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ABSTRACT
Background  The interleukin (IL)-1 receptor accessory 
protein (IL1RAP) is an essential coreceptor required for 
signalling through the IL-1, IL-33 and IL-36 receptors. 
Here, we investigate the antifibrotic potential of the 
combined inhibition of these cytokines by an anti-IL1RAP 
antibody to provide a scientific background for clinical 
development in systemic sclerosis (SSc).
Methods  The expression of IL1RAP-associated 
signalling molecules was determined by data mining of 
publicly available RNA sequencing (RNAseq) data as well 
as by imaging mass cytometry. The efficacy of therapeutic 
dosing of anti-IL1RAP antibodies was determined in 
three complementary mouse models: sclerodermatous 
chronic graft-versus-host disease (cGvHD), bleomycin-
induced dermal fibrosis model and topoisomerase-I 
(topo)-induced fibrosis.
Results  SSc skin showed upregulation of IL1RAP and 
IL1RAP-related signalling molecules on mRNA and 
protein level compared with normal skin. IL-1, IL-33 and 
IL-36 all regulate distinct gene sets related to different 
pathophysiological processes in SSc. The responses of 
human fibroblasts and endothelial cells to IL-1, IL-33 and 
IL-36 were completely blocked by treatment with an anti-
IL1RAP antibody in vitro. Moreover, anti-IL1RAP antibody 
treatment reduced dermal and pulmonary fibrosis in 
cGvHD-induced, bleomycin-induced and topoisomerase-
induced fibrosis. Importantly, RNAseq analyses revealed 
effects of IL1RAP inhibition on multiple processes related 
to inflammation and fibrosis that are also deregulated in 
human SSc skin.
Conclusion  This study provides the first evidence for 
the therapeutic benefits of targeting IL1RAP in SSc. Our 
findings have high translational potential as the anti-
IL1RAP antibody CAN10 has recently entered a phase 
one clinical trial.

INTRODUCTION
Fibrosis describes the accumulation of extracellular 
matrix in tissues and organs. Although short-term 
fibrogenic responses may have adaptive features, 
progressive fibrotic tissue remodelling with exces-
sive parenchymal scarring and cellular dysfunction 
often leads to organ failure.1 2 Chronic fibrotic 
tissue remodelling imposes a major socioeconomic 
burden on modern societies as it has been estimated 

WHAT IS ALREADY KNOWN ABOUT THIS 
SUBJECT

	⇒ Individual members of the interleukin (IL)-1 
family of cytokines have been implicated in 
processes relevant to the pathogenesis of 
systemic sclerosis (SSc) such as endothelial cell 
and fibroblast activation.

	⇒ The IL-1 receptor accessory protein (IL1RAP) is 
an essential coreceptor for the IL-1 receptor, the 
IL-33 receptor (ST2) and the IL-36 receptor and 
is required for the activation of downstream 
cascades.

WHAT DOES THIS STUDY ADD
	⇒ IL-1, IL-33 and IL-36 all activate distinct 
proinflammatory and profibrotic cascades 
relevant to the pathogenesis of SSc.

	⇒ The expression of IL1RAP and of associated 
signalling molecules is upregulated in the skin 
of patients with SSc.

	⇒ IL1RAP-related signalling induces fibroblast and 
endothelial cell activation in vitro.

	⇒ Blocking IL1RAP with a monoclonal antibody 
ameliorates experimental dermal and 
pulmonary fibrosis in chronic graft-versus-host 
disease-induced, topoisomerase 1-induced and 
bleomycin-induced mouse models of fibrosis.

	⇒ The inhibition of IL1RAP interferes with the 
activation of a transcriptional regulatory 
network of gene sets related to inflammation 
and fibrosis that are also deregulated in human 
SSc skin.

HOW MIGHT THIS IMPACT ON CLINICAL 
PRACTICE

	⇒ IL1RAP offers potential as a novel antifibrotic 
target in SSc as it is required for IL-1, IL-33 
and IL-36-dependent signalling and thus offers 
a potential to interfere with a network of 
inflammatory and fibrotic signalling pathways 
that are essentially required for fibrotic tissue 
remodelling.

	⇒ A first in-human phase 1 clinical study with 
a humanised anti-IL1RAP antibody (CAN10, 
Cantargia AB) is currently ongoing.
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to account for up to 40% of the deaths in Western societies and 
for healthcare costs of dozens of billion Euros per year.3 Systemic 
sclerosis (SSc) is an autoimmune-driven systemic fibrotic disease 
that affects the skin, the lungs, the heart and various other 
internal organs.4 A major hallmark of SSc and of other fibrotic 
diseases is the aberrant activation of fibroblasts. Resting fibro-
blasts transdifferentiate into so-called myofibroblasts, which 
express contractile proteins such as α-smooth muscle actin 
(α-SMA) and release large amounts of extracellular matrix. 
Although the molecular mechanisms underlying the aberrant 
activation of fibroblasts in SSc remain incompletely understood, 
mediators released from activated inflammatory cells are known 
to play a key role in fibroblast activation in SSc, especially in 
earlier stages of SSc. Indeed, myofibroblasts accumulate in 
particular in close proximity to inflammatory infiltrates in SSc 
skin.5 Moreover, patients with SSc with clinical signs of inflam-
mation (such as elevated C-reactive protein) are known to have 
a higher risk of disease progression.4 Several cytokines released 
from activated leukocytes have been shown to induce fibroblast-
to-myofibroblast transition and collagen release.6

Interleukin (IL)-1, IL-33 and IL-36 are potent proinflam-
matory cytokines that amplify immunological responses 
by promoting the production and expression of adhesion 
molecules, cytokines, chemokines and other inflammatory 
mediators (reviewed in Schmitz et al; Liew, Girard and Turn-
quist; and Yuan et al7–9). Interestingly, they have also been 
implicated in fibrotic diseases.10 11 IL-1 can induce collagen 
production through the activation of IL-6, transforming 
growth factor beta (TGFβ) and platelet-derived growth 
factor (PDGF). IL-1α and IL-1β have also been reported 
to be upregulated in lesional skin and serum from patients 
with SSc. IL-33 can stimulate the production of IL-13 and 
TGFβ1 from macrophages12 and induce α-SMA expression 
and collagen release in fibroblasts.13 In patients with SSc, 
serum levels of IL-33 are elevated and have been reported 
to positively correlate with the extent of skin fibrosis and 
the severity of pulmonary fibrosis. Blockade of the IL-36 
receptor (IL36R) by IL-38 has been shown to decrease 
inflammation and fibrosis in models of myocardial infarc-
tion and myocarditis.14 15 Moreover, IL-36α and IL-36ɣ 
have recently been proposed as potential plasma biomarkers 
for interstitial lung disease in patients with rheumatoid 
arthritis.

We hypothesise that simultaneous blockade of all three 
cytokine pathways offers synergistic therapeutic potential in 
diseases with inflammation-driven fibrotic tissue remodelling 
such as SSc. The IL-1 receptor accessory protein (IL1RAP) 
offers potential as a target for simultaneous blockade of all 
three cytokines. IL1RAP is an essential coreceptor for the 
IL1R, the IL33R (ST2) and the IL36R and is required for 
the activation of intracellular downstream targets by these 
cytokines.16 CAN10 is a humanised monoclonal LALA-
mutated IgG1κ antihuman IL1RAP antibody that has been 
designed to inhibit IL-1α/β, IL-33 and IL-36α/β/γ signalling. 
In this study, we used CAN10 or its surrogate antimouse 
IL1RAP antibody (mCAN10) to block IL-1-mediated, IL-33-
mediated and IL-36-mediated signalling in three preclinical 
models of SSc and to explore the therapeutic potential of 
targeting IL1RAP in SSc and related diseases.

MATERIAL AND METHODS
Detailed information on material and methods are provided as 
online supplemental information due to restrictions in word 
count.

RESULTS
Regulation of SSc-DEGs by the IL1RAP-related cytokines IL-
1β, IL-33 and IL-36γ
The expression patterns of IL-1β, IL-33 and IL-36γ were 
obtained from the publicly available RNA datasets GSE40560, 
GSE147235 and GSE17573217–19 and compared with the 
expression profile of a SSc cohort (GSE59787). Although the 
datasets were generated in different experimental settings, they 
can be used to identify core target genes of each cytokine. 18%, 
15% and 24% of the signature genes within the IL-1β, IL-33 and 
IL-36γ datasets, respectively, exhibited overlap with 6%, 11% 
and 7% of the signature genes present in the SSc cohort, respec-
tively (figure 1A,B). Although each individual cytokine showed 
only a modest overlap of the top genes in SSc, together the three 
cytokine pathways cover several of the specific aspects of the 
SSc pathophysiology (figure 1C,D). According to the functional 
analysis of the IL-1β dataset, this cytokine is mainly involved in 
terms related to the regulation of upstream profibrotic signal-
ling pathways in SSc, such as the ‘regulation of Wnt signalling 
pathway’, ‘regulation of canonical Wnt signalling pathway’ 
and ‘cellular response to TGFß stimulus’. The analysis of the 
IL-33 dataset indicated that this cytokine is relevant for the 
tissue remodelling processes that characterise SSc, which involve 
‘actin filament-based process’, ‘actin cytoskeleton organisation’ 
and ‘cell-substrate adhesion’. IL-36γ showed numerous terms 
related to inflammatory responses within SSc, such as ‘leucocyte-
mediated cytotoxicity’, ‘macrophage differentiation’, ‘cytokine 
production involved in inflammatory response’ and ‘positive 
regulation of IL-6 production’ (figure  1C,D). Taken together, 
these results indicate that each cytokine has specific and relevant 
features of SSc pathogenesis and that targeting their common 
coreceptor IL1RAP may enhance the efficacy of SSc therapy by 
blocking multiple pathways involved in SSc.

Increased mRNA levels of molecules associated with IL1RAP-
related signalling in SSc
To provide further evidence for the role of the IL1RAP-related 
cytokines in the pathogenesis of SSc, we studied the mRNA levels 
of IL1RAP-related signalling molecules in SSc skin. Expression 
profiling of publicly available RNA datasets from skin biopsies 
of two North American SSc cohorts and corresponding controls 
demonstrated increased mRNA levels of several molecules asso-
ciated with IL1RAP-related signalling. In the dataset GSE59787, 
which includes combined data from three monocentric SSc 
cohorts, the mRNA levels of IL1RAP, IL1RN, IL1R1, IL1R2, 
IL33, IL36RN and IL36G were significantly upregulated as 
compared with healthy individuals (figure 2A,B). In the multi-
centric PRESS cohort, composed exclusively of patients with 
early, diffuse-cutaneous SSc (GSE130955), the mRNA levels of 
IL1RL1 (IL-33R, ST2), IL1RN, IL1R1, IL33 and IL1RL2 (IL-
36R) were significantly upregulated compared with healthy 
individuals (figure  2C,D). Together, these data demonstrate 
increased expression of mRNAs for different molecules associ-
ated with IL1RAP-related signalling in SSc.
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Expression profiling of IL1RAP and its associated cytokine 
receptors in SSc skin
To analyse which cells express IL1RAP in SSc skin, we performed 
imaging mass cytometry (IMC) using a panel that included not 
only antibodies against IL1RAP (CAN10) and the associated 
receptors IL1R1, IL33R and IL36R but also antibodies against 
markers of different cell populations implicated in the patho-
genesis of SSc (figure  3A). We observed an accumulation of 
IL1RAP-positive cells in the dermis of SSc skin compared with 
healthy skin (figure  3B). We detected three main cell types 
that expressed IL1RAP: fibroblasts and other mesenchymal 
cells (Fibs, E-cadherin-, CD31- and CD45-), leucocytes (Leu, 

E-cadherin-, CD31- and CD45+) and endothelial cells (ECs, 
E-cadherin-, CD31+ and CD45-). In SSc, all of these cell types 
expressed higher levels of IL1RAP than those from healthy skin 
(figure 3C). Further analyses showed differences in the expres-
sion of IL1RAP between different subpopulations of fibroblasts 
and endothelial cells. Among the different leucocyte populations, 
monocytes and macrophages were the dominant cellular sources 
of IL1RAP (online supplemental figure 1A-I). We next studied 
the expression of the IL1RAP-associated cytokine receptors. The 
percentage of cells expressing IL36R was increased in SSc skin 
with higher expression in fibroblasts, endothelial cells and leuco-
cytes (online supplemental figure 2). Subsequently, we assessed 

Figure 1  Interleukin (IL)-1β, IL-33 and IL-36ɣ signalling in systemic sclerosis (SSc). (A) Proportion of SSc-related genes among IL-1β, IL-33 and 
IL-36ɣ signature genes (from datasets GSE40560, GSE147235 and GSE175732, respectively), using a p-adjusted value cut-off of ≤0.1 for IL-1β and 
≤0.05 for IL-33 and IL-36ɣ and a |log2 fold change| cut-off of ≥1 for all datasets. (B) Proportion of IL-1β-related, IL-33-related and IL-36ɣ-related 
genes among SSc signature genes in the skin (from GSE59787) using a p-adjusted value cut-off of ≤0.05 and a |log2 fold change| cut-off of ≥1. 
(C) Venn diagram showing the number of overlapping Gene Ontology (Biological Processes) terms among the four cohorts (GSE40560, GSE147235, 
GSE175732 and GSE59787), using a p-adjusted value cut-off of ≤0.05. (D) Differentially regulated biological processes among the four cohorts. DEGs, 
differentially expressed genes; MAPK, mitogen-activated protein kinase.
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the coexpression of IL1RAP with IL1R1, IL33R and IL36R and 
observed an elevated simultaneous expression of these recep-
tors with IL1RAP in the dermal area of SSc skin compared with 
healthy skin (online supplemental figure 3).

We next stained for SSc and normal skin for the upstream 
cytokines IL-1β, IL-33 and IL-36γ using multicolour immu-
nofluorescence. The protein levels of IL-1β, IL-33 and IL-36γ 
were upregulated in the skin of patients with SSc compared with 
healthy donors (online supplemental figure 4A–D).

IL1RAP blockade by CAN10 inhibits response to IL-1/IL-33/IL-
36 signalling in vitro
In line with the expression data, a human umbilical cord endo-
thelial cell line responds to IL-1 and IL-33 with IL-6 and IL-8 

protein secretion, known markers of nuclear factor kappa B acti-
vation (online supplemental figure 5A). Similar responses to IL-1 
and IL-36 were observed with human dermal fibroblasts (online 
supplemental figure 5B). Coincubation with CAN10, a human-
ised antihuman IL1RAP antibody, completely blocked the stim-
ulatory effects of IL-1, IL-33 and IL-36 (online supplemental 
figure 5A,B). The CAN10 antibody also inhibited the profibrotic 
effects of recombinant TGFβ, a combination of IL-1β/IL-33/
IL-36γ (referred to as ILs), or IL-1β/IL-33/IL-36γ plus TGFβ, 
on extracellular matrix accumulation and myofibroblast forma-
tion (online supplemental figure 6A,B). This shows that CAN10 
effectively impairs the profibrotic and proinflammatory effects 
of the IL1RAP-related cytokines in vitro, in cells that are crucial 
to SSc pathophysiology.

Figure 2  Increased mRNA levels of molecules associated with interleukin 1 receptor accessory protein (IL1RAP)-related signalling in systemic 
sclerosis (SSc). High-throughput screening for the expression of genes associated with IL1RAP-related signalling using the NCBI/GEO/GSE59787 
dataset (A,B) or the NCBI/GEO/GSE130955 of SSc and healthy skin (C,D). (A,C) Representative heatmaps of mRNA expression level of detectable 
IL1RAP-related genes between healthy and SSc skin samples. (B,D) The comparisons of detectable IL1RAP-related genes between healthy volunteers 
and patients with SSc from the cohort. Only samples collected at baseline were included in the analysis. * indicates significant differences between 
SSc and healthy control. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.
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Treatment of sclerodermatous cGvHD with an anti-
IL1RAP antibody initiated after the onset of first clinical 
manifestations
Based on the overexpression of multiple IL-1 family signal-
ling molecules in patients with SSc, we next aimed to evaluate 
IL1RAP as a central signalling hub for the profibrotic effects of 
IL-1, IL-33 and IL-36 and the effects of therapeutic targeting by 
CAN10. We first employed the B10.D2 (H-2d) BALB/c (H-2d) 
model of sclerodermatous chronic graft-versus-host disease 
(cGvHD), as this model mimics patients with SSc with early, 
progressive, diffuse-cutaneous SSc with organ involvement, 
a population typically recruited for clinical trials in SSc. To 
demonstrate comparable pathway activation between this model 
and patients with SSc, we analysed the expression levels of genes 
within the IL-1 family signalling molecules in skin samples of 
mice with experimental cGvHD. We found multiple IL1RAP-
dependent signalling molecules to be differentially expressed in 
allogeneically transplanted mice compared with syngeneically 
transplanted, non-fibrotic controls with upregulation of Il1a, 
Il36α, Il36β, Il36γ, Il1rap, Il1rl2 (IL-36R) and Il1rn but not of 
Il1b, Il1r2, Il1rl1 (IL-33R, ST2) and Il33 (online supplemental 
figure 7).

The first clinical signs of cGvHD skin disease became evident 
at around 30 days after allogeneic bone marrow transplanta-
tion (BMT). The composite score of cGvHD skin involvement 
progressively increased in vehicle-treated, allogeneically trans-
planted mice after BMT and in mice treated with the isotype 
control antibody. In contrast, syngeneically transplanted control 
mice did not develop any evidence of skin disease throughout 
the observation period.

Treatment with the mouse surrogate version of the CAN10 
antibody, the antimouse IL1RAP antibody mCAN10, twice 
a week intraperitoneally or with daily high-dose nintedanib 
orally, which was used as a clinically approved control with 
known antifibrotic effects in cGvHD,20 ameliorated clin-
ical signs of cutaneous cGvHD and numerically reduced 

the mean composite scores (figure  4A,B). The optimal dose 
of mCAN10 in mice was determined by pharmacokinetic 
studies to be 10 mg/kg (20 mg/kg first dose), and this dose was 
predicted to generate full receptor occupancy (online supple-
mental figure 8). Treatment with mCAN10 also ameliorated 
cGvHD-induced weight loss and did so more effectively than 
nintedanib (figure 4B).

Allogeneic BMT induced prominent skin fibrosis with increased 
dermal thickness, upregulated the hydroxyproline content and 
promoted accumulation of myofibroblasts (figure  4C). Treat-
ment with mCAN10 started at day 21 after BMT and resulted 
in reduced dermal thickening, accumulation of hydroxyproline 
and myofibroblast differentiation as compared with vehicle-
treated mice and mice treated with the isotype control antibody 
(figure 4C). Mice treated with mCAN10 also showed significant 
reductions in dermal thickening and myofibroblasts and numer-
ical decreases in hydroxyproline content as compared with 
allogeneically transplanted mice sacrificed 3 weeks after trans-
plantation, indicating that CAN10 may reverse fibrosis in this 
model.

Besides skin fibrosis, allogeneic BMT also induced moderate 
pulmonary fibrosis with increases in Ashcroft scores, in collagen-
covered lung area and in hydroxyproline content (figure 4D). All 
of those changes progressed over time with numerically higher 
levels/scores at 7 weeks after BMT as compared with 3 weeks 
after BMT. Treatment with mCAN10 reduced the Ashcroft 
scores and the hydroxyproline content as compared with vehicle-
treated mice followed for 7 weeks after BMT and compared with 
allogeneically transplanted mice treated with isotype control 
antibody (figure 4D). Numerical decreases were also observed 
for the collagen-covered lung area. Daily high-dose nintedanib, 
used as a positive control with previously proven efficacy in 
experimental cGvHD, also ameliorated fibrosis with antifibrotic 
effects in the range of those observed with the anti-IL1RAP anti-
body mCAN10.

Figure 3  Expression patterns of interleukin 1 receptor accessory protein (IL1RAP) analysed by imaging mass cytometry (IMC) staining of systemic 
sclerosis (SSc) and healthy skin. (A) Representative images of IMC staining on the skin of patients with SSc and healthy donors with different cellular 
markers (overview, CD45, CD31, IL1RAP, IL1R1, IL33R, Il36R, platelet derived growth factor receptor alpha (PDGFRα) and histone H3). (B) Proportions 
of IL1RAP-positive or IL1RAP-negative cells in the dermis layer in the skin of patients SSc or healthy donors. (C) Violin plot representing the 
distribution of the IL1RAP intensity in IL1RAP-positive endothelial cells, leucocytes and fibroblasts or related cell populations in the dermis layer in the 
skin of patients with SSc or healthy donors. The red line indicates the median of data. The statistical significance was determined by two-tailed Mann-
Whitney U test. * indicates significant differences between SSc and healthy control. * p<0.05, ** p<0.01, ***p<0.001 and **** p<0.0001.
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Figure 4  Treatment with the anti-IL1RAP antibody mCAN10 ameliorates clinical and histopathological signs of murine sclerodermatous cGvHD. 
(A) Schematic illustration of the treatment procedure of the anti-IL1RAP antibody mCAN10 on murine sclerodermatous cGvHD. (B) Effects of mCAN10 
on cGvHD-induced changes in body weight and cutaneous cGvHD scores. (C) Representative images of H&E staining of skin sections at 200-fold 
magnification. Effects of mCAN10 on histological and biochemical fibrosis outcomes (dermal thickness, myofibroblast counts and hydroxyproline 
content) of dermal fibrosis in murine sclerodermatous cGvHD. Vertical black bars indicate dermal thickness. (D) Representative images of trichrome 
staining of lung sections at 200-fold magnification. Effects of mCAN10 on histological and biochemical fibrosis outcomes (Ashcroft scores, 
hydroxyproline content and fibrosis covered area) of pulmonary fibrosis in murine cGvHD. The statistical significance was determined by one-way 
analysis of variance with Dunnett’s multiple comparison test. P values are expressed as follows: 0.05>p > 0.01 as *; 0.01>p > 0.001 as **; p<0.001 
as *** as compared with mice 3 weeks after allogeneic BMT (pretreatment). 0.05>p > 0.01 as #; 0.01>p > 0.001 as ##; p<0.001 as ### as compared 
with vehicle-treated mice 7 weeks after allogeneic BMT. 0.05>p > 0.01 as +; 0.01>p > 0.001 as ++; p<0.001 as +++ as compared with mice treated 
with control antibody 7 weeks after allogeneic BMT (pretreatment). BMT, bone marrow transplantation; cGvHD, chronic graft-versus-host disease; 
DPBS, Dulbecco's phosphate buffered saline.
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Identification of IL1RAP-regulated target genes in 
experimental cGvHD
To identify downstream targets of IL1RAP, we performed 
RNASeq from skin samples of mice with syngeneic and allo-
geneic transplantation (both treated with isotype control anti-
body) and from allogeneically transplanted mice treated with 
mCAN10. A comparison of samples from allogeneically trans-
planted mice and mice with syngeneic transplantation using the 
prespecified cut-offs of false discovery rate (FDR) ≤0.05 and 
|log2FC|≥1.5 demonstrated 1614 differentially expressed genes 
(DEGs), 1093 of which were upregulated and 521 of which were 
downregulated (data not shown). A comparison of samples from 
allogeneically transplanted mice treated with mCAN10 antibody 
and allogeneically transplanted mice treated with isotype control 
antibody using the prespecified cut-offs of FDR ≤0.05 and 
|log2FC|≥1 demonstrated 1539 genes, 823 of which were 
upregulated and 716 of which were downregulated (mCAN10_
DEGs) (figure  5A,B). Functional over-representation analysis 
from g:Profiler and Gene Set Enrichment Analysis demonstrated 
statistically significant modulation in particular of processes 
related to inflammation on IL1RAP inhibition (figure  5C,D). 
RNASeq data also revealed that treatment with mCAN10 modu-
lates the expression of several profibrotic cytokines, such as Il6, 
Il36(a, b, g), Il1(a, b), Pdgfs, Tgfb1 and canonical Wnts (Wnt10, 
Wnt2, Wnt3 and Wnt3a) as well as Ifng (Ifna was not detectable, 
and Ifnb remained unchanged) (online supplemental figure 9).

To demonstrate the relevance of these DEGs for the pathogen-
esis of human SSc, we assessed the overlap between Allo-DEGs 
(Allo vs Syn), mCAN10_DEGs (mCAN10 vs Allo) and genes 
differentially expressed in SSc skin (SSc-DEGs, SSc vs healthy; 
GSE59787). We found an overlap of 273 genes between Allo-
DEGs and SSc-DEGs. Inclusion of the mCAN10_DEGs yielded 
167 overlapping genes between the three groups (figure  5E), 
which corresponds with approximately 11% of the mCAN10_
DEGs and 10% Allo-DEGs. mCAN10 treatment thus affects 
61% of the human SSc-relevant genes that are also dysregulated 
in the cGvHD mouse model (figure 5E). In addition, mCAN10 
affects another 149 genes dysregulated in patients with SSc but 
not recapitulated in the Allo versus Syn comparison.

The principal component analysis demonstrated significant 
changes on the treatment of allogeneically transplanted mice 
with mCAN10 and with nintedanib compared with the respec-
tive control groups (figure 6A). Both treatments showed clearly 
distinct DEG profiles, suggesting different underlying mecha-
nisms of action. mCAN10_DEGs and Nin_DEGs demonstrated 
an overlap of only 20% and 29%, respectively (figure  6B), 
demonstrating that the majority of CAN10 and nintedanib-
regulated genes are distinct. Similar findings were obtained 
by Gene Ontology enrichment analysis. Here, the majority 
of function terms were specific for CAN10 and nintedanib 
(figure 6C). The overlapping terms commonly included down-
stream categories of tissue remodelling such as ‘wound healing’ 
or ‘mesenchymal cell development’ besides specific features 
of inflammation such as ‘IL-6 production’. Specific functional 
terms related to CAN10 treatment included several terms such 
as ‘regulation of IL-10 production’, ‘negative regulation of IL-2 
production’, ‘response to IL-18’ and ‘negative regulation of 
IL-1ß production’ (figure  6D), highlighting prominent effects 
of CAN10 on inflammation. In contrast, nintedanib treatment 
affected terms related to growth factor or cytokine response, 
including fibroblast growth factor, TGFβ and IL-1, and their 
downstream signalling pathways, such as mitogen-activated 
protein kinase, c-Jun N-terminal kinase or SMAD. These results 

suggested that mCAN10 and nintedanib ameliorate fibrosis in 
experimental cGvHD through distinct molecular mechanisms.

Treatment of pre-established bleomycin-induced and topo-
induced fibrosis with an anti-IL1RAP antibody
We next aimed to confirm the antifibrotic effects of targeting 
IL1RAP in additional mouse models of SSc. We therefore 
employed the mouse model of bleomycin-induced dermal 
fibrosis as it is the most widely used murine model of SSc with 
inflammation-driven skin fibrosis. Expression profiling of the 
skin of mice with bleomycin-induced fibrosis (from the publicly 
available dataset, GSE132869) demonstrated the upregulation 
of multiple IL-1 family signalling molecules with an SSc-like 
pattern of induction within the first 2 weeks of bleomycin chal-
lenge (online supplemental figure 10A). For most of the dereg-
ulated genes, the changes persisted for 2 weeks after the last 
bleomycin injection, providing evidence for a prolonged deregu-
lation on bleomycin challenge (online supplemental figure 10B).

The challenge of mice with bleomycin induced prominent 
local skin fibrosis with increased dermal thickness, hydroxypro-
line content and accumulation of myofibroblasts (figure 7A,B). 
Treatment with mCAN10 that started at the 4th week of bleo-
mycin challenge resulted in reduced dermal thickening, accu-
mulation of hydroxyproline and myofibroblast differentiation 
as compared with mice treated with vehicle or with control 
isotype antibody (figure  7B). Mice treated with mCAN10 
showed comparable dermal thickness, myofibroblast counts 
and hydroxyproline content as mice challenged with bleomycin 
for only 3 weeks, suggesting that treatment with mCAN10 
completely prevented the progression of bleomycin-induced 
skin fibrosis. The antifibrotic effects of mCAN10 were within 
the range of those observed with 50 mg/kg/qd nintedanib.

To confirm that targeted inactivation of IL1RAP is also effec-
tive in autoimmune-mediated fibrotic tissue remodelling, we 
next evaluated the efficacy of mCAN10 in the mouse model 
of topoisomerase-I-induced dermal and pulmonary fibrosis. 
Injection of human topo-antigen in combination with complete 
freund’s adjuvant (CFA) (topo mice) induced dermal and pulmo-
nary fibrosis in mice compared with controls injected only 
with CFA. Topo mice demonstrated increased dermal thick-
ness, hydroxyproline content and myofibroblasts in the skin 
(figure  8A,B). Treatment with mCAN10 that started on the 
3rd week after the first topo-injection significantly ameliorated 
dermal thickening, accumulation of hydroxyproline and myofi-
broblast differentiation as compared with vehicle-treated mice 
or mice injected with the isotype control antibody (figure 8B). 
mCAN10 also reduced collagen deposition and histological 
changes as assessed by Ashcroft scoring of the lung from mice 
injected with topoisomerase-I (figure  8C). The antifibrotic 
effects of mCAN10 in the topo-model were comparable with 
those of daily high-dose nintedanib (figure 8B,C).

Throughout all three mouse models, treatment with mCAN10 
was well tolerated without obvious signs of toxicity on clinical 
examination, on gross necropsy or on histology. We also did not 
observe an increased infection rate in our mouse experiments. 
Toxicity studies in preparation for clinical development did not 
show any treatment-related adverse events (data not shown).

DISCUSSION
IL-1α and IL-1β are well-known key mediators of inflammation, 
and IL-33 and more recently also IL-36 have also been impli-
cated in the pathogenesis of fibrotic tissue remodelling.21–25 
IL1RAP is an essential coreceptor required for IL-1-dependent, 
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Figure 5  Comparison of differentially expressed genes (DEGs) in allogeneically transplanted mice treated with anti-IL1RAP or isotype control 
antibody. (A) Heatmap illustration showing the DEGs of allogeneic mice treated with the mCAN10 antibody (mCAN10_DEGs) compared with 
allogeneic mice treated with isotype control antibody (Allo_DEGs). (B) Volcano plot of mCAN10_DEGs with the expression of each gene plotted as 
the log2-fold change and log2-log10-FDR. (C) Differentially regulated biological processes according to over-representation analysis (ORA). (D) Selected 
enriched biological processes according to GSEA. (E) Venn diagrams showing the overlap between Allo-DEGs, mCAN10_DEGs and human SSc-DEGs 
(NCBI/GEO/GSE59787). BMP, bone morphogenetic protein; FDR, false discovery rate; ERK, extracellular signal-regulated kinase; SSc, systemic sclerosis; 
STAT, signal transducer and activator of transcription.
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IL-33-dependent and IL-36-dependent signalling, and targeting 
of IL1RAP thus offers potential to simultaneously inhibit several 
signalling pathways implicated in the pathogenesis of SSc and 
other fibrotic diseases. In addition to the profibrotic effects of the 
extracellular ligands, aberrant synthesis of intracellular precursor 
IL-1α in skin fibroblasts of patients with SSc has also been shown 
to be associated with the induction of IL-6 and procollagen.26 
Mechanistically, IL-1α forms complexes with IL-1α-binding 
proteins that translocate to the nuclei of fibroblasts to regulate 
gene expression.27 Whether targeting of IL1RAP may (indi-
rectly) interfere with this intracellular mechanism, for example, 
by regulations of associated signalling molecules, or whether this 

profibrotic mechanism may remain unaffected requires further 
studies.

We demonstrate in well-defined cohorts of patients with SSc 
that genes and functional terms regulated by IL-1, IL-33 and IL-36 
are perturbed in SSc skin compared with normal skin. Of note, 
each of these cytokines regulates a distinct set of genes related 
to different pathophysiological processes in SSc, thus providing 
a theoretical background for synergistic effects of combined 
targeting of these cytokines. Moreover, mRNA of multiple 
central signalling components of IL1RAP-associated cytokines 
is differentially expressed in SSc skin. We further demonstrate 
by IMC that the protein levels of IL1RAP are increased in SSc. 

Figure 6  Comparison of differentially expressed genes (DEGs) in allogeneically transplanted mice treated with mCAN10 or nintedanib. (A) Principal 
component analysis depicting the distribution of various sample groups. (B) Intersection of DEGs between nintedanib-treated mice (Nin_DEGs) 
and mCAN10-treated mice (mCAN10_DEGs), using a p-adjusted value cut-off of ≤0.05 and a |log2 fold change| cut-off of ≥1. (C) The number of 
overlapping biological process-related terms between mCAN10 and nintedanib treatment. (D) Comparison plot illustrating the signature signalling 
pathways between nintedanib and mCAN10 treatments. ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAP, mitogen-
activated protein.
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Several central cellular players in the pathogenesis of SSc such 
as fibroblasts, endothelial cells and different inflammatory cells 
express IL1RAP along with IL1R1, IL33R and IL36R and may 
thus be targeted by IL1RAP inhibition. Thus, IL-1, IL-33 and 
IL-36 signalling is activated in different pathophysiologically 
relevant cell types in the skin of patients with SSc across different 
cohorts and may be targeted by IL1RAP inhibition.

We show for the first time that combined inhibition of IL-1, 
IL-33 and IL-36 signalling by a neutralising anti-IL1RAP anti-
body exerts therapeutic effects in preclinical models of fibrosis. 
Therapeutic treatment with the mouse anti-IL1RAP anti-
body mCAN10 demonstrated potent anti-inflammatory and 

antifibrotic effects in the mouse models of bleomycin-induced, 
cGvHD-induced and topo-induced dermal and pulmonary 
fibrosis. These models resemble different subgroups of patients 
with severe, progressive SSc and different aspects of its patho-
genesis. The mouse model of cGvHD-induced fibrosis empha-
sises the role of T cell-driven inflammation in early stages of 
disease development and represents patients with rapidly 
progressive SSc with multiorgan involvement. The model of 
topo-induced fibrosis recapitulates the autoimmune aspects of 
SSc and mimics the subgroup of patients with SSc with auto-
antibodies against topoisomerase I, pulmonary involvement and 
high risk of progression. Bleomycin-induced dermal fibrosis 

Figure 7  Effects of the anti-IL1RAP antibody mCAN10 on bleomycin-induced dermal fibrosis. (A) Schematic illustration of experimental procedure. 
(B) Representative images of H&E staining at 200-fold magnification. Vertical black bars indicate dermal thickness. Lower panel with bar graphs 
for dermal thickness, myofibroblast counts and hydroxyproline content. The statistical significance was determined by one-way analysis of variance 
with Dunnett’s multiple comparison test. * indicates significant differences among bleomycin group treated with isotype control antibody and other 
groups. P-values are expressed as follows: 0.05>p > 0.01 as *; 0.01>p > 0.001 as **; p<0.001 as ***.
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Figure 8  Effects of the anti-IL1RAP antibody mCAN10 on histological and biochemical fibrosis outcomes of topoisomerase I (topo I)-induced 
dermal fibrosis. (A) Schematic illustration of the experimental procedure. (B) Representative images of H&E staining of skin sections at 200-
fold magnification. Vertical black bars indicate dermal thickness. Lower panel with bar graphs for dermal thickness, myofibroblast counts and 
hydroxyproline content. (C) Representative images of trichrome staining of lung sections at 200-fold magnification. Lower panel with bar graphs 
for Sirius red stained area (collagen content) and Ashcroft score. The statistical significance was determined by one-way analysis of variance with 
Dunnett’s multiple comparison test. * indicates significant differences among topoisomerase I-induced fibrosis group treated with isotype control 
antibody and other groups. P values are expressed as follows: 0.05>p > 0.01 as *; 0.01>p > 0.001 as **; p<0.001 as ***. CFA, complete freund’s 
adjuvant; DPBS, Dulbecco's phosphate buffered saline; IL1RAP, interleukin 1 receptor accessory protein.
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resembles patients with inflammation-driven, actively progres-
sive skin fibrosis. All three models thus represent subgroups 
of patients having SSc with active, inflammatory SSc that are 
commonly recruited for clinical trials in SSc. Importantly, and 
similar to what was seen in human SSc skin biopsies, multiple 
IL1RAP-dependent signalling pathways were activated in skin 
biopsies from each model, strengthening the case for multiple 
cytokine pathway blockade in SSc by targeting IL1RAP.

RNAseq analysis of the pathways affected by the anti-IL1RAP 
antibody mCAN10 and subsequent comparison by transcrip-
tional changes in the skin of patients with SSc demonstrates 
that the inhibition of IL1RAP regulates multiple pathways with 
central roles in the pathogenesis of SSc. In all three models, 
treatment with the anti-IL1RAP antibody was initiated on the 
first clinical signs of disease. We thus simulated an early onset 
of treatment of patients after clinical diagnosis, rather than a 
preventive setting, which is not realistic in most clinical settings. 
In both models, IL1RAP blockade demonstrated potent antifi-
brotic effects on dermal and pulmonary fibrosis with reduced 
histological and biochemical parameters of fibrosis compared 
with the isotype control antibody. Although these findings may 
benefit from confirmation in human ex vivo models, our data 
provide strong evidence that targeting IL1RAP may offer poten-
tial for antifibrotic therapies.

Treatment with mCAN10 was well tolerated throughout the 
different model systems used in our study including long-term 
application for up to 8 weeks without evidence of adverse effects 
on clinical monitoring or gross autopsy. Consistent with these 
findings, IL1RAP knockout mice do not show an overt pheno-
type.28 29 The good tolerance of IL1RAP targeting despite the 
inhibition of multiple IL-1 family signalling pathways may 
reflect the fact that most IL-1 family members are expressed 
at rather low levels under homeostatic conditions. Our expres-
sion profiling demonstrates that most signalling components 
are expressed at relatively low levels in normal healthy skin 
but are prominently induced in SSc skin. IL1RAP targeting may 
thus have only minimal effects on tissue maintenance under 
homeostatic conditions. A recent phase I study with a related 
anti-IL1RAP antibody, nadunolimab (also known as CAN04), 
in patients with solid tumours demonstrated a favourable safety 
profile,30 providing evidence that inhibition of IL1RAP might 
not be hindered by adverse events.

In summary, our study (1) demonstrates deregulation of 
IL1RAP-related signalling pathways in the skin of patients with 
SSc as well as regulation of specific SSc-DEGs by each of the 
IL1RAP-related cytokines; (2) provides evidence for profibrotic 
effects of the upstream cytokines IL-1, IL-33 and IL-36; and (3) 
demonstrates in complementary mouse models that therapeutic 
application of a neutralising antibody against IL1RAP amelio-
rates fibrosis at well-tolerated doses. These findings provide a 
rationale for targeted inhibition of IL1RAP in SSc and related 
fibrotic diseases and have high translational potential as CAN10 
has recently entered a phase I clinical trial and has been granted 
orphan drug designation for the treatment of SSc in the USA.
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