
















Fig. 7 The secretome of MCs activated with KO-EVs promoted tumor growth. A The top 15 upregulated proteins in the secretome of human
MCs pre-treated with PANC-1 KO-EVs (n= 2) are depicted. Normalized protein expression values (NPX) were averaged and the effect size
calculated as compared to a PBS control is indicated (full protein list in Supplementary Table S1 and Fig. S6D for the global distribution of the
effect size for the 15 upregulated proteins). B Kaplan Meier analysis of the top 15 upregulated proteins correlated with survival (TCGA data via
GEPIA2). C Representative images of KPC mouse and PDAC human organoids after treatment with MC secretome from mouse/human MCs
that were pre-treated with WT- or KO-EVs from Pan02 or PANC1, respectively as well � IL33 and � PDGF as indicated. D Quantification of
organoid sizes determined via cell titer (mean ± SEM, n= 4–6). E The organoids were stained with anti-Ki67 antibodies (red), with Hoechst
33342 (nuclei, blue) and Alexa 546 phalloidin (actin, green) to visualize cellular structures. Scale bars: 10 µm. Statistical significance: (D)
unpaired Mann–Whitney U test; *P < 0.05; **P < 0.01; ***P < 0.001
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remodel the TME (Fig. 1), and targeting CD73 is considered as a
therapeutic strategy in PDAC [41].
The activation of MCs and the tumor-promoting secretome was

mainly induced via IL33 receptor engagement in MCs (Fig. 7C, D)
both in murine and human organoids. A secretion of IL33
associated with exosomes was recently observed in the context
of chronic airway disease and shown to be mediated via the
ceramide biosynthetic enzyme neutral sphingomyelinase 2 path-
way [35], also involved in BAG6-mediated vesicle biogenesis [42].
IL33 is an alarmin belonging to the IL1 cytokine family, which is

released upon tissue damage in the context of cell death. Proteases
from target cells such as MCs can cleave IL33 extracellularly to allow
binding and activation via I1rl1 and IL33 is critically involved in innate
and adaptive immunity in allergic and non-allergic inflammation [43].
Recent studies address the role of IL33 in the context of PC and both,
tumor-promoting and tumor-suppressing activities are discussed. IL33
exhibited tumor restriction in PDACmodels by stimulating or restoring
anti-tumor activity of CD8+ T and NK cells and was shown to act as an
immunoadjuvant to enhance antigen-specific tumor immunity

[44–46]. In line, blocking tumor-associated macrophages which
decreases TNFα and elevates IL33 resulted in increased DC activity
and infiltration of cytotoxic T cells, with anti-tumor activity [47]. In
contrast, another study identified Il33 as a main target of the gene
regulatory programs that allow the “acinar-to-neoplasia” switch and
the initiation of PC in the context of KRASmutations [48, 49]. Moreover,
exogenous Il33 mimicked this effect and was associated with an
accelerated appearance of pancreatic neoplasia [48, 49]. High Il33
expression in tumor cells recruits and activates TH2 and ILC2 cells which
secrete pro-tumorigenic cytokines such as Il4, Il5, and Il13 [50].
Interestingly, the intratumoral fungal mycobiome was identified as the
inducer of the increased Il33 in tumor cells [50]. The context-dependent
discrepancies of the IL33 effect on tumor growth may depend on
specific recruitments of non-malignant immune cells to the tumor
varying in different cancer subtypes. Our study provides evidence that
specifically the presence of IL33-activated MCs fuels tumor growth and
confers pro-tumorigenic activity, suggesting that corresponding
patients may benefit from MC depletion. Although single agent
treatment with imatinib in a small number of PC patients was not

Fig. 8 The secretome from activated MCs induced an iCAF phenotype. AmPSCs were treated with MC secretome of MCs pre-treated with WT-
or KO-EVs. Gene expression of iCAF markers and mCAF markers was determined by RT-qPCrR. (mean ± SEM, n= 6). B UMAP projection of
fibroblast markers Col1a and aSMA in WT/KO tumors. C Col1a expression in KO and WT tumors determined by RT-qPCR. Data were normalized
to Rpl32 (mean ± SEM, n= 9–14). D Graphical summary of mPSC/fibroblast phenotypes in vivo or after MC secretome treatment. Statistical
significance: unpaired Mann–Whitney U test; *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001
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associated with significant control of cancer progression [51, 52] we
provide evidence that a targeted therapy of PDAC patients stratified for
high MC infiltration is promising.

MATERIALS AND METHODS
The sources and identifiers of all key reagents and resources are listed in
Supplementary Tables 1–6 or in the Supplementary Materials. Extended
details on EVs characterization, isolation, EV proteomics, EV-IL33 ELISA,
immunoblotting, immunohistochemistry, and immunofluorescence are
listed in the Supplementary Materials and Methods.

Cell lines, plasmids, and culturing media
Murine pancreatic adenocarcinoma cell line Pan02 (RRID: CVCL_D627),
human PANC-1 (CRL-2553™), PaTu8988T (ACC 162), and the murine
pancreatic stellate cells (mPSCs) (kindly provided by A. Neesse [53]) were
cultured with Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, NY, USA)
supplemented with 10% fetal bovine serum (FBS) (Gibco).
Human MC line HMC-1 (1 SCC067) was grown in Iscove’s Modified

Dulbecco’s Medium (IMDM) (Gibco), supplemented with 10% FBS and the
murine MC line MC/9 (CRL-3616™) was grown in high glucose DMEM with
2mM L-glutamine, 0.05 mM 2-mercaptoethanol, 10% T-Cell Culture
Supplement (Corning™ 354115) and 10% FBS. All cells were kept at 37 °C
in a humidified atmosphere containing 5% CO2 and tested for mycoplasma
contamination at least bi-monthly.
The BAG6/Bag6 knockout (KO) was performed based on Zhang

Lab’s reagents and protocols [54] (guide RNA sequences in Supplementary
Table S2). The pcDNA3.1 CMV-CFP-Ubc-Cre-zipcode-zeo plasmid was
transfected for stable Cre expression (kindly provided by Jacco van
Rheenen [29]). Three KO clones were pooled for further experiments.
Bag6 protein expression and Cre expression were measured using Western
blot and PCR, respectively (Fig. S2F, H). Il33 knockout (KO) was performed
in Bag6 WT/KO Pan02 cells using the Il33 CRISPR/Cas9 KO Plasmid (m2)
according to the manufacturer’s instructions (Santa Cruz Biotechnology,
USA; Cat. No. sc-429508-KO-2). Re-expression of BAG6 was achieved using
a pcDNA3.1 expression construct previously described [42].
To investigate Il33 protein level and release in Bag6 WT/KO Pan02 cells,

cells were treated with GW4869 (20 µM) and KIF (150 µM) as indicated in
the figure legends.

Animals and in vivo experiments
All mouse experiments were performed according to the German Animal Welfare
Law (TierSchG) and the ARRIVE guidelines. Experiments were approved by the
Regierungspräsidium Gießen (G16/2016, G11/2018, and G14/2024) based on
recommendations of their animal welfare committee. Male/female at least
10weeks oldmicewere randomized in cages before starting any procedure.Wild-
type C57BL/6 mice were purchased from Charles River (Wilmington, Massachu-
setts, USA) and reporter mice B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J

were purchased from JAX Laboratories (Bar Harbor, Maine, USA). For the
orthotopic (orth.) model, mice were anesthetized, and a ca. 1 cm incision was
made into the side of the abdominal cavity. The tail of the pancreas was taken out
and injected with 20 µL of cold Matrigel (Corning, 356230) containing (1 × 106)
Pan02 cells. We used a 27G needle for injection, then the incisionwas closed, and
tumor growth was followed by ultrasound. In the subcutaneous (s.c.) model, mice
were anesthetized and inoculated with (1 × 106) Pan02 cells using a 29G needle.
For GW4869 or imatinib treatment, a subgroup of mice transplanted with Bag6
WT/KO Pan02 cells received intraperitoneal (i.p.) injections of GW4869 (Sell-
eckchem, S7609, Pittsburgh, USA) (50mg/kg BW) or imatinib (Selleckchem, S2475)
(60mg/kg BW), dissolved in 2% DMSO+ 30% PEG 300+ 2% Tween 80 and
diluted to working concentrations with 2% DMSO (25 µL for GW4869 and 50µL
for imatinib) before injection, twice a week, to inhibit EV production or to deplete
MCs, respectively. The control groups received 2%DMSOaccordingly. Tumor sizes
were measured using calipers at the indicated time points. The tumor volume (V)
in each model was calculated using the formula V= (L ×W2)/2, where L is the
length and W is the width dimension.

Human samples
All human sample analyses were approved by the local ethics committee of
Philipps University Marburg (Reference Nr: 76/17 and amendments). Plasma was
provided by the Comprehensive BiobankMarburg (CBBMR) after informedwritten
consent by the patients (patient characteristics see Supplementary Table S3).

Human pancreatic tissue microarrays (TMAs) were embedded in paraffin
donor blocks and placed into pre-punched holes on recipient paraffin
blocks using the AlphaMetrix manual tissue arrayer (AlphaMetrix Biotech,
Rödermark, Germany). Blocks were sealed and incubated first at 56 °C for
10min and then at 4 °C for 30min. TMA blocks (n= 69) were cut into 2 μm
sections for immunohistochemical staining. Human organoid samples
(passage 14) were derived from a PDAC patient (60 years, male).

Tumor preparation for single-cell sequencing
The tumor was carefully resected, washed, and cleaned from fat, necrotic tissue,
and blood vessels, then cut into small pieces of 2–4mm3 and transferred to
gentleMACS C Tube with 5ml RPMI medium supplemented with 10% FBS and
0.5mg/mL Collagenase D (Cat. 11088866001 Merck, Germany)+ 10µg/mL of
DNase I (Merck, Cat. 11284932001). The cell suspension preparation was
performed using the gentleMACS Dissociator after two steps of digestion. The
cell suspension passed through 30μm strainers twice. The cells were then
centrifuged (300× g, 4 °C for 10min) and resuspended in 1ml of MACS buffer
before being counted for single-cell sequencing.

Targeted single-cell sequencing
Employing the BD Rhapsody™ Single-Cell Analysis System (Becton Dickinson,
San Diego, California, USA) and BD protocol (Doc ID: 210966), each single
tumor cell suspension was incubated with an individual oligo-labeled
multiplex tag antibody directed to mouse MHC-I (BD Mouse Single Cell
Sample Multiplexing Kit; Cat. 626545). Subsequently, labeled cells were
pooled and incubated with a panel of oligo-labeled AbSeq antibodies listed
in Supplementary Table S4. Thereafter, cells were stained with 2mM Calcein
AM (Thermo Fisher Scientific, Cat. C1430) and 0.3mMDraq7 (Cat. 564904) for
viability evaluation. About 20,000 cells were loaded on a BD Rhapsody
Cartridge (Cat. 400000847) followed by Cell Capture Beads (Cat. 650000089).
After cell lysis, the beads with attached cell-specific mRNAs and antibody-
specific oligos were extracted and cDNA was generated. Libraries were
prepared according to the BD Rhapsody™ System mRNA Targeted, Sample
Tag, and BD® AbSeq Library Preparation Protocol (Doc ID: 214508), with a BD
Rhapsody™ Immune Response Panel Mm (Cat. 633753) supplemented by an
additional customized gene panel (see Supplementary Table S5.).
The sequencing was performed on an Illumina NextSeq 550 by the

Genomics Core Facility of the Philipps University Marburg. Raw data was
aligned and converted into an expression matrix using the BD Rhapsody
Seven Bridges Analysis platform using the “BD Rhapsody™ Targeted
Analysis Pipeline (Revision 15)” App. Further analysis was performed using
scanpy [wolf_scanpy_2018] and cirrocumulus [li2020cumulus] [55].

Bulk RNA sequencing of organoids and bioinformatics
analysis
RNA was isolated using RNeasy Plus kit (Qiagen, Hilden, Germany, [Cat. / ID:
74034]). RNA quality was assessed using the Bioanalyzer RNA 6000 Nano Kit
(Agilent, Santa Clara, California, USA). RNAseq libraries were prepared from
total RNA with the QuantSeq 3′ mRNA-Seq Library Prep Kit FWD for Illumina
(Lexogen, Vienna, Austria) in combination with the UMI Second Strand
Synthesis Module for QuantSeq FWD (Illumina, Read 1, Lexogen) according to
the manufacturer’s instructions. The quality of sequencing libraries was
controlled on a Bioanalyzer 2100 using the Agilent High Sensitivity DNA Kit
(Agilent). Pooled sequencing libraries were quantified and sequenced on the
NextSeq550 platform (Illumina) with 75 bases single reads. Raw reads were
aligned to theMus musculus genome (genome sequence and gene annotation
from Ensembl version 104) using STAR version 2.7.10 [Dobin2013]. PCR-
duplication artifacts were filtered using unique-molecular-identifiers provided
by the QuantSeq protocol using umi-tools version 1.1.2 [smith2017umi]. Reads
were quantified with exons of protein-coding transcripts using custom Python
scripts. Due to the low number of useable reads, genes were filtered to those
having a) more than 0 reads in all samples and b) at least 10 reads in one
condition before applying statistical analysis using edgeR (version 3.38.0)
[Robinson2009], in paired sample mode to block batch effects. For
visualization, ‘counts per million’ normalization was used.
Reactome and gene ontology databases were utilized to perform functional

pathway enrichment analyses and investigate biological processes, respectively.

RNA isolation, RT-qPCR, and PCR
RNA from frozen tumor tissue and cell lines were isolated using NucleoSpin
RNA kit (Macherey-Nagel, Düren, Germany) or RNeasy Plus kit, respectively,
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according to manufacturers’ protocols. cDNA synthesis was performed
using Revert Aid first strand cDNA synthesis kit (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). The qPCR analyses were performed using
Agilent’s Real Time PCR (qPCR) (Mx3000) and the PCR using Bio-Rad T100
thermal cycler (Bio-Rad Laboratories, Hercules, California, USA). The Rpl32/
RPL32 genes were used for normalization and the relative expression level
of genes of interest was calculated by the ΔΔCt-method. The primer
sequences are listed in Supplementary Table S2.

KPC mouse organoids
Pancreatic cancer organoids were derived from the KPC mouse model
according to published procedures [56]. The KPC organoids (5000 cells in
20 µL Matrigel per 96 well) were cultured in organoid growth medium [56]
plus the secretome (ratio 1:1) derived from mouse MCs pre-treated
according to the following conditions:

1. PBS: Mast cells pre-treated with PBS.
2. KO-EVs: Mast cells pre-treated with Bag6 KO EVs.
3. WT-EVs: Mast cells pre-treated with Bag6 WT EVs.
4. KO-EVs+ αIL33: Mast cells pre-treated with anti-Il33 (50 ng/mL)

antibody (Thermo Fisher, PA5-96929, USA) and Bag6 KO EVs.
5. WT-EVs+ αIL33: Mast cells pre-treated with anti-Il33 (50 ng/mL)

antibody (Thermo Fisher, PA5-96929, USA) and Bag6 WT EVs.
6. KO-EVs+ αPDGF: Mast cells pre-treated with Bag6 KO EVs, there-

after, the anti-PDGF (20 ng/mL) antibody (06-127, Merck, Germany)
was added to the secretome.

After 5 days, phase contrast images were taken by confocal microscopy
(Leica DMI3000 B), and cell percentage was assessed using the Cell Titer 3D
GLO kit (Promega, Walldorf, Germany), and control PBS was set to 100%.

Human organoids
Human organoids were derived from PDAC tumor biopsies (University
Hospital Marburg) and cultured in 96 well plates (2500 cells per well). The
organoids were washed twice with PBS. TrypLE™ Express Enzyme (Thermo
Fisher Scientific) was added into the respective wells and the plate was
incubated at 37 °C, 5% CO2 for 5–8min to dissociate the organoids into
single cells. Afterward, the basic medium (Advanced DMEM/F12, HEPES,
Glutamax, all from GIBCO, order Nr. 12634010, 15-630-080, 35050061,
respectively) was added to stop the reaction and collect the organoids into
1.5 mL tubes. The tubes were centrifuged at 400 × g for 5 min. The
supernatant (SN) was removed, and cell pellets were resuspended in
500 µL of basic medium. Cells were counted in a hemocytometer and
seeded in 10 µL Matrigel (2500 cells/well) in a 96-well plate. The organoids
were then cultured in organoid growth medium plus the secretome (ratio
1:1) derived from human MCs pre-treated according to the same condition
described in KPC mouse organoids. After 7 days, phase contrast images
were taken by confocal microscopy (Leica DMI3000 B) and cell percentage
was assessed using the Cell Titer 3D GLO kit (Promega), control PBS was set
to 100%. The organoids growth medium contained the following
components A83-01 (R&D Systems, 2939/10); mEGF (PeproTech, Cranbury,
New Jersy, USA, 315-09-100ug); mNoggi (PeproTech, 120-10C-100); hFGF10
(PeproTech, 100-26); Y-27632 (PeproTech, 1293823-10mg); Gastrin I
(Sigma-Aldrich, G9020-250UG); N-acetylcysteine (Sigma–Aldrich, A9165-
5G); Nicotinamide (Sigma-Aldrich, 72340-100G); B-27 Supplement (GIBCO,
17504044); Wnt3a (Home Made); R-Spondin I (Home Made); Advanced
DMEM/F12 (GIBCO, 12634010)].

Fibroblast stimulation
Pancreatic stellate cells (mPSC) kindly provided by A. Neesse [53] were
maintained in T75 flasks and cultured in DMEM with 10% FBS. Cells were
split every 4–7 days. Cells were harvested after trypsinization (using 1x
Trypsin/EDTA, Sigma T-4174) and reseeded at a concentration of 2.5 × 104

cells/mL. To generate the quiescent (q)PSC, cells were embedded in a
70 μL Matrigel drop (Growth Factor Reduced (GFR) Basement Membrane
Matrix, Corning, 356230) in a 1:1 ratio with DMEM (10% FBS) on a 3.5 cm
suspension dish (Sarstedt). The embedded Matrigel was cultured in 0.5%
FBS-containing DMEM for 48 h (starvation). Thereafter, the medium was
replaced by PBS or the secretome of mouse MCs (pre-treated with Bag6
KO-EVs or Bag6 WT-EVs or MC medium as a control). After 48 h, we
performed RT-qPCR to determine the phenotype of the fibroblasts. Each
drop was harvested in ice-cold PBS. After centrifugation (300 × g, 4 °C,

5 min) the cell pellet was resuspended in ice-cold PBS and incubated for
30min at 4 °C. Finally, the cells were centrifuged (300 × g, 4 °C, 5 min), and
pellets were frozen at −80 °C until further analysis. The experimental
design is summarized in (Fig. S6B). Primer sequences are listed in
Supplementary Table S2.

Il33 binding assay
Mouse MCs were cultured in 48-well plates (3.5 × 105 cells/well) and
incubated with PBS (negative control), Bag6 WT-EVs, Bag6 WT supernatant
(crude SN), Bag6 KO-EVs or Bag6 KO crude SN isolated from Pan02 cells.
MCs were harvested after 1 h of incubation, prior to flow cytometry to
measure Il1rl1/Il33 receptor and Cd117 (control) surface expression (BD
FACS Canto II). Antibodies are listed in Supplementary Table S6.

Flow cytometry beads analysis
To detect the EV-associated Il33 via flow cytometry bead assay, the same
number of EVs (around 5 × 109 particles/samples in 20 µL PBS) from Bag6
WT and Bag6 KO were incubated with Polybead® Microspheres 4.50 µm
(Polysciences Europe, GmbH, Hirschberg an der Bergstrasse, Germany)
overnight at 4 °C. The next day, EVs were blocked with equal volumes of
2% bovine serum albumin (BSA) in PBS (Carl Roth, Karlsruhe, Germany) for
2 h at RT. The EV-bead mixture was washed with FACS buffer (PBS+ 1%
FBS) and centrifuged for 5 min at 2000 rpm. The EVs were then incubated
with anti-Il33 or with the isotype control for 1 h. Then, samples were
washed with FACS buffer and centrifuged for 5 min at 2000 rpm. Finally,
the samples were resuspended in 500 µL FACS buffer and measured by
flow cytometry (BD FACS Canto II). FlowJo (version 10.6.1, BD Bioscience)
was used for analysis. To measure ST2/Il1rl1 expression on Bag6 WT/KO
Pan02 cells and MCs, the cells were stained with ST2/Il1rl1 antibody, and
the geometric mean of fluorescence was measured by flow cytometry.
Antibodies are listed in Supplementary Table S6.

Statistics
Graphical representation of the data was obtained using GraphPadPrism®
software (version 9.1; Graph Pad Software, La Jolla, California, USA) and
FlowJo (version 10.6.1, BD Bioscience). Significance differences for the
in vivo and in vitro experiments were evaluated using statistical tests as
indicated in the figure legends. All data are biological replicates and
represent at least 2 independent experiments.

DATA AVAILABILITY
Mass spectrometric raw data, full analysis code with package versions/settings and
statistical output were uploaded to the ProteomeXchange Consortium via the
MassIVE partner repository (https://massive.ucsd.edu/) with the identifier PXD047563
(MassIVE ID: MSV000093583; https://doi.org/10.25345/C58P5VM5M) and available
using a password: alhamwe_Bag6.
Raw RNAseq data was deposited at EBI ArrayExpress under accession E-MTAB-13570
and the scRNAseq expression matrix was deposited under E-MTAB-13573. Data are
available using the following links:
E-MTAB-13570: E-MTAB-13573:
All other data are available in the manuscript and the Supplementary Materials.
Please contact the corresponding author for any additional information.

REFERENCES
1. Rahib L, Wehner MR, Matrisian LM, Nead KT. Estimated projection of US cancer

incidence and death to 2040. JAMA Netw Open. 2021;4:e214708.
2. Hernandez-Barranco A, Nogues L, Peinado H. Could extracellular vesicles con-

tribute to generation or awakening of “sleepy” metastatic niches? Front Cell Dev
Biol. 2021;9:625221.

3. Kalluri R, McAndrews KM. The role of extracellular vesicles in cancer. Cell.
2023;186:1610–26.

4. Xie Z, Gao Y, Ho C, Li L, Jin C, Wang X, et al. Exosome-delivered CD44v6/C1QBP
complex drives pancreatic cancer liver metastasis by promoting fibrotic liver
microenvironment. Gut. 2022;71:568–79.

5. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M, et al.
Tumour exosome integrins determine organotropic metastasis. Nature.
2015;527:329–35.

6. Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang H, Thakur BK, et al. Pancreatic
cancer exosomes initiate pre-metastatic niche formation in the liver. Nat Cell Biol.
2015;17:816–26.

B. Alashkar Alhamwe et al.

929

Cellular & Molecular Immunology (2024) 21:918 – 931

https://massive.ucsd.edu/
https://doi.org/10.25345/C58P5VM5M
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-13570?key=b03863af-086f-4079-8ded-1430432e9f62
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-13573?key=d0a41166-f57c-4231-8ea8-c3f2393b614a


7. Chang YT, Peng HY, Hu CM, Tien SC, Chen YI, Jeng YM, et al. Pancreatic cancer-derived
small extracellular vesical ezrin activates fibroblasts to exacerbate cancer metastasis
through STAT3 and YAP-1 signaling pathways. Mol Oncol. 2023;17:1628–47.

8. Wang G, Li J, Bojmar L, Chen H, Li Z, Tobias GC, et al. Tumour extracellular vesicles
and particles induce liver metabolic dysfunction. Nature. 2023;618:374–82.

9. Takahashi T, Minami S, Tsuchiya Y, Tajima K, Sakai N, Suga K, et al. Cytoplasmic
control of Rab family small GTPases through BAG6. EMBO Rep. 2019;20:e46794.

10. Schuldner M, Dorsam B, Shatnyeva O, Reiners KS, Kubarenko A, Hansen HP, et al.
Exosome-dependent immune surveillance at the metastatic niche requires BAG6
and CBP/p300-dependent acetylation of p53. Theranostics. 2019;9:6047–62.

11. Rangachari M, Zhu C, Sakuishi K, Xiao S, Karman J, Chen A, et al. Bat3 promotes T
cell responses and autoimmunity by repressing Tim-3-mediated cell death and
exhaustion. Nat Med. 2012;18:1394–400.

12. Pogge von Strandmann E, Simhadri VR, von Tresckow B, Sasse S, Reiners KS,
Hansen HP, et al. Human leukocyte antigen-B-associated transcript 3 is released
from tumor cells and engages the NKp30 receptor on natural killer cells.
Immunity. 2007;27:965–74.

13. Tang R, Acharya N, Subramanian A, Purohit V, Tabaka M, Hou Y, et al. Tim-3
adapter protein Bat3 acts as an endogenous regulator of tolerogenic dendritic
cell function. Sci Immunol. 2022;7:eabm0631.

14. Ganji R, Mukkavalli S, Somanji F, Raman M. The VCP-UBXN1 complex mediates
triage of ubiquitylated cytosolic proteins bound to the BAG6 complex. Mol Cell
Biol. 2018;38:e00154–18.

15. Shao S, Rodrigo-Brenni MC, Kivlen MH, Hegde RS. Mechanistic basis for a
molecular triage reaction. Science. 2017;355:298–302.

16. Kesner JS, Chen Z, Shi P, Aparicio AO, Murphy MR, Guo Y, et al. Noncoding
translation mitigation. Nature. 2023;617:395–402.

17. Chu Y, Dong X, Kang Y, Liu J, Zhang T, Yang C, et al. The chaperone BAG6
regulates cellular homeostasis between autophagy and apoptosis by holding
LC3B. iScience. 2020;23:101708.

18. Ragimbeau R, El Kebriti L, Sebti S, Fourgous E, Boulahtouf A, Arena G, et al. BAG6
promotes PINK1 signaling pathway and is essential for mitophagy. FASEB J.
2021;35:e21361.

19. Sebti S, Prebois C, Perez-Gracia E, Bauvy C, Desmots F, Pirot N, et al. BAG6/BAT3
modulates autophagy by affecting EP300/p300 intracellular localization. Autop-
hagy. 2014;10:1341–2.

20. Aponte-Lopez A, Munoz-Cruz S. Mast cells in the tumor microenvironment. Adv
Exp Med Biol. 2020;1273:159–73.

21. Ma Y, Hwang RF, Logsdon CD, Ullrich SE. Dynamic mast cell-stromal cell inter-
actions promote growth of pancreatic cancer. Cancer Res. 2013;73:3927–37.

22. Chang DZ, Ma Y, Ji B, Wang H, Deng D, Liu Y, et al. Mast cells in tumor micro-
environment promotes the in vivo growth of pancreatic ductal adenocarcinoma.
Clin Cancer Res. 2011;17:7015–23.

23. Soucek L, Lawlor ER, Soto D, Shchors K, Swigart LB, Evan GI. Mast cells are
required for angiogenesis and macroscopic expansion of Myc-induced pancreatic
islet tumors. Nat Med. 2007;13:1211–8.

24. Tan Z, Xu J, Zhang B, Shi S, Yu X, Liang C. Hypoxia: a barricade to conquer the
pancreatic cancer. Cell Mol Life Sci. 2020;77:3077–83.

25. Huber M, Brehm CU, Gress TM, Buchholz M, Alashkar Alhamwe B, von Strand-
mann EP, et al. The immune microenvironment in pancreatic cancer. Int J Mol Sci.
2020;21:7307.

26. Essandoh K, Yang L, Wang X, Huang W, Qin D, Hao J, et al. Blockade of exosome
generation with GW4869 dampens the sepsis-induced inflammation and cardiac
dysfunction. Biochim Biophys Acta. 2015;1852:2362–71.

27. Welsh JA, Goberdhan DCI, O’Driscoll L, Buzas EI, Blenkiron C, Bussolati B, et al.
Minimal information for studies of extracellular vesicles (MISEV2023): from basic
to advanced approaches. J Extracell Vesicles. 2024;13:e12404.

28. Courtland JL, Bradshaw TW, Waitt G, Soderblom EJ, Ho T, Rajab A, et al. Genetic
disruption of WASHC4 drives endo-lysosomal dysfunction and cognitive-
movement impairments in mice and humans. Elife. 2021;10:e61590.

29. Zomer A, Maynard C, Verweij FJ, Kamermans A, Schafer R, Beerling E, et al. In vivo
imaging reveals extracellular vesicle-mediated phenocopying of metastatic
behavior. Cell. 2015;161:1046–57.

30. Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. Inference
and analysis of cell-cell communication using CellChat. Nat Commun.
2021;12:1088.

31. Somasundaram R, Connelly T, Choi R, Choi H, Samarkina A, Li L, et al. Tumor-
infiltrating mast cells are associated with resistance to anti-PD-1 therapy. Nat
Commun. 2021;12:346.

32. Lin J, Liu J, Ma R, Hao J, Liang Y, Zhao J, et al. Interleukin-33: metabolic check-
points, metabolic processes, and epigenetic regulation in immune cells. Front
Immunol. 2022;13:900826.

33. Lee JG, Ye Y. Bag6/Bat3/Scythe: a novel chaperone activity with diverse reg-
ulatory functions in protein biogenesis and degradation. Bioessays.
2013;35:377–85.

34. Katsuki R, Kanuka M, Ohta R, Yoshida S, Tamura T. Turnover of EDEM1, an ERAD-
enhancing factor, is mediated by multiple degradation routes. In: Genes to Cells.
2024. https://doi.org/10.1111/gtc.13117.

35. Katz-Kiriakos E, Steinberg DF, Kluender CE, Osorio OA, Newsom-Stewart C, Bar-
onia A, et al. Epithelial IL-33 appropriates exosome trafficking for secretion in
chronic airway disease. JCI Insight. 2021;6:e136166.

36. Li T, Guo T, Liu H, Jiang H, Wang Y. Platelet‑derived growth factor‑BB mediates
pancreatic cancer malignancy via regulation of the Hippo/Yes‑associated protein
signaling pathway. Oncol Rep. 2021;45:83–94.

37. Porcelli L, Iacobazzi RM, Di Fonte R, Serrati S, Intini A, Solimando AG, et al. CAFs
and TGF-beta signaling activation by mast cells contribute to resistance to
gemcitabine/nabpaclitaxel in pancreatic cancer. Cancers. 2019;11:330.

38. Strouch MJ, Cheon EC, Salabat MR, Krantz SB, Gounaris E, Melstrom LG, et al.
Crosstalk between mast cells and pancreatic cancer cells contributes to pan-
creatic tumor progression. Clin Cancer Res. 2010;16:2257–65.

39. Theoharides TC. Mast cells and pancreatic cancer. N Engl J Med. 2008;358:1860–1.
40. Xia C, Yin S, To KKW, Fu L. CD39/CD73/A2AR pathway and cancer immunother-

apy. Mol Cancer. 2023;22:44.
41. Sun P, Zheng X, Li X. The effects of CD73 on gastrointestinal cancer progression

and treatment. J Oncol. 2022;2022:4330329.
42. Reiners KS, Topolar D, Henke A, Simhadri VR, Kessler J, Sauer M, et al. Soluble

ligands for NK cell receptors promote evasion of chronic lymphocytic leukemia
cells from NK cell anti-tumor activity. Blood. 2013;121:3658–65.

43. Cayrol C, Girard JP. Interleukin-33 (IL-33): a critical review of its biology and the
mechanisms involved in its release as a potent extracellular cytokine. Cytokine.
2022;156:155891.

44. Gao X, Wang X, Yang Q, Zhao X, Wen W, Li G, et al. Tumoral expression of IL-33
inhibits tumor growth and modifies the tumor microenvironment through CD8+
T and NK cells. J Immunol. 2015;194:438–45.

45. Villarreal DO, Wise MC, Walters JN, Reuschel EL, Choi MJ, Obeng-Adjei N, et al.
Alarmin IL-33 acts as an immunoadjuvant to enhance antigen-specific tumor
immunity. Cancer Res. 2014;74:1789–800.

46. Moral JA, Leung J, Rojas LA, Ruan J, Zhao J, Sethna Z, et al. ILC2s amplify PD-1
blockade by activating tissue-specific cancer immunity. Nature. 2020;579:130–5.

47. Dixit A, Sarver A, Zettervall J, Huang H, Zheng K, Brekken RA, et al. Targeting TNF-
alpha-producing macrophages activates antitumor immunity in pancreatic can-
cer via IL-33 signaling. JCI Insight. 2022;7:e153242.

48. Huang X, Zhang G, Liang T. Pancreatic tumor initiation: the potential role of IL-33.
Signal Transduct Target Ther. 2021;6:204.

49. Alonso-Curbelo D, Ho YJ, Burdziak C, Maag JLV, Morris JPT, Chandwani R, et al. A
gene-environment-induced epigenetic program initiates tumorigenesis. Nature.
2021;590:642–8.

50. Alam A, Levanduski E, Denz P, Villavicencio HS, Bhatta M, Alhorebi L, et al. Fungal
mycobiome drives IL-33 secretion and type 2 immunity in pancreatic cancer.
Cancer Cell. 2022;40:153–67.e11.

51. Chen J, Rocken C, Nitsche B, Hosius C, Gschaidmeier H, Kahl S, et al. The tyrosine
kinase inhibitor imatinib fails to inhibit pancreatic cancer progression. Cancer
Lett. 2006;233:328–37.

52. Gharibo M, Patrick-Miller L, Zheng L, Guensch L, Juvidian P, Poplin E. A phase II
trial of imatinib mesylate in patients with metastatic pancreatic cancer. Pancreas.
2008;36:341–5.

53. Neesse A, Wagner M, Ellenrieder V, Bachem M, Gress TM, Buchholz M. Pancreatic
stellate cells potentiate proinvasive effects of SERPINE2 expression in pancreatic
cancer xenograft tumors. Pancreatology. 2007;7:380–5.

54. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engineering
using the CRISPR-Cas9 system. Nat Protoc. 2013;8:2281–308.

55. Smith T, Heger A, Sudbery I. UMI-tools: modeling sequencing errors in unique
molecular identifiers to improve quantification accuracy. Genome Res.
2017;27:491–9.

56. Boj SF, Hwang CI, Baker LA, Chio II, Engle DD, Corbo V, et al. Organoid models of
human and mouse ductal pancreatic cancer. Cell. 2015;160:324–38.

ACKNOWLEDGEMENTS
We thank the CECAD Imaging Facility and Beatrix Martiny and Felix Gaedtke
(University of Cologne) for their support in the transmission electron microscopic
analysis of EVs.

AUTHOR CONTRIBUTIONS
EPvS: conceptualization, supervision, writing—review & editing, funding acquisition.
BAA: performed experiments and analyzed data/results, review & editing. VP:
animal experiments, review & editing. FA, FF, LPvS: bioinformatic analysis. BD, CL,
ML: performed experiments. DB: transmission electron microscopy. KP, SM, HG,

B. Alashkar Alhamwe et al.

930

Cellular & Molecular Immunology (2024) 21:918 – 931

https://doi.org/10.1111/gtc.13117


FF: performed single-cell RNA sequencing analysis. AB, ML, DKT, MB: supporting
methodology (fibroblasts, organoids). SE: supporting animal experiments. AN, TS, JTS:
NGS sequencing. WS, VB, JG: proteomic and Olink analyses. CK, CD: patient material
and staining. RJ: organoid staining, methodology. CP: EV analysis, methodology,
review & editing. All authors edited and approved the final manuscript.

FUNDING
This work was supported by grants from Deutsche Forschungsgemeinschaft (KFO325,
project 329116008 and GRK2573, project 416910386 to EPvS), Hessisches Ministerium
für Wissenschaft und Kunst (LOEWE iCANx to EPvS) and from von Behring-
RöntgenStiftung (66–0024 to VP and BD). Open Access funding enabled and
organized by Projekt DEAL.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41423-024-01195-1.

Correspondence and requests for materials should be addressed to
Elke Pogge von Strandmann.

Reprints and permission information is available at http://www.nature.com/
reprints

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

B. Alashkar Alhamwe et al.

931

Cellular & Molecular Immunology (2024) 21:918 – 931

https://doi.org/10.1038/s41423-024-01195-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/



