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1 Abbreviations and definitions

AEC 3-amino-9-ethyl carbazole

Ang-2 Angiopoietin 2

APC Allophycocyanin

AR Antigen retrieval

Arg-1 Arginas-1

ATP Adenosine triphosphate

BCG Bacillus Calmette-Guérin

BMDC Bone marrow-derived cell

BSA Bovine serum albumin

CAF Cancer-associated fibroblast

CCL Chemokine C-C motif ligand

(0)] Cluster of differentiation

cDNA Complementary DNA

CDhX Cell line-derived xenograft

CFSE Carboxyfluorescein succinimidyl ester
COX Cyclooxygenase

CR Complete regression

CSF-1 Macrophage-colony stimulating factor
CTLA4 Cytotoxic T-lymphocyte associated protein 4
CXCL Chemokine C-X-C motif ligand

CX3CL Chemokine C-X3-C motif ligand

DAB Diaminobenzidine

DAPI 4’,6-diamidino-2-phenylindole
DC-SIGN Dendritic cell-specific C-type lectin
DEG Differentially expressed gene

DFI Disease-free interval

DYAR Dog-years at risk

ECM Extracellular matrix



EDTA
ELISA
EMT
EV

FBS

Fc
FFPE
FISH
FITC
FMO
FSC
GEM
GFP
G-CSF
HGF
HIAR
HIF1a
HPF

IF
IFN-y
IHC

IL

iPSC
iTreg
LPS
LYVE-1
MARCO
MDSC
MFG-E8
MFI
miRNA
MMP

Ethylenediamine tetraacetic acid
Enzyme-linked immunosorbent assay
Epithelial-mesenchymal transition
Extracellular vesicle

Foetal bovine serum

Fragment crystallisable
Formalin-fixed paraffin-embedded
Fluorescent in situ hybridization
Fluorescein isothiocyanate
Fluorescence minus one

Forward scatter

Genetically engineered mouse

Green fluorescent protein
Granulocyte-colony stimulating factor
Hepatocyte growth factor
Heat-induced antigen retrieval
Hypoxia-inducible factor 1-a
High-power fields
Immunofluorescence

Interferon-y

Immunohistochemistry

Interleukin

Induced pluripotent stem cell
Induced regulatory T-Lymphocyte
Lipopolysaccharides

Lymphatic vessel endothelial receptor 1
Macrophage receptor with collagenous structure
Myeloid-derived suppressor cells
Milk fat globule-EGF factor 8

Mean fluorescent intensity

MicroRNA

Matrix metalloproteinase



mRNA
MST
MTP
M-CSF
NF-xB
NGS
NK
NOD2
NSAID
nTreg
0s
PBMC
PBS
PCR
PD
PD-L
PDX
PE
PET
PI
piRNA
PMN
PNiPAAm
P/S
gqPCR
RBC
RFP
RIN
RNA-Seq
ROS
RPMI
rRNA

Messenger RNA

Median survival time

Muramy!l tripeptide
Macrophage-colony stimulating factor
Nuclear factor kappa-light-chain-enhancer of activated B cells
Next-generation sequencing

Natural killer

Nucleotide-binding oligomerization domain 2
Non-steroidal anti-inflammatory drug
Natural regulatory T-Lymphocyte
Osteosarcoma

Peripheral blood mononuclear cells
Phosphate-buffered saline
Polymerase chain reaction
Programmed cell death protein
Programmed death-ligand
Patient-derived xenograft
Phycoerythrin

Positron emission tomography
Propidium iodide

Piwi-interacting RNA

Pre-metastatic niche
Poly(N-isopropylacrylamide)
Penicillin/streptomycin

Quantitative polymerase chain reaction
Reb blood cell

Red fluorescent protein
RNA-integrity number
RNA-sequencing

Reactive oxygen species

Roswell Park Memorial Institute

Ribosomal RNA



ScC
TAM
TAN
TBS
TCM
TCM®
TCR
TGF-
Th
TLR
TME
TNF-a
TP-3
Treg
TREM2
TRM
VCAM
VEGF
VEGFR

Side scatter

Tumour-associated macrophage
Tumour-associated neutrophil
Tris-buffered saline
Tumour-conditioned media
Tumour-conditioned macrophage
T-cell receptor

Transforming growth factor-f3

T helper lymphocyte

Toll-like receptor

Tumour microenvironment
Tumour necrosis factor-a

Tumour protein-3

Regulatory T-lymphocytes
Triggering-receptor-expressed on myeloid cells 2
Tissue-resident macrophages
Vascular cell adhesion molecule-1
Vascular endothelial growth factor

Vascular endothelial growth factor receptor
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3 Abstract

Cancer is currently ranked as a leading cause of death in humans and dogs, most
often due to metastatic disease. The pre-metastatic niche (PMN) represents the
metastasis-supporting microenvironmental changes that occur in a distant target
organ before metastasis. The primary tumour shapes the PMN in the metastatic
target organ by releasing soluble factors and extracellular vesicles. PMN-formation
is an essential step in metastatic development and drives organotropism.
Osteosarcoma (0S) is the most common primary bone tumour in dogs and humans,
with a high metastatic rate, despite a low metastatic prevalence at diagnosis.
Although most dogs develop pulmonary metastases (>90%), the prevalence of

micrometastases or PMN formation at diagnosis is unknown.

In this thesis, we assessed the prevalence of pulmonary micrometastases and PMN
formation in dogs with OS without macroscopic metastases, focusing on
macrophage and bone marrow-derived cell populations. In addition, we assessed
the phenotype and transcriptomes of in vitro-generated canine monocyte-derived
tumour-conditioned macrophages (TCM®) and compared them to classically (M1)

and alternatively activated (M2) macrophages.

We prospectively enrolled dogs with treatment naive OS (n=15), which we
necropsied and sampled immediately after euthanasia. We divided these dogs into
those with macroscopic metastases (n=5) and not (n=10). Control dogs without
cancer (n=10), systemic inflammatory diseases, allergy, or atopy, and not receiving
immunomodulating drugs were enrolled retrospectively from the pathology
archives. Blood from healthy dogs (n=6) was collected to generate macrophages in

vitro.

We performed chromogenic immunohistochemistry (IHC) with TP-3 to
immunolabel micrometastasis in seven frozen lung samples from each dog with OS
without metastases. We labelled samples from two dogs with OS with macroscopic
metastases and two without cancer as controls. In vitro generated TCM® were
compared to M1 and M2 macrophages using flow cytometry (CD206, CD209, CD11d,



FceRl, and LYVE-1) and RNA-sequencing. A lung sample from each of the 15 dogs
with OS and ten control dogs without cancer was immunolabelled using multiplex
immunofluorescence (CD204, CD206 and CD11d) to identify macrophages, their

phenotype, and bone marrow-derived cells.

The main findings were:
-Pulmonary =~ micrometastases could Dbe detected  with TP-3
immunohistochemistry in a subset of dogs with OS before macroscopic
metastases had developed. The prevalence of micrometastases (20%) was

significantly lower than expected based on post-surgical metastatic rates.

-TCM® had a high expression of several M2-associated phenotypical markers
on flow cytometry, while RNA-Seq showed upregulation of several
additional M2-markers. TCM® had an M2-skewed cytokine and chemokine
profile and exhibited several similarities to human and murine TCM®.

- The number of CD204* macrophages, CD206* macrophages and monocytes,
and CD11d* bone marrow-derived cells (BMDCs) in the lungs of dogs with
0S without metastases was significantly higher than in dogs without cancer.
Similarly, the total nucleated cell count was higher in dogs with OS than in
those without cancer. Dogs with established pulmonary metastases had
significantly lower numbers of CD11d* BMDCs than dogs with OS without

metastases.

In summary, this thesis provides new insight into the early phases of metastasis in
dogs with OS. Furthermore, the results help bridge the knowledge gap between
canine and human tumour immunology and provides new markers to study tumour-
associated macrophages (TAMs) in dogs. In addition, our findings support the

existence of an immunological PMN in a naturally occurring cancer model.



4 Norsk sammendrag

Kreft er i dag ansett som vanligste dgdsdrsaken hos bdde mennesker og hunder, som
oftest som fglge av spredning av kreftsykdommen (metastatisk sykdom). Den
premetastatiske nisjen (PMN) defineres som de metastasefremmende endringene
som skjer i mikromiljget i et organ der det kommer til & utvikles spredninger.
Primeersvulsten danner den PMN i slike malorganer ved hjelp av lgselige stoffer og
ekstracelluleere vesikler som fgres med blodet. PMN-dannelse anses som et viktig
steg i utviklingen av spredninger og er med pa a bestemme hvor svulsten sprer seg.
Osteosarkom (0S) er den vanligste primarsvulsten som oppstar i knoklene hos
bade mennesker og hunder, og har en stor evne til 3 metastasere pa tross av en lav
metastaseforekomst ved diagnosetidspunktet. Selv om de fleste hunder med OS
utvikler lungemetastaser (>90%), er forekomsten av mikrometastaser og PMN

dannelse ved diagnosetidspunktet ukjente.

[ denne avhandlingen har vi undersgkt forekomsten av mikrometastaser og PMN
dannelse, med fokus pa makrofager og celler fra beinmargen, hos hunder med OS
uten synlige metastaser. I tillegg har vi undersgkt fenotypiske egenskaper og
genuttrykket til in vitro-produserte tumorkondisjonerte makrofager (TCM®). Disse
makrofagene ble sammenliknet med klassisk aktiverte (M1) og alternativt aktiverte
(M2) makrofager.

Vi rekrutterte hunder med OS som ikke hadde fatt noen form for kreftbehandling
(n=15) prospektivt og obduserte og samlet prgver fra disse umiddelbart etter
avliving. Disse hundene ble sa delt inn i to grupper; de med synlige metastaser (n=5)
og de uten (n=10). Vi rekrutterte ogsa kontrollhunder (n=10) retrospektivt fra
patologiarkivene. Disse kontrollhundene var frie for systemiske inflammatoriske
sykdommer og allergier, og hadde ikke statt pa medisiner som kunne pavirke
immunforsvaret. Vi samlet ogsa blod fra friske hunder (n=6) for a produsere

makrofager in vitro.

Vi gjennomfgrte immunhistokjemisk (IHC) farging, med TP-3, av syv nedfryste
lungeprgver fra hver av hundene med OS uten metastaser for a identifisere
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mikrometastaser. I tillegg farget vi prgver fra to hunder med OS med metastaser og
to hunder uten kreft som kontroller. In vitro-produserte TCM® ble sammenliknet
med M1 og M2 makrofager ved hjelp av flowcytometri (med fglgende markgrer:
CD206, CD209, CD11d, FceRI og LYVE-1) og RNA sekvensering. En lungevevsprgve
fra hver av de 15 hundene med OS og fra de 10 kontrollhundene uten kreft ble
farget ved hjelp avimmunfluoresens med fglgende markgrer: CD204, CD206 og
CD11d, for a kartlegge forekomsten av makrofager og deres fenotype, samt

forekomsten av celler fra beinmargen (beinmargsderiverte celler, BMDCs).
Hovedfunnene vare var:

-Vi paviste mikrometastaser i lungene hos kun en liten andel av hundene
med OS fgr de hadde utviklet synlige lungemetastaser ved hjelp av TP-3
immunhistokjemi. Forekomsten av lungemikrometastaser (20%) var
betydelig lavere enn forventet basert pa forekomsten av lungemetastaser
etter fullstendig kirurgisk fjerning av primeersvulsten.

-TCM® hadde et hgyt uttrykk av flere M2-typiske fenotypiske
overflatemarkgrer ved flowcytometri. RNA-sekvensering viste i tillegg at
ytterligere M2-typiske markgrer var oppregulerte i TCM®. Cytokin- og
kjemokinprofilene til TCM® liknet pd dem hos M2 makrofager og ogsa pa
dem hos TCM® fra mennesker og mus.

-Forekomsten av CD204* makrofager, CD206* makrofager og monocytter,
og CD11d* BMDCs var hgyere i lungene til hundene med OS uten metastaser
enn hos hundene uten kreft. I tillegg var det totale antallet kjerneholdige
celler hgyere hos hunder med OS enn hos dem uten kreft. Hundene med
etablerte lungemetastaser hadde betydelig lavere antall CD11d* BMDCs i
lungene enn hundene med OS uten synlige metastaser.

Resultatene i denne avhandlingen bidrar med ny kunnskap om de tidlige fasene av
den metastatiske utviklingen hos hunder med OS. De bidrar ogsa til a belyse
kunnskapshull i tumorimmunologien hos hund, og vi har funnet nye markgrer som
kan brukes til 3 studere TAMs hos hund. Funnene vare gir gode holdepunkter for a
si at en immunologisk PMN faktisk forekommer hos en modell med naturlig oppstatt
kreftsykdom.
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5 Synopsis

5.1 Introduction
5.1.1 Osteosarcoma
5.1.1.1 Incidence

Osteosarcoma (0OS) is the most common primary bone tumour in dogs (Dorfman et
al, 1977, Spodnick et al,, 1992, Ehrhart, 2013). Accounting for up to 85% of all
canine primary bone tumours, OS has an incidence rate of 13.9 to 27.2/100.000 dog-
years at risk (DYAR), depending on geographic location, and a lifetime risk of 0.19-
10.7% depending on the breed (Egenvall et al, 2007, Anfinsen et al, 2011,
Sapierzynski and Czopowicz, 2017). Some large to giant breed dogs have the highest
risk of developing OS, such as Saint Bernard dogs, Great Danes, Irish setters,
Doberman pinschers, Rottweilers, German Shepherds, Labradors, Boxers, Irish
Wolfhounds, Scottish deerhounds, Greyhounds and Leonbergers (Misdorp and Hart,
1979, Spodnick et al,, 1992, Ru et al., 1998, Cavalcanti et al., 2004b, Egenvall et al,,
2007, Ehrhart, 2013). OS usually affects middle-aged to older dogs (mean age of 7 to
8 years) (Brodey et al, 1963, Misdorp and Hart, 1979, Spodnick et al, 1992,
Cavalcanti et al., 20044, Cavalcanti et al., 2004b, Egenvall et al., 2007, Ehrhart, 2013).
A bimodal age distribution has been observed, with a small peak reported at 18-24
months and a larger one at 7-9 years. Most reports indicate that male dogs are more
commonly affected than females, yet some have shown the opposite, especially for
0S of the axial skeleton (Brodey et al,, 1963, Brodey and Riser, 1969, Brodey and
Abt, 1976, Misdorp and Hart, 1979, Mauldin et al., 1988, Heyman et al, 1992,
Spodnick et al,, 1992, Cavalcanti et al., 2004a, Egenvall et al,, 2007). Neutering has
also been shown to be a risk factor (Ru et al., 1998, Cooley et al., 2002). Most 0S
tumours arise in the appendicular skeleton (75.0-81,9%), especially in the
metaphysis and epiphysis of the long bones, while the rest mainly occur in the axial
skeleton (17.1-22,3%) (Brodey et al,, 1963, Dorfman et al., 1977, Misdorp and Hart,
1979, Cavalcanti et al., 2004a).

12



5.1.1.2 Clinical presentation and behaviour

Dogs with appendicular OS usually present with lameness and swelling of the
affected limb, while those with OS of the axial skeleton will show variable clinical
signs depending on the location (including local swelling, lameness, dysphagia,
exophthalmos, facial deformities, and nasal discharge) (Brodey et al., 1959, Brodey
etal, 1963, Ling et al., 1974, Ehrhart, 2013). The diagnosis is usually made based on
a combination of physical examination findings, diagnostic imaging results
(radiographs, computer tomography and magnetic resonance imaging) and
evaluation of fine needle aspirates or bone biopsies (Brodey et al., 1959, Brodey et
al, 1963, Ling et al.,, 1974, Davis et al,, 2002, Loukopoulos et al,, 2005, Neihaus et al,,
2011, Karnik et al, 2012, Ehrhart, 2013, Sabattini et al, 2017). Although
radiographically detectable metastases are uncommon at presentation (<15-17.1%),
most dogs will eventually develop pulmonary (>90%) and osseous metastases when
treated with surgery alone, with the majority of dogs (72.5%) being euthanized or

succumbing due to metastasis (Ling et al., 1974, Spodnick et al., 1992, Cavalcanti et
al,, 2004a).

a)

Figure 1: Radiographs of dogs with osteosarcoma (0OS). a) Radiograph of the right
hock from a dog with non-metastatic 0S. There is a mixed pattern of central osteolysis
of the medullary and cortical bone of the distal tibia and peripheral osteoproliferation
over the cortical bone. b) Thoracic radiograph of a dog with OS with pulmonary
metastases. There is a multifocal structured interstitial pattern compatible with

metastatic nodules (Images by the author).
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5.1.1.3 Traditional therapy

The median survival time (MST) of dogs with appendicular OS treated with surgery
alone is between 19.2-25 weeks (Mauldin et al, 1988, Spodnick et al., 1992,
Thompson and Fugent, 1992). The current treatment recommendation for OS relies
on a combination of surgical removal of the tumour, either limb amputation or limb-
sparing surgery, adjuvant chemotherapy and/or radiation therapy (Ehrhart, 2013).
Adjuvant chemotherapy protocols using cisplatin, carboplatin or doxorubicin can
prolong the survival times of dogs with OS, with an MST ranging from 241 to 413
days (Mauldin et al., 1988, Kraegel et al., 1991, Thompson and Fugent, 1992, Berg et
al,, 1995, Bergman et al., 1996, Boston et al., 2006, Selmic et al,, 2014). Dogs that
present with distant metastases show poor treatment outcomes, with a reported
MST of only 76 days.

Figure 2: Macroscopic findings at necropsy from a dog with osteosarcoma (0S). a)
Sagital section of the radius and ulna from a dog with OS. The cortical and medullary
bone at the distal end the the radius is destroyed and replaced by tumour tissue. The
tumour is outlined with a blue line. b) Macrospopic view of the dorsal aspect of the
lungs from a dog with metastatic 0S. Macroscopic metastases are outlined with blue

circles (Images by the author).

5114 Immunotherapy

Several immunotherapies have also proven effective against canine OS.
Immunotherapeutic strategies used to treat canine OS stem from the observation
that some patients with surgical site infections survive longer than those without. In
a study evaluating pre-operative radiation therapy before limb-sparing surgery for

0S, dogs that developed surgical site infections had significantly longer survival
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times than those who did not (MST of 11 versus five months) (Thrall et al., 1990).
Similarly, Lascelles et al. (2005) showed that dogs who developed surgical site
infections after limb-sparing surgery and chemotherapy had an MST of 252 days
longer than those without. The use of the Bacillus Calmette-Guérin (BCG) vaccine,
alone or in combination with irradiated autologous tumour cells, also significantly
improved survival in dogs with OS when given after surgery (MST of 51 versus 14
weeks) (Owen et al., 1975). Similarly, the macrophage-repolarizing drug muramyl
tripeptide (MTP) significantly improved survival in dogs with OS after surgical
removal of the primary tumour (median survival time of 222 versus 77 days)
(MacEwen et al,, 1989). Interleukin (IL)-2 is a potent stimulator of cytotoxic CD4*
and CD8* T-cell differentiation, expansion, and effector functions (Spolski et al.,
2018). When treated with nebulized liposomal human I1-2, two out of four dogs with
established pulmonary metastases experienced long-lasting (>one year) complete
regression (CR) of all metastatic lesions (Khanna et al., 1996). Similarly, intravenous
administration of cationic liposomal-DNA complexes coding for canine IL-2 resulted
in CR or partial regression in 3/20 and stable disease in 4/20 dogs with OS with
pulmonary metastases (Dow et al, 2005). Cancer vaccines have also shown
promising results in canine OS. In a phase I clinical trial assessing the safety and
efficacy of a recombinant Listeria monocytogenes vaccine expressing a chimeric
human epidermal growth factor receptor 2 (HER2/neu) construct given after
surgery and standard chemotherapy, disease-free interval (DFI) and MST was
significantly improved (Mason et al., 2016). Dogs treated with the vaccine had an
MST of 738 days, significantly longer than historical controls treated with
amputation and carboplatin alone (MST of 207-321 days). Despite the early success,
a later trial showed that some dogs developed Listeria infections, which in addition
to being a serious adverse effect for the patient, also posed a zoonotic risk for the
healthcare workers and families caring for the dogs (Musser et al,, 2021). Although
most of these therapies are not used regularly in the clinic, they show the potential

for immunotherapies for treating dogs with OS.

5.1.1.5 Osteosarcoma micrometastasis

0S is highly metastatic in dogs, and most eventually develop pulmonary metastases.
Although >90% of dogs develop pulmonary metastasis after complete surgical
removal of their tumour, radiographically detectable metastases are relatively rare
at the time of diagnosis (>15-17%) (Ling et al, 1974, Spodnick et al, 1992,
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Cavalcanti et al.,, 2004b, Selmic et al., 2014, SkorupskKi et al., 2016). This has led to
the assumption that >90% of dogs with OS have micrometastases at the time of
diagnosis (Ehrhart, 2013). However, where these micrometastases reside remains
unknown. Bruland et al. (2005) examined the prevalence of micrometastases in the
bone marrow of human patients with OS. They found that 63% of patients had
tumour cells in the bone marrow at presentation. Among those presenting with
visible metastases, the prevalence of tumour cells in the bone marrow was 92%.
However, no studies have evaluated the incidence of pulmonary micrometastases at
diagnosis, neither in humans nor dogs. Considering that bones and lungs are the
main target organs for distant metastases in both humans and dogs, knowing
whether micrometastases are present in the lungs might have implications for
future treatment strategies (Brodey et al., 1963, Brodey and Riser, 1969, Ling et al,,
1974, Spodnick et al., 1992, Federman et al., 2009).

Figure 3: Histologic sections of metastases of different sizes in the lungs of dogs with
0S. a) Image of a macroscopically visible metastasis, hematoxylin and eosin (H&E)
stain, 25x magnification. b) Image of a microscopic metastasis within a pulmonry
arteriole, H&E stain, 100x magnification. ¢) Image of a micrometastasis lodged in the

alveolar septa, H&E stain, 200x magnification (Images by the author).

51.16 Tumour protein-3

Bruland et al. created the monoclonal antibody tumour protein-3 (TP-3), which
binds specifically to a sarcoma-associated cell membrane antigen (Bruland et al,,
1986, Bruland et al, 1988). TP-3 binds to a monomeric polypeptide with a
molecular weight of 80 kDa, later identified as an isoform of placental alkaline
phosphatase (oral communication Walchli et al. 2022). TP-3 binds to various human

sarcomas, including all cases of OS examined, many synovial cell sarcomas,
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malignant fibrous histiocytomas, hemangiopericytomas, chondrosarcomas and
other undifferentiated sarcomas. TP-3 has failed to bind to any non-sarcoma
malignancies in humans. As in humans, TP-3 was shown to bind to all OS tumours
examined in dogs, as well as some chondrosarcomas, but also multiple cases of
carcinomas, including lung carcinomas, squamous cell carcinomas, thyroid
carcinomas, and prostatic carcinomas (Haines and Bruland, 1989, Page et al., 1994).
TP-3 also binds to some normal canine tissues, including myoepithelial cells in the
mammary glands, the brush border of the ciliated respiratory epithelium, and the
endothelium in some normal organs (placenta and proximal renal tubules). The
relatively low abundance of the epitope of TP-3 under physiological conditions
makes it an ideal candidate for studying microscopic disease and as a therapeutic
target.
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5.1.2 Pre-metastatic niche
51.21 Historic perspective — Seed-and-soil hypothesis

In 1889, Dr Stephen Paget (1889) published an article describing how secondary
growths of cancer, or metastases, seemingly occurred in specific organs. He noted
that breast cancer had a much higher chance of metastasising to the liver than other
organs and that this pattern differed from the formation of abscesses in empyema,
meaning it was not random. He compared cancer cells to plant “seeds”, containing
the information necessary to grow into metastases, and referred to the site of
metastasis as the “soil”. Like plant seeds, which will only grow under the right
conditions in their preferred soil, cancer cells had to encounter the right conditions
to grow into metastases. This became known as “the seed and soil” hypothesis and
was the first description of what later became known as organotropism (Gao et al,,
2019).

The underlying mechanism for organotropism remained a mystery for over a
century after Paget published his paper. In 2005, Kaplan et al. (2005) described how
bone marrow-derived haematopoietic progenitor cells homed to sites of future
metastases before cancer cells arrived. Furthermore, tumour-derived factors also
increased fibronectin production at these sites, facilitating the haematopoietic
progenitor cells recruitment and creating a tumour-permissive environment. These
microenvironmental changes could be induced in non-tumour-bearing mice by
giving them tumour-conditioned media and occurred in the organs to which the
specific cell lines wusually metastasized. Moreover, they could inhibit the
development of metastases by removing or depleting these haematopoietic
progenitor cells from the bone marrow of the mice. This phenomenon was coined
the pre-metastatic niche (PMN) formation and paved the way for a new research
field. To reiterate Paget’s hypothesis, it was not enough for the seed to land on
fertile soil; the soil had to have been “fertilized” by the plant from which it came

before the seed could grow.
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Figure 6: Schematic overview of some mechanisms involved in pre-metastatic niche
formation. Boxes with blue frames indicate tumour-derived mediators responsible for
each aspect of pre-metastatic niche formation (Figure by the author, created using
BioRender®©, 2023).

5.1.2.2 Definition

The PMN encompasses the metastasis-supporting microenvironmental changes that
occur in a distant target organ before metastasis (Liu and Cao, 2016). Since Kaplan
et al. introduced the term, PMN-formation has been described in several cancer
forms and different metastatic target organs (Liu and Cao, 2016, Dong et al,, 2021,
Wang et al, 2021). These microenvironmental changes include vascular
permeability and angiogenesis, immunosuppression, inflammation, and stromal and

metabolic reprogramming (Liu and Cao, 2016, Wang et al., 2021). Primary tumour-
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derived soluble factors and extracellular vesicles (EVs, which include exosomes) are

responsible for inducing these changes.

PMN formation has almost exclusively been studied in pre-clinical murine models.
Tumour-draining lymph nodes from human cancer patients show local changes
compatible with PMN formation (Gillot et al., 2021). However, there are no papers

describing PMN formation in distant metastatic target organs in humans and dogs.

5.1.23 Organotropism

An increasing number of studies have begun attributing the organotropism of
metastases to the successful establishment of a PMN in specific organs. For instance,
vascular endothelial growth factors (VEGFs) and exosomes released from primary
breast cancer tumours can trigger an inflammatory response, bone marrow-derived
cell (BMDC) recruitment, and immunosuppression in the lungs before metastasis
occurs (Liu et al,, 2014, Wen et al,, 2016). When conditioned with exosomes from a
highly metastatic mammary cancer cell line, naive mice developed the same
microenvironmental changes in the lungs and liver, which were also the sites in
which metastases usually developed when transplanted with that line (Wen et al.,
2016). The microenvironmental changes did not occur when they treated mice with
exosomes from a non-metastatic mammary cancer cell line. Similarly, mice injected
with Lewis lung carcinoma cells developed BMDC clusters in the liver and lungs,
while those injected with melanoma cells developed them in the lungs, liver, testis,
spleen, and kidneys (Kaplan et al., 2005). In both cases, the BMDC clusters only
developed in organs that were common sites for metastases for the cancer cell lines
used. In murine models of melanoma, cancer cell-derived exosomes were retained
in the organs to which they preferentially metastasise, resulting in PMN formation
(Peinado et al., 2012, Plebanek et al., 2017). Furthermore, the number and size of
pulmonary metastases increased when they transplanted mice with bone marrow
pre-treated with exosomes from a highly metastatic melanoma cell line (Peinado et
al, 2012). When mice were pre-treated with exosomes from a non-metastatic

melanoma line, metastatic development was blocked (Plebanek et al., 2017).
Integrins, which are ubiquitously expressed by all cells, are central mediators for

inter-cellular and cell-to-extracellular matrix (ECM) interactions (Anderson et al.,

2014). Integrins on the surface of tumour-derived exosomes are partly responsible
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for the organotropism of their uptake (Hoshino et al, 2015). Exosomes that
expressed the integrin aVf35 were preferentially taken up by Kupffer cells in the
liver, mediating liver tropism, while those expressing a6f4 and a6B1 bound to

pulmonary fibroblast and epithelial cells, resulting in lung tropism.

5.1.24 Vascular permeability and angiogenesis

Vascular destabilisation in the PMN is driven by several factors and promotes the
extravasation of tumour cells and metastasis. In the premetastatic lung,
Angiopoietin 2 (Ang-2), matrix metalloproteinase (MMP) 3, and MMP10 are
upregulated and help disrupt vascular integrity, facilitating metastasis (Huang et al.,
2009). Recruited TIE2* monocytes and Gr1*CD11b* BMDCs also create a pro-
angiogenetic and vascular remodelling environment (Yan et al., 2010, Saharinen et
al, 2011, Hiratsuka et al., 2013). These cells secrete VEGFs, angiopoietin, MMP9, A3,
and S100A8, which promote angiogenesis, disrupt endothelial cell-to-cell junctions
and result in vascular leakiness. Human renal cancer cell-derived CD105* micro-
vesicles, melanoma-derived exosomes, and CEMIP+ exosomes from patients with
brain metastases can also stimulate angiogenesis at pre-metastatic sites (Grange et
al, 2011, Peinado et al., 2012, Rodrigues et al.,, 2019). Furthermore, miRNA-105,
epiregulin, cyclooxygenase-2 (COX-2), MMP1, and MMP2 contribute to vascular
permeability and promote metastases in breast cancer models (Gupta et al., 2007,
Zhou et al,, 2014). Similarly, miRNA-25-3p in exosomes from colorectal cancer cells
can regulate the expression of VEGFR2, zona occludens-1, occludin, and claudin-5 in
endothelial cells, resulting in metastasis-promoting vascular changes (Zeng et al,,
2018). Primary tumours can also induce lymphangiogenesis in the pre-metastatic
lymph node and promote lymph node metastasis (Gillot et al., 2021). Tumour-
derived VEGF-A, VEGF-C, integrins, and erythropoietin can mediate tumour-driven

lymphangiogenesis.

51.25 Immunosuppression

Before colonizing cancer cells can grow in the metastatic target organ, the
immunological microenvironment must become immunosuppressive and tumour-

permissive. The primary tumour accomplished this by preconditioning tissue-

resident immune cells and recruiting immunosuppressive BMDCs to the pre-
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metastatic niche. Recruited Gr*CD11b* myeloid cells and myeloid-derived
suppressor cells (MDSC) can produce the immunosuppressive cytokines IL-10 and
transforming growth factor-f (TGF-B) (Yan et al, 2010, Sceneay et al, 2012,
Vadrevu et al., 2014, Wang et al., 2016b). This results in the induction of regulatory
T-lymphocytes (Tregs), Th2 cells, CD8* T-cell dysfunction and reduced natural killer
(NK) cell effector function. The primary tumour can also directly condition tissue-
resident macrophages in the metastatic target organ. Breast cancer-conditioned
alveolar macrophages and microglia cells have upregulated immunosuppressive
cytokines such as TGF-3, which inhibit T-cell proliferation and can inhibit Th1 and
induce Th2 polarization (Sharma et al, 2015, Xing et al, 2018). Additionally,
tumour-derived EVs can directly suppress anti-tumour T-cells and NK-cells at the
pre-metastatic site (Wen et al, 2016, Zhao et al, 2019). Together, these
modifications result in tumour-permissive immunological reprogramming at the

pre-metastatic site.

5.1.2.6 Inflammation

Another key aspect of PMN formation is inflammation. Tumour-derived factors can
induce an inflammatory state which results in the recruitment of BMDCs and
facilitates tumour-cell recruitment. Tumour necrosis factor- a (TNF-a), VEGF-A, and
TGF-B from the tumour can stimulate pro-inflammatory S100A8 and S100A9
production in the pre-metastatic lung, resulting in serum amyloid A (SAA) 3
production (Hiratsuka et al., 2006, Hiratsuka et al., 2008, Tomita et al., 2010). SAA3
can then activate NF- kB through toll-like receptor (TLR) 4 on endothelial cells,
macrophages, and Clara cells (Club cells), which results in TNF-a production and
recruitment of CD11b* and Macl* BMDCs and MDSCs to the pre-metastatic lung.
Another S100 family protein, S100A4, can induce SAA1, SAA3, RANTES (CCL5), G-
CSF, MMP2, MMP3, MMP9, MMP13, S100A8 and S100A9 production in the pre-
metastatic liver through the same pathway (Hansen et al,, 2015). These mediators
enhance tumour cell adhesion, migration, and invasion, resulting in metastasis and
immune cell infiltrates. Furthermore, S100A7 can promote fibrosis and BMDC
recruitment to the pre-metastatic niche (Padilla et al, 2017). CD11b+*Ly6G*
neutrophils recruited to the pre-metastatic lungs can also support colonization and
metastasis thru the production of pro-inflammatory leukotrienes (Wculek and
Malanchi, 2015).
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5.1.2.7 Metabolic reprogramming

Metabolic dysregulation is a hallmark of cancer, and metastatic tumour cells require
specific nutritional and energetic conditions in their new microenvironment to
compete with resident cells (Wang et al, 2021). Differences in metabolic
programming have been shown to influence the organotropism of metastasis.
Thrombopoietin can promote liver metastasis in colorectal cancer by increasing
lysine catabolism, triggering Wtn-signalling and glutamate synthesis in colonizing
tumour cells (Wu et al, 2015). Breast cancer-derived miRNA-122 can suppress
glucose metabolism by downregulating pyruvate kinase in tissue-resident cells in
the PMN, promoting metastasis (Fong et al,, 2015). Similarly, melanoma-derived
miRNA-155 and 210 can suppress oxidative phosphorylation and induce aerobic
glycolysis in fibroblasts, resulting in extracellular acidification (Shu et al,, 2018).
Colorectal cancer cells can secrete creatine kinase into the extracellular space when
encountering hepatic hypoxia, resulting in phosphocreatine production, which can
be used by cancer cells to generate adenosine triphosphate (ATP) and sustain
metastatic growth (Loo et al., 2015). Similarly, colorectal cancer cells can upregulate
aldolase B during metastasis, which supports fructose metabolism as an energy

source during metastatic proliferation (Bu et al.,, 2018).

51.28 Stromal remodelling

Another important step in PMN formation is ECM remodelling. This remodelling
provides adhesion for incoming cancer cells and BMDCs and increases matrix
stiffness (Dong et al,, 2021). Exosomes from pancreatic cancer cells are taken up by
Kupffer cells, resulting in the TGF-f-mediated production of fibronectin by stellate
cells in the liver (Costa-Silva et al., 2015, Yu et al., 2017). Fibronectin facilitates the
recruitment of bone marrow-derived macrophages and neutrophils. Similarly, EVs
from melanoma cells can induce pulmonary fibronectin deposits, resulting in CD45+
cell accumulation (Ghoshal et al,, 2019). Exosomes from prostate cancer cells can
also upregulate fibronectin and collagen IV and the ECM-remodelling enzymes
MMP2 and MMP9 in several metastatic organs (Deep et al., 2020). Exosomes derived
from rat pancreatic adenocarcinoma can induce the upregulation of several MMPs in
stromal cells in lymph nodes and fibroblast in the lungs before metastasis thru
miRNA-494 and 542-3p (Rana et al, 2013). Since fibroblasts are the important

producers of ECM components, several studies have assessed the effect of tumour-
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derived EVs on their phenotype. EVs from nasopharyngeal carcinoma, colorectal
cancer, hepatocellular carcinoma, and OS can activate fibroblasts into cancer-
associated fibroblasts (CAFs) (Fang et al, 2018, Ji et al., 2020, Mazumdar et al,,
2020b, Wu et al.,, 2020). CAFs have a high production of fibronectin, VEGF receptors,
and pro-inflammatory mediators, such as S100A8, IL-6, and IL-8, that promote

metastasis.
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5.1.3 Tumour-associated macrophages
51.31 Tumour microenvironment

The tumour microenvironment (TME) is highly complex and heterogeneous and is
composed of cellular and acellular components. There is no consensus for defining
the TME, but Laplane et al. (2018) proposed a spatially delineated TME model
depending on proximity to the tumour. They divided the TME into six distinctive
layers, namely 1) the tumour cell-only environment, 2) the niche, 3) the confined, 4)
the proximal, 5) the peripheral, and 6) the organismal TME. The peripheral layer
refers to distally located lymphatic tissues, and the organismal layer, the microbiota
and exosomes. These two layers have not been included in the conventional
definition of the TME (Jin and Jin, 2020). The first four TME layers contain non-
malignant cells, vessels, regional lymphoid organs and lymph nodes, nerves,
intercellular components, and metabolites in the tumour centre, margin, and
vicinity. The cellular constituents of the TME include tumour cells, T-lymphocytes,
B-lymphocytes, NK-cells, tumour-associated macrophages (TAMs), MDSCs,
granulocytes, tumour-associated neutrophils (TANs), dendritic cells, mast cells,
CAFs, adipocytes, vascular endothelial cells, and pericytes (Anderson and Simon,
2020, Jin and Jin, 2020). Within the conventional definition (the first four layers),
the TME can be divided into six distinctive specialized niches, although they are
highly intertwined and cross-talk. They include 1) the hypoxic niche, 2) the immune
microenvironment, 3) the metabolic microenvironment, 4) the acidic niche, 5) the
innervated niche, and 6) the mechanical microenvironment. Since we investigated
the role of macrophages within the TME and pre-metastatic niche in this thesis, we

will focus on the immune microenvironment.

Immune cells play a central role in the TME, and depending on the context, they can
either suppress or promote tumour growth. Tregs, MDSCs, TAMs, and Ly6G+*
neutrophils help build an immunosuppressive and tumour-permissive environment
in the pre-metastatic niche and tumour tissues. TAMs are the most prevalent
cellular constituents of the TME and play a central role in this immunosuppression
and tumour progression in general (Cendrowicz et al., 2021, Feng et al.,, 2022). To

understand their role in the TME, we must first explore their biology and functions.
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5.1.3.2 Macrophage polarization

Macrophages are a heterogeneous population of immune cells belonging to the
mononuclear phagocytic system (Gordon, 2007, Hume et al., 2019). They originate
from embryonic yolk sac precursors, foetal liver precursors, and bone marrow-
derived monocytes (Stremmel et al., 2018, Hume et al., 2019). Macrophages help
maintain tissue homeostasis by removing dead cells, regulating iron metabolism,
and sensing oxygen levels and osmolarity (Kotas and Medzhitov, 2015, Soares and
Hamza, 2016, Gordon and Martinez-Pomares, 2017). In addition, macrophages have
a central role in the innate immune system serving as a first-line defence against
pathogens and as a link between the innate and adaptive immune systems (Arango
Duque and Descoteaux, 2014). They have been implicated in numerous diseases,
from atherosclerosis to autoimmune disease and cancer (Moore et al,, 2013, Ma et
al,, 2019, Beltraminelli and De Palma, 2020).

Depending on the microenvironmental cues, macrophages can take on different
phenotypical characteristics. The notion of M1 (classically activated) and M2
(alternatively activated) macrophages was introduced by Mills et al. (2000).
Similarly to CD4+ T helper cells, which can take on a Th1 and Th2 phenotype, Mills
suggested that macrophages could take on an M1 or M2 phenotype in response to
signalling cues from Th1 and Th2 cells, respectively. M1 macrophages are associated
with pro-inflammatory functions, pathogen killing-abilities, production of reactive
oxygen species (ROS), and secretion of pro-inflammatory cytokines (such as TNF-q,
I-1B, IL-2, IL-6, IL-8, IL-12, and IL-23) (Martinez and Gordon, 2014, Murray et al.,
2014). M1 macrophages can be generated in vitro when stimulated with interferon-
y (IFN-y) and lipopolysaccharides (LPS). M2 macrophages are associated with anti-
inflammatory functions and highly phagocytic capabilities. They play an important
role in tissue remodelling, angiogenesis, and anti-parasitic immune responses and
secrete anti-inflammatory cytokines (such as IL-10 and TGF-f). Similarly to M1, M2
macrophages can be generated in vitro when stimulated with IL-4, IL-10, IL-13, or
TGF-f, alone or in combination. Although there is a relatively good overlap between
in vivo and in vitro M1 macrophages, the overlap for M2 macrophages is poor
(Cendrowicz et al,, 2021).

However, this M1/M2 dichotomy quickly falls short when trying to recapitulate the

complexity of macrophage polarization. Therefore, Mantovani et al. (2004)

suggested further subclassification of M2 macrophages into M2a, M2b, and M2c,
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depending on which activating cues are used (M2d was also added later) (Ferrante
et al, 2013). Even with the addition of these subtypes, the classification system
could not fully cover all different polarizations (Martinez and Gordon, 2014).
Therefore, Murray et al. (2014) introduced experimental guidelines for in vitro-
generated macrophages. They suggested that experiments should include the source
of macrophages, which activating signals were used, and also proposed a collection
of markers describing macrophage activation. Furthermore, they noted
phenotypical and functional differences for different phenotypes between species,
further complicating the system. It has become increasingly clear that macrophages
are highly plastic cells which can adopt different phenotypes within the same tissues
(Gordon et al, 2014, Martinez and Gordon, 2014, Murray, 2017). In vitro
macrophage models are unable to fully replicate the in vivo complexity (maturation
of cells, adhesion, extracellular matrix, chemotactic signalling). Recent studies
adopting more sophisticated tools such as single-cell RNA-sequencing and mass
cytometry have shown that in vivo macrophages could not be classified within the
traditional M1/M2 system, neither as discrete states nor along a spectrum of
alternative polarization trajectory (Chevrier et al., 2017, Lavin et al., 2017, Azizi et
al,, 2018, Wagner et al,, 2019, Zilionis et al., 2019).

5.1.3.3 Macrophage phenotypes in dogs

There are phenotypical and functional differences in macrophage phenotypes
between humans and mice, and between humans and dogs (Murray et al.,, 2014,
Heinrich et al,, 2017). Heinrich et al. and Herrmann et al. characterized canine in
vitro-generated M1 and M2 macrophages (Heinrich et al, 2017, Herrmann et al,,
2018). They shared some common traits with the human in vitro-generated
macrophages, including morphological features and a high expression of FceRI and
CD206 in M2 macrophages. However, several markers considered M1 or M2-specific
in humans and mice could not differentiate these phenotypes in dogs. CD16, CD32,
iNOS, MCH class II, CD80, and CD86 (M1-specific), or CD163 and Arginase-1 (Arg-1)
(M2-specific) were not differentially expressed between canine M1 and M2
macrophages. Furthermore, the transcriptomic overlap between human and canine
M1 and M2 macrophages was relatively poor. These findings underline the need for
better characterization of canine macrophage polarization as there are significant
inter-species differences. A larger arsenal of phenotypical markers is needed to

perform in-depth in situ and in vivo characterization of macrophage populations.
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5.1.34 Tumour-associated macrophages

TAMs represent one of the main cellular constituents of the TME and play a central
role in its regulation (Cendrowicz et al., 2021, Feng et al., 2022). They can promote
tumour progression, remodel the TME extracellular matrix, promote angiogenesis,
regulate tumour metabolism, and have an immunomodulatory effect on the adaptive
immune response. Furthermore, TAMs can facilitate invasion, intravasation,

lymphoinvasion, survival in circulation, and extravasation of cancer cells.
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Figure 5: Schematic overview of some tumour-associated macrophage (TAMs)
functions in cancer. Boxes with blue frames indicate mediators responsible for their
functions, while boxes with red frames indicate their functions (Figure by the author,
created using BioRender®©, 2023).
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5.1.3.41 TAMs — Phenotype

TAMs are often characterized as having a predominantly M2-skewed phenotype,
meaning they are anti-inflammatory and tumour-permissive (Beltraminelli and De
Palma, 2020, Cendrowicz et al., 2021, Hourani et al., 2021). Despite what we know
regarding in vivo macrophage polarization and their non-conformity to the classic
M1/M2 dichotomy, this nomenclature is commonly used in TAM research. As stated
previously, we know that macrophages within a given microenvironment can
express both M1 and M2-associated traits, such as within tumours (Chevrier et al,,
2017, Lavin et al,, 2017, Azizi et al., 2018, Wagner et al., 2019, Zilionis et al., 2019).
In fact, several clusters of myeloid cells (including TAMs) exist within tumours and
cannot be divided into M1 and M2 macrophages. TAMs can express both cytokines
and chemokine usually associated with M1 macrophages (such as TNF-a, IL-1b, IL-6,
chemokine C-C motif ligand (CCL) 2, CCL5, CCL17, CCL18, CCL20 and CCL22), but
also those associated with M2 macrophages (IL-10, TGF-3, VEGFs, and MMPs) (Chen
et al, 2019, Beltraminelli and De Palma, 2020). However, TAMs generally share
many main functional characteristics with M2 macrophages, such as
immunosuppression, matrix remodelling, and angiogenesis. Furthermore, several
studies have found that higher numbers of TAMs expressing M2-associated markers
correlate with a poor prognosis in cancer patients (Kubota et al.,, 2017, Lee et al,,
2019, Jamiyan et al,, 2020, Debacker et al.,, 2021, Iwicka et al., 2022). Additionally,
therapies aimed at inducing an M1-shift in TAMs have also been proven effective in
the treatment of cancer, further supporting the notion that TAMs have pro-tumoural
functions (van Dalen et al., 2018, Sun et al., 2021, Iwicka et al., 2022).

5.1.3.4.2 TAMs - Origin and recruitment

TAMs originate from self-renewing yolk sack-derived tissue-resident macrophages
(TRM) and recruited bone marrow-derived circulating monocytic cells (Hourani et
al,, 2021). The relative contribution of each population to the total TAM pool can
vary depending on the time point of tumour progression (Casanova-Acebes et al.,
2021, Pombo Antunes et al.,, 2021). In the early phase of tumour progression, TRMs
are the primary source of TAMs, while monocyte-derived macrophages dominate in
the later stages. Although both populations contribute to the total pool of TAMs,

most derive from circulating monocytes in human tumours (Cassetta et al., 2019).
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Several cytokines, chemokines and growth factors are involved in the recruitment of
monocytes and expansion of TRMs in cancer. Macrophage-colony stimulating factor
(M-CSF, or CSF-1), a haematopoietic growth factor, is highly expressed in many
tumours (Lee et al., 2013, Van Overmeire et al., 2016, Hourani et al., 2021). M-CSF is
involved in the recruitment of monocytes to the tumour, stimulates the expansion of
local TRMs, and can induce a pro-tumoral phenotype. The CCL2 is overexpressed in
many cancers and is a potent chemoattractant for monocyte recruitment to tumour
tissues (Hourani et al.,, 2021). CCL3, CCL5, CCL8, and C-X3-C motif ligand 1 (CX3CL1)
also contribute to monocyte recruitment to tumours (Lee et al.,, 2013, Hourani et al,,
2021). The expression level of several of these chemokines also correlates with the
number of infiltrating TAMs and a poor prognosis in several cancers. IL-34 is also
involved in the recruitment and pro-tumoral polarization of monocytes in tumour

tissues and is highly expressed in many cancers (Lee etal., 2013).

Hypoxia within the tumour tissue also results in a high expression of VEFG-A, which
has a chemotactic effect on monocytes (Sawano et al.,, 2001, Kerber et al., 2008).
Besides cytokines and chemokines, tumour-derived microRNA-375, in combination
with oxidized low-density lipoproteins, was shown to induce migration and
repolarization of monocytes to breast cancer tissues (Frank et al, 2019). The
diversity of mechanisms responsible for TAM expansion and recruitment reflects
inter- and intra-tumour heterogeneity and explains why therapeutic strategies
aimed at blocking this process have not proven very effective (Beltraminelli and De
Palma, 2020).

5.1.3.4.3 TAMs — Immunosuppression

One of the main functions of TAMs is suppressing the adaptive immune response in
mounting a robust anti-tumour response. They accomplish this by secreting anti-
inflammatory cytokines, expressing immune checkpoint ligands, and metabolizing

amino acids vital for T-cell functions.

TAMs secrete the immunosuppressive cytokines IL-10 TGF-f, which modulate T-cell
and NK-cell functions (Oh and Li, 2013, Wang et al., 2019). They thereby inhibit the
cytotoxic activity of CD8* T-cells and NK-cells and induce CD4+ regulatory T-cells
(induced regulatory T-cells, iTregs) that suppress effector T-cells. Furthermore,
TAMs secrete CCL5, CCL20 and CCL22, resulting in the recruitment of natural Tregs
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(nTregs) to the tumour (Curiel et al.,, 2004, Liu et al., 2011, Shimizu et al., 2018). By
secreting CCL17, CCL18, and CCL22, TAMs are responsible for recruiting naive and T
helper (Th) 2 lymphocytes (Erreni et al, 2011). Th2 lymphocytes are
immunosuppressive and secret IL-4 and IL-13, resulting in pro-tumoral

immunosuppressive macrophage polarization (DeNardo et al., 2009).

The immunosuppressive function of TAMs is also mediated directly by cell-to-cell
contact through immune checkpoint ligands. TAMs have a high expression of
programmed death-ligand (PD-L) 1, which interacts with programmed cell death
protein 1 (PD-1), resulting in the inhibition of cytokine production and T-cell
receptor (TCR) signalling (Kuang et al., 2009, Intlekofer and Thompson, 2013, Petty
et al, 2021). This modulates T-cell function and inhibits anti-tumour T-cell
responses. Additionally, TAMs have a high expression of PD-L2 and cytotoxic T-
lymphocyte associated protein 4 (CTLA4) ligands CD80 and CD86, which inhibit
normal cytotoxic T-cell functions when activated (Vandenborre et al., 1999, Umezu
etal, 2019, Cendrowicz et al., 2021).

Finally, TAMs can metabolize certain amino acids, effectively starving T-cells of
nutrients essential for their function. They have a high production of Arg-1, which
breaks down L-arginine and reduces its availability to T-cells (Popovic et al., 2007,
Rodriguez et al., 2007, Czystowska-Kuzmicz et al, 2019, Nakamura and Smyth,
2020). This results in the inhibition of T-cell proliferation, TCR-complex expression,

and development of immunological memory.

5.1.3.44 TAMs — Angiogenesis

Another essential function of TAMs is their contribution to the angiogenesis of
growing tumours. TAMs infiltrate hypoxic regions of the tumour through CCLZ,
CCL5, and CSF-1 mediated chemotaxis, and upregulation of the hypoxia-inducible
factor 1-a (HIF1la) in TAMs results in increased production of VEGFs (Palazon et al.,
2017, Chen et al., 2019, Cendrowicz et al., 2021). In addition to VEGFs, TAMs also
secrete platelet-derived growth factor (PDGF), TGF-$3, and angiopoietin-1, which
facilitate angiogenesis by promoting endothelial cell proliferation and maturation,
as well as pericyte infiltration (Lewis et al., 2000, Ribatti et al., 2007, Riabov et al,,
2014, Thijssen et al, 2018). TAMs also secrete MMP9, which can induce
angiogenesis by releasing matrix-bound VEGFs (Qian and Pollard, 2010). The pro-
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inflammatory TAM-derived cytokines TNF-a IL-1, and IL-6, and chemokine C-X-C
motif ligand 8 (CXCL8) also contribute to tumour angiogenesis (Qian and Pollard,
2010, Tamura et al., 2018). TAMs also seem to play a role in lymphangiogenesis, as
they can produce VEGF-C, which promotes tumour lymphangiogenesis, and
integrins that interact with lymphatic vessels (Bieniasz-Krzywiec et al, 2019,
Tacconi et al,, 2019).

5.1.3.4.5 TAMs - Invasion and metastasis

TAMs can promote cancer cell migration, invasion, and metastasis by secreting
several matrix-remodelling enzymes. They secrete cathepsins, MMP9, and serine
proteases capable of disrupting basal membranes and cell-to-cell junctions,
facilitating invasion, migration and intravasation of cancer cells (Ngambenjawong et
al,, 2017). In addition to promoting invasion, cathepsins promote cancer cell growth
and metastasis (Vasiljeva et al., 2006). TAMs also secrete CCL18 and S100A8/A9,
which can also promote cancer cell migration and invasion (Chen et al., 2011a, Lim
et al, 2016). It has also been shown that TAMs play a role in the epithelial-
mesenchymal transition (EMT) of cancer cells, which is a central process in cancer
invasion and metastasis (Liu et al., 2013, Aras and Zaidi, 2017, Yao et al., 2018, Cai et
al,, 2019). They accomplish this by secreting TGF-3, IL-10, TNF-a, IL-1B, and IL-6,
which results in the loss of cell-to-cell junction between cancer cells and the gain of
mesenchymal phenotypes. Lastly, TAMs can directly support the survival of cancer
cells in circulation and facilitate their extravasation at distant metastatic sites
(Cendrowicz et al., 2021). The a4 integrin on TAMs interacts with vascular cell
adhesion molecule-1 (VCAM-1) on cancer cells which triggers PI3K/Akt signalling
and protects cancer cells from death signals (Chen et al,, 2011b). Furthermore, the
interaction between o4 integrin and VCAM-1 facilitates the extravasation of cancer

cells to the lungs.

51346 TAMs - Regulation of tumour metabolism

Within the TME, hypoxia and abnormal metabolism result in strenuous conditions
for cancer cells. Hypoxic tumours mainly produce energy through anaerobic
glycolysis due to poor oxygen availability, which results in lactate production (Pillai

et al, 2019). TAMs tend to accumulate in hypoxic regions of the tumours and in
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close contact with sprouting blood vessels (Beltraminelli and De Palma, 2020).
Lactate produced by cancer cells contributes to polarizing TAMs towards an M2-
skewed phenotype (Colegio et al, 2014). Furthermore, reduced glycolytic
metabolism and increased lipid metabolism in TAMs can induce M2-skewed
polarization (Xiang et al., 2018, Wu et al,, 2019). Cancer cell autophagy, the process
of degrading cellular constituents for energy production under nutrient-deficient
conditions, has also been shown to play a role in TAM recruitment and M2-skewed
polarization (Yang et al., 2014, Sanjurjo et al., 2018, Guo et al,, 2019). Hypoxia can
also upregulate soluble carrier family 40, member 1, and lipocalin 2 expressions in
TAMs, which can increase iron bioavailability and uptake by cancer cells (Mertens et
al,, 2016, Oren et al., 2016).

5.1.3.4.7 TAMs — Resistance to chemotherapy and radiation therapy

Both radiation therapy and chemotherapy generally increase TAM numbers within
tumours after treatment (Larionova et al,, 2019, Beltraminelli and De Palma, 2020).
There is evidence that TAMs are directly involved in resistance to these therapies,
and depletion of TAMs can attenuate tumour resistance to chemotherapy and
radiotherapy (Paulus et al, 2006, Xu et al, 2013, Shiao et al, 2015). Through
secretion of IL-6, TAMs can induce chemotherapy resistance by activating the
STAT3 pathways in cancer cells (Yin et al,, 2017, Zhu et al,, 2017, Xu et al,, 2019).
Additionally, TAM-derived IL-10, IL-34, hepatocyte growth factor (HGF), cathepsin B
and S, and milk fat globule-EGF factor 8 protein (MFG-E8) have all been shown to
mediate chemotherapy resistance in several tumours (Jinushi et al., 2011, Shree et
al, 2011, Quail and Joyce, 2013, Ruffell et al., 2014, Baghdadi et al, 2016). By
secreting CSF-1 and IL-4, TAMs have also been implicated in radiation therapy
resistance in some cancer forms (Xu et al., 2013, Shiao et al., 2015). Moreover, there
is evidence that TAM-derived miRNA-21 can suppress apoptosis through activating
PI3K/Akt signalling in cancer cells and confer resistance to cisplatin (Zheng et al.,
2017).
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5.1.3.4.8 TAMs in dogs

Only a few studies have investigated TAMs in dogs with cancer. Studies have found a
correlation between high numbers of TAMs and poor survival times or high
histologic grades in dogs with mammary tumours, soft tissue sarcoma, melanoma,
and lymphoma (Raposo et al,, 2015, Seung et al., 2018, Finotello et al., 2021, Parisi et
al, 2021, Vazquez et al, 2021, Porcellato et al, 2022). Counterintuitively, high
CD204+* TAM numbers, a marker for tissue-resident and monocyte-derived
macrophages, were associated with a longer DFI in dogs with OS (Withers et al,,
2019a). The number of CD204+ TAMs in pulmonary metastases was higher than in
primary tumours of dogs with OS (Withers et al,, 2019b). Monteiro et al. showed
that virtually all macrophages within canine mammary tumours express the M2-
associated marker CD206 (Monteiro et al,, 2018). Similarly, a large proportion of
TAMs within canine malignant melanomas express the M2-associated marker
CD163, although this marker has not been validated as M2-specific in dogs
(Porcellato et al., 2022). Few mechanistic studies have been done on canine TAMs.
However, canine hemangiosarcoma cells produce CCL2 in vitro, stimulating

monocyte migration and recruitment (Regan etal., 2017).
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5.1.4 Cancer models

Pre-clinical model systems are extensively used in biomedical research and are
instrumental in exploring biological mechanisms. Cancer research relies heavily on
model systems to study biochemical and genetic pathways involved in cancer and to
assess new cancer therapies (Sajjad et al, 2021). Each model system has its
advantages and disadvantages. The cancer models used in research include in
vitro, in vivo, and in silico models. Although each of these systems aims to mimic
some features of cancer, none can fully recapitulate naturally occurring cancer. The
inability of these models to recreate the heterogeneity of naturally occurring cancer,
the TME, and the interactions with the host’s immune system impedes our complete
understanding of cancer pathogenesis and therapeutic development. Here, we will
focus on in vitro and in vivo models and notin silico models, which are based on

computer models to predict physiological and pharmacological processes.

5.1.41 In vitro models

Most in vitro cancer research relies on the 2D growth of cancer cell lines. These are
easy to manage, inexpensive, immortalized, multiply quickly, amenable to high
throughput testing of therapeutic agents, and have a low cellular heterogeneity
(Sajjad et al., 2021). Moreover, they exhibit similar genetic and intrinsic features to
that of primary tumours of humans (Domcke et al,, 2013, Goodspeed et al.,, 2016).
However, cancer cell lines have several limitations. When culturing cancer cells,
there is a lack of stromal components, such as ECM, associated immune cells,
lymphatic and blood vessels, and fibroblasts (Goodspeed et al,, 2016). Furthermore,
the culture media composition, growth surface, use of foetal bovine serum, and lack
of tumour hypoxia further differ from in vivo conditions (Sharma et al., 2010).
Additionally, genetic drift at high passaging numbers, risk of cross-contamination or
mislabelling of cell lines, and lack of cell lines for some cancer subtypes are other

limitations associated with their use (Sajjad et al.,, 2021).

To reduce some of the limitations of 2D-cultured cell lines, 3D-cancer spheroid and
organoid models have been developed over the past decade. Some advantages of
spheroids over traditional 2D cultures include their structural organization and
oxygen, pH, and nutritional gradients (Han et al, 2021). They have an external

proliferating zone, an internal quiescent zone, and a necrotic core. Additionally,
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their growth Kkinetics, metabolic rates, and resistance to chemotherapy and
radiotherapy are similar to that of in vivo solid tumours. Organoids, which contain
organ-specific cells and exhibit organ-specific functionalities, are also used in cancer
research to provide insight into the pathophysiology of tumour development.
However, these models also share several limitations with the 2D cultures and have
their own unique limitations. Depending on the technique used to generate
spheroids and organoids, the composition of the culture medium, use of ECM
additives, choice of cell lines, and size of the spheroids at the time-point of the essay,
to name some, can have implications for the study outcomes (Han et al, 2021).
However, the fidelity of these in vitro models is improving, and cancer spheroids co-
cultured with CAFs and patient-derived immune cells are promising platforms for
high throughput screening of new therapies (Rausch et al.,, 2021, Poon and Ailles,
2022).
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Figure 4: Inverted light microscopy images of in vitro cultured canine osteosarcoma
cells (D17). a) 2D-cultured adherent D17 cells cultured on tissue-treated plastic

showing typical spindeloid morphology. b) 3D-cultured D17 cells forming spheroids

after 72 hours in culture on ultra-low attachment plastic. The size and structure of the
spheroids depend on the initial number of seeded cells (from 1000 to 20.000/well). A

dark necrotic centre is visible in the larger spheroids. (Images by the author)

5.1.4.2 In vivo models

Since in vitro models cannot address all aspects of cancer research, it is also
necessary to use in vivo models. Organisms such as mice, Drosophila melanogaster
(D. melanogaster), zebrafish, and Caenorhabditis elegans (C. elegans) are commonly
used in cancer research (Day et al, 2015, Sajjad et al., 2021). D. melanogaster,

zebrafish, and C. elegans have been used extensively to study molecular and
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biochemical cancer biology as well as therapeutic drug discovery. Some of the
advantages of these models include their small size, low cost, and easy propagation.
Additionally, rapid ex-utero development and embryonic transparency facilitate
imaging. Furthermore, they can easily be genetically modified and transplanted with
human and murine xenografts. However, due to rudimentary haematopoietic
systems, differences in lymphatic systems, and inappropriate tumour-host
interactions (xenotransplantation), to name a few, their translational value is

limited.

Murine models have been used extensively in cancer research since the 1950s (Day
et al,, 2015). Syngeneic murine cancer models were developed and used in the
1960s and 1970s (Talmadge et al., 2007, DeVita and Chu, 2008). These models rely
on transplanting allographs from murine tumours into immunocompetent inbred
strains of mice with the same genetic background. Later, in the 1970s and 80s, cell
line-derived xenograft (CDX) models were developed, where in vitro-established
human cancer cell lines were injected into immunocompromised mice. However,
CDX models have failed to predict the efficacy of targeted therapies, and most (95%)
drugs that succeed in mice fail when reaching human clinical trials (Sharpless and
Depinho, 2006). CDX models do not recreate an appropriate tumour-host
interaction and lack the tumour heterogeneity of naturally occurring cancer. To
improve their translational value, more sophisticated murine models have been
developed, including patient-derived xenograft (PDX) models, humanized murine
models, and genetically engineered mouse (GEM) models (Day et al, 2015). PDX
models rely on implanting immunocompromised mice with surgical patient-derived
tumour samples (Koga and Ochiai, 2019). PDX models preserve tumour
architecture, stromal composition, and molecular heterogeneity seen in patients.
However, the human stromal component is maintained only for 2-3 passages before
the mice stromal components become dominant. Moreover, these models rely on
heavily immunocompromised mice, making immunomodulating therapies
challenging to assess in these models. Strategies have been developed to improve
their translational value for immunotherapeutic development. The mice can be
"humanized" by transplanting them with CD34+ human haematopoietic stem cells,
or peripheral blood mononuclear cells (PMBCs), to generate a humanized immune
response to the PDX. Although these strategies may create a more natural
interaction between the immune system and the tumour, they still cannot reproduce
a natural tumour-host interaction. GEM models, on the other hand, provide a system

where cancer evolves within its natural microenvironment (Day et al., 2015). They
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also replicate inter- and intra-tumour heterogeneity and provide a platform for
evaluating immunomodulating therapies. However, their use can be challenging:
Inter-species differences, such as different immune properties between humans and
mice, make extrapolations difficult. Additionally, only a few genes can be studied
simultaneously. Regardless of the choice of murine model, there are also inherent
species differences  between  mice and  humans. Pharmacokinetics,
pharmacodynamics, and maximum tolerated doses of drugs vary between the two
species (Day et al.,, 2015). The field of murine models is constantly changing, and
hopefully, more sophisticated models will become available and affordable with
time. However, regardless of how sophisticated they become, limitations such as
lack of genetic diversity due to inbreeding, housing in specific-pathogen-free
conditions, and lack of variation in diet and microbiome will remain unless radical

changes are made to how experimental animals are used and kept.

Pigs are also sometimes used in cancer research due to their anatomical,
physiological, and genetic similarities with humans. They have been used to model
leukaemia, lymphoma, soft tissue sarcoma, pancreatic ductal carcinoma,
hepatocellular carcinoma, breast cancer, and colorectal cancer (Schook et al., 2015,
Watson et al,, 2016, Kalla et al., 2020). However, cancer research involving this
species is uncommon, despite the advantages of the pig model. This is probably due
to high cost, housing requirements, lack of species-specific reagents, duration of

experiments, and ethical considerations.

5143 Dogs as cancer models

As in humans, cancer is one of the leading causes of death among family-owned dogs
(Bonnett et al., 1997, Proschowsky et al., 2003, Adams et al., 2010, Inoue et al., 2015,
Wang et al.,, 2016a). Veterinarians and translational researchers have advocated for
dogs with cancer as models for their human counterparts for over 50 years (Prier
and Brodey, 1963, MacEwen, 1990, Mottolese et al., 1994, Knapp and Waters, 1997,
Vail and MacEwen, 2000). It is estimated that 4.2 million dogs are diagnosed with
cancer annually in the United States (representing an incidence rate of
approximately 5.300/100.000 DYAR) (Schiffman and Breen, 2015). In comparison,
1.66 million humans are diagnosed with cancer (representing an annual incidence
rate of approximately 500/100.000 years at risk). This remarkably high number of

dogs with cancer represents a largely untapped resource in cancer research. There
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is, however, a clear difference in the types of tumours most commonly seen in the
two species (Schiffman and Breen, 2015). While humans primarily develop
carcinomas, dogs have a much high incidence of sarcomas. This is believed to be a
result of the selective breeding of dogs over the past two to three centuries, which is
estimated to have resulted in a sevenfold reduction in genetic diversity. This
selective breeding, primarily aimed at phenotypical characteristics and appearance,
has probably resulted in higher frequencies of specific cancers in specific breeds we
see today. Furthermore, differences in exposure to known carcinogens, such as
alcohol and tobacco, may also contribute to the differences in cancer types between
the two species. The restricted genetic variation in dogs also allows for easier

identification of the genetic basis of certain inherited diseases, like cancer.

The canine cancer model does not have the same limitations as murine models
(Park et al., 2016). Issues related to xenotransplantation, lack of genetic diversity,
inter- and intra-tumour heterogeneity, natural host-tumour interaction
(interactions with the tumour stroma and immune system), and exposure to a
natural living environment (microbiome diversity, educated immune system,
dietary differences) are not present when using dogs with naturally occurring
cancer. Additionally, due to the relatively short lifespan of dogs, lack of established
“standard-of-care” treatment for many cancers, and willingness of many owners to
participate in clinical trials (due to lack of effective treatment options or financial
reasons), clinical trials are often less cumbersome and expensive than in humans
(Park et al., 2016). Canine drug trials are estimated to be 10 to 100 times less costly
than human trials (Burton and Khanna, 2014). Although variation in the incidence of
different cancers could be viewed as a limitation of the canine model, it also offers a
unique opportunity to study rare human cancer forms that are common in dogs,
such as OS. However, there are still some limitations when using dogs as cancer
models. Running clinical trials in dogs remains significantly more expensive than in
mice, there are stricter ethical regulations to consider, it is impossible to control all
experimental variables, there are fewer canine-specific reagents available compared
to murine ones, and there is a larger inter- and intra-tumour heterogeneity

requiring larger sample sizes than in murine trial (Park and Shin, 2016).
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51.44 Canine osteosarcoma as a model for human osteosarcoma

Dogs with naturally occurring OS are considered excellent models for their human
companions (Brodey, 1979, Withrow et al., 1991, Mueller et al,, 2007, Withrow and
Wilkins, 2010, Simpson et al., 2017). In addition to being the most common primary
bone tumour in both species, they have remarkably similar clinical, pathological,
molecular, and genetic features (Withrow et al, 1991, Federman et al, 2009,
Simpson et al,, 2017, Zhao et al,, 2021). Additionally, the incidence rate of OS in dogs
is estimated to be between 27-75 times higher than in humans, making it much
easier to recruit cases for trials and research (Schiffman and Breen, 2015, Simpson
et al, 2017). In contrast to humans, OS generally develops in middle-aged to older
dogs (mean age of 7-8 years), although a bimodal distribution has been observed
(Brodey et al., 1963, Misdorp and Hart, 1979, Spodnick et al.,, 1992, Cavalcanti et al.,
2004b). In humans, on the other hand, OS is primarily seen in adolescent patients
(during the second decade of life), with a smaller peak seen after 60 years of age
(Zhao et al,, 2021). Several studies have shown that genetic driver mutations and
copy number alterations in human and canine OS are similar (Mendoza et al., 1998,
Kirpensteijn et al., 2008, Angstadt et al, 2012). The OS-associated genes TP53,
CDC5L, MYC, RUNX2, CDKN2A/B, ADAM15, CTC1, MEN1, CDK7, and others have been
shown to be implicated in OS development in both species. Treatment strategies are
also similar between the species and rely mainly on surgery, chemotherapy, and
radiation therapy (Withrow et al., 1991, Federman et al., 2009, Simpson et al., 2017).
Despite the many comparative studies and programs to date, no studies have
investigated the potential of dogs with OS as models to study the pre-metastatic

niche.
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5.1.5 Immunohistochemistry and immunofluorescence
51.51 Immunohistochemistry

Immunohistochemistry (IHC) is a laboratory method that exploits the specific
binding of an antibody to an antigen to detect and localize antigens in cells and
tissues (Magaki et al, 2019). IHC can be used to determine cell types, their
phenotypes, or organ of origin. Enzyme-conjugated (peroxidase) antibody-based
[HC was developed in the 1960s (Avrameas and Uriel, 1966, Nakane and Pierce,
1966, Nakane, 1968). The method further evolved in the following decades, and
alkaline phosphatase-conjugated antibodies became available (Mason and
Sammons, 1978b, Mason and Sammons, 1978a, Cordell et al., 1984). Today IHC is
used routinely in research, pathological, and anatomical laboratories. It is used as a
histopathological diagnostic tool to discriminate benign from malignant lesions,
subclassify neoplasia, as a prognostic tool, identify therapeutic targets, and more
(Matos et al, 2010). Formalin-fixed and paraffin-embedded (FFPE) tissues are
mainly used for IHC staining since they can easily be stored long-term (Magaki et al,,
2019). Frozen and plastic-embedded tissues can also be used for IHC. The sequential
steps in [HC (for FFPE tissues) can be summarized as: 1) Deparaffinization and
rehydration, 2) antigen retrieval, 3) blocking, 4) addition of primary antibody, 5)
application of secondary antibody, 6) application of detection reagent, and 7)

counterstaining (Magaki et al., 2019).

1) FFPE tissues are surrounded by paraffin which can interfere with the IHC
labelling and must be removed. After slicing the FFPE-tissue blocks and applying
them on tissue slides, paraffin is removed by transferring the slides to a xylene bath.
The tissues are rehydrated in an ethanol gradient (from 100 to 95 to 80, then 70%

ethanol) and transferred to deionized water.

2) Formalin fixation enables long-term stable tissue storage with minimal tissue
degradation by cross-linking proteins. Before applying the primary antibodies, this
cross-linking should be abolished to make epitopes more accessible for antibody
binding. To retrieve antigens masked by fixation, antigen retrieval (AR) can be
performed using either chemical or physical methods. Chemical methods include
enzymatic digestion and denaturing treatment, while physical methods include heat
and ultrasound. Usually, a combination of heat (heat-induced antigen retrieval,

HIAR) and chemical treatment is used. The rehydrated slides are placed in a buffer

41



(such as citrate or EDTA at low, neutral, or high pH) and then heated using a

microwave oven, water bath, pressure cooker, or autoclave.

3) When using a peroxidase-conjugate system for IHC, endogenous peroxidase
activity should be quenched before adding the primary antibody. Some tissues and
cells have a high endogenous peroxidase activity, which can result in unspecific
chromogen precipitation unless it is blocked. Quenching is commonly performed by
submerging the slides in a hydrogen peroxide bath (usually 3%). Additionally, to
reduce the unspecific binding of antibodies, blocking with serum (from the species
in which the secondary antibody originates) or a universal blocking buffer should be

performed before adding the primary antibody.

4) When choosing which primary antibody to use in IHC, there are several aspects to
consider. The primary antibody can be monoclonal or polyclonal (the former usually
results in less background staining), and different dilution factors can be used.
Usually, different dilutions should be assessed for each species and given tissue, as
the ideal concentration of an antibody to optimize contrast between positive

staining and nonspecific background staining can vary widely.

5) Although a reporter enzyme can be conjugated directly to primary antibodies,
this is uncommon since it requires each antibody to be conjugated and does not
allow signal amplification. A reporter enzyme converts a colourless chromogen
substrate into a coloured and visible product. Therefore, the enzyme is usually
conjugated with the secondary antibody. Commonly used enzymes include
horseradish peroxidase or alkaline phosphatase. Polymer-based methods using
many peroxidase molecules and secondary antibodies attached to a dextran

backbone are also available, allowing for increased signal strength and sensitivity.

6) When a chromogenic substrate is added to the tissues, like diaminobenzidine
(DAB) or 3-amino-9-ethyl carbazole (AEC), the enzyme conjugated to the secondary
antibody creates a coloured product. This results in staining of the epitope of

interest.

7) Finally, the slides are counterstained to visualize the tissues and then mounted

with a cover glass.

42



Whenever performing IHC staining, running relevant controls in parallel with the
investigated tissues is essential. A positive control should contain tissues that
express the antigen of interest known to stain with the antibody used. Negative
controls from the sample should be run in parallel to ensure no unspecific binding of
antibodies. These should undergo the exact same staining protocol, but the primary
antibody must be omitted or replaced with a non-immune antibody from the same
species (isotype control).

There are many considerations when performing IHC, such as which antibodies to
use, which AR methods to use, and the effect of storage condition and length on
epitopes. These have been reviewed elsewhere and will not be further discussed
here (Matos et al., 2010).
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Figure 7: Schematic representation of the sequential immunohistochemical (IHC)
labelling steps. 1) Formalin-fixed tissues are embedded into paraffin blocks. 2) Tissue
sections are made from the paraffin blocks using a microtome. 3) Tissue sections are
placed on microscopy slides, dried, and stored at 4°C until labelling. 4) Slides are
deparaffinized and rehydrated using xylene and alcohol baths. 5) Slides are placed in
deionized water and ready for IHC labelling. 6) Heat-induced epitope retrieval is
performed by placing the slides in a denaturing buffer and heating using an autoclave,
pressure cooker, water bath, or microwave. 7) Endogenous peroxidase activity is
blocked by submerging the slides in 3% hydrogen peroxide, and the tissues are blocked
for non-specific binding using serum or a universal blocking buffer. 8) The primary
antibody is added and binds to its epitope. 9) The secondary antibody is added and
binds to the primary antibody. 10) The chromogen substrate is added and precipitates
into a coloured product when in contact with the antibody-bound enzyme. 11) The
tissues are visualized using haematoxylin counterstain, then mounted and left to dry
(Figure by the author, created using BioRender©, 2023).
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5.1.5.2 Immunofluorescence

Like IHC, immunofluorescence (IF) exploits the specific binding of antibodies to
antigens to detect and localize them (Robertson et al, 2008, Im et al, 2019).
Contrary to IHC, IF allows multiplexing to visualize many antigens simultaneously.
Additionally, IF can label a variety of samples, from cell cultures to tissues (frozen or
FFPE) to entire organisms. The sequential steps of IF are similar to the ones
described for IHC but with some differences. As there is no enzymatic chromogen
reaction to visualize the antibody labelling, there is no need to quench the
endogenous peroxidase activity. IF relies on the labelling of an antigen with an
antibody conjugated to a fluorophore (direct or primary IF) or the recognition of a
primary antibody with a secondary antibody conjugated to a fluorophore (indirect
or secondary IF). As with [HC, indirect IF is the most widely used method as it
allows signal amplification (several secondary antibodies bind to the primary
antibody), increasing sensitivity. IF also provides better resolution than IHC, which
is advantageous when labelling subcellular structures. Fluorophore-conjugated
antibodies emit light upon excitation by light of a shorter wavelength. Each
fluorophore has a specific excitation and emission wavelength peak. They also have
different extinction coefficients and quantum yields, which influence the brightness
of a fluorophore, and excitation-emission times, which can be used to separate
signals with overlapping emission spectra. The choice of fluorophores depends on
several factors. Bright fluorophores should be used for low-abundance antigens.
Fluorophores with minimal spectral overlap should be used when several antigens
are labelled. Fluorophores with the least spectral overlap with tissue
autofluorescence should be used to avoid background noise. Additionally,
photobleaching of fluorophores can result in loss of signal over time, which can be
avoided by choosing photostable fluorophores, mounting tissues in antifade

mounting media, and storing slides in the dark and cold.

Whereas [HC-labelled tissues are imaged using bright field microscopy, fluorescent
imaging requires an epifluorescent or confocal microscope. Traditionally,
epifluorescent microscopy has been used to image IF-labelled tissues, which has
limited the use of FFPE tissue since they exhibit high levels of autofluorescence.
Confocal microscopy collects a thin optical section (0.5 um) of the tissues, while
epifluorescent imaging collects the entire thickness of a tissue section (3-6 pm)
(Robertson et al, 2008). Thin optical sections reduce the contribution of

autofluorescence to the image in confocal microscopy. Additionally, confocal
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microscopy uses lasers to produce light, meaning the excitation bandwidth is much
narrower (<5 nm) than conventional mercury vapour lamps used in epifluorescent
microscopy. The intensity of each laser can also be regulated individually, allowing
the ideal signal-to-background for each fluorophore. Confocal microscopy also
permits the user to set numerically defined collection windows for each
fluorophore, resulting in better control than dichroic and trichroic glass filters used
in epifluorescent imaging. Finally, confocal microscopy allows for sequential

imaging, meaning lasers and collection windows can be operated individually.
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5.1.6 Flow cytometry

Whereas IHC and IF detect antigens in fixed tissues and cells, flow cytometry can
analyse single cells or particles in a suspension. Traditionally, flow cytometry
consists of three systems: 1) fluidics, 2) optics, and 3) electronics (McKinnon, 2018).
The fluidic system delivers and focuses the sample to the interrogation point in
front of the lasers by using pressurized sheath fluid (buffered salt-based solution).
The optic system consists of lasers, dichroic and bandpass filters that steer the
fluorescent light signal to specific detectors, and collection optics consisting of
photomultiplier tubes and photodiodes. The electronic system converts the signals
from the detectors into digital signals. Modern flow cytometers also use ultrasonic
waves for acoustic focusing instead of only pressurized sheath fluid, which allows

for better focusing of cells for laser interrogation.

Flow cytometry has several applications in many fields of study. In immunology, it is
used for immunophenotyping, to study antigen-specific immune responses, and
measure intracellular cytokines, cell proliferation, phagocytosis, and apoptosis.
Additionally, flow cytometry can be used for cell cycle analysis, signal transduction

analysis, fluorescent in situ hybridization (FISH), and more.

Each particle is analysed for its visible light scatter and fluorescent signals. Light
scatter is measured as forward scatter (FSC, in the forward direction) and side
scatter (SCC, at 90°). FSC indicates the relative particle size, while SCC indicates the
internal complexity or granularity. Most flow cytometers today have several laser
and fluorescent detectors, allowing for many parameters to be analysed. The most
used lasers include ultraviolet (355 nm), violet (405 nm), blue (488 nm), green (532
and 552 nm), green-yellow (561 nm), and red (640). Cells and particles can be
prepared for fluorescent measurements through transfection and expression of
fluorescent proteins (such as green or red fluorescent protein, GFP and RFP),
fluorescent dyes (nucleic acid dyes such as propidium iodide (PI) and DAPI),
proliferation dyes (such as carboxyfluorescein succinimidyl ester (CFSE)), viability
dyes (such as Live/Dead™ reagents), and calcium indicator dyes (such as indo-1), or
fluorescently conjugated antibodies or RNA-probes. Fluorophore-conjugated
antibodies are commonly used in flow cytometry, and many fluorophores are
available. These include phycobiliproteins such as phycoerythrin (PE) and

allophycocyanin (APC), quantum dots (semiconductor nanocrystals), polymer dyes
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such as Brilliant Violet™ and Blue™, and tandem dyes such as small organic

fluorophores (Cy3, Cy5, and Cy7) coupled with phycobiliproteins or polymer dyes.
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Figure 8: Schematic representation of the inner workings of a flow cytometer. The cells
in suspensions are delivered and focused to the interrogation point in front of the laser
by pressurized sheath fluid. Visible light signals are recorded as forward scatter (FSC)
and side scatter (SSC). Fluorescent signals are guided through a series of dichroic
mirrors and bandpass filters before reaching the photomultiplier tubes and detectors
(Figure by the author, created using BioRender©, 2023).

As with IHC and IF, running appropriate controls is essential when performing flow
cytometry (Cossarizza et al, 2021). Unstained negative controls can provide
information regarding cellular autofluorescence, while isotype controls can provide
information regarding unspecific antibody binding. Whenever cells with high
numbers of Fc-receptors are analysed using flow cytometry, such as macrophages
and dendritic cells, an Fc-blocker or species-specific IgG should be used to limit
unspecific binding (Andersen et al, 2016). When several fluorophores are used
simultaneously, there will usually be some spectral overlap. Therefore, single
controls should be included, where the interrogated cells or antibody-capture beads
are stained using only one of the antibodies/fluorophores (Cossarizza et al.,, 2021).
These readings are used to set the correct compensation values for the fluorophore
panel to compensate for any bleed-through from one fluorophore into the other
channels. Lastly, fluorescence minus one (FMO) controls should be used to set the

appropriate gates when performing multiplex flow cytometry. FMO controls are
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stained using all the fluorophores in the panel minus the one of interest. These
controls permit the setting of appropriate gates taking into account
autofluorescence and spectral overlap from the other fluorophores. Additionally,
biological controls (positive and negative controls) should be included. They

provide biologically relevant comparisons related to different treatments or stimuli.
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5.1.7 RNA-sequencing

RNA-sequencing (RNA-Seq) is a high-throughput sequencing method that provides
information into the transcriptome of cells (Kukurba and Montgomery, 2015).
Compared to older methods such as Sanger-sequencing and microarray methods,
RNA-Seq gives higher coverage and better resolution. The transcriptome is highly
complex and encompasses several types of coding and non-coding RNAs. Coding
RNA is known as messenger RNA (mRNA), while non-coding RNA includes
ribosomal RNA (rRNA), transfer RNA, small nuclear RNA, microRNA (miRNA), piwi-
interacting RNA (piRNA), long non-coding RNA, and others, each with different
roles. RNA-Seq provides a detailed and quantitative view of gene expression,

alternative splicing, and allele-specific expression.

For RNA-Seq, RNA is first isolated from a sample. The quality of the RNA should be
assessed to ensure it is not too degraded. RNA-integrity is usually measured as an
RNA-integrity number (RIN) from 1 to 10, 1 being the lowest quality, and RIN values
of <6 significantly affect the sequencing results. RIN values can be measured using a
bioanalyzer, and the software calculates the values based on, among others, the
ratio of 28S to 18S ribosomal bands. Next, sequencing libraries are prepared by
reverse-transcribing the RNA to complementary DNA (cDNA). Several library
constructions are available, which can isolate desired RNA molecules (Poly-A
selection or Ribodepletion for sequencing mRNA, size selection for sequencing
miRNA, piRNA, and silencing RNA), fragment or amplify random primed cDNA
molecules, and ligate sequencing adaptors. Once libraries are ready, the cDNA is
sequenced using a next-generation sequencing (NGS) platform. Most RNA-Seq
experiments today use the Illumina™ platform, which applies an ensemble-based
sequencing-by-synthesis approach. DNA molecules are clonally amplified using
fluorescently labelled reversible-terminator nucleotides. Since Illumina™ platforms

clonally amplify the DNA, they provide relative RNA expression levels of genes.

After cDNA sequencing, the reads (e.g, DNA sequences) can be mapped to a
reference genome. The reads are aligned, mapped, and assembled into transcripts.
The quality of the raw sequencing data and the mapped reads should be assessed
for biases (can be introduced at any point of the experimental pipeline; RNA
extraction, sample preparation, library preparation, sequencing, and read mapping).

Once the transcriptome has been constructed, differential gene expression between
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conditions can be evaluated. Several statistical methods have been developed to

assess differential gene expression but will not be reviewed here.
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Figure 9: Schematic representation of the sequential steps of RNA-sequencing. 1) RNA

is isolated from a biological sample, such as cells in a culture, using a commercially
available RNA-isolation kit. After ensuring the RNA is of good quality, 2) it can be
fragmented, and 3) converted to cDNA using reverse transcriptase. 4) cDNA fragments
are then ligated to adaptors and clonally amplified. 5) cDNA is then sequenced using a
next-generation sequencing (NGS) platform. 6) The reads (DNA sequences) are then
aligned and mapped to a reference genome, and the transcriptome is

assembled (Figure by the author, created using BioRender®©, 2023).
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5.1.8 Knowledge gaps

Although dogs with cancer are considered excellent research models for their
human counterparts among some researchers, their potential for studying several
aspects of cancer progression remains unexploited. This includes the early
processes of metastases, such as micrometastatic development and PMN formation.
Furthermore, since dogs develop cancer naturally, they do not have the same
limitations as most murine models. Therefore, dogs have great potential in
translational immunotherapy research that remains largely untapped. Despite
extensive knowledge of immune cell phenotypes and functions in mice and humans,

canine cancer immunology is a poorly studied field.

Although radiographically detectable metastases are uncommon at presentation
(<15-17%), most dogs with OS (>90%) eventually develop metastatic disease
despite surgical removal of the primary tumour. Where the disseminated cancer
cells reside before macroscopic metastases develop remains unknown. The lungs
and bones are the main target organs for metastatic OS in humans and dogs.
Bruland et al. found tumour cells in the bone marrow in 63% of human OS patients
at presentation. Amongst those presenting with overt metastases, the prevalence
was 92%. To our knowledge, pulmonary micrometastases have not been studied in
human or canine OS. What is the prevalence of pulmonary micrometastases in

dogs with OS without visible metastases?

Despite knowledge of TAMs in humans and mice, we know little about their role in
dogs. Several reports have shown that macrophages are present in the primary
tumour and metastatic lesions in several cancer forms in dogs, such as OS and
mammary carcinomas. Furthermore, their numbers seem to correlate with
histologic grade and survival. Only a few studies have evaluated phenotypical and
transcriptomic characteristics of canine macrophages in vitro. There is also a lack of
validated canine phenotypical macrophage markers for in situ and in vivo research
of TAMs and knowledge about TAM functions in general. Are canine in vitro-
generated monocyte-derived tumour-conditioned macrophages

phenotypically and transcriptomically similar to M2 macrophages?
PMN formation has almost exclusively been studied in preclinical murine models.

However, the limited translational value of these models, mentioned previously,

could bring the validity of these findings into question. One of the main challenges
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when studying PMN formation in humans is the inability to access material and
tissues from healthy organs before they develop metastases. Here, veterinary
medicine presents a unique opportunity, as many dogs with cancer are euthanized
before they develop metastases. As such, they could represent a relevant naturally
occurring cancer model to study PMN formation and serve as a bridge between
preclinical science and humans. Do dogs with OS have immunological changes in

the lungs compatible with PMN formation before they develop metastasis?

519 Aims

The overall aim was to show that dogs with OS can serve as naturally occurring

cancer models to study early metastasis and PMN formation. We wanted to

accomplish this through the specific objectives of each paper included in the thesis:
< To evaluate the prevalence of pulmonary micrometastases in dogs with
osteosarcoma before visible metastases have developed. (Paper I)

R To characterize canine in vitro-generated monocyte-derived tumour-
conditioned macrophages and compare them with classically (M1) and
alternatively (M2) activated macrophages. (Paper II)

R To study the prevalence and phenotype of macrophages and bone
marrow-derived cells in the pre-metastatic lungs of dogs with OS before
visible metastasis has occurred. Thereby we wanted to provide evidence of

an immunological pre-metastatic niche. (Paper III)
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5.2 Materials and Methods

A summary of the material and methods used in the papers is presented here. For

further details, please see the specific article.

Material
The studies included in this thesis consisted of two prospective non-randomized

case-control studies (paper I and III) and one laboratory study (paper II).

The cases included in papers I and III were the same and were recruited from the
University Small Animal Hospital (NMBU) and private practice (Evidensia Oslo
Dyresykehus) between 2012 and 2019. Owners signed a written consent form
before euthanasia of the dogs included. Only those with treatment naive OS (0S+,
n=15) were included as cases. Based on necropsy findings, dogs with OS were
divided into those with macroscopic metastases (0S+/Met+, n=5) and those without
(0S+/Met-, n=10). Control cases (0S-/Met-, n=10) were enrolled retrospectively

from the pathology archives based on pathology reports and clinical records.

None of the included dogs could have any current or previous neoplastic disease
other than OS. They could not have received treatment (chemotherapy, radiation
therapy, or immunomodulating therapy) or have any other condition (fulminant
allergy, atopic dermatitis, or systemic inflammatory conditions, either infectious or
immune-mediated) at the time of euthanasia which could interfere with
macrophage phenotypes. Both cases and control dogs could be of any breed, age,

weight, sex, and neutering status.

Routine necropsy and standard tissue sampling for formalin fixation and paraffin
embedding were performed in all dogs. In addition, tissue samples were collected
from any suspected pathological lesions, including the tumour. Tissues were stained
with haematoxylin & eosin and evaluated microscopically by a pathologist. Two
tissue samples, one from the peripheral and one from the central areas of the lung
lobes, from each of the seven lung lobes, were collected and formalin-fixed (n=14 in
total). An identical set of tissue samples were snap frozen (n=14) and stored at -
80°C from all dogs with OS (n=15) and two of the control cases (n=2).

Dogs included in paper II (n=6) were recruited from the University Small Animal

Hospital (NMBU), had to be clinically healthy, have no clinically detectable disease,
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or receive any treatment known to interfere with macrophage phenotype. They
could be of any breed, age, weight, sex, and neutering status and had to have a body
weight of over 10 kg. Each dog had a serum biochemistry profile and a complete

blood count analysed to ensure they had no underlying disease.

Table 1: Overview of clinical characteristics, white blood cell counts, and monocyte
counts in dogs included in Paper Il Sex male (M) and female (F), age in years, body
weight in kg, neutered yes (Y) and no (N).

Case Age Sex breed Body weight Neutered White blood cell Monocyte
count/L count/L

1 7 F English 19.2 N 5.7 x10° 0.3 x10°
setter

2 1 F English 16.3 N 9.6 x10° 0.4 x10°
setter

3 2 F Labrador 22.8 Y 8.7 x10° 0.2 x10°
retriever

4 4 F Labrador 28.1 Y 7.1x10° 0.3 x10°
retriever

5 8 M Labrador 25.4 N 5.8x10° 0.2 x10°
retriever

6 1 M Labrador 285 N 9.0 x10° 0.5 x10°
retriever
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Table 2: Overview of clinical characteristics and pathological findings in dogs included

in Papers I and I1I. Sex male (M) and female (F), age in years.

Case Group Breed Sex Age Sampling Cause of euthanasia
year
0S+/MET+  Mixed breed 2012 Osteosarcoma, left distal radius

2 0S+/MET+  Schnauzer F 8 2013 Osteosarcoma, right distal radius

3 0S+/MET+  Irish F 7 2014 Osteosarcoma, right proximal
wolfhound humerus

4 0S+/MET+  Rottweiler M 9 2013 Osteosarcoma, left distal ulna

5 0S+/MET+  Tervuren F 8 2014 Osteosarcoma, left distal radius

6 0S+/MET-  Newfoundland M 8 2018 Osteosarcoma, left distal radius
dog

7 0S+/MET-  Siberian husky M 3 2013 Osteosarcoma, left proximal humerus

8 0S+/MET-  Irish F 6 2013 Osteosarcoma, right distal tibia
wolfhound

9 0S+/MET-  English setter M 8 2018 Osteosarcoma, right distal ulna

10 0S+/MET-  Pointer F 4 2016 Osteosarcoma, left distal tibia

11 0S+/MET-  Shar Pei M 11 2013 Osteosarcoma, right proximal

humerus

12 0S+/MET-  Rottweiler F 9 2015 Osteosarcoma, left proximal humerus

13 0S+/MET-  German F 3 2013 Osteosarcoma, left distal radius
shepherd

14 0S+/MET- Flat-coated M 3 2015 Osteosarcoma, left distal radius
retriever

15 0S+/MET-  Leonberger 6 2016 Osteosarcoma, left distal radius

16 0S-/MET- Dalmatian 8 2016 Urolithiasis

17 0S-/MET- Shetland F 1 2020 Behavioral problems
Sheepdog

18 0S-/MET- Chihuahua M 7 2017 Idiopathic epilepsy

19 0S-/MET- Jack Russell M 6 2018 Road traffic accident (hip fracture, tail
terrier fracture, perforation jejunum and

rectum, perforation bladder)

20 0S-/MET- Australian F 1 2019 Behavioral problems
shepherd

21 0S-/MET- Dachshund 6 2014 Intervertebral disc disease

22 0S-/MET- Malinois 4 2016 Intervertebral disc disease

23 0S-/MET- Lagotto 1 2018 Vertebral fracture
Romagnolo

24 0S-/MET- Spanish F 4 2015 Behavioral problems
Greyhound

25 0S-/MET- Dachshund F 5 2014 Road traffic accident (multiple hip
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Paperl

Early immunohistochemical detection of pulmonary micrometastases in dogs

with osteosarcoma.

Overview

In this paper, we performed TP-3 IHC on frozen tissue sections to identify
microscopic metastases, micrometastases and TP-3 positive single cells. A total of 14
dogs were included in this study, ten dogs with OS without metastases (0S+/Met-),
two dogs with OS with metastases (0S+/Met+), and two without cancer (0S-/Met-).
The 0S+/Met+ dogs served as positive controls, while the 0S-/Met- dogs served as
negative controls. Seven of the 14 snap frozen lung tissue samples (six from the
peripheral areas and one from the central areas) were randomly chosen and

evaluated in each dog.

Immunohistochemical staining

We based the IHC protocol on work from Bruland et al. but with several
modifications (Bruland et al.,, 1985). Briefly, we sliced snap-frozen tissues into 7pm
sections with a cryostat. We then mounted tissue sections on poly-lysin-coated
slides (Superfrost™ Plus), dried them at room temperature, and kept them at -80 °C
until further use. IHC sections were labelled using the peroxidase-conjugated
immune-polymer method (EnVision™+). The EnVision™+ kit uses an indirect IHC
method, with secondary antibodies conjugated to a polymer linked to many reporter
enzymes, allowing for greater signal amplification (Sabattini et al., 1998). The kit
uses horseradish peroxidase as the reporter enzyme. We fixed the tissue sections in
cold acetone (-20°C) and air-dried them. We tried several other fixatives, but they all
resulted in signal loss. Endogenous peroxidase activity was inhibited by immersing
the slides in a cold (4°C) 0.3% H20:2 solution in phosphate-buffered saline (PBS).
Using methanol as the solvent for H202 resulted in the loss of signal. We blocked the
sections using a 1:50 solution of normal goat serum in 5% bovine serum albumin in
tris-buffered saline (BSA/TBS) to prevent non-specific antibody binding. We then
incubated the sections with the primary antibody (TP-3, monoclonal IgG 2A, mouse
anti-human) diluted in 1% BSA/TBS. Next, we incubated the sections with the
secondary antibody from the kit (EnVision™). Finally, we developed the
immunolabelled tissues using AEC substrate chromogen and then counterstained
them with Mayer’s haematoxylin. The slides were mounted with coverslips using a

water-soluble mounting medium. We labelled negative controls using the same
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protocol while omitting the primary antibody. We used a section containing

micrometastases and macroscopic metastases as a positive control for each run.

Microscopic evaluation

We assessed each slide manually for microscopic metastases, micrometastases and
TP-3-positive single cells. Micrometastases were defined as clusters of =5 and <50
TP-3 positive cells. Clusters of>50 cells were defined as microscopic metastases,
while <5 TP-3 positive cells were defined as TP-3 positive single cells. When
present, we counted the total number of microscopic metastases and
micrometastases in each section. We also counted the number of TP-3-positive
single cells in 10 high-power fields (HPF, defined as one field at 400x, equivalent to

0.196 mm?2 for the microscope used) for each section.

Statistics

We compared the mean number of TP-3-positive cells per 10 HPF per lung lobe
between groups using an unpaired Kruskal-Wallis test and Wilcoxon rank-sum tests
between group pairs. We also compared the mean numbers of TP-3-positive cells
per 10 HPF between different lung lobes between all dogs combined and in between
groups using the same statistical tests. The prevalence of micrometastases in the
0S+/Met- group was tested against the expected prevalence (>90%) using a

binomial test. P-values <0.05 were considered statistically significant.
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Figure 10: Immunohistochemical labelling of canine lung tissues of dogs with OS using
TP-3. Images show pulmonary micrometastases and microscopic metastases from OS.
a) and b) show micrometastases, while ¢) shows a microscopic metastasis (200x
magnification). d) shows both micrometastases and a microscopic metastasis (100x
magnification).
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Paper II

Canine in vitro generated tumour-conditioned macrophages display an M2-
like phenotype.

Overview

In this paper, we generated tumour-conditioned monocyte-derived macrophages
(TCM®) in vitro and compared them phenotypically and transcriptomically to M1
and M2 macrophages. Their expression of various surface markers was assessed

using flow cytometry, while RNA-Seq was used to compare their transcriptomes.

Monocyte isolation

We isolated peripheral blood mononuclear cells (PBMCs) from EDTA blood samples
using density gradient centrifugation. Density gradient centrifugation permits easy
isolation of mononuclear cells from red blood cells and granulocytes based on their
relative density (Turner et al, 2020). Briefly, we diluted blood 1:2 in dPBS
containing 2% foetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S),
then transferred it to a SepMate™ tube (StemCell Technologies) containing 15 mL of
room-tempered Lymphoprep (1.077 g/mL, StemCell Technologies) and centrifuged
it for 10 minutes (1200xg at 20°C). We harvested PBMCs by pouring the top layer
off, leaving red blood cells and granulocytes in the tube. We washed the cells twice,
lysed the remaining red blood cells using cold (4°C) distilled water, and then washed

them once more.

We isolated monocytes from PBMCs using MACS CD14 MicroBeads (Miltenyi Biotec)
and MACS LS columns coupled with a MidiMACS™ magnet separator, according to
the manufacturer’s instructions. Briefly, we incubated PBMCs with MACS CD14
MicroBeads in MACS buffer on ice for 15 minutes, then washed them once before
applying them to a pre-rinsed MACS LS column placed in a MidiMACS™ magnet.
After washing the column three times, we removed it from the magnet separator,

and CD14+ cells were washed out and collected, then washed twice more.
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Figure 11: Schematic representation of peripheral blood mononuclear cell (PBMC) and
monocyte isolation from canine blood. Red blood cells (RBCs), foetal bovine serum
(FBS), penicillin/streptomycin (P/S) (Figure by the author, created using BioRender®,
2023).

Macrophage generation

We resuspended monocytes in Roswell Park Memorial Institute (RPMI)-1640
medium with GlutaMAX™ containing 10% FBS and 1% P/S (complete medium) and
seeded them on 12-well Nunc™ Multidishes with UpCell™ surface (Thermo Fisher
Scientific). We generated M1 and M2 macrophages according to the same protocol
used by Heinrich et al. (Heinrich et al, 2017). Briefly, M1 macrophages were
differentiated over five days using granulocyte-macrophage colony-stimulating
factor (GM-CSF, 5 ng/mL), followed by stimulation with lipopolysaccharide (LPS,
100 ng/mL), interferon-gamma (IFN-y, 20 ng/mL) and GM-CSF over 2 days. M2
macrophages were differentiated over five days using macrophage colony-
stimulating factor (M-CSF, 25 ng/mL), followed by stimulation with interleukin 4
(IL-4, 20 ng/mL) and M-CSF for two days.
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Figure 12: Schematic overview of the generation of tumour conditioned media (TCM).
Roswell Park Memorial Institute (RPMI), foetal bovine serum (FBS),
penicillin/streptomycin (P/S) (Figure by the author, created using BioRender®, 2023).
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We generated three TCM® populations using tumour-conditioned media (TCM)
from three different canine cancer cell lines, D17 (0S), KTOSA5 (0S), and REM134
(mammary carcinoma). We used the same protocol as Solinas et al. to generate TCM
(Solinas et al, 2010). We generated the three TCM® populations (TAM(D17),
TAM(KTOSAS5), and TAM(REM134)) by incubating monocytes in 1:1 TCM to
complete medium and M-CSF over 7 days.

GM-CSF GM-CSF + LPS + IFN-y

» Day 5 » Day7
M1
M-CSF » Day 5 M-CSF + IL-4 » Day7
M2
4 M-CSF + TCM » Day7
TCM®

Figure 13: Schematic overview of the differentiation protocol used to generate each
macrophage population in vitro. Granulocyte-macrophage colony-stimulating factor
(GM-CSF), macrophage colony-stimulating factor (M-CSF), lipopolysaccharide (LPS),
interferon-gamma (IFN-y), interleukin-4 (IL-4), tumour-conditioned media (TCM),
tumour-conditioned macrophages (TCM®). (Figure by the author, created using
BioRender®, 2023).

All cultures were maintained under standard culture conditions (5% CO2, 37°C) and
inspected daily. Half of the culture medium was replaced every 2-3 days, and fresh

growth factors were added.

Flow cytometry

After seven days, we removed the medium, washed the wells with dPBS, and filled
them with complete medium. Due to the temperature-sensitive surface of the plates,
harvesting was easily accomplished by placing the cells at room temperature for 30
minutes and gentle pipetting, as cells detach when the temperature falls below 32°C.
We transferred approximately 1 x105> cells per condition to a 96-well u-bottom plate
for staining. First, we stained dead cells using the LIVE/DEAD™ fixable yellow
staining kit (Invitrogen) according to the manufacturer’s instructions. Next, we

incubated the cell with a canine Fc-receptor binding inhibitor (Invitrogen), diluted
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in flow buffer (dPBS containing 0.5% BSA and 0.005% sodium azide) to inhibit
unspecific antibody binding. Since our panel contained many antibodies, we
performed direct labelling with fluorophore-conjugated primary antibodies. The
following antibodies to were used to label the generated macrophages: Pacific blue
anti-CD14 1:100, FITC anti-LYVE-1 1:50, APC anti-CD11d 1:50, Pacific blue anti-
FceRI 1:50, PE/Cy7 anti-CD206 1:50, and PE-anti-CD209a 1:50. After labelling, we
fixed the cells using 1x BD FACS™ Lysing Solution (BD Biosciences) and
resuspended them in flow buffer before analysis. We recorded at least 10.000 gated
events for each staining using the Gallios flow cytometer (Beckman Coulter),
equipped with the Kaluza G software (Beckman Coulter). Data were analysed using

Kaluza analyser software v.2.1 (Beckman Coulter).

We assessed the purity of macrophages using CD14 staining. Furthermore, we used
fluorescence minus one (FMO) controls to set the gates. Additionally, we performed
single staining controls using UltraComp eBeads™ (Invitrogen) to adjust
compensation. We ran unstained samples to record autofluorescence and isotype
controls as part of the protocol optimization to control for unspecific binding. We
calculated the A mean fluorescent intensity (MFI) for each reading by subtracting

the FMO control MFI from the measure MFI of a given population.

RNA-Seq

We isolated total RNA using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. We used the Agilent 2200 Tape station system and
software (Agilent) to measure RNA integrity according to the manufacturer’s
instructions. Library preparation and sequencing were performed at a commercial
laboratory (The Norwegian Sequencing Centre, Oslo). Briefly, cDNA libraries were
generated using the TruSeq stranded mRNA prep kit (Illumina™) according to the
manufacturer’s instructions. Samples were sequenced on the NovaSeq 6000
(Ilumina™) using a NovaSeq 6000 SP flow cell (Illumina™) with resulting 100bp

single-end reads.

Bioinformatic analysis

We assessed raw RNA sequences for quality using FastQC (version 0.11.9). We
removed low-quality regions and trimmed adapters using Trimmomatic (version
0.39). Finally, we mapped high-quality reads using Kallisto (version 0.44.0) using
reference transcriptome ROS_Cfam_1.0 (GCA_014441545.1) with a k-mer length of
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31 (Broad Institute, Cambridge, MA, released June 2021; downloaded from

Ensemble release 105).

Statistics

For flow cytometric data, we compared groups using one-way ANOVA, with post hoc
testing using Tukey tests for comparison between groups. We performed
differentially expressed gene (DEG) analysis using Degust (version 4.1.1) /R (version
4.2.2) to compare gene expression between conditions. The significance level was
setat P=0.05.

Paper III

Immunological pre-metastatic niche in dogs with osteosarcoma

Overview

In paper III, we used multiplex immunofluorescence (IF) on FFPE tissue sections to
identify macrophages, monocytes, and BMDCs. We included a total of 25 dogs for
this study, ten dogs with OS without metastases (0S+/Met-), five dogs with OS with
metastases (0S+/Met+), and ten without cancer (0S-/Met-). We randomly chose one
of the peripheral FFPE lung samples if the dog had a complete set of samples, while

we used the available lung tissue sample from dogs with only one.

Immunohistochemical staining

We compared IHC and IF labelling of FFPE tissues to ensure chromogenic and
fluorescent signals were identical during protocol optimisation. Briefly, we
deparaffinised the tissue sections (cut at 4 pm thickness) in xylene and rehydrated
them through an ethanol gradient in an automated slide stainer. We performed
heat-induced epitope retrieval (HIER) by placing the slides in Diva Decloaker
(Biocare Medical) and heated them using a pressure cooker (110°C for 10 minutes).
Next, we inhibited endogenous peroxidase activity using 3% H202 in methanol and
blocked the sections using a 1:50 solution of normal goat serum in 5% BSA/TBS. We
immunolabelled the sections using the same kit and protocol as in paper I
(EnVision™4+). Slides were labelled using antibodies against CD204 (1:100, mouse
anti-human), CD206 (1:1600, rabbit anti-human), and CD11d (1:20, mouse anti-

dog).

64



Immunofluorescent staining

We sectioned tissue for IF staining from FFPE blocks (cut at 4 um thickness). First,
we deparaffinised and performed HIER as described for the IHC staining. We then
performed the IF labelling according to the protocol by Robertson et el. with some
modifications (Robertson et al,, 2008). We blocked sections using 1:50 normal goat
serum in 5% BSA/TBS, then incubated them with the primary antibodies diluted in
[F-buffer (PBS + 1%BSA + 2% FBS). We used CD206 (1:1600) and CD204 (1:100), or
CD206 (1.1600) and CD11d (1:50) for labelling. Next, we incubated the sections
with secondary antibodies diluted in IF-buffer (Alexa fluor 647 goat-anti mouse
IgG1 and Alexa fluor 750 goat anti-rabbit, both at 1:1000). We added 4’,6-diamidino-
2-phenylindole (DAPI, 1.43 pM, 1:10.000) in the IF-buffer for the last three washing
steps for nuclear staining. Finally, we mounted the slides using ProLong™ Diamond

to prevent photobleaching, stored them at 4°C, and imaged them within a week.

We labelled negative controls using the same protocol while omitting the primary
antibodies. As part of the protocol optimisation, we also included FMO controls
where one fluorophore was omitted from the panel and single controls using only
one of the fluorophores at the time. We used these controls to set the acquisition
settings for the confocal microscope. To ensure there was no cross-reactivity, we
also included single controls where one or both secondary antibodies were applied.
We also ran isotype controls to ensure there was no unspecific binding. We labelled

a section from healthy splenic tissue in each run as a positive control.

Quantification of labelled cells

We assessed the IHC sections using bright field microscopy and a confocal
microscope to image IF sections. The confocal microscope we used (Leica Stellaris
8) has a white laser, meaning the user can set the excitation point for each channel
at their discretion. We chose the settings for the laser and collection windows using
the single and FMO controls to limit unspecific background, optimise signal
strength, and ensure no spectral overlap between channels. Ten images were taken
randomly from each sample at 200x (equivalent to 0.276mm?), and immunolabelled

cells were automatically quantified using Image] 1.51K.

We opened images in Image], adjusted the intensity and contrast, and then
converted them to 8-bit grayscale images. Then we adjusted the threshold to
remove background noise and inverted them to allow the software to quantify cells.

Finally, we used the particle analysis tool to quantify cells. The number of DAPI*,
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CD204+, CD206* CD11d*, CD204-CD206*, CD204+*CD206-, and CD204+*CD206* were

recorded.

Statistics

We compared the mean number of CD204+, CD206*, CD204+CD206-, CD204+CD206+,
CD204-CD206*, CD11d*, and DAPI positive cells per 10 HPF, as well as the number of
positive cells normalized to the total nucleated cell count (DAPI positive) between
groups using Wilcoxon rank-sum tests for each pair and an unpaired Kruskal-Wallis
test. We compared the age between groups using Student t-tests and sex
distribution using a Chi-square test. P-values <0.05 were considered statistically

significant for statistical testing.
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a DAPI Alexa 647 Alexa 750 Merge

FMO Alexa 750 FMO Alexa 647

FMO DAPI

b DAPI Alexa 647 Alexa 750 Merge

Single Alexa 750 Single Alexa 647

Single DAPI

Figure 14: Immunofluorescent labelled lung tissues from a dog with metastatic
0S. a) shows fluorescence minus one (FMO) controls, labelled with all fluorophores

minus one b) shows single controls, labelled with a single fluorophore at the time.

67



53 Results

Paper 1

Early immunohistochemical detection of pulmonary micrometastases in dogs
with osteosarcoma.

Mikael Kerboeuf, Erling Olaf Koppang, Anita Haug Haaland, Frode Lingaas, @yvind
Sverre Bruland, Jon Teige, Lars Moe

Acta Veterinaria Scandinavica, 2021, DOI: 10.1186/s13028-021-00608-9

Canine osteosarcoma (0S) is a highly aggressive cancer, and most dogs (>90%)
develop metastases despite a low overt metastatic prevalence (>15%) at the time of
surgery. This study aimed to investigate the prevalence of pulmonary
micrometastases in dogs with OS without macroscopic metastases. A tissue sample
from each of the seven lung lobes was immunolabelled with TP-3 to identify
micrometastases (defined as clusters of 5-50 tumour cells), microscopic metastases
(defined as clusters of >50 tumour cells), and TP-3 positive single cells (defined as
clusters of <5 tumour cells). We found that micrometastases easily overseen on
routine histology could be detected with TP-3 immunohistochemistry. Furthermore,
pulmonary micrometastases and microscopic metastases were only present in two
out of ten (20%) dogs with OS without macroscopic metastases. This prevalence
was significantly lower than the expected prevalence of >90% (P<0.0001). The
micrometastatic and microscopic metastatic occurrences were relatively high in
dogs where they were present. Micrometastases were found in three (43%) and
four (57%) of the seven samples from each of the two dogs, with a mean of 0.6 and
1.7 micrometastases per sample. Microscopic metastases were found in one (14%)
and four (57%) of the seven tissue samples in the same two dogs, with a mean of
0.14 and 1.0 microscopic metastases per sample. Only four (57%) and two (29%) of
the seven tissue samples from these two dogs had neither micrometastases nor
micrometastases present. The mean numbers of TP-3 positive cells were not
significantly different between the 0S+/Met+, 0S+/Met-, and 0S-/Met- groups. The
ciliated bronchial epithelium was also labelled by TP-3, often all the way down to
the terminal bronchioles. Snap-frozen tissues often result in poor tissue
morphology, and cells can easily dislodge from their original location. Most TP-3
positive single cells represented dislodged epithelial cells, making the distinction
between epithelial cells and tumour cells impossible. In conclusion, pulmonary
micrometastases could be detected with TP-3 in a subset of dogs with OS before

macroscopic metastases had developed. The prevalence of pulmonary
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micrometastases was significantly lower than expected based on the high

pulmonary metastatic rate.

Paper II

Canine in vitro generated tumour-conditioned macrophages display an M2-
like phenotype.

Mikael Kerboeuf, Lars Moe, David Argyle, Seda Ozaydin, Anita Haug Haaland, Preben

Boysen.

Tumour-associated macrophages (TAMs) are abundantly present in the tumour
stroma and play a central role in regulating the tumour microenvironment (TME).
They are important for tumour progression, invasion, intra- and extravasation of
tumour cells, angiogenesis, extracellular matrix remodelling, and
immunosuppression. This study aimed to phenotypically and transcriptomically
characterize in vitro generated tumour-conditioned macrophages (TCM®) and
compare them to M1 and M2 macrophages. Freshly isolated monocytes were
differentiated into M1, M2, and three different TCM® populations in vitro. Surface
marker expression was assessed using flow cytometry and transcriptomes
generated using RNA-Seq. Morphologically, TCM® had a heterogeneous appearance
but were more similar to M2 than M1 macrophages. All TCM® had an increased
expression of the M2-associated markers CD209 and FceRI, while 2/3 TCM® also
had an increased expression of two additional M2 markers (CD206 and CD11d).
Transcriptomically, only CD209 and FceRI were upregulated in All TCM® compared
to M1 macrophages. Several additional M2-associated surface markers were also
upregulated in TCM® on RNA-Seq (CD36, CD163, CD204, TREM2, and MARCO). M1
associated cytokines, such as TNFa, IL1a, IL6, IL15, IL27, and IL34, and chemokines,
such as CCL4, CCL5, and CCL22 were downregulated in TCM®. M2-associated
cytokines and chemokines, such as TGF-f3, CCL23, and MMP9, were upregulated in
TCM®. The pro-inflammatory mediators S100A8, S100A9, and S100A13 were also
upregulated in TCM®, compared to M1 and M2 macrophages. Given the high
heterogeneity of TAMs in vivo, these results should be interpreted carefully and
verified in situ and in vivo. The inability to recapitulate the complex interactions in
the TME and tumour hypoxia limits the translation value of in vitro experimental
studies such as this one. In conclusion, canine in vitro-generated TCM® exhibit
several M2-associated pro-tumoural traits. Canine and human TCM® share many
similarities, further warranting the use of dogs as research models to study TAMs.

Furthermore, we identified several new M2-associated canine macrophage markers.
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Paper III

Immunological pre-metastatic niche in dogs with osteosarcoma

Mikael Kerboeuf, Kristin Paaske Anfinsen, Erling Olaf Koppang, Frode Lingaas, David
Argyle, Jon Teige, Bente Saevik, Lars Moe.

Pre-metastatic niche (PMN) formation is essential for metastatic development and
drives metastatic organotropism. However, our knowledge of PMN formation stems
primarily from studying pre-clinical models, and no studies have investigated PMN
in veterinary medicine. This study aimed to investigate macrophage numbers and
phenotypes and the presence of bone marrow-derived cells (BMDCs) in the pre-
metastatic lungs of dogs with OS. A pulmonary tissue sample from each dog was
immunofluorescently labelled to identify macrophages (CD204), M2-skewed
macrophages and monocytes (CD206), and BMDCs (CD11d). The mean number of
cells per 10 high-power fields was compared between dogs with OS, with and
without metastases and dogs without cancer. The number of CD204+* macrophages,
CD206* macrophages and monocytes, and CD11d* BMCDs was significantly higher
in the pre-metastatic lungs of dogs with OS than in dogs without cancer. The total
nucleated cell density (DAPI*) was higher among the dogs with OS than those
without. Dogs with established OS metastases had comparable numbers of CD204+
and CD206* cells as those without metastases. However, the number of CD11d+*
BMDCs was significantly lower among dogs with OS with established metastases
than those without. The results were also the same when the counts were
normalized to the total nucleated cell counts, aside from the number of CD204+ cells,
which did not reach statistical significance. The ratio of M2-skewed macrophages
(CD206+*CD204+*/CD204*) was similar between the groups. Although most dogs
would likely have developed pulmonary metastases, this is not certain and therefore
represents a limitation. In conclusion, our results provide evidence of PMN
formation in a naturally occurring cancer model similar to those observed in pre-
clinical murine models. Furthermore, they support using dogs with naturally

occurring cancer as models to assess new PMN-targeting therapies.
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5.4 Discussion

5.4.1 Methodical considerations

5.41.1 Selection bias

The primary aim of research is to study the association or the effect of some
exposure on a particular outcome. Although the ultimate goal of any study is to
make inferences about some association or causation to the broader population of
interest (study population), one can seldom sample the entire population.
Therefore, researchers rely on studying a smaller group of individuals from the
study population and hope that this group is representative of the larger population.
When this is not the case, and the selected individuals do not represent the study

population, it results in selection bias (Tripepi et al., 2010).

There are several potential selection biases in this thesis. First, the dogs with 0S we
included might not represent the dogs in the study population (all dogs with
appendicular 0S). Since the owners had declined tumour-specific treatment
(surgery, chemotherapy, radiation therapy, bisphosphonates, or immunotherapy),
most dogs received pain relief until euthanasia. As a result, most dogs were
euthanized shortly after diagnosis, while some achieved a good quality of life for a
prolonged period until euthanasia (up to 155 days after diagnosis). Since our goal
was to study the prevalence of pulmonary micrometastases at the time of clinical
diagnosis or when surgery usually would have been performed, this may have
influenced the results. The pulmonary micrometastatic prevalence might have been
even lower if all the dogs had been euthanized shortly after diagnosis. However,
seven out of 10 (70%) dogs with OS without macroscopic metastases were
euthanized within two weeks after presentation, meaning they were probably
representative of dogs at the time of surgery. On the other hand, one of the two dogs
(50%) with OS without macroscopic metastases where micrometastases were
present was euthanized 155 days after diagnosis, meaning it might not have had
pulmonary micrometastases at diagnosis. This protracted time from diagnosis to
euthanasia might also have influenced how far PMN formation had progressed. The
changes compatible with immunological PMN formation we observed might not
have been as pronounced at the time of diagnosis. However, this may have been
beneficial in our case, given our small sample size, since more pronounced changes
would be easier to identify. Regardless, it does not change the fact that PMN

formation precedes metastasis in dogs with OS.
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Furthermore, the dogs in the control group without cancer should ideally have been
healthy with no concurrent disease. However, collecting lung tissues from healthy
dogs would be ethically challenging, as it would entail collecting surgical lung
biopsies or euthanizing healthy dogs. Dogs in the control group without cancer were
all selected based on strict exclusion criteria to minimize potential confounding
factors. However, it is unclear how different disease processes, trauma, and
behavioural problems might interfere with macrophages and their phenotype, as
well as BMDC recruitment to the lungs. Some drugs, such as chemotherapy and
immunomodulating drugs, have been shown to influence macrophage phenotypes
(Bryniarski et al, 2009, Mantovani and Allavena, 2015, Heath et al.,, 2021). For
practical reasons, dogs receiving non-steroidal anti-inflammatory drugs (NSAIDs)
were allowed in our studies. Since most dogs with OS had been receiving NSAIDs
until and after presentation as pain relief, excluding those would have made it
impossible to recruit enough cases. Similarly, dogs in the control group were also
not excluded for having received NSAIDs, which some had. NSAIDs have been shown
to induce both pro-inflammatory and anti-inflammatory skewing of macrophages,
depending on the broadness of their spectrum (cyclooxygenase (COX)-1 and COX-2)
and duration of therapy (Gilroy et al., 1999, Na et al.,, 2015). Moreover, NSAIDs can
prolong survival and reduce metastatic development in several human and some
canine carcinomas (de et al., 2009, Algra and Rothwell, 2012, Knapp et al., 2016,
Zhao et al, 2017). Therefore, NSAIDs could potentially interfere with PMN
formation and make the changes less pronounced. However, we still found
significant differences between the groups. Surgery has also been shown to affect
macrophage phenotype and numbers in the lungs and can induce the recruitment of
MDSCs to tumour tissues (Mathenge et al, 2014, Tham et al,, 2015, Kallis et al,,
2020). Two of our control dogs had recently been through significant physical
trauma (road traffic accidents), which could have interfered with macrophage
phenotype and numbers in the lungs and BMDCs recruitment. However, this would
probably have resulted in higher numbers of macrophages and BMDCs and M2-
skewing of macrophages, resulting in changes more similar to those with OS.
Despite including these dogs, there were still significant differences between the

dogs with OS and the control group.
Although age and sex were not significantly different between the OS and control

group without cancer, breed composition varied. Different breeds might show

different responses to immunological challenges such as cancer. There is a lack of
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published research assessing breed differences in macrophage of BMDC responses
in dogs. Therefore, it is difficult to predict how this may have interfered with our
results. Finding eligible control dogs was challenging enough, and breed matching

would, in any case, not have been feasible.

54.1.2 Sample size

Recruiting enough cases for studies can be challenging, especially for rare diseases
like OS. Strict exclusion criteria further complicate case recruitment. Many owners
chose to treat their dogs when diagnosed with OS, precluding their enrolment in our
study. Additionally, it can be hard to motivate owners to enrol their dogs for
research when there is no incentive for them to do so other than increasing
knowledge, such as the opportunity to try a new treatment. Therefore, the sample
size is relatively small, making inferences about the micrometastatic prevalence in
the study population less reliable. Changes compatible with PMN formation were
still significant between groups, despite the small sample size, which could indicate
that this is a common phenomenon at this stage of the disease. However, larger

studies are warranted to confirm our results.

54.1.3 Morphological methods to identify micrometastases

Morphological methods such as IHC rely on processing and examining thin sections
from tissue biopsies. If a disease process is diffusely present within an organ,
changes in the tissue section will probably reflect the changes in the organ from
which it came. However, this is not always the case if a disease process is focal or
multifocal. One of the main concerns when using morphological methods to detect
micrometastases is the relatively small proportion of tissue examined. In dogs
where we found micrometastases, these were present in three (43%) and four
(57%) of the seven lung lobes examined. This finding seemingly indicates that the
micrometastatic burden is relatively high once micrometastases have developed.
However, our protocol might not be sensitive enough to detect micrometastases in
dogs with a lower micrometastatic burden. Micrometastases have been studied in
several metastatic target organs in humans, such as lymph nodes, bone marrow,
lungs, liver, pleural or peritoneal cavities, and peripheral blood (Huvos et al,, 1971,
Hashimoto et al., 1976, Nakajima et al., 1978, Sloane et al., 1980, Kondo et al., 1989,
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Nanko et al, 1998, Bruland et al, 2005, Zhang et al., 2005, Gibson et al,, 2018,
Fossmark et al., 2019). Most of these studies used morphological methods, although
some employed more sensitive ones, such as polymerase chain reaction (PCR)-
based methods and tumour cell enrichment using magnetic beads. Lymph node
micrometastasis detected morphologically is included in the staging systems of
certain human cancers, such as breast cancer (Singletary et al., 2002). When using
morphological methods, sections are usually made at three to five levels of the
investigated lymph node (Fournier et al, 2004). This approach enables the
investigator to assess a higher proportion of the investigated tissues than we could
in our study. In a study examining the prevalence of micrometastases in seemingly
unaffected lung tissues of humans with primary lung cancer, only 7.7% of evaluated
microscopy slides contained micrometastases, with 47% of patients having
micrometastases in total (Hashimoto et al., 1976). Their findings suggest several
biopsies should be examined when searching for micrometastases, although this

was a different setting and cancer form.

Other methods, such as PCR, are more sensitive for detecting micrometastases than
morphological ones (Okami et al, 2000, Gillanders et al, 2004). However,
information regarding appearance, size, and location is lost when using these
methods. We could have used molecular techniques in parallel with morphological
ones, but finding and validating OS-specific genes not expressed in healthy lung
tissues is challenging and time-consuming. Other methods might have been more
appropriate, such as enzymatic tissue dissociation followed by magnetic bead
isolation and visual inspection, as performed by Bruland et al. (Bruland et al., 2005).
Flow cytometric detection of micrometastasis in sentinel lymph nodes has also
proven more sensitive than morphological methods (Ito et al,, 2005, Hartana et al,,
2016, Hayry et al., 2018). Although more sensitive and able to process larger tissue
volumes, this method requires each sample to be processed immediately after
euthanasia. Therefore, we could not have used the pre-collected frozen tissues and

would have had to rely on newly enrolled cases.

5414 How methods can interfere with results in in vitro research
When performing in vitro research, the experimental setup can significantly impact

the study outcomes. For this reason, Murray et al. introduced guidelines for in vitro

macrophage research (Murray et al,, 2014).
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The starting material used to generate macrophages can result in phenotypical and
functional differences. Macrophages can be generated from patient-derived samples,
such as monocytes from blood or BMDCs from a bone marrow sample, or from
established monocyte-macrophage cells lines (such as canine DH82 and human
THP-1 or SC), or pluripotent stem cells (iPSCs, which are induced from somatic
cells). Both human and canine macrophage-monocyte cell lines can exhibit
differences in surface marker expression and cytokine production compared to
monocyte-derived macrophages when activated using the same growth factors and
cytokines (Herrmann et al, 2018, Duweb et al, 2022). For example, the M2-
associated marker FceRI was upregulated in M2 vs M1 canine monocyte-derived
macrophages, while DH82 cell line-derived macrophages showed the opposite
(Herrmann et al.,, 2018). Similarly, the M2-associated markers CD163 and CD206 are
not upregulated in the human THP-1 and SC cell line-derived macrophages when
stimulated with 1L4/IL13, whereas 1L4/IL13 induce a higher expression of these
markers in human monocyte-derived macrophages (Duweb et al, 2022).
Macrophages can also be generated from BMDCs and iPSCs (Cao et al,, 2019, Luque-
Martin et al, 2021). The resulting macrophages are more similar to monocyte-
derived macrophages than cell line-derived macrophages, yet some transcriptomic
and functional differences exist. iPSC-derived macrophages have some benefits, as
they are transcriptomically more similar to tissue-resident macrophages, which can
be beneficial if these are the ones the investigator is interested in modelling (Cao et
al,, 2019). Furthermore, they are easy to manipulate genetically and can expand in
vitro. However, generating macrophages from BMDCs and iPSCs requires more
invasive sampling procedures. Furthermore, generating macrophages from iPSCs is
technically challenging, time-consuming, and costly compared to using blood-
derived monocytes. We used blood-derived monocytes to generate macrophages. In
addition to being more representative of in vivo macrophages than cell-line-derived
macrophages, a substantial proportion of TAMs are monocyte-derived, suggesting
they might be better at modelling TAMs (Hourani et al., 2021).

When generating macrophages from blood-derived monocytes, the technique used
to isolate monocyte from PBMCs can affect the resulting macrophage phenotype.
Monocytes isolated using plastic adhesion result in macrophages that are M1-
skewed (Nielsen et al, 2020). This method takes advantage of the ability of
monocytes to adhere to the plastic surface of the culture vessel, which allows easy

removal of the non-adherent fraction of PBMCs (lymphocytes and NK-cells). This
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method also results in monocyte loss and low monocyte purity. On the other hand,
monocyte isolation using negative selection results in M2-skewed macrophages.
This method relies on labelling all other cells than the ones of interest with
antibody-coated paramagnetic beads and collecting the cells that are not attracted
by the magnet (in this case, monocytes). Monocyte isolation using positive selection
with anti-CD14 coated paramagnetic beads interferes the least with downstream
macrophage phenotype and results in the highest monocyte yield and purity. This
method relies on only labelling the cells of interest while the unwanted cells are
washed through the magnet. Therefore, we chose positive selection since it

interferes the least with macrophage phenotypes.

Harvesting and detachment methods can also affect the expression of phenotypic
surface markers and the functionality of macrophages (Chen et al., 2015). Enzymatic
detachment reagents, like trypsin and Accutase™, can reduce M2-marker levels on
macrophages, such as CD163 and CD206, compared to non-enzymatic methods.
These reagents rely on the cleavage of extracellular and surface proteins to detach
cells, which can also cleave surface receptors. Furthermore, they can reduce the
phagocytic capabilities of macrophages. Therefore, enzymatic detachment methods
can interfere with results and any downstream essays or applications of the
resulting macrophages. Physical or chemical detachment methods affect
macrophages less but can decrease viability if done incorrectly. Physical detachment
methods include scraping and cooling, while chemical methods use reagents such as
EDTA. We used temperature-responsive plastic to culture our macrophages, which
enabled gentle harvesting and high viability. Thermo-responsive plastic interferes
little with phenotypical marker expression and functionality (Rennert et al., 2017).
The plastic is coated with a layer of poly(N-isopropylacrylamide) (PNiPAAm), which
is slightly hydrophobic at culture temperatures (37°C) but becomes hydrophilic at
temperatures below 32°C. The cells are gently detached by placing the plates at

room temperature for a short time (20-30 minutes).

The combination of cytokines and growth factors used to generate specific
macrophage phenotypes can affect the results. Therefore, Murray et al. advocated
that authors must clearly state which cytokines they used to differentiate different
macrophage phenotypes (Murray et al.,, 2014). M2 macrophages can be generated
using IL-4, IL-10, IL-13, or TGF-f, alone or in combination and will result in different
phenotypes. We chose the classical M2 activation protocol, using M-CSF and IL-4,

which was used by Heinrich et al. as this protocol uses the least cytokines and,
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therefore, introduces fewer variables (Heinrich et al., 2017). Similarly, tumour-
conditioned macrophages can be generated in vitro using different protocols. Since
M-CSF is an important growth factor for TAM differentiation in vivo, and since most
cancer cell lines do not secret it, it is usually added when differentiating tumour-
conditioned macrophages (Solinas et al., 2010, Grugan et al.,, 2012, Benner et al,,
2019). Most protocols use tumour-conditioned media as it contains tumour-derived
secretory factors and EVs. However, this results in a lack of cell-to-cell interaction.
Since using tumour-conditioned media is commonplace in human and murine
studies, we chose to use it over a co-culture setup, as it is more practical and easier

to standardise.

Another factor which can interfere with in vitro experiments is microbiological
contamination of reagents and cell lines (Segeritz and Vallier, 2017). Bacterial or
fungal growth in the culture medium can profoundly affect cell culture experiments
and take a long time to detect. Endotoxin measurements, bacteriologic or fungal
cultures, pathogen-specific PCR, or enzyme-linked immunosorbent assay (ELISA)
should be analysed when suspecting such contamination or as a routine procedure.
Although we did not run any such assays, the cultures were inspected visually and

under an inverted microscope daily.

5415 Interspecies differences

One of the major hurdles when doing research in veterinary medicine is the lack of
species-specific reagents. Many antibodies used in veterinary research were
developed for human or murine antigens but cross-react with the canine epitope.
For example, Moreira et al. showed that only 11 of 17 antibodies against human
cytokines cross-reacted with the canine ones (Moreira et al., 2015). Therefore, one
should be vigilant when adopting new essays and antibodies and validate them for
canine applications. TP-3 recognizes a human tumour antigen but also labels canine
0S on IHC and in vivo using positron emission tomography (PET) scans (Bruland et
al,, 1985, Haines and Bruland, 1989, Page et al,, 1994). However, we should have
considered additional validation steps to ensure that TP-3 binds to the same
antigen. We could have performed western blotting to see if TP-3 binds to the same
peptide as in humans, and the peptide could have been sequenced (Hnasko and
Hnasko, 2015). Also, frozen tissue samples from the primary tumours should have

been collected simultaneously with the lung samples to ensure they expressed the
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TP-3 binding epitope. Without doing this, there is a chance that some tumours did
not express the epitope, and neither would the micrometastases. However, we
found no suspected micrometastases upon microscopy that were not labelled with
TP-3.

54.1.6 Validating RNA-Seq findings

Traditionally, results from transcriptomic analyses were often validated using
methods like quantitative PCR (qPCR) (Coenye, 2021). When transcriptomes were
generated using older methods like microarray analyses, there were concerns
regarding reproducibility and biases. However, modern RNA-Seq analyses use next-
generation sequencing platforms (Illumina™) that do not suffer from the same
issues and correlate well with qPCR results. We chose not to perform any validation
of sequencing data in our study, both because of the fidelity of RNA-Seq and a lack of
available RNA (it was all used for sequencing). Furthermore, the mRNA expression
in cells does not necessarily accurately reflect protein abundance at a given time
point (Reimegard et al., 2021). Proteins have a higher stability than mRNA, meaning
they degrade less quickly, and proteins are often present in orders of magnitude
higher than mRNA within cells. In our case, there was a good correlation between
transcriptomic and flow-cytometric data for some markers, while others did not

show a similar correlation.
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5.4.2 General discussion
5421 Osteosarcoma micrometastases — where are they?

Since most dogs with OS (>90%) develop pulmonary metastases after complete
surgical removal of the primary tumour, it is generally accepted that >90% have
micrometastases at this time. However, where these micrometastases reside at the
time of surgery remains unanswered. In Paper [, we found pulmonary
micrometastases and microscopic metastases in only 20% of the dogs with OS
before macroscopic metastases had developed. Among human patients with OS, the
prevalence of tumour cells in the bone marrow at presentation was shown to be
63%, while in those with visible metastases, it was 92% (Bruland et al.,, 2005).
Although this relates to human patients, it would be reasonable to assume similar
results in dogs. As in dogs, there is a relatively low metastatic prevalence at
diagnosis (18%), and before the era of chemotherapy, over 80% of patients
developed metastases after surgery (Marko et al., 2016, Misaghi et al., 2018). If the
pulmonary micrometastatic prevalence found among our dogs is representative, it is
substantially lower than what Bruland et al. found in the bone marrow of humans. A
possible explanation could be that the bone marrow functions as a temporary nest
for disseminated cancer cells until they eventually metastasize to the lungs. Indeed,
human prostate and breast cancer cells can disseminate to the bone marrow using
mechanisms similar to those used by homing hematopoietic stem cells (Miiller et al.,
2001, Taichman et al,, 2002, Shiozawa et al,, 2015, Allocca et al., 2019). It has been
suggested that these tumour cells can lay dormant in the bone marrow niche,
remaining quiescent for several years until metastases develop. Unpublished data
from our group indicates that the micrometastatic prevalence in the bone marrow of
dogs with OS is substantially higher than in the lungs. Several of the dogs included in
Paper I were also assessed using the same method employed by Bruland et al.
(2005), and all dogs with OS had bone marrow micrometastases. Further studies
using different methods for identifying micrometastases are warranted to validate
these findings. By improving our understanding of the metastatic chain of events,
specific processes in metastatic development might be targeted, such as targeting

the bone marrow niche or the PMN in the lungs.
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54.22 Tumour conditioned macrophages and M2 macrophages —
surface markers

It has become clear that the M1/M2 dichotomy represents two extremes of a
complex and dynamic polarization spectrum. Single-cell RNA-Seq of TAMs further
shows that they cannot be classified within this system (Chevrier et al.,, 2017, Lavin
etal, 2017, Azizi et al,, 2018, Wagner et al,, 2019, Zilionis et al., 2019). In our in vitro
study (Paper II), TCM® shared many similarities with M2 macrophages. However,
we showed that they exhibit a distinctive phenotype, with several differences from

M2 macrophages.

In paper II, we showed that in vitro generated TCM® had a high expression of
several M2-associated markers. We found that surface receptor CD209, also known
as dendritic cell-specific C-type lectin (DC-SIGN), was highly expressed among all
TCM@® populations and M2 macrophages, compared to M1. CD209 was also
upregulated at the transcriptomic level. In line with our findings, human M2
macrophages, in vitro generated TCM®, and TAMs have been shown to have a high
CD209 expression (Dominguez-Soto et al., 2011, Shao et al., 2019, Valeta-Magara et
al, 2019, Hu et al,, 2020, He et al.,, 2021). We also found that TCM® had a high
expression of the M2-associated high-affinity IgE receptor FceRI on flow cytometry
and RNA-Seq, similar to M2 macrophages. In humans, FceRI-expression by
macrophages has been poorly characterized, but in vitro-generated human M2
macrophages have been shown to have a high FceRI-expression (Pellizzari et al.,
2019). We also found that our osteosarcoma TCM®, but not our mammary
carcinoma TCM®, had an intermediately high expression of the M2-associated
mannose receptor CD206. CD206 is a well-established M2-marker in humans and
mice and has been shown to be highly expressed by most TAMs in these species
(Mantovani et al., 2004, Smith et al,, 2016, Yang et al., 2018, Hourani et al., 2021). As
mentioned in the introduction, canine TAMs within mammary tumours have been
shown to express CD206 (Monteiro et al, 2018). We also found that CD11d
expression was intermediately high in our osteosarcoma TCM® but not in our
mammary carcinoma TCM®. Furthermore, CD11d was highly expressed in M2
macrophages compared to M1. However, this was not the case on the transcriptomic
level, as CD11d was neither upregulated in TCM® nor M2 macrophages. CD11d, or
[2-integrin, was first identified in dogs and is expressed on a subset of bone marrow
macrophages, splenic red pulp macrophages, and lymph node medullary

macrophages, as well as a subset of CD8* lymphocytes (Danilenko et al., 1995).
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Contrary to our findings, CD11d has been shown to be upregulated in murine M1
macrophages compared to M2 and was highly expressed by macrophages within
atherosclerotic plaques (Aziz et al, 2017). Additionally, CD11d expression by
tissues-resident leukocytes under physiologic conditions varies between mice,
humans, and dogs, further complicating comparisons (Danilenko et al., 1995,
Miyazaki et al., 2014). Moreover, we found that lymphatic vessel endothelial
receptor 1 (LYVE-1) was upregulated in M2 versus M1 macrophages, but the
expression among TCM® was more variable. In mice, LYVE-1 was shown to be
expressed by M2-skewed tissue-resident macrophages, in vitro generated M2
macrophages, and TAMs in melanoma (Dollt et al.,, 2017, Lim et al., 2018, Chakarov
etal, 2019, Kieu et al., 2022).

In addition to the markers we assessed by flow cytometry, several other M2-
associated surface markers were upregulated in the TCM® on RNA-Seq. In humans,
CD36 has been shown to be highly expressed in several cancers and TAMs and plays
a role in tumour growth regulation, metastasis, and drug resistance (Ruan et al,,
2022). Similarly, our TCM® had a high expression of CD36 on RNA-Seq. CD163, a
well-established M2 marker in humans, is highly expressed by human TAMs (Chen
et al,, 2019). Similarly, we found that our TCM® had a high expression of CD163 on
RNA-Seq. Additionally, human M2-like TAMs have been shown to have a high
expression of CD204 (Ohtaki et al, 2010, Kurahara et al, 2011, Miyasato et al,,
2017). In Paper II, our TCM® also showed a high CD204-expression on RNA-Seq.
Interestingly, we found that triggering-receptor-expressed on myeloid cells 2
(TREMZ2) was upregulated in TCM® compared to M1 and M2 macrophages. TREM2
has been shown to be a marker for immunosuppressive TAMs and tumour-
infiltrating monocytes within human tumours (Katzenelenbogen et al, 2020,
Nakamura and Smyth, 2020). Similarly, macrophage receptor with collagenous
structure (MARCO) was also highly upregulated in our TCM® compared to M1 and
M2 macrophages. Immunosuppressive TAMs in murine models of breast cancer,
melanoma, and colon cancer have been shown to express MARCO, and in humans,
MARCO has been shown to be highly expressed by a subset of human TAMs and in
vitro generated TCM® (Georgoudaki et al,, 2016, La Fleur et al., 2021).

Our findings support the notion that canine TCM®, like TAMs, share many
phenotypical characteristics with M2 macrophages, as in humans and mice.
Furthermore, these new canine phenotypical macrophage markers should be

helpful for the in-depth multi-marker characterization of canine TAMs in situ.
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54.2.3 Tumour conditioned macrophages and M2 macrophages —
cytokines and chemokines

One of the main functions of TAMs within tumours is to suppress the adaptive
immune response. We found that the immunosuppressive cytokine TGF- was
upregulated in M2 and TCM® compared to M1 macrophages. TGF-3 can inhibit CD8*
and CD4+ T-cell functions and induce and recruit Tregs that can inhibit effector T-
cells, as mentioned in the introduction. Additionally, we found that the chemokine
CCL23 was upregulated in TCM®, which in humans has been shown to induce
exhausted T-cell phenotypes with a high expression of immune checkpoint proteins
and promote cancer cell migration in ovarian cancer (Kamat et al., 2022). However,
other immunosuppressive cytokines and chemokines associated with M2
macrophages and TAMs, such as IL10 and CCL13, were not significantly upregulated
in our TCM®. There was no increase in Arg-1 expression in our TCM®, which does
not support any immunomodulatory function through arginine metabolism. In line
with our findings, human M2 macrophages also do not exhibit the same Arg-1
upregulation as in mice, supporting the notion of inter-species differences in certain
aspects of macrophage functions (Murray et al, 2014). Furthermore, the
immunomodulating checkpoint ligand PD-L1 was not upregulated in either our
TCM® or M2 macrophages. On the other hand, we found that the CTLA-4 ligand
CD86 was upregulated in TCM® compared to M1 and M2, which in humans has

been shown to inhibit T-cell cytotoxic functions (Vandenborre et al., 1999).

Another central function of TAMs is their role in cancer cell migration, invasion, and
metastasis. We found that the matrix-remodelling protease MMP9 was upregulated
in TCM®. MMP9 has been shown to modify cell-to-cell junctions and disrupt basal
membranes, thereby promoting cancer cell migration, invasion, and metastasis
(Chen et al,, 2019). Furthermore, the a4 integrin was upregulated in our TCM®
compared to M1 and M2 macrophages. This integrin has been shown to promote
survival and extravasation of cancer cells in murine models of breast cancer (Chen
etal, 2011b).

Interestingly, we found that the M1-associated pro-inflammatory interleukins and

cytokines were downregulated in TCM®. In humans, TAMs have been shown to

produce several pro-inflammatory cytokines such as TNFa, IL1b, IL6, and
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chemokines, and they are central contributors to angiogenesis, cell migration, and
immunosuppression (Chen et al., 2019). Similarly, human in vitro generated TCM®
have been shown to produce IL-6 and CCL2 (Solinas et al., 2010, Benner et al., 2019).
Whether these differences in the expression of pro-inflammatory mediators are due
to biological differences between dogs and humans and that different mechanisms
are responsible for the same function remains unclear. Another possibility is that
the cancer cell lines we used do not induce this response in macrophages in vitro.
Additionally, as mentioned previously, mRNA levels do not always reflect protein
expression, and additional essays, such as ELISA, could have been run to investigate
further. On the other hand, we found that the pro-inflammatory mediators S100A8,
S100A9, and S100A13 were upregulated in TCM® compared to both M1 and M2
macrophages. As mentioned previously, S100A8/9 have been shown to play a
central role in pulmonary PMN inflammation. By inducing SAA3 production, and
down-stream activation of the NF-kB pathway, S100A8/9 can induce pro-
inflammatory cytokine production and BMDCs and MDCS recruitment (Hiratsuka et
al,, 2006, Hiratsuka et al., 2008, Tomita et al., 2010). Furthermore, SI00A8/9 have

been shown to promote cancer cell migration and invasion (Chen et al., 2019).

Lastly, none of the VEGFs were upregulated in our TCM®. Similarly, human TCM®
have not been shown to have increased production of VEGFs when generated in
vitro using TCM (Benner et al., 2019). Whether this is due to the lack of hypoxia or
other reasons remains unclear. However, TGF-3 and MMP9 have been shown to be
central contributors to angiogenesis and were upregulated in our TCM® (Ribatti et
al,, 2007, Qian and Pollard, 2010, Riabov et al,, 2014).

Although our TCM® exhibited a more M2-skewed phenotype than human TCM®,
they still share many similarities. These results should be interpreted carefully, as
this in vitro model does not fully recapitulate the complexity of in vivo macrophage
polarization. However, the result may provide a basis for futurein vivo and in
situ studies, and this model could be used to assess macrophage-repolarizing drugs

before in vivo studies.

5424 Pre-metastatic niche

Despite being extensively studied in murine models, distant PMN-formation has not

been studied in naturally occurring cancer. Due to the inherent limitations of murine
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models, as described in the introduction, results from PMN research in this species
may not be directly transferable to humans or dogs. We found evidence of
microenvironmental changes in the lungs of dogs with OS without metastasis

supporting the existence of such an immunological PMN in dogs.

5.4.2.41 CD11d* bone marrow derived cells

One of the most striking changes in murine PMN models is the recruitment of
CD11b* BMDCs to the pre-metastatic lungs (Liu and Cao, 2016, Dong et al., 2021).
These cells include Grl+*, VLA-4+, and VEGFR1* BMDCs, MDSC, macrophages, and
monocytes. In murine models, recruited BMDCs are vital for creating a pro-
angiogenetic environment, vascular leakiness, and immunosuppression. In Paper III,
we found an increased number of CD11d+* cells in the lungs of dogs with OS without
metastases compared to dogs without cancer. Canine granulocytic and dendritic
cells do not express CD11d, which suggests these positive cells were not
neutrophils, but rather macrophage precursors (Danilenko et al, 1995).
Furthermore, it has been shown that leukocytes in the alveoli and alveolar septa do
not express CD11d under physiologic conditions in dogs, but they do so in humans
(Danilenko et al., 1995, Miyazaki et al., 2014). Most human myeloid cells, such as
circulating  monocytes, monocyte-derived  macrophages, tissue-resident
macrophages, dendritic cells, and neutrophilic granulocytes, express CD11d. Since
tissue-resident leukocytes in healthy canine lungs do not express CD11d, but bone
marrow-derived macrophages and their precursors do, it is an ideal candidate to
study BMDC recruitment to the pre-metastatic lungs. Since human tissue-resident
pulmonary leukocytes express CD11d, it would not be useful as a BMDC-specific
marker. Considering that a large proportion of CD11b* BMDCs in humans and mice
are granulocytes and granulocytic MDSCs, we would not expect these cells to
express CD11d in dogs, as it is considered macrophage-specific (Yan et al,, 2010,
Sceneay et al, 2012, Vadrevu et al, 2014, Wang et al., 2016b, Mazumdar et al,,
2020a). However, adoptive transfer of MDSCs in mice has shown that most
Gr1*CD11b* MDSCs (granulocytic MDSC) differentiate into F4/80+CD11b*
macrophages in tumour tissues (Corzo et al., 2010). Therefore, it might not be
surprising if these cells, which might have a granulocytic origin, express the
macrophage-specific marker CD11d after extravasation to the lungs. Furthermore,
the other subset of MDSCs, the monocytic MDSCs (CD11b+*Ly6ChighLy6G-), would be
more likely to express CD11d than the granulocytic fraction (Chioda et al,, 2011). In
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paper II, we found that monocyte-derived osteosarcoma TCM® had an
intermediately high expression of CD11d. The CD11d* cells we found among the
dogs with OS without metastases in Paper III might also have expressed CD11b, but

formalin fixation destroys the epitope in dogs and could not be assessed.

Interestingly, we found that the number of CD11d* cells was higher among the dogs
with OS without metastases than those with established metastases. These results
suggest that this CD11d* cell recruitment is a transient event, which occurs before
metastasis but halters once metastases have developed. Whether these cells die and
disappear or differentiate into macrophages remains unclear. Interestingly, the
same phenomenon was observed in mice by Kaplan et al,, with the percentage of
BMDCs decreasing when the number of tumour cells in the metastatic site increased
(Kaplan et al, 2005). They had transplanted the mice with BMDCs from green
fluorescent protein (GFP)-transgenic mice before being injected with tumour cells.
Their findings may suggest that the recruited BMDCs do not remain in the lungs
after extravasation, as they would still express GFP after differentiation. Their
results imply that this recruitment is transient and that the BMDCs are removed or

die once metastases begin to establish.

54.24.2 Macrophages and monocytes

In Paper IIl, we also found an increased number of CD204+ macrophages in the
lungs of dogs with OS without metastases compared to dogs without cancer. Canine
tissue-resident alveolar and interstitial macrophages express CD204 under
physiological conditions (Kato et al, 2013). Furthermore, monocyte-derived
macrophages also express CD204 shortly after extravasation. Whether the increase
in CD204+* macrophages we observed reflects a local expansion of tissue-resident
macrophages or is due to recruited monocytes that differentiate into macrophages
is unclear. Murine models of pancreatic cancer and salivary cystic carcinoma have
shown that tumour-derived exosomes induce increased F4/80* macrophage
numbers in the pre-metastatic liver and lungs, respectively (Costa-Silva et al., 2015,

Yang et al,, 2017). Our observations are in line with their results.
Similarly, we found that the number of cells expressing the M2-associated marker

CD206 was higher in dogs with OS without metastases than in those without cancer.

A large proportion of the CD204+ macrophages were also CD206*, meaning the

86



increased numbers of macrophages had an immunosuppressive tumour-permissive
phenotype. Additionally, we found that CD204-CD206* cell numbers were higher
among OS dogs without metastases than those without cancer. These cells mostly
had a morphology compatible with undifferentiated monocytes, which would
explain their lack of CD204-expression. Similarly, in murine melanoma models of
PMN-formation, monocytes have been shown to be recruited to the pre-metastatic
lungs by tumour-derived exosomes (Plebanek et al., 2017). This may suggest that
the increased numbers of macrophages are partly due to the recruitment and

differentiation of monocytes.

The ratio of CD206+*CD204+/CD204+ positive cells, which reflects the percentage of
M2-skewed macrophages, was comparable between our dogs with OS and dogs
without cancer. As has been reported in humans, most alveolar and interstitial
macrophages in healthy lungs expressed CD206 and can be considered M2-skewed
under physiologic conditions (Mitsi et al., 2018). Since the lungs are in continuous
contact with the environment through the inspiratory air, it would make sense that
the macrophages here would not induce an inflammatory response to all antigens
they encounter. Thereby, one could argue that one of the reasons why the lungs are
a common site for metastases could be due to the high percentage of M2-skewed
macrophages here. As mentioned in the introduction, M2-skewed macrophages are
highly phagocytic, and M2-associated surface receptors such as MARCO can mediate
the binding and internalization of extracellular particles such as exosomes
(Martinez and Gordon, 2014, Kanno et al., 2020). If tumour-derived extracellular
vesicles are preferentially internalized by M2-skewed macrophages in the lungs, we
might also expect PMN formation to occur here since extracellular vesicles are the

chief mediators of PMN formation.
There were no appreciable differences in the number of CD204+ and CD206* cells

between our dogs with OS with and without metastases. These results suggest this

increase is not transient, like the CD11d* cell recruitment.

5.4.2.4.3 Total nucleated cell density
To reduce the effect of tissue density variation between dogs, we chose to normalize

the cell counts to the total nucleated cell count in each HPF. Interestingly, we found

that dogs with OS (both with and without metastases) had significantly more
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nucleated cells per HPF than dogs without cancer. The variation in tissue density
was more pronounced between the OS and control groups than between dogs
within the same group. This increase was of such a magnitude that it could not be
attributed to the increased numbers of macrophages, monocytes, and CD11d*
BMDCs alone. Other BMDC fractions, such as granulocytes, granulocytic MDSCs,
MDCS, Tregs, and stromal cells such as fibroblast, might explain the gap.

5.4.24.4 Other aspects of PMN formation

Angiogenesis and vascular leakiness are challenging to study in an in situ setting
after euthanasia. However, M2-skewed macrophages have been shown to secrete
matrix remodelling enzymes such as MMP 1,9, and 12, which can both induce
angiogenesis and result in vascular leakiness (Jetten et al., 2014, Nakagomi et al,,
2015, Jager et al, 2016, Liu and Cao, 2016). Indeed, in paper II, we showed that
canine OS TCM® had a high expression of the M2-associated marker CD206 and
upregulation of TGF-, MMP9, and S100A8/9, which can induce angiogenesis and
vascular permeability. Then, in Paper 11, we found more CD206* macrophages in
the pre-metastatic lungs of dogs with OS than in those without cancer. Additionally,
MMPs play a central role in remodelling the extracellular matrix at the pre-
metastatic site. However, we did not explore extracellular remodelling further in our
dogs with OS.

We did not directly assess NK-cell dysfunction, hampered CD8* T cell cytotoxicity, or
Treg recruitment. However, M2-skewed macrophages and TCM® have been shown
to interfere with NK-cell and CD8+* T cell responses (Oishi et al., 2016, Benner et al.,
2019, Pu et al,, 2021). Similarly, we showed in Paper II that canine OS TCM® had a
high expression of TGF-, CCL23, and the CTLA-4 ligand CD86, which can interfere
with these responses. In murine models, MDSCs can inhibit NK-cell mediated
cytotoxicity, antigen-presentation by dendritic cells and macrophages, and convert
effector T-cells to Tregs (Li et al, 2009, Beury et al., 2014, Zoso et al, 2014).
Whether the CD11d* BMDCs are capable of the same in our dogs with OS remains

unanswered.
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5425 Dogs as models for TAM repolarizing and PMN targeting
treatments

As mentioned in the introduction, the translational value of murine models for
immunotherapies is limited (Olson et al., 2018). On the other hand, dogs with cancer
represent ideal candidates for assessing immunomodulating drugs, as pointed out in
previous work (Dow, 2019). We have found that canine TCM® exhibit an
immunosuppressive and tumour-permissive phenotype, like in humans, suggesting
dogs would be ideal candidates to study macrophage-repolarizing drugs in cancer
therapy. Additionally, having found evidence of PMN existence, dogs with OS could
also serve as models to study PMN-targeting drugs. In fact, the immunomodulating
drug MTP was first assessed in dogs with OS before being used in human trials
(MacEwen et al., 1989). In addition to improving outcomes in dogs with OS, MTP
significantly prolonged survival in dogs with hemangiosarcoma when given after
surgery (Vail et al, 1995). MTP binds to the intracellular nucleotide-binding
oligomerization domain 2 (NOD2) receptor of macrophages, dendritic cells,
monocytes, and Paneth cells (Inohara et al,, 2003, Ogawa et al., 2011). NOD2 binding
results in the activation of the NF-kB pathway, which results in the downstream
production of pro-inflammatory cytokines like TNF-a, IL-6, IL-8, and IL-12. These
cytokines are associated with M1-skewed macrophages, and MTP-treated
macrophages show increased tumoricidal activity against cancer cells in vitro
(Fidler et al., 1981). In the case of canine OS and hemangiosarcoma, MTP was given
right after surgery, when dogs usually do not have macroscopically visible
metastases. In the case of OS, we now know that dogs have increased numbers of
M2-skewed macrophages and CD11d* BMDCs in the pre-metastatic lung. Whether
MTP’s clinical benefit is due to the reprogramming of TAMs within micrometastases
and small metastases, the reprogramming of the immunosuppressive PMN, or both
is unclear. As previously mentioned, MTP was later found to have a clinical benefit
in human patients with OS (Meyers and Chou, 2014). These findings underline the
usefulness of dogs with cancer as models to study these kinds of therapies. Dogs
with cancer may therefore serve as a bridge between murine models and humans

for assessing new immunomodulating and PMN-targeting drugs.
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5.5 Identified knowledge gaps for future studies

The results from this research project have helped answer some questions
regarding OS cancer biology, but many remain unanswered, and several new ones

have appeared:

5.5.1 Osteosarcoma micrometastases

Our results indicate that the pulmonary micrometastatic prevalence at clinical
diagnosis is relatively low. The results should be interpreted carefully, considering
the method used to identify micrometastases. Future studies should use different
identification methods, such as qPCR or flow cytometry-based techniques.
Additionally, such studies should include more dogs to improve the micrometastatic
prevalence estimate, given the likely low prevalence. Furthermore, micrometastases
should be studied in other metastatic target organs, such as the bone marrow. These

results will help shed light on the metastatic chain of events in dogs with OS.

5.5.2 TP-3 as a biomarker for tumour burden

Since the TP-3-associated antigen is considered a tumour-specific antigen with low
expression under physiological conditions, it could serve as a serum biomarker to
reflect disease burden. Future studies should assess whether ELISA-based assays
using TP-3 could identify free soluble TP-3-associated antigens in serum and their
diagnostic and prognostic value in dogs with OS. Other isoforms of alkaline
phosphatase are easily measurable in serum. Whether the alkaline phosphatase

isoform that binds to TP-3 is detectable in serum is unknown.

5.56.3 Canine tumour-associated macrophage markers

In paper II, we showed that TCM® had a high expression of several M2-associated
markers on flow cytometry. Furthermore, additional M2-associated surface markers

were upregulated at the transcriptomic level. Future studies should aim to assess

these markers in canine TAMs in situ and in vivo to provide an in-depth mapping of
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the macrophage landscape in dogs with cancer. Clinical outcome data could be
compared with marker expression on TAMs in tumour biopsies to assess their
potential prognostic value. Additionally, M2-associated markers expression on
myeloid cell populations in peripheral blood could potentially provide prognostic

and minimal residual disease information.

5.5.4 Functional characterisation of canine tumour-associated
macrophages

With new and sophisticated methods such as single-cell RNA-Seq, it has become
possible to study the immune landscape of tumours in detail. To further improve
our understanding of canine TAMs and their similarities to human TAMs, single-cell
RNA-Seq would provide an excellent ground for comparison. Furthermore, patient-
derived TAMs could be isolated from tumours to assess their effects on T-cell
proliferation, CD4+* T-cell polarization, and CD8* T-cell and NK-cell cytotoxicity in
vitro. Such setups would also provide better platforms to test TAM-repolarizing

drugs in vitro.

5.5.5 Pre-metastatic niche

To our knowledge, there has not been any previous work describing PMN formation
in veterinary oncology. Our results may therefore lay the ground for many future
PMN studies using dogs with cancer as models. Dogs with other highly metastatic
tumours, such as hemangiosarcoma, histiocytic sarcoma and melanoma, could
potentially also be used as naturally occurring models to study PMN formation.
Other aspects of PMN formation, such as metabolic and stromal remodelling, could
also be studied in dogs. In-depth characterization of the immune landscape of the
PMN using multi-marker immunofluorescent labelling and single-cell RNA-Seq may
provide important information regarding naturally occurring PMN. Specific immune
cell subsets could be isolated from pre-metastatic sites for further in vitro functional
studies. Although we found evidence of PMN formation in the lungs, we did not
investigate other typical metastatic and non-metastatic organs. Future studies
should examine several organs to assess if PMN formation only occurs in common

metastatic target organs. Additionally, patient-derived EVs could be isolated and
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characterized, which may provide prognostic and diagnostic biomarkers and new
therapeutic targets. In light of our findings, dogs with OS may serve as models to

assess new PMN-targeting drugs.
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5.6 Conclusions

The main findings from this project are:

Re

* Pulmonary micrometastases can be detected in a subset of dogs with
osteosarcoma without macroscopic metastases using TP-3

immunohistochemistry.

<> The prevalence of pulmonary micrometastases was substantially lower

than expected based on post-surgical metastatic rates.

<~ Several new canine M2 macrophage phenotypical markers were
identified.

<> Canine in vitro-generated tumour-conditioned macrophages had an
intermediate to high expression of several M2-associated surface markers
on flow cytometry and RNA-Sequencing.

<> Canine in vitro generated tumour conditioned macrophages have an M2-
skewed cytokine and chemokine profile, although some pro-inflammatory
mediators were upregulated.

<> Canine and human tumour-conditioned macrophages share several

characteristics.

<> Dogs with osteosarcoma without metastases have significantly higher
numbers of CD204* macrophages, CD206* macrophages and monocytes,
and CD11d* bone marrow-derived cells in the lungs than dogs without

cancer.
X Dogs with established osteosarcoma pulmonary metastases have
significantly lower numbers of CD11d* bone marrow-derived cells in the

lungs than osteosarcoma dogs without metastases.

<> Dogs with osteosarcoma have a significantly higher total nucleated cell

density in the lungs than dogs without cancer.
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R Dogs with osteosarcoma without pulmonary metastases show evidence
of an immunological pre-metastatic niche, supporting the existence of

distant pre-metastatic niche formation in naturally occurring cancer.
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Abstract

Background: Despite decades of research, the early phases of metastatic development are still not fully understood.
Canine osteosarcoma (OS) is a highly aggressive cancer, with a high metastatic rate (> 90%), despite a low overt
metastatic prevalence at initial diagnosis (< 15%). Canine OS is generally regarded as a good clinically relevant model
for human OS. The aim of this hypothesis-generating study was to evaluate a method to detect pulmonary micro-
metastases and study their prevalence in dogs with OS without macroscopic metastases. We prospectively enrolled
dogs with OS that received no cancer-specific treatment (n=12) and control dogs without cancer (n = 2). Dogs were
necropsied and sampled immediately after euthanasia. The OS dogs were classified as having macroscopic metasta-
ses (n=2) or not (n=10). We immunohistochemically stained one tissue sample from each of the seven lung lobes
from each dog with a monoclonal antibody (TP-3) to identify micrometastases (defined as clusters of 5-50 tumour
cells), microscopic metastases (> 50 tumour cells) and TP-3 positive single cells (<5 tumour cells).

Results: We showed that pulmonary micrometastases easily overseen on routine histology could be detected with
TP-3. Pulmonary micrometastases and microscopic metastases were present in two dogs with OS without macro-
scopic metastases (20%). Micrometastases were visualised in three (43%) and four (57%) of seven samples from these
two dogs, with a mean of 0.6 and 1.7 micrometastases per sample. Microscopic metastases were present in one (14%)
and four (57%) of seven samples from the same two dogs, with a mean of 0.14 and 1.0 microscopic metastases per
sample. There were four (57%) and two (29%) samples with neither microscopic metastases nar micrometastases for
each of these two dogs. The prevalence of pulmonary micrometastases (20%) was significantly lower than expected
(>90%) based on commonly expected metastatic rates after amputation (P <0.0001). There was no statistically signifi-
cant difference in the number of TP-3 positive single cells in between groups (P =0.85).

Conclusions: Pulmonary micrometastases could be detected with TP-3 immunchistochemistry in a subset of dogs
with OS before macroscopic metastases had developed. We propose that dogs with spontaneous OS represent clini-
cally relevant models to study early micrometastatic disease.

Keywords: Bone cancer, Canine, Lung metastasis, Metastasis model, Pulmonary metastasis

Background

Cancer is currently ranked as a major leading cause of
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This is especially true when developing new therapeutics,
as the majority have failed to reach the clinic. Microme-
tastases have been studied in some spontaneous canine
cancer forms [8-12]. Their presence in lymph nodes,
peripheral blood and bone marrow has been investigated
in dogs with mammary carcinoma, as well as in lymph
nodes of dogs with some other carcinomas and mast cell
tumours. In humans, micrometastases have been stud-
ied in lymph nodes, bone marrow, lungs, liver, pleural or
peritoneal cavities and peripheral blood in several forms
of cancer [13-22].

Spontaneous canine osteosarcoma (OS) is considered a
good model for human OS [23-30]. Most dogs with OS
succumb to the disease, with the majority dying or being
euthanized due to metastatic disease [31]. Although
radiographically detectable metastases are uncom-
mon at presentation (<15-17%), most dogs eventually
develop metastatic disease (>90%) [31-35]. A question
that remains unanswered is where the disseminated cells
reside before macroscopic metastases develop. The main
target organs for metastatic OS, both in humans and
dogs, are the lungs and bones [29, 31, 34-37]. Bruland
et al. found tumour cells in the bone marrow in 63% of
human OS patients at presentation [14]. Amongst those
presenting with overt metastases, the prevalence of
tumour cells in the bone marrow was 92%. To our knowl-
edge, micrometastases in the lungs have not been pro-
spectively investigated either in human or canine OS.

The monoclonal antibody TP-3 binds selectively to
a sarcoma-associated cell surface membrane antigen
related to osteoblastic differentiation [38, 39]. The anti-
gen is a monomeric polypeptide with alkaline phos-
phatase activity and a molecular weight of 80 kDa. TP-3
has been shown to bind to all evaluated OS cases in dogs
[40, 41]. Similarly, various human sarcomas express the
antigen, including all human OS cases examined [38, 39].

The aim of this hypothesis-generating study was to
evaluate the use of TP-3 immunohistochemistry (IHC)
on frozen tissue sections as a tool to detect pulmonary
micrometastases and to study their prevalence in dogs
with spontaneous OS before the development of macro-
scopic metastasis.

Methods

Study population

This study was conducted as a prospective case series of
necropsied dogs with OS (OS+) and control dogs with-
out OS (OS—). All cases were privately owned dogs pre-
sented to the Veterinary Teaching Hospital and private
practices. Owners signed a participation consent form
before the dogs were euthanized and necropsied. Dogs
included in the OS+ group could be of any breed, sex
and age, had to have an appendicular primary tumour
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location and a confirmed histopathological OS diagno-
sis. Dogs that had undergone surgical treatment, except
for diagnostic incisional biopsies, or other treatments
except for pain-relieving drugs (opioids and NSAIDs),
were excluded. For inclusion into the OS— group, dogs
could be of any breed, sex and age, and had to have been
euthanized for non-cancer-related disease. Hence, dogs
with a previous history of cancer or a histopathological
cancer diagnosis at necropsy were excluded from the
OS— group.

Necropsy and tissue collection

According to our protocol, all dogs had to be necropsied
within two hours after euthanasia. Standard necropsy
procedure was followed, with all organ systems being
inspected macroscopically. Based on necropsy results,
dogs in the OS+ group were further classified as having
macroscopic pulmonary metastases (OS+/Met+) or
not (OS+ /Met—). Tissue samples from all major organ
systems (kidneys, lungs, liver, spleen, adrenal glands,
myocardium, skeletal muscles and intestines) and any
lesions suspected of being metastatic or neoplastic were
collected and formalin-fixed. All formalin-fixed paraffin-
embedded samples were stained with haematoxylin &
eosin (H&E) and examined microscopically. Four tissue
samples (sample size of approximately 1 x 1 x 1 cm) were
taken from each of the seven lung lobes from each dog.
Two were taken from the peripheral areas of the lobes,
where only small bronchi were present, and two from
the central, close to the main stem bronchi. Samples
from all areas were collected for both formalin fixation
and snap freezing in cold isopropanol (— 20 °C), quickly
followed by submersion in liquid nitrogen and storage
at — 80 °C. For dogs in the OS+ /Met+ group, samples
for IHC analysis were taken from the same anatomical
regions while avoiding macroscopic metastases. In addi-
tion, tissue samples from macroscopic metastases were
formalin-fixed, stained with H&E and examined micro-
scopically. Six of the seven samples from the peripheral
areas and one of the seven from the central were picked
at random, using an online random number generator
(www.random.org) for further IHC analysis.

IHC staining

IHC TP-3 staining was performed on frozen tissue sec-
tions. Snap frozen samples were sliced into 7 pm sec-
tions with a cryostat at — 25 °C. The tissue sections
were mounted on poly-lysin-coated slides (Superfrost "
Plus, Thermo Fisher Scientific, Oslo, Norway) and dried
at room temperature for one hour. The slides were then
stored at — 80 °C until further preparation. IHC sections
were labelled using the peroxidase-conjugated immune-
polymer method (EnVision™, Dako, Glostrup, Denmark).
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The sections were first fixed in cold acetone (— 20 °C) for
10 min, followed by airdrying for 10 min. Endogenous
peroxidase activity was inhibited by immersing the slides
in a cold (4 °C) 0.3% H,O, solution in phosphate-buffered
saline (PBS) for 10 min. To prevent non-specific binding,
the sections were blocked using a 1:50 solution of normal
goat serum in 5% bovine serum albumin in tris-buffered
saline (BSA/TBS) for 30 min. Sections were incubated
with the purified IgG 2A monoclonal murine antibody
(TP-3, 5 pg/mL, Norwegian Radiumhospital, Oslo, Nor-
way), diluted in 1% BSA/TBS, for 60 min. The samples
were then incubated with the secondary antibody (EnVi-
sion'", Dako, Glostrup, Denmark) for 30 min. Finally,
immunolabelled tissues were developed using a 3-amino-
9-ethylcarbazole (AEC) substrate chromogen (EnVi-
sionm, Dako, Glostrup, Denmark) incubated for 8 min,
then counterstained with Mayer’s haematoxylin. The
slides were mounted with coverslips using a water-sol-
uble mounting medium (Aquatex®, Merck, Darmstadt,
Germany) and left to dry at room temperature overnight.
Negative controls were stained without primary antibod-
ies. All washing steps of the [HC procedure were done
by immersing the slides in three changes of PBS, each for
5 min at room temperature. All incubations were done
at room temperature in a moisture chamber placed on
a rotation table. A section containing both micrometas-
tases and macroscopic metastases was used as a positive
control for each staining.

IHC analysis

Each slide was scanned for microscopic metastases,
micrometastases and TP-3 positive single cells. Micro-
metastases were defined as clusters of = 5 and <50 TP-3
positive cells. Clusters>50 cells were defined as micro-
scopic metastases, while clusters of < 5 TP-3 positive cells
were defined as TP-3 positive single cells.

[HC stained slides were evaluated using a Zeiss AX10
microscope, equipped with a Zeiss axiocam 506 color
camera, coupled with Zen pro 2012 (blue edition) image
acquiring software (Carl Zeiss Microscopy GmbH, Jena,
Germany). The total number of microscopic metastases
and micrometastases, if present, were counted in the
entire slide for each sample. The number of TP-3 positive
single cells was counted in 10 high-power fields (HPF,
defined as one field at 400x, equivalent to 0.196 mm? for
the microscope used). Areas with folded up tissue were
excluded from the analysis. Slides where staining was too
weak to identify positive cells or significant unspecific
staining was present, were also excluded.

Statistical analysis
All statistical analyses were performed using JMP pro
15.1.0 {SAS Institute Inc., Cary, NC). The mean number
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of TP-3 positive single cells per 10 HPF per lung lobe
was compared between groups using Wilcoxon rank-
sum tests for each pair and an unpaired Kruskal-Wallis
test. The mean number of TP-3 positive single cells per
10 HPF for the different lung lobes (anatomical division)
was compared between all the dogs combined and in
between groups using Wilcoxon rank-sum tests for each
pair and an unpaired Kruskal-Wallis test. The prevalence
of micrometastases was tested against the expected prev-
alence (>90%, based on the post-surgical metastatic rate)
using a binomial test. P-values < 0.05 were considered sta-
tistically significant for statistical testing.

Results

Study population

Cases were enrolled and necropsied between 2012 and
2020. In total 14 dogs were included in the study, ten
in the OS+ /Met- group, two in the OS+ /Met + group
and two in the OS—/Met— group (see Tables 1 and 2).
OS5 + cases were confirmed based on clinical signs, diag-
nostic imaging, and histopathologic examination after
H&E staining. The mean age was 5.6 years (median six
vears, range 1-11 years). There were eight (57%) male
and six (43%) female dogs. The mean time from clini-
cal presentation to euthanasia due to OS was 33 days
(median 9.5 days, range 1-155 days). No neoplastic dis-
ease other than OS was found at necropsy in any of the
dogs. The only significant pathological changes in the
lungs were the macroscopic metastases seen in the two
OS+ /Met+dogs (Fig. la) and microscopic metastases
(Fig. 1b) and suspected micrometastases (Fig. 1c) in some
of the 0S4+ /Met- dogs.

Pulmonary micrometastases and microscopic metastases

A total of 98 lung samples underwent IHC TP-3 staining
and histological evaluation, in addition to the positive and
negative controls. Tumour cells throughout all microme-
tastases and microscopic metastases showed a strong and
seemingly cytoplasmatic TP-3 staining, as seen in Fig,. 2.
Depending on their size, micrometastases were either
found lodged within pulmonary arterioles (Fig. 2) or
the capillaries of the alveolar septa. In larger metastatic
lesions, TP-3 staining varied more. Here, cells in the
periphery showed strong staining, while those towards
the centre stained only weakly or not at all. Microme-
tastases were present in two dogs (20%) in the OS+/
Met— group (Table 2), whereas we found none in the ten
remaining cases (eight in the OS+ /Met— and both in
the OS 4 /Met+ group) or the OS—/Met— group. Micro-
scopic metastases were present in these same two dogs
(Table 2). Micrometastases were found in three (43%)
and four (57%) of the seven samples examined for each
of the two dogs. The total number of micrometastases
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Table 1 Overview of the clinical characteristics, final diagnosis and tumour location for the dogs necropsied with primary
appendicular osteosarcoma based on haematoxylin & eosin staining and controls included in the prospective study

Case Breed Sex Age -years Final diagnosis Location of primary tumour
1 Mixed breed M 1 Osteosarcoma Left distal radius

2 Schnauzer F 8 Osteosarcoma, osteoblastic Right distal radius

3 Newfoundland dog M 8 Osteosarcoma Left distal radius

4 Siberian husky M 3 Osteosarcoma, fibroblastic Left proximal humerus
5 Irish wolfhound F 6 Osteosarcoma Right distal tibia

6 English setter M 8 Osteosarcoma Right distal ulna

7 Pointer F 4 Osteosarcoma Left distal tibia

8 Shar Pei M M Osteosarcoma Right proximal humerus
9 Rottweiler F 9 Osteasarcoma, osteoblastic Left proximal humerus
10 German shepherd F 3 Osteosarcoma, osteoblastic Left distal radius

11 Flat-coated retriever M 3 Osteosarcoma Left distal radius

12 Leonberger M 6 Osteosarcoma Left distal radius

13 Dalmatian M 8 Urolithiasis N.A

14 Shetland Sheepdog F 1 Behavioural problems N.A

N.A Not applicable

Table 2 Overview of the TP-3 immunohistochemical findings for
the dogs inTable 1

Group Case Microscopic Micrometastases Days from
metastases presentation
to euthanasia

OS+/Met+ 1 No No 36

2 No No 28
OS+/Met— 3 No No 1

4 No No 5

5 Yes Yes 10

6 No No 4

7 No No 32

8 No No 3

9 Yes Yes 155

10 No No 106

1 No No 9

12 No No 4
05—/Met— 13 No No N.A

14 No No NA

The dogs were divided into three groups,—with macroscopic metastases

(0S + /Met +),—without macroscopic metastases (OS +/Met—) and—without
osteosarcoma (0S—/Met—). The presence (yes) or absence (no) of microscopic
metastases (cluster of > 50 TP-3 positive cells) and micrometastases (cluster of
5-50TP-3 positive cells) was recorded for each dog. (N.A Not applicable)

in each dog was four and 12, respectively, with a mean
of 0.6 (range 0-2) and 1.7 (range 0—6) micrometastases
per sample. Microscopic metastases were found in one
(14%) and four (57%) of the seven samples in the same
two dogs. The total number of microscopic metasta-
ses was one and seven, respectively, with a mean of 0.14
(range 0-1) and 1.0 (range 0-3) microscopic metastases

per sample. Figure 3 shows the distribution of metastases
in each lung lobe. There were four (57%) and two (29%)
samples for each of the two dogs with neither micro-
scopic metastases nor micrometastases.

TP-3 positive single cells

TP-3 positive single cells were present in the lung paren-
chyma in all samples in all dogs. These were either scat-
tered respiratory epithelial cells or metastatic OS cells.
Most TP-3 positive single cells were identified as dis-
lodged respiratory epithelium, based on cytoplasmatic
morphology, staining pattern and nuclear characteristics
(Fig. 4). They showed asymmetrical staining, which was
stronger along the ciliated brush border and weaker on
the opposite side of the cell. In addition, the majority had
small to moderately sized eccentric nuclei and no visible
nucleoli. In some cases, TP-3 positive single cells were
more compatible with tumour cells, showing a strong and
homogenous cytoplasmatic staining, with large nuclei
and distinct nucleoli (Fig. 5). In most cases, we could not
reliably distinguish the two cell populations, and as such,
they were all counted as TP-3 positive single cells.

The mean number of TP-3 positive single cells per 10
HPF per sample was 6.5 (median 6.5, range 5.9-7) for the
OS + /Met+group, 120.5 (median 15.2, range 3-941.9)
for the OS+/Met- group and 17.9 (median 17.9, range
4.7-31.1) for the OS—/Met— group. There was no statis-
tically significant difference in the mean number of TP-3
positive single cells per 10 HPF per sample between the
groups (P=0.85). There was no statistically significant
difference between the means of the OS+ /Met— group
and the OS+ /Met+ (P=0.75) or OS—/Met— (P=0.75)
group, nor between the OS4/Met+and OS—/
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(25 x magnification). Section of lung tissue from a dog with osteosarcoma without macroscopic metastases (case 5) showing b a microscopic
metastasis lodged within a pulmonary arteriole (100 x magnification), and ¢ a presumed micrometastasis within the alveolar septa
(200 x magnification). Formalin-fixed paraffin-embedded tissue, haematoxylin & eosin stain

50 um *
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Fig. 2 a Section of lung tissue from a dog with osteosarcoma without macroscopic metastases (case 9) showing immunolabeling (red staining)
with tumour protein-3 (TP-3) of a pulmonary micrometastasis (defined as a cluster of 5-50 TP-3 positive cells). The micrometastasis is lodged within
a pulmonary arteriole. b Section of the same tissue as in a, but without TP-3 antibody (negative control). Snap frozen tissue, immunoperoxidase
stain, TP-3, AEC chromogen and haematoxylin counterstain, 200 x magnification

Met— group (P=1.0). There were no statistically sig-
nificant differences in the mean number of TP-3 positive
single cells per 10 HPF between any of the different lung
lobes (anatomical division), neither when combining all
the dogs (P=0.96), nor within the different groups (for
OS+/Met+, P=0.82, OS+/Met—, P=0.89 and OS—/
Met—, P=0.62).

Normal structures stained with TP-3

TP-3 staining was observed on the luminal side of
the bronchial and bronchiolar epithelium in all dogs
(Fig. 6). Staining of the epithelium in the terminal and
respiratory bronchioles and alveolar ducts was more
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variable amongst dogs. In most cases, the staining was
weak at the level of the terminal and respiratory bron-
chioles, with no visible staining towards the alveolar
ducts. The columnar respiratory epithelium showed
an asymmetrical staining pattern, as described for the
dislodged respiratory epithelium (Fig. 6). The cuboidal
epithelium of the respiratory and terminal bronchioles
was more evenly stained throughout the cytoplasm and
with a weaker intensity. Also, the bronchial seromucous
glands showed asymmetrical cytoplasmatic staining in
all dogs, with a stronger staining intensity towards the
luminal side.
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Fig. 3 Distribution and number of micrometastases (cluster of 5-50 TP-3 positive cells) and microscopic metastases (cluster of > 50 TP-3 positive
cells) in two dogs with osteosarcoma without macroscopic metastases. a represents case 5 and b represents case 9. Each arrow and box correspond
to a specific lung lobe, from the right top side and clockwise: Right cranial lobe, right medial lobe, right caudal lobe, accessory lobe, left caudal lobe,
left medial lobe, and left cranial lobe. The solid arrows indicate samples from the peripheral lung tissue, while the dotted arrows indicate samples

from the central lung tissue (NE Not examined)
.
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Fig. 4 Section of lung tissue from a dog without neoplastic disease
(case 14) showing immunolabeling (red staining) with tumour
protein-3 (TP-3) of a single cell. Based on staining pattern and
intensity, as well as cytoplasmatic and nuclear morphology, the cell
represents a dislodged respiratory epithelial cell. Snap frozen tissue,
immunoperoxidase stain, TP-3, AEC chromogen and haematoxylin
counterstain, 400 x magnification

.

Fig.5 Section of lung tissue from a dog with osteosarcoma without
macroscopic metastases (case 5) showing immunolabeling (red
staining) with tumour protein-3 (TP-3) of a single cell. Based on
staining pattern and intensity, as well as cytoplasmatic and nuclear
morphology, this cell may represent a tumour cell. Snap frozen tissue,
immunoperoxidase stain, TP-3, AEC chromogen and haematoxylin
counterstain, 400 x magnification

Discussion

To further improve OS treatment strategies and out-
comes, it is essential to understand the pathogenesis of
metastasis. In this hypothesis-generating study, we have
shown that it is feasible to identify pulmonary microme-
tastases in dogs with OS using IHC with the monoclonal

antibody TP-3. All cases of canine OS previously exam-
ined with TP-3 have shown positive staining of the pri-
mary tumour [40, 41]. In the present study, we found
that pulmonary metastases, microscopic metastases and
micrometastases also bind TP-3. We found pulmonary
micrometastases and microscopic metastases in only
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haematoxylin counterstain, 100 x magnification

Fig. 6 a Section of lung tissue from a dog (case 3) showing immunolabeling (red staining)
bronchiolar epithelium. An asymmetrical staining pattern can be seen, with a stronger reaction towards the ciliated brush border. b Section of
the same tissue as in a, but without TP-3 antibody (negative control). Snap frozen tissue, immunoperoxidase stain, TP-3, AEC chromogen and

20% of the dogs with OS before macroscopic metasta-
ses had developed. This was less than expected, seeing
as most dogs with OS (>90%) eventually develop pulmo-
nary metastases, despite few having detectable metasta-
ses at presentation (<15-17%) [31, 34, 35, 42].

One of the main concerns when using morphological
methods such as IHC to detect micrometastases is that
only a small portion of the entire lung can be examined.
We found that micrometastases were present in three
(43%) and four (57%) of the seven lung lobes examined.
This finding seemingly indicates that the micrometastatic
burden is relatively high once micrometastases have
developed. However, our protocol might not be sensitive
enough to identify dogs with a lower micrometastatic
burden. It was not the scope of this study to examine the
entire lung to find the true prevalence or distribution
of micrometastasis. This would require the use of other
methods of investigation. Without this information, we
cannot evaluate the location from where tissue preferably
should be sampled, nor the number of samples needed to
reliably classify dogs as having micrometastases or not.
Another possible explanation for the low incidence of
pulmonary micrometastases could be that the lungs are
not the primary site for metastatic dissemination during
the early phases of metastasis in dogs with OS.

Among human patients with OS, the prevalence of
tumour cells in the bone marrow at presentation was 63%
and seemingly correlated with outcome [14, 43]. This is
substantially higher than the prevalence of pulmonary
micrometastases reported here in OS dogs. A possible
explanation could be that the bone marrow serves as

142

a temporary nest for metastasized cells until the subse-
quent dissemination of tumour cells to the lungs. Indeed,
it has been shown that tumour cells of prostate and breast
cancer in humans can disseminate to the bone mar-
row using mechanisms similar to those used by homing
hematopoietic stem cells [44—47]. It has been suggested
that these tumour cells can lay dormant in the bone mar-
row niche, where they remain quiescent for several years
until metastases develop [48, 49]. Further studies inves-
tigating the presence of micrometastases in other organs
in dogs with OS, such as the bone marrow, are therefore
warranted.

We found no micrometastases or microscopic metas-
tases in the two dogs in the OS 4 /Met 4 group (Table 2).
Samples were taken from the same anatomical locations
of the lungs as from the other dogs in the study, but spe-
cifically from tissues without macroscopic metastases.
However, both dogs had a low metastatic burden (a total
of 2 and 7 macroscopic metastases), which could indicate
a less aggressive tumour phenotype. This might seem
counterintuitive, as we might expect a higher micrometa-
static burden once macroscopic metastases are present.
However, the inhibitory effect of primary tumours on the
growth of metastases is not an unknown phenomenon
[50-52]. Whether overt lung metastases could exhibit
a similar inhibitory effect on micrometastatic develop-
ment is unknown, and further studies are needed to
shed light on this. In a study evaluating the prevalence
of micrometastases in seemingly unaffected areas of the
lung in humans with primary lung cancer, the authors
found that 47% had micrometastases [19]. Although they
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investigated a different cancer disease, they used a mor-
phological method as well. They found that only 7.7%
of the examined microscopic slides contained micro-
metastases, emphasizing the need to evaluate several
samples per patient. Similarly, the prevalence of hepatic
micrometastases was investigated at metastasectomy in
humans with ileal, small intestinal and pancreatic neu-
roendocrine tumours and colorectal cancer [20-22]. The
authors found micrometastases in 100, 67, 32 and 56% of
patients, respectively, in seemingly unaffected liver tis-
sue. It appears that the presence of macroscopic metas-
tases is no guaranty for finding micrometastases when
using morphological methods to detect them.

TP-3 has not been commercially available since its dis-
covery, and there is a limited number of studies that have
used the antibody. In the veterinary field, there are only
two [40, 41]. In contrast to the membrane staining seen
in humans, we found that TP-3 staining of tumour cells
also had a cytoplasmatic distribution [38]. The previously
reported staining of the brush border of ciliated epithe-
lial cells in the bronchi and lungs of dogs, not seen in
humans, corresponded well with our observations [40].
The TP-3 staining of the seromucous glands has not been
described previously. This lack of specificity was not an
issue when detecting micrometastases and microscopic
metastases. They were easily distinguishable from normal
structures based on location, clustering of cells, nuclear
and cytoplasmatic morphology and staining intensity.

The number of TP-3 positive single cells varied con-
siderably between dogs. In one case, TP-3 staining of the
epithelium was present from the bronchi to the alveolar
ducts, resulting in high numbers of TP-3 positive single
cells per 10 HPF (case 8). New sections from this dog
were sliced and stained and with the same results. This
staining variation, combined with the poor morphology
and dislodgement of epithelium associated with frozen
sections, makes TP-3 a poor IHC marker for pulmonary
single-cell metastases in dogs with OS. In most cases,
distinguishing single tumour cells from dislodged res-
piratory epithelial cells based on staining pattern and
morphology was impossible. Formalin-fixed tissue would
have offered better morphology, but formalin ablates the
epitope of the TP-3 [38]. We have made several attempts
to optimise a protocol for formalin-fixed paraffin embed-
ded canine tissue, but with disappointing results. Most
samples were chosen from the peripheral areas of the
lung (6/7 samples) to reduce the amount of respiratory
epithelium included. Since TP-3 stained the respiratory
epithelium down to the bronchioles and sometimes into
the smaller airways, this probably had no impact on the
number of TP-3 staining non-tumour cells. There was no
tendency towards higher numbers of TP-3 positive single
cells in the OS+groups. However, the number of dogs
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included is too small to draw any definite conclusions,
and other methods should be considered when studying
single-cell metastases.

Another limitation of our study is that the primary
tumour was not IHC evaluated with TP-3. It is thus pos-
sible that some of the OS cases were TP-3 negative, and
consequently, so would the micrometastases and micro-
scopic metastases. Hence, this may have resulted in an
underestimation of the micrometastatic prevalence.
However, in the previous report investigating canine OS
using TP-3, 13/13 tumours were TP-3 positive [40]. Like-
wise, in a study evaluating the use of TP-3 Fab fragments
for positron-emitting tomography imaging in dogs with
08, binding was documented in the primary tumour in
the four cases included [41]. In humans, 15/15 and 31/31
cases of OS examined using IHC showed strong TP-3
staining [38, 39]. There were no suspected micrometas-
tases or microscopic metastases which did not stain with
TP-3 among our dogs after careful microscopic examina-
tion of all samples.

Historically, micrometastases have been defined in
different ways depending on the method of investiga-
tion and organ. When using morphological methods
to identify micrometastases in lymph nodes (histology
or IHC), they are generally defined as tumour cell clus-
ters of>0.2 mm but<2 mm in diameter [13, 53, 54].
Clusters <0.2 mm are usually classified as isolated (dis-
seminated or circulating) tumour cells. Since there is
no established definition for pulmonary micrometasta-
ses, we chose to define them as clusters of >5 and <50
tumour cells. Because IHC is a more sensitive method
than H&E staining to identify micrometastases, we chose
an upper limit of 50 cells. Clusters of > 50 cells are more
easily detectable in H&E stained lung tissue, and we clas-
sified those as microscopic metastases.

Metastasis has been extensively studied in laboratory
animals and in vitro models. The limited translational
value of these models when developing new therapeutics
has inspired researchers to create new and more sophis-
ticated cancer models [7, 55]. Dogs with cancer have
proven to be reliable clinically relevant models for human
cancer, also when developing new therapeutics [56].
Given the seemingly low prevalence of pulmonary micro-
metastases and the fact that most eventually develop
metastases, dogs with OS should serve as excellent spon-
taneous cancer models to study premetastatic niche for-
mation [57]. This might include studying immunological,
metabolic, and extracellular matrix changes in the lungs
before metastasis has occurred. Rigorous prospective
study designs and relevant controls are needed to accom-
plish this. If findings from murine models can be veri-
fied in a naturally occurring spontaneous cancer model
such as the dog, it would further support the underlying
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mechanisms of premetastatic niche formation observed
in mice. Since many owners decline cancer-specific treat-
ment, a significant proportion of dogs are euthanized at
an early disease stage. These dogs are excellent candi-
dates to study distant metastatic target organs early in
the disease process, to an extent not feasible in humans.
Furthermore, by verifying findings from murine mod-
els, dogs could serve as a bridge between the preclinical
models and humans for developing new therapies target-
ing premetastatic niche formation. We propose that dogs
with spontaneous appendicular OS could represent clini-
cally relevant models for studying early micrometasta-
sis and premetastatic niche formation as an addition to
murine models.

Conclusions

Our data shows that pulmonary micrometastases can
be detected in dogs with OS by using TP-3 immunohis-
tochemistry. The prevalence of pulmonary micrometas-
tases was significantly lower than expected in dogs with
OS before macroscopic metastases had developed. Once
present, the micrometastatic burden was relatively high.
This could indicate that pulmonary metastases do not
originate directly from the primary tumour. However, it
remains a hypothesis-generating study, and larger studies
are needed to validate our findings.
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Abstract

Tumor-associated macrophages (TAMs) are heterogeneous and abundantly present in the
tumor stroma. They derive from tissue-resident macrophages and monocytes and play a
central role in cancer. In murine models, TAMs promote invasion, intravasation, circulatory
survival, and extravasation of tumor cells. TAMs promote tumor progression and
angiogenesis, remodel the tumor microenvironment, and modulate the adaptive immune
system. Historically, dogs have proven to be reliable cancer models. We hypothesized that
canine tumor-conditioned monocyte-derived macrophages (TCM®) are similar to anti-
inflammatory M2 (M-CSF+IL4) macrophages and have a tumor-promoting phenotype, as in
humans. We collected blood from healthy dogs, isolated monocytes, and differentiated
them in vitro using tumor-conditioned media from three canine cancer cell lines. Three
TCM® populations were generated and compared with in vitro-generated M1 and M2
macrophages. We assessed the macrophages using multicolor flow cytometry and RNA
sequencing. All TCM® showed an increased expression of two M2 markers (CD209 and
FceRI), while 2 out of 3 TCM® populations had increased expression of two additional M2
markers (CD206 and CD11d). Transcriptomically, several M2-associated surface markers,
cytokines, and chemokines were upregulated in TCM®, while M 1-associated genes were
downregulated. In conclusion, canine TCM® share many similarities with human TCM®,

further warranting the use of dogs as cancer models.
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Introduction

Tumor-associated macrophages (TAMs) play a central role in regulating the tumor
microenvironment (TME) (1). The TME is highly heterogenous and composed of several
compartments, one being the immune microenvironment (2). In addition to cancer cells, the
TME contains several immune cell subsets and stromal cells. TAMs are abundantly present in
most tumors and represent one of the main cellular constituents of the TME (3). They can
promote tumor progression, remodel the TME extracellular matrix, promote angiogenesis,
regulate tumor metabolism, and have an immunomodulatory effect on the adaptive immune
response (3, 4). Furthermore, TAMs can facilitate invasion, intravasation, lymphoinvasion,
survival in circulation, and extravasation of cancer cells (3). High numbers of TAMs
correlate with poor clinical outcomes in most human cancers, and TAMs can contribute to

chemotherapy and radiotherapy resistance (4, 5, 6).

Mills et al. introduced the concept of M1 (classically activated) and M2 (alternatively
activated) macrophages in association with the pro-inflammatory Th1 and anti-inflammatory
Th2 responses (7). M1 macrophages can be generated in vitro when stimulated with [FN-y
and lipopolysaccharides (LPS), while M2 when stimulated with TL-4. However, this M1/M2
dichotomy is oversimplified and does not fully reflect in vivo polarization (8). Macrophages
are highly plastic cells that can exhibit different phenotypes within the same
microenvironment. Canine in vitro-generated, monocyte-derived macrophages show similar
characteristics to human and murine macrophages (9, 10). Phenotypical macrophage markers
can vary between species and are not directly translatable from mice or humans to dogs (11).
Typical murine or human M1 markers, such as inducible nitric oxide synthase (iNOS), CD16,
CD32, CD80, CD86, or MHCII, and the M2 markers Arg-1 and CD163 are not differentially
expressed in canine M1 and M2 macrophages (9, 10). However, canine M2 macrophages

have a high expression of CD206 and FceRI compared to M1.

In humans and mice, TAMs have a predominantly M2-skewed phenotype, meaning they are
anti-inflammatory and tumor-permissive (3, 12). Most TAMs express the M2-associated
markers CD163 and CD206, secret anti-inflammatory cytokines such as IL-10, PGE2, and
TGF-B, and express checkpoint ligands such as PD-L1, CD80/CD86, FasL., and TRAIL (3,
12). They can produce arginase-1 (Arg-1) and chemokines CCLS5, CCL20, and CCL22,
which inhibit T cell-mediated antitumor responses and result in Treg-recruitment. TAMSs can

exhibit characteristics of both M1 and M2 macrophages, and single-cell RNA-Seq of tumors
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has shown TAMs cannot be classified within the M1/M2 dichotomy (12, 13, 14). Monteiro et
al. showed that TAMs of malignant canine mammary carcinomas (MC) were almost
exclusively CD206", supporting the notion that most canine TAMs are also M2-skewed in

vivo (15).

Preclinical murine cancer models are instrumental in exploring mechanistic aspects of cancer
development and progression. However, they have limited translational value when assessing
new cancer drugs, as they have a poor success rate when moving into the clinic (16). Dogs
with cancer are excellent models for human cancer, especially the highly malignant
osteosarcoma (OS) (17, 18, 19). Dogs develop cancer naturally, are immunocompetent, live
in the same environments as humans, and have an educated microbiome and immune system.
Most importantly, their tumors develop within a host with the same genetic makeup, meaning

there is a natural interaction between the cancer cells and the TME.

Despite being excellent cancer models, our knowledge about the interactions in TME in dogs
is limited. This study therefore aimed to characterize in vitro-generated canine tumor-
conditioned macrophages (TCM®) and provide a new in vitro model system to study canine
TAMs. We wanted to compare their expression of phenotypical markers and transcriptomic
profiles with M1 and M2 macrophages. These results may provide tools for further research

into canine TAMs, shed light on their role in cancer, and identify new therapeutic targets.

Methods
Study population

Blood from six healthy dogs was collected for peripheral blood monocyte isolation and
macrophage cultivation. Dogs were recruited from the Veterinary Teaching Hospital at the
Norwegian University of Life Sciences (As, Norway). A complete medical history was
recorded, and each dog underwent a clinical examination and had a hematology and
biochemistry panel, including C-reactive protein, analyzed. The blood for monocyte isolation
(10 mL) was collected in ethylenediamine tetraacetic acid (EDTA) coated tubes. Dogs
included in the study had to have a body weight of >10kg and be clinically healthy. Dogs
were excluded if they had clinical signs or laboratory findings indicative of systemic
inflammatory disease, infections, allergies, or neoplastic disease. Dogs with a previous

history of neoplasia or allergy were also excluded. Dogs receiving treatment with
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immunomodulating drugs (glucocorticoids, chemotherapy, antipruritic drugs) were also
excluded. Relevant clinical characteristics and leukocyte counts of the included dogs are
summarized in Table 1. The dog owners had to sign a written consent form before inclusion
in the study. Ethical approval was granted by the Norwegian Food Safety Authority (FOTS id
nr. 24314).

Generation of tumor conditioned media

The osteosarcoma cell lines D17 and KTOSAS and the mammary carcinoma line REM134
were kindly gifted from Dr. D. Argyle, University of Edinburgh. D17 and REM134 were
maintained in Minimum Essential Medium (MEM) with GlutaMAX™ supplementation
(Gibco), and KTOSA in Dulbecco’s Modified Eagle Medium (DMEM) with GluaMAX™
supplementation (Gibco), all supplemented with 10% fetal bovine serum (FBS) (Gibco) and
1% penicillin/streptomycin (P/S) (Gibco) (20, 21). Tumor-conditioned media (TCM) was
generated by culturing the three cell lines in RPMI-1640 with GlutaMAX™ (Gibco),
supplemented with 10% FBS and 1% P/S until reaching 70-80% confluence (Fig. 1a). Then,
the medium was completely removed, and fresh medium was added and incubated for
another 24 hours. The TCM was harvested and centrifuged at 1,200xg for 10 minutes to
remove remaining cells and debris, then stored at -80°C until further use. Cell lines were
maintained in standard culture conditions (5% CO2 and 37°C) and inspected daily, with

media change every 2-3 days.

Isolation of peripheral blood monocytes

The general steps of monocyte isolation are summarized in Fig. 1b. Peripheral blood
mononuclear cells (PBMCs) were isolated from EDTA blood samples using density gradient
centrifugation as performed by Heinrich et al. with several modifications (9). Briefly, the
blood was diluted 1:2 in dPBS (Gibco) containing 2% FBS and 1% P/S, then transferred to a
SepMate™ tube (StemCell Technologies) containing 15 mL of room-tempered Lymphoprep
(1.077 g/mL; StemCell Technologies) and centrifuged for 10 minutes, 1,200xg at 20°C.
PBMCs were harvested by pouring the top layer off the SepMate' ™ tube, then washed twice
using dPBS containing 2% FBS and 1% P/S, followed by centrifugation for 10 minutes,
400xg at 20°C. The remaining red blood cells were lysed using cold (4°C) distilled water for
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30 seconds. Monocytes were isolated from PBMCs using MACS CDI14 MicroBeads (130-
050-201, Miltenyi Biotec), MACS LS columns (Miltenyi Biotec), and MidiMACS™
separator (Miltenyi Biotec) according to the manufacturer’s instructions. Briefly, PBMCs
were resuspended in 80 pL MACS buffer (dPBS containing 0.5% bovine serum albumin
(BSA) and 2mM EDTA) per 107 cells and incubated with 20 pL MACS CD14 MicroBeads
per 10 cells for 15 minutes on ice. The mix was then washed with MACS buffer, centrifuged
at 300x g for 10 minutes, and resuspended in 500 pL. MACS buffer. The cells were strained
thru a 70 um cell strainer (Falcon), then transferred onto a pre-rinsed MACS LS column
placed in the MidiMACS™ separator. The column was then washed three times with MACS
buffer. The flow thru was discarded, and CD14" cells were collected from the MACS LS
column and washed twice with dPBS containing 2% FBS and 1% P/S, followed by
centrifugation for 10 minutes, 400xg at 20°C. Monocytes were resuspended in RPMI-1640
with GlutaMAX™ containing 10% FBS and 1 % P/S (complete medium).

Generation of macrophages and polarization

Peripheral blood monocytes were seeded onto 12-well Nunc™ Multidishes with UpCell™
Surface (Thermo Fisher Scientific) at 5 x 10° cells per well in 1.2 mL medium. Monocytes
were cultured over seven days to generate and polarize monocyte-derived macrophages. Cells
were grown in complete medium with various hematopoietic growth factors, interleukins, and
TCM to generate five different macrophage phenotypes (Fig. 1¢). M1 and M2 macrophages
were differentiated according to the protocol used by Heinrich et al. (9). M1 macrophages
were differentiated over five days with recombinant canine granulocyte-macrophage colony-
stimulating factor (GM-CSF, 5 ng/mL; R&D Systems), followed by stimulation with
lipopolysaccharide (LPS, 100ng/mL; Escherichia coli O55:B5, Sigma-Aldrich), recombinant
canine interferon-gamma (INFy, 20 ng/mL; R&D Systems) and GM-CSF for two days. M2
macrophages were differentiated over five days with recombinant human macrophage
colony-stimulating factor (M-CSF, 25 ng/mL; PeproTech), followed by stimulation with
recombinant canine interleukin 4 (IL-4, 20 ng/mL; R&D Systems) and M-CSF for two days.
The three TCM® populations (TAM(D17), TAM(KTOSAS), and TAM(REM134)) were
generated using M-CSF (25 ng/mL) and TCM (1:1 with complete medium) over seven days.
Half of the culture medium was replaced every 2-3 days, along with fresh growth factors.

Cells were cultured under standard conditions (5% CO2, 37°C) and inspected daily.
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Staining and flow cytometry analysis

After seven days of culture, the medium was removed, and the wells were washed with dPBS
for 30 seconds to remove any dead cells and debris. The wells were then filled with 1.2 mL
complete medium and placed at room temperature for 30 minutes to detach the cells from the
temperature-responsive surface. Cells were harvested by gently repeated pipetting and
transferred to separate tubes. After harvesting, 1 x10” cells per condition were transferred to a
96-well u-bottom plate for staining. First, dead cells were stained using the LIVE/DEAD™
fixable yellow staining kit (Invitrogen) according to the manufacturer’s instructions. Briefly,
1 L of LIVE/DEAD dye stock solution was diluted 1:500 in dPBS containing 2mM EDTA,
and cells were incubated with the dye for 10 minutes on ice. Cells were washed with dPBS
containing 2mM EDTA, then centrifuged at 800xg for one minute at 4°C. Cells were
incubated with canine Fc-receptor binding inhibitor (Invitrogen), SuL per reaction diluted in
flow buffer (dPBS containing 0.5% BSA and 0.005% sodium azide) for 20 minutes on ice to
inhibit unspecific antibody binding. Cells were stained with fluorochrome-conjugated
antibodies for 20 minutes on ice in the dark. The following antibodies to were used to label
the macrophages: Pacific blue anti-CD14 1:100 (clone TUK4, MCA1568PB, BioRad), FITC
anti-LYVE-1 1:50 (polyclonal, NB100-725F, Novus Biologicals), APC anti-CD11d 1:50
(clone CA11.8H2, NB100-65292APC, Novus Biologicals), Pacific blue anti-FceRI 1:50
(clone MAR-1, 134314, Nordic BioSite), PE/Cy7 anti-CD206 1:50 (clone 15-2, 321120,
Nordic BioSite) and PE-anti-CD209a 1:50 (clone MMD3, 833004, Nordic BioSite). The
purity of macrophages was assessed by anti-CD14 staining (Fig. 1d and le). Fluorescence
minus one (FMO) controls were used to set the gates and control for non-specific binding.
UltraComp eBeads™ (Invitrogen) were used for single staining controls to adjust
compensation. Unstained samples were also included to record autofluorescence. Isotype
controls were run as part of the protocol optimization. After two washing steps with flow
buffer, the cells were fixed using 1x BD FACS™ Lysing Solution (BD Biosciences) for 10
minutes on ice, then washed again with flow buffer before analysis. At least 10,000 gated
events were recorded for each staining using the Gallios flow cytometer (Beckman Coulter),
coupled with the Kaluza G software, and analyzed with Kaluza software v.2.1 (Beckman
Coulter). The A mean fluorescent intensity (MFI) was calculated for each reading by

subtracting the FMO control MFI from the measure MFI of a given population.

153



189

190

191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

210
211
212
213
214
215
216

217

218

RNA sequencing and transcriptomic analysis

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. After removing the medium from the wells, the cells were rinsed with dPBS for
30 seconds. Cells were lysed directly in the wells using 350 uL buffer RLT containing
40mM/mL dithiothreitol. The cell lysate was homogenized using QIAshredder spin columns
(Qiagen) and centrifuged at max speed for 2 minutes. One volume of 70% ethanol was added
to the lysate before being transferred to an RNeasy spin column. After 15 seconds of
centrifugation at >8,000xg, the flowthrough was discarded, and the column was washed with
350 pL buffer RW1 and centrifugation at >8,000xg for 15 seconds. On-column DNA
digestion was done by adding 80 uL. DNase 1 onto the column for 15 minutes at room
temperature before being washed with 350 pL buffer RW1 and centrifugation at >8,000xg for
15 seconds. The column was washed twice with buffer RPE, then dried out by centrifugation
at full speed for two minutes. Total RNA was then eluted into a new tube using 30 pL of
RNAse-free water by centrifugation at >8,000xg for 15 seconds. RNA integrity was assessed
using the Agilent 2200 Tape station system (Agilent) coupled with the 2200 TapeStation
Controller Software. Library prep and sequencing were performed at a commercial laboratory
(The Norwegian Sequencing Centre, Oslo). Briefly, cDNA libraries were generated using the
TruSeq stranded mRNA prep kit (Illumina) according to the manufacturer’s instructions.
Samples were sequenced on the NovaSeq 6000 (Illumina) using a NovaSeq 6000 SP flow cell

(Ilumina) with resulting 100bp single-end reads.

Raw RNA sequences were assessed for quality using FastQC v.0.11.9. Low-quality regions
were removed, and adapters were trimmed using Trimmomatic v.0.39. High-quality reads
were mapped using Kallisto v.0.44.0 using reference transcriptome ROS_Cfam_1.0
(GCA_014441545.1) with a k-mer length of 31 (Broad Institute, Cambridge, MA, released
June 2021; downloaded from Ensemble release 105). Ditferentially expressed gene (DEG)
analysis was performed using Degust v.4.1.1 and R v.4.2.2 to compare gene expression

between conditions.

Statistical analysis
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All statistical analyses for flow cytometry data were performed using JMP pro 15.1.0 (SAS
Institute Inc., Cary, NC). Groups were compared using one-way ANOV A, with post hoc
testing using Tukey tests for comparison between groups. Differentially expressed gene
(DEG) analysis was performed using Degust v.4.1.1 and R v.4.2.2 to compare gene

expression between conditions. The significance level was set at P=.05.

Results

Canine tumor conditioned macrophages have a heterogenous morphological

appearance

After seven days of culture, M1 and M2 macrophages displayed different morphological
characteristics (Fig. 2), as previously described by Heinrich et al. (9). M1 macrophages were
dominated by amoeboid cells with protruding fibrillary cytoplasmatic processes, with low
numbers of small round cells. There were some spindeloid cells, but these were rare, and no
large flat cells were visible. In M2 macrophage cultures, there were primarily amoeboid,

spindeloid, and large flat cells in equal numbers and low numbers of small round cells.

For the OS-conditioned macrophages, TAM(D17) and TAM(KTOSAS), cells showed a
heterogenous morphology comparable to M2 macrophages (Fig. 2). There were primarily
amoeboid, spindeloid, and large flat cells, with low numbers of small round cells. MC-
conditioned macrophages, TAM(REM134), showed a mixed morphology between M1 and
M2 macrophages. There were moderate to high numbers of amoeboid cells, low numbers of

spindeloid and large flat cells, and low numbers of small round cells.

Canine M2 macrophages have a higher expression of CD206, FceRI, CD209, CD11d
and LYVE-1 compared to M1 macrophages

To assess the validity of the M2 markers in dogs, we compared the AMFI of canine
monocyte-derived M1 and M2 macrophages for all markers (Fig. 3). For CD206 and FceRI,
the AMFI was significantly higher for M2 macrophages compared to M1 macrophages
(P<.0001 and P=.0011, respectively). This is in line with previous findings from Heinrich et
al. and Hermann et al. (9, 10). Furthermore, the AMFI for CD209, CD11d, and Lymphatic
Vessel Endothelial Receptor-1 (LYVE-1) were also significantly higher for M2 macrophages,
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compared to M1 macrophages (P=.0002, P<.0001, and P=.0022, respectively). The mean

AMFIs for each marker are summarized in Table 2.

Canine tumor conditioned macrophages have an increased expression of the M2

markers CD209 and FceRI

Both OS-conditioned macrophages TAM(D17) and TAM(KTOSAS) and MC-conditioned
macrophages TAM(REM134) had a high expression of CD209 and FceRI (Fig. 4a). The
AMFI for CD209 was significantly higher for TAM(DI17), TAM(KTOSAS) and
TAM(REM134) than for M1 macrophages (P<.0001, P<.0001, and P=.0002, respectively).
However, AMFI for CD209 was not significantly different between the TCM® and the M2
macrophages. Similarly, the AMFI for FceRI was significantly higher for TAM(D17),
TAM(KTOSAS) and TAM(REM134) compared to the M1 macrophages (P<.0001, P<.0001,
and P=.0003, respectively). Again, AMFI for FceRI was not significantly different between
the TCM® and M2 macrophages. The mean AMFIs for each marker are summarized in Table
2.

Canine osteosarcoma conditioned macrophages have an intermediately high expression

of CD11d, CD206 and a high expression of LYVE-1

Both TAM(D17) and TAM(KTOSAS) macrophages had an intermediately high expression of
CD11d (Fig. 4b). The AMFI for CD11d was significantly higher for TAM(D17) and
TAM(KTOSAS) than for M1 (P=.0016 and P=.0039 respectively) but significantly lower
than for M2 (P=.0051 and P=.0021, respectively).

Similarly, TAM(KTOSAS) and TAM(D17) had an intermediately high expression of CD206
(Fig. 4b). However, the AMFI for CD206 was only significantly higher for TAM(KTOSAS)
when compared to M1 (P=.0397), whereas TAM(D17) did not reach statistical significance
(P=.055). Both TAM(D17) and TAM(KTOSAS5) had a significantly lower AMFI for CD206
than M2 macrophages (P=.0002 and P=.0002, respectively).

Only TAM(KTOSAS) had an increased expression of LYVE-1, which was significantly
higher than for the M1 macrophages (P=.0292) (Fig. 4b). The AMFI for LYVE-1 in
TAM(D17) was not significantly different from M1 macrophages (P=.2295). AMFI for
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LYVE-1 was not significantly different between either TAM(D17) or TAM(KTOSAS)
compared to the M2 macrophages. The mean AMFIs for each marker are summarized in

Table 2.

Transcriptomic analysis of in vitro generated macrophages

In the multidimensional scaling (MDS) plot, the transcriptomes of all TCM® clustered
together, while M1 and M2 macrophages each formed separate clusters (Fig. 5). After
controlling for false discovery rates (FDR, P<.05), there were 423 differentially expressed
genes with a log, fold change > 2 between groups (see supplementary file). In TCM®,

EXINY EEINI3]

pathways associated with “apoptosis”, “inflammation of lung”, “inflammation of body
cavity”, “inflammation of organs”, and “immune-mediated inflammation” were upregulated
(Fig. 6). Pathways associated with “differentiation of Th2 cells”, “response to antigen
presentation”, “fatty acid metabolism”, and “activation of myeloid cells” were downregulated
in TCM®. In the DEG analysis, the M1-associated pro-inflammatory cytokines TNFa, 1L 1a,
IL6, IL15, IL27, and IL34 were downregulated in TCM®. Similarly, the M1-associated
chemokines CCL4, CCL5, and CCL22 were downregulated in TCM®. The M2-associated
cytokines and chemokines TGF-, CCL23, and MMP9 were upregulated in TCM®.
Additionally, SIO0AS8, SI00A9, SI00A13, a4 integrin, and CTLA-4 receptor CD86 were
upregulated in TCM® compared to M1 and M2 macrophages. An overview of the top 50

differentially expressed genes can be seen in Table 3.

FceRI and CD209 were upregulated in TCM® and M2 vs. M1 as measured on flow
cytometry. On the other hand, CD11d, CD206, and LY VE-1 were not upregulated in TCM®.
The surface receptors CD36, CD163, and CD204 were upregulated in TCM® and M2 vs.
M1, while TREM2 and MARCO were upregulated in TCM® vs. M1 and M2.

Discussion

Despite the increasing interest in TAMs and their role in the TME in humans, TAMs in
canine cancers remain poorly characterized. Here, we show that canine in vitro-generated
TAMs have a high expression of several M2-associated markers, such as CD209 and FceRlI,
as well as CD11d and CD206 for the osteosarcoma-conditioned TAMs. We also identified

several new M2-associated canine macrophage markers. Previous work from Herman et al.
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and Heinrich et al. showed that CD206 and FceRI were highly expressed in canine M2
macrophages (9, 10). We additionally showed that CD209, CD11d, and LY VE-1 expression

was higher among canine M2 macrophages than M1.

The dendritic cell-specific C-type lectin (DC-SIGN), or CD209, was initially described as a
surface receptor on dendritic cells (DC) (22). M2 macrophages, in vitro-generated TCM®,
and TAMs in several human tumors, such as breast cancer and OS, also have a high CD209
expression (23, 24, 25, 26, 27). We found that canine TCM® exhibited similar CD209
expression to M2 macrophages on flow cytometry and at the transcriptomic level. The high-
affinity IgE receptor FceRI was also similarly expressed among the TCM® and the M2
macrophages. The expression of FceRI on different macrophage subsets is poorly
characterized in humans, but as in dogs, human in vitro-generated monocyte-derived M2

macrophages have an increased FceRI expression (10, 28).

The mannose receptor CD206 is a well-established M2 marker in humans and mice, and most
TAMs express it (12, 29, 30, 31). Similarly, CD206 expression is high in canine in vitro-
generated M2 macrophages, and virtually all TAMs in dogs with malignant mammary tumors
express CD206 (9, 15). We found that osteosarcoma-conditioned macrophages had an
intermediately high expression of CD206, which was significantly higher than in M1 yet
lower than in M2 macrophages. The mammary carcinoma-conditioned macrophages did not
show the same pattern and had a CD206 expression similar to M1 macrophages. On the
transcriptomic level, CD206 was not significantly upregulated in TCM®. The expression of
CD11d was immediately high among the osteosarcoma-conditioned macrophages but not in
mammary carcinoma-conditioned macrophages. CD11d was not upregulated in either M2
macrophages or TCM® on RNA-seq. CD11d is a B2-integrin expressed on a subset of bone
marrow macrophages, splenic red pulp macrophages, and lymph node medullary
macrophages, as well as a subset of CD8" lymphocytes in dogs (32). The expression of
CD11d by different macrophage phenotypes is poorly characterized. In mice, M1
macrophages express a higher level of CD11d than M2 macrophages and macrophages within
atherosclerotic lesions express CD11d (33). However, most macrophages within
atherosclerotic lesions also express CD206, usually associated with M2 macrophages, further

showing the poor overlap between in vivo phenotypes and in vitro M1/M2 macrophages (34).
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Furthermore, CD1 1d expression in normal tissues varies between humans, mice, and dogs,
suggesting differences in its biological functions (32, 35). Although LY VE-1 expression was
higher in M2 macrophages than in M1, the expression on TCM® was more variable both on
flow cytometry and RNA-seq. In murine models, tissue-resident macrophages expressing
M2-associated markers (CD163 and CD206) also express LYVE-1 (36, 37). Furthermore, in
vitro-generated murine M2 macrophages have a high expression of LYVE-1, and so do

TAMs in melanoma (38, 39).

In addition to the surface markers evaluated by flow cytometry, CD36, CD163, and CD204
transcripts were upregulated in M2 and TCM®, compared to M1 macrophages. CD36 is
upregulated in several human cancers, highly expressed by TAMs, and participates in tumor
growth regulation, metastasis, and drug resistance through several mechanisms (40). CD163
is a well-established M2 marker in humans and is highly expressed by human TAMs and
similarly by TAMs in canine melanoma (6, 41). CD204 is also highly expressed in human
M2-like TAMs in several types of cancers and canine melanoma and osteosarcoma (41, 42,
43, 44, 45). Triggering-Receptor-Expressed on Myeloid cells 2 (TREM2) is a marker for
immunosuppressive Arg-1 positive TAMs and tumor-infiltrating monocytes but not for Arg-1
negative myeloid cells within tumor tissues (46, 47). Similarly, macrophage receptor with
collagenous structure (MARCO) is highly expressed by human immunosuppressive TAMs
and TCM® (48). TREM2 and MARCO were both upregulated in our TCM® compared to
M1 and M2 macrophages.

The immunosuppressive cytokine TGF-B was upregulated in M2 and TCM® compared to
M1. TGF-B can inhibit CD8" and CD4" T-cell functions and induce and recruit Tregs that can
inhibit effector T-cells. Furthermore, CCL23 was upregulated in TCM®, which can induce
exhausted T-cell phenotypes with a high expression of immune checkpoint proteins (CTLA-
4, PD-1, TIGIT, TIM-3, and LAG-3) and cancer cell migration in ovarian cancer (49). The
CTLA-4 ligand CD86 was also upregulated in TCM®, which can inhibit cytotoxic T-cell
functions (50). Additionally, MMP9 was upregulated in TCM® as well as in M2
macrophages. MMP9 can modify cell-to-cell junctions, disrupt basal membranes, and
promotes cancer cell migration, invasion, and metastasis (6). Lastly, the o4 integrin was
upregulated in TCM® compared to M1 and M2 macrophages, which in murine models can

promote survival and extravasation of tumor cells (51).
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The M1-associated pro-inflammatory interleukins and chemokines were downregulated in
TCM® and M2 macrophages. In humans, TNFo, IL1b, IL6, and several pro-inflammatory
chemokines are produced by TAMs and contribute to angiogenesis, tumor cell migration,
invasion metastasis, and immunosuppression (6). However, the pro-inflammatory mediators
S100A8 and S100A9 were upregulated in TCM® compared to M1 and M2 macrophages.
Both can promote tumor invasion and migration and are central in pre-metastatic niche
formation (6, 52). Canine TCM® generally exhibited more M2-skewed phenotypes than in

vive TAMs in humans, which have a heterogeneous specter of polarization.

Despite the guidelines introduced by Murray et al. in 2014, the old M1/M2 classification is
still widely used in the literature (11). Phenotypically, there is a significant overlap between
in vitro generated classically (M1, LPS+IFN-y) activated macrophages and in vivo M1
macrophages (3). However, there is limited overlap between in vivo M2 and in

vitro alternatively (M2, IL-4) activated macrophages. This M1/M2 dichotomy represents only
two extremes of a complex and dynamic spectrum of macrophage polarization (11, 53). In
vitro studies should therefore be interpreted carefully, and results validated in an in situ or in

vivo setting.

When performing in vitro macrophage research, the experimental setup can significantly
impact the study outcomes. Firstly, the starting material for generating macrophages can
result in differences in phenotypical and functional traits (11). Macrophage-monocyte cell
lines, such as the human THP-1 or SC lines, showed significant deviations in surface marker
expression and cytokine production compared to monocyte-derived macrophages (54).
Similarly, canine histiocytic cell line DH82-derived macrophages have different phenotypical
surface marker expression and cytokine production than monocyte-derived macrophages
(10). Macrophages can also be generated from bone marrow-derived cells and induced
pluripotent stem cells (iPSCs) (55, 56). Phenotypically and functionally, these cells are more
similar to monocyte-derived macrophages than cell line-derived macrophages, although they
exhibit some transcriptomic and functional differences. However, bone marrow and iPSC-
derived macrophages require more invasive sampling and are considerably more time-
consuming and costly to generate than monocyte-derived macrophages. Despite the technical
challenges and high cost, iPSC-derived macrophages have some benefits. They are

transcriptomically similar to tissue-resident macrophages, can easily be genetically
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manipulated, and expand in vitro (55). We chose to use blood-derived monocytes since they
are readily obtainable from healthy dogs and more representative of in vive macrophages than
cell line-derived macrophages. Furthermore, many TAMs are monocyte-derived, which

supports their use for modeling TAMs in vitro (12).

Monocyte isolation technique can also impact the phenotype of the resulting macrophages
(57). Plastic adhesion results in M1-skewing of macrophages, while negative selection results
in M2-skewing. Positive selection using CD14" paramagnetic beads interferes the least with
macrophage phenotype and results in higher monocyte purity. We used positive selection in
our study, while previous studies on canine monocyte-derived macrophages have used plastic
adhesion (9, 10). Detachment methods can also impact phenotypical surface markers on
macrophages (58). Enzymatic detachment methods such as trypsin or Accutase™™ can result
in cleavage and loss of M2-associated surface markers and phagocytic capabilities. We used
thermo-responsive surface plastic, which permits gentle detachment of macrophages and high
viability compared to mechanical cell detachment. Thermo-responsive plastic interferes little
with macrophage phenotypes and functionality (59). Despite the benefits of thermo-
responsive plastic, it results in rapid morphological changes in macrophages when taken out
of the incubator. Previously, canine monocyte-derived macrophages displayed distinctive
morphological characteristics depending on phenotype (9, 10). Although we observed similar
morphological differences, we were not able to image and quantify morphological differences
before the morphology of the cells changed due to falling temperatures. Finally, we applied
an Fc-blocker, which prevents the unspecific binding of antibodies to Fc-receptors expressing
cells, such as macrophages (60). Including Fc-blockers, or species-specific IgG or serum, can

impact results and should be used when assessing macrophages.

Previous studies of in vitro-generated TAMs in humans have used similar differentiation
protocols as we used. Most studies combine TCM with M-CSF (61, 62, 63). Since the
differentiation of monocytes into macrophages is driven mainly by M-CSF within tumor
tissues, and only a few examined human cancer cell lines (2/16) secrete M-CSF in vitro, it is
essential to add it to ensure that they differentiate (61). Other cytokines, such as IL.-4 and IL-
10, have also been combined with M-SCF and TCM to generate macrophages more similar to

TAMSs (62). We chose to use TCM and M-CSF in our study, as we wanted to assess the effect
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of tumor cells on macrophage phenotype, and adding IL-4 and IL-10 would induce an M2
phenotype regardless of the effects of TCM. Our results may also provide new markers to
study pre-metastatic niche formation in dogs since future sites of metastatic dissemination are
conditioned by secreted factors and extracellular vesicles, which are also present in the TCM

(52, 64).

In conclusion, canine in vitro generated TCM® express several M2-associated surface
markers, such as CD209, FceRI, and in some cases, CD206 and CD11d. The M2-associated
markers CD36, CD163, and CD204 were also transcriptomically upregulated in TCM®.
Furthermore, TREM2 and MARCO were transcriptomically upregulated in TCM® compared
to M1 and M2 macrophages. Additionally, M1-associated cytokines and chemokines were
downregulated in TCM®, while some M2-associated ones, such as TGF-B, CCL23, and
MMP9, were upregulated. These results suggest that canine in vitro-generated TAMs express
many of the same phenotypical markers and share several immunological functions with
human TAMs. Given the high translational value of dogs with cancer, they may represent

excellent models to assess TAM-repolarizing drugs.
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Table 1 Overview of clinical characteristics, white blood cell and monocyte counts of the
dogs used to isolate blood monocytes and generate macrophages in vitro.

Dognr Age Sex breed Body Neutered White Monocyte
(years) weight (kg) (Y/N) blood cell  count/L
count/L
1 7 F  English 19.2 N 5.7x10°  0.3x10°
setter
2 1 F English 16.3 N 9.6 x10° 0.4 x10°
setter
3 2 F  Labrador 22.8 Y 8.7 x10° 0.2 x10°
retriever
4 4 F  Labrador 28.1 Y 7.1 x10° 0.3 x10°
retriever
5 8 M  Labrador 25.4 N 5.8 x10° 0.2 x10°
retriever
6 1 M  Labrador 28.5 N 9.0 x10° 0.5 x10°
retriever
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Table 2 Overview of the mean A median fluorescent intensity (A MFI, measured MFI

minus fluorescence minus one (FMO) FMI) for the five different macrophage phenotypes
M1, M2, TAM(D17), TAM(KTOSAS), and TAM(REM134)) for each surface marker as

measured by flow cytometry.

Phenotype AMFI AMFI AMFI AMFI AMFI
CD209a FceRI CDl11d CD206 LYVE-1
M1 60140 45209 4893 9607 10048
M2 87375 59330 16104 45473 14056
TAM(D17) 93620 65574 10831 21965 12024
TAM(KTOSAS) 92278 63170 10322 22631 13002
TAM(REM134) 86788 61307 7190 8159 9064
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Table 3 Overview of the top 50 differentially expressed genes between the five different
macrophage phenotypes (M1, M2, TAM(D17), TAM(KTOSAS), and TAM(REM134).
Values are shown in log2 fold change.

Gene name Gene id M1 M2 TAMMD17) TAM(KTOSAS) TAM(REM134) P value

TGFB2 00845049765.1  -0,839 3,032 -0,826 -0,885 -0,483 4,55E-10
IL13RA2 00845029028.1  -2,143 4,569 -0,682 -1,339 -0,405 1,14E-09
NHLHI 00845054095.1  -0,583 2,389 -0,598 -0,582 -0,626 7,69E-09
HEYL 00845020794.1 2,890 -0,258 -0,973 -0,823 -0,836 1,09E-08
VTAI 00845019706.1 3,947 -1,455 -0,157 -0,815 -1,520 1,37E-08
SCN4B 00845004942.1  -0,684 2,488 -0,492 -0,601 -0,711 1,77E-08
LPGATI1 00845006230.1 1,422 -0,685 -0,352 -0,201 -0,184 2,99E-08
WARSI 008450077631 2,434 -0,037 -0,901 -0,904 -0,593 4,54E-08
CALDI 00845017561.1  -1,501 3,837 -0,900 -0,850 -0,587 3,74E-08
STEAP2 00845019734.1  -2,468 0,732 0,527 0,313 0,896 4,35E-08
LOC480601 00845015842.1  -2,172 2,752 -0,335 -0,133 -0,113 7,12E-08
CALDI 00845017611.1  -0,665 2,413 -0,529 -0,758 -0,461 7,00E-08
CCL17 00845005907.1 0,900 6,599 -2,051 -2,167 -3,282 1,28E-07
EVI2B 00845025541.1  -2,599 0,571 0,638 0,775 0,616 1,82E-07
IL13RA2 00845028771.1  -0,832 2,934 -1,011 -0,411 -0,680 2,25E-07
TFEC 00845011203.1 2,609 -0,621 -0,658 -0,643 -0,687 2,73E-07
GALRI 00845000409.1  -1,725 3,041 -0,441 -0,594 -0,281 2,97E-07
C3 00845018110.1 1,270 3,362 -1,683 -1,402 -1,548 3,43E-07
PIK3CG 00845047153.1  -0,612 1,374 -0,324 -0,339 -0,099 3,34E-07
CHI3L1 00845025239.1 2,260 -1,377 -0,147 0,248 -0,984 4,14E-07
PTGES 00845041265.1 2,784 -3,353 0,161 -1,440 1,848 4,65E-07
ARHGAP35 00845005376.1  -2,198  -0,149 0,857 0,841 0,650 5,27E-07
LAPTMS 00845013024.1  -1,039  -0,131 0,439 0,426 0,305 5,55E-07
SLC24A3 00845051965.1 2,572 -0,998 -0,463 -0,338 -0,772 5,84E-07
ST7 00845014923.1 1,148 -1,657 0,223 0,082 0,204 6,32E-07
TIMMDCI1  00845029675.1  -2,162 1,716 0,908 0,823 -1,285 6,25E-07
EPHX2 00845020014.1 2,414 -0,751 -0,534 -0,668 -0,461 6,73E-07
DIXDC1 00845003169.1 2,042 0,327 -1,495 -0,745 -0,129 7,75E-07
LOC608975 00845027160.1 1,315 -2,727 0,465 0,427 0,520 8,82E-07
YEATS4 00845030877.1 1,456 -0,318 -1,722 0,004 0,579 9,23E-07
TEK 00845031961.1  -2,127  -1,593 1,353 1,448 0,918 8,43E-07
ASGR2 00845032057.1  -0,352 1,644 -0,426 -0,411 -0,455 8,97E-07
OCSTAMP  00845034148.1  -1,022 2,220 -0,162 -0,511 -0,525 9,21E-07
GLUL 00845007242.1 2,037 -0,895 -0,407 -0,229 -0,507 9,62E-07
C170rf99 00845026656.1 2,095 3,417 -1,858 -1,691 -1,963 9,83E-07
CXCR2 00845046624.1  -0,941 2,574 -0,491 -0,548 -0,595 1,14E-06
SLC45A3 00845047974.1  -1,056 2,000 -0,312 -0,321 -0,311 1,16E-06
TMEMI150C 00845034122.1 3,227 -1,123 -0,769 -0,258 -1,077 1,27E-06
C3 00845017821.1 0,750 2,802 -1,018 -1,414 -1,120 1,4E-06
CRIL 00845004111.1 2,809 0,523 -1,613 -0,611 -1,109 1,52E-06
ACVRI1B 00845048330.1  -0,369  -1,284 0,539 0,415 0,698 1,72E-06
1L34 00845009386.1 3,734 -0,874 -1,066 -0,988 -0,806 1,99E-06
OMG 00845025558.1  -2,242 0,695 0,496 0,608 0,443 2,02E-06
UST 00845031673.1  -1,169 2,740 -0,821 -0,668 -0,083 2,23E-06
RBP4 00845034407.1  -1,944  -1,079 1,003 0,924 1,096 2,24E-06
DNM1 00845052062.1  -2,716 0,753 0,639 0,777 0,546 2,27E-06
NUPR1 00845004014.1 1,596 -0,317 -0,428 -0,304 -0,546 2,46E-06
FGL2 00845037473.1  -1,886 0,467 0,357 0,469 0,593 3,11E-06
CD180 00845020654.1  -2,860 0,171 0,504 0,928 1,257 3,2E-06
SCGS5 00845055326.1  -1,017 3,015 -0,332 -0,901 -0,766 3,3E-06
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Fig. 1 Schematic representation showing how canine monocyte-derived macrophages
were differentiated in vitro. a) Tumor-conditioned media (TCM) was generated from
three different canine cancer cell lines (D17, KTOSAS, and REM134) by incubating cells
at 70-80% confluence with fresh medium for 24 hours. TCM was then harvested,
centrifuged, and stored at -80°C. b) Peripheral blood mononuclear cells (PBMCs) were
isolated from peripheral blood by density gradient centrifugation. Monocytes were
isolated from PBMCs using CD14* magnetic bead isolation on columns, then seeded on
plates. ¢) Five distinct macrophage populations (M1, M2, TAM(D17), TAM(KTOSAS),
and TAM(REM134)) were generated using different hematopoietic growth factors,
cytokines, and TCM. d) Scatter-plot showing the resulting macrophages after seven days
of differentiation. e) Histogram showing a high purity (>95%) of CD14" cells in the
population gated in d). The blue histogram represents the anti-CD14 (pacific blue)
stained macrophages, and red is the corresponding fluorescence minus one (FMO)

control.
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Fig. 2 Inverted microscopy pictures showing the morphologic appearance of the five
different macrophage populations generated in vitro. Black arrows indicate small round
macrophages, white arrows indicate amoeboid macrophages, black arrowheads indicate

large flat macrophages and white arrowheads indicate spindeloid macrophages.
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Fig. 3 Overlay of histograms showing the expression of five different surface markers
(CD209a, FceRI, CD11d, CD206, and LYVE-1) of M1 (green dotted) and M2 (blue
gridded) macrophages and fluorescence minus one (FMO) controls (red). The A median
fluorescent intensity (A MFI) for all five markers was significantly higher among M2

macrophages than in M1.
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Fig. 4 Cat and whisker plots showing the differences in A median fluorescent intensity (A
MFI, measured MFI minus fluorescence minus one (FMO) FMI) between the five
different macrophage populations (M1, M2, TAM(D17), TAM(KTOSAS), and
TAM(REM134)) for each surface marker. a shows the results for CD209a and FceRI,
while b shows the results for CD11d, CD206, and LY VE-1. Populations with different
letters are significantly different from each other. Statistical testing was performed using
one-way ANOVA followed by post hoc pairwise comparisons using Tukey tests, with P

set at .05.
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Fig. 5 Multidimensional scaling (MDS) plot showing the relation between the

transcriptomes of the five different macrophage populations. M1 (orange, n=3) and M2

(blue, n=3) macrophages form distinct clusters, while the three tumor-conditioned

macrophages (TCM®) populations (TAM(D17), n=3, TAM(KTOSAS), n=3, and

TAM(REM134), n=3) form a third cluster together (red).
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Fig. 6 Pathway analysis showing the 50 most differentially activated pathways between

the five different macrophage populations (M1, M2, TAM(D17), TAM(KTOSAS), and
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Immunological pre-metastatic niche in dogs with naturally occurring osteosarcoma

Mikael Kerboeuf’, Kristin Paaske Anfinsen', Erling Olaf Koppang’, Frode Lingaas’,
David Argyles, John Teigez, Bente Szevik? and Lars Moe'

Institutions: ' Department of Companion Animal Clinical Sciences, Faculty of Veterinary
Medicine, Norwegian University of Life Sciences, 2 Department of Preclinical Sciences and
Pathology, Faculty of Veterinary Medicine, Norwegian University of Life Sciences, *The
Royal (Dick) School of Veterinary Studies and Roslin Institute, University of Edinburgh, *
AniCura Jelgy Small Animal Hospital (Norway).

Abstract

Pre-metastatic niche (PMN) formation is essential for metastatic development and drives
organotropism. Tumor-derived extracellular vesicles and soluble factors remodel the
microenvironment of distant metastatic organs before subsequent metastasis. Dogs with
osteosarcoma (OS) have proven to be excellent disease models for their human companions.
Here we show evidence of PMN formation in dogs with OS before metastasis. The numbers
of CD204"* macrophages, CD206" macrophages and monocytes, and CD11d* bone marrow-
derived cells (BMDCs) are significantly higher in the pre-metastatic lung of dogs with OS
than in control dogs. Similarly, the total nucleated cell density is higher before metastasis
than in healthy lungs. Once metastases are established, the number of CD11d" cells is
significantly lower than in the pre-metastatic lung. Our study provides evidence of PMN
existence in a naturally occurring cancer model similar to those observed in pre-clinical
murine models. Dogs with OS may represent ideal candidates for assessing new PMN-

targeting therapies.
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Introduction

Metastasis is the primary cause of death among cancer patients'>. Different cancers exhibit
specific metastatic patterns, a phenomenon first described by Dr. Steven Paget in his “Seed
and Soil hypothesis”3. Over a century later, the concept of a pre-metastatic niche (PMN) was
introduced by Kaplan et al, offering an underlying mechanism for the apparent
organotropism of metastasis®. Since then, PMN-formation has been described in several
cancers and different metastatic target organs” . The PMN is defined as the metastasis-
supporting microenvironmental changes that occur in a distant target organ before
metastasis’. These microenvironmental changes include angiogenesis and vascular
permeability, lymphangiogenesis, stromal and metabolic reprogramming, inflammation, and
immunosuppression’. The primary tumor releases soluble factors and extracellular vesicles
(EVs) containing proteins, lipids, mnRNA, miRNA, and DNA that remodel the
microenvironment at the metastatic sites™’. Tumor-derived EVs show distinctive
organotropism and induce PMN-formation in organs that subsequently develop metastasis™'*
Metastasis can, to some extent, be blocked when mice are pre-treated with EVs from non-
metastatic tumors before tumor transplantationg’m. The lungs are a common predilection site
for metastasis and have been the focus of many PMN studies. The immunological changes
here are attributed mainly to the recruitment of bone marrow-derived cells (BMDCS)5’7.
Increased numbers of CD11b* BMDCs, myeloid-derived suppressor cells (MDSCs),
VEGFR1* hematopoietic progenitor cells, monocytes, granulocytes, regulatory T-cells
(Tregs), and macrophages have been observed before metastasis’. In addition, NK-cell
dysfunction and a hampered cytotoxic T-cell response have been demonstrated. Despite
findings in murine models, no studies have confirmed that distant PMN occurs in naturally

. . . . L 11
occurring cancers in humans or animals apart from in tumor-draining lymph nodes .

Dogs with naturally occurring osteosarcoma (OS) are considered excellent models for their
human counterparts'*"”. OS is the most common primary bone tumor in humans and dogs,
with remarkably similar clinical, pathological, molecular, and genetic features'>'*'8,
Furthermore, treatment strategies are the same between the two species, and the disease is
more prevalent in dogs than humans. Despite the aggressive nature of OS, with most dogs
(>90%) developing pulmonary metastasis after complete surgical excision of the primary
tumor, only a small proportion of dogs have visible pulmonary metastases (<15%) or

micrometastasis (20% of those without visible metastases) at clinical presentationlg'zz.
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Here, we show that dogs with naturally occurring OS exhibit similar immunological changes
in the lungs before metastasis to those seen in murine PMN models. We provide evidence of
PMN existence in a naturally occurring cancer model. The numbers of CD11d"* bone marrow-
derived myeloid cells, CD204" macrophages, and CD206* macrophages and monocytes are
higher in the pre-metastatic lung of dogs with OS than in controls without cancer. Qur results
suggest that PMN formation occurs in dogs with OS and that they could serve as excellent

models for further studies and as a bridge between pre-clinical models and humans.
Results
Clinical data

A total of 25 dogs were included in the study, euthanized, and necropsied between 2012 and
2022. Fifteen cases were included in the OS+ group, five had macroscopic metastases
(OS+/Met+) (Supplementary Fig. 1b and 1d), and ten did not (OS+/Met-) (Supplementary
Fig 1a and 1c). Ten dogs were included in the control group (OS-/Met-). An overview of
clinical characteristics, cause of euthanasia, and time of sampling are summarized in Table 1.
The mean age of the OS+/Met+, OS+/Met-, and OS-/Met- groups was 6.6 years (CI1 2.6-10.6
years), 6.1 years (CI 4.1-8.1 years), and 4.3 years (CI 2.5-6.1 years) respectively. There were
four (40%) females and six males (60%) in each of the OS+/Met- and OS-/Met- groups, and
three females (60%) and two males (40%) in the OS+/Met+ group. There were no significant

differences in age or sex distribution between groups.

Cases with OS have significantly higher numbers of CD204* and CD206* macrophages

in the lungs before metastases than controls

The mean number of CD204* macrophages in the lungs in the OS+/Met- group (mean 78.6,
CI 46.4-110.7) was significantly higher than in the OS-/Met- group (mean 41.2, CI 28.9-53.5)
(Fig. 3b). However, when normalized to the total number of nucleated cells, the means were
no longer significantly different (P=0.054) (Fig. 3¢). The mean number of CD204" cells was
not significantly different between the OS+/Met+ and the OS+/Met- or the OS-/Met- groups,

nor when normalized to the total number of nucleated cells.

The mean number of CD206" macrophages was significantly higher in the OS+/Met- group
(mean 84.0, C141.3-126.8) than in the OS-/Met- group (mean 38.1, CI 27.2-48.9) (Fig. 4b).
This difference remained significant when normalized to the total number of nucleated cells

(Fig. 4c). The mean number of CD206" cells was not significantly different between the
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OS+/Met+ and the OS+/Met- or the OS-/Met- groups, nor between OS+/Met+ and OS+/Met-
when normalized to the total number of nucleated cells. However, the normalized mean
number of CD206" cells was significantly higher in the OS+/Met+ group than in the OS-
/Met- group (Fig. 4¢).

A subpopulation of CD206" cells did not express CD204. These CD204 CD206" cells’
morphology was consistent with interstitial macrophages or monocytes. All alveolar
macrophages were CD204". The mean number of CD204'CD206" cells was significantly
higher in the OS+/Met- group (mean 14.2, CI 8.6-19.9) than in the OS-/Met- group (mean
4.7, CI 3.4-6.1) (Fig. 5b). This difference remained significant after normalizing to the total
number of nucleated cells (Fig. 5¢). The mean number of CD204 CD206" cells was not
significantly different between the OS+/Met+ and the OS+/Met- groups, nor when
normalized to the total number of nucleated cells. However, the mean number of CD204"
CD206" cells was significantly higher in the OS+/Met+ group than in the OS-/Met- group

(Fig. 5b), also when normalized to the total number of nucleated cells (Fig. 5c).

Cases with OS have significantly higher numbers of CD11d* myeloid cells in the lungs

before metastasis than those with metastases and controls

The mean number of CD11d* myeloid cells in the lungs in the OS+/Met- group (mean 77.5,
C134.7-120.3) was significantly higher than in the OS-/Met- group (mean 19.5, C10.0-41.5)
(Fig. 6b). This was also the case when normalized to the total number of nucleated cells (Fig.
6¢). The mean number of CD11d" cells was also significantly higher in the OS+/Met- group
than in the OS+/Met+ (mean 14.8, CI 0.0-33.0) (Fig. 6b), also when normalized to the total
number of nucleated cells (Fig. 6¢). The number of CD11d" cells was not significantly
different between the OS+/Met+ group and the OS-/Met- group, nor when normalized to the

total number of nucleated cells. CD11d" cells were almost exclusively CD206".

The ratio of CD206"CD204"/CD204" macrophages in the lungs remains unchanged in

OS cases, compared to controls

The ratio of CD206*CD204*/CD204" cells was similar among all three groups. The ratio in
the OS+/Met- group was 0.83 (CI 0.77-0.89), which was not significantly different from the
OS-/Met- group (0.76, CI 0.72-0.84), or the OS+/Met+ group (0.81, CI 0.66-0.96), nor was
there any difference between the OS-/Met- and OS+/Met+ groups. These

CD206°CD204 double-positive cells represented alveolar and interstitial macrophages.
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Some CD204 cells were CD206", but there was no significant difference in the mean number
between the OS+/Met- and OS-/Met- or the OS+/Met+ groups, nor between the OS+/Met+
and OS-/Met- groups. This was the same when normalized to the total number of nucleated

cells.

The total nucleated cell density of the lung tissue is significantly higher in OS cases

before metastasis than in controls

The mean number of total nucleated cells (DAPI” cells) per HPF was significantly higher in
the OS+/Met- group (1106.0, CI 949.1-1263.0) than in the OS-/Met- group (778.1, CI 682.6-
873.6) (Supplementary Fig. 2). There was, however, no significant difference in the mean
number of total nucleated cells between the OS+/Met+ group and the OS+/Met- group or the
OS-/Met- group.

Discussion

Despite many reports of PMN formation in distant metastatic target organs in murine models,
none have reported evidence of its existence in naturally occurring cancer.
Microenvironmental changes compatible with PMN formation have been described in tumor-
draining lymph nodes of patients with malignant cancers such as melanoma, cervical cancer,
breast cancer, lung cancer, and oral squamous carcinomas 228 In the present study, we have
found evidence supporting the existence of a pulmonary PMN in dogs with naturally
occurring OS. Dogs with OS had significantly higher numbers of BMDCs, macrophages, and

monocytes in the pre-metastatic lungs than dogs without cancer.

One of the main challenges when researching PMN in humans is accessing tissues from
metastatic target organs before metastasis occurs. Furthermore, most tissues from human
cancer patients have been exposed to treatments that could interfere with the niche. Results
from pre-clinical research on new cancer drugs in murine models show a poor correlation
with later clinical efficacy in human cancer patients”*’. Our findings are similar to those
reported in murine xenograft OS models of PMN?'. Dogs with cancer may therefore represent
a unique opportunity, as many owners elect euthanasia over treatment due to financial or
ethical reasons or a lack of standardized and effective treatment options. Therefore, many

dogs do not receive treatment for their cancer which could affect the PMN.
Previous studies of pulmonary PMN formation have shown that several types of tumors can
induce the recruitment of different immune cells to the lungs before metastasis™’. One of the
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most striking changes reported is the recruitment of CD11b* BMDCs™. In murine xenograft
models of OS, most CD11b" cells also express Gr-1, suggesting they are either neutrophils or
granulocytic MDSC?'. Additionally, MDSC, VLA-4* BMDCs, VEFFR1* BMDCs,
macrophages, monocytes, and Tregs are recruited to the lungs before metastasis™’. We found
an increased number of CD11d" cells in the pre-metastatic lung of dogs with OS, which are
usually not present in healthy canine lungs*>. These CD11d* BMDCs might also have been
CD11b", but this epitope is destroyed by formalin fixation in canine tissues and could not be
assessed. CD11d" is a p2-integrin first described in dogs and expressed by a subset of canine
bone marrow macrophages, splenic red pulp macrophages, and lymph node medullary
macrophages, as well as a small subset of circulating CD8" lymphocytes**. Canine
granulocytic and dendritic cells do not express CD11d, which suggests these positive cells are
not neutrophils. In humans, most myeloid cells express CD11d, including circulating
monocytes, monocyte-derived macrophages, macrophages, dendritic cells, and neutrophilic
granulocytes™. In addition, leukocytes in the alveoli and alveolar septa express CD11d under
physiologic conditions in humans. Adoptive transfer of MDCS in mice showed that most Gr-
1*CD11b* MDSCs differentiate into F4/80*CD11b* positive macrophages in tumor tissues™".
Therefore, it might not be surprising that many BMDCs expressed CD11d in our cases after

extravasation into the alveolar septa, as it is considered macrophage-specific in dogs.

We also found an increased number of CD204" macrophages in the pre-metastatic lung of
dogs with OS. This is in line with findings from murine models of pancreatic cancer and
salivary cystic carcinoma, where tumor-derived exosomes resulted in increased numbers of
F4/80* macrophages in the liver and the lungs, respectively35'36. CD204 is a scavenger
receptor expressed by tissue-resident and monocyte-derived macrophages in dogs® ™.
Alveolar and interstitial macrophages express CD204 under physiologic conditions®’. The
increased number of CD204" cells reflects an increased total number of macrophages.
Whether this increase is due to the local expansion of tissue-resident macrophages or

recruited monocyte-derived macrophages is unclear.

The mannose receptor CD206 is a useful M2 macrophage phenotypical marker in humans
and mice®*’. It has been well established that tumor-associated macrophages (TAMs) have a
predominantly M2-skewed tumor-permissive phenotype, with high CD206 expression*"**,
Similarly, CD206 is highly expressed in canine M2 macrophages, and most TAMs in dogs
with malignant mammary tumors express CD206**. We found an increased number of
CD206" macrophages in the lungs of dogs with OS, suggesting these macrophages have an

6
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M2-skew phenotype and are immunosuppressive and tumor-permissive. Furthermore, dogs
with OS had a higher number of CD204 CD206" cells, with morphology compatible with
undifferentiated monocytes. This suggests that the increased numbers are partly explained by
monocyte recruitment and not due to the expansion of tissue-resident macrophages alone.
There was, however, no significant difference in the ratio of CD206%/CD204" cells between
groups. As in humans, most alveolar and interstitial macrophages in healthy lungs express
CD206 and are considered M2-skewed under physiologic conditions®. Furthermore, almost

all TAMs in pulmonary metastases were CD206" (Supplementary Fig. 3).

The numbers of positive cells were normalized against the total number of nucleated cells to
account for differences in tissue density between dogs. However, we also found that dogs
with OS had significantly higher numbers of nucleated cells per HPF in the pre-metastatic
lung than controls. The cell density varied more between the groups than between individual
dogs. This increase in tissue density was of such a magnitude that it could not only be
attributed to the increased numbers of CD11d* BMDCs, macrophages, and monocytes alone.
Other leukocyte populations, such as granulocytes and Tregs, or stromal cell populations,

such as fibroblasts, could explain the difference.

Interestingly, we found similar numbers of CD206" and CD204" cells in dogs with OS with
and without established metastases. However, the number of CD11d" BMDCs was
significantly higher among the dogs without metastases than those with established
metastases. These results suggest that the recruitment of CD11d* cells might be a transient

event necessary for metastatic development and ceases once metastases have developed.

Although we did not explore NK cell dysfunction and hampered cytotoxic CD8"* T-cell
responses, M2-skewed macrophages and tumor-conditioned macrophages are known to
interfere with these responses46'48. Similarly, MDSCs in the PMN in mice have been shown
to inhibit anti-tumor T-cell responses by expressing Th2 cytokines and reducing IFN-y
production®®. In addition, MDCSs can inhibit NK-cell mediated cytotoxicity through TGF-,
antigen-presentation by dendritic cells and macrophages through IL-10, and convert effector
T-cells into Tregs™ . Since angiogenesis and vascular leakiness are challenging to study in a
clinical setting in dogs, we could not explore these aspects of PMN formation. However, M2-
skewed macrophages and TAMs secrete vascular endothelial growth factors and matrix
metalloproteinase (MMPs) 1, 9, and 12, which can induce angiogenesis and increase vascular

permeability 7777,
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When examining canine patients with naturally occurring cancer, there is more variation
between cases than when performing controlled pre-clinical laboratory experiments. There is
inter-tumor variation, host differences such as breed, age, and weight, and environmental and
dietary differences. Furthermore, previous diseases or medications could have been missed
during retrospective data collection or due to recollection bias in owners when recording the
medical history. In addition, the dogs were necropsied and sampled at different time points in
their disease progression. The fact that there were significant differences in a relatively small

material supports the concept that PMN formation is a common phenomenon in OS.

Chemotherapy and surgery can influence the number of macrophages and their phenotype in
the lungs™®®'. Many chemotherapeutics will drive macrophages toward an M1 polarization,
while surgery can increase the number of macrophages in the lungs and shift them toward an
M2 polarization. None of the dogs had undergone surgery or received chemotherapy in the

present study and not interfere with our results.

Evidence of PMN formation in dogs with OS supports their use as models to assess PMN-
targeting drugs. The macrophage-repolarizing drug muramyl tripeptide (MTP) significantly
improved survival in dogs with OS after surgical removal of the primary tumor (median
survival time of 222 days vs. 77)%2. MTP can repolarize alveolar macrophages from an M2-
skewed phenotype towards an M1 phenotype in vitro® . These dogs received MTP at a time
point in their disease process where only microscopic disease was present. A potential
explanation for the clinical benefit could be MTP’s ability to reprogram the
immunosuppressive pulmonary PMN. MTP was also later found to improve survival in

human pediatric patients with 0s®,

In conclusion, we found evidence supporting the existence of a PMN in dogs with OS.
Furthermore, this is the first report of PMN in a distant metastatic target organ in an organism
with naturally occurring cancer. Further studies investigating other aspects of pre-metastatic
niche formation in dogs with OS and other highly metastatic cancers are therefore warranted.
Dogs with OS may represent excellent candidates for assessing microenvironmental changes

in metastatic target tissues and new PMN-targeting drugs.
Material and methods

Study population
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The study was conducted as a prospective case series of dogs with OS (OS+) and
retrospectively enrolled control dogs without OS (OS-). Dogs in the OS+ group could be of
any breed, age, and sex and had to have a histopathological diagnosis of OS at an
appendicular site, The dogs in the OS- group were selected retrospectively from the
pathology archives. They could be of any breed, age, and sex and had to have been
euthanized for another reason than cancer. Dogs were excluded from the study if they had
any concurrent or previous neoplastic disease, concurrent systemic inflammatory disease, or
clinically detectable atopic or allergic disease. In addition, dogs were excluded if they had
received chemotherapy, immunomodulating drugs, radiotherapy, immunotherapy, or surgical
treatment for their OS. All included cases were privately owned dogs, and owners had to sign

a written consent form before euthanasia and necropsy.
Necropsy and tissue collection

All included dogs underwent standard necropsy after euthanasia. Organs were examined
macroscopically, and routine tissue samples were collected (liver, kidneys, spleen,
myocardium, and lungs). In addition, tissue samples were collected from any suspected
pathological lesions. Dogs in the OS+ group were divided into those having macroscopic
metastases (OS+/Met+) and those without (OS+/Met-). Formalin-fixed paraffin-embedded
(FFPE) tissues were sectioned, stained with hematoxylin & eosin (H&E), and examined by a
pathologist. Additional tissue samples were collected from the peripheral and central regions
of each lung lobe from dogs in the OS+ groups. One of the peripheral lung samples was
randomly chosen using an online random number generator (www.random.org) for use in this
study. Only one tissue sample from the lungs was available from the OS- dogs and used in

this study, routinely taken from the peripheral areas.
Immunohistochemical labelling

Tissues for immunohistochemical (IHC) labeling were sectioned from the FFPE blocks.
Tissues were sectioned at 4 pm thickness using a microtome, mounted on poly-lysin-coated
slides (SuperFrostTM Plus, Thermo Fisher Scientific, Oslo, Norway), and dried at room
temperature for one hour. The sections were stored at 4°C for up to 14 days until further
staining. IHC labeling was performed using the peroxidase-conjugated immune-polymer
method (EnVision+TM, Dako, Glostrup, Denmark). First, tissue sections were deparaffinized
in xylene and rehydrated through an ethanol gradient using a standard protocol on an

automated slide stainer. Next, heat-induced epitope retrieval was performed in a pressure
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308
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cooker at 110°C for 10 minutes using Diva Decloaked (Biocare Medical, Histolab,
Gothenburg, Sweden). Endogenous peroxidase activity was inhibited by immersing the slides
in a 3% H,0; solution in methanol (4°C) for 10 minutes. The sections were blocked using a
1:50 solution of normal goat serum in 5% bovine serum albumin in tris-buffered saline
(BSA/TBS) for 30 minutes to prevent unspecific labeling. Sections were incubated with
primary antibodies against CD204 (1:100, mouse anti-human, IgG1, clone SRA-ES5,
Abnova), CD206 (1:1600, rabbit anti-human, IgG, polyclonal, Abcam), and CD11d (1:20,
mouse anti-dog, IgG1, clone CA18.3C6, Leukocyte Antigen Laboratory UC Davis), diluted
in 1% BSA/TBS for 60 minutes. The samples were incubated with secondary antibodies,
polymer-HRP anti-mouse or polymer-HRP anti-rabbit (EnVision+™, Dako, Glostrup,
Denmark), for 30 minutes. Immunolabelled tissues were developed using a 3-amino-9-ethyl
carbazole (AEC) substrate chromogen (EnVision+TM, Dako, Glostrup, Denmark) for §-12
minutes and counterstained with Mayer’s hematoxylin. The slides were mounted with
coverslips using a water-soluble mounting medium (Aquatex®, Merck, Darmstadt, Germany)
and left to dry at room temperature overnight. Negative controls were stained using the same
protocol while omitting the primary antibodies. Washing between steps was done by
immersing the slides in three changes of phosphate-buffered saline (PBS) each for 5 minutes
at room temperature. All incubations were done at room temperature in a moisture chamber
on a rotation table. A section containing pulmonary metastases was used as a positive control

for each staining and compared with the immunofluorescent staining (Supplementary Fig. 4).
Immunofluorescent labelling

Tissues for immunofluorescent (IF) labeling were also sectioned from FFPE blocks. IF-
labeled tissues were compared to [HC-labeled tissues to ensure similar labeling. Slides were
sectioned, deparaffinized, and heat-induced epitope retrieval was performed as described
above. The slides were blocked using a 1:50 solution of normal goat serum in 5% BSA/TBS
for 30 minutes. Sections were incubated with the same primary antibodies against CD204
(1:100), CD206 (1:1600), and CD11d (1:50), diluted in immunofluorescent buffer (IFB, PBS
+ 19BSA + 2% fetal bovine serum, filtered thru a 0.2 pum filter) for 60 minutes at room
temperature, in the dark. The samples were incubated with secondary antibodies (1:1000,
Alexa fluor 647 goat anti-mouse IgG1 and Alexa fluor 750 goat anti-rabbit IgG, Thermo
Fisher), diluted in IFB for 60 minutes at room temperature, in the dark. The three last
washing steps were performed by adding DAPI to the wash buffer (1.43 uM, 1:10.000
dilution) for nuclear staining. The slides were mounted with #1.5 coverslips using ProLongTM
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Diamond Antifade mounting media (Thermo Fisher Scientific, Oslo, Norway) and placed at
4°C until image acquisition within one week. Washing between steps was as described
previously using PBS + 0.05% Tween 20. Negative controls were stained using the same
protocol while omitting the primary antibodies. As part of the optimization protocol,
fluorescent minus one (FMO) controls were labeled by omitting one of the primary
antibodies or DAPI to ensure there was no spectral overlap between fluorophores. Single
controls were labeled with only one of the primary antibodies or DAPI. In addition, single
controls were labeled with single secondary antibodies or a mix of secondary antibodies to
ensure there was no cross-reactivity between primary and secondary antibodies. [sotype
controls were also run to ensure there was no unspecific labeling by primary antibodies. A

positive control from healthy splenic tissue was labeled for each staining.
Microscopic and confocal evaluation

IHC labeled slides were evaluated and imaged using a Zeiss AX10 microscope, equipped
with a Zeiss axiocam 506 color camera coupled with Zen pro-2012 (blue edition) image-
acquiring software (Carl Zeiss Microscopy GmbH, Jena, Germany). IF-labeled slides were
imaged using a Leica Stellaris 8 confocal microscope (Leica Microsystems, Wetzlar,
Germany). Ten randomly selected high-power field images (HPF, 200x, equivalent to
0.276mm’) were acquired from each IF-labeled slide, and immunolabeled cells were
automatically quantified using ImageJ 1.51K (National Institute of Health, USA). Briefly,
images were opened in Imagel, converted to 8-bit grayscale, thresholded, inverted, and cells
analyzed using the particle analysis tool (Supplementary Fig. 5). The number of CD204",
CD206%, CD11d", CD204' CD206, CD204"CD206 and CD204"CD206" cells were recorded
and normalized against the total number of nuclei in each field to account for variation in
tissue density. For the DAPI channel, the fluorophore was exited using the 405 nm laser, and
the detector was set to record between 410 and 480 nm. For Alexa fluor 647, the fluorophore
was excited by setting the white laser to 645 nm, while the detector was set to record between
650 and 700 nm. In addition, Tau Gating was set to between 0.5 and 5 ns to remove
unwanted autofluorescence. For Alexa fluor 750, the white laser was set to 685 nm, and the

detector was to record between 750 and 800 nm.
Statistical analysis

All statistical analyses were performed using JMP pro 15.1.0 (SAS Institute Inc., Cary, NC).
The mean number of CD204*, CD206", CD204*CD206°, CD204"CD206*, CD204 CD206%,
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CD11d*, and DAPI positive cells per 10 HPF, as well as the number of positive cells
normalized to the total nucleated cell count (DAPI positive), was compared between groups
using Wilcoxon rank-sum tests for each pair and an unpaired Kruskal-Wallis test. The mean
age was compared between groups using Student t-tests, while sex distribution was compared
using a Chi-square test. P-values <0.05 were considered statistically significant for statistical

testing.
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Table 1 Overview of clinical characteristics and cause of euthanasia based on clinical

records and necropsy findings.

Case  Group Breed Sex Age Year of Cause of euthanasia
(M/F) (years) sampling

1 OS+/MET+  Mixed breed M 1 2012 Osteosarcoma, left distal radius
2 OS+/MET+  Giant F 8 2013 Osteosarcoma, right distal radius
Schnauzer
3 OS+/MET+  Irish wolthound  F 7 2014 Osteosarcoma, right proximal humerus
4 OS+/MET+  Rottweiler M 9 2013 Osteosarcoma, left distal ulna
5 OS+/MET+  Tervuren F 8 2014 Osteosarcoma, left distal radius
6 OS+/MET-  Newfoundland M 8 2018 Osteosarcoma, left distal radius
dog
7 OS+/MET-  Siberian husky M 3 2013 Osteosarcoma, left proximal humerus
8 OS+/MET-  Irish wolthound F 6 2013 Osteosarcoma, right distal tibia
9 OS+/MET-  English setter M 8 2018 Osteosarcoma, right distal ulna
10 OS+/MET-  Pointer F 4 2016 Osteosarcoma, left distal tibia
11 OS+/MET-  Shar Pei M 11 2013 Osteosarcoma, right proximal humerus
12 OS+/MET-  Rottweiler F 9 2015 Osteosarcoma, left proximal humerus
13 OS+/MET- German F 3 2013 Osteosarcoma, left distal radius
shepherd
14 OS+/MET-  Flat-coated M 3 2015 Osteosarcoma, left distal radius
retriever
15 OS+/MET-  Leonberger M 6 2016 Osteosarcoma, left distal radius
16 OS-/MET- Dalmatian M 2016 Urolithiasis
17 OS-/MET- Shetland F 1 2020 Behavioral problems
Sheepdog
18 OS-/MET- Chihuahua M 2017 Idiopathic epilepsy
19 OS-/MET- Jack Russell M 2018 Road traffic accident (hip fracture, tail
terrier fracture, perforation jejunum and
rectum, perforation bladder)
20 OS-/MET- Australian F 1 2019 Behavioral problems
shepherd
21 OS-/MET- Dachshund M 2014 Intervertebral disc disease
22 OS-/MET- Malinois M 2016 Intervertebral disc disease
23 OS-/MET- Lagotto M 1 2018 Vertebral fracture
Romagnolo
24 OS-/MET- Spanish F 4 2015 Behavioral problems
Greyhound
25 OS-/MET- Dachshund F 5 2014 Road traffic accident (multiple hip

fractures, fracture of sacral bone,
subcutaneous, intramuscular, and
retroperitoneal bleeding)
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Fig. 1 Schematic representation of the study. Dogs with naturally occurring osteosarcoma
(OS) were used as models to study pre-metastatic niche formation. Dogs were
necropsied, and lung biopsies were collected from dogs with OS before metastasis had
occurred. Dogs with established OS metastases and dogs without cancer were used as
controls. There were significantly higher numbers of CD204" and CD206* macrophages,
CD206" monocytes, and CD11d" bone marrow-derived cells (BMDCs) in the lungs
before metastasis of OS than in controls without cancer. Furthermore, dogs with

established metastases had fewer CD11d* BMDCs than those without metastases.
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Fig. 2 Fluorescence minus one (FMO) controls and single controls for the antibody panel.
a FMO controls for DAPI, Alexa fluor 647 (primary antibody mouse anti-CD204), and
Alexa Fluor 750 (primary antibody rabbit anti-CD206). In each row, one of the secondary
antibodies or DAPI have been omitted, while all primary antibodies have been included.
There is no spectral overlap between the channels or unspecific binding of secondary
antibodies. b Single control for DAPI, Alexa fluor 647 (primary antibody anti-CD204),
and Alexa Fluor 750 (primary antibody anti-CD206). In each row, only one of the
secondary antibodies or DAPI was used. There is no bleed-thru of signal between

channels. Magnification: 200x. Scale bar: 50 pm.
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Fig. 3 Dogs with osteosarcoma (OS) have more CD204" cells in the lungs before

0S-/Met-
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metastasis than control dogs. a Immunofluorescent staining for CD204 of formalin-fixed
paraffin-embedded lung tissue of dogs with OS with metastasis (OS+/Met-), without
metastasis (OS+/Met-), and control dogs without cancer (OS-/Met-). Alexa fluor 647
(goat-anti mouse [gG1) was used as the secondary antibody. Magnification 200x. b
Quantification of the mean number of CD204" cells per high power field (HPF, 200x
magnification, equivalent to 0.276mm?) for each group in a (10 randomly selected HPF
were counted for each dog). *P < 0.001 calculated using Wilcoxon rank-sum tests (n= 5
in OS+/Met+, n=10 in OS+/Met-, and n=10 in OS-/Met-). Box plots show mean values
and inter quartile ranges. ¢ Mean ratios of the number of CD204" cells per HPF divided
by the total number of nucleated cells in the same HPF for each group in a. Box plots

show mean values and inter quartile ranges.
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Fig. 4 Dogs with osteosarcoma (OS) have more CD206" cells in the lungs before
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metastasis than control dogs. a Immunofluorescent staining for CD206 of formalin-fixed
paraffin-embedded lung tissue of dogs with OS with metastasis (OS+/Met-), without
metastasis (OS+/Met-), and control dogs without cancer (OS-/Met-). Alexa fluor 750
(goat-anti rabbit IgG) was used as the secondary antibody. Magnification 200x. b
Quantification of the mean number of CD206" cells per high power field (HPF, 200x
magnification, equivalent to 0.276mm?) for each group in a (10 randomly selected HPF
were counted for each dog). **P<0.001 calculated using Wilcoxon rank-sum tests (n= 5 in
OS+/Met+, n=10 in OS+/Met-, and n=10 in OS-/Met-). Box plots show mean values and
inter quartile ranges. ¢ Mean ratios of the number of CD206" cells per HPF divided by
the total number of nucleated cells in the same HPF for each group in a. “P < 0.05
calculated using Wilcoxon rank-sum tests (n=5 in OS+/Met+, n=10 in OS+/Met-, and

n=10 in OS-/Met-). Box plots show mean values and inter quartile ranges.
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Fig. 5 Dogs with osteosarcoma (OS) have more CD204-CD206" cells in the lungs before
and after metastasis than control dogs. a Immunofluorescent staining for CD204 and
CD206 of formalin-fixed paraffin-embedded lung tissue of dogs with OS with metastasis
(OS+/Met-), without metastasis (OS+/Met-), and control dogs without cancer (OS-/Met-).
Alexa fluor 647 (goat-anti mouse [gG1) was used as the secondary antibody for CD204
and Alexa fluor 750 (goat-anti rabbit IgG) for CD206. Magnification 200x. b
Quantification of the mean number of CD204-CD206" cells per high power field (HPF,
200x magnification, equivalent to 0.276mm?) for each group in a (10 randomly selected
HPF were counted for each dog). *P < 0.05 and *"P<0.001 calculated using Wilcoxon
rank-sum tests (n= 5 in OS+/Met+, n=10 in OS+/Met-, and n=10 in OS-/Met-). Box plots
show mean values and inter quartile ranges. ¢ Mean ratios of the number of CD204"
CD206" cells per HPF divided by the total number of nucleated cells in the same HPF for
each group in a. “P < 0.05 and “P<0.001 calculated using Wilcoxon rank-sum tests (n= 5
in OS+/Met+, n=10 in OS+/Met-, and n=10 in OS-/Met-). Box plots show mean values

and inter quartile ranges.
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Fig. 6 Dogs with osteosarcoma (OS) have more CD11d" cells in the lungs before
metastasis than those with established metastases and control dogs. a Immunofluorescent
staining for CD11d of formalin-fixed paraffin-embedded lung tissue of dogs with OS
with metastasis (OS+/Met-), without metastasis (OS+/Met-), and control dogs without
cancer (OS-/Met-). Alexa fluor 647 (goat-anti mouse IgG1) was used as the secondary
antibody. Magnification 200x. b Quantification of the mean number of CD11d" cells per
high power field (HPF, 200x magnification, equivalent to 0.276mm?) for each group in a
(10 randomly selected HPF were counted for each dog). "P < 0.05 and "*P<0.001
calculated using Wilcoxon rank-sum tests (n= 5 in OS+/Met+, n=10 in OS+/Met-, and
n=10 in OS-/Met-). Box plots show mean values and inter quartile ranges. ¢ Mean ratios
of the number of CD11d" cells per HPF divided by the total number of nucleated cells in
the same HPF for each group in a. “P < 0.05 calculated using Wilcoxon rank-sum tests
(n= 5 in OS+/Met+, n=10 in OS+/Met-, and n=10 in OS-/Met-). Box plots show mean

values and inter quartile ranges.
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Supplementary Fig. 1 Macroscopic pictures of the lungs of dogs with osteosarcoma
(OS) with and without metastasis. a Picture of the lungs in sifu in the right thoracic cavity
of a dog with OS without pulmonary metastases. b Picture of the lungs in situ in the left
thoracic cavity of a dog with OS with pulmonary metastases. ¢ Picture of the same lungs
as in a after removal from the dog. d Picture of the same lungs as in d after removal from

the dog. Metastases are shown with yellow circles.
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Supplementary Fig. 2 Dogs with osteosarcoma (OS) have a higher total nucleated cell
density in the pre-metastatic lung than controls. Quantification of the mean number of
DAPI" cells per high power field (HPF, 200x magnification, equivalent to 0.276mm?) for
each group (10 randomly selected HPF were counted for each dog). “P < 0.001
calculated using Wilcoxon rank-sum tests (n= 5 in OS+/Met+, n=10 in OS+/Met-, and

n=10 in OS-/Met-). Box plots show mean values and inter quartile ranges.
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Supplementary Fig. 3 Tumor-associated macrophages (TAMs) within pulmonary
metastases of osteosarcoma (OS) express the M2-associated marker CD206.
Immunofluorescent staining for CD204, CD206, and DAPI of formalin-fixed paraffin-
embedded lung tissue from a dog with OS with metastasis. Alexa fluor 647 (goat-anti
mouse IgG1) was used as the secondary antibody for CD204 and Alexa fluor 750 (goat-
anti rabbit IgG) for CD206. Magnification 200x. Virtually all TAMs express both CD204
and CD206.
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Supplementary Fig. 4 Comparison of immunofluorescence (IF) and chromogen
immunohistochemical (IHC) staining for CD204. a IF staining for CD204 of formalin-
fixed paraffin-embedded lung tissue of a dogs with osteosarcoma with metastasis. Alexa
fluor 647 (goat-anti mouse IgG1) was used as the secondary antibody. Magnification
200x. b IHC staining for CD204 of the same tissue block. 3-amino-9-ethyl carbazole

(AEC) chromogen and Meyer’s hematoxylin counterstain. Magnification 200x.
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Supplementary Fig. S Visualization of automated positive cell quantification using
ImagelJ. 1 Images were opened in ImageJ and 2 image brightness was adjusted. 3 Images
were then then converted to 8-bit grayscale, before 4 threshold was adjusted to remove
background noise. 5 Images were then inverted, and holes filled, before 6 the number of
positive cells were counted using the particle analysis tool counting particles with a size

larger than 20 pixel units.
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