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SUMMARY
Interleukin-1 (IL-1)-family cytokines are potent modulators of inflammation, coordinating a vast array of
immunological responses across innate and adaptive immune systems. Dysregulated IL-1-family cytokine
signaling, however, is involved in a multitude of adverse health effects, such as chronic inflammatory condi-
tions, autoimmune diseases, and cancer. Within the IL-1 family of cytokines, six—IL-1a, IL-1b, IL-33, IL-36a,
IL-36b, and IL-36g—require the IL-1 receptor accessory protein (IL-1RAcP) as their shared co-receptor. Com-
mon features of cytokine signaling include redundancy of signaling pathways, sharing of cytokines and
receptors, pleiotropy of the cytokines themselves, andmultifaceted immune responses. Accordingly, target-
ing multiple cytokines simultaneously is an emerging therapeutic strategy and can provide advantages over
targeting a single cytokine pathway. Here, we show that two monoclonal antibodies, CAN10 and 3G5, which
target IL-1RAcP for broad blockade of all associated cytokines, do so through distinct mechanisms and pro-
vide therapeutic opportunities for the treatment of inflammatory diseases.
INTRODUCTION

Cytokines are messengers of the immune system. These small,

soluble proteins function at vanishingly low concentrations to

elicit myriad immune responses across the breadth of human im-

munity, often in response to external stimuli. While essential to

fighting disease and maintaining tissue homeostasis, dysregu-

lated cytokine signaling contributes to amultitude of harmful out-

comes, including inflammatory conditions, autoimmune dis-

eases, and cancer. Importantly, inhibiting signaling from these

inflammatory molecules can lead to a reduction or reversal of

many of the associated diseases, such as with interleukin-1

(IL-1), tumor necrosis factor alpha, and IL-6-blocking

therapies.1–15

Common features associated with cytokine signaling include

the redundancy of the signaling pathways, the sharing of recep-

tors and ligands, the pleiotropy of the cytokines themselves, and

themultifaceted immune responses that occur as a result of their

action.16 Indeed, a properly functioning immune system is an

intricate dance of signals in which the molecules involved

orchestrate a concerted response. Dysregulation of these sig-
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nals, however, can quickly induce a cascade of inflammation

or immunosuppression. To effectively target many inflammatory

and autoimmune diseases, it may be necessary to block multiple

immune signals simultaneously.

IL-1 family cytokines represent a prime example of such inter-

woven signals. The IL-1 superfamily is composed of seven

agonistic cytokines, four inhibitory cytokines, and 10 recep-

tors.17,18 Among this group, six cytokines, IL-1a (also called IL-

1F1), IL-1b (IL-1F2), IL-33 (IL-1F11), IL-36a (IL-1F6), IL-36b (IL-

1F8), and IL-36g (IL-1F9), share the IL-1 receptor accessory

protein (IL-1RAcP [IL-1R3]) as their common co-receptor; the

remaining IL-1-family agonist cytokine, IL-18 (IL-1F4), utilizes

its own distinct co-receptor, IL-18 receptor beta (IL-18Rb [IL-

1R7]). IL-1 family signaling occurs in a stepwise process, with

a cytokine binding to its cognate, or private, receptor at

high (nanomolar to sub-nanomolar) affinity (IL-1RI for IL-1a and

IL-1b, ST2 [IL-1R4] for IL-33, and IL-36R [IL-1R6] for IL-36a, IL-

36b, and IL-36g). Next, the shared, or public, co-receptor IL-

1RAcP is recruited to form a signaling-competent ternary com-

plex, utilizing four conserved regions on IL-1RAcP: the c2d2

loop and the hydrophobic patch on domain 2, the linker between
May 28, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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domain 2 (D2) and domain 3 (D3), and molecular surfaces on

D3.19,20 As these cytokine/receptor/co-receptor complexes

form, cytoplasmic Toll/IL-1 receptor (TIR) domains, connected

to each of the receptor and co-receptor ectodomains via single

transmembrane a helices, oligomerize to initiate a potent

MyD88-dependent signaling cascade.19

Targeting the shared co-receptor IL-1RAcP therapeutically

has emerged as a putative treatment for different types of solid

cancers. The forerunner of this strategy is CAN04, also known

as nadunolimab.20 CAN04, a monoclonal human immunoglob-

ulin G (IgG), is enhanced for antibody-dependent cellular cyto-

toxicity by Fc engineering and thus able to function through

both signaling blockade and by targeting IL-1RAcP-expressing

tumor cells for immune mediated killing. CAN04 is being studied

clinically in combination with chemotherapy for the treatment of

pancreatic cancer and non-small cell lung cancer (ClinicalTrials.

gov: NCT03267316) as well as triple-negative breast cancer

(ClinicalTrials.gov: NCT05181462). Since IL-1 signaling is

implicated in tumor chemoresistance, downregulation of IL-1

signaling, in addition to tumor targeting, may provide a synergis-

tic anti-tumor effect with chemotherapy beyond anti-IL1RAP

monotherapy alone.21 Hematological cancers may also be a

very relevant target area, since IL-1RAcP overexpression has

been found to be a biomarker for acute myeloid leukemia

(AML) and chronic myeloid leukemias (CML).22–24 Prior to these

findings, no cell-surface markers existed to distinguish CML

from normal hematopoietic stem cells.22 Notably, in AML and

CML, downregulating inflammatory IL-1 signaling, in addition

to targeting the shared receptor IL-1RAcP, also indicated an

augmented benefit of the treatment.24,25

In addition to IL-1RAcP being a potential target in different

cancers, simultaneous blockade of IL-1RAcP-dependent path-

ways could also be beneficial in a wide range of inflammatory

and fibrotic diseases. Notably, IL-1RAcP-associated cytokine

signaling can drive a multitude of immunological responses,

such as generalized inflammation, a Th1 response, or a Th2

response.26–29 In addition to their many functions, IL-1RAcP-

associated cytokines have prominent roles in barrier immunity

and, often, there is redundancy of cytokine usage, such as IL-1

and IL-36 in epithelial and mucosal immunity.30 Unsurprisingly,

this dual signaling is seen in disease states as well, such as the

concerted roles of IL-1 and IL-36 in psoriasis or IL-1 and IL-33

in asthma, tissue remodeling, and chronic obstructive pulmonary

disease.31–43 Thus, to inhibit multiple inflammatory signals simul-

taneously, IL-1RAcP is a prime target for monoclonal antibody

(mAb) therapy.44,45 Indeed, initial studies have revealed the

ability of an antibody against IL-1RAcP to alleviate monosodium

urate (MSU) crystal-mediated peritonitis, ovalbumin-induced

allergic airway inflammation, and imiquimod-induced psoriasis

in vivo through broad signaling blockade.44

Here, we identify two mAbs, CAN10 and 3G5, as potent

blockers of IL-1RAcP-dependent signaling by IL-1, IL-33, and

IL-36 cytokines. Hence, CAN10, which has entered phase 1

clinical trials (ClinicalTrials.gov: NCT06143371), and 3G5 repre-

sent candidates for IL-1RAcP targeting in inflammatory dis-

eases. Furthermore, we describe the molecular mechanisms

of IL-1RAcP-dependent signaling blockade by these two anti-

IL-1RAcP mAbs and show that CAN10 and 3G5 bind entirely
2 Cell Reports 43, 114099, May 28, 2024
unique, non-overlapping epitopes on the IL-1RAcP molecular

surface and, thereby, utilize different strategies to block IL-1

cytokine signaling. Despite the distinct mechanisms of IL-1

family cytokine signaling inhibition by these two mAbs, their

inhibitory capacities for all IL-1RAcP-dependent cytokines are

nearly identical and therefore provide two viable therapeutic

strategies for targeting a shared receptor for broad signaling

blockade.

RESULTS

Targeting the shared co-receptor IL-1RAcP is a potent
therapeutic strategy that outperforms IL-1 blockade
alone
To emphasize the therapeutic benefit of blocking the inflamma-

tory signaling of multiple IL-1-family cytokines in vivo, we em-

ployed amousemodel that utilizes MSU crystals to induce acute

peritonitis, a model of human disease dependent on NLRP3 in-

flammasome activation.46 Here, upon administration of MSU, a

marked influx of innate immune cells into the peritoneal cavity

of IL-1RAcP wild-type (WT) mice was observed, with neutrophils

dominating the cellular landscape (Figure 1A). In the context of

an IL-1RAcP knockout mouse, we did not observe this rapid

influx of innate immune cells, establishing the importance of

the shared receptor IL-1RAcP in mediating this disease state

(Figure 1A).

To further investigate the benefits of blocking IL-1RAcP

compared to IL-1 signaling alone, we utilized an mAb specific

to murine IL-1RAcP (mIL-1RAcP): mCAN10 (Figure S1A). While

the exact epitope of mCAN10 is unknown, and consideration

should be taken in any direct comparisons to CAN10, its binding

to IL-1RAcP has been localized to D2 through the generation of

mouse/human chimeras of IL-1RAcP (Figure S1B). This antibody

was developed as a functional surrogate anti-mIL-1RAcP anti-

body, as it potently blocks all mIL-1RAcP-associated cytokines

(Figures S1C–S1H). To test this strategy, either the anti-mIL-

1RAcP antibody mCAN10, an isotype control antibody, or an

equimolar concentration of the natural IL-1 receptor antagonist

(IL-1Ra) was administered to mice prior to administration of

MSU (Figure 1B). As expected, prior treatment with either

mCAN10 or IL-1Ra significantly decreased peritoneal cavity-

infiltrating leukocytes, in particular neutrophils, thus displaying

the contribution of IL-1 signaling to this disease state (Figure 1C).

Furthermore, while both mCAN10 and IL-1Ra decreased IL-6

and G-CSF compared to their controls, mCAN10 had a more

potent effect on IL-6 and also reduced eotaxin, IL-5, MCP-1,

and MIP-1b (Figure 1D). Together, these data indicate that,

despite the clear IL-1-dependent effects in this model, additional

inflammatory molecules present can be blocked by the inhibition

of IL-1RAcP, in agreement with Hojen et al.44 Furthermore, we

expand upon these earlier findings by the inclusion of an IL-

1RAcP knockout animal, demonstrating the importance of the

shared receptor to this disease state, as well as the inclusion

of the chemokine eotaxin and the cytokine IL-5, molecules inte-

gral to eosinophil migration, maturation, and activation.47,48 Alto-

gether, the targeting of IL-1RAcP and, therefore, blocking of all

associated cytokines had a greater effect than solely blocking

IL-1 alone in this disease model (Figures 1C and 1D).
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Figure 1. IL-1RAcP blockade decreases monosodium urate (MSU) crystal-induced inflammation in an acute peritonitis model more potently

than IL-1Ra treatment alone

(A) Cellular landscape of peritoneal lavage with no MSU exposure and after MSU exposure 6 h post in IL-1RAcP WT (n = 11) and knockout (KO) (n = 6) mice. The

graph shows mean values.

(B–D) Experimental design (B) for theMSUexperimentwith administration of control (PBS), IL-1Ra,mIgG2a isotype control, or anti-IL-1RAcP antibody (mCAN10).

(C) Leukocyte and neutrophil concentrations by flow cytometry in peritoneal lavage fluid after 6 h after MSU administration. The line is at the mean. Each symbol

represents one mouse.

(D) Cytokine profiles by Luminex from peritoneal lavage of IL-1Ra and anti-IL-1RAcP antibody mCAN10 treatments, normalized to vehicle and isotype controls,

respectively. The graph shows mean and SEM.

Statistical analysis was done using Mann-Whitney *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. In (A), the statistics above the bars show differences for total

cells per milliliter, while the statistics inside the bars show differences for neutrophils and monocytes specifically. In (D), statistics are shown for mCAN10 vs.

IL1Ra normalized to their vehicle and isotype controls (iso), respectively. Statistics not shown: decrease in concentrations of analytes for IL1Ra and mCAN10 vs.

their respective controls; G-CSF (IL1Ra vs. PBS ***, mCAN10 vs. iso ***), IL-6 (IL1Ra vs. PBS **, mCAN10 vs. iso **), IL-5 (IL1Ra vs. PBS ns; mCAN10 vs. iso *),

eotaxin (IL1Ra vs. PBS ns, mCAN10 vs. iso **), MIP1b (IL1Ra vs. PBS ns, mCAN10 vs. iso *), MCP1 (IL1Ra vs. PBS ns, mCAN10 vs. iso *), KC (Keratinocyte

Chemoattractant/CXCL1) (IL1Ra vs. PBS ns, mCAN10 vs. iso ns).
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CAN10 and 3G5 block signaling of all six IL-1RAcP-
associated cytokines
Next, we investigated antibodies against human IL-1RAcP. As

IL-1RAcP is the shared co-receptor for six different agonist cy-

tokines, we tested the abilities of CAN10 and 3G5 to block

these cytokines from initiating their potent signaling cascades

in comparison to their natural antagonists (Figures 2A and

2B). IL-1RI, ST2, and IL-1RAcP, the primary and co-receptors

for IL-1a, IL-1b, and IL-33, are expressed in HEK-Blue IL-1/
IL-33 cells, and, thus, these cells were used to assess the abil-

ity of CAN10 and 3G5 to inhibit IL-1a and IL-1b signaling

(Figures 2C and 2D). Here, recombinant IL-1Ra inhibited

IL-1a the most potently, with an IC50 of 23 pM (Figure 2C).

Both CAN10 and 3G5 also inhibited IL-1a potently, albeit less

than IL-1Ra, with IC50 values of 416 pM and 878 pM, respec-

tively. In IL-1b signaling, IL-1Ra displayed an IC50 of 109 pM,

while CAN10 displayed an IC50 of 650 pM and 3G5 an IC50 of

1.43 nM (Figure 2D).
Cell Reports 43, 114099, May 28, 2024 3
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Figure 2. Cell signaling assays for all IL-1RAcP-associated cytokines
(A) A cartoon of typical IL-1-family agonist signaling, demonstrating the cytokine IL-1 binding its primary receptor IL-1RI and recruiting the shared secondary

receptor IL-1RAcP to form a signaling-competent ternary complex (i.e., cytokine/primary receptor/secondary receptor).

(B) A cartoon of typical IL-1-family signaling antagonism, demonstrating the natural antagonist IL-1Ra binding to the primary receptor IL-1RI and precluding the

recruitment of IL-1RAcP to form a signaling-competent ternary complex. In addition, a monoclonal antibody (mAb) is shown binding to IL-1RAcP and precluding

the formation of a signaling-competent ternary complex.

(C) Cell signaling assays of IL-1a with the natural antagonist IL-1Ra, the antibody CAN10, and the antibody 3G5 with error bars denoting SEM.

(D) Cell signaling assays of IL-1b with the natural antagonist IL-1Ra, the antibody CAN10, and the antibody 3G5 with error bars denoting SEM.

(legend continued on next page)
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Next, we tested IL-33, a Th2-associated cytokine that also uti-

lizes IL-1RAcP as its co-receptor, for signaling inhibition by

CAN10 and 3G5. Unlike the IL-1 and IL-36 cytokines, IL-33 is

located on a different chromosome and does not have an antag-

onist cytokine to inhibit its action.49 Instead, IL-33 utilizes a sol-

uble spliced isoform of its primary receptor ST2, soluble ST2

(sST2), as a form of signaling inhibition.50,51 sST2 was the most

potent IL-33 inhibitor, with an IC50 of 154 pM, while CAN10

and 3G5 inhibited IL-33 signaling nearly 100-fold less than

sST2, with IC50 values of 9.35 nM and 14 nM, respectively

(Figure 2E).

IL-36 cytokines include three isoforms, IL-36a, IL-36b, and IL-

36g, and are associated with a generalized Th1 response.28 As

with IL-1 signaling, there exists an antagonist cytokine, IL-

36Ra, that acts as a negative regulator of IL-36 signaling.52 In

IL-36a signaling, CAN10 and 3G5 were both potent inhibitors,

displaying IC50 values of 131 pM and 502 pM, respectively, while

IL-36Ra displayed an approximately 1,000-fold weaker IC50 of

167 nM (Figure 2F). In IL-36b signaling, CAN10 and 3G5 dis-

played IC50 values of 142 pM and 376 pM, respectively, while

IL-36Ra was again nearly 1,000-fold weaker at an IC50 of

396 nM (Figure 2G). In IL-36g signaling, both CAN10 and 3G5

were the most potent inhibitors, displaying IC50 values of 59

pM and 215 pM, respectively, while IL-36Ra displayed an IC50

of 248 nM (Figure 2H). In conclusion, CAN10 and 3G5 inhibited

all IL-1RAcP-associated cytokines, with IL-1- and IL-36-associ-

ated cytokines being inhibited the most potently as compared

to their natural antagonists. Indeed, even when tested with all

six cytokines simultaneously, CAN10 and 3G5 were able to

potently inhibit all IL-1RAcP-associated inflammatory signaling

(Figure S2A).

CAN10 and 3G5 both bind with high affinity to IL-1RAcP
but to distinct domains
The biological consequence of an antibody-antigen interaction is

highly dependent on both the duration and location of antibody

binding. To determine the binding parameters of the antibodies

CAN10 and 3G5 to their common antigen IL-1RAcP, we con-

ducted surface plasmon resonance (SPR) analysis (Figure 3).

Both CAN10 and 3G5 bound with high affinity to IL-1RAcP,

with similar KD values of 167 pM and 141 pM, respectively

(Figures 3A and 3B). These high affinities translated to fast on-

rates and slow off-rates for both antibodies. CAN10 displayed

an on-rate of 9.4 3 105 (1/ms) and an off-rate of 1.57 3 10�4

(1/s); 3G5 displayed an on-rate of 1.59 3 106 (1/ms) and an

off-rate of 2.253 10�4 (1/s). As IL-1RAcP is heavily glycosylated,

with seven putative glycosylation sites, we sought to determine

whether glycans played a role in binding for either antibody by

using a deglycosylated form of IL-1RAcP as the antigen (Fig-

ure S2B). Neither CAN10 nor 3G5 were affected by this change

in glycosylation, with both antibodies displaying similar affinities,

183 pM and 80 pM, respectively, for their deglycosylated IL-

1RAcP antigen (Figures 3C and 3D).
(E) Cell signaling assays of IL-33 with the natural antagonist sST2, the antibody C

(F) Cell signaling assays of IL-36a with the natural antagonist IL-36Ra, the antibo

(G) Cell signaling assays of IL-36b with the natural antagonist IL-36Ra, the antib

(H) Cell signaling assays of IL-36g with the natural antagonist IL-36Ra, the antib
To determine which regions of IL-1RAcP contained the bind-

ing epitopes of CAN10 and 3G5, we produced two fragments

of the IL-1RAcP ectodomain and tested binding of these mAbs

to each of these IL-1RAcP fragments (Figure S2B). The IL-

1RAcP ectodomain is composed of three Ig domains, D1–D3,

from N to C termini. D1 and D2 form a stable complex with an in-

ter-domain interface of 762 Å2, while D3 is tethered to D2 by a

flexible linker. In IL-1-family signaling, cytokine/cognate receptor

complexes utilize molecular surfaces from both D2 and D3 to

form ternary signaling complexes.53,54,55 By analogous SPR

analysis as for full-length IL-1RAcP ectodomains, we observed

that CAN10 bound D1/D2 with an affinity of 119 pM, nearly iden-

tical to the full-length IL-1RAcP, but did not bind to D3

(Figures 3E and 3G). Conversely, 3G5 did not bind D1/D2 but

bound D3 with an affinity of 118 pM, likewise similar to its affinity

to the full-length IL-1RAcP ectodomain (Figures 3F and 3H).

Together, these data indicate that CAN10 and 3G5 bind different

domains of IL-1RAcP and that binding to the respective domain

is sufficient to account for the binding affinity to the full-length

IL-1RAcP.

CAN10 and 3G5 recognize distinct IL-1RAcP epitopes
To assess the contribution of different epitopes of IL-1RAcP to

CAN10 binding, we took advantage of the inability of CAN10 to

bind murine IL-1RAcP and generated chimeric constructs of

IL-1RAcP (Figure S3). Utilizing the murine IL-1RAcP (mIL-

1RAcP) backbone, we combined different stretches of human

IL-1RAcP (hIL-1RAcP) that covered themain areaswhere human

and murine sequences deviate on D2 of IL-1RAcP (Figures S3A

and S3B). To this end, we generated the following two chimeric

proteins: H1, inclusive of residues Pro121–Arg137, and H2, in-

clusive of residues Thr154–Ile171, an area covering the entire

c2d2 loop and part of the hydrophobic patch. Using these

chimeric variants, we observed restored binding to mIL-1RAcP

by CAN10 only when the H2 sequence was present (Figure S3C).

To further define the binding epitopes and molecular mecha-

nisms of IL-1 family cytokine signaling inhibition by CAN10 and

3G5, we next employed hydrogen-deuterium exchange mass

spectrometry (HDX-MS; Figures S4A and S4B). We found that

CAN10 bound IL-1RAcP on a highly localized region on D2,

covered by theH2 sequence identified above and corresponding

to the c2d2 loop, residues Q165–N169, notable for its high ener-

getic contributions for known signaling complex formation (Fig-

ure 4A).54 This change in deuterium uptake occurred along five

main peptide fragments, individually comprising residues

W157–F167, Y162–N176, Y162–L177, Y162–F179, and Y162–

L180 (Figures 4B and S4C). Three peptide fragments, N168–

N176, N168–F179, and N168–L180, where we observed no dif-

ference in deuterium uptake at the first two time points, allowed

us to further localize binding to preceding peptide stretches

(Figures 4B and S4C). This precise targeting of the c2d2 loop

by CAN10 was reflected by the antibodies’ discrete CDR usage

(Figure 4C).We conclude that CAN10 utilizes four adjacent CDRs
AN10, and the antibody 3G5 with error bars denoting SEM.

dy CAN10, and the antibody 3G5 with error bars denoting SEM.

ody CAN10, and the antibody 3G5 with error bars denoting SEM.

ody CAN10, and the antibody 3G5 with error bars denoting SEM.
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Figure 3. SPR of the antibodies CAN10 and 3G5 to IL-1RAcP
(A) Sensorgram (black) with fit (blue) of CAN10 with IL-1RAcP as the antigen, with the ka, kd, and KD of the interaction labeled.

(B) Sensorgram (black) with fit (purple) of 3G5 with IL-1RAcP as the antigen, with the ka, kd, and KD of the interaction labeled.

(C) Sensorgram (black) with fit (blue) of CAN10 with deglycosylated IL-1RAcP as the antigen with the ka, kd, and KD of the interaction labeled.

(D) Sensorgram (black) with fit (purple) of 3G5 with deglycosylated IL-1RAcP as the antigen, with the ka, kd, and KD of the interaction labeled.

(legend continued on next page)
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for its interaction with IL-1RacP, including the light-chain CDR2

and heavy-chain CDR1, CDR2, and CDR3 (Figures 4D and S4D).

Unlike CAN10, 3G5 bound IL-1RacP on its D3 in two main re-

gions (Figure 5A). We observed the highest protection on pep-

tides P222–Y234, P222–E241, and P223–Y234, residues shown

previously to be important for IL-33 signaling (Figures 5B and

S5A).54 Additionally, we observed IL-1RAcP protection imparted

by 3G5 on peptides V276–D289, V276–T293 V276–L296, and

I278–I298 (Figures 5B and S5A), which correspond to residues

found previously to be important for IL-1 signaling.53,54 This large

interface is further reflected in the broad paratope of 3G5,

wherein the antibody utilizes five of its six CDRs (Figure 5C),

including light-chain CDR1, CDR2, and CDR3 as well as

heavy-chain CDR2 and CDR3 (Figures 5D and S5B).

Fine specificity of CAN10 and 3G5 antibodies defined by
alanine scanning mutagenesis
From our signaling inhibition assays, chimeric IL-1RAcP recep-

tors, and HDX-MS experiments, we found that CAN10 and

3G5 block IL-1RAcP-associated cytokine signaling and bound

regions required by all known IL-1-family cytokines. To define

the fine specificity of these mAbs for IL-1RAcP, we employed

an alanine scanning mutagenesis library of individual interfacial

residues utilized in known IL-1-family signaling complexes

(Figure 6A).54,45

Notably, CAN10 again bound most prominently to IL-1RAcP

residues that form the c2d2 loop in our alanine scan

(Figures 6A and 6B). The F167A mutation resulted in the largest

energetic change in CAN10 binding, exhibiting a DDG of more

than 3 kcal/mol. Adjacent to this residue, the N166Amutation re-

sulted in aDDGof over 2 kcal/mol binding energy, and N168A re-

sulted in an approximately 1.75 kcal/mol change in binding free

energy (Figures 6A and S6A; Table S1). Other mutations in this

region of the IL-1RAcP surface that resulted in significant DDG

values included I171A at nearly 1 kcal/mol and M159 at

0.45 kcal/mol. 3G5 displayed no significant changes in binding

to mutations in either the c2d2 loop or the hydrophobic patch,

a finding consistent with both our SPR and HDX-MS data.

3G5 bound in a highly localized region of the IL-1RAcP

D3 (Figure 6B). This included changes in binding free energy

of 1.3 kcal/mol for V224A, 2.4 kcal/mol for H226A, and

1.85 kcal/mol for Y249A (Figures 6A and S7A; Table S2). Smaller

changes in energetic contributions were seen inmore distal loca-

tions of D3, including 0.3 kcal/mol for the R286Amutation, which

resides in a region known to be important for IL-1 signaling.54

CAN10 displayed no significant changes in binding to mutations

in D3, in agreement with our SPR and HDX-MS data.

Due to the high degree of specificity of these antibodies to re-

gions utilized in known signaling complexes, we investigated

whether these antibodies could act synergistically. Indeed,

through our biophysical characterization of CAN10 and 3G5,

we observed clear evidence of distinct, distant epitopes on
(E) Sensorgram (black) with fit (blue) of CAN10 with D1 and D2 of IL-1RAcP as th

(F) Sensorgram (purple) of 3G5 with D1 and D2 of IL-1RAcP as the antigen.

(G) Sensorgram (blue) of CAN10 with D3 of IL-1RAcP as the antigen.

(H) Sensorgram (black) with fit (purple) of 3G5 with D3 of IL-1RAcP as the antige
IL-1RAcP. These findings were further strengthened by our

simultaneous binding experiments, wherein CAN10 could bind

IL-1RAcP in the presence of 3G5 and vice versa (Figures S8A

andS8B). CAN10 and 3G5, however, did not inhibit IL-1 signaling

in a synergistic manner, suggesting that their precise targeting

on IL-1RAcP is the peak of signaling inhibition for antibodies tar-

geting this shared receptor (Figure S8C).

DISCUSSION

Inflammatory signaling has long been known as a double-edged

sword in human immunity. While integral to a functioning im-

mune system, aberrant inflammatory signaling can lead to a

multitude of adverse health conditions. Dysregulated IL-1 family

cytokines are central mediators of acute and chronic inflamma-

tion, and the role of IL-1 in cancer has been well established.56–59

Aswith other cytokine families, such as the type I and type II clas-

ses of cytokines, the IL-1 family utilizes shared receptors within

many of its signaling complexes.19,60 Our studies confirm the

increased potency of targeting IL-1RAcP to reduce inflammation

compared to IL-1 blockade alone and describe the mechanism

by which the two anti-IL-1RAcP mAbs, CAN10 and 3G5, block

all IL-1-family cytokines that utilize this shared co-receptor.

To date, all known IL-1-family ternary complexes that utilize IL-

1RAcP as a shared receptor are grossly similar.53,54,55 Structur-

ally, a b-trefoil cytokine binds a primary receptor composed of

three Ig domains, thereby recruiting a co-receptor of similar ar-

chitecture to form a ternary signaling complex (Figures 7A and

7B).19 Between the IL-1b and IL-33 signaling-competent ternary

complexes, there exists a difference of only 3.2�A root-mean-

square deviation (RMSD) over their C-a atoms, highlighting the

similarity of these ternary complex structures (Figures 7A and

7B).53,54

Despite these similarities, IL-1b and IL-33 use distinct strate-

gies in their recruitment of IL-1RAcP. IL-1b signaling utilizes D2

of IL-1RAcP as the energetic driver of its interaction with the

cytokine/receptor pair IL-1b/IL-1RI.54 This is due primarily to

the interactions of the cytokine’s b 11/12 loop with the

c2d2 loop of IL-1RAcP, with N166 of IL-1RAcP contributing

1 kcal/mol, F167 of IL-1RAcP 4 kcal/mol, and N169 of

IL-1RAcP nearly 4.5 kcal/mol to IL-1b complex formation (Fig-

ure 7C).53,54,55 Indeed, the interaction between IL-1b and the

c2d2 loop of IL-1RAcP is so important that a b 11/12 loop

swap of IL-1Ra onto IL-1b diminishes IL-1b/IL-1RI binding to

IL-1RAcP 40-fold; conversely, a b 11/12 and b 4/5 loop swap

of IL-1b onto the antagonist cytokine IL-1Ra almost entirely re-

stores binding of IL-1RAcP by the antagonist binary complex

(IL-1Ra/IL-1RI) to a level comparable with IL-1 b/IL-1RI recruit-

ment, hypothetically reversing the antagonist function of IL-

1Ra.55 Although there are no high-resolution structures to date

of an IL-36 signaling complex (i.e., IL-36/IL-36R/IL-1RAcP), initial

structural investigations into IL-36 signaling have demonstrated
e antigen, with the ka, kd, and KD of the interaction labeled.

n, with the ka, kd, and KD of the interaction labeled.
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Figure 4. Deuterium exchange protection on IL-1RAcP by the antibody CAN10

(A) Crystal structure of IL-1RAcP (PDB: 4DEP) with CAN10 HDX-MS binding colored blue. D2 is enlarged to show peptides involved in CAN10 binding from both

front and side views.

(B) Peptide stretches identified by HDX-MS for CAN10 deuterium exchange differences between Apo IL-1RAcP (black), CAN10-bound IL-1RAcP (blue), and 3G5-

bound IL-1RAcP (purple) with error bars denoting standard deviation.

(C) Model of Fab CAN10 with IL-1RAcP HDX-MS binding colored blue.

(D) Peptide stretches identified by HDX-MS for CAN10 deuterium exchange differences between Apo CAN10 (black) and IL-1RAcP-bound CAN10 (blue) with

error bars denoting standard deviation.
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Figure 5. Deuterium exchange protection on IL-1RAcP by the antibody 3G5

(A) Crystal structure of IL-1RAcP (PDB: 4DEP), with 3G5 HDX-MS binding colored purple. D3 is enlarged to show peptides involved in 3G5 binding from both front

and side views.

(B) Peptide stretches identified by HDX-MS for 3G5 deuterium exchange differences between Apo IL-1RAcP, CAN10-bound IL-1RAcP, and 3G5-bound IL-

1RAcP with error bars denoting standard deviation.

(C) Crystal structure of Fab 3G5 (PDB: 8VFU) with IL-1RAcP HDX-MS binding colored purple.

(D) Peptide stretches identified by HDX-MS for 3G5 deuterium exchange differences between Apo 3G5 (black) and IL-1RAcP-bound 3G5 (purple) with error bars

denoting standard deviation.
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Figure 6. IL-1RAcP SPR alanine scan of inter-

facial residues for CAN10 and 3G5 Fab bind-

ing

(A) Graph of energetic contributions (DDG) of each

mutation mapped by color of the analyte (Fab), with

CAN10 colored blue and 3G5 colored purple with

error bars denoting standard deviation. Peptides on

the x axis are labeled according to their location on

the c2d2 loop, hydrophobic patch, linker, or D3.

(B) IL-1RAcP (PDB: 4DEP) with CAN10 binding (blue)

and 3G5 (purple) colored according to alanine scan

data. IL-1RAcP residues and ternary complex

interfacial binding areas of IL-1RAcP are labeled.
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that IL-36Ra antagonismworks similarly to IL-1Ra antagonism.61

In short, IL-36Ra antagonism functions in part by disrupting in-

teractions in the c2d2 loop of IL-1RAcP through steric clashes

in IL-36Ra’s extended b 11/12 loop.61 Indeed, loop swaps of

the b 11/12 from IL-36Ra into IL-36g resulted in a 14-fold

decrease in affinity of IL-36/IL-36R to IL-1RAcP, resulting in an

overall 1,000-fold reduction in signaling activity.61 Consequen-

tially, the c2d2 loop region can be inferred to be an integral

component of IL-36 complex formation as well.

If IL-1b signaling could be said to be ‘‘cytokine driven,’’ then

IL-33 signaling is ‘‘receptor driven,’’ with the cytokine IL-33

holding its primary receptor ST2 in a conformation amenable

to IL-1RAcP recruitment rather than the cytokine making exten-

sive contacts with IL-1RAcP (Figure 7D).54 While the c2d2 loop

of IL-1RAcP remains an important and prominent interface for

IL-33 signaling within D2, with N166, F167, N168 of IL-1RAcP

individually contributing nearly 1 kcal/mol and N169 of IL-

1RAcP contributing over 2 kcal/mol to IL-33 complex forma-

tion, the binding interface between IL-1RAcP and the IL-33/

ST2 binary complex is distributed almost equally between D2

and D3 of IL-1RAcP.54 This is evidenced by the buried surface

areas of IL-1RAcP D2 of 923 Å2 and IL-1RAcP D3 of 754 Å2 to

the IL-33/ST2 surface.45 This increase in buried surface area of

IL-33/ST2 to IL-1RAcP D3 relative to that of IL-1 b/IL-1RI is due

to a 60� rotation of IL-1RAcP D3 between the IL-1b- and IL-33-
10 Cell Reports 43, 114099, May 28, 2024
mediated ternary complexes, which ex-

poses a larger side of the Ig domain for

complex formation available for binding

to the IL-33 and ST2 D3 (Figure 7B).54

As Ig domains are ellipsoidal, IL-1b

signaling comparatively uses a much nar-

rower side of the IL-1RAcP D3, resulting in

a buried surface area of 354 Å2 made to

the IL-1/IL-RI composite surface (Fig-

ure 7C). Altogether, IL-1b signaling utilizes

a different stretch of residues in IL-1RAcP

D3, S283–T291, for complex formation,

with R286 alone contributing 2 kcal/mol

energy to IL-1b-mediated complex forma-

tion.54 In IL-33-mediated complex forma-

tion, this interaction with IL-1RAcP D3 is

shifted to residues V221–V232, with

V221 of IL-1RAcP contributing approxi-

mately 2 kcal/mol, V224 0.25 kcal/mol,
V226 nearly 2 kcal/mol, and Y249 nearly 4 kcal/mol to IL-33

complex formation.54

Here, we found that CAN10 potently blocks IL-1, IL-33, and IL-

36 signaling pathways by binding the c2d2 loop of IL-1RAcP,

which is highly important for all IL-1RAcP-associated signaling

(Figures 2, 4A, 4B, 6A, and 6B). Consequently, targeting an

area known for its energetic contributions to all known IL-1 family

signaling complexes provides a viable therapeutic strategy for

broadly blocking all associated cytokine signaling from a shared

receptor (Figure 2). 3G5, by a completely distinct mechanism,

functions by sterically hindering two distinct regions of IL-

1RAcP D3 that are important for both IL-1- and IL-33-mediated

complex formation and signal transduction (Figure 7F). Strik-

ingly, the potencies of CAN10 and 3G5 as inhibitors to IL-

1RAcP-associated cytokines were remarkably similar in all in-

stances despite their differing epitopes (Figures 2C–2H).

While our studies describe the mechanisms by which the

two anti-IL-1RAcP mAbs CAN10 and 3G5 block all IL-1 cyto-

kines that utilize this shared co-receptor, they highlight the

need for future studies directed at IL-1RAcP usage by mem-

ber cytokine complexes. While IL-1a and IL-1b share the

same primary receptor, IL-1RI, they contain only 25%

sequence homology. Do key interactions with IL-1RAcP differ

between these distinct cytokines, and could these differences

potentially be exploited for IL-1 cytokine isotype-specific
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Figure 7. Structural analyses of known signaling complexes yield a rationale for broad signaling blockade

(A) Crystal structure of the IL-1b signaling complex (PDB: 4DEP), with receptors and cytokines labeled.

(B) Crystal structure of the IL-33 signaling complex (PDB: 5VI4), with receptors and cytokines labeled.

(C) Crystal structure of IL-1RAcP (PDB: 4DEP), with IL-1 (green) and IL-1RI (magenta) interfaces colored.

(D) Crystal structure of IL-1RAcP (PDB: 4DEP), with IL-33 (teal) and ST2 (orange) interfaces colored from the IL-33 complex (PDB: 5VI4).

(E) Crystal structure of IL-1RAcP (PDB: 4DEP), with the CAN10 interface (blue) colored from HDX-MS and SPR data.

(F) Crystal structure of IL-1RAcP (PDB: 4DEP), with the 3G5 interface (purple) colored from HDX-MS and SPR data.
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blockade? Initial cytokine signaling inhibition with IL-1Ra,

CAN10, and 3G5 would suggest this to be so, as the inhibitory

capacity of IL-1Ra is 4-fold greater in IL-1a than in IL-1b. In IL-

36 signaling, is the recruitment of IL-1RAcP similar to IL-1 and

IL-33, or is it an entirely distinct strategy? CAN10’s inhibition

of IL-36 cytokines demonstrates that D2 is highly important

in IL-36 signaling, as is the case with IL-1 signaling. As D3

is utilized distinctly by IL-1 and IL-33 signaling complexes,

however, it is not possible to say for certain whether IL-36

signaling resembles IL-1, IL-33, or an entirely new usage of

this highly variable domain. Nonetheless, targeting the shared

co-receptor for IL-1, IL-33, and IL-36 cytokines, as with the

anti-IL-1RacP-blocking antibodies CAN10 and 3G5, holds

promise for the effective treatment of inflammatory and

fibrotic diseases with benefits beyond inhibiting signaling by

individual IL-1-family cytokines.
Limitations of the study
To date, a high-resolution structure of an IL-36 signaling com-

plex (i.e., cytokine/primary receptor/secondary receptor) has

not been determined. Therefore, we had to infer the mechanism

of action of CAN10 inhibiting IL-36 cytokine signaling from previ-

ous experimental data involving comprehensive loop swaps of

IL-36 agonist and antagonist cytokines.61 While these data

were highly beneficial for hypothesis generation for CAN10’s

mechanism of action, these studies were not able to shed light

on how 3G5 inhibits IL-36 signaling. Indeed, as 3G5 has a broad

epitope on IL-1RAcP that encompasses areas utilized by both

IL-1 and IL-33 signaling complexes, we cannot state whether

IL-36 signaling resembles IL-1 or IL-33 signaling in D3 utilization

or, quite possibly, an entirely new utilization of D3. Regardless,

our signaling data clearly show that 3G5 potently inhibits all

IL-36 signaling.
Cell Reports 43, 114099, May 28, 2024 11
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S., Beadenkopf, R., Forsberg, G., Liberg, D., Snyder, G.A., et al. (2021).

Molecular Basis of Selective Cytokine Signaling Inhibition by Antibodies

Targeting a Shared Receptor. Front. Immunol. 12, 779100. https://doi.

org/10.3389/fimmu.2021.779100.
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IL-33 pet28a Sundberg Lab NA

IL-36 a pet30a Sundberg Lab NA

IL-36 b pet30a Sundberg Lab NA

IL-36 g pet30a Sundberg Lab NA

IL-1RAcP pcDNA4/TO Sundberg Lab NA

IL-1RAcP domain 1/2 pcDNA4/TO Sundberg Lab NA

IL-1RAcP domain 3 pcDNA4/TO Sundberg Lab NA

IL-1RAcP Fc-fusion pcDNA4/TO Sundberg Lab NA

IL36R construct (Uniprot Q9HB29) Cantargia AB NA

Software and algorithms

Dynamx 3.0 Waters NA

Pymol Schrödinger NA

CCP4 (Version 8.0) Collaborative Computational

Project No. 4

NA

Phenix (Version 1.2) Phenix NA

Biacore Evaluation Software (T100) Cytiva NA

FlowJo BD Life Sciences NA

Graph Pad PRISM GraphPad Prism for Windows,

GraphPad Software, Boston,

Massachusetts USA,

www.graphpad.com

NA

Other

No other materials were used in this study NA NA
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Eric J.

Sundberg, PhD (eric.sundberg@emory.edu).

Materials availability
Plasmids used in this study are available upon request from the lead contact.
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Data and code availability
d The data supporting the findings of this study are available within the article and its supplementary figures. In addition, data

reported in this paper can be shared by the lead contact upon request. The reported crystal structure of 3G5 can be accessed

through the RCSB (pdb: 8VFU).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Mice used in this study: 8–9 weeks old female C57Bl/6 mice were used for the testing of mCAN10, anti-HEL isotype control, and IL-

1Ra control experiments in MSU challenge (Figures 1B–1D). In the preceding experiment (Figure 1A), 12–20 weeks old male and

female wild type C57Bl/6 mice, or IL-1RAcP KO littermate mice from the B6; 129S1-Il1raptm1Roml/J strain (Strain #:003284, RRID:

IMSR_JAX:003284) back crossed to a C57Bl/6 background, were used. Animal experiments were performed at Truly Labs AB

(Lund Sweden) and approved by the local ethics committee (ethical permit (5.8.18–10848/2017)).

Cell lines
Cell signaling assays

In Figure 2, HEK-Blue IL-1/IL-33 cells (Invivogen: Cat #hkb-il33) or HEK-Blue IL-1/IL-33 cells stably transfected in house with human

IL36R, within referred to as HEK-Blue IL36R cells, were used. These cells were growing in DMEM with 4.5 g/L glucose, 2 mM

L-glutamine, 10% (v/v) heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 mg/mL streptomycin, 100 mg/mL Normocin at

37*C with 5% CO2. In Figure S8, HEK293T cells, grown in in freestyle media supplemented with glutamax (1/100) at 37*C, were tran-

siently transfected with a luciferase reporter.

Eukaryotic expression

To express IL-1RAcP and its variants, HEK293T cells were transiently transfected in freestyle media supplemented with glutamax

(1/100); CAN10 and 3G5 Fabs were also expressed using HEK293T cells. For the expression of the full length CAN10 and 3G5

mAbs, HEK293F, again grown in freestyle media, were transiently transfected.

METHOD DETAILS

Protein expression and purification
IL-1RAcP, cloned in a pcDNA4TO vector, was expressed in HEK293T cells and purified by nickel affinity chromatography and gel

filtrated on a Superdex200 column; in its deglycosylated form, IL-1RAcP was expressed in HEK293 media supplemented with kifu-

nesine (1ug/mL) to create a high-mannose variant glycan chains that were subsequently cleavedwith the Endoglycosidase A (EndoA)

prior to purification.54,45 CAN10 and 3G5 mAbs were produced by transient gene expression in HEK293F cells as human immuno-

globulin 1 (hIgG1) with Fc-silent ‘‘LALA’’ mutations [46,47]. Next, cell culture media was harvested andmAbs were purified by Protein

A chromatography (mAbSelect SuRe, Cytiva). These mAbs were further purified by size exclusion chromatography on a Super-

dex200 column (GE Healthcare) equilibrated with 20mM HEPES, 150mM NaCl, pH 7.4 buffer. CAN10 and 3G5 Fabs were cloned

into previously described Fab backgrounds in pcDNA3.1 plasmids and co-expressed in HEK293T cells prior to purification by nickel

affinity chromatography and gel filtration on a Superdex200 column with 20mM HEPES, 150mM NaCl, pH 7.4 buffer.62

Generation of CAN10, 3G5, and mCAN10
CAN10 was generated by immunization of rabbits with a mixture of recombinantly expressed ectodomains of human and murine IL-

1RAcP. After boosting, spleens were collected, homogenized, and monoclonal antibody sequences were isolated from immunized

rabbits.63 Streptavidin coated 96-well plates were coated with biotinylated human or murine IL-1RAcP, or a mixture of both. After

incubation with spleen cells, coated wells were washed with PBS to remove unbound cells. RNA was isolated from the bound cells

and VH and VL cDNAwas synthesized and used for construction of a combinatorial VH-VL library in a human IgG expression plasmid

format. Plasmid DNA was purified and transfected into CHO cells for production of chimeric rabbit/human IgG1 pools. Supernatants

of antibody pools were analyzed using ELISA and positive pools were identified. Bacteria containing plasmid DNA from the positive

pools were plated on LB-ampicillin solid medium and single colonies were isolated and grown in liquid medium. Plasmid DNA was

purified from the liquid cultures and transfected into CHO cells for transient antibody production and identification of antibodies bind-

ing to human IL-1RAcP. The chimeric rabbit/human IgG1 ELISA IL-1RAcP positive clones were then analyzed for their properties,

such as the ability to inhibit IL-1, IL-33 or IL-36 signaling. Selected clones were further characterized and humanized, resulting in gen-

eration of the mAb CAN10.

3G5 was generated by immunization of mice with human IL-1RAcP. After humanization, hybridomas were generated and the su-

pernatants from growing hybridomas were screened with ELISA where the specific antibody titer was measured by coating plates
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with human IL-1RAcP. Unique human IL-1RAcP mAbs identified were then further analyzed in their properties, such as the ability to

inhibit IL-1, IL-33 or IL-36 signaling, and 3G5 was chosen for further studies.

To generate mCAN10, a murine IL-1RAcP binding signaling blocking surrogate, chickens were immunized with mouse IL-1RAcP

protein, three times after every 2–2.5 weeks, and boosted twice, whereafter spleens were isolated, homogenized and subjected to

monoclonal antibody development using the HybriFree technology described in Kivi et al.63 Briefly, Immuno modules (Thermo Sci-

entific) were coated with antigen and panning reactions performed. After incubation, wells were washed with PBS to remove the un-

bound cells and RNA was isolated and cDNA was synthesized using SuperScript III First-Strand Synthesis System for RT-PCR

(Invitrogen) and used for VH and VL amplification. Amplified VH and VL were then purified and circular polymerase extension cloning

(CPEC) reactions were performed for scFv-hFc expression vectors ‘‘pools’’ construction. E. coli DH5awas transformed by scFv-hFc

expression vector pools and grown in liquid medium. Plasmid DNA was purified and transfected into CHOEBNALT85 cells for scFv-

hFc pools production. Supernatants were analyzed by ELISA to identify antigen specific reaction, single clones were then selected in

LB-Amp solid medium, and, lastly, grown in liquid medium in 96-well microtiter plate at 37*C. Next, plasmid DNA was isolated and

transfected into CHOEBNALT85 cells for antibody transient production. Unique mouse IL-1RAcP mAbs identified were further

analyzed in their properties, such as the ability to inhibit IL-1, IL-33 or IL-36 signaling andmCAN10 was chosen as the best functional

surrogate for CAN10 due to its binding domain 2 and its ability to comprehensively inhibit all IL-1RAcP associated cytokines.

mCAN10 binding data
To specifically address which domain of IL-1RAcP contains critical epitopes for the CAN10 functional surrogate clone mCAN10,

ELISA measurements using human IL-1RAcP, mouse IL-1RAcP and chimeric mouse/human IL-1RAcP constructs were performed

with each chimeric variant of IL-1RAcP.24 Briefly, microtiter plates were coated with mouse, human, or chimeric mouse/human IL-

1RAcP and incubated overnight at 4�C. Subsequently, mCAN10 was added to the wells and, after extensive washing and blocking,

the absorbance was measured at 405nm. Absorbance at 0 min was used as background signal.

In-vivo model of monosodium urate crystal (MSU) induced peritonitis
To induce inflammation, 2.5 mg monosodium urate crystals (MSU; InvivoGen MSU-42-01) were administered i.p. to 8–9 weeks old

female C57Bl/6 mice to induce inflammation in the peritoneal cavity. Anti-mouse IL-1RAcP mCAN10 (20 mg/kg), anti-HEL mIgG2a-

LALA-PG (isotype control; 20 mg/kg) or equimolar concentration of IL-1Ra (2.3 mg/kg; 133 nmol/kg, Anakinra, Sobi, Sweden) treat-

ment was administered as an i.p. injection 1 h prior to MSU challenge. In a separate experiment, 12–20 weeks old male and female

wild type, or IL-1RAcP KO littermate mice from the B6; 129S1-Il1raptm1Roml/J strain (Strain #:003284, RRID: IMSR_JAX:003284) back

crossed to a C57Bl/6 background, were injected i.p. with 2.5 mg MSU. Six hours post MSU challenge, the animals were euthanized,

and the peritoneal lavage was isolated to retrieve inflammatory cells and proteins from the peritoneal cavity. Immune cell counting

and phenotyping were performed by flow cytometry (CytoFlex, Beckman Coulter) and cytokines in the peritoneal lavage were

analyzed by Luminex (R&D systems or BioRad), according to the manufacturer’s instructions. Animal experiments were performed

at Truly Labs AB (Lund Sweden) and approved by the local ethics committee (ethical permit (5.8.18–10848/2017)).

Surface plasmon resonance
Affinities and kinetic parameters of protein-protein interactions were measured on a Biacore T100 biosensor (GE Healthcare) by sur-

face plasmon resonance (SPR). 2000 response units (RU) of protein A from Staphylococcus aureus (Sigma Aldrich) were amine

coupled on all flow channels of a CM5 sensor chip. Approximately 200 RU of CAN10 and 3G5 were captured directly on flow cell

2. IL-1RAcP and its variants were then used as the analyte and titrated over flow cells 1 and 2 in 2-fold dilutions, from 1.25nM to

20nM. Sensorgrams were double referenced against the control flow cell and buffer injections. Data were fit to a 1:1 binding model

using Biacore T100 Evaluation software.

Cell signaling assays
Cell signaling assays for CAN10 and 3G5 were performed using HEK-Blue IL-1/IL-33 cells (Invivogen: Cat #hkb-il33) or HEK-Blue IL-

1/IL-33 cells stably transfected in house with human IL36R, hereafter called HEK-Blue IL36R cells. For the generation of the stable

HEK-Blue IL36R cells, a full length human IL36R construct carrying puromycin resistance was transfected into the HEK-Blue IL-1/IL-

33 cells using Lipofectamine 3000 (ThermoFisher Scientific), and selection with increasing concentrations of puromycin (Invivogen)

was carried out over 14 days. Expression of IL36R was confirmed with flow cytometry. HEK-Blue IL-1/IL-33 cells and HEK-Blue

IL36R cells were cultured in complete medium (DMEM + Glutamax +10% full FBS + zeocin, normocin, hygromycin B gold and blas-

ticidin). For measuring the inhibition of IL-1a, IL-1b, IL-33, and IL36-a/b/g signaling, the appropriate HEK-Blue cells (9.5 x 103 cells/

well) were seeded into 384-well plates and allowed to settle 2 h before continuing. Cells were then exposed to increasing concen-

trations of CAN10, 3G5, or antagonists (ST2, RnD Systems; IL-36Ra/IL-1F5, RnD Systems and IL-1Ra (Kineret/Anakinra, Sobi,

Sweden) as indicated and incubated for 1 h at 37�C, 5%CO2, before addition of each cytokine at the determined EC80 concentration

(IL-1a 0.2 ng/mL, Peprotech; IL-1b 2 ng/ml, Peprotech; IL33 0.2 ng/mL, Peprotech; IL-36a 20 pg/mL, RnDSystems; IL-36b 14 pg/mL,

RnD Systems; or IL-36 g 5 pg/mL, RnD Systems). Cells were then cultured overnight (16–18 h) at 37�C, 5% CO2 and analyzed for

activation of NF-kB and subsequent production of SEAP using QUANTI-Blue solution measured at 620 nm using the SpectraMax

i3x spectrophotometer.
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Cell signaling assays for mCAN10 (Cantargia AB, Lund, Sweden), a monoclonal pan IL1/IL33/IL36 signaling blocking anti-mouse

IL-1RAcP CAN10 surrogate mIgG2a antibody with L234A, L235A and P329G [LALA-PG] Fc-silencing mutations, were performed us-

ing the murine fibroblast cell line NIH3T3 (ATCC, CRL-1658). NIH3T3cells (4 x104 cells per well) were pre-incubated in a 96 well plate

with anti-IL-1RAcP mCAN10 or isotype control antibodies as indicated (20 mg/ml for stimulation with IL-1 b, IL-33 and IL36 a/b/g;

60 mg/mL for stimulation with IL-1a). After 60 min, cytokines were added: IL-1a (5 pg/mL, RnD Systems), IL-1b (30 pg/mL, RnD

Systems), IL-33 (15 ng/mL, Peprotech) IL-36a (15 ng/mL, RnD Systems), IL-36b (8 ng/mL, RnD Systems) or IL-36g (15 ng/mL,

RnD Systems). Supernatants were then collected after 18 h of incubation at 37�C and analyzed for IL-6 cytokine release using

multiplex immunoassay (Eve Technologies).

Cell signaling assays for possible synergism between CAN10 and 3G5 for Figure S8were conducted in HEK293T cells. A luciferase

reporter cassette downstream of an NF-kB promoter was transiently transfected into HEK293T cells.45 Subsequently, these cells

were pre-incubated with either CAN10, 3G5, or a 1:1mixture of CAN10/3G5 from 1 mM to 1pm concentrations in a 96-well plate. After

30 min, these cells were stimulated with IL-1b and, after 5 h, were measured for luciferase activity by luminesce to determine the

inhibitory capacities of these antibody mixtures.

Chimeric IL-1RAcP ELISA
The ELISA Measurements using chimeric IL-1RAcP constructs were performed with microtiter plates that were coated with mouse,

human, or chimeric mouse/human IL-1RAcP and were subsequently incubated overnight at 4�C.45 After extensive washing and

blocking, a series of CAN10 dilutions were added to the wells. Polyclonal antibodies KMT-2 (affinity purified rabbit polyclonal anti-

bodies against hIL-1RAcP) and KMT-3 (affinity purified rabbit polyclonal antibodies against mIL-1RAcP) were used as controls.

Absorbance at 405 nm was then measured and absorbance at 0 min was used as background signal.

Hydrogen deuterium exchange coupled to mass spectrometry
In the hydrogen deuterium exchange mass spectrometry (HDX-MS) experiments, peptide identification and coverage maps for IL-

1RAcP, CAN10, and 3G5were obtained from undeuterated controls as follows: 1 mL of 20 mMprotein in 20mMHEPES, 150mMNaCl,

pH 7.4 was diluted with 19 mL ice-cold quench (50 mMGlycine pH 2.4, 8M Urea, 200mM TCEP) for 1 min prior to dilution with 180 mL

1XQ and injection into a Waters HDX technology system (Waters, Milford, MA) equipped with an M-Class UPLC and a Synapt G2Si

mass spectrometer.45 Peptides were identified using the ProteinLynx Global Server 3.0.3 (PLGS) from Waters. HDX reactions were

conducted as follows for each protein and protein complex: 1 mL of 20 mM protein (apo or complex) was incubated with 9 mL 20 mM

HEPES 99.99% D2O, pH 7.4, 150 mM NaCl prior to quench at various times (10 s, 1 min,10 min, 2 h) with 50 mL of 50 mMGlycine pH

2.4, 8M Urea, 200mM TCEP 99.99% D2O before dilution with 190 mL of 1XQ and ultimate injection. All deuteration time points were

acquired in triplicate. Spectral curation, centroid calculation, and deuterium uptake for all identified peptides with increasing deute-

rium incubation time were performed using Water’s DynamX 3.0 software.

Fab visualization
The Fab 3G5was concentrated to 10-12mg/mL and subjected to crystallization by vapor diffusion. Initially, crystals were observed in

the Index Screen (Hampton Research) in 0.2M Trimethylamine N-oxide dihydrate, 0.1M Tris pH 8.5, and 20% w/v PEG. Larger crys-

tals were grown in the same condition by hanging drop and cryo-protected with 25% w/v glycerol in mother liquid. A single dataset

was collected at BNLNSLS-II Beamline 17-ID-1 (AMX). The dataset was processed using XDS64 and Aimless,65 with the initial phases

being obtained bymolecular replacement utilizingMOLREP,66 with the light chain 6SVL and the heavy chain 5F3B as searchmodels.

The final model was built with iterative rounds of refinement with REFMAC67 and Coot68 and a final refinement with Phenix. The final

model was deposited on the RCSB (PDB: 8VFU).

The FabCAN10wasmodeled using ABodyBuilder FV prediction69 and is used purely for visualization of deuterium uptake changes

in our corresponding HDX-MS experiments. As further validation of this modeling technique, the crystal structure 3G5 (pdb: 8VFU)

was aligned to its predicted structure, again utilizing ABodyBuilder.69 These two structures were highly similar, as reflected by an

RMSD of 0.40 between their c a atoms.

Alanine scanning mutagenesis
Alanine scanning mutants were generated by site-directed mutagenesis (Qiagen) on Fc-fused IL-1RacP constructs; this library

mirrored that of Gunther et al.54 Briefly, kinetic parameters and affinities of protein-protein interactions were measured by SPR anal-

ysis on a Biacore T100 biosensor (GEHealthcare). 2000 response units of protein A from staphylococcus aureus (Sigma Aldrich) were

amine coupled on all four flow channels of a CM5 sensor chip. Approximately 200 RU of Fc-fused IL-1RacP (IL-1RacP-Fc) were

captured on flow channels 2, 3, or 4, with wild-type IL-1RacP-Fc being included in every experiment set as an internal standard. Bind-

ing experiments were carried out in 10mMHEPES, 150mMNaCl, 3mMEDTA, 0.005% (v/v) Tween 20 (HBS-EP) at 25 ֯Cby single cycle

kinetic analysis using five concentrations of CAN10 or 3G5 Fab, from 1.25nM to 20nM. For CAN10, N166A, F167A, and N168A mu-

tations on IL-1RacP-Fcwere repeated using 12.5nM–200nMof Fab (analyte) due to significantly decreased binding affinities; for 3G5,

V224A, H226A, and Y249A mutations on IL-1RacP-Fc were repeated using 12.5nM–200nM of Fab for the above-mentioned reason.
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Between runs, the sensor surface was regenerated using one injection of 10mM HCl. Sensorgrams were double referenced against

control flow cell 1 and buffer injections. Data were fit to a 1:1 binding model using Biacore T100 evaluation software. All data points

graphed are in triplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

In Figure 1A, the statistics above the bars show differences for total cells/mL between groups, while the statistics inside the bars

show differences for neutrophils and monocytes specifically, between groups. Graph shows mean values. Statistical analysis was

done using Mann-Whitney and defined as *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001. Here n means number of mice; WT

(n = 11) and knockout (KO) (n = 6) mice. Statistical analysis was performed using GraphPad PRISM Software (V10.2).

In Figure 1C, statistical analysis was done usingMann-Whitney and defined as *p< 0.05; **p< 0.01; ***p < 0.005; ****p< 0.001. Each

symbol represents onemouse. Line atmean. Here the n can be seen in the graph itself where each symbol represents onemouse (Ctrl

n = 4, PBS n = 6, IL1RA n = 8, Isotype n = 8, mCAN10 n = 8). Statistical analysis was performed using GraphPad PRISM Soft-

ware (V10.2).

In Figure 1D, cytokine profiles by Luminex from peritoneal lavage of the same mice as in 1C (as evident from Figure 1B). As the

same mice were used in 1D as 1C, we have the same number of mice as in 1C (Ctrl n = 4, PBS n = 6, IL1RA n = 8, Isotype n = 8,

mCAN10 n = 8). Graph shows mean and SEM. Statistical analysis was done using Mann-Whitney *p < 0.05; **p < 0.01;

***p < 0.005; ****p < 0.001. The statistics shown for mCAN10 vs. IL1Ra is normalized to vehicle and isotype controls, respectively.

Statistics not shown: decrease in concentrations of analytes for IL1Ra and mCAN10 vs. their respective controls; G-CSF (IL1Ra

vs. PBS ***; mCAN10 vs. iso ***); IL-6 (IL1Ra vs. PBS **; mCAN10 vs. iso **); IL-5 (IL1Ra vs. PBS ns; mCAN10 vs. iso *), Eotaxin

(IL1Ra vs. PBS ns; mCAN10 vs. iso **); MIP1b (IL1Ra vs. PBS ns; mCAN10 vs. iso *); MCP1 (IL1Ra vs. PBS ns; mCAN10 vs. iso *)

KC (IL1Ra vs. PBS ns; mCAN10 vs. iso ns). Statistical analysis was performed using GraphPad PRISM Software (V10.2).

For the cell signaling assays (Figures S1, 2, and S8), all data were obtained in triplicate and statistics were completed in GraphPad

PRISM Software (V10.2).

For the HDX-MS experiments, Figures 4 and 5, data were obtained in triplicate. Both mean deuterium uptake and standard devi-

ation were plotted on graphs and calculated in Microsoft excel (V16.83).

For the SPR alanine scan experiments, Figure 6, all datawere obtained in triplicate. MeanDDGwas plottedwith standard deviation

shown. These statistics were calculated in Microsoft excel (V16.83).

Additional resources
Description: URL to CAN10 clinical trial: A Study to Investigate the Safety and Tolerability of CAN10 Antibody in Healthy Subjects and

in Subjects With Plaque Psoriasis. - Full Text View - ClinicalTrials.gov.
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