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Abstract
Clinical and preclinical evidence reveal that cancer cells may fuse with hematopoietic cells to
obtain properties including migration, proliferation and drug resistance. Our previous studies in
murine model revealed fusion hybrids between intestine stromal cells and macrophages contribute
to chronic intestine fibrosis. We hypothesize that cancer cell-macrophage fusion hybrids may lead to
pancreatic cancer desmoplasia and progression.
Murine tumor models using cre-loxP or gender-mismatched xenografts as well as

pdx-cre-Kras'SL-6120

mice after bone marrow transplantation from reporter ROSA mice were
established. Fusion hybrids and macrophage markers were detected using immunofluorescence
staining and flowcytometry.

In vitro co-culture using cre-loxP or dual fluorescence methods of pancreatic cancer cells with
macrophages was used to evaluate the frequency of fusion phenomenon. The proliferative,
migratory and resistant phenotypes of purified fusion hybrids were measured. Differentially
expressed genes between fusion hybrids and non-fused cancer cells were compared by Affymetrix
microarray analysis.

Fusion between pancreatic cancer and host derived cells in murine xenograft model ranges
from 1.6 to 4.86%, 1-5 weeks after tumor implantation. In KC murine model, fusion hybrids of 0.62
to 26.49% was noted 7-16 weeks after BM transplantation from ROSA mice. Depleting macrophage
using liposomal clodronate in mice with tumor xenograft showed delayed tumor growth and
reduced fusion hybrids. Masson trichrome stain and immunoblots revealed the fibrosis status of
tumors were correlated with the amount of fusion hybrids.

In vitro co-culture of macrophages with pancreatic cancer cells showed spontaneous fusion of
0.64 t0 1.12% in 24 to 72 hrs. Depleting CD11b(+) cells from BM cells decreased the level of fusion
phenomenon significantly. Fusion hybrids revealed enhanced migratory and proliferative ability as
well as resistance to radiation cytotoxicity compared with wild type pancreatic cancer cells. Gene
set enrichment analysis showed the degradation of the extracellular matrix (ECM) and signal
regulatory protein (SIRP) signal pathway were significantly upregulated in fusion hybrids compared
with non-fused pancreatic cancer cells. The expression level of ECM, fibrosis, SIRP molecules were
elevated at RNA and protein levels in fusion hybrids.

In summary, fusion between pancreatic cancer cells and macrophages contribute to cancer
desmoplasia and malignant progression of pancreatic cancer. SIRP signal pathway is a potential
target to disrupt fusion phenomenon and ameliorate pancreatic cancer fibrosis and progression.

We are going to collect tumor tissues from cancer patients who received allograftic bone

marrow transplantation before. We will evaluate Y chromosome or short tandem repeats to
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identify donor- derived genes in cancer cells and demonstrate the clinical evidence of fusion
between cancer cells and macrophages. The tumor tissues will be collected from the Pathology
Department. Ten slides of 4-8um will be collected from twenty patients enrolled according to the
inclusion criteria.

We will collect peripheral mononuclear cells from healthy volunteer ( eg. Donors for bone
marrow transplantation) or hyperemia patients. The mononuclear cells will be induced to
differentiate into macrophages and will be co-cultured with cancer cells in order to purify fusion
hybrids. The fusion hybrids between cancer cells and macrophages will be evaluated for biologic
characters including proliferation, radio-sensitivity, migration etc. We planned to collect blood
samples from Department of Laboratory Medicine, Blood bank. Thirty subjects of healthy volunteer
or hyperemia patients will be enrolled. Ten to 20ml peripheral blood will be collected from each

subjects for one time.
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Desmoplasia has been shown to exert mechanical forces and create a biochemical
intra-tumoral immunity and influence the development and progression of a malignancy.! Recent
reports suggest a significant negative correlation between cancer patient survival and extracellular
matrix deposition in primary tumors; and concomitant stromal targeting may enhance therapeutic
outcomes in cancer patients.?

In defining the source of the dense stroma, it is generally believed that over-activated CAFs

A p Ep 120220310 v3



could produce extracellular matrix (ECM) proteins, the major component of the dense stroma.
Anti-fibrosis drugs including those depleting CAFs or collagen, sonic hedgehog inhibitor, antibodies
against LOX/LOX2, were under clinical trials.! However, CAF-depleted tumors displayed a more
aggressive phenotype and alteration in regulatory T cells, raising the possibility that CAF-targeting
strategies may have both beneficial and detrimental effects.?

Considering the functional significance of macrophages in inflammation, desmoplasia, cancer
initiation and progression, mounting studies had conducted to evaluate the efficiency of
anti-macrophage as a novel strategy against cancer.> Accordingly, the anti-macrophage strategies
include the inhibition of the monocytes recruitment as well as transformation, and the ablation the
macrophages directly. Given the multifaceted roles of maintaining homeostasis, the systemic
depletion of macrophages may lead to increased infections or impaired ability of tissue-resident
cells to carry out their normal function. Thus, the identification of tumor associated macrophage
(TAM)-specific markers will enable the development of more sophisticated therapies that can be
targeted specifically to tumors without affecting the function of other tissue-resident immune
cells.

Recent studies had identified numerous factors such as platelet-derived growth factor (PDGF)
and transforming growth factor B1 (TGFPB1l) released by TAMs, especially bone marrow
(BM)-derived ones,” involving in the process of activating CAFs. In addition, there were
TAMs-derived pro-fibrotic factors, such as connective tissue growth factor (CTGF), chemokine
ligand 17 (CCL17), CCL22 and reactive oxygen species (ROS). Similar observation was found in
TAMs-derived matrix metallopeptidase 9 (MMP9) which involved in the stroma turnover by
degrading the ECM proteins. However, rare study investigates the role of fusion between
macrophages and cancer cells in desmoplasia and tumor progression as well as the strategy
targeting fusion machinery of macrophages with cancer cells.

Several lines of evidence support that cell fusion between cancer cells and leukocytes, majorly
macrophages, is one of the explanations for tumor resistance and progression.” Recent genotyping
of a metastatic melanoma to the brain that arose following allogeneic BM transplantation supports,
first time clinically, fusion between a BM derived cell and a tumor cell playing a role in the origin of
metastasis. Fusion hybrids enumerated in peripheral blood of pancreatic cancer patients were
reported to correlate with disease stage and predict overall survival.® Furthermore, general
inflammatory responses were demonstrated to increase the number of fusion events.® While the
fusion events were demonstrated in animal and human, and were correlated with cancer
resistance and metastasis,’ little is known regarding key questions such as the mechanisms through
which macrophage-cancer cell fusion and subsequent genomic hybridization occurs in vivo;
potential survival advantages of hybrids; reprogramming of fibrotic and immunologic tumor
microenvironment by hybrids; and the development of novel strategies to target fusion machinery.

The majority of macrophages, including tissue macrophages in normal tissue and TAMs, are
derived from bone marrow (BM).> Our preliminary study, using irradiated murine intestine model,
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suggested parallel between the development of cell fusion between BM-derived monocytes and
intestine stromal cells with radiation-induced fibrosis.'° Using cre-loxP system and gender
mismatched BM transplantation, we demonstrated that BM-derived CD11b(+) myelo-monocytic
cells/macrophages were the major fusion partner to damaged intestine stromal cells after radiation.
The fusion events in irradiated intestine stroma correlated with chronic intestine fibrosis with
enhanced TGFf transcripts and collagen deposition. With macrophage deletion by liposomal
chlodronate or conditional CD11b knock-out, we can ameliorate radiation induced chronic intestine
fibrosis.1®

The main property of cancer cells that makes them malignant is the ability to produce diverse
progeny. Fusion between cancer cells and TAMs can be an engine of genomic and epigenetic
variability that has a potential to make cells with new properties at a rate exceeding that achievable
by random mutation.'! Previous reports revealed cell fusion contribute to drug resistance and can
promote the ability of cancer cells to metastasize.’

Fibrosis and inflammation are hallmarks of tumor desmoplasia. TAMs, majorly derived from
bone marrow,®> act as an essential connecting moiety between inflammation and cancer via
secretion of pro-inflammatory cytokines/chemokines. The M2 polarized macrophages, which
constitute majority of the macrophages in tumor microenvironment, secrete IL10 and other
cytokines that mediate T helper 2 (Th-2) responses and are responsible for malignant tumor
tansformation and inhibit antitumor immune response mediated by T cells. TAMs were reported to
play a phenomenal role in enhancing mesenchymal phenotype of cancer cells via TGFP. The
lipopolysaccharide (LPS) receptor toll-like receptor 4 (TLR4) on the surface of TAMs has been
implicated in a role in the EMT via TLR4/Interleukin 10 (I1L10) cascade.!? The level of secreted protein
acidic and cysteine-rich (SPARC) gene, a regulator of EMT, was reported to be 3-4 fold higher in
hybrids of BM-derived cell and melanoma.®?

Analysis of microenvironment microarray assay revealed that fusion hybrids of colon cancer
cells and macrophages exhibited a combination of biases, reflecting properties of both parental
cells, including fibronectin, collagen XXIlII, vitronection, potentially providing a broader
desmoplastic process in different microenvironment.? Our preliminary results of differential
expression of genes between fusion hybrids of cancer cells and macrophages with non-fused
cancer cells show significant elevation of signal pathways involving inflammation, extracellular
matrix degradation and mesenchymal phenotypes etc. Besides, prominent increase in signal
regulatory protein (SIRP) family members, a cell-cell communicating system, were also found.

Current treatment result of cancer with desmoplasia is unsatisfactory. It is generally believed
that desmoplastic stroma provides cancer cells with cytokines/chemokines to suppress immune
surveillance and to enhance malignant progression. Recent clinical trials revealed direct targeting
desmplasia using sonic hedgehog inhibitor lead to a more aggressive phenotype with increased
regulatory T cells.'* On the other hand, depleting macrophage or its recruitment from circulation
revealed to be effective in reducing pro-fibrotic cytokines/chemokines and CAFs activity; however,
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with significant normal tissue toxicity.*

From previous investigation and our study, fusion hybrids between cancer cells and
macrophages appeared to play important role in promoting cancer desmplasia as well as malignant
progression.® We proposed to develop an alternative method to ameliorate cancer desmoplasia by
focusing on novel targets interfering fusion between cancer cells and macrophages. The potential
candidates were revealed by our preliminary microarray study. eg. Signal regulatory protein (SIRP)
signal pathway including SIRPa, a macrophage fusion receptor,’® which was nearly 5 folds
differentially expressed in fusion hybrids. Furthermore, the down-stream molecules including
DAP12 (DNAX activating protein), a general macrophage fusion regulator, and protein tyrosine
phosphatase (PTPNG6), protein tyrosine kinase (PTK2B) were increased 8 folds and 4 folds,
respectively, in fusion hybrids.

We proposed to target on SIRPa and other potential candidate molecules with neutralizing
antibodies or silencing mRNA to reduce the incidence of fusion phenomenon in cancer with
desmoplasia. By reducing the frequency of tumor heterogeneity and the fibrotic phenotype, we
would like to improve the therapeutic outcome of cancer with desmoplasia. The combination effect

of anti-fusion agents with other anti-fibrosis agents or immunologic therapy will also be explored

S EIREAER
(1) To demonstrate tumor fibrosis and fusion between bone marrow derived
monocytes and cancer cells in human specimen and in murine model.
Murin model
pdx-Cre-Kras-mutated (KC) mice of 10~12 wk-old, a spontaneous pancreatic
adenocarcinoma murine model, will be given whole body irradiation followed by bone
marrow transplantation from ROSA mice (Gt(ROSA)26Sor tmA(ACTB-tdTomato-EGFP)Luo /)N gF]),
U937(fl-dsRed-fl-eGFP). Mice will be sacrificed at 16~26wk-old. Pancreas tissues will be
evaluated for fibrosis status using masson trichrome stain, immunoblots and qPCR
measurement of fibrosis and extracellular matrix proteins. Fusion between pancreatic
cancer cells with bone marrow derived cells will be identified as cells expressing green
fluorescence due to DNA recombination. Fusion hybrids will be quantified and further
immune-stained with macrophage, lymphocyte markers.

Human specimen

Tumor tissue specimens of patients receiving bone marrow transplantation from
mismatched gender (eg. female receiving bone marrow cells from male donor) in
previous will be collected. Cancer cells will be evaluated with Y chromosome expression
using fluorescence in situ hybridization. Tumor fibrosis score will be measured after
Masson trichrome stain.

(2) To evaluate the functions and the expression of fibrosis, and inflammatory
molecules after fusion between cancer cells and macrophages in vitro.
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Cell culture

Cancer cells including Pan02 (mouse pancreatic epithelial cancer cells) and Panc-1
(human pancreatic adenocarcinoma cells) were cultured in Dulbecco’a modified Eagle’s
medium (DMEM) + 10% serum. Stable cancer cell lines, Pan02(Cre), Pan02(H2B-YFP/Cre),
Panc-1-EGFP were generated by retroviral transduction and polyclonal populations were
selected by antibiotic resistance and flow-sorted for bright fluorescence as appropriate.
Primary macrophages derivation was conducted from the bone marrow of ROSA mice.
U937-loxP-dsRed-loxP  cells were generated by stably expressing a
MSCVLPdsRed-LoxP-eGFP-PURO construct (Addgene#32702) into the parental U937
cells. Primary monocytes derived from healthy peripheral blood donors will be
collected after CD14+ magnetic beads selection. To elicit macrophages, cells were
cultured for 6 days in DMEM + 15% serum supplemented with sodium pyruvate,
nonessential amino acids and CSF1(25ng/ml). 25ng/ml GM-CSF or 50ng/ml M-CSF was
used to promote M1- or M2-like polarization.
Co-culture to generate fusion hybrids

Cell  fusion hybrid generating co-cultures were established in
macrophage-derivation media without CSF1 for 4 days. Pancreatic cancer cells and
macrophages with stably expressed fluorescence or labelled with fluorescent dyes
(CytoTell™) were co-seeded at a 1:2 ratio at low density. Hybrid cells were FACS-isolated
for appropriate fusion markers on a FACS sorters. Low-passage hybrid isolates were
established; functional experiments were conducted on 8 to 20 hybrid isolates. Live
imaging of co-cultured cells was performed using an automated microscope system and
associated software.

Invasion analysis

Cellular invasion was measured in a growth factor-reduced Matrigel invasion
chamber with 8 um pores. Cells (3x10°) in a medium containing 0.1% FBS were placed
into each Boyden chamber. The medium containing 10% FBS was placed in the lower
chamber to facilitate chemotaxis. Invasion assays were run for 15 hours, and then cells
that passed through the Matrigel membrane were stained with 0.09% crystal violet/10%
ethanol. After extraction by elution buffer, the stain was measured at 560nm.
Representative images of invaded cells were taken by microscope.

Proliferation assay

A suspension of hybrid or wild type cancer cells in DMEM+4% FBS was added to
each well of 96-well plates. Plates were cultured in a humidified incubator for 72 hours,
after which 5 pl of MTS reagent was added to each well. Two hours later, absorbance at
490nm was read with a plate reader.

Immunoblots
Hybrid or wild type cancer cells were collected and lysed in protein lysis buffer
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containing a protease inhibitor cocktail. The supernatants were centrifuged at 4°C for 15
min at 13000rpm. Twenty micrograms of total protein were loaded into each well of a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and separated. Protein
was transferred onto a polyvinylidene fluoride membrane, and membranes were
incubated in blocking solution at room temperature for 1 hr, followed by incubation
with the indicated primary antibodies (antibodies to fibronectin, TGFB1, collagens,
Interleukin 1 B, etc) at 4°C overnight. The membranes were washed in TBS-T and
incubated at room temperature with peroxidase-conjugated secondary antibodies for 1
hr. Signals were detected using the enhanced chemiluminescence assay.

(3) To demonstrate the development of desmoplasia and fusion hybrids between
cancer cells and bone marrow-derived macrophages during cancer progression in
murine model

Mice and bone marrow transplantation

The following strains were used in the described studies: C57BL/6J mice, ROSA
mice [Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)LUo /iNgr|], and KC mice [KRAS™UY*/Cret8®], Kras
mice [KRAS ™“¥*]. For tumor growth, 8 to 12 week-old C57BL/6) mice were injected with
5x10* cells subcutaneously. Length and width of palpable tumors were measured three
times weekly with calipers until tumors reached a maximum diameter of 2 cm. Tumors
were surgically removed and animals were sacrificed during tumor removal. For growth
of tumor at metastatic sites, 1x10° cells were injected into the spleen. Livers were
analyzed 3 weeks later for tumor burden by H&E stain.

To evaluate fusion hybrids during tumorigenesis, two sets of experiment were
conducted. (1) ROSA mice at 8 to 10 week-old were subcutaneously injected with 5x10*
cancer cells stably with or without expressing cre recombinase. (2) KC or Kras mice were
irradiated at 8 to 10 week-old followed, within 24 hr, by bone marrow transplantation
(BMT) from ROSA mice. Mice were sacrificed at various time points after BMT to
evaluate pancreatic tissues. H&E and immunofluorescence stain were performed to
measure the level of pancreatic malignancy and fusion hybrids.

Immunofluorescence analysis

Primary tumors or livers were fixed in 10% buffered formalin, frozen in optimum
cutting temperature (OCT), and 4um sections were obtained. Tumors were incubated
with antibodies for GFP followed by detection with fluorescent secondary antibody.
Nuclei were counterstained with Hoechst. Slides were digitally scanned and analyzed.
Confocal images were acquired with an Olympus confocal microscope.

Tumors from KC or Kras mice were fixed in 4% paraformaldehyde for 2 hours at
20°C, washed and cryopreserved in 30% sucrose for 16 hr at 4°C and then embedded in
OCT. Sections were cut to 4um thickness, baked for 30 min at 37°C, then subjected to
antigen retrieval under standard conditions, blocked with DAKO protein block
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serum-free, and incubated for 16 hr at 4°C with primary antibodies, anti-dsRed, anti-YFP,
and anti-GFP in background-reducing antibody diluent. Fluorescent-tagged secondary
antibodies were applied, and then sections were mounted in a ProLong Gold antifade
reagent. Antibody specificity was determined by immunostaining healthy livers of
non-tumor bearing mice and performing secondary antibody only controls.

(4) To correlate desmoplasia with fusion hybrids during cancer progression by
macrophage depletion in murine model

Pravastatin, and clodronate treatment

To suppress cancer desmoplasia, mice were given pravastatin, a Rho pathway
inhibitor, 30mg/kg/day in drinking water for 10 weeks starting two weeks before tumor
implantation. To deplete macrophages, Liposomal Clodronate 2.5mg/ml in PBS
100uL/mouse, was injected once every three days for two weeks before sacrifice.

Immunohistochemical analysis

Sections were stained with hematoxylin-eosin as well as Masson Goldner trichrome
staining to evaluate collagen deposition. Fusion hybrids were measured by
immunofluorescence staining at serial histology section and correlated with Masson
trichrome staining.

(5) To validate in vivo-derived cell fusion hybrids

For demonstration that tumor cells can fuse with myeloid cells,
Pan02(fl-dsRed-fl-eGFP) cells were injected intradermally into 8 to 10 wk-old Cd11b-DTR
mice [B6.FVB-Tg(ITGAM-DTR/EGFP)34Lan/J]. Mice were given diphtheria toxin was given
10ng/g i.p. every three days for two weeks before sacrifice. When tumors reached 1cm3,
primary tumors were removed for immunofluorescence analysis.

Tumors were diced and digested for 30min at 37°C in DMEM + collagenase
A(2mg/ml) + DNase under stirring conditions. Digested tumor cells were filtered
through a 40um filter and washed with PBS. Cells were washed and resuspended in
FACS buffer. Cells were incubated in PBS containing LIVE/DEAD Fixable Aqua with Fc
Receptor binding inhibitor. Cells were then incubated in FACS buffer for 30 min with
fluorescence labelled primary antibodies including GFP, DsRed, cytokeratin, CD45, CSF1R,
F4/80. FACS machine was used for analyses. The level of fusion hybrids expressing
macrophage markers, unfused cancer cells were evaluated.

(6) To conduct karyotype and gene expression analysis of fusion hybrids
Karyotype analyses

Chromosome spreads from cells in S phase were prepared from cells treated for
>12 hr with colcemid (100ng/ml) to induce mitotic arrest. DNA was visualized by
staining with DAPI. Images of stained fixed cells and chromosome spreads were
acquired by inverted microscope. Chromosomes were counted manually. A minimum of

20 cells were analyzed in each experiment.
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Gene expression analysis

Microarray analysis was performed with gene chips of Affymetrix and data were
analyzed using software to identify relative expression differences between cell types
(wild type cancer cells, macrophages, non-fused cancer cells or fusion hybrids) and
produce gene ontology (GO) analyses. GO category enrichment was calculated using the
GOstats R package and visualized using functions from the GOplot R package.

(7) To validate the differential expressed signal molecules between fusion hybrids and
non-fused cancer cells.

Polymerase chain reaction

DNA was extracted from wild type cancer cells and fusion hybrids and incubated
in lysis buffer followed by neutralization with neutralization buffer. Primers of forward
and reverse sequences were prepared according to the candidate molecules (eg SIRPa,
DAP12 etc.). Reactions were run with a 60°C annealing temperature.

Immunoblots

As described previously. The primary antibodies will be candidate signal
molecules of fusion machinery eg. SIRPa, DAP12 etc.

(8) To evaluate the efficacy of small molecules interfering fusion machinery in
suppressing fibrosis development in murine model.

In vitro fusion assay to evaluate anti-fusion agents

Freshly isolated macrophages from ROSA mice or U937(fl-dsRed-fl-eGFP) were
co-cultured with Pan02(H2B-YFP/Cre) or Panc-1-EGFP cells supplemented with
anti-SIRPa. neutralizing antibody, PTK2B inhibitor at various concentrations. The cells
were examined daily for 4 days. The level of fusion was graded by FACS of GFP.
Expression of fibrosis related molecules including TGFf, fibronectin were measured by
immunoblots and PCR described previously.

Murine model to evaluate anti-fusion agents

Mice were injected i.p. with normal 1gG, anti-SIRPa antibody three times a week
beginning immediately after the establishment of murine models of primary tumor and
liver metastatic tumor described previously. Tumors were measured with digital calipers
and tumor volume was calculated. Mice were sacrificed to obtain primary and
metastatic tumors for immunofluorescence study to detect the level of fusion hybrids.
Tumor tissues were prepared for immunoblots and PCR to evaluate fibrosis status.

(9) To evaluate the combination of fusion interfering agents and other agents in
ameliorating cancer progression.

Pan02(H2B-YFP/Cre) or Panc-1-EGFP cells were injected subcutaneously into the
flanks of 8 week-old ROSA mice. The mice were injected i.p. with normal IgG or
anti-SIRPa, each with or without anti-PD1 antibody, twice a week beginning immediately
after tumor implantation. Tumor growth were measured. Mice were sacrificed to
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evaluate the level of fusion hybrids and fibrosis as described previously. The combination
of anti-SIRPa with chemotherapy, eg. Gemcitabine, will be explored as well.
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