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ABSTRACT
Background  Pancreatic ductal adenocarcinoma 
(PDAC) represents a major clinical challenge due to 
its tumor microenvironment, which exhibits immune-
suppressive properties that facilitate cancer progression, 
metastasis, and therapy resistance. Interleukin 1 (IL-1) 
signaling has been implicated as a driver in this process. 
Mechanistically, both IL-1α and IL-1β bind to the IL-1 
receptor type 1, forming a complex with IL-1-receptor 
accessory protein (IL1RAP), which triggers downstream 
signaling pathways. The IL1RAP blocking antibody 
nadunolimab is currently in clinical development, but the 
precise consequences of inhibiting IL-1 signaling in PDAC 
remains elusive.
Methods  To evaluate the biological relevance of blocking 
IL1RAP using nadunolimab in a PDAC animal model, 
human PDAC cells and cancer-associated fibroblasts 
(CAFs) were co-transplanted into mice. To study the 
underlying mechanisms of IL1RAP blockade ex vivo, 
co-cultured PDAC cells and CAFs were treated with 
nadunolimab prior to RNA sequencing. Migration assays 
were performed to assess how nadunolimab affects 
interactions between CAFs and myeloid immune cells. 
Finally, to establish a clinical correlation between IL1RAP 
expression and nadunolimab treatment effects, we 
analyzed tumor biopsies from a clinical phase I/II study in 
which nadunolimab was administered to patients.
Results  In the xenograft mouse model, nadunolimab 
exhibited antitumor effects only when human CAFs were 
co-transplanted with PDAC cells. IL-1 stimulation induced 
CAFs to secrete chemokines that recruited neutrophils 
and monocytes. The secretion of this chemokine and the 
migration of myeloid cells were inhibited by nadunolimab. 
Media conditioned by IL-1-stimulated CAFs sustained a 
neutrophil population with a tissue invasion phenotype, 
an effect that was reversed by nadunolimab. In a 
cohort of metastatic late-stage PDAC patients receiving 
nadunolimab as monotherapy, high IL1RAP expression in 
tumors was associated with extended progression-free 
survival.
Conclusions  Our study demonstrates that targeting 
IL1RAP on CAFs inhibits IL-1-induced chemokine secretion 
and recruitment of neutrophils and monocytes, thereby 
counteracting the immunosuppressive microenvironment 

in PDAC. These findings highlight the therapeutic potential 
of targeting IL1RAP in PDAC.

BACKGROUND
Pancreatic cancer is a highly aggressive disease 
associated with poor outcomes. The predom-
inant form of pancreatic cancer is pancre-
atic ductal adenocarcinoma (PDAC), which 
has a 5-year survival below 5%.1 Within the 
complex tumor microenvironment (TME), 
cancer-associated fibroblasts (CAFs) play a 
crucial role, contributing substantially to the 
tumor’s composition and behavior. Among 
several functions, the CAFs secrete cytokines 
and growth factors that promote tumor cell 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ IL-1 contributes to the formation of the immuno-
suppressive tumor microenvironment of pancreatic 
ductal adenocarcinoma (PDAC).

	⇒ IL1RAP is a coreceptor for the IL-1 receptor and a 
candidate therapeutic target in PDAC.

WHAT THIS STUDY ADDS
	⇒ Antibody-based targeting of IL1RAP blocks IL-1α 
and IL-1β signaling in cancer-associated fibro-
blasts, which prevents the release of chemokines 
and myeloid cell chemotaxis.

	⇒ While high IL1RAP expression in PDAC is asso-
ciated with shorter survival in patients treated 
with standard of care, it was linked to prolonged 
progression-free survival in patients that received 
the IL1RAP-targeting antibody nadunolimab.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study increases our understanding of how 
IL1RAP blockade disrupts the immunosuppressive 
microenvironment in PDAC, highlighting the poten-
tial of IL1RAP inhibition as a promising therapeutic 
approach for treatment of PDAC patients.
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proliferation, survival, invasiveness, and therapy resis-
tance.2–4 The pancreatic TME also comprises infiltrating 
immune cells dominated by myeloid cells such as neutro-
phils and monocytes/macrophages, while cytotoxic T 
cells are sparse.2

Interleukin-1 (IL-1) signaling plays a key role in shaping 
the TME by regulating CAF behavior.5–8 However, a 
consensus on whether primarily IL-1α or IL-1β regulates 
CAFs in PDAC has still not been reached.5–11 Downstream 
mediators of IL-1 signaling, such as IL-6 and LIF, promote 
the inflammatory TME by regulating cytokine secretion, 
supporting processes like angiogenesis and immune 
regulation as well as promoting metastasis.3 5 12 13 Mecha-
nistically, IL-1 signals through a receptor heterodimer of 
interleukin-1 receptor type I (IL1R1) and interleukin-1 
receptor accessory protein (IL1RAP), ultimately leading 
to NFκB activation.14–17 IL1RAP plays a critical role also 
for IL-33 and IL-36 signaling.18

In cancer, IL1RAP was initially identified as upregulated 
on leukemia stem cells and allows for selective targeting 
of this cell population.19–22 Given its elevated expression 
across multiple cancers, and the role of IL-1 signaling in 
tumor progression, IL1RAP has emerged as a promising 
therapeutic target also in solid tumors.23–25 Nadunolimab 
(CAN04) is a fully humanized IL1RAP-targeting antibody 
and exerts anticancer effects by two independent mech-
anisms. It blocks signaling by IL-1α and IL-1β24 26 and 
induces FcɣR-mediated killing by immune effector cells. 
In PDAC, inhibition of IL-1 signaling by nadunolimab in 
combination with chemotherapy increases the antitumor 
activity in mice, however, the role of the TME for these 
effects was not investigated.27 Nadunolimab is well toler-
ated by patients24 and is currently evaluated for treatment 
of PDAC in a phase I/II clinical trial (NCT03267316).

In this study, we found that IL-1, secreted by PDAC 
cells, stimulates CAFs to release chemokines that induce 
chemotaxis of monocytes and neutrophils. Nadunolimab 
reversed these effects and decreased neutrophil survival. 
High IL1RAP expression in PDAC patients treated with 
nadunolimab as a monotherapy was associated with 
extended progression-free survival. These findings 
underscore a role for IL1RAP-mediated signaling in the 
immunosuppressive TME, supporting the potential of 
nadunolimab for treatment of PDAC.

METHODS
PDAC xeno-transplantations in mice
Approximately 3 weeks after subcutaneous transplanta-
tion of 2.7×106 BxPC-3 alone or mixed with 5.3×106 CAFs 
into BALB/c nude mice, when tumors reached the size of 
70–130 mm3, the mice were randomized into treatment 
groups. The mice received intraperitoneal injections of 
either mouse IgG2a isotype control or a mouse IgG2a 
variant of nadunolimab (anti-human IL1RAP) at a dose 
of 10 mg/kg, administered twice on the first day and 
then twice weekly. Tumor growth and mouse weight were 
continuously measured.

BxPC-3 and CAF co-cultures
CAF08 cells were acquired from Vitro Biopharma and 
maintained in MSC-Gro Pancreatic Stellate CAFs Main-
tenance Medium (Vitro Biopharma). BxPC-3 cells were 
acquired from ATCC. For preparation of conditioned 
media, we used RPMI media (Gibco) supplemented with 
10% heat-inactivated fetal bovine serum and 1% Peni-
cillin/streptomycin (Hyclone). For co-cultures, 250,000 
BxPC-3 cells and 500,000 CAFs were seeded separately or 
mixed in 6 well plates with 3 mL medium supplemented 
with 20 µg/mL nadunolimab (Cantargia AB) or matching 
human IgG1 isotype. Co-cultures were also performed 
with antibodies neutralizing IL-1α and IL-1β, both of 
human IgG1 isotype and used at 20 µg/mL and produced 
at Innovagen, or with anakinra (500 ng/mL (Swedish 
Orphan Biovitrum)). For preparation of CAF conditioned 
media, 500,000 CAFs were seeded per well in 6-well plates 
in a final volume of 3 mL RPMI media (Gibco) supple-
mented with 10% heat-inactivated fetal bovine serum and 
1% Penicillin/streptomycin (Hyclone) and incubated 
for 24 hours to adhere. The media was exchanged, and 
cultures were supplemented with IL-1 (0.1 ng/mL IL-1α 
and 0.1 ng/mL IL-1β (Peprotech)) and 20 µg/mL of anti-
bodies, as indicated in figures, and cultured for an addi-
tional 24 hours before the media was harvested.

Chemotaxis assays
Concentrated leucocytes were obtained from healthy 
blood donors in the morning and cells were prepared 
within 8 hours after blood collection. Peripheral blood 
mononuclear cells (PBMCs) and granulocytes were 
separated by centrifugation with Lymphoprep (Stemcell 
Technologies). PBMCs and low density (LD) granulocytes 
were collected from the interphase and normal density 
(ND) granulocytes from the erythrocyte pellet, subse-
quently, erythrocytes were lysed with ACK lysing buffer 
(Thermo Fisher Scientific). The cells used in the assays 
were incubated with Trustain Fc block (Biolegend) and 
prestained with antibodies prior to experiments. Co-cul-
ture conditioned media was added to 24 well plates (undi-
luted for PBMC analysis, diluted 1:2 for monocytes and LD 
neutrophils, and 1:4 for ND neutrophils). The prepared 
leucocytes were applied in PET 3 µm pore diameter Milli-
cell cell culture inserts (Merck), for 1 hour (ND neutro-
phils) or 3 hours (PBMCs and LD neutrophils). Cells that 
migrated through the insert into the media were collected 
and analyzed by flow cytometry after addition of Count-
Bright beads (Thermo Fisher Scientific) and Propidium 
Iodide (Becton Dickinson) in PBS. For reagents used for 
flow cytometry, see online supplemental table 1.

RESULTS
IL1RAP has broad expression in pancreatic tumors and is 
associated with poor outcomes
To assess the expression of IL-1-related genes in pancre-
atic tumors, we used global gene expression data from 
TCGA-PDAC and normal pancreas samples (GTEx).28 29 
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Expression of IL1A, IL1B, IL1R1 and IL1RAP was signifi-
cantly higher in pancreatic tumors compared with normal 
pancreas tissue (figure  1A). Whereas the expression of 
IL1A, IL1B or IL1R1 did not significantly correlate to 
patient outcome, high IL1RAP expression was associated 
with poor survival (online supplemental figure S1A,B). 
Consistent with this finding, high IL1RAP expression was 
strongly associated with worse survival also in the larger 

Know Your Tumor PDAC patient cohort predominantly 
consisting of stage III and IV patients30 31 (figure 1B and 
online supplemental figure S1C). Moreover, IL1RAP was 
significantly upregulated in stage IV PDAC patients and 
associated with poor outcomes within this group (online 
supplemental figure S1D). Since IL1RAP is essential 
also for IL-33 and IL-36 signaling, we investigated their 
expression in the tumors. While IL36 expression was not 

Figure 1  IL1RAP is broadly expressed in pancreatic tumors. (A) Gene expression data from GTEx and TCGA public datasets, 
comparing gene expression in normal pancreatic tissue (N=167) with pancreatic ductal adenocarcinoma (PDAC) tumors 
(N=150). (B) Survival analysis of PDAC patients grouped by median IL1RAP expression in the Know Your Tumor data set. 
(C–E) IHC stains for IL-1α, IL-1β, and IL1RAP in a PDAC tumor, showing expression on cancer cells (left images), cancer-
associated fibroblasts (CAFs) (middle images), and immune cells (right images). The images shown are representative stains 
out of five tumors tested. A 2.5× magnification of selected cells is shown in the upper right corner. Significance calculated 
by Mann-Whitney test in (A) and by Log-rank (Mantel-Cox) test in (B). Significance levels are indicated as ****p<0.0001. IHC, 
Immunohistochemistry.
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detected in most samples, IL33 expression was higher in 
PDAC than in normal pancreas but did not correlate with 
survival (online supplemental figure S1E,F). For a more 
detailed assessment of IL-1 expression in PDAC tumors, 
we performed immunohistochemistry on tumor biop-
sies from patients. The epithelial tumor cells displayed 
uniform expression of IL-1α while CAFs and immune 
cells had weak or no expression (figure 1C). For IL-1β, 
a few tumor cells spread across the tumor showed strong 
expression, and the stroma was negative, with expression 
on some infiltrating immune cells (figure 1D). Moreover, 
the majority of both epithelial tumor cells, CAFs and 

immune cells stained positive for IL1RAP (figure  1E). 
The ubiquitous IL1RAP expression on cancer and stroma 
cells in the PDAC tumors, and association with poor 
outcome, suggest that targeting IL1RAP could have ther-
apeutic potential in PDAC.

Targeting IL1RAP has CAF-dependent anticancer effects
To evaluate the therapeutic potential of targeting 
IL1RAP, we established subcutaneous PDAC xeno-
grafts using the human PDAC cell line BxPC-3 either 
alone or cotransplanted with PDAC patient-derived 
CAFs (figure  2A). IL1RAP expression was confirmed 

Figure 2  Nadunolimab elicits a CAF-dependent antitumor effect. (A) Experimental outline of in vivo experiments with BxPC-3 
cells transplanted subcutaneously into mice, alone or mixed with CAFs before injection. The recipient mice were subsequently 
divided into groups (N=9–10) and treated with a murine IgG2a variant of the human-specific IL1RAP antibody nadunolimab, 
or matching isotype control (10 mg/kg, twice per week). Tumor volumes were monitored, and tumor tissue harvested at 
experimental endpoint (created with BioRender.com). (B) Tumor size of mice receiving BxPC-3 cells alone (left panel) or mixed 
with CAFs (right panel). Mean tumor volume and SE of the mean are plotted. Significance between isotype and nadunolimab-
treated groups over the treatment period is indicated and calculated by two-way ANOVA test of the three treatment arms 
with Tukey correction. (C–D) IHC stain of tumors at the experimental endpoint, using human specific (C) and mouse specific 
(D) IL1RAP antibodies. *BxPC-3-regions, +CAF-regions. ANOVA, analysis of variance; CAF, cancer-associated fibroblast; IHC, 
immunohistochemistry.
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on both BxPC-3 cells and CAFs (online supple-
mental figure S2). Mice with established tumors were 
treated with a mouse Fc-variant of the IL1RAP anti-
body nadunolimab, which exhibited no discernible 
effect in mice transplanted with BxPC-3 cells alone. 
In contrast, tumor growth was significantly reduced in 
mice transplanted with a mix of BxPC-3 cells and CAFs 
(figure  2B). These findings suggest that blocking 
IL1RAP disrupted critical interactions between 
human CAFs and BxPC-3 cells. At the experimental 
endpoint, the tumors displayed similar morphology 
across all groups with BxPC-3 cells staining positive 
for human IL1RAP while stromal cells almost exclu-
sively expressed murine IL1RAP (figure  2C,D). This 
indicates that human CAFs had been replaced by 
mouse stromal cells at the experimental endpoint. 
Collectively, our data indicate that the nadunolimab 
treatment results in a suppression of tumor growth, 
an effect that was dependent on human CAFs in the 
tumors.

IL1RAP inhibition primarily affects CAFs
To elucidate how IL1RAP blockage impact CAF and 
PDAC interactions, a co-culture system was established 
(figure 3A). The co-cultures developed distinct regions 
composed of CAFs and BxPC-3 cells, resembling 
the cellular architecture found in primary tumors 
(figure 3B). Notably, the co-culture media contained 
approximately 50-fold more IL-1α than IL-1β, and 
nadunolimab did not affect the IL-1 concentrations 
(figure 3C). Separate cultures of CAFs and BxPC-3 cells 
indicated that IL-1α primarily originated from BxPC-3 
cells (figure 3C). IL-33 and IL-36γ were not detected 
in the cultures suggesting that they did not influence 
CAF and PDAC interactions in this model (data not 
shown). Importantly, IL-6 and LIF secretion, which are 
known downstream targets of IL-1 and important for 
TME formation,32 were both significantly reduced with 
nadunolimab (figure 3D, online supplemental figure 
S3A), confirming the inhibition of IL-1 signaling. In 
contrast, the level of TGF-β1, another important CAF 
regulator,5 33 remained unchanged (online supple-
mental figure S3B).

To investigate how IL1RAP inhibition influenced 
the co-cultured cells, we performed RNA sequencing 
of sorted BxPC-3 cells and CAFs following naduno-
limab treatment (figure 3A). Nadunolimab treatment 
resulted in only six differentially expressed genes 
in BxPC-3 cells, while 294 genes were differentially 
expressed in CAFs (false discovery rate, FDR<0.01, 
figure  3E,F, online supplemental figure S3C, and 
online supplemental table S2). These data show 
that IL1RAP inhibition predominantly affected the 
CAFs. To extrapolate biological relevance of the gene 
expression changes, we conducted gene set enrich-
ment analysis. In line with IL1RAP being essential for 
IL-1 signaling, a gene set of cellular response to IL-1 
was among the most significant negatively enriched 

gene sets in the CAFs (FDR<0.001, figure  3G), but 
not significantly enriched in BxPC-3 cells (FDR: 
0.26, online supplemental figure S3D). In CAFs, 137 
gene sets were negatively enriched on nadunolimab 
treatment, encompassing various gene sets related to 
myeloid cell migration, including neutrophil chemo-
taxis (FDR<0.001, figure 3G and online supplemental 
table S3). These findings highlight that IL1RAP inhibi-
tion primarily affected CAFs and suggests that myeloid 
cell chemotaxis is inhibited by IL1RAP blockade.

IL1RAP blockade on CAFs reduces IL-1-induced secretion of 
chemokines
Consistent with the suppression of neutrophil migra-
tion, the chemokines, CXCL1, CXCL2, CXCL5, CXCL6 
and CXCL8, ligands for CXCR1 and CXCR2, were all 
downregulated in CAFs following nadunolimab treat-
ment (figure 3E and figure 4A). This transcriptional 
downregulation translated into a decrease in the corre-
sponding neutrophil chemoattractants in the co-cul-
ture media (figure 4B and online supplemental figure 
S4A). Given the presence of both IL-1α and IL-1β in 
pancreatic tumors (figure  1), we next investigated if 
they affected the secretion of these chemokines. Both 
IL-1α and IL-1β induced secretion of CXCL1, CXCL2, 
CXCL5, CXCL6, and CXCL8 by CAFs, confirming that 
they are regulated by IL-1. This response was reversed 
by nadunolimab (figure 4C and online supplemental 
figure S3B). To evaluate the clinical relevance of these 
observations, we compared the expression of the CXCL 
chemokines in the GTEx and TCGA-PDAC patient 
data sets. All except CXCL2 showed significantly 
elevated expression in pancreatic tumors compared 
with healthy pancreas (figure 4D) but were not signifi-
cantly associated with shorter survival (online supple-
mental figure S4C,D). These findings suggest that 
signaling through the IL1RAP/IL1R1 complex on 
CAFs induces the expression of multiple chemokines, 
which can be blocked by nadunolimab.

Inhibition of IL1RAP reduces neutrophil recruitment and 
survival mediated by CAFs
Infiltration of neutrophils into PDAC tumors is gener-
ally associated with poor outcomes.34 35 Since several of 
the chemokines that were downregulated by IL1RAP 
inhibition are important for neutrophil migration we 
conducted a chemotaxis assay using healthy neutro-
phils and co-culture media to evaluate the impact of 
nadunolimab on neutrophil migration (figure 5A,B). 
Consistent with the increased secretion of chemok-
ines on IL-1 stimulation of CAFs, the BxPC-3 and CAF 
co-culture media induced migration of both ND and 
LD neutrophils, an effect that was reversed by addi-
tion of nadunolimab in the co-culture (figure  5C). 
A similar reduction in migration was observed with 
the addition of an IL-1α neutralizing antibody or 
Anakinra, an IL-1 receptor antagonist which blocks 
both IL-1α and IL-1β. In contrast, blocking of IL-1β 
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had no discernible impact on neutrophil migration 
(figure 5C).

To assess whether cytokines secreted by CAFs also 
affected the maintenance of neutrophils, we cultured 
neutrophils in media from CAFs stimulated with IL-1α 
and IL-1β. This media promoted neutrophil survival 
(figure  5D), and the emergence of a CD16+CD62L− 
population with increased CD11b expression, consis-
tent with neutrophil activation and increased migratory 
capacity (figure 5E,F and online supplemental figure 

S5). Reactive oxygen species (ROS), a key part of 
neutrophil activation, was higher in the neutrophils 
exposed to conditioned media from IL-1 stimulated 
CAFs (figure 5G). These effects were inhibited by the 
addition of nadunolimab (figure  5D–G and online 
supplemental figure S5). In contrast, direct IL-1 stim-
ulation of neutrophils did not induce these changes 
(online supplemental figure S6), showing that the 
observed neutrophil phenotype was CAF-mediated. 
These observations suggest that IL-1 stimulation 

Figure 3  Nadunolimab treatment primarily affects cancer-associated fibroblasts (CAFs). (A) The pancreatic ductal 
adenocarcinoma (PDAC) cell line BxPC-3 and CAFs were cultured separately or in a mixed co-culture, with 20 µg/mL 
nadunolimab or isotype control antibody for 3 days. The BxPC-3 cells and CAFs were sorted by flow cytometry based on 
EpCAM expression, and followed by RNA sequencing. Cell culture media was harvested for further experiments (created with 
BioRender.com). (B) Image of a co-culture with CAF and BxPC-3 cells indicated. (C) Concentration of IL-1 in media from single 
and co-cultures with nadunolimab or isotype control. (D) Concentration of IL-6 in media. (E) Volcano plot of genes dysregulated 
in CAFs from co-cultures treated with nadunolimab. (F) Number of genes significantly dysregulated (FDR<0.01) following 
nadunolimab treatment. (G) GSEA enrichment plots showing gene sets negatively enriched in CAFs following nadunolimab 
treatment. Significance in (C) and (D) was calculated using one-way ANOVA with Šidák correction and the indicated 
comparisons and bar shows mean value with N=3. To identify significantly dysregulated gens in (E) and (F), we used a Wald test 
with Benjamini-Hochberg multiple test correction. Significance levels are indicated as *p<0.05, ****p<0.0001. ANOVA, analysis 
of variance; FDR, false discovery rate; GOBP, gene ontology biological processes; GSEA, gene set enrichment analysis; ns, not 
significant.

https://dx.doi.org/10.1136/jitc-2024-009523
https://dx.doi.org/10.1136/jitc-2024-009523
https://dx.doi.org/10.1136/jitc-2024-009523
https://dx.doi.org/10.1136/jitc-2024-009523
https://dx.doi.org/10.1136/jitc-2024-009523


7Hansen N, et al. J Immunother Cancer 2024;12:e009523. doi:10.1136/jitc-2024-009523

Open access

causes CAFs to secrete factors that induce neutrophil 
chemotaxis, activation and survival, effects that are 
blocked by IL1RAP inhibition.

Nadunolimab suppresses CAF-mediated monocyte 
recruitment
Not only neutrophil attractants were reduced 
following nadunolimab treatment. CCL2, a mono-
cyte chemoattractant, was also downregulated 

by nadunolimab, both in BxPC-3 cells and CAFs 
resulting in reduced CCL2 levels in the media 
(figure 3F, figure 6A and online supplemental figure 
S7). To investigate the impact of nadunolimab on 
the migration of monocytes, we used peripheral 
blood mononuclear cells (PBMCs) with conditioned 
media from BxPC-3 and CAF co-cultures (figure 6B). 
Despite monocytes only constituting about 10% of 

Figure 4  IL-1-induced CAF secretion of CXCR1/2 ligands is suppressed by IL1RAP blockage. (A) RNA expression of 
genes encoding chemokines in CAF and BxPC-3 co-cultures treated with nadunolimab or isotype control (average of N=4 
with boxes showing minimum and maximum values; data from the RNA sequencing experiment are presented in figure 3). 
(B) Concentration of corresponding chemokines in the media from CAF and BxPC-3 co-cultures treated with nadunolimab 
or isotype control. The full data set is shown in online supplemental figure S4A. (C) CXCL1, CXCL5 and CXCL6 levels in 
media after 24 hours culture of CAFs, stimulated with 0.1 ng/mL IL-1α and IL-1β in combination with nadunolimab or isotype 
control (20 µg/mL). (D) Expression of CXCL chemokines in normal pancreas (N=167) and PDAC tumors (N=150) in the GTEx 
and TCGA data sets. Significance is calculated by one-way ANOVA test with Šidák correction in (A–C) and by Mann-Whitney 
test in (D). Mean values in A to C are shown with N=3-6. Significance levels are indicated as *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001. ANOVA, analysis of variance; CAF, cancer-associated fibroblast. FPKM, fragments per million; PDAC, pancreatic 
ductal adenocarcinoma; ns, not significant. TPM, transcripts per million.

https://dx.doi.org/10.1136/jitc-2024-009523
https://dx.doi.org/10.1136/jitc-2024-009523
https://dx.doi.org/10.1136/jitc-2024-009523
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Figure 5  Blockage of IL1RAP on cancer-associated fibroblasts (CAFs) reduces neutrophil chemotaxis, survival, and activation. 
(A) Outline of the migration assay using normal density (ND) and low density (LD) neutrophils from healthy blood. After 
separation based on density, erythrocytes were lysed, and granulocytes were collected. Cells were stained with fluorescently 
labeled antibodies and allowed to migrate over a cell culture insert toward conditioned media, followed by cell counting by flow 
cytometry (created with BioRender.com). (B) Representative pseudo-color plots from the neutrophil migration assay. Neutrophils 
were gated as CD15+CD49D− cells from the granulocyte population in FSC and SSC. (C) Neutrophil chemotaxis using 
nadunolimab, IL-1 blocking antibodies (20 µg/mL), and anakinra (500 ng/mL) during the media conditioning. Each experiment 
was normalized to media from co-cultures without addition of antibodies (N=4). (D) Viability of healthy donor ND neutrophils 
after culture in CAF-conditioned media diluted 1:4 (N=4 or 7). (E) Flow cytometry of CD16 and CD62L expression on neutrophils 
after 24 hours culture. Upper panels show pseudo-color plots of the neutrophil populations. Lower panels show quantification 
of neutrophil numbers in the respective gates from the top panels (N=7). (F) CD11b expression on neutrophils after 24 hours 
culture with CAF conditioned media (N=7). (G) Percentage of neutrophils with ROS production after 24 hours culture with CAF 
conditioned media (N=3). Mean values are shown, and significance was calculated using one-way analysis of variance (ANOVA) 
with Dunnet correction except in (D) where two-way ANOVA with Dunnet correction was used, with the indicated pair-wise 
comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. CAF, cancer-associated fibroblast; FSC-A, forward scatter area; 
gMFI, geometric mean fluorescence intensity; ns, not significant. PI, propidium iodide; ROS, reactive oxygen species; SSC-A, 
side scatter area.
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the PBMC fraction, the vast majority of migrated 
PBMCs were monocytes, and addition of naduno-
limab to the co-culture reduced the monocyte migra-
tion (figure  6C). We then investigated whether the 
monocyte migration was induced by IL-1α or IL-1β 
and if classical (CD14+CD16−) and intermediate 

(CD14+CD16+) monocytes were differentially affected 
(figure 6D). While blocking IL-1β had no significant 
impact on monocyte migration, blocking of IL1RAP 
or IL-1α suppressed the chemotaxis of both classical 
and intermediate monocytes (figure 6E).

Figure 6  Nadunolimab reduces monocyte chemotaxis and induces antibody-dependent cellular cytotoxicity (ADCC). 
(A) Concentration of CCL2 in supernatants of BxPC-3 and CAF co-cultures. See online supplemental figure S7 for the full 
analysis. (B) Outline of a transwell migration assay with PBMCs, stained with fluorescently labeled antibodies and allowed to 
migrate toward co-culture conditioned media with nadunolimab or isotype antibody added to the co-culture. Migrated cells 
were assessed and counted by flow cytometry (created with BioRender.com). (C) Counts of migrated monocytes (CD14+), NK 
cells (CD56+), T cells (CD3+), and B cells (CD19+). (D) Representative plot of CD14 and CD16 expression on monocytes with the 
gating strategy used to assess classical and intermediate monocyte populations in the migration assay. (E) Monocyte migration 
with co-culture conditioned media and blockage of IL1RAP or IL-1 in the BxPC-3 and CAF co-cultures. Mean values are shown 
with N=3 or 4. Experiments were normalized to media from co-cultures without addition of antibodies. (F) Percentage of dead 
target cells after an ADCC assay with BxPC-3 target cells, monocytes (CD14 enriched PBMCs), and antibodies at 20 µg/mL. 
Significance calculated by one-way ANOVA with Šidák correction in (A) and (C), Dunnet correction in (E) and (F), and indicated 
as *p<0.05; ***p<0.001; ****p<0.0001. ANOVA, analysis of variance; CAF, cancer-associated fibroblast; ns, not significant. NK, 
natural killer; PBMCs, peripheral blood mononuclear cells.

https://dx.doi.org/10.1136/jitc-2024-009523


10 Hansen N, et al. J Immunother Cancer 2024;12:e009523. doi:10.1136/jitc-2024-009523

Open access�

Given that monocytes have been reported to elicit 
antibody-dependent cellular cytotoxicity (ADCC) in a 
CD16-dependent manner,36 we sought to investigate 
whether nadunolimab, a FcɣR enhanced antibody, can 
induce monocyte mediated ADCC. Consistent with our 
hypothesis, nadunolimab induced ADCC of BxPC-3 cells, 
whereas an Fc inactive variant of nadunolimab did not 
induce cell death (figure 6F). These findings collectively 
suggest that while blockade of IL-1 signaling reduces 
monocyte chemotaxis, nadunolimab can also induce 
monocyte-mediated killing of PDAC cells.

High IL1RAP expression is associated with extended 
progression-free survival in PDAC patients treated with 
nadunolimab
To evaluate the clinical relevance of targeting IL1RAP, 
we obtained biopsies from a phase I /II clinical trial 
(CANFOUR; NCT03267316) where nadunolimab as 
monotherapy was evaluated in 23 metastatic late stage 
PDAC patients that in most cases were refractory PDAC 
(table 1 and online supplemental figure S8). All patients 
received at least one dose of nadunolimab as mono-
therapy. Treatment with nadunolimab was safe and well 
tolerated, in line with the previously published phase one 
dose-escalation study.24 Stable disease was reported for 3 
patients, 15 patients had progressive disease, and 5 were 
not evaluable.

Pretreatment biopsies from 17 of these 23 patients were 
stained for the expression of IL1RAP using immunohis-
tochemistry. Patients were grouped based on high or low 
IL1RAP staining of the tumors (figure 7A). Notably, high 
IL1RAP expression on tumor cells and stroma combined, 
was associated with a significantly increased progression-
free survival (median: 3.5 vs 1.2 months, p=0.0023) and 
showed a trend toward extended overall survival (median: 
5.0 vs 2.2 months, p=0.1136) with a follow-up of 11.5 

months (figure 7B). Although based on a small number 
of patients, these findings suggest that high levels of 
IL1RAP in PDAC tumors is associated with clinical benefit 
for patients treated with nadunolimab. This is especially 
noteworthy considering that high IL1RAP expression is 
associated with worse outcome in patients receiving stan-
dard treatment (figure 1).25

DISCUSSION
The stromal component within PDAC is a key element 
of the TME with IL-1 signaling fostering an immuno-
suppressive state that contributes to tumor progres-
sion and therapy resistance.9 IL-1α, secreted by PDAC 
tumor cells, plays a pivotal role by influencing both 
tumorigenesis and metastatic processes.5 6 8 37 38 Simi-
larly, IL-1β produced by tumor cells and infiltrating 
immune cells is associated with inflammation, immu-
nosuppression, and poor prognosis.7 9 11 However, due 
to their redundant signaling, strategies solely targeting 
IL-1α or IL-1β will likely not be sufficient to efficiently 
block IL-1 signaling in tumors. In contrast, targeting 
IL1RAP has the potential to completely inhibit IL-1 
signaling and constitutes a promising new target for 
cancer therapy. In addition to anakinra, which also 
blocks IL-1 signaling and is explored as a therapeutic 
agent in PDAC,38 39 antibody-based targeting IL1RAP 
has the potential to directly mount an immune attack 
against the tumor by binding to Fc receptors on 
immune effector cells. In this study, we found that 
IL1RAP expression was highest in stage IV patients, 
indicating an association between IL1RAP expression 
and advanced disease. Importantly, a strong associ-
ation between high IL1RAP expression and worse 
survival was observed within stage IV PDAC patients, 
further supporting that IL1RAP is a marker for poor 
prognosis and a candidate therapeutic target.

The observation that nadunolimab suppressed 
human PDAC growth in a CAF-dependent manner 
in mice highlighted a connection between IL1RAP 
in the stroma and early tumor growth in this model. 
However, the TME in the mice did not support long-
term growth of human CAFs, which were replaced by 
murine stromal cells. Since nadunolimab is not cross-
reactive to mouse IL1RAP, we speculate that the CAF-
dependent effect observed in vivo were likely related 
to low levels of remaining human CAFs in the TME. 
Hence, the full antitumor potential of nadunolimab 
is likely underestimated in this model. To explore 
the mechanism of how IL1RAP blockade affects the 
interaction between PDAC cells and CAFs, we used an 
in vitro co-culture system predominantly expressing 
IL-1α. This explains the similarity between antibody-
based blocking of IL-1α or IL1RAP with the IL-1 
receptor antagonist anakinra in this model and is in 
accordance with earlier observations that BxPC-3 cells 
express IL-1α.8

Table 1  Demographic information for patients receiving 
nadunolimab as monotherapy

IL1RAP high (n=5) IL1RAP low (n=10)

Age (years); mean 
(range)

63 (61–64) 62 (40–81)

Sex (female/male); 
n (%)

2 (40%) / 3 (60%) 2 (20%) / 8 (80%)

ECOG 0/1; n (%) 3 (60%) / 2 (40%) 3 (30%) / 7 (70%)

Location of metastases at study entry; n (%)

 � Liver 3 (60%) 9 (90%)

 � Lymph node 2 (40%) 3 (30%)

 � Other sites 3 (60%) 6 (60%)

No of previous lines of treatment

 � 1 3 (60%) 4 (40%)

 � 2 1 (20%) 4 (40%)

 � ≥3 1 (20%) 2 (20%)

ECOG, Eastern Cooperative Oncology Group.

https://dx.doi.org/10.1136/jitc-2024-009523
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There is an increased recognition of the impor-
tance of infiltrating immune cells in PDAC tumors 
contributing to the immunosuppressive TME.11 34 40 
High neutrophil infiltration is associated with poor 
outcomes,34 35 41 emphasizing the relevance of immune 
cell dynamics in PDAC. Chemotaxis of neutrophils 
is driven by several CXCR1 and CXCR2 ligands 
including CXCL1, CXCL5 and CXCL8,42 all of which 
were downregulated in CAFs on targeting IL1RAP 
and led to reduced neutrophil chemotaxis. Among 
these chemokines, CXCL5 has previously been iden-
tified as an independent prognostic factor in PDAC.43 
Furthermore, factors secreted by CAFs not only 

sustained neutrophil viability but also activated them 
as demonstrated by ROS production and a decrease 
in CD62L expression. Neutrophil-derived ROS has 
several functions, including the ability to inhibit T cell 
proliferation, and indicates that nadunolimab inhibits 
neutrophil-mediated immune suppression.44 In a clin-
ical context, we anticipate that these effects would 
lead to decreased neutrophil infiltration, thereby 
inhibiting the immune suppressive TME.

The reduced chemokine secretion following 
IL1RAP inhibition included downregulation of CCL2 
and resulted in reduced monocyte migration. This 
effect can have profound implications for tumor 

Figure 7  High IL1RAP expression is associated with longer survival in nadunolimab-treated patients. (A) Representative 
histology slides where cancer cells (upper panels) and stroma cells (lower panels). Tumor and stroma cells were scored as 
having low IL1RAP expression (Tumor cell H-score ≤100, and stroma staining intensity assessment ≤1, left panels) or high 
IL1RAP expression (Tumor cell H-score >100 and stroma staining intensity assessment >1, right panels). (B) Progression-free 
and overall survival of PDAC patients receiving nadunolimab as monotherapy, with survival analysis based on low or high 
combined IL1RAP expression in the tumor. The combined score was defined as high when both the tumor cells and stromal 
cells scored high according to the above criteria (N=5). All other samples were categorized as having a low combined score 
(N=10). Significance in the survival analysis was tested by log-rank (Mantel-Cox) test.
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biology, as a decrease in CCL2-induced monocyte 
recruitment to tumors has been linked to reduced 
tumor growth, decreased levels of monocytic myeloid-
derived suppressor cells, mitigation of immune 
suppression, and enhanced sensitivity to immune 
checkpoint blockade.45–48 Moreover, the reduction of 
both CCL2, which signals through CCR2, and CXCR2 
ligands by IL1RAP inhibition is encouraging. This is 
particularly noteworthy as combined inhibition of 
CCR2 on tumor-associated macrophages and CXCR2 
on tumor-associated neutrophils improves response to 
chemotherapy in PDAC.49 In addition to suppressing 
monocyte chemotaxis, nadunolimab also facilitated 
direct tumor cell killing by inducing monocyte-
mediated ADCC. Similar ADCC effects have previously 
been observed with IL1RAP antibodies and NK cells in 
leukemia.19–21

The observation that high IL1RAP expression in 
tumors is associated with an extended progression-
free survival in late-stage PDAC patients undergoing 
nadunolimab treatment is promising. This is espe-
cially notable considering that high IL1RAP expres-
sion is associated with worse outcome in patients 
receiving standard treatment.25 These results, 
although based on a rather small cohort of late-stage 
patients, support a therapeutic effect of nadunolimab 
in PDAC patients.

Taken together, we found that that cancer cells in 
PDAC tumors secrete IL-1α and IL-1β, which initiate 
signaling in CAFs through the IL1R1/IL1RAP receptor 
complex. This signaling triggers chemokine secretion, 
which stimulate infiltration and activation of neutro-
phils and monocytes that contribute to the immuno-
suppressive TME. Nadunolimab reversed these effects 
and stimulated effector-cell mediated killing of tumor 
cells. In a small cohort of PDAC patients treated with 
nadunolimab, high IL1RAP expression in tumors was 
associated with increased progression-free survival. 
These findings increase our understanding of how 
IL-1 signaling in the TME promotes tumor growth and 
highlight IL1RAP as a promising therapeutic target in 
PDAC.
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