lated the release of CCL2, and incubation with both cytokines
induced additive effects. Dupilumab and BMS-981164 each
inhibited IL-4/IL-31einduced CCL2 secretion, and incuba-
tion with both antibodies exerted further antagonism. NM26-
2198 antagonized CCL2 secretion at least as effectively as the
combination of dupilumab and BMS-981164. Figure 3h
shows doseeresponse curves for inhibition of IL-4/IL-
31einduced CCL2 release by NM26-2198 or the combina-
tion of dupilumab and BMS-981164. Considered together,
the results shown in Figure 3 demonstrate that NM26-2198
binds to both IL-4Ra and IL-31 independently and concom-
itantly, and it inhibits signaling through both pathways with a
potency comparable with that of the combination of dupi-
lumab and BMS-981164.

NM26-2198 potently inhibits IL-4einduced CD23
upregulation in PBMCs and TARC secretion in whole blood

One of the hallmarks of IL-4e and IL-13einduced immune
responses is upregulation of CD23 (the low-affinity IgE re-
ceptor, FcεRII) on monocytes and B cells (Defrance et al,
1994; McCormick and Heller, 2015; Moyle et al, 2019).
AntieIL-4Ra antibodies have been shown to inhibit IL-
4einduced CD23 upregulation, but their potency depends
on the characteristics of antibody binding to FcgRII (CD32)
(Zhao et al, 2019). Because NM26-2198 has an IgG4 isotype
Fc moiety and has antieIL-31 single-chain variable fragments
attached to its C termini, it was important to assess its potency
for inhibition of CD23 upregulation. We studied the effects of
NM26-2198 on IL-4einduced CD23 expression in mono-
cytes and B cells in PBMCs from healthy human donors.
(log-transformed adjusted P-values) of gene clusters associated with selected gen

There was no enrichment of the shown terms for IL-31. (d, e) Bar plots showing

cytokines. AD, atopic dermatitis; h, hour; K6B, keratin 6B; RNA-seq, RNA seque
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Incubation of PBMCs with IL-4 for 48 hours upregulated the
expression of CD23 in monocytes, naı̈ve B cells, and memory
B cells, and this effect was inhibited by NM26-2198 in each
cell type in a dose-dependent manner (Figure 4aec). The
half-maximal inhibitory concentration for NM26-2198 was
comparable with that of dupilumab, which is also an IgG4.
An Fc-silenced version of NM26-2198 (PRO2142) demon-
strated a significant decrease in activity in this assay, partic-
ularly in monocytes, consistent with previous studies
showing that Fc binding to FcgRII is essential for inhibition of
IL-4einduced upregulation of CD23 in immune cells (Zhao
et al, 2019). These experiments demonstrate that NM26-
2198 retained FcgRII binding. NM26-2198 induced no
detectable antibody-dependent cell-mediated cytotoxicity
using Ramos B cells as target cells and human PBMCs as
effector cells. Similarly, NM26-2198 did not induce
complement-dependent cytotoxicity in Ramos B cells in the
presence of human complement. Rituximab used as positive
control showed potent activity in both assays (data not
shown).

Another hallmark of AD and IL-4e and IL-13einduced
immune responses is increased serum concentrations of the T
helper 2 chemokine TARC (Hijnen et al, 2004; Jahnz-Rozyk
et al, 2005; Kakinuma et al, 2001). Figure 4def shows
TARC levels in whole human EDTA-anticoagulated blood
from 3 healthy donors after 24 hours of incubation with IL-4
and the indicated concentrations of NM26-2198 or dupilu-
mab. Both NM26-2198 and dupilumab inhibited TARC
secretion, but their relative potency varied across the 3 do-
nors. The half-maximal inhibitory concentration for inhibi-
tion of IL-4einduced TARC secretion by NM26-2198 ranged
from 328 to 490 pM and averaged 409 � 81.1 pM. Inhibition
of IL-13einduced TARC secretion by NM26-2198 had a
similar potency (286 � 142 pM, data not shown), which is
important because of evidence that IL-13 has a strong role in
AD pathology (Lytvyn and Gooderham, 2023; Tazawa et al,
2004; Tsoi et al, 2019; Zhang et al, 2022). These results are
consistent with clinical trial results in which dupilumab
treatment reduced serum TARC levels in adult patients with
AD (Guttman-Yassky et al, 2019) and suggest that NM26-
2198 may have a similar effect in patients.
e ontology biological processes terms after treatment with the indicated ILs.

top enriched gene ontology biological processes terms after treatment with

ncing.
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Figure 3. NM26-2198 binding kinetics and inhibition of cell signaling. (a) SPR sensorgrams of NM26-2198 binding to IL-4Ra in multicycle kinetic mode. (b)

SPR sensorgram of NM26-2198 binding to IL-31 in single-cycle kinetic mode. Colored lines represent the experimental data, and black lines show the fit of a 1:1

interaction model. (c) SPR sensorgram showing concomitant binding of NM26-2198 to human IL-4R (immobilized) and IL-31. (d) SEAP concentration in the

supernatant of HEK-Blue IL-4/IL-13 STAT6 reporter gene cells measured using the QUANTI-Blue colorimetric assay and reported as mean (SD) optical density.

Cells were cultured in the presence of IL-4 (0.05 ng/ml, 23.8 pM) for 24 hours to induce SEAP secretion. Culture media also contained the indicated

concentrations of dupilumab or NM26-2198 in the presence or absence of excess IL-31 (9.9 nM). (e) Mean (SD) SEAP concentrations in similar experiments as

d except that cells were cultured in the presence of IL-13 (0.3 ng/ml, 23.8 pM) instead of IL-4. (f) Mean (SD) chemiluminescence of engineered U2OS cells

indicating IL-31einduced heterodimerization of IL-31RA and OSMR after 6 hours incubation with IL-31 (10 ng/ml, 0.63 nM) and the indicated concentrations of

BMS-981164 or NM26-2198 in the presence or absence of excess IL-4R extracellular domain (50 nM). (g) Mean (SD) CCL2 concentrations in the supernatant of

cultured BEAS-2B cells after 24-hour incubation with the indicated ILs and antagonists. Antagonist concentrations were 1 mg/ml (5 nM dupilumab and 5 nM

BMS-981164, 6.7 nM NM26-2198). Results are mean (SD) of 1 independent experiment. P-values are based on Dunnett’s test performed after an overall P ¼
.012 by ANOVA. * P < .05 and ** P < .01. (h) CCL2 concentrations in supernatant of BEAS-2B cells after 24-hour incubation with IL-4 (1 ng/ml) and IL-31 (10

ng/ml) and the indicated concentrations of dupilumab þ BMS-981164 or NM26-2198. a and b are representative of 3 experiments, and ceh correspond to 1

experiment. Duplicate wells were used for experiments shown in deh. OSMR, oncostatin M receptor; SEAP, secreted embryonic alkaline phosphatase; SPR,

surface plasmon resonance; STAT6, signal transducer and activator of transcription 6.
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NM26-2198 exhibits a long serum half-life in cynomolgus
monkeys and abrogates itching symptoms triggered by IL-31

In SPR assays, NM26-2198 exhibited binding kinetics and
affinities for cynomolgus monkey IL-4Ra (equilibrium
dissociation constant ¼ 144 � 49 pM, n ¼ 3) and IL-31
(equilibrium dissociation constant ¼ 103 � 14 pM, n ¼ 3)
similar to those for human targets (mean equilibrium
dissociation constant ¼ 209 pM for IL-4Ra and 193 pM for
IL-31).
The pharmacokinetics of single doses of NM26-2198,
administered by intravenous (IV) or subcutaneous (SC) in-
jection, were studied in cynomolgus monkeys. Mean serum
drug levels at designated times after administration of 3 dose
levels are shown in Figure 5a for IV administration (and 5 mg/
kg SC) and Figure 5b for higher-dose SC administration.
NM26-2198 serum concentrations increased with increasing
dose levels for both IV and SC routes of administration. The
mean serum half-life of NM26-2198 was 7e10 days across
www.jidinnovations.org 5
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doses above 1 mg/kg. The faster clearance of the 1 mg/kg IV
dose is likely due to target-mediated drug disposition to IL-
4Ra.

We then studied the effects of NM26-2198 on scratching
symptoms in cynomolgus monkeys. Male monkeys not
exhibiting strong baseline scratching symptoms were ran-
domized into 5 treatment groups: vehicle or 1 of 4 doses of
NM26-2198 (0.03, 0.3, 3, and 30 mg/kg). Between 28 and 18
days before treatment, monkeys received an IV injection of
cynomolgus IL-31 (1 mg/kg) and were grouped according to
this baseline treatment (Figure 5c). Video recordings of
monkey behavior were used to monitor scratching events for
1 hour before injection and for 3 hours after injection. On
day 1, monkeys received a SC injection of their randomly
allocated treatment. On day 3, injection of cynomolgus IL-31
and video recording procedures were repeated to evaluate
how treatment affected the number of scratching events.
Figure 5d shows the mean time-normalized number of
scratching events in each of the treatment groups. Monkeys in
the 3 mg/kg and 30 mg/kg NM26-2198 groups exhibited
lower mean scratching frequency than those in the vehicle-
treated group, and this effect was statistically significant for
the 30 mg/kg group (overall P ¼ .003 by ANOVA; P ¼ .017
for 30 mg/kg group vs vehicle group by Dunnett’s test). It
should be noted that this is not an AD model but only
reflective of inhibition of IL-31einduced scratching behavior.

Good laboratory practice toxicology in cynomolgus monkey

A formal, 4-week, repeat-dose good laboratory practice
toxicology study was conducted in cynomolgus monkeys, in
which monkeys received 5 weekly doses of NM26-2198
through either SC route (5, 25, or 125 mg/kg) or IV route
JID Innovations (2024), Volume 4
(125 mg/kg). No treatment-related findings were observed.
Monkeys exhibited no evidence of gross pathological
changes; histopathological changes; injection site inflam-
mation; ophthalmologic changes; or cardiovascular, respira-
tory, or neurologic changes during the 4-week study period.
On the basis of these results, the no-observed effect level for
NM26-2198 in cynomolgus monkey is 125 mg/kg, well
above the dose level required for efficacy shown in the pre-
ceding experiment. Considered together, the results pre-
sented in this paper justify the clinical investigation of NM26-
2198 as a treatment for AD, and a phase I clinical study is
ongoing (NCT05859724).

MATERIALS AND METHODS

Reference antibodies and selected reagents

Dupilumab was produced by Evitria AG from published sequence

data (CAS number 1190264-60-8) or purchased at the pharmacy

(Dupixent, Sanofi). BMS-981164 was produced by Evitria AG on the

basis of the sequence published in patents US8470979B2 and

WO09071696. NM26-2198 was manufactured by Numab Thera-

peutics AG. CCL2 antibodies and antibodies for PBMC staining were

acquired at Biolegend (San Diego, CA). IL-4, IL-13, and IL-31 were

purchased from PeproTech (Rocky Hill, NJ).

RNA-sequencing analysis of human skin samples

Skin punch tissue samples were collected from healthy human do-

nors and cultured at 37 �C (5% carbon dioxide [CO2]) in a mixture

(1:1) of RPMI and William’s E media (Gibco, Thermo Fisher Scien-

tific, Waltham, MA) (Gherardini et al, 2020) with 10 ng/ml hydro-

cortisone (Sigma-Aldrich, Merck, Burlington, MA), 10 mg/ml insulin

(Sigma-Aldrich, Buchs, Switzerland), 2 mM L-glutamine (Sigma-
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Figure 5. NM26-2198 pharmacokinetics and inhibition of IL-31einduced

scratching in cynomolgus monkeys. (a, b) Mean (SD) serum drug levels at

indicated times after intravenous (green) or subcutaneous (orange)

administration of single doses of NM26-2198 to cynomolgus monkeys (n ¼ 6

per treatment condition, except n ¼ 5 for 3 mg/kg group). (c) Treatment

timeline of scratching study as described in the text. Monkeys were grouped

according to baseline treatment (day �28 to day �18). (d) Number of

scratching events during 3 hours after IL-31 injection minus 3� the number of

scratching events during the 1 hour preceding IL-31 injection. Filled circles

indicate results for each monkey; bars indicate the mean for each treatment

condition. *P < .05 (0.017) for monkeys treated with 30 mg/kg versus vehicle

on the basis of Dunnett’s test performed after an overall P ¼ .003 by ANOVA.
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Aldrich), and 1% penicillin/streptomycin (Gibco). Treatment with IL-

4, IL-13 (Keren et al, 2023), and IL-31 was performed at initiation of

culture and at 48 hours. Samples were collected at 72 hours for RNA

extraction.

RNA sequencing was performed on a NovaSeq 6000 using a 2 �
100 bp read length with an output of approximately 30 M clusters (6
Gb) per sample. Trimmed raw reads were aligned to a modified

HG19 using STAR (version 2.7.3) (Dobin et al, 2013). Pseudoauto-

somal regions were masked on chromosome Y (chrY:10001-

2649520, chrY:59034050- 59363566). Normalized counts were

calculated with DESeq2 (version 1.40.1). Volcano plots, heatmap,

and bar plots were generated with R (version 4.3.0) using the ggplot2

package (version 3.4.2) and pheatmap (version 1.0.12). Gene set

enrichment analysis was performed using clusterProfiler (version

4.9.0) and DOSE (version 3.26.1) (Yu et al, 2015). Volcano plots are

representative of the results of all 3 donors.

Binding affinity and concomitant binding by SPR

SPR analysis was performed on a T200 Biacore instrument (Cytiva,

Uppsala, Sweden). For IL-4Ra, NM26-2198 was captured on a CM5

sensorchip (Cytiva) using an IgG-Fc antibody (Human Antibody

Capture Kit, Cytiva). A titration series of IL-4Ra extracellular

domain-his-tag (Sino Biological, Bejing, China) was injected in sa-

line 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer

(0.05% Tween-20, pH 7.5). The sensor chip was regenerated with

magnesium chloride. For IL-31, NM26-2198 was injected over a

CM5 sensor chip with IL-4R-Fc Tag (R&D Systems, Freiburg, Ger-

many), followed by IL-31. Concomitant binding to IL-4R and Il-31

was assessed using a CM5 sensorchip with IL-4R-Fc immobilized,

followed by a sequential flow of NM26-2198 and IL-31. Binding to

monkey IL-4Ra and IL-31 was measured using IL-4Ra extracellular

domain-His (Acro Biosystems, Newark, DE) and IL-31-His (Sino

Biological) of cynomolgus monkey. Kinetics were calculated with

Biacore evaluation software (version 3.2, Cytiva, 1:1 Langmuir

model).

Inhibition of IL-4 and IL-13 signaling

Assays used HEK-Blue IL-4/IL-13 STAT6 cells (hkb-il413, InvivoGen,

Toulouse, France), producing secreted embryonic alkaline phos-

phatase through the STAT6 pathway in response to IL-4 or IL-13. A

total of 50,000 cells per well were seeded into 96-well plates in

DMEM high glucose with 10% heat-inactivated fetal calf serum

(Sigma-Aldrich). NM26-2198 or dupilumab were added with human

IL-4 or human IL-13. After 24 hours of incubation at 37 �C and 5%

CO2, supernatants were transferred to a new plate, and secreted

embryonic alkaline phosphatase was quantified using QUANTI-Blue

(InvivoGen) with a Tecan plate reader (Infinite M-Plex, Grödig,

Austria). Inhibition curves were fitted using a 4-parameter logistic

regression model in GraphPad prism 9.1.0.

Inhibition of IL-31 signaling

Assays used PathHunter U2OS IL31RA/OSMRb dimerization cell

line (DiscoverX, Celle-l’Evescault, France), producing a chemilu-

minescent signal upon ligand-induced dimerization of OSMRb/
IL31RA. A total of 10,000 cells per well were seeded into 96-well

plates in Assay Complete Cell Plating 5 Reagent overnight (Dis-

coverX) before addition of NM26-2198 or BMS-981164 with IL-31.

After 6 hours (37 �C, 5% CO2), a detection solution was added for an

hour (Path Hunter Flash Detection Kit, DiscoverX), and lumines-

cence was measured.

Simultaneous inhibition of IL-4 and IL-31 signaling

Assays used BEAS-2B cells (LCR-9609, ATCC, Manassas, VA), in

which CCL2 release is increased in response to additive stimulation

by IL-31 and IL-4. A total of 25,000 cells per well were seeded into

96-well plates in 100 ml DMEM/Nutrient Mixture F-12 Ham (Sigma-

Aldrich, Irvine, United Kingdom) with 10% heat heat-inactivated

fetal calf serum (Sigma-Aldrich) and incubated overnight (37 �C,
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5% CO2). After 2 washing steps, IL-4 and/or IL-31 were added with

or without NM26-2198 or a combination of dupilumab and BMS-

981164. Supernatants were collected after 24 hours.

For quantification of CCL2 by ELISA, 96-well plates were coated

with 1 mg/ml of a mouse CCL2 antibody in PBS. Plates were blocked

with PBS (0.2% Tween,1% BSA). Serial dilutions of CCL2 in Low

Cross buffer (Candor, Wangen, Germany) and supernatants were

added. CCL2 was detected with 0.25 mg/ml of a biotinylated ham-

ster CCL2 antibody and with 100 ng/ml streptavidin-horse radish

peroxidase (Stereospecific Detection Technologies, Baesweiler,

Germany). SureBlue Reserve was added (SeraCare, Milford, MA) and

then hydrogen chloride. The optical density was read at 450 nm.

Inhibition of IL-4 induced CD23 expression on human
monocytes and naı̈ve and memory B cells

Human PBMCs were isolated from fresh whole blood of healthy

donors according to an adapted Leucosep protocol using tubes with

integrated porous barrier and gradient density centrifugation, first at

800g without brakes and then at 300g with brakes. A total of

400,000 PBMCs were seeded per well into a 96-well plate in 100 ml
of medium (RPMI, Irvine Scientific;10% heat-inactivated fetal calf

serum, Sigma-Aldrich). NM26-2198 or dupilumab was added with

human IL-4. After 48 hours of incubation (37 �C, 5% CO2), FcR

blocking solution (Human TruStain FcX, BioLegend) was added, and

PBMCs were stained for flow cytometry analysis (Novocyte, AECA

Biosciences, San Diego, CA) using mouse anti-human CD14-PerCP/

Cy5.5, CD19-phycoerythrin, CD27-FITC, and CD23-

allophycocyanin antibodies. The geometric mean of gated CD23

monocytes, CD23 naı̈ve, and memory B cells was used for

evaluation.

Inhibition of IL-4einduced TARC secretion in human whole
blood

Human peripheral blood was collected in sterile tubes containing

EDTA. A total of 160 ml per well of serial dilutions of NM26-2198 or

dupilumab was added to a 96-well plate with IL-4 in IMDM (Thermo

Fisher Scientific, Paisley, United Kingdom; containing 1% heat-

inactivated fetal calf serum). After addition of 40 ml whole blood

per well, plates were incubated for 24 hours (37 �C, 5% CO2) and

centrifuged for 10 minutes at 1000g. Supernatants were collected

and frozen at �20 �C. TARC was quantified using the human TARC/

CCL17 DuoSet ELISA Kit (R&D Systems, Minneapolis, MN) ac-

cording to kit instructions.

Studies in cynomolgus monkey

Pharmacokinetic assessment was performed in male cynomolgus

monkeys of African (Mauritius) origin at Charles River Laboratories.

Serum levels of NM26-2198 were determined using a validated

pharmacokinetics ELISA. An itch study was performed at Shin Nip-

pon Biomedical Laboratories by administering a single dose (SC) of

NM26-2198 to male cynomolgus monkeys. Forty-eight hours later,

cynomolgus IL-31 was administered intravenously, and the fre-

quency and duration of scratching behavior were evaluated.

Statistical analysis

Data are expressed as the mean � SD of the mean. Differential

expression was assessed using the Wald test within DESeq2, and

false discovery rate was controlled using the BenjamineHochberg

correction. For comparison of BEAS-2B assay results, ANOVA with

pairwise comparisons with stimulated cells (IL-4 þ IL-31) using

posthoc Dunnett’s test was performed assuming normal distribution

of the sample (n ¼ 2 per group). For analysis of the cynomolgus itch
JID Innovations (2024), Volume 4
study, ANOVA with pairwise comparisons with vehicle using Dun-

nett’s test of log-transformed values was performed after confirming

normal distribution by ShapiroeWilk test. The statistical tests were

performed using GraphPad prism 9.1.0. For all tests, P < .05 was

considered statistically significant.
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