1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Immunol. Author manuscript; available in PMC 2020 February 19.

-, HHS Public Access
«

Published in final edited form as:
Nat Immunol. 2019 September ; 20(9): 1138-1149. doi:10.1038/s41590-019-0467-1.

IL-1R3 blockade broadly attenuates the functions of six
members of the IL-1 family, revealing their contribution to
models of disease

Jesper Falkesgaard Hgjenl2:3, Marie Louise Vindvad Kristensen3, Amy S. McKee34, Megan
Taylor Wade3, Tania Azam3, Lars P. Lunding®, Dennis M. de Graaf3:6, Benjamin J.
Swartzwelter3, Michael Wegmann®, Martin Tolstrup?-2, Karsten Beckman’, Mayumi Fujita®8,
Stephan Fischer’, Charles A. Dinarello3:6*

1Department of Infectious Diseases, Aarhus University Hospital, Aarhus, Denmark. 2Department
of Clinical Medicine, Aarhus University, Aarhus, Denmark. 3Department of Medicine, University of
Colorado Denver, Aurora, USA. “Department of Microbiology and Immunology, University of
Colorado Denver, Aurora, USA. >Division of Asthma Exacerbation & Regulation, Priority Area
Asthma and Allergy, Leibniz Lung Center Borstel, Airway Research Center North (ARCN),
Member of the German Center for Lung Research (DZL), Borstel, Germany. ®Department of
Internal Medicine, Radboud University Medical Center, Nijmegen, The Netherlands. ‘"MAB
Discovery GmbH, Neuried, Germany. 8Department of Dermatology, University of Colorado
Denver, Aurora, USA.

Abstract

IL-1R3 is the co-receptor in three signaling pathways that involve six cytokines of the IL-1 family
(IL-1a, IL-1B, IL-33, IL-36a., IL-36B and IL-367). In many diseases, multiple cytokines
contribute to disease pathogenesis. For example, in asthma, both 1L-33 and IL-1 are of major
importance, as are IL-36 and IL-1 in psoriasis. We developed a blocking monoclonal antibody
(mADb) to human IL-1R3 (MAB-hR3) and demonstrate here that this antibody specifically inhibits
signaling via IL-1, IL-33 and 1L-36 in vitro. Also, in three distinct in vivo models of disease -
crystal-induced peritonitis, allergic airway inflammation and psoriasis, we found that targeting
IL-1R3 with a single mAb to mouse IL-1R3 (MAB-mR3) significantly attenuated heterogeneous
cytokine—driven inflammation and disease severity. We conclude that in diseases driven by
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multiple cytokines, a single antagonistic agent such as a mAb to IL-1R3 is a novel therapeutic
option with considerable translational benefit.

Results

Inhibition of cytokine function is a cornerstone of many clinical interventions. Although
treatment often focuses on blocking either a single ligand or its primary receptorl, targeting
a single cytokine can imply that a disease is due to a distinct mediator. However, this is not
always the case. The heterogeneous nature of inflammatory diseases may explain less than
optimal outcomes or failures in clinical trials when neutralizing only a single cytokine. In
particular, when preclinical models reveal synergy of two cytokines. Diseases where more
than one IL-1 family member has been attributed a prominent role, such as IL-1p and IL-33
in asthma? 3 and IL-1a and IL-36 in psoriasis* ®, emphasizes this heterogeneity. Since there
is a basal inflammatory component in most diseases, blockade of the specific disease-driving
cytokine as well as the inflammatory component would therefore likely improve outcomes.

The IL-1 family is comprised of 11 members, with a role in innate inflammation and
acquired immunity®. In search for an improved druggable target in the IL-1 family, we
assessed possible interventional sites. The receptor family is comprised of 10 members and
one binding protein (IL-18BP)’. Of these, IL-1R1 binds IL-1a and IL-1p recruiting IL-1R3
to form the trimeric signaling complex. IL-1R4 (ST2) binds I1L-33 and forms a trimeric
complex with IL-1R3, and IL-1R6 binds IL-36a, IL-36p and IL-36y, similarly recruiting
IL-1R3. In each case, IL-1R3 is the co-receptor that allows for dimerization of the
cytoplasmic TIR domains, triggering a unique response® 2. With IL-1R3 being the signaling
regulator for six different cytokines, there are IL-1R3 dependent cytokines inducing
inflammation, a Tyl response, a T2 response or a combination of inflammation with either
Tnl or T2 responses. Blocking a common co-receptor rather than individual primary
receptors or ligands, may therefore provide a new mode of action for reducing associated
diseases.

We describe here for the first time a fully humanized blocking mAb targeting human IL-1R3
(MAB-hR3), with an incorporated Fc-LALA mutation to prevent triggering of FcyRs10: 11,
We determined direct in vitro inhibition of signaling through IL-1R1, IL-1R4 and IL-1R6 by
this mAb and investigated the inflammatory contribution of the IL-1R3 signaling associated
cytokines. Additionally, we conducted proof-of-concept in vivo studies using a mouse
IL-1R3 mAb (MAB-mR3) in models of I1L-1B-dependent monosodium urate crystal (MSU)
peritonitis, IL-33 dependent ovalbumin (OVA) allergic airway inflammation and IL-36
dependent imiquimod (IMQ)-induced psoriasis. In each case, IL-1R3 blockade proved
effective in attenuating the disease phenotypes.

MAB-hR3 binds dose-dependently, specifically and with high affinity to human IL-1R3.

We initially examined the binding properties of MAB-hR3. MAB-hR3 is a humanized IgG1
Fc-LALA mutated IL-1R3 mAb, produced in wild-type albino zika rabbits. We observed
dose-dependent binding to an IL-1R3 expressing human melanoma cell line, SK-MEL-30
(ECs0 = 274 ng/mL, Kp = 1.73 nM, assuming complete specific binding Fig. 1a).
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Comparing MAB-hR3 to an IgG isotype control on both the human SK-MEL-30 cell line
(Fig. 1b) and the murine cell line NIH-3T3 (Fig. 1c), we observed species specificity and
ruled out non-specific binding (gating strategy Supplementary Fig. 1a).

Next, we demonstrated that MAB-hR3 binds human IL-1R3 using immunoprecipitation.
MAB-hR3 was incubated with A549 cell lysates, immunoprecipitated and subjected to
analysis by mass-spectrometry (MS). We confirmed the presence of IL-1R3 peptides in the
MAB-hR3 immunoprecipitation (Supplementary Fig. 1b), whereas no IL-1R3 peptides were
observed using an 1gG isotype control (Data not shown). Since we did not observe non-
specific binding of MAB-hR3 to any common sequence of IL-1 family receptors which
share homologous 1gG domains. The data observed when using MAB-hR3 could not be due
to specific binding of multiple 1L-1 family receptors simultaneously, but rather IL-1R3
specific effects. Formal binding kinetics for MAB-hR3 to human IL-1R3 were established
using surface plasmon resonance (SPR) (Kp = 415 pM) (Fig. 1d).

MAB-hR3 has an incorporated double substitution L234A/L235A (LALA) mutation, which
significantly reduces binding to FcyRs0. This was confirmed in an antibody dependent
cellular cytotoxicity (ADCC) bioassay, measuring NFAT activation in FcryRIlla expressing
Jurkat effector cells as a readout of FcR triggering. Here, MAB-hR3 with- and without the
incorporated mutation were compared (Fig. 1e). We observed that the LALA mutation
completely abrogated FcyR dependent activation of the NFAT reporter, indicating a lack of
cytotoxic potential. In line with this, incubating MAB-hR3 (1 pg/mL or 20 pg/mL) with
peripheral blood mononuclear cells (PBMCs) did not reveal any significant change in a
WST-1 cell proliferation assay compared to control. Also, we did not observe an increase in
IL-6 production as an indication of Fc-mediated agonistic properties (Supplementary Fig.
1c, d)12,13_

MAB-hR3 inhibits signaling for IL-1R1, IL-R4 and IL-R6.

We evaluated the ability of MAB-hR3 to inhibit signaling through the three IL-1R3
associated ligand binding receptors; IL-1R1, IL-1R4 and IL-1R6. For each pathway, we used
modified gene-reporter cell lines expressing the receptor of interest comparing with a
polyclonal IL-1R3 blocking antibody. To determine IL-1R1 signaling interference using
IL-1R3 blockade, we used IL-1a stimulation of an A549 luciferase reporter cell line
measuring NF-xB activation (IC5¢: MAB-hR3 = 146 ng/mL, Fig. 2a). For IL-1R4, we used
IL-33 stimulation of a HEK293 SEAP reporter cell line (NF-xB/AP-1 activation, I1Cxg:
MAB-hR3 = 749 ng/mL, Fig. 2b). Lastly, IL-1R6 interference was investigated using
IL-36y stimulation of a HEK293/17 luciferase reporter cell line (NF-xB activation, I1Csp;
MAB-hR3 = 17.1 ng/mL, Fig. 2c). Significant inhibition was observed in each of the three
assays at low concentrations.

Next, we evaluated the inhibition of cytokine production from cells lines without reporter
modifications. We used MAB-hR3 concentrations ranging from 1 pg/mL (6.9 nM) to 20
ug/mL (138 nM). We used native A549 cells for IL-1a induced IL-6 production, a human
mast cell line (HMC-1) for IL-33 induced IL-8 production and a human keratinocyte cell
line (HaCaT) for IL-36a induced IL-8 production.
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In the A549, HMC-1 and HaCaT cell lines, MAB-hR3 decreased cytokine production
significantly by up to 74% (IL-6), 28% (IL-8) and 57% (IL-8), respectively (Fig. 2d—f).
MAB-hR3 showed a clear dose-dependent inhibitory response in both A549 and HMC-1
cells, however inhibited with similar efficacy at each concentration used in HaCaT cells. To
verify the influence of IL-1 signaling in these cell lines, we also examined IL-1Ra (anakinra)
as an inhibitor. We used a concentration of IL-1Ra (10 pg/mL (578 nM)), which is 10-fold
greater than the maximum blood level in rheumatoid arthritis patients treated with a standard
clinical dose of 100 mg subcutaneously. IL-1Ra had a statistically significant impact on
IL-1a-induced IL-6 production in A549 cells (92% decrease), whereas no significant
reductions were observed on 1L-33 nor IL-36a induced IL-8 production. Underlining that
the effect of MAB-hR3 in these cell lines were not related to IL-1R1 signaling inhibition.

Binding of soluble IL-1R3 does not abrogate the anti-inflammatory effects of MAB-hR3

IL-1R3 is found in a soluble form (sIL-1R3) in the circulation where it increases the
neutralization capacity of IL-1R2. IL-1p binds to the soluble decoy-receptor IL-1R2
(sIL-1R2). When sIL-1R3 binds to this complex, the affinity to bind IL-1p increases by
~100-fold14. Hence, sIL-1R3 functions as an anti-inflammatory receptor. In the circulation,
there is an excess amount of sIL-1R3 (approx. 300 ng/mL in plasma) compared to sIL-1R2
(approx. 7 ng/mL in plasma)t4, both beyond the circulating levels of IL-1p (mean level of
0.33 pg/mL in 500 healthy subjects!®).

To determine whether MAB-hR3 would affect the anti-inflammatory function of sIL-1R3,
we used whole-blood cultures to mimic the conditions of MAB-hR3 infusions in humans.
We initially confirmed the presence of sIL-1R1, sIL-1R2, sIL-1R3 and sIL-1R4 (Fig. 29).
Using heat-killed Candiaa albicansto mimic an inflammatory condition via dectin-1 and
TLR2 receptorsl®: 17 we measured IL-17 and IL-6 levels in the presence of MAB-hR3.
Suppression of IL-17 and IL-6 production by MAB-hR3 takes place in whole-blood cultures
containing sIL-1R3 (Fig. 2h, i). The importance of IL-1 in these cultures is illustrated by the
ability of IL-1Ra to reduce IL-17 and IL-6 production by 77% and 96%, respectively. We
conclude that any neutralization of endogenous sIL-1R3 by MAB-hR3 does not significantly
impair the IL-1 blocking mechanism of soluble or cell bound IL-1R2 in a complex with
sIL-1R3.

We further evaluated the impact of MAB-hR3 on IL-1 dependent IL-6 production. We pre-
incubated a fixed concentration of MAB-hR3 with increasing concentrations of recombinant
sIL-1R3, in order to “decoy” MAB-hR3 to bind to sIL-1R3. Increasing concentrations of
sIL-1R3 did, in fact, reduce the inhibitory effect of MAB-hR3 as measured by IL-6
production (Fig. 2j). However, since there was no effect on C. albicans-induced IL-6
production in the presence of increasing concentrations of recombinant sIL-1R3 alone (Fig.
2Kk), the decreased effect of MAB-hR3 was due to freely available antibody and not an anti-
inflammatory function of sIL-1R3 itself. We conclude that although MAB-hR3 can be
“decoyed” to sIL-1R3, MAB-hR3 retains its ability to block IL-1R3 surface receptors and
provide a robust reduction in inflammation.
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Blocking IL-1R3 reduce monosodium urate (MSU) crystal mediated peritonitis

In order to study the effects of blocking IL-1R3 in models of human disease, we developed
chimeric mouse 1gG2a Fc-LALA mutated IL-1R3 mAb (MAB-mR3), using wild-type
albino zika rabbits for immunization. We used SPR to confirm the development of a high-
affinity antibody (Kp = 63pM), as well as functional testing and comparison to MAB-hR3
(Supplementary Fig. 2).

We sought to address the differences of IL-1R3 blockade compared to IL-1R1 blockade. The
clinically established treatments of the IL-1R1 signaling pathway, and the importance of
IL-1 in the development of co-morbidities justified this comparison. Thus, we administered
the antibody to mice challenged with MSU crystal induced peritonitis, a model highly
dependent on IL-1f 18, Notably, this model also possesses some of the multifaceted
interactions that take place in an acute gout attack, including morphological similarities
between the synovium and peritoneal lining2®. Animal models using MSU as well as
humans with recurrent gout attacks respond dramatically to 1L-1p blocking

therapiesl8: 19. 20,

In MSU-induced peritonitis, the inflammation is due to white blood cell (WBC) influx to the
peritoneal cavity. We observed a marked decrease in the total number of WBC in the MAB-
mR3 treated group compared to the vehicle-treated group (Fig. 3a). The decrease was
consistent across multiple cell types; granulocytes (65% decrease), monocytes (57%
decrease) and lymphocytes (42% decrease) (Fig. 3c). In the IL-1Ra treated group, we
observed a similar pattern, although less pronounced compared to that observed in the
MAB-mR3 treated mice. In addition, protein concentration in the intraperitoneal (IP) fluid
was evaluated as a marker of plasma protein leak, corresponding to the intensity of
inflammation. Here, we observed no significant changes in any of the treatment groups (Fig.
3b).

We compared the levels of IL-1 in the peritoneal WBC lysates from MSU treated mice. In
the MAB-mR3 treated group, the mean IL-1p concentration level was 69% lower than in
vehicle treated mice (Fig. 3d). Total IL-1p in cell lysates consists of both IL-1f precursor
and matured IL-1pB. This indicates that the amount of both mature IL-1p and its precursor
available for caspase-1 mediated release is significantly decreased in the MAB-mR3 group,
but not in the IL-1Ra treated mice. To evaluate whether this was solely related to cell
frequencies, we calculated the levels of IL-1p per million WBC. Here, we still observed
significantly lower levels of IL-18 (34%) in the MAB-mR3 treated mice compared to the
vehicle control group (Fig. 3e). In contrast, we did not observe a decrease of IL-1p per cell
in the IL-1Ra treated group. We observed a significant difference in intracellular IL-1p
levels between MSU recruited WBC from MAB-mR3 compared to IL-1Ra treated mice
(53% difference, Fig. 3d), which was also observed when normalized to WBC (47%
difference, Fig. 3e). Together, these data show that IL-1R3 blockade is more effective in
reducing inflammation compared to IL-1R1 blockade in the MSU-induced peritonitis model.

Neutrophils are important effectors in innate immunity, actively recruited in the early phases
of an inflammatory response. Thus, the observed decrease in granulocyte influx could also
reflect some of the challenges that can be faced when inhibiting innate cytokines. In gout,
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neutrophils are however the most abundant cells, degranulating as the cell phagocytizes the
urate crystals. Here, the granule enzymes intensify inflammation and are damaging to
tissues?l: 22, In line with this, we observed a significant increase in the concentration of
elastase in the IP fluid from MSU injected mice compared to saline injected mice. In the
mice exposed to MSU, MAB-mR3 significantly decreased IP fluid elastase by 48% (Fig. 3f).
Further, elastase concentrations in IP cell lysates from MSU injected mice decreased by 72%
in the MAB-mR3 group, and by 50% in the IL-1Ra group (Fig. 3g). IP cell lysate
myeloperoxidase (MPO) levels decreased by 68% in MAB-mR3 treated and by 51% in the
IL-1Ra treated group compared to vehicle controls (Fig. 3h).

Granulocyte colony stimulating factor (G-CSF), a neutrophil attractant and activator, and
IL-6 are induced by MSU. Both were however reduced in the IP fluid from mice treated with
MAB-mR3, whereas IL-1Ra did not significantly impact IL-6 levels (Table 1). Similar data
was observed for the chemokines CXCL-1 (KC), CCL-2 (MCP-1) and CCL-3 (MIP-1a).All
increased by MSU, and were reduced following MAB-mR3 treatment, where CXCL-1 and
CCL-2 reached statistical significance (Table 1). The IL-1Ra treated group did not exhibit a
decrease in any of the chemokines assessed. Also, circulating 1L-6 and G-CSF elevated by
MSU, were significantly decreased by both MAB-mR3 and IL-1Ra (Table 1). CXCL-1 in
lysed whole blood seemed to decrease in the MAB-mR3 group but was unaffected in the
IL-1Ra treated group. Both MPO and CXCL-1 were significantly lowered in spleen lysates
using MAB-mR3, whereas IL-1Ra again was less effective and showed no impact on
CXCL-1 (Table 1). Collectively, these data indicate a broader impact of IL-1R3 blockade
compared to blocking IL-1R1 alone.

IL-1R3 blockade broadly inhibits cytokine production compared to single pathway

inhibition

Having shown the efficacy of IL-1R3 blockade compared to IL-1R1 blockade in the MSU
model, we next examined the differential impact of blocking either IL-1R3 (using MAB-
hR3), IL-1R4 (using sIL-1R4 (sST2)) or IL-1R6 (using IL-36Ra). We used heat-killed C.
albicans stimulations of freshly isolated PBMCs to address IL-6 and IFN-y production. We
found that blocking IL-1R3, but not signaling of I1L-33 (through IL-1R4) or 1L-36 (through
IL-1R6), decreased the production of IL-6 by 67% (Fig. 4a). In contrast, the production of
IFN-y was significantly inhibited by blocking each of the three receptors (Fig. 4b). Thus,
blocking IL-1R3 compared to the inhibition of 1L-33 or IL-36 signaling, revealed a wider
impact of targeting IL-1R3. Yet, these data also revealed a clear importance of IL-33 and
IL-36 signaling in the C. albicansinduced production of IFN-y. Still, this dependency is not
observed in the production of 1L-6 where solely IL-1R3 signaling is contributing.

We next used a two-way Mixed Leukocyte Reaction (MLR) as an endogenous inducer of
cytokines. During a 5-day co-culture of PBMCs from two unrelated healthy donors, multiple
cytokines are produced allowing us to dissect any differences between IL-1R1 and IL-1R3
signaling more broadly. We found that MAB-hR3 significantly decreased the production of
IFN-7, IL-13, IL-17, IL-22, TNF, IL-6 and IL-10 (Fig. 4c—i). In contrast, inhibition of IL-1a
and IL-1p signaling by IL-1Ra impacted only four cytokines: IFN-y, IL-17, IL-22 and IL-10
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(Fig. 4c, e, f, i). Thus, blocking IL-1R3 provides broader anti-inflammatory effects,
compared to IL-1R1 blockade (IL-1Ra).

Anti-IL-1R3 ameliorates ovalbumin (OVA)-induced inflammation in vivo

The wide anti-inflammatory effects of IL-1R3 blockade suggested investigations into other
models of human disease. Thus, we examined the OVA-induced allergic airway
inflammation model, known for its IL-33 dependency?3. Mice were fully sensitized with
OVA before being treated with MAB-mR3. As expected, the challenge of intratracheal OVA
resulted in high numbers of WBC in the lungs, as measured in the bronchoalveolar lavage
(BAL) fluid (Fig. 5a). Here, MAB-mR3 treatment resulted in a 46% decrease in the number
of WBC infiltrating the lungs and a similar (46%) decrease in eosinophils (Fig. 5b).
Likewise, we observed a decrease in the content of both alveolar macrophages and
neutrophils, the latter being highly significant.

We repeated the model to include measures of BAL fluid cytokines, mucus production and
airway responsiveness, using the same sensitization schedule, but with aerosolized OVA as
the challenge. We observed a similar significant decrease in the influx of WBC in the BAL
fluid (50%) as in the first experiment. Further, we observed a significant 54% decrease of the
BAL cytokine IL-4, whereas IL-5, IL-13, IL-6 and TNF all decreased (63%, 64%, 76% and
33%, respectively), but not significantly (Fig. 5¢). Histology examination of the lungs
confirmed the difference between OVA alone and blocking inflammation using MAB-mR3.
The difference was evident on both infiltrating immune cells (H&E), and the significant
decrease in mucus producing goblet cells in the airways (PAS) (Fig. 5d+e). Changes in
airway responsiveness were assessed using a methacholine (MCh) provocation test. We
found that MAB-mR3 significantly decreased airway resistance at both 25 mg/mL, 50
mg/mL and 100mg/mL of MCh, respectively (Fig. 5f), and observed no significant
differences between MAB-mR3 treated and vehicle mice at any dose of MCh. Thus, MAB-
mR3 limits both inflammation and related functional measures in this disease model.

Anti-IL-1R3 ameliorates imiquimod (IMQ)-induced psoriasis attenuated in vivo

Mutations in 1L-36Ra are linked to human pustular psoriasis?4 25. Blocking the IL-36
signaling pathway through IL-1R3 could therefore alleviate this disease. We investigated
MAB-mR3 in the IMQ-induced psoriasis mouse model?6. We observed that the MAB-mR3
treated mice showed less weight loss compared to vehicle treated IMQ-challenged mice (day
4) (Fig. 6a). Secondly, an unblinded erythema score revealed a significant difference on the
last day of the experiment between MAB-mR3 and IMQ-mice (Fig. 6b). This anti-
inflammatory effect was also observed in the ear thickness of mice receiving IMQ or vehicle
cream on one ear, and control cream on the other. Here, we observed a striking difference
between groups, with significantly less ear swelling (IMQ/control) in the MAB-mR3 treated
group (day 6) (Fig. 6c).

Next, skin inflammation for each mouse was scored by 6 individuals, each blinded to the
treatment. The score was based on erythema, thickness and skin scaling (collective scale
from 0-4, modified PASI). The MAB-mR3 treated group was graded with significantly
lower scores than mice not receiving treatment (Fig. 6d, examples of scoring depicted). We
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similarly found the numbers of circulating granulocytes on the day of sacrifice were
significantly less (32% decrease) in MAB-mR3 treated mice (p=0.03) (Fig. 6e). But also the
concentration of MPO in the skin was lower (69%) (Fig. 6f), indicative of lower numbers of
neutrophils in the skin, less neutrophil degranulation or both. A clear correlation between the
visual scores and the levels of MPO underlined the importance of these observations (Fig.

69).

Lastly, we measured the transcriptional changes in the skin. We observed that topical
application of IMQ significantly upregulated IL-36a. mRNA levels in the skin, but not
IL-36p or IL-36y. MAB-mR3 treatment did not affect expression for either of the 1L-36
subtypes (Fig. 6h—j). We also determined mRNA levels of IL-17a, IL-17f and IL-22, known
key-regulators in the pathogenesis of psoriasis. Here, we observed that blocking IL-1R3
using MAB-mR3 significantly decreased the transcription of all three cytokines; IL-17a
(66%), IL-17f (83%) and IL-22 (96%). Thus, a single therapeutic intervention can markedly
reduce multiple important mediators of disease, disclaiming the need for multiple cytokine
interventions.

Discussion

Dysregulation of the innate immune system takes place in atherosclerosis, autoimmune
diseases, Alzheimer’s disease and cancer?’: 28. 29,30 For example, a global trial of 10,000
patients at risk for a second heart attack or stroke revealed that specific neutralization of
IL-1B reduced both atherosclerosis and heart failure, but also the incidence- and survival of
cancer3L: 32 Thus, innate inflammation can be reduced by lowering the level of IL-1p.
Accordingly, our hypothesis is that blocking IL-1R3 can reduce both the specific cytokine of
a disease, for example IL-33 in asthma, as well as the associated dysregulated 1L-1
component driving basal inflammation contributing not only to the disease phenotype, but
also to the development of co-morbidities.

In the present study, we addressed responses specific for IL-1, IL-33 and the I1L-36
subfamily, and found that blocking IL-1R3 is highly effective in models of peritonitis,
allergic airway inflammation and psoriasis. In each of these models, there is an
inflammatory component from either IL-1p or IL-1a. In the case of MSU peritonitis, IL-1f
is the primary disease driving cytokine. In asthma or psoriasis, inflammation from IL-1
worsen the severity of the disease manifestation.

The initial in vitro data supported the rationale for examining the broad effects of IL-1R3
blockade in vivo. Since MSU induced inflammation is primarily driven by IL-1B, IL-1Ra
was used as the positive control for efficient IL-1R1 inhibition. Despite using a 4-fold higher
molar dose of IL-1Ra compared to MAB-mR3, blocking IL-1R3 provided a surprisingly
additional level of protection. We speculate that blockade of the alarmin effects of 1L-33 in
barrier cells33, such as the peritoneal lining, might be of importance. 1L-33 is traditionally
known to induce a T2 dominated inflammation. However, in both the peritoneal cavity and
in the skin, 1L-33 induces a predominant neutrophil milieu as observed here34 35,
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Caspase-1 inhibition can similar be effective in MSU models20. However, extracellular
cleavage of the IL-1B precursor by neutrophilic elastase and proteinase 3 can similar result
in generation of active mature 1L-1p36 37, Thus blocking IL-1 receptors is likely superior in
diseases such as neutrophil-predominant arthritis, where elastase contributes substantially to
IL-1B driven inflammation37. In our MSU model, we observed a significant decrease in both
granulocyte influx as well as elastase production when blocking IL-1R3 using MAB-mR3.

We next compared the effects of IL-1R3 blockade with that of specific IL-1R4 or IL-1R6
blockade. Here, we observed that Tl responses driven by IL-33 or IL-36 cytokines can be
reduced by IL-1R3 blockade. Secondly, that blocking IL-1R3 had a broader anti-
inflammatory effect compared to isolated IL-33 or 1L-36 signaling inhibition. Findings that
were recapitulated when investigating the differences between IL-1R1 and IL-1R3 blockade
using two-way MLRs. For that reason, we found cause to exploit IL-1R3 blockade in
diseases influenced by multiple IL-1 family members. For instance the highly IL-33
dependent OVA-induced allergic asthma model38, as well as in the 1L-36 dependent IMQ-
induced psoriasis model3®.

In the airways, IL-33 promotes a T2 response, attracting eosinophils and basophils. MAB-
mR3 treatment significantly reduced cell influx into the airways, primarily due to a marked
decrease in eosinophils, important in allergen triggered airway inflammation“©. We also
observed a decrease in the levels of neutrophils, similar to the decrease observed in the MSU
model. It is likely that the decrease in CXCL-1 (equivalent to human IL-8) could account for
the lower numbers of neutrophils, as it is consistent with the known IL-8 induction in human
airway goblet cells by I1L-3341, Thus, decreasing airway inflammation by inhibition of both
IL-1 and IL-33 induced IL-8 production, could be more effective than IL-33 blockade alone
in allergic asthma, supporting IL-1R3 blockade. Consistent with these observations was a
significant improvement of airway resistance to MCh challenge, revealing clear functional
consequences of the anti-inflammatory intervention.

The IMQ model is similar dependent not only on 1L-36, but also on IL-1 and IL-8, making
this disease similar attractive for IL-1R3 blockade?4 4243, In our study, MAB-mR3
significantly attenuated visual signs of the disease, i.e. disease severity. And like the
previously observed reduction of neutrophils by MAB-mR3, we also observed significantly
lower numbers of circulating neutrophils as well as decreased levels of the neutrophil
activation marker MPO in the skin. In fact, visual scoring correlated to levels of skin MPO.
Remarkably there was a highly significant reduction of both IL-17a, IL-17f and 1L-22
expression. These cytokines each possess an important role in the pathogenesis of
psoriasis**, particularly for IL-22 where human mast cells produce large amounts of
IL-2245. The observation that IL-1R3 blockade can inhibit the transcription of these
cytokines supports a role for IL-1R3 targeting in psoriasis.

Although IL-1R3 is the co-receptor for ligand binding receptors of six different cytokines,
IL-1R3 is not the only co-receptor shared by multiple cytokines. In fact, both the common y
chain (IL-2Ry) and glycoprotein 130 (gp130 or IL-6ST (signal transducer)) are likewise
required for the signaling of multiple cytokines. However, mice deficient of IL-2Ry or
gp130 have developmental abnormalities such as leukocyte production (IL-2Ry) and organ
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development(gp130), respectively#8: 47, In contrast, IL-1R3 deficient mice display no signs
of anatomic abnormalities and remain fully fertile?8. Still, suppressing multiple signaling
pathways could reduce the potential to mount an innate immune response, increasing
frequencies of infections and impacting the development of T helper cells, such as Ty, T2
and TH17. However, compared to using monotherapy such as anti-1L-33, using a lower dose
of anti-1L-1R3 could still allow for a basic level of signaling through the primary pathways
and remain disease suppressive. Considering the synergism between cytokines of the IL-1
family, reducing signaling in this family by IL-1R3 blockade, could likely easier revert a
vicious cycle, than intervening in multiple unrelated pathways. Thus, future research needs
to address these concerns and considerations.

In summary, blocking IL-1R3 is a novel therapy to limit activities from 6 members of the
IL-1 family. With a broad applicability and specific targeting, this offers a feasible treatment
option with an extensive therapeutic range.

Methods section:

Monoclonal antibody production and test of affinity.

Human recombinant protein was used as the immunogen for wild-type albino Zika rabbit
immunization. Where after the isolated and modified humanized IgG1 monoclonal Fc-
LALA mutated IL-1R3 antibody (MAB-hR3) were produced in HEK-293-FreeStyle cells
(ThermoFisher Scientific). The antibody was purified from the supernatant using protein-A
affinity chromatography followed by size exclusion chromatography (MAB Discovery
GmbH). The mouse monoclonal chimeric 1gG2a Fc-LALA mutated 1L-1R3 antibody
(MAB-mR3) was similar produced (MAB Discovery GmbH). However, using a specific
mouse recombinant protein in an independent immunization campaign.

For both antibodies, binding characteristics were determined using SPR (Biacore T200)
carried out by an external provider (Biaffin GmbH & Co KG). Single-cycle setups were
done using increasing concentrations of human (0.111-9 nM) — or mouse (0.185-15 nM)
IL-1R3, measuring the interaction with captured MAB-hR3 or MAB-mMR3 respectively. Two
independent measurements were performed for each tested antibody.

Functional testing of MAB-hR3

Cell binding analyses of MAB-hR3 were carried out using NIH-3T3 (DMEM, 10% FCS)
(ATCC) and SK-MEL-30 (RPMI, 10% FCS) (kindly provided by Prof. Mayumi Fujita) cell
lines. Cells were harvested using Accumax (Sigma), washed and resuspended in stain buffer
(BD Pharmingen), before incubating with MAB-hR3 (10 pg/mL) or human 1gG isotype
control (MAB Discovery) for 30min (4°C). For EC50 and affinity calculation of SK-
MEL-30 cell binding, cells were incubated in a 1:2 dilution series with MAB-hR3 starting at
20 pg/mL. Cells were subsequently washed with stain buffer and incubated with Alexa-488
labelled goat-anti-human secondary antibody (Dianova) for 30min (4°C). Afterwards, the
cells were washed with staining buffer and resuspended in buffer containing 1:100 diluted
DRAQ7 (Abcam) dead cell stain. Samples were run on an Accuri C6 Sampler and analyzed
using FlowJo (ThreeStar, New Jersey, USA).
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Immunoprecipitation was done according to protocol using Dynabeads (Co-
Immunoprecipitation kit, Life Technologies) coupled to MAB-hR3 (30 mg antibody/mg
beads) or human 1gG isotype control (30 mg antibody/mg beads, R&D Systems). A549 cells
(ATCC) were stimulated in T175 flasks with recombinant human IL-1a (5 ng/mL, 15min,
Peprotech) to allow the cytokine associated signaling complex to form (IL-1R1+IL-1a
+IL-1R3). Cells were then lysed (1x IP buffer from kit, 100 mM NaCl and protease inhibitor
(1X, Halt protease inhibitor cocktail, ThermoFisher scientific)) and the lysate divided
equally and incubated (30min, 4°C) with either MAB-hR3 or 1gG coupled beads (7.5 mg),
followed by three washing steps.

The bound protein from the beads were eluted in buffer (0.5M NH4OH (14.8 N) and 0.5mM
EDTA) and lyophilized in a centrifugal vacuum concentrator for 6 hours. Lyophilized
proteins were solubilized in sample buffer (40% glycerol, 0.3M Tris, 0.3M SDS, 0.2M DTT
and 0.6mM bromophenol blue in H,0) and heated at 37°C (30min) to avoid membrane
protein aggregation. The samples were run on a 7.5% Mini-Protean TGX gel (BioRad).

The gels were stained with colloidal Coomassie*® and visible bands including in-between
areas were excised and sent to University of Colorado School of Medicine Biological Mass
Spectrometry Facility for analysis. Here, gel pieces were destained (200 pL of 25 mM
ammonium bicarbonate in 50 % (v/v) acetonitrile, 15 min) and washed twice (200 pL of
50% (v/v) acetonitrile). The disulfide bonds in proteins were reduced by incubation in 10
mM dithiothreitol (DTT) at 60 °C for 30 min and cysteine residues were alkylated with 20
mM iodoacetamide (IAA) in dark (room temperature, 45 min). Gel pieces were
subsequently washed with 100 uL of distilled water, followed by addition of 100 uL of
acetonitrile and dried on SpeedVac (Savant ThermoFisher). Next, trypsin (100ng) was added
to each sample and allowed to rehydrate the gel plugs at 4 °C for 45 min after which they
were incubated at 37 °C overnight. The tryptic mixtures were acidified with formic acid up
to a final concentration of 1%.

Peptides were extracted two times from the gel plugs using 1% formic acid in 50%
acetonitrile. The collected extractions were pooled with the initial digestion supernatant and
dried on SpeedVac (Savant ThermoFisher). Samples were then analyzed on an LTQ Orbitrap
Velos mass spectrometer (Thermo Fisher Scientific). This was coupled to an Eksigent
nanoL.C-2D system through a nanoelectrospray LC — MS interface as previously
described>. We received a final report for the samples analyzed.

MAB-hR3 LALA mutation, PBMC viability and spontaneous cytokine production.

To test the activity of 1gG-1 and IgG1-LALA versions of the humanized anti-IL1R3
antibody in eliciting Fc-mediated effector cell functions such as ADCC, MAB-hR3 was
tested both with- and without an incorporated LALA mutation. We used a bioassay,
measuring the antibody induced activity of a gene-reporter (NFAT) in FcyRIlla expressing
Jurkat effector cells, thus not a classical ADCC assay. Briefly, hIL-1R3 expressing target
cells SK-MEL-30 cells were seeded in a 384-well tissue-culture treated plate at a density of
2500 cells/well in 25ul RPMI medium containing 10% FCS. 24h after seeding, 4000 effector
cells/well (ADCC Bioassay Effector cells, Jurkat, Promega) were added in RPMI medium
containing 4% low-1gG-FCS. Antibodies were then added to a final concentration ranging
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from 0.002 ng/mL to 10000 ng/ml, and the plate was incubated for 6 hours at 37°C and 5 %
CO». Activation of NFAT signaling in luciferase gene reporter Jurkat cells was measured
according to manufacturer’s instructions (Bio-Glo Luciferase Assay) using a Tecan M1000
microplate reader.

Next, we evaluated the impact of MAB-hR3 on PBMCs using a conventional MTT
reduction assay (Roche). PBMCs (500,000/well) from three healthy donors were incubated
with either medium or MAB-hR3 (1ug/mL or 20pug/mL). For the 24 hours experiments, we
used 96-well flat bottom plates without FCS in the medium, and for the 3 and 5days, round
bottom wells with 10% FCS in the medium. The cells were assayed in triplicates after either
24hrs, 3 or 5days. On the day of analysis, PBMCs were incubated 2 hours with MTT (20uL
in 200uL) before adding MTT solvent for 15min and measuring absorbance at 570 nm on an
ELISA reader. Using the linearity between absorbance and viable cells converting MTT, we
calculated the number of viable cells using medium alone as the control set to 100%. At
same day of MTT analysis, we also harvested supernatants from PBMCs incubated under
same conditions and from same donors, subsequently assaying for IL-6 production.

Cell line experiments.

An A549 (NF-xB) Luciferase reporter cell line (Signosis, DMEM, 10% FCS) (37°C/5%
CO») was used for IL-1R1 investigation. Cells were seeded in 384-well flat bottom plates
(40,000 cells/well), rested for 16hrs before pre-incubating 1hr with MAB-hR3 or polyclonal
(goat-anti-human-IL-1R3, R&D Systems) antibody at increasing concentrations.
Recombinant human IL-1a (0.1ng/mL, R&D Systems) was added for 5hrs. Steady-Glo™
(Promega) solution was used on lysates for development and luminescence measured using a
Tecan M1000 plate reader. The A549 cell line (ATCC) was cultured in T75 flasks (37°C/5%
COy) in complete F-12K media (10% FCS). Cells were seeded in 96-well flat bottom plates
(50,000/well) and rested for 3hrs before pre-incubating 1hr with MAB-hR3 (1 — 20ug/mL)
or IL-1Ra (10ug/mL). Cells were stimulated with recombinant human IL-1a (50pg/mL,
Peprotech) for 24hrs and assayed for 1L-6 production.

Inhibition of signaling through IL-1R4 was investigated using HEK-Blue™ SEAP reporter
IL-33 cell line (NF-xB/ AP-1 activation) (InvivoGen) (DMEM, 10% FCS) (37°C/5% CO»).
Cells were seeded in 384-well flat bottom plates (25,000 cells/well), rested 16hrs before pre-
incubating 1hr with MAB-hR3 or polyclonal (goat-anti-human-IL-1R3, R&D Systems)
antibody at increasing concentrations. Recombinant human IL-33 (5ng/mL, R&D Systems)
was added and plates incubated overnight. Supernatants were transferred to clear, flat bottom
polystyrene NBS™ microplates (Corning) containing 2xQUANTI-Blue reagent (InvivoGen)
and incubated (37°C for 45min) before measuring optical density (655nm) using a Tecan
M1000 plate reader. The human mast cell line (HMC-1) (Kindly provided by Prof. SooHyun
Kim) was used to investigate the impact on 1L-33 induced IL-8 production. The cell line was
cultured in T75 flasks (37°C/5% CO») in complete Iscovés modified Dulbeccds medium
(IMDM, 10% FCS, 1% Pen/Strep.). HMC-1 cells were seeded in 96-well flat bottom plates
(50,000/well) and rested for 3hrs before pre-incubating 1hr with MAB-hR3 (1 — 20ug/mL)
or IL-1Ra (10ug/mL). Cells were stimulated with recombinant human IL-33 (20ng/mL,
R&D Systems) for 24hrs and assayed for IL-8 production.
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Inhibition of signaling through IL-1R6 were investigated using a HEK293/17 luciferase
reporter cell line (NF-xB activation) (MAB Discovery GmbH) (DMEM, 10 % FCS, 20ug/ml
hygromycin) (37°C/5% CO,). Cells were seeded out in 384-well flat bottom plates (30,000/
well) and rested for 16hrs before pre-incubating 1hr with MAB-hR3 or polyclonal (goat-
anti-human-IL-1R3, R&D Systems) antibody at increasing concentrations. Recombinant
human IL-36y (15ng/mL, R&D Systems) was added and incubated for 5hrs. Steady-Glo™
(Promega) solution was used on lysates for development and luminescence measured using a
Tecan M1000 plate reader. The impact on IL-36 induced IL-8 production was investigated
using a human keratinocytic cell line (HaCaT) (Kindly provided by Prof. Mayumi Fujita).
The cell line was cultured in T75 flasks (37°C/5% CO5) in complete DMEM (10% FCS).
HaCaT cells were seeded in 96-well flat bottom plates (50,000/well) and rested for 3hrs
before pre-incubating 1hr with MAB-hR3 (1- 20ug/mL) or IL-1Ra (10ug/mL). Cells were
stimulated with recombinant human IL-36a (50ng/mL, R&D Systems) for 24hrs and
assayed for IL-8 production.

Cytokine production in whole-blood reactions with soluble IL-1R3.

Using freshly obtained blood (Heparin tubes), 250uL was pre-incubated with 550uL RPMI
(No FCS) and 100pL of inhibitor (media, MAB-hR3 or IL-1Ra). After 1hr, 100uL of
stimulant was added using medium or heat-killed C. albicans (0.5x108/mL)>L. After 24hrs of
incubation, supernatants were harvested and analyzed for sIL-1R1, sIL-1R2, sIL-1R3,
sIL-1R4, IL-6 or IL-17 production. For sIL-1R3 investigation, we used recombinant human
IL-1R3 protein (R&D Systems). To test for binding to MAB-hR3, we pre-incubated (14hrs)
MAB-hR3 (1ug/mL) with sIL-1R3 (62.5-1000ng/mL) before adding 100uL of this mix to
the h.k. C. albicans stimulations as the inhibitor. To investigate the anti-inflammatory effect
of sIL-1R3 alone, we used increasing concentrations (62.5-1000ng/mL) of sIL-1R3 without
MAB-hR3 as inhibitor in the setup.

Functional testing of anti-mouse IL-1R3 (MAB-mR3) and comparison to MAB-hR3.

The functionality of MAB-mR3 was tested in murine NIH-3T3 (NF-xB) Luciferase reporter
cell lines (Signosis, DMEM, 10% FCS). Seeded in 384-well flat bottom plates (20,000 cells/
well (30,000 cells/well for 1L-33 stimulations)) and rested for 16hrs (37°C/5% CO») before
pre-incubating 1hr with MAB-mR3 antibody at increasing concentrations. Recombinant
mlL-1B (50pg/mL), mIL-33 (1ng/mL) or mIL-36y (170ng/mL) (R&D Systems) was added
and plates incubated for 5hrs (37°C/5% CO,). Steady-Glo™ (Promega) solution was used
on lysates and luminescence measured (Tecan M1000 plate reader). Inhibition of I1L-6
release was determined in a NIH-3T3 cell line (ATCC). Seeded in 384-well flat bottom
plates (12,500 cells/well) and rested for 2hrs (37°C/5% CO,) before pre-incubating 1hr with
MAB-mR3 or MAB-hR3 antibody at increasing concentrations. Cells were stimulated with
recombinant hiL-1p (50pg/mL, R&D Systems) for 16hrs and assayed for IL-6 production.

Monosodium urate crystal (MSU) peritonitis model.

MAB-mR3 was administered to wild-type 8weeks old C57BL/6J male mice (Jackson
Laboratories). Monosodium urate crystal (MSU)-induced peritonitis was induced with 3mg
of MSU (diluted in 200uL PBS, Invivogen) per mouse by intraperitoneal (IP) injection.
MAB-mR3 (500ug/mouse (17.2uM), MAB Discovery) was compared to IL-1Ra (anakinra,

Nat Immunol. Author manuscript; available in PMC 2020 February 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hgjen et al.

Page 14

10mg/kg (232pug/mouse (67.14M.)) as the inhibitor (200uL/mouse). The four groups were
comprised of: saline as vehicle control for MSU and inhibitor (7=4), MSU alone with saline
as inhibitor (7=8), MSU with MAB-mR3 (/7=8) and the last group with MSU and IL-1Ra
(m=8). Each intervention group was represented by at least one mouse in each cage. MAB-
mR3, IL-1Ra or saline was injected IP 1hr before MSU stimulation. The mice were
euthanized 6 hours after MSU or saline injection. Blood was collected in micro-centrifuge
tubes containing EDTA and peritoneal fluid collected by lavage using 10mL of ice-cold
PBS. Organs were immediately frozen in liquid nitrogen. Plasma and whole-blood lysate
(TritonX 0.5%) were assayed for cytokines. The differential number of cells collected by
centrifugation (300g, 10min) of IP fluid was counted (HESKA HemaTrue) and lysed
(TritonX 0.5%). Cytokines were measured in both IP fluid and IP cell lysates. For low
abundance cytokines in the IP fluid, 8mL of fluid was concentrated (end range: 4.7— 10.9x
concentrated) in pre-boiled (15min) dialysis membranes (MWCO 3.5kDa., Spectra/Por3
Dialysis membrane, Spectrumlabs) submerged in polyethylene glycol (MN 6-8000, Sigma
Aldrich) as the hygroscopic solution (4°C). Initial concentrations were calculated by
dividing with the dialysis concentration factor. Spleen lysates were assayed for cytokine
levels and normalized to protein concentration of the lysates. Protein levels in spleen lysates
and IP fluid were assayed with a standard Bradford assay, using protein assay dye reagent
(BioRad) and BSA as a standard.

PBMC stimulations and mixed leukocyte reactions.

For PBMC stimulations, we used 500,000 freshly isolated PBMCs/well in 96-well round
bottom plates, total volume of 200pL. Cells were seeded and incubated with either medium
alone, MAB-hR3 (69nM (10pg/mL)), sIL-1R4 ((69nM (4.3ug/mL)) (R&D Systems),
IL-36Ra (69nM (1.2ug/mL)) (R&D Systems) or IL-1Ra (587nM (10ug/mL)) for 1hr before
stimulation. PBMCs were then stimulated with heat-killed C. albicans (0.5x10°
microorganisms/mL, 5days, RPMI 10%FCS). After stimulation, supernatants were harvested
and assayed for cytokine production.

In two-way mixed leukocyte reactions (MLR), we combined freshly isolated PBMCs from
two unrelated healthy donors. PBMCs were mixed in a 1:1 ratio in 96-well round bottom
plates (250,000 cells /donor, 200uL final volume) and incubated for 5days (RPMI, 10%FCS)
with either medium alone, MAB-hR3 (5- 20ug/mL) or IL-1Ra (10ug/mL). Cytokine
production was measured in the supernatants using both the Quansys multiplex platform and
ELISA (Duoset, R&D Systems).

Ovalbumin (OVA) allergic airway inflammation model.

For the first OVA experiment (Exp.1), we used wild-type 6weeks old C57BL/6J male mice
(Jackson Laboratories), sensitized IP using OVA (15ug/ 100pL, Sigma-Aldrich) mixed 1:1
with Imject Alum Adjuvant (100uL, ThermoFischer). In the second experiment (Exp. 2), we
similar used wild-type 6weeks old C57BL/6J male mice (Jackson Laboratories) but
sensitized using a lower concentration of OVA (10ug/ 100pL, Sigma-Aldrich) mixed 1:1
with Imject Alum Adjuvant (100uL, ThermoFischer). For both exp. 1+2, mice were injected
atday 1, 14 and 21. At day 25-28 mice were injected IP with MAB-mR3 (500ug/mouse,
MAB Discovery) or mouse IgG control (500ug/mouse, MAB Discovery).
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For Exp.1, intratracheal instillation of OVA (50ug/mouse in 50uL) was done 30min post-
injection at day 26-28 in short-term carbon dioxide anesthesia. Exp. 2 used aerosolized OVA
(1% w/v in PBS). BAL was carried out as previously described by inserting a catheter into
the trachea and washing the airways with 3 x ImL washes®2. BAL cells were enumerated by
trypan blue exclusion. This was followed by cell phenotyping using flow cytometry (Exp.1.)
or cytospined and stained with Diff-Quick (DADE diagnostics, Germany) (Exp. 2). The
following monoclonal antibodies (mAbs) against mouse targets were used for flow
cytometry following mouse Fc Block (BD Biosciences): PE-Cy7 CD11c (N418), PerCP-
Cy5.5 CD11b (M1/70), FITC-Ly6G (1A8-Ly6G) (all eBioscience); PE-Siglec-F (E250—
4440) (from BD Biosciences) (1:400 dilution for all mAbs) (stained in DPBS containing
10mg/ml BSA, 0.1mg/ml NaN3g) (Gating strategy in supplementary Figure 3). Cells were
analyzed on a Canto Il flow cytometer using FlowJo software (Treestar). Following BAL,
the lungs were standard inflated with 4% PFA for 20 minutes with a pressure of 20 cm water
column and subsequently stored in formalin overnight. Afterwards, lungs were embedded in
agarose and cut in 2 mm thick slices according to the orientator principle. Lung slices were
embedded in paraffin, sectioned and stained with H&E or periodic acid-Schiff (PAS).
Histology was evaluated using an Olympus DP-25 digital camera, connected to a BX-51
(Olympus) microscope using 40- and 100-fold magnifications (Olympus cell A software).
The area of mucin-containing goblet cells (GC), was quantified as previously described®3,
using systematic uniform random sampling®* 9°. Airway responsiveness to methacholine
(MCh) were obtained using invasive lung function assessments (FinePointe RC units, Data
Sciences International) as previously described®3.

Imiquimod (IMQ) psoriasis model.

Wild-type twelve weeks old C57BL/6J male mice (Jackson Laboratories) were back-skin
shaved and treated with hair removal cream (Nair). Application of 75mg IMQ (Aldara 5%
IMQ) or control cream (Vaseline cream) was done daily (day 1- 5) on back-skin (IMQ
receiving groups: IMQ group (/7=10) and MAB-mR3 group (/77=9)/ control cream receiving
group: vehicle group (/7=3)). IP injections were given every other day (day 1,3 and 5). The
vehicle and untreated IMQ group received mouse 1gG control (20mg/kg, MAB Discovery).
The IMQ treatment group received MAB-mR3 (20mg/kg, MAB Discovery). Ears were
concurrently applied with control cream on left ear (all mice; 5mg Vaseline cream) and
group appropriate stimuli cream on right ear (Vehicle group: 5mg Vaseline cream, IMQ and
MAB-mR3 groups; 5mg IMQ cream).

Body weight and erythema development was monitored daily. Mice were euthanized day 6,
where left and right ear thickness was measured using an engineer’s micrometer (Mitutoyo).
Whole blood cell counts were assessed using a HemaTrue analyzer (HESKA). Pictures of
back-skin were visually scored (erythema and scaling, score 0 (no response) to 4 (maximum
affected)) by 6 blinded people. RNA was isolated from skin puncture biopsies. Trizol (4°C,
Invitrogen) and a rotor stator homogenizer were used to lyse samples. RNA was extracted
from lysates using RNeasy Mini spin columns (Qiagen) following manufactures protocol.
cDNA was produced from 0.8 pg RNA (NanoDrop) (High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems)). 50ng cDNA was used in a 20 pL real time gPCR
reaction using SYBR Green master mix (Applied Biosystems) and 0.1 uM of either IL-36a.,
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IL-36B, IL-367, IL-17A, IL-17F or IL-22 primers. The gPCRs were run on a Bio-Rad
CFX96 Real-time PCR Platform. GAPDH was used as reference gene, and ratios calculated
using the Pfaffl method including analyzed primer efficiencies. We used the following
primer sequences for mouse IL-36a (Forward: 5’-ATCTGGACACTCTTGAGACG-3’,
reverse: 3’-GAGAGGCTTTTACAGGTTCC-5), mouse IL-36p (Forward: 5’-
CACTATGCATGGATCCTCAC-3’, reverse: 3'-TGTCTCTACATGCTATCAAGC-5’),
mouse I1L-36y (Forward: 5’-ATGGACACCCTACTTTGCTG-3’, reverse: 5°-
CAGGGTGGTGGTACAAATC-3’), mouse IL-17A (Forward: 5’-
TCCAGAAGGCCCTCAGACTA-3’, reverse: 3'- TCAGGACCAGGATCTCTTGC-5%),
mouse IL-17F (Forward: 5’- CCATTCTGAGGGAGGTAGCA-3’, reverse: 3’-
GGGGTCTCGAGTGATGTTGT-5"), mouse IL-22 (Forward: 5’-
TCATCGGGGAGAAACTGTTC-3’, reverse: 3’-TCTGGATGTTCTGGTCGTCA-5") and
mouse GAPDH (Forward: 5’-TGCACCACCAACTGCTTAGC -3’, reverse: 3’-
GGCATGGACTGTGGTCATGAG -5’).

Myeloperoxidase (MPO) levels were measured in a freshly obtained skin biopsy,
homogenized in 1% Triton-X 100 containing collagenase | and protease inhibitor (Complete
Mini tablet, Roche) using a rotor stator homogenizer. The lysate was spun at 12,0009 (4°C,
20 min.) and supernatants were used for cytokine measurement by ELISA and
measurements of protein levels by Bradford assay (BioRad), following manufactures
protocol. MPO were normalized to total protein in the sample.

Common procedures, background information and statistical analysis.

Cytokine and soluble receptor concentrations were measured according to protocol using
Duoset ELISA (R&D Systems) or multiplex assays (Quansys Biosciences). PBMCs for
stimulations were freshly isolated (Histopaque-1077, Sigma Aldrich) using heparin
containing tubes and washed 3 times with 0.9% saline before use. Cell lines tested
mycoplasma free before use. PBMCs were obtained from healthy donors after obtaining
informed consent. The study was approved by the Colorado Multiple Institutional Review
Board (COMIRB). All in vivo mouse models were approved by the University of Colorado
Denver Animal Care and Use Committee or the Animal Research Ethics Board of the
Ministry of Environment (Kiel, Germany).

Cell line 1C50 values were calculated using an incorporated [Inhibitor] vs. response function
in GraphPad Prism. Comparison between 1C50 values was done using the extra-sum-of-
squares F test. Binding affinity for cell lines was calculated using a Binding-kinetics
function in Graphpad Prism assuming complete specific binding. The impact of inhibitors on
cell lines, PBMCs, whole-blood cultures and MLRs were evaluated using either a paired &
test (two-sided) or a Wilcoxon signed-rank test, as appropriate. Multiple comparisons were
evaluated using Holm-Sidaks multiple comparisons test. Differences between groups in vivo
were tested using Mann-Whitney U-test or Student’s £test, as appropriate. Two-tailed p-
values < 0.05 were considered significant. GraphPad Prism v.7 (GraphPad software) was
used for statistical analysis and graphical presentations. For further information see the
manuscript associated Life Sciences Reporting Summary.
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Data availability

The data that support the findings of this study are available upon request to the
corresponding author.
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Figure 1. MAB-hR3 binds dose-dependently and with high affinity to IL-1R3.
(a) Dose-dependent binding of MAB-hR3 (using FACS analysis) to the IL-1R3 expressing

human cell line SK-MEL-30 (represented as mean fluorescence intensity (MFI)). (b+c)
FACS analysis of MAB-hR3 binding to IL-1R3 expressing human cell line SK-MEL-30 (-b)
and the murine cell line NIH-3T3 (-c) (isotype control included). (d) MAB-hR3 kinetics
analyzed using SPR (1 measurement depicted). Single-cycle Kinetics were done using
increasing concentrations of hIL-1R3 (0.111nM - 9nM). (e) The impact of the incorporated
MAB-hR3 LALA mutation on binding to FcyRIIla as measured by NFAT reporter gene
activation in an ADCC luciferase Reporter Bioassay (Jurkat effector cells). Data are from
one representative experiment (a-d) confirmed once with similar results. Mean +SEM
depicted from 4 technical replicates (e).
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Figure 2. MAB-hR3inhibitsIL-1R1, IL-1R4 and IL-1R6 signaling in vitro and is functional ex

Vivo.

(a-c) Suppression of cytokine signaling by MAB-hR3 compared to polyclonal goat anti-
IL-1R3. (-a) Inhibition of IL-1a signaling in an A549 luciferase reporter cell line (NF-xB
activation) (IC50: MAB-hR3=146ng/mL, polyclonal=2609ng/mL; p<0.0001). (-b) IL-33
signaling inhibition in an HEK293 SEAP reporter cell line (NF-xB/ AP-1 activation) (IC50:
MAB-hR3=749ng/mL, polyclonal=20986ng/mL, p<0.0001). (-c) IL-36v signaling
inhibition in an HEK293/17 luciferase reporter cell line (NF-xB activation) (IC50: MAB-
hR3=17.1ng/mL, polyclonal=769ng/mL, p<0.0001). (d-f) Comparison of cytokine
production by MAB-hR3 to IL-1Ra (-d) IL-1a induced IL-6 production in a human lung
epithelial cell line (A549). (-e) IL-33 induced IL-8 production in a human mast cell line

Nat Immunol. Author manuscript; available in PMC 2020 February 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hgjen et al.

Page 22

(HMC-1). (-f) IL-36a induced IL-8 production in a human keratinocytic cell line (HaCaT).
(9) The levels of soluble receptors in whole-blood cultures after 24hrs of incubation in
media (h+i) Heat-killed (hk.) C. albicans stimulation (0.5 x108/mL, 24hrs) of I1L-17 and
IL-6 production in whole-blood cultures. (j) Pre-incubation (14hrs) of MAB-hR3 (1ug/mL)
with recombinant human soluble IL-1R3 (sIL-1R3) in increasing concentrations, before
evaluating IL-6 production in hk. C. albicans stimulated whole blood. (k) The anti-
inflammatory effect of various concentrations of sIL-1R3 alone on hk. C. albicans
stimulated whole blood. UT; untreated. IL-1Ra; 10ug/mL=578nM. MAB-hR3; 10ug/
mL=69nM. Inhibitors compared to stimulation alone. *p<0.05, **p<0.01 (Paired #test, two-
sided). Mean £SEM depicted. Data are from one representative experiment (a-c) confirmed
once with similar results, 7=3 independent experiments (d-f), 7/=11 (g), 7/=10 (h,i) and 7=9
(j,k) donors.
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Figure 3. MAB-mR3 reducesin vivo monosodium urate crystal (M SU) mediated peritonitis.
(a) Total white blood cell count (WBC) from the peritoneal cavity (IP fluid). (b) Protein

concentration in IP fluid. (c) Differential cell counts from (a) total cell influx. (ns: p=0.07)
(d) Total levels per mouse of intracellular IL-1f in WBC from IP fluid. (e) Levels of
intracellular IL-1B normalized per mio. WBC from IP fluid. (f) Levels of the neutrophil
protease Elastase in IP fluid. (g) Total levels of intracellular Elastase in WBC from IP fluid.
(h) Total levels of intracellular MPO in WBC from IP fluid. Vehicle group; vehicle+ vehicle
(m=4). MSU group; vehicle+ MSU (7=8). MAB-mR3 group; MAB-mR3+ MSU (/7=8).
IL-1Ra group; IL-1Ra+MSU (/7=8). Comparisons between inhibitor treated and MSU
stimulated groups (a-h) and in-between treatment groups (d, e).
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*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (Student’s £test, two sided), mean £SEM
depicted.
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Figure 4. IL-1R3 blockaderesultsin a broader anti-inflammatory phenotype compared to
primary pathway inhibition.

(a+b) Inhibition of hk. C. albicans (0.5 x108/mL, 24hrs) induced 1L-6 (-a) or IFN-y (-b)
production in PBMCs, using equal concentrations MAB-hR3, sIL-1R4 and IL-36Ra (69nM)
(ns: p=0.052) (c-i) Percent change in cytokines measured in the supernatants of two-way
MLRs (5-day culture). MLR range of IFN-y (1.9-10.7 ng/mL, IL-13 (312-1808 pg/mL),
IL-17 (48.6-189 ng/mL), IL-22 (143-2696 pg/mL), TNF (168-1712 pg/mL), IL-6 (254—
8361 pg/mL) and 1L-10 (107-1302 pg/mL) (ns: p=0.07). Inhibitors compared to stimulation
or MLR alone. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (Paired #test, two-sided),
mean +SEM depicted. Data are from 77=6 donors (a+b) and 7=11 independent experiments
(MLR, c-i). IL-1Ra; 10pg/mL=578nM. MAB-hR3; 10pug/mL=69nM.
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Figure 5. MAB-mR3 decreases ovalbumin-induced allergic airway inflammation.

(at+b) Mice challenged by intranasal OVA (Exp.1). /=4 (vehicle), /=9 (OVA) and /=8
(+*MAB-mR3). (a) Total WBC from BAL fluid. (b) Flow defined cell differentials from (a).
(c-f) Mice challenged by OVA aerosols (Exp. 2). /=8 (vehicle), =9 (OVA) and 7=10
(+MAB-mMR3) (c) Cytokine measurements on BAL fluid. (d) Cross-sections from each
interventional group using H&E (Scale bar: 100 um) and PAS (Scale bar: 20 um) stained
lung tissue, completed for each mouse with similar results. (€) Area of airway epithelial
basal membrane (BM) covered by goblet cells (GC) (%). (f) Airway resistance to increasing
concentrations of methacholine. (a-c, ), from =6 (vehicle), /=9 (OVA) and =9 (+MAB-
mR3). Comparisons between MAB-mR3 treated mice and OVA alone (Student’s #test, two-
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sided). (f) Comparisons between all groups at each concentration (Holm-Sidaks Multiple
comparisons test).
* p<0.05, ** p<0.01, *** p<0.001, ns; non-significant. Mean +SEM depicted.
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Figure 6. Improvement of imiquimod- induced psoriasisin vivo using MAB-mR3.

(atb) Daily monitoring of (a) weight (percentage) and (b) erythema (scores: 0; unaffected —
4; maximum affected (unblinded)) throughout the experiment. (c) Fold change in ear
thickness between IMQ and control cream applied ears on day 6. (d) Visual scoring by /7=6
blinded people at end of study (0; unaffected — 4; maximum affected (erythema and
scaling)), arrow and number indicate depicted mice. (€) Granulocyte concentrations in whole
blood. (f) MPO concentration in skin, normalized (norm.) per mg of protein. (g) Spearman
correlation between data from (d) and (). (h-m) mRNA expression of cytokines in back
skin, normalized (norm.) to GAPDH expression. Data from 7=3 (vehicle), 7=10 (IMQ) and
m=9 (+MAB-mR3). (a+b) Holm-Sidaks Multiple comparisons test (all groups compared). (c-
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m) Comparisons between inhibitor treated and IMQ stimulated groups. (c, k-m) Mann-
Whitney U-test, (d-f, h-j) Student’s #test).

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns; non-significant. Mean +SEM
depicted.

Nat Immunol. Author manuscript; available in PMC 2020 February 19.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hgjen et al. Page 30

Table 1:
L ocal and systemic inflammation in M SU mediated peritonitis.

Cytokine and chemokine concentrations locally (IP fluid) and systemically. WB; lysed whole blood, norm.;
normalized per mg of protein in spleen. Vehicle group; vehicle+vehicle (7=4). MSU group; vehicle+MSU
(m7=8). MAB-mR3 group; MAB-mR3+ MSU (7=8). IL-1Ra group; IL-1Ra+MSU (/=8). Comparisons between
inhibitor treated and MSU stimulated groups. Student’s #test (two-sided) with mean +SEM, except: G-CSF,
CXCL-1 in WB and CXCL-1 in spleen; Mann-Whitney U-test with median and IQR.

IP fluid Vehicle (n=4) MSU stimulated (n=8) MAB-mR3 (n=8) IL-1Ra (n=8)
IL-6 (pg/mL) Below detection 65.0 +14.9 19.8 +5.8 (p=0.014) 36.9 +14.4 (p=0.164)
G-CSF (pg/mL) 5.0 (2.8-5.5) 77.7 (53.6-97.3) 6.6 (4.9-33.0) (p=0.015) 8.6 (7.5-17.8) (p=0.005)
CXCL-1 (pg/mL) 23405 82.7 +15.9 38.4 +11.6 (p=0.041) 84.3. +31.9 (p=0.965)
CCL-2 (pg/mL) Below detection 62.5 +11.9 26.2 +3.6 (p=0.011) 74.2 +14.5 (p=0.545)
CCL-3 (pg/mL) 1.240.1 49+08 3.6 +0.5 (p=0.161) 5.7 +0.9 (p=0.545)

Systemic Vehicle (n=4) MSU stimulated (n=8) MAB-mR3 (n=8) IL-1Ra (n=8)
IL-6 (pg/mL), plasma 5.0 +3.4 69.8+19.4 22.7 +5.7 (p=0.011) 29.5 +8.5 (p=0.078)
G-CSF (pg/mL), plasma 294 +28.4 6245 +1055 3544 +2743 (p=0.010) 1157 +639 (p=0.003)

CXCL-1 (pg/mL), WB

272 (243-719)

2525 (2178-2730)

1366 (811-1889) (p=0.065)

2269 (1511-3213) (p=0.959)

MPO (ng norm.), spleen

425176

145 9.7

89.3 +11.4 (p=0.002)

106 +9.7 (p=0.013)

CXCL-1 (pg norm.), spleen

16.2 (13.3-39.3)

189 (161-205)

72.5 (49.6-140) (p=0.010)

157 (95.3-238) (p=0.645)
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