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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a highly metastatic disease, yet effective
treatments to inhibit PDAC metastasis are lacking. The rich PDAC tumor
microenvironment plays a major role in disease progression. Macrophages are the most
abundant immune cell population in PDAC tumors and can acquire a range of functions
that either hinder or promote tumor growth and metastasis. Here, we identified that
mesothelin secretion by pancreatic cancer cells co-opts macrophages to support tumor
growth and metastasis of cancer cells to the lungs, liver, and lymph nodes.
Mechanistically, secretion of high levels of mesothelin by metastatic cancer cells induced
the expression of VEGFA and S100A9 in macrophages. Macrophage-derived VEGFA fed
back to cancer cells to support tumor growth, and S100A9 increased neutrophil lung
infiltration and formation of neutrophil extracellular traps. These results reveal a role for
mesothelin in regulating macrophage functions and interaction with neutrophils to support

PDAC metastasis.

Statement of significance

Mesothelin secretion by cancer cells supports pancreatic cancer metastasis by inducing
macrophage secretion of VEGFA and S100A9 to support cancer cell proliferation and

survival, recruit neutrophils, and stimulate neutrophil extracellular trap formation.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a high propensity for metastasis and 62%
of all PDAC diagnoses are made once the tumor has metastasized (1). This is in part due
to late diagnosis but also the early progression to metastatic disease and the poor
response to current standard care of treatments (2). Only 15% of patients have no
metastatic or locally advanced disease at the time of diagnosis and are therefore eligible
for surgical resection. However, many of these patients relapse due to the presence of

clinically undetectable micro-metastases at the time of surgery (3,4). The 5-year survival
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rate for those having undergone resection with adjuvant chemotherapy is only 21% (5)
and approximately 66% will have extensive distant metastasis at the time of death (2,6,7).
Pre-malignant circulating pancreatic epithelial cells can be detected as early as
inflammatory PanIN pre-cursor lesions, which then gain competency for metastatic
colonization upon malignant transformation (8). The liver is the most frequent site of PDAC
metastasis (75-94%), however many tumors metastasize to the lungs (47-71%), lymph
nodes (41-57%) and peritoneum (41-71%) (7,9). The dismal prognosis of PDAC patients
highlights the need to better understand the drivers of metastatic disease in order to

develop more effective therapies for pancreatic cancer.

PDAC tumors are comprised of tumor nests surrounded by a dense poorly vascularized
desmoplastic stroma (10). Tumor associated macrophages (TAMSs) are the most abundant
immune cell population in PDAC tumors and engage in complex interactions with acellular
and cellular components of the tumor microenvironment (TME) to shape tumor
progression and metastasis (11-13). TAMs are a highly plastic heterogeneous cell
population and acquire a range of phenotypes and functions in response to environmental
cues and stimuli (14). In established PDAC tumors, infiltrated macrophages are
predominantly tumor promoting and downregulate antigen presenting molecules but
upregulate angiogenic factors and growth factors, fibrotic mediators, matrix remodeling
enzymes and immunosuppressive signaling molecules, all of which promote tumor growth

and metastasis (11,12,15-18).

PDAC metastasis is considered to be an inefficient process because less than 0.01% of
disseminated cancer cells are estimated to develop into metastases (3,8). Therefore, the
formation of a hospitable metastatic niche is considered to be a rate limiting step in the
metastatic cascade (19). Emerging evidence has highlighted how tumor secreted factors
can co-opt stromal and immune cells in the liver and lungs, to ready the metastatic site for
colonization by circulating tumor cells (20-22). Inflammation provoked by the primary tumor

and/or stromal mediators at the metastatic site leads to the accumulation of metastasis
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promoting myeloid cells within the lung and liver pre-metastatic niche, in several cancer
types (23-26). Myeloid cells further adapt the pre-metastatic niche for colonization by
disseminated cancer cells, by inducing fibrosis and creating an immunosuppressive
environment (13,18). Taken together, these studies underline the importance of immune

cells, and notably myeloid cells, in supporting successful cancer metastasis.

Targeting the pro-metastatic functions of the TME represents an attractive treatment
strategy for PDAC patients and we and others have identified stroma-derived factors
promoting pancreatic cancer metastasis (13,16,18,21,22). However, why some pancreatic
tumors metastasize more than others is still poorly understood. In this study, we sought to
unveil mechanisms that drive PDAC metastasis, in order to identify novel therapeutic

targets to treat this lethal disease.
Materials and Methods
Cells

The FC1199 and FC1245 pancreatic cancer cell lines were generated in the Tuveson lab
using tumor tissues from the Kras®'?°Trp53R*"?"Pdx1-Cre (KPC) mice of a pure C57BL/6
genetic background. Lentiviral transduction was performed using the pHIV-zsGreen-
Luciferase plasmid (a gift from B. Welm; RRID:Addgene 39196) to produce the
FC1199%Creeniuc gnd FC1245%Centue ca|| lines, simply referred to as FC1199 and FC1245
throughout this manuscript. All cell lines were regularly tested for mycoplasma (Chembio
#25235). Cells were cultured with DMEM + 10% FBS + 1% antibiotic/antimycotic solution

(A5955, Sigma Aldrich) at 37°C and 5% CO and used for no more than 20 passages.
In vivo studies

C57BL/6 mice were purchased from Charles River Laboratories and housed under
specific-pathogen free conditions at the Biomedical Services Unit at the University of
Liverpool. All animal experiments were performed on 6-8-week-old female mice in

accordance with current UK legislation under the approved project license (P16F36770).
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Mice were housed under specific pathogen-free conditions at the Biomedical Science Unit

at the University of Liverpool.

Low passage number 2x10°FC1199, FC1245, FC1245%2° WT, FC1245"""#4 or #6 cells
were orthotopically implanted in 30 pl of matrigel (VWR, #734-0269) into the pancreas of
immunocompetent syngeneic mice using a Hamilton syringe, and grown for 20 days.
Tumors, livers, lungs and tumor draining mesenteric lymph nodes were harvested at day
20. Metastasis quantification was performed ex vivo by coating the tissues in 100ul of
15mgml beetle luciferin (E6551, Promega) and assessing the subsequent bioluminescent
signal produced by the KPC-derived''“/zs¢een cells (Perkin Elmer, RRID:SCR_020397) as
previously described (22). Total flux [photons/sec] was quantified using the Living Image

software v4.5 (Perkin Elmer; RRID:SCR_014247).
Generation of conditioned media

Tumor conditioned media (TCM) was generated by seeding 2x10% KPC-derived cells into
a T75 flask and growing them until they reach 70-80% confluence. Cells were then washed
3x with PBS and cultured with serum free DMEM for 24-36hours. The conditioned media
was harvested, centrifuged and the supernatant put through a 0.45uM filter to remove

dead cells and debris.

Primary macrophages were generated by flushing the bone marrow from the tibia and
femur of C57BL/6 mice, followed by density centrifugation and cultured with 10ng/ml of m-
csf (315-02, Peprotech) in DMEM + 10% FBS in a 10cm dish (20x10° cells) for 5 days. At
day 5, m-csf was removed and non-adherent cells washed off. At day 6 tumor conditioned
media was added to the macrophages with 2% FBS and cultured for 24-36hrs. The
resulting Tumor educated Macrophage Conditioned Media (TeMCM) was collected,

centrifuged and put through a 0.45uM filter to remove dead cells and debris.

Proteomic analysis
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The FC1199 and FC1245 cells were cultured with R6K6 and ROKO non-phenol red serum
free SILAC media respectively for 24hrs. The supernatant was then harvested, centrifuged
and passed through a 0.22uM filter. This procedure was performed in quadruplet to
produce 4 replicates. The SILAC TCM from each replicate was concentrated onto 10ul of
strataclean beads (Agilent Technologies Inc.) and washed twice with 25mM ammonium
bicarbonate. The resin beads were resuspended in 80ul of 25mM ammonium bicarbonate
and 5ul 1% (w/v) Rapigest™ (Waters). The samples were denatured at 80°C for 10
minutes, reduced with 5ul of 60mM Dithiothreitol (DTT) at 60°C for 10 minutes, cooled and
alkylated with 5ul of 180mM iodoacetamide. The samples were incubated with 1ug of
porcine sequencing grade trypsin (Promega, #V511A) overnight on a rotary mixer at 37°C.
Afterwards, the digests were acidified with Trifluoroacetic acid for 45 minutes at 37°C to
remove Rapigest™ surfactant. Samples were centrifuged at 17000g for 30 minutes and
10ul of each supernatant was taken for liquid chromatography tandem mass spectrometry
using a QExactive HF quadruple-Orbitrap mass spectrometer (RRID:SCR_020556)
coupled to a Dionex Ultimate 3000 RSLC nano-liquid chromatograph (Thermo Fisher).
Separation was performed using a 120minute gradient, with the eluent being introduced

to the integrated nano-electron spray ionization source operating in positive ion mode.

The raw mass spectra were searched against the Mus Musculus UniprotKb FASTA protein
sequences (accessed July 2020) using MaxQuant (v1.6.8, RRID:SCR_014485) with the
Andromeda peptide search engine with the false discovery rate set to 0.01. MaxQuant
output ratios were filtered to remove contaminants, peptides not present in every replicate
and proteins identified by only 1 peptide. The FASTA sequences of all differentially
secreted or exclusively secreted proteins were assessed for prediction of classical
secretion using Secretome P v5.0 (NN-score >0.05), Signal P v5.0 (p>0.9) and Target P
v2.0 (p>0.9). The proteins were filtered for possession of multiple transmembrane helices
using TMHMM v2.0 (RRID:SCR_014935). Proteins were also checked for exosomal or

vesicular secretion using Exocarta (RRID:SCR_021960) and Vesiclepedia databases
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(RRID:SCR_019011). Differentially secreted proteins were identified using the LIMMA
package (Ritche et. al 2015, RRID:SCR_010943) in ‘R’ (v4.1.3) using empirical bayes
moderation. Log2 fold change and p value cut off's applied were 1.25 and 0.01
respectively. The genes of the remaining proteins with human orthologues were used for
Kaplan Meier survival analysis (‘survminer’ package v3.3-1 in ‘R’) using the Pancreatic
Adenocarcinoma dataset (PAAD) from The Cancer Genome Atlas (TCGA). PAAD TCGA

samples were stratified to include only PDAC cases as previously described (27).

The mass spectrometry proteomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE (28) partner repository with the dataset identifier PXD042234.
Flow cytometry analysis

Single cell suspensions of PDAC tumor and lungs were prepared by first mechanically
disrupting the tissues, followed by enzymatic digestion in Hanks Balanced Salt Solution
supplemented with 1mg/ml of Collagenase P (for PDAC tumors) or 2mg/ml of Collagenase
D (Lungs) for 30 minutes at 37°C. The cell suspensions were further digested in TrypPLE
(Thermofisher) for 5mins at 37°C and subsequently filtered 70um cell strainer to obtain a
single cell suspension. Red blood cell lysis was performed and the samples were blocked
with 1:100 of Fc Block (BD Pharmingen, #553142, RRID:AB_394657) for 10 minutes on
ice. The cells were then incubated with SYTOX™ Blue (Thermofisher, #S11348) and
conjugated antibodies against CD45 (Biolegend, #103116, RRID:AB_312981), F4/80
(Biolegend, #123115 RRID:AB_893493), MHC class Il (Biolegend, #107630,
RRID:AB_2069376), Ly6G (Biolegend, #127618, RRID:AB _1877261) and Ly6C
(Biolegend, #128008, RRID:AB_1186132). Flow cytometry analysis was performed on

FACS Canto Il (RRID:SCR_018056).

CRISPR/Cas9 knockout of Mesothelin in the FC1245 cells and rescue of

mesothelin expression
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Lentivirus was produced by transfecting a 10-cm dish containing HEK293T cells at ~80%
confluence with pCW-Cas9 (a gift from E. Lander and D. Sabatini; RRID:Addgene_50661),
together with the helper plasmids psPAX2 (RRID:Addgene 12260) and pMD2.G
(RRID:Addgene_12259) vectors at a 1:4:2 ratio using polyethyleneimine. The pCW-Cas9
plasmid contains a TET operator for doxycycline inducible expression of SpCas9. After 72
hours, the supernatant was collected and centrifuged at 500g for 5 minutes to remove cell
debris. The clarified supernatant was filtered using a 0.45-um PVDF filter and used to
transduce FC1245 cells. Successfully transduced FC1245%°¢%° clones were isolated and
validated by western blotting. sgRNA plasmids targeting two separate sites within Msin
were constructed by ligating annealed oligonucleotides containing the desired spacers into
BsmBI digested pMUuLE ENTR U6 L1-R5 (a gift from |. Frew; RRID:Addgene_62111). We
next transfected the gRNA vectors into FC1245%°°%° cells using lipofectamine 2000
(Thermo Fisher, #11668019). SpCas9 expression was induced the following day through
addition of 8ug/ml of doxycycline. Successfully transfected single cell clones were isolated
and screened for homozygous deletion by PCR. Sequences of oligonucleotides used to
generate sgRNA and primers used for genetic validation of the knockout clones can be

found in Supplementary Table S1.

We later rescued mesothelin expression in the FC1245"s"" #4 cells by performing
lentiviral transduction using a lentiviral vector containing genes for MsIn expression and
blasticidin resistance (pHIV-MsIn-BSD plasmid). The procedure for lentivirus production
and transduction is the same as described above. Blasticidin antibiotic selection was

carried out at 5nM for 14 days to generate the ‘FC1245"""- + Msin’ cell line.
Colony formation assay

Each well of a 48 well plate was coated with a melted 0.5% (w/v) agarose solution made
with non-phenol red DMEM and allowed to set. Either FC1199, FC1245 or FC1245Msin-
cell suspensions were put through a 70uM filter and seeded at 3000 cells per well in a
melted 37°C 0.3% (w/v) agarose solution made with either DMEM, FC1199 TeMCM,

8
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FC1245 WT TeMCM, FC1245 WT (Cas9) TeMCM, or FC1245Vs"" TeMCM,
supplemented with 4% FBS. After the cell containing layer had set, TeMCM was layered
on top, supplemented with 4% FBS and changed every 2-3 days until day 11. For VEGFR2
inhibition experiments 50mM of Ki8751 (Selleckchem, #S1363) or dimethyl sulphide
(DMSO) control vehicle was added to the cell layer and feeder layer. For VEGFA
stimulation experiments, 150nM of recombinant VEGFA (Biolegend, #583104) was used
at 150nM in the cell layer and feeder layer. Colony formation was quantified after 11 days
by administering beetle luciferin (15mg/ml) and measuring the bioluminescent signal by

IVIS. Representative brightfield images of the colonies were also produced.
MTT proliferation assay

2,000 FC1199 or FC1245 cells were seeded into a 96 well plate in non-phenol red DMEM
+ 10% FBS. Cell proliferation was assessed at 0, 24 and 48hrs using the CyQuant MTT

cell proliferation assay kit (Thermofisher) according to the manufacturer’s instructions.
Immunoblotting

Immunoblotting for secreted proteins was performed by concentrating proteins from the
conditioned media onto Strataclean resin beads (Agilent Technologies). Loading buffer
(187.5mM Tris base, 9 % Sodium Dodecyl Sulfate (SDS), 10 % B-mercaptoethanol, 30 %
glycerol and 0.05 % bromophenol blue) was added to the beads in a 1:1 ratio and heated
for 10 minutes at 95°C. For immunoblotting of membrane bound proteins, cells were
scraped and lysed on ice with RIPA buffer (50 mM Tris, pH 7.4, 150 mM NacCl, 1% Triton
X-100 and 0.1% SDS) supplemented with HALT protease and phosphatase inhibitor
cocktail (Thermo Fisher, #78429), 100mM PMSF (Sigma Aldrich, #P7626) and 100mM
sodium orthovanadate (Sigma Aldrich, #S6508). Protein concentration was determined
using the Pierce BCA assay kit (Thermo Fisher, #23225). Loading buffer was added to the
lysates and heated for 10 minutes at 95°C. Beads and lysates were loaded into a SDS-

PAGE gel for electrophoresis. Proteins were transferred onto a PVDF membrane, blocked
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with 5% BSA, then incubated with the following antibodies: MsIin 1:1000 (IBL, #28127
RRID:AB_2341524), VEGFR2 1:200 (R&D Systems, RRID:AB_355500) phosphorylated-
VEGFR2 (Cell Signaling Technologies, #2478, RRID:AB_331377), a-Tubulin 1:10000
(Sigma Aldrich, #T6199, RRID:AB_477583), SpCas9 1:1000 (Cell Signaling
Technologies, #65832, RRID:AB_2799695), GPI-PLD 1:500 (Abcam, #ab210753).
Secondary anti-rabbit (Cell Signaling Technologies, #7074, RRID:AB_2099233) or anti-
mouse HRP antibodies (Cell Signaling Technologies, #7076, RRID:AB_330924) and

imaged using SuperSignal™ West Pico PLUS (Thermo Fisher, #34580).

Immunohistochemistry

Formalin fixed paraffin embedded tissue sections were deparaffinized using the DAKO PT
link and treated with DAKO peroxidase blocking solution (Agilent, S202386-2). Sections
were incubated with primary antibodies overnight at 4°C: a-smooth muscle actin 1:200
(Abcam, #ab5694, RRID:AB 2223021), NKp46 1.50 (R&D Systems, #AF2225,
RRID:AB_355192), CD31 1:100 (Cell Signaling  Technology, #77699,
RRID:AB_2722705). The sections were then incubated with DAKO anti-rabbit HRP
labelled polymer (K4003, Agilent) or Donkey anti-goat HRP 1:250 (Abcam, #ab97051,
RRID:AB_10679369) secondary antibodies for 30 minutes at room temperature.
Immunostaining was visualized using Dako Liquid DAB+ Substrate Chromogen System

(K3468, Agilent) and counterstained with hematoxylin.
Immunofluorescence in FFPE tissues

Formalin fixed paraffin embedded tissue sections were deparaffinized using the DAKO PT
link. Sections were permeabilised using 0.1% triton X-100 in PBS and blocked with donkey
serum. The following primary antibodies were incubated overnight at 4°C: CK19 1:500
(ab133496, Abcam), Ki67 1:100 (#14-5698-80, Thermo Fisher), F4/80 1:100 (70076T, Cell
Signaling Technology, #77699, RRID:AB_2722705), F4/80 1:50 (Biolegend, #123101,

RRID:AB_893504), CD206 1:1000 (Abcam, #ab64693, RRID:AB_1523910), MHC Il 1:100

10
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(Novus Biologicals, #NBP1-43312, RRID:AB_10006678), Arginasel (Proteintech Group,
16001-1-AP, RRID:AB_2289842), Vascular Endothelial Growth Factor Alpha 1:25 (Santa
Cruz, #SC-7269, RRID:AB_628430), S100A9 1:2000 (Novus Biologicals, NB110-89726,
RRID:AB_1217846), CD8a 1:50 (Thermo Fisher, #14-0808-82, RRID:AB_2572861), CD4
1:50 (Thermo Fisher, #14-9766-80, RRID:AB_2573007), Granzyme B 1:100 (ab4059,
Abcam, #ab4059, RRID:AB_304251), FOXP3 1:100 (Cell Signaling Technology,
#12653S, RRID:AB_2797979), Ly6G (Biolegend, 127602, RRID:AB_1089180), anti-
human VEGFR2 1:2000 (Cell Signaling Technology, #2479, RRID:AB_2212507), pan-
keratin 1:250 (Cell Signaling Technology, #4545, RRID:AB_490860). The next day,
sections were washed with PBS and incubated with 5mg/ml 4',6-diamidino-2-phenylindole
(DAPI) and fluorescently labelled secondary antibodies for 2hrs at room temperature:
Donkey anti-rat AF488 1:300 (ab150149, Abcam), Donkey anti-rat AF647 1:300
(ab150155, Abcam), Donkey anti-rabbit AF488 1:200 (406416, Biolegend), Donkey anti-
rabbit AF594 1:200 (406415, Biolegend), Donkey anti-rabbit AF647 1:200 (406414,
Biolegend), Donkey anti-mouse AF594 (ab150112, Abcam). Sections were mounted onto
coverslips using Dako Fluorescent mounting medium (S302380-2, Agilent). Slides were
imaged using Axio Observer Light Microscope with the Apotome.2 (Zeiss). Positive cells
were counted manually (using 3-8 field of view per sample) whereas cell nuclei counting

was automated using QuPath (v0.2.3, RRID:SCR_018257).

Picrosirius red staining

FFPE tumor sections were deparaffinized in xylene and rehydrated through decreasing
concentration of alcohol. The slides were washed in distilled H>O and submerged in 0.2%
phosphomolybdic acid for 5 minutes. The slides were then washed with PBS and
submerged in 0.1% Picrosirius Red solution made with picric acid for 90 minutes. After
washing in 0.5% glacial acetic acid, the slides were stained in 0.0166% Fast green FCF
solution made up in 0.5% glacial acetic acid. After one more wash in 0.5% glacial acetic

acid the slides were immediately dehydrated 100% ethanol, cleaned through xylene and

11
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mounted onto coverslips using DPX new mounting media (1.00579, Sigma Aldrich). Slides
were scanned and Picrosirius red staining was quantified in ImageJ (v1.5.3,

RRID:SCR_003070).
Quantitative real-time PCR

Total RNA was isolated from cancer cells and macrophages using RNeasy kit (74106,
Qiagen) and checked for quality and quantity using Nanodrop spectrophotometer. Reverse
transcription of 500ng total RNA was performed using MMLV reverse transcriptase
(28025013, Thermo Fisher) according to the manufacturer’'s instructions. Quantitative
PCR was performed using 5x HOT FIREPol EvaGreen gPCR Mix Plus ROX (08-24-00020,
Solis Biodyne) on the MX3005P RT-PCR system (Agilent). The following Quantitect Primer
Assays (Qiagen) were used to assess MRNA levels: Snaill (Mm_Snail_1 SG,
QT00240940), Snail2 (Mm_Snai2_1 SG, QT00098273), Twistl (Mm_Twistl 1 SG,
QT00097223), Twist2 (Mm_Twist2_1_SG, QT00101598), Zebl (Mm_Zebl 1 SG,
QT00105385), Zeb2 (Mm_Zeb2 1 SG, QT00148995), Cdhl (Mm_Cdhl 1 SG,
QT00121163), Ctnnbl (Mm_Catnb_1 SG, QT00160958), Epcam (Mm_Epcam_1 SG,
QT00248276), Vim (Mm_Vim_1_SG, QT00159670), Cdh2 (Mm_Cdh2 1 _SG,
QT00148106), MsIn (Mm_MsIn_1_SG, QT00104573), Ciita (Mm_Ciita_1 SG,
QT00153398), Nos2 (Mm_Nos2_ 1 SG, QT00100275), Tnfa (Mm_Tnf 1 SG,
QT00104006), li1b (Mm_lllb 2 SG, QT01048355), Mrcl (Mm_Mrcl 1 SG,
QT00103012), Argl (Mm_Argl_1_SG, QT00134288), II6 (Mm_II6_1_SG, QT00098875),
Chil3 (Mm_Chil3_1_SG, QT00108829), Tgfbl (Mm_Tgfbl 1 SG, QT00145250), Gas6
(Mm_Gas6_1_SG, QT00101332), Mmp9 (Mm_Mmp9_1_SG, QT00108815), S100a9,
(Mm_S100a9_1_SG, QT00105252), Pdcdllgl (Mm_Pdcdllgl_1_SG, QT00148617),
Vegfa (Mm_Vegfa_1 SG, QT00160769). The remaining primer sequences can be found
in Supplementary Table S1. Relative expression levels were normalized to Gapdh

expression according to the formula 2*Ct. Fold change was calculated using 224,

Statistics
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Statistical analysis of experiments was performed using either unpaired student’s t-test for
2 groups or one-way ANOVA with Sidak multiple comparison tests for 4 or more groups in
Graphpad Prism 8 (RRID:SCR_002798) as indicated in the figure legend. Error bars
represent either standard deviation or standard error as indicated in the figure legend.
Standard deviation was used where the means of individual measurements are compared,
whereas standard error was used where the means of biological replicates are being

compared. A p-value < 0.05 was considered statistically significant.
Human tissues

Studies involving use of human PDAC tissues were approved by the University of
Liverpool and National Research Ethics Service (NRES) Committee North West-Greater
Manchester (REC15/NW/0477) and conducted in accordance with the Declaration of
Helsinki. Human PDAC samples were obtained from patients that had given written
informed consent for surplus tissue being collected for research purposes. All PDAC

diagnoses were histologically confirmed by a consultant histopathologist.
Data Availability Statement

The proteomic data generated in the study are available at the ProteomeXchange
Consortium via the PRIDE (28) partner repository with the dataset identifier PXD042234.
Data generated in this study are included within the supplementary material. All other raw

data generated in this study are available upon request from the corresponding author.

Results
Metastatic pancreatic tumors are enriched in CD206+/MHC II- macrophages

We investigated the characteristics of primary PDAC tumors and common-sites of PDAC
metastasis in mice bearing tumors derived from two Kras®*°Trp53%"?HPdx1-Cre (KPC)

pancreatic cancer cell lines, referred to as FC1199 and FC1245. The FC1199 and FC1245
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cell lines, were stably transduced with a reporter lentivirus to express zsGreen/luciferase
and pancreatic tumor formation was induced by orthotopic implantation of KPC-derived
cancer cells into the pancreas of syngeneic immunocompetent mice (Fig. 1A). Cancer cell
expression of luciferase enabled us to quantify spontaneous metastasis to the tumor
draining mesenteric lymph nodes, lungs and livers. Like human PDAC, this mouse PDAC

model produces fibrotic tumors that are highly infiltrated with macrophages (10,16).

We observed that the FC1245-derived tumors were significantly larger (Fig. 1B) and
metastasized more to the lungs, liver and tumor draining mesenteric lymph nodes (Fig.
1C-D) than the FC1199-derived tumors. These findings suggest that despite originating
from the same genetic background, the FC1199 and FC1245 cancer cells display very
different tumor progression and metastatic capacity in vivo. To investigate whether cancer
cell intrinsic mechanisms, could explain the differences in tumor growth and metastasis
we assessed the proliferation and survival capacity of the FC1199 and FC1245 cells in
vitro. Although the high metastatic (FC1245) cancer cell line had an initial proliferative
advantage in vitro over the low metastatic (FC1199) this was lost at 48hrs (Fig. 1E).
Moreover, both cell lines displayed similar levels of intrinsic growth in 3D culture (Fig. 1F)
and a similar phenotype (Supplementary Fig. S1A). We also assessed epithelial
mesenchymal transition (EMT) markers and observed that the high metastatic FC1245
cells had significantly less expression of the EMT inducing transcription factors Snaill and
Snail2 and a small but significant increase in Cdhl (E-cadherin) expression compared to
the low metastatic FC1199 (Fig. 1G). Taken together these findings suggest that there are
no major differences in proliferation, survival or EMT between the FC1199 and FC1245
cells in vitro that could explain the differences observed in tumor growth and metastasis in
vivo. We then examined cancer cell proliferation and survival in the PDAC tumors.
Immunofluorescent co-staining (IF) for tumor cells (cytokeratin 19+) and the proliferation
marker Ki67 in PDAC tumor tissues showed no differences in cancer cell proliferation in

vivo (Fig. 1H). However, TUNEL staining for apoptotic tumor cells showed a significant
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decrease in apoptotic tumor cells in the FC1245-derived PDAC tumors compared to the
FC1199-derived tumors (Fig. 11). Together, these data suggest that the increase in cell
survival of the FC1245 cells in vivo drives tumor growth and that this is not due to a cancer
cell intrinsic mechanism but requires the tumor microenvironment since the increase in

cancer growth and survival is only observed in tumors, in vivo.

Since fibroblasts can contribute to tumor growth and metastasis (13,18), we assessed the
level of fibrosis by staining for aSMA and collagen, but no significant differences were
detected (Supplementary Fig. S2A-B). We then investigated whether a decrease in
effector T cells and NK cells in the highly metastatic FC1245-derived tumors could explain
their increase in tumor growth and metastasis. We observed no statistically significant
differences in activated CD8 T cells (CD8+/Granzyme B+) in the primary tumor and lungs
(Supplementary Fig. S2C-D). We noted that the FC1245-derived tumors had significantly
reduced levels of both, effector CD4 and regulatory T cells, compared to the FC1199-
derived tumors in the primary PDAC tumor, but not in the lungs (Supplementary Fig. S2E-
F). Furthermore, there were no statistically significant differences in the levels of activated
NK cells, as indicated by expression of NKp46+ (Supplementary Fig. S2G). Therefore, our
data suggest that there are no differences in the activation of T cell and NK cell populations
between FC1245-derived and FC1199-derived tumors that could explain the differences

in tumor growth and metastasis.

Macrophages are the most abundant immune cell population in PDAC tumors and are
known to change their phenotype and function in response to environmental stimuli. In
tumors, macrophages often adopt tumor promoting functions and support cancer
progression, metastasis, resistance to therapies and inhibit the anti-tumor immune
response (11,13,16-18,21,22). Macrophages expressing MHC class Il have been
demonstrated to support anti-tumor immunity in PDAC, whereas CD206+ macrophages
are associated with a worse prognosis and in PDAC patients (29,30). To characterize the

macrophages, present in the FC1199 and FC1245-derived tumors, we performed
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immunofluorescent analyses of the pan-macrophage marker (F4/80) in combination with
MHC class Il and CD206 in order to see if differences in macrophage populations could
explain the differences in metastasis we observed between the two pancreatic cancer cell
lines. We also studied changes in macrophage populations in the lungs, because this is
the site with the most frequent and largest metastases in this mouse model (22). We found
that the macrophages from the FC1245-derived primary PDAC tumors have significantly
lower expression of MHC Il and higher expression of CD206 compared to the FC1199-
derived PDAC tumors (Fig.1J). Immunofluorescent analysis of the lung tissues showed
that the mice with FC1245 tumors had a 2-fold increase in macrophage levels compared
to the FC1199 tumors (Fig. 1K). Consistent with the results from the primary PDAC tumors,
the macrophages in the lungs of the mice bearing FC1245 tumors had lower expression
of MHC Il and higher expression of CD206, compared to the lungs from the FC1199 tumor
bearing mice (Fig. 1K). Taken together this data suggest that highly metastatic FC1245
tumors are characterized by an increase in CD206+ macrophages, coupled with a loss of
antigen presenting MHCII + macrophages, while fibrosis, CD8 T cells and NK cells

infiltration remain similar compared to FC1199 tumors.

Metastatic pancreatic cancer cells secrete higher levels of mesothelin which
correlate with an increase in CD206+ macrophages and worse prognosis in PDAC

patients

Since our data show metastatic pancreatic cancer cells promote an increase in CD206+
macrophages and a decrease in MHC |+ macrophages, we hypothesized that a factor
secreted by metastatic pancreatic cancer cells might regulate macrophage function to
support cancer cell survival and metastasis. To identify differentially secreted factors
between the low (FC1199) and high (FC1245) metastatic cancer cells we used a SILAC
based proteomics approach coupled with LC/MS/MS (Fig. 2A). A total of 1195 proteins
were identified in the secretome of the two cell lines across all 4 biological replicates. We

then removed contaminants, proteins not present in every replicate and proteins with
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multiple transmembrane helices predicted by TMHMM. Further verification of secretion
was performed using prediction of secretion tools (Secretome P, Signal P, Target P) and
identification of secreted proteins in the vesiclepedia and exocarta databases. Differential
expression analysis of the remaining 174 secreted proteins revealed that 59 proteins were
enriched or exclusive to the secretome from the low metastatic FC1199 cells, 53 were
common to both and 62 were enriched or exclusive to the secretome from the high
metastatic FC1245 cells (Fig. 2A-B and Supplementary Table S2-4). Next, we performed
survival analysis for the genes of the proteins enriched or exclusive to the secretome of
the FC1199 and FC1245 cells using The Cancer Genome Atlas (TCGA) pancreatic
adenocarcinoma (PAAD) dataset. We investigated whether any of the proteins exclusively
expressed or enriched in the secretome of the low metastatic FC1199 correlated with an
improved prognosis but found none (Supplementary Fig. S3A). A search for proteins
exclusive to or enriched in the secretome from the high metastatic (FC1245) cells that
correlate with a worse prognosis in PDAC patients, identified Mesothelin (Mslin),
Methylenetetrahydrofolate dehydrogenase 1 (Mthfdl), Semaphorin 3C (Sema3C) and
Semaphorin 4B (Sema4b) (Fig. 2C). Among the candidates identified we chose to
investigate mesothelin because mesothelin correlates with the worst survival for PDAC
patients (Fig. 2C and Supplementary Fig. S3B) and has been reported to regulate
macrophage functions in vitro and peritoneal macrophage homeostasis in vivo (31,32).
Mesothelin is a glycophosphoinositol anchored (GPI) protein whose expression is mainly
limited to the mesothelium in health. However, upon malignant transformation, PDAC cells
highly express mesothelin (33). Next, we validated the presence of secreted mesothelin in
the tumor conditioned media (TCM) of the cancer cell lines by immunoblotting and
confirmed that the high metastatic (FC1245) cancer cells secrete more mesothelin than
the low metastatic (FC1199) cells (Fig. 2D). Furthermore, immunofluorescent staining for
mesothelin and pan-keratin in PDAC patient tissue samples confirmed that cancer cells

are the main source of mesothelin in the PDAC TME (Supplementary Fig. S4A).
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Mesothelin has been reported to regulate macrophage polarization in vitro through the
binding of the mannose residues of its GPl-anchor to the mannose receptor (CD206) on
macrophages (31) and to induce an inflammation resolving macrophage phenotype in a
peritoneal injury model (32). Thus, we sought to investigate whether increased secretion
of mesothelin by the high metastatic (FC1245) pancreatic cancer cells co-opts
macrophages in the TME to promote PDAC tumor growth and metastasis. Since GPI-
anchored shed mesothelin has been reported to engage CD206 (31), we investigated the
expression of GPI-specific phospholipase D (Gpldl), the only known mammalian enzyme
reported to cleave GPI-anchored mesothelin with the terminal mannose residue intact, in
the FC1199 and FC1245 cells (34). We found that the high metastatic (FC1245) cells had
4-fold higher expression of Gpldl mRNA compared to the low metastatic (FC1199) (Fig.
2E), and expressed more GPI phospholipase D protein (Fig. 2F). Next, we investigated
whether intensity of mesothelin staining on pancreatic cancer cells correlates with
increased levels of CD206+ macrophages in human PDAC tissues. We discovered that
there is a positive correlation between mesothelin staining intensity on pancreatic cancer
cells and CD206+ macrophages in PDAC patients (Fig. 2G-H and Supplementary Fig.
S4B). Therefore, our data show that the high metastatic FC1245 cells express higher
levels of mesothelin and that in PDAC patient samples, high mesothelin levels correlate

with an increased number of CD206+ macrophages and poorer survival.

To further understand how the FC1245 cells regulate macrophage function, we exposed
primary macrophages to tumor conditioned media (TCM) and measured expression of
macrophage genes Ciita, Cd86, Nos2, Tnfa, II1b, Cxcl10, 116, Mrcl, Argl, Chil3, Tgfbl,
Gas6, Mmp9, 1110, S100a8, S100a9, Pcdcllgl and Vegfa. We observed that Cxcl10 was
the only inflammatory gene that was significantly decreased in the macrophages exposed
to the TCM from the high metastatic FC1245 cells compared to the TCM from the low
metastatic FC1199 cells (Fig. 3A). Moreover, exposure of macrophages to high metastatic

FC1245-derived factors resulted in a significant increase in the expression of Argl,
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S100a9 and Vegfa (Fig.3A and Supplementary Fig. S5A). We then sought to validate
whether these differences were present in macrophages in vivo, in primary PDAC tumors
and in lung tissues. In agreement with our in vitro results, the macrophages present in the
FC1245-derived primary PDAC tumors and lungs showed significantly higher levels of
arginase (ARG1) and vascular endothelial growth factor alpha (VEGFA) compared to the
macrophages infiltrated in the FC1199-derived primary PDAC tumors and lungs (Fig. 3B-
C). We found that although few macrophages expressed S100A9 in the primary PDAC
tumors, there was a small but significant decrease in S100A9+ macrophages in the
FC1245 tumors. Whereas in the lungs of mice bearing FC1245 tumors, there were
significantly more S100A9+ macrophages (Fig. 3D). Taken together these data suggest
that secretion of mesothelin by pancreatic cancer cells triggers an increase in
macrophages that express-significantly higher levels of arginase and VEGFA in both the
primary PDAC tumor and lungs, and higher levels of S100A9 in the lungs, and this

correlates with increased metastasis.

Macrophage expression of VEGFA increases cancer cell colony formation in a

VEGFR2 dependent manner

Next, we aimed to investigate the mechanism(s) by which macrophage-derived VEGFA,
S100A9 and arginase support pancreatic cancer progression and metastasis. Arginase is
an enzyme that can be secreted by macrophages and depletes L-arginine from the TME
thereby removing a crucial metabolic substrate for NK and T cell function (35,36).
However, since we did not observe a change in NK cell and T cell activation in FC1245-
derived tumors (Supplementary Fig. S2C-G), increased arginase expression levels do not
explain the aggressive phenotype of the FC1245 tumors. Thus, we focused on the
mechanisms by which macrophage derived VEGFA+ and S100A9+ could promote PDAC
metastasis. VEGFA promotes endothelial cell proliferation and angiogenesis, but can also
bind to VEGF receptors expressed by cancer cells to enhance their proliferation and

survival (37-40). Therefore, we performed an immunohistochemical staining for the
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endothelial protein CD31 to see if the increased expression of VEGFA in the high
metastatic tumors results in increased angiogenesis. We observed no significant
differences in micro vessel density (MVD) (Fig. 4A). Thus, we hypothesized that the
increase in macrophage expression of VEGFA supports cancer cell survival and tumor
growth. To test our hypothesis, we performed a cancer cell colony formation assay using
the secreted media from macrophages previously exposed to the FC1199 or the FC1245
cancer cells (Fig. 4B). As expected, the macrophages exposed to the FC1245 cancer cells
conferred a greater colony forming ability to both cancer cell lines compared to
macrophages exposed to the FC1199 cancer cells (Fig. 4C). To demonstrate that
macrophage derived VEGFA is responsible for the increase in cancer cell colony formation
we repeated a similar experiment where we pharmacologically blocked VEGFA signaling.
VEGFA can bind to VEGFR1 and -2 however VEGFR1 has a 10-fold lower kinase activity
than VEGFR2 and is considered to act as a decoy receptor (41). We therefore used a
potent selective VEGFR2 inhibitor, Ki8751, to block VEGFA signaling. We show that the
addition of recombinant VEGFA (rec-VEGFA) increased phosphorylation of VEGFR2 in
the FC1245 cancer cells and that this effect could be abrogated upon addition of VEGFR2
inhibitor, Ki8751 (Fig. 4D). Furthermore, addition of the VEGFR2 inhibitor reduced the
colony forming ability of the FC1245 cells cultured with factors secreted by macrophages
previously exposed to FC1245 cells but, as expected, had no effect on the colony forming
ability of the FC1245 cells cultured with factors secreted by macrophages previously
exposed to the FC1199 cells (Fig. 4E). In agreement with these findings, recombinant
VEGFA increased the colony forming ability of both the low metastatic FC1199 and high
metastatic FC1245 cancer cells (Fig. 4F). Taken together, the data suggest that
macrophages exposed to the high metastatic FC1245 pancreatic cancer cells secrete
VEGFA, which in turn binds to and activates VEGFR2 in the cancer cells resulting in

enhanced cancer survival and tumor growth.
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Macrophage expression of S100A9 in the lungs correlates with neutrophil

recruitment and NET formation

S100A9 is a potent neutrophil chemoattractant and high levels of extracellular S100A9
(and its S100A8/A9 heterodimer) have been implicated in neutrophil recruitment,
activation, degranulation, inflammatory cytokine release and NET formation (42,43).
Moreover, S100A9 in the lung aids in the formation of the lung pre-metastatic niche and
lung tropic metastasis (44-46). NETosis (or NET formation) is the process where
decondensed chromatin and granule proteins are rapidly ejected from neutrophils to form
web-like structures (43). NET formation can support lung metastasis (23,47), therefore we
investigated the levels of infiltrating neutrophils and NETosis in the FC1199 and FC1245-
derived tumors. We previously showed that FC1245-derived tumors showed a small but
significant reduction of S100A9+ macrophages in the primary tumor, and this correlates
with decrease neutrophil infiltration in the primary tumor (Fig. 4G). However, the higher
levels of S1I00A9 macrophages in the lungs of the mice bearing FC1245 tumors correlates
with high levels of neutrophil infiltration and NET formation, denoted by citrinullated histone
H3 staining (Ci-H3) (Fig. 4H). These results show that macrophages in FC1245-derived
lungs secrete higher levels of S100A9 and have an increased infiltration of neutrophils and

NETosis.

Together, these findings suggest that metastatic pancreatic cancer cells promote the
secretion of VEGFA and S100A9 by tumor associated macrophages which support tumor

growth, and neutrophil infiltration and NETosis in the lungs.

Genetic depletion of mesothelin inhibits tumor growth and metastasis and

restores macrophage tumor suppressing functions

In order to demonstrate whether mesothelin causes metastasis and regulates macrophage
and neutrophil function, we genetically depleted mesothelin from FC1245 cells using

CRISPR gene editing (Supplementary Fig. S6). We first generated a single cell cloned

21



552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

FC1245%° WT cell line with inducible expression of Cas9. Shortly after, we transiently
expressed the gRNA pair in the FC1245%° WT cells to generate 10 knockout clones, of
which 3 displayed a homozygous deletion for MsIn (Supplementary Fig. S6B). We selected
homozygous KO clones #4 and #6 to be studied further. We used the parental single cell
cloned FC1245%° wildtype (WT) as an additional control, to show that phenotypic
differences in the knockout cells are due to depletion of mesothelin and not to effects
caused by clonal selection. We confirmed that there was no ‘leaky’ Cas9 expression in
unstimulated cells, since Cas9 could represent a neo-antigen and alter immune responses
in vivo (Supplementary Fig. S6C). Depletion of mesothelin was confirmed at mRNA and
protein level (Supplementary Fig. S6E-F). As expected this corresponded with a loss of
secreted mesothelin in the TCM (Fig. 5A and Supplementary Fig. 6G). While depletion of
mesothelin in the high metastatic FC1245 cancer cells led to a significant reduction in
Twistl expression it did not affect the expression of epithelial and mesenchymal markers,
nor did it affect their phenotype in vitro (Supplementary Fig. S7). Furthermore, depletion
of mesothelin did not affect the ability of cancer cells to grow in 3D mono-cultures

(Supplementary Fig. S7B).

To determine whether secreted mesothelin directly alters macrophage phenotype and
function we exposed macrophages to FC1245 WT, FC1245°%° WT or FC1245""" clones
#4 and #6 TCM. Macrophages exposed to TCM from FC1245"" cells expressed higher
levels of MHC Il compared to macrophages exposed to TCM from WT FC1245 cells and

resulted in a significant increase in the ratio of MHC 1l1+:CD206+ macrophages (Fig. 5B).

We then investigated how mesothelin depletion affects tumor progression, metastasis and
macrophage function in vivo. We orthotopically implanted FC1245 WT, FC1245 WT
(Cas9) and FC1245™"- (#4 and 6) cancer cells into the pancreas of syngeneic
immunocompetent mice (Fig. 5C and Supplementary Fig. S8A). We found that depletion
of mesothelin markedly reduced tumor growth and metastasis (Fig. 5D-F, Supplementary

Fig. S8B-C). Immunofluorescent staining for macrophages revealed that tumors lacking
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mesothelin had significantly more MHC I+ macrophages, but fewer CD206+ and
arginase+ macrophages in the primary PDAC tumors and lungs tissues (Fig. 5G, H,
Supplementary Fig. S8D-E and S9A-D). The increase in MHC I+ macrophages in the
FC1245M""#4 and #6 tumors and lung was also confirmed by flow cytometry analysis
(Supplementary Fig. S10A-D). Taken together, these results suggest that depletion of
mesothelin leads to a reduction in tumor supporting macrophages in the FC1245Msin-

PDAC tumors and lungs compared to the FC1245 WT tumors.

To establish whether mesothelin induces expression of VEGFA in macrophages we
performed immunofluorescent staining of the primary tumors and lungs of mice bearing
FC1245 WT or FC1245M9"" derived tumors. Genetic depletion of mesothelin in cancer
cells reduced macrophage expression of VEGFA in both primary PDAC tumors and lungs
(Fig. 6A-B and Supplementary Fig. S11A-B) but no changes in angiogenesis were
observed (Fig. 6C and Supplementary Fig. S11C). We next investigated whether the
reduction of macrophage VEGFA could impair cancer cell colony formation. As expected,
cancer cells grown in the presence of conditioned media generated from exposure of
macrophages to the FC1245Ms"" #4 and #6 TCM, had a reduced colony forming ability
compared to cancer cells grown in the presence of conditioned media generated from
exposure of macrophages to the FC1245 WT TCM (Fig. 6D-E). Additionally, the growth of
cancer cells exposed to the FC1245 WT Tumor educated Macrophage Conditioned Media
(TeMCM) was inhibited by a VEGFR2 inhibitor. Taken together these data show that
depletion of mesothelin leads to a decrease in macrophage-derived VEGFA and reduced

cancer cell colony formation in a VEGFR2 dependent manner (Fig. 6D-E).

Next, we rescued mesothelin expression in the FC1245™"" #4 cell line to generate the
‘FC1245M"" + Msin’ cell line, and investigated whether rescue of mesothelin could
increase tumor promoting functions of macrophages in vitro (Supplementary Fig. S6D-F).
We confirmed the presence of mesothelin in the tumor conditioned media of the

FC1245M" #4 cells by immunoblotting (Fig. 7A). Macrophages cultured with FC1245Ms"
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+ MsIn TCM showed a significant decrease in the ratio of MHC I+ : CD206 macrophages,
comparable to the macrophages cultures with the parental FC1245 WT TCMs (Fig. 7B).
Furthermore, reintroduction of mesothelin in cancer cells increased macrophage
expression of Vegfa and S100a9 (Fig. 7C) and cancer cells exposed to those macrophage
secreted factors grow bigger colonies (Fig. 7D). Collectively, these data show that
mesothelin secretion from the cancer cells promotes the secretion of VEGFA by

macrophages which feedbacks to the cancer cells and supports their growth.

VEGFR2 is expressed on cancer cells in approximately 50-70% PDAC cases and its
presence on cancer cells correlates with a worse 5-year survival rate in stage Ila patients
(48). In agreement with the literature we also see variable VEGFR2 expression on cancer
cells in PDAC patient tissues (Supplementary Fig. S12A). We then set out to determine
whether PDAC patients with high mesothelin expression in tumor cells also had high levels
of VEGFA+ macrophages. We performed IF analysis on a subset of patients with low or
high MSLN expression and found that higher expression of mesothelin correlates with
significantly higher levels of VEGFA+/CD206+ macrophages (Supplementary Fig. S12B-
D). These data suggest that, similar to what we observed in mice, expression of mesothelin

by cancer cells in PDAC patients also promotes macrophage expression of VEGFA.

Mesothelin triggers S100A9 expression by macrophages and promotes neutrophil

recruitment to the lungs and NET formation

We next investigated macrophage expression of S100A9 in the tumors and lungs of mice
bearing FC1245 WT and FC1245"" tumors. Genetic depletion of cancer cell-derived
mesothelin did not affect macrophage expression of S100A9 in primary PDAC tumors (Fig.
8A and Supplementary Fig. S13A). However, there was a significant decrease in S100A9+
macrophages in the lungs from mice bearing FC1245""/- tumors compared to the lungs
from mice bearing FC1245 WT tumors (Fig. 8B and Supplementary Fig. S13B).
Quantification of neutrophil abundance (Ly6G+) and NET formation (Ly6G+/Ci-H3+) in the
lungs revealed that there were significantly lower levels of Ly6G+ neutrophils in the lungs
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from mice bearing FC1245"" tumors compared to the lungs from mice bearing FC1245
WT tumors (Fig. 8C and Supplementary Fig. S13C). The reduction in neutrophil
abundance was confirmed by flow cytometry analysis (Supplementary Fig. S13D).
Notably, genetic depletion of mesothelin also correlated with a decrease in neutrophil NET

formation in the lung and reduced PDAC lung metastasis (Fig. 8C).

Differences in metastasis and macrophage populations are afunction of mesothelin

expression and not tumor burden.

Since cancer cells expressing high levels of mesothelin form both bigger primary tumors
and more metastases, we sought to determine whether the increase in metastasis is due
to the effect of mesothelin in macrophage function or whether it is a consequence of a
bigger tumor burden at the primary site. We compared FC1245 WT and FC1245"" #6
with similar primary tumor size from the in vivo experiments described in Fig. 5 and
Supplementary Fig. S8. We found that the FC1245 WT tumors produce significantly larger
lung metastases and metastasize more frequently to the lungs, livers and lymph nodes
compared to the FC1245™" #6 tumors, despite having a similar primary tumor burden
(Supplementary Fig. S14A-C). We also assessed macrophage phenotypes in the primary
tumors and lungs of these mice and found that the FC1245 WT PDAC tumors and lungs
had significantly more CD206+, arginase+ and VEGFA+ macrophages but less MHC |1+
macrophages compared to the FC1245"" #6 tumors and lungs, which is consistent with
our previous findings (Supplementary Fig. S14D-G). Additionally, there were higher levels
of S100A9+ macrophages in the lungs but not in the primary tumors of mice bearing
FC1245 WT tumors compared to mice bearing FC1245""-#6, which is congruent with
our previous results. Therefore, these data suggest that the differences in PDAC
metastasis and macrophage phenotype are a function of mesothelin expression and not

of differences in primary tumor growth.
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Discussion

In this study we sought to understand why PDAC cells of the same genetic background
and with similar intrinsic capacity to proliferate and survive in vitro show different capacity
to metastasize in vivo. We found that the secretion of the protein mesothelin by pancreatic
cancer cells enhances PDAC tumor progression and metastasis. Mechanistically we
reveal that mesothelin induces the conversion of macrophages towards a tumor supporting
phenotype, capable of promoting metastasis via two distinct mechanisms, involving the
secretion of VEGFA by macrophages which directly supports cancer cell survival and
tumor growth, and the secretion of S100A9 which supports the recruitment of neutrophils

and NET formation in the lung (Fig. 8D).

Research into the role of mesothelin in PDAC tumor progression and metastasis in pre-
clinical models has been focused on human PDAC cell derived xenograft tumors implanted
in immunocompromised mice to explore the therapeutic application of anti-human
mesothelin blocking antibodies or immunotoxins (49-51). Only a few studies have
evaluated the biological activity of mesothelin in immunocompetent mouse models of
pancreatic cancer (52,53), and no study has assessed the role of secreted mesothelin in
pancreatic cancer metastasis. Mesothelin was first reported to regulate macrophage
function in the study by Dangaj et al where the authors showed that soluble mesothelin
present in the ascites of ovarian cancer patients binds to CD206 on macrophages via its
GPl-anchor and promotes the polarization of macrophages into immunosuppressive
macrophages (31). More recently, mesothelin secreted by mesothelial cells was reported
to support tissue resident large peritoneal macrophage (LPM) homeostasis by inducing
expression of the GATA6 transcription factor in both embryonic derived and monocyte
derived macrophages isolated from the mesothelium (32). The expression of GATA6
supports differentiation of large cavity macrophages (LPM) towards tissue repair,
phagocytosis and an anti-inflammatory cytokine profile, while simultaneously

downregulating MHCII, Grl+ and costimulatory molecules CD80 and CD86 (54). Our
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findings further support the notion that mesothelin regulates macrophage function but also
provide new mechanistic insight of how mesothelin affects macrophage function and
supports pancreatic cancer metastasis. Specifically, we find that mesothelin alters
macrophage function to support metastasis by inducing macrophage expression of
VEGFA and S100A9 leading to enhanced tumor growth and pro-metastatic NET formation

in the lungs.

Cancer cell expression of mesothelin has been described to promote peritoneal metastasis
in PDAC and ovarian cancers but the role of mesothelin in hematogenous or lymphatic
routes of distant metastasis to the liver, lungs or lymph nodes was not known (51,55,56).
Furthermore, the association of mesothelin expression to metastasis in cancer patients
was unclear, with several studies providing evidence for (57-59) or against (57,60,61) the
correlation of mesothelin expression to lymphatic or distant metastasis in several
mesothelin expressing tumors. Here, we show that cancer cell secretion of mesothelin
leads to a more aggressive disease by co-opting macrophages to support cancer
metastasis. Our results exemplify mesothelin as a potential biomarker to predict PDAC
patients at risk of metastasis. Our findings may apply to other mesothelin expressing solid
cancers too, including mesothelioma, ovarian cancer, lung cancer and gastric cancer (57)
and thus the pro-metastatic function of mesothelin we describe here may also be exploited

in other solid cancers.

The expression of mesothelin on pancreatic cancer cells and dispensable mesothelial
cells, but not healthy tissues makes it an attractive therapeutic target (33). A recent study
reported that an anti-mesothelin monoclonal antibody could inhibit the transition of
mesothelial cells into antigen presenting cancer associated fibroblasts (apCAF) in PDAC
tumors (53). The decrease in apCAFs led to a decreased T reg/CD8+ T cell ratio and
reduced tumor growth. Therefore, anti-mesothelin therapeutics may have synergistic
effects by targeting tumor cells and inhibiting both tumor-promoting macrophage function

and apCAF formation.
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Mesothelin is a well-studied target for chimeric antigen receptor (CAR) T cell and NK cell
therapies and a Listeria based vaccine in PDAC tumors (62,63) but neither have performed
well in clinical trials. Significant barriers to immunotherapy in PDAC still remain, suchas T
cell trafficking and cytotoxic function in the fibrotic and immunosuppressive PDAC tumor
microenvironment (64). However mesothelin CAR-T cells still hold promise, with several
clinical trials using them in combination with anti-PD1 therapies (65). Notably, the study by
Liu et al show that CAR T cells who bind adjacent to protease cleavage sites on mesothelin
can inhibit shedding and improve anti-tumor immunity in vivo (66). Our data also suggest
that mesothelin CAR-T cells could reduce metastatic outgrowth by not only targeting the
cancer cells but also eliminating the source of secreted mesothelin and preventing pro-

metastatic mesothelin-induced macrophage function.

We also observed that high expression of mesothelin in human PDAC tumors correlates
with high levels of tumor promoting CD206+ macrophages expressing VEGFA. Anti-
VEGFA therapies have shown mixed success in clinical trials in the past two decades. The
anti-VEGFA monoclonal antibody bevacizumab has been successful in treating several
metastatic solid tumors, such as renal cell carcinoma, colorectal cancer and glioblastoma,
but has failed in pancreatic cancer among other cancers (67). However, there is renewed
interest for combining anti-VEGF therapies with immunotherapy for their ability to
normalize tumor vasculature, relieve VEGF mediated immunosuppression and to improve
trafficking of anti-tumor immune cell populations into PDAC tumors (68). Our data suggest
that mesothelin secretion by pancreatic cancer cells increases macrophage expression of
VEGFA and S100A9 which could be used as potential biomarkers to highlight patients
who may benefit from a combination of anti-VEGF and/or anti-S100A9 combined with

immunotherapies.

Cancer cell expression of mesothelin has been linked to increased activation of ERK1/2
and AKT signaling pathways and results in increased cancer cell proliferation and survival,

resistance to anoikis in vitro and chemoresistance in vivo in several preclinical models of
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cancer (69-71). Expression of mesothelin also promotes cancer cell EMT, invasion and
migration in vitro (33,72) and increases metastasis in xenograft in vivo models (70,71).
However, in our study, mesothelin did not alter cancer cell intrinsic proliferation, survival
or EMT. Similar to our findings, the knockout of mesothelin in KLM1 pancreatic cancer
cells in the study by Avula et al show no changes in cancer cell intrinsic proliferation in

vitro (55).

A limitation of our findings is that we have not been able to demonstrate whether the GPI-
anchored form of secreted mesothelin was responsible for macrophage polarization.
Mesothelin may also be cleaved upstream of the GPI anchor by sheddase enzymes (73).
Additional studies may seek to utilize truncated mesothelin (31), site-directed mutagenesis
of the GPI anchor transaminase cleavage site required for GPI anchor linking (74) or
CRISPR knockout of GPI anchor biosynthesis enzymes (75) to study the requirement of

GPIl-anchor in mesothelin induced macrophage polarization.
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Figure 1 — Metastatic pancreatic tumors have higher numbers of CD206+/MHCII-

tumor associated macrophages compared to low metastatic tumors. (A) Schematic
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illustrating orthotopic implantation of FC1199 or FC1245 pancreatic cancer cell lines that
stably express zsGreen/luciferase, into the pancreas of recipient syngeneic C57BL/6 mice.
At day 20 the tumors, livers, lungs and mesenteric lymph nodes were harvested for
analysis. (B) Tumor weights at day 20. (FC1199 n=8, FC1245 n=7). Data shown are
meanxSD. (C) Representative images of metastatic burden using bioluminescent imaging
(BLI). (D) Ex vivo quantification of metastatic burden using BLI imaging. Data are
meanxSD. (E) MTT assay for in vitro cancer cell proliferation. (F) Colony formation assay
for cells grown in 3D culture. Data are meanzSEM from 6 independent experiments. (G)
MRNA expression levels of EMT inducting transcription factors: Snaill, Snail2, Twistl,
Twist2, Zebl, Zeb2; epithelial markers: Cdhl (E-cadherin), Ctnnbl (B-catenin), Epcam;
mesenchymal markers Vim (Vimentin), Cdh2 (n-cadherin) in FC1199 and FC1245 cancer
cells grown in vitro. Data shown are from 3 independent experiments, mean +SEM. (H)
Representative immunofluorescent images and quantification of proliferating cells (Ki67+)
and cancer cells (CK19+) in primary PDAC tumors. () Representative immunofluorescent
images and quantification of apoptotic cells (TUNEL+) and cancer cells (CK19+) in PDAC
tumors wusing TUNEL assay. Data are mean zSEM. (J-K) Representative
immunofluorescent (IF) images and quantification of MHC I+ / F4/80+ and CD206+ /
F480+ macrophages in the primary tumor (J) and lung tissues (K). Scale bars are 100uM.

Unpaired t-test was performed to calculate P values. *P<0.05, **P<0.01, ***P<0.001.

Figure 2 — Secretome analysis identifies mesothelin as a top candidate highly
expressed by metastatic pancreatic cancer cells that correlate with an increase in
CD206+ macrophages and worse prognosis in PDAC patients. (A) Stable Isotope
labelling by amino acids in cell culture (SILAC) secretome analysis experiment schematic
and stratification criteria. A total of 4 secretome replicates were performed for each cell
line. (B) Volcano plot of differentially secreted proteins. P value cut off is 0.01 and Log2
fold change (FC) cut off is 1.25. (C) Survival analysis of proteins enriched or exclusive to

the high metastatic (FC1245) TCM using The Cancer Genome Atlas (TGCA) data. Kaplan-
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Meier p-values are plotted against hazard ratios. P value cut off = 0.05. (D) Immunoblotting
and densitometry analysis for mesothelin present in the tumor conditioned media (TCM)
of the FC1199 and FC1245 cancer cell lines standardized to total protein detected by
ponceau stain. (E) mRNA expression levels of Gpld1 in FC1199 and FC1245 cancer cells.
Data are from 3 independent experiments, mean+SEM. (F) Immunoblotting for GPI-
specific phospholipase D (GPI-PLD) in the protein lysates of FC1199 and FC1245 cells.
(G) Representative immunohistochemical images of mesothelin and CD206 in serial
sections from human PDAC tissues. Yellow arrows denote ductal structures analyzed for
MSLN staining. Red arrows denote positive staining for CD206. Scale bar 100uM. (H)
Linear regression analysis of mesothelin staining intensity on ductal cancer cells scored 1
(low) to 5 (high) plotted against humber of CD206+ cells (per 3-8 fields of view. n=25
human PDAC samples). Unpaired t-test was used to calculate P values. *P<0.05,

**P<0.01, ***P<0.001.

Figure 3 — Mesothelin secretion correlates with an increase in macrophages that
express arginase, S100A9 and VEGFA. (A) Experiment schematic and expression levels
of macrophage genes (Ciita, Cd86, Nos2, Tnfa, ll1b, CxcllOMrcl, Argl, 1I6, Chil3, Tgfb1l,
Gas6, Mmp9, 1110, S100a8, S100a9, Pcdcllgl, Vegfa) in primary bone marrow derived
macrophages cultured in vitro and exposed to tumor conditioned media (TCM) from low
metastatic FC1199 or high metastatic FC1245 cancer cells. Data are shown as fold
change compared to FC1199 TCM from each independent experiment. Data are from 3
independent experiments, meantSEM. (B-D) Representative IF images and quantification
of Arginase+ / F4/80+ macrophages (B), VEGFA+ / F4/80+ macrophages (C) and
S100A9+ / F4/80+ macrophages (D) in PDAC primary tumors and lungs of mice with low
metastatic FC1199-dervied tumors (n=8) or high metastatic FC1245-derived tumors.
Yellow arrows denote double positive staining. Data are mean+SEM. Scale bars are

100uM. Unpaired t-test was used to calculate P values. P*<0.05, P**<0.01, P***<0.001.
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Figure 4 - Macrophages exposed to high metastatic (FC1245) TCM support cancer
cell growth and neutrophil NETosis. (A) Representative images and quantification of
endothelial cell micro vessel density (MVD) using immunohistochemistry staining of CD31
in PDAC tumors. (FC1199 n=8, FC1245 n=7). Data are mean +SEM. (B) Schematic for
colony formation assay experiment. (C) Colony formation assay (CFA) for cancer cells
cultured in the presence of low metastatic FC1199 or high metastatic FC1245 Tumor
educated Macrophage Conditioned Media (TeMCM). Representative brightfield images of
the colonies are shown. Data are meantSEM from 3 independent experiments. (D)
Immunoblotting and densitometry analysis for phosphorylated-VEGFR2, total VEGFR2
and a-tubulin in the protein lysates from high metastatic (FC1245) cells £ recombinant-
VEGFA and + VEGFR2 inhibitor (Ki8751). Media +20% FBS was used a positive control.
(E) Colony formation assay (CFA) for FC1245 cancer cells exposed to either FC1199 or
FC1245 TeMCM, £DMSO or +VEGFR2 inhibitor (Ki8751). Representative brightfield
images of the colonies are shown. Data are mean+SEM from 3 independent experiments.
(F) Colony formation assay of low metastatic (FC1199) and high metastatic (FC1245)
cancer cells treated with recombinant-VEGFA (150ng/ml). Representative brightfield
images of the colonies are shown. Quantification of colony formation performed with BLI.
Data are from 3 independent experiments, mean+SEM. (G) Immunofluorescent staining
for neutrophil marker, LyG6, in FC1199 and FC1245 PDAC tumors. Data are meantSEM.
(H) Representative IF images and quantification of NETs formed by neutrophils (Ly6G+)
using NETosis marker citrullinated histone H3 (Ci-H3) in the lungs of mice with FC1199 or
FC1245 tumors. Yellow arrows denote double positive staining. Data are mean+SEM. All
scale bars are 100uM. Unpaired t-test was used to calculate P values. P*<0.05, P**<0.01,

pP***<0.001.
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Figure 5 — Knockout of mesothelin in the high metastatic (FC1245) cancer cells
reduces tumor growth, metastatic burden and alters macrophage function. (A)
Immunoblotting for mesothelin (MSLN) in the TCM of FC1245 WT, single cell cloned
FC1245%° WT and FC1245""/- clones #4 and #6. (B) Representative IF images and
quantification of the ratio of MHC Il+: CD206+ macrophages cultured with TCM from
FC1245 WT, FC1245 WT (Cas9) or FC1245™""- #4 and #6 cells. Data are from 3
independent experiments, mean+SEM. (C) Schematic illustrating orthotopic implantation
of FC1245 WT, FC1245%%° WT or FC1245"" #4 and #6 pancreatic cancer cell lines that
stably express zsGreen/luciferase, into the pancreas of recipient syngeneic C57BL/6 mice
and grown until day 20. The tumors, livers, lungs and mesenteric tumor draining lymph
nodes were harvested for metastatic burden quantification. The tumors and lungs from
half of the mice were analyzed by IF/IHC whereas the remaining half were digested for
flow cytometry analysis. (D) Tumor weights at day 20. FC1245 WT (n= 8), FC1245%° WT,
FC1245M"/- #4 (n=8) and FC1245"s"/- #6 (n=8). Data are mean+SD. (E) Representative
images of metastatic burden using bioluminescent imaging (BLI). (F) Ex vivo quantification
of metastatic burden using BLI. Data represents meantSD. One-way ANOVA with
Kruskal-Wallis multiple comparison test was used to calculate adjusted P values. (G and
H) Representative IFs images and quantification of MHC |1+ / F4/80+ macrophages and
CD206+ / F4/80+ macrophages in primary PDAC tumors (G) and lungs (H). Data are
mean+SEM. Scale bars are 100uM. One-way ANOVA with Sidak multiple comparison test

was used to calculate adjusted P values. *P<0.05, **P<0.01, ***P<0.001.

Figure 6 — Cancer cell secretion of mesothelin induces macrophage expression of
Vegfa to enhance tumor growth and cancer cell colony formation in a VEGFR2
dependent manner. (A and B) Representative images and quantification of VEGFA+ /
F4/80+ macrophages in FC1245 WT (n= 8), FC1245 WT (Cas9), FC1245"s"- #4 (n=8)

and #6 (n=8) derived PDAC tumors (A) and lungs (B). Yellow arrows denote double
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positive cells. Data are meantSEM. (C) Representative images and quantification of
endothelial cell micro vessel density (MVD) using immunohistochemistry staining of CD31
in FC1245 WT and FC1245"s" PDAC tumors. (D) Colony formation assay schematic. (E)
Colony formation assay for cancer cells grown in the presence of high metastatic FC1245
WT, FC1245%%° WT, FC1245""- #4 and #6 TeMCM, +DMSO and +VEGFR2 inhibitor
(Ki8751). Representative brightfield images of the colonies are shown. Quantification of
colony formation performed with BLI following administration of luciferin. Data are from 3
independent experiments shown as meanzSEM. Scale bars are 100uM. One-way ANOVA
with Sidak multiple comparison test was used to calculate adjusted P values. *P<0.05,

**P<0.01, ***P<0.001.

Figure 7 — Rescue of mesothelin expression in the FC1245Ms"’-#4 increases tumor
promoting macrophage function. (A) Immunoblot for secreted mesothelin in the TCM
of FC1245 WT, FC1245%° WT, FC1245Ms" #4 and FC1245"s"" + MsIn cells. (B)
Immunofluorescent staining of macrophages cultured with FC1245 WT, FC1245 WT
(Cas9), FC1245Ms"- #4 and FC1245™s"- + MsIn TCM. (C) Expression of Vegfa and
S100A9 in macrophages cultured with TCM from FC1245 WT, FC1245 WT (Cas9),
FC1245™"" and FC1245Ms"/- + MsIn cells. Data are from 3 independent experiments,
mean+SEM. (D) Colony formation assay for cancer cells grown in the presence of
conditioned media generated from macrophages (TeMCM) exposed to FC1245 WT,
FC1245%%° WT, FC1245™"" #4 and FC1245“s"" + MsIn TeMCM. Representative
brightfield images of the colonies are shown. Quantification of colony formation performed
with BLI following administration of luciferin. Data are from 3 independent experiments
shown as mean+SEM. One-way ANOVA with Sidak multiple comparison test was used to

calculate adjusted P values. *P<0.05, *P<0.01, *P<0.001.

Figure 8 — Tumors expressing mesothelin have increased levels of S100A9+

macrophages, neutrophil infiltrate and NET formation in lungs.
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(A and B) Representatives images and quantification of F4/80+ / S100A9+ macrophages
in the PDAC tumour (A) lungs (B) from mice bearing FC1245 or FC1245""™ tumors. Data
are meantSEM. (C) Representative IF images and quantification of NETs formed by
neutrophils (Ly6G+) using the NETosis marker citrullinated histone H3 (Ci-H3) in the lungs
of mice bearing FC1245 WT or FC1245""" tumors. Data are mean+SEM. Yellow arrows
denote double positive cells. Scale bars are 100uM. One-way ANOVA with Sidak multiple
comparison test was used to generate adjusted P values. *P<0.05, **P<0.01, ***P<0.001.
(D) Schematic depicting how mesothelin secreted by pancreatic cancer cells regulates
macrophage tumor supporting functions leading to increased tumor growth and

metastasis.
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