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Abstract

Sections

From their early genesis, tumour cells integrate with the surrounding
normal cells to form an abnormal structure that is tightly integrated
with the host organism via blood and lymphatic vessels and even
neural associations. Using these connections, emerging cancers
send a plethora of mediators that efficiently perturb the entire
organism and induce changes in distant tissues. These perturbations
serendipitously favour early metastatic establishment by promoting
amore favourable tissue environment (niche) that supports the
persistence of disseminated tumour cells within a foreign tissue.
Because the establishment of early metastatic niches represents
akey limiting step for metastasis, the creation of amore suitable
pre-conditioned tissue strongly enhances metastatic success.

In this Review, we provide an updated view of the mechanisms

and mediators of primary tumours described so far that induce
apro-metastatic conditioning of distant organs, which favours

early metastatic niche formation. We reflect on the nature of
cancer-induced systemic conditioning, considering that non-cancer-
dependent perturbations of tissue homeostasis are also able to trigger
pro-metastatic conditioning. We argue that a more holistic view of
the processes catalysing metastatic progressionis needed to identify
preventive or therapeutic opportunities.
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Introduction

Anearly event during tumour growthis the induction of aninjury-like
response in the affected organ and, through the early induction of a
highly permeable vasculature, long-distance interactions with the
rest of thebody are established. The mediators of these long-distance
interactions are anarsenal of factors produced directly by cancer cells
or other cells in the tumour microenvironment (TME), but also medi-
atedviaaperturbed systemicimmune response. This cancer-mediated
perturbation, by its very nature, combines factors present during other
physiological responses to pathogens, stress and injury'. Long-distance
communication is mediated by tumour-derived exosomes? which have
alsobeenshownto contribute directly to global immunosuppression®.
Together with other soluble factors, cancer initiates abroad alteration
of the body’s steady-state physiology. Besides the vascular network,
tumours are integrated with the organism via innervation, which
has been shown to profoundly influence the local TME*. Moreover,
the hypothalamus, the brain region critical for maintaining homeo-
stasis, can detect cancer-induced changes via receptors on afferent
nerves, butalso via the detection of circulating inflammatory signals®.
These systemic effects can be induced by the neuroendocrine sys-
tem upsetting the balance of many physiological parameters, such
as glucocorticoid-dependent suppression of immune responses and
disruption of glucose metabolism®. Importantly, not only are these
changes found in advanced disease, but they can be initiated early, as
demonstrated inamouse model of non-metastatic breast cancer where
tumour-induced hypothalamic perturbations drove altered systemic
metabolism and sleep®.

An additional early connection established by cancer-derived
inflammatory mediators occurs in the bone marrow, where perturba-
tion of haematopoietic progenitors leads to the production of abnor-
mal cells of the myeloid and lymphoid lineages and offers a powerful
source of systemic distal changes’. Other early changes are known to
occurinthecirculation, including the release of procoagulant factors,
activating platelets, inflammatory cells and clot formation, which
haveimplications for cancer progression. At late stages of disease, this
can become a pathological condition itself, with cancer-associated
venous thromboembolism and arterial thrombosis accounting for
20-30% of all first venous thrombotic events®. Exacerbated thrombosis
represents a cause of morbidity and mortality for people with cancer,
and abetter understanding of the pathways involved is needed®’. Col-
lectively, these systemic perturbations grow and constantly influence
each otheras cancer persists, instigating a vicious self-amplified cycle
connecting multiple organ systems and possibly ultimately contribut-
ing to complex syndromes, such as cachexia, which can itself cause
death (Fig.1).

The cancer-to-body connections established early, typically dur-
ing the asymptomatic phase of cancer growth, can influence meta-
static progression by inducing changes in distant organs. The seminal
findings of Hiratsuka et al.”’ and Kaplan et al." first demonstrated the
existence of a cancer-mediated distant conditioning that enhanced
metastatic outgrowth. Over the following years, alarge body of work
identified a huge variety of mechanisms by which metastatic effi-
ciencyisincreased by such perturbations, specifically targeting organs
where metastasis will occur, which were termed pre-metastatic niches
(PMNs)™%, Importantly, some mechanisms of cancer-induced con-
ditioning will affect any organ, regardless of whether that organ will
become the target of metastatic dissemination, and in doing so can
contribute to driving the complex whole-body changes mentioned
above, with the potential to be pathological and in themselves cause

death™. This Review will focus on the perturbations mediated early
on by cancer that have been shown to affect metastatic progression
(Fig.1). Understanding and interfering with the onset of this complex
whole-body priming has the potential to reduce the chances of cancer
progression and mortality.

PMN is an anticipation of the metastatic niche
Cancer-cell growth requires the generation of a tailored local tissue
environment, which is evident from the fact that cancer cells are at
all times embedded in an altered heterogeneous composite of dif-
ferent cell types. When cancer cells leave the primary tumour via the
circulation, they have the potential to seed a range of organs along
the circulatory network connecting the tumour with the rest of the
organism, but their opportunity to home and grow will largely depend
on the tissue environment that they find. There are certain inhospi-
table tissues, such as skeletal muscle, intestine, spleen, and kidney,
that despite their large blood flow, rarely host metastatic growth®
(Fig.2a). What makes these tissues unfavourable for metastatic growth
remains an important question that needs to be addressed to better
understand the biology of metastasis. One speculative possibility
is that these organs are potentially less susceptible to PMN forma-
tion. Nonetheless, driven by the need to discover novel therapeutic
approaches, studies mainly focus on trying to understand cancer
growthin organs often targeted for secondary relapse, such as lung,
liver, bone and brain (Fig. 2a).

Metastatic cells disseminate from the primary tumour inthe con-
text of early cancer-dependent perturbations, which effectively repre-
sent the firststep in the metastatic cascade. Of course, the magnitude
of these perturbations is likely to positively correlate with the intrin-
sic metastatic potential of the tumour itself. Interestingly, the tissue
perturbations reported to promote a pro-metastatic conditioning
modulate eachother and represent key features of tumour niches, such
as immunosuppression, extracellular matrix (ECM) remodelling and
stromaland vasculature activation'. Therefore, the key alterations of
pre-metastatic conditioning increase the chance of metastatic colo-
nization by anticipating, and therefore facilitating, the creation of the
subsequent metastatic niche (Fig. 2b).

ECMremodelling

The ECM builds the three-dimensional infrastructure providing
the biochemical, physical and mechanical characteristics of each
organ. Although the core matrisome will contain the same type of
components — proteoglycans, fibrous proteins (such as collagens),
fibronectins, laminins and glycoproteins — the distinct physical char-
acteristics of each organis ensured by atailored composition of these
components. Inaddition, the presence of associated matricellular pro-
teins (suchas tenascin C, thrombospondin 1, periostinand osteopontin)
influence the physio-chemical characteristics of the ECM. Cancer has
avery different matrisome composition compared with the tissue of
origin”. Similarly, within metastatic niches, key changes in the ECM
are needed for cancer-cell growth'®". Therefore, remodelling of the
ECM of future metastatic organs is a core feature of pre-metastatic
conditioning®. Primary-tumour-derived factors directly initiate cross-
talk with resident cells at distant organs, leading to the restructuring of
ECMas well as the instigation ofimmune-cell recruitment®. Conversely,
the immune infiltrate can influence ECM composition. In pancreatic
liver metastasis, the recruitment of granulin-secreting inflammatory
monocytes activates resident stellate cells to release periostin and
create a pro-fibrotic microenvironment?,
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Fig.1| Cancer-to-body connections. Schematic representationillustrating

the systemic perturbations induced by cancer, which initiate at early
(asymptomatic) stages and intensify with disease progression to later stages of
symptomatic disease. a, Already at early stages of cancer development, tumours
trigger systemic effects owing to their intrinsic programme of inflammation,
reactivation of developmental programmes and tissue repair and via the release
of soluble factors and extracellular vesicles. These perturbations — such as
systemic inflammatory changes, neuroendocrine and metabolic changes,
aswellas changes in the microbiome and coagulation — disrupt networks crucial

for host physiology. When these systemic changes predispose distant organs for
metastastic growth upon cancer-cell dissemination, these changed tissues are
termed pre-metastatic niches. b, As cancer advances, these interconnected
alterations establish a vicious cycle of progressive physiological disruption
involving different organs, which in the very late stages of disease may contribute
to complex syndromes such as cachexia and pathological thrombosis, ultimately
leading to organ damage. Arrows represent the idea of multiorgan connections
but do not correspond to any known specific interaction between organs nor to
the order of disease onset and inter-organ signalling.

Immunosuppression

In addition to ECM-mediated changes in immune-cell recruitment,
tumour-derived factors can modulate theimmune landscape directly or
viaactivation of other cellsin the environment. Cancer-derived factors,
such asvascular endothelial growth factor (VEGF), candirectly activate
cells residing at distant sites, such as endothelial cells, to drive vascu-
lar hyperpermeability, leading to cancer-cell recruitment®. Activated
endothelial cells can also release prostaglandin E, (PGE,), supporting
a pro-inflammatory environment**. Moreover, VEGF acts not only on
endothelial cells but also on recruited myeloid cells®. Similarly, ECM
modulators, such as tissue inhibitor of metalloproteinases 1 (TIMP1),
influence neutrophil recruitment in the liver and favour metastasis®.
Akey feature of cancer-mobilized innate cells from the bone marrow’,
seebelow, isimmunosuppression. Thisincludes the mobilization of both
monocytes or macrophages and neutrophils, which represent the main
cellsresponsible for suppressing T and natural killer (NK) cell responses
against cancer cells”. Notably, theinteraction between ECM changes and
myeloid cellsis bidirectional and often involves fibroblast activation®.

Stromal activation
The activation of stromal cells is an early feature of the tissue niche
around metastatic cells, and it is known to modulate their growth

potential®. During pre-metastatic conditioning of distant organs,
cancer-derived factors arereported to directly activate resident fibro-
blasts and induce the release of pro-inflammatory mediators®. Stromal
cells arethe maindepositor of ECM molecules, and many of their patho-
physiological activities are in turn controlled by mechanosensing™.
Therefore, stromal activation in PMNs also has a direct effect on ECM
components. For instance, stromal pericytes around the perivascu-
lar niche at distant sites were reported to produce a fibronectin-rich
environment®, Moreover, melanoma-derived factors induce p38a
kinase activationinlungfibroblasts, leading toboth ECM remodelling
and chemokine release driving neutrophil infiltration®.

The effectors of PMNs

The mediators of PMNs differin nature, but they can be either directly
produced by the primary tumour or indirectly emerge from other
organs under the cancer’s influence (Fig. 2c). However, it is difficult
toresolve these mediators over time as being either direct or indirect
because, for example, bone-marrow-derived neutrophils can be trig-
gered early and their actions effectively overlap with primary-tumour-
derived factors in shaping PMNs. Both direct and indirect mediators
will be discussed in detail below. To investigate these complex sys-
temicinteractions, preclinical animal models are considered the gold
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standard. However, alternative modelling strategies are emerging
from the bioengineering field, alongside some potential therapeutic
approaches (Box1).

Primary tumour-derived direct effectors
Tumour-derived mediators (TDMs) are crucial in the orchestration of
PMNs and increase the chance of metastatic success. PMN-inducing
mediators include exosome-derived proteins and other molecular
signals, but also soluble molecules such as cytokines, chemokines,
growth factors, free RNAs and metabolites. Indeed, free RNAs have
alsobeenshowntobe takenup by NK cells, potentially enhancing their
anti-metastaticactivity®*. Interestingly, non-cancer cells within the TME
canalso contribute to PMN formation. Salivary-adenoid-cystic-cancer-
associated fibroblasts (CAFs) release exosomes that remodel the lung
ECM at the PMN stage®. Below, we describe how the biology of key
celltypesis perturbed by TDMs during the formation of PMNs, onthe
basis of recent advances in our understanding of the field (Fig. 3 and
Supplementary Table1).

Fibroblasts

Fibroblast-dependent matrix remodelling is often observed inthe PMN
of several cancer types, and activation of p38« in lung fibroblasts of
the PMN seems to be a conserved mechanism of action. Patients with
metastatic melanoma exhibit high stromal p38a phosphorylation,
which correlates with disease progression and poorer survival®. In pre-
clinical models, mouse lung fibroblasts exhibit p38a phosphorylation

upon exposure in vivo to metastatic melanoma TDMs but not when
exposed to TDMs from their less metastatic counterparts®. Asaresult
of p38a phosphorylation, the type I interferon receptor 1 (IFNR1) is
inactivated, whichis also observed to be the outcome of the action of
pancreaticand mammary adenocarcinoma TDMs. Inhibition of IFNR1
was showntolead toanincreasein fibronectin deposition, expression
of matrix remodellers, such as matrix metalloproteinase 9 (MMP9),
and chemokine-dependent neutrophil recruitment®,

Lung fibroblasts have also been shown to exhibit ECM remodel-
ling properties after exposure to osteosarcoma-derived extracellular
vesicles (EVs). Tumour-derived EVs containing transforming growth
factor B1(TGF-B1) convert lung fibroblasts into fibronectin-secretin
g myofibroblasts®. Breast-cancer exosomes containing caveolin-1
induce enhanced secretion of fibronectin and tenascin C from lung
fibroblasts and thereby increase metastatic seeding into the organ®.
The PMN-inducing exosomal cargo can also vary within the same
tumour type depending on the mutational landscape. In pancreatic
ductaladenocarcinoma (PDAC), exosomes from p53 gain-of-function
mutated cancer cells alter integrin trafficking of lung fibroblasts,
which remodel the type and quality of deposited ECM to support
lung metastasis®*. ECM remodelling is also acommon feature in liver
PMNs. Exosomes from highly metastatic colorectal cancer (CRC)
cells activate hepatic stellate cells (HStCs) by direct transfer of the
microRNA miR-181a-5p. This results in the release of suppressor of
cytokine signalling 3 (SOCS3)-mediated inhibition of interleukin-6
(IL-6)-signal transducer and activator of transcription 3 (STAT3)
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signalling, leading to adownregulation of tenascin Cand anincreasein
fibronectin deposition from HStCs*. Similarly, PDAC exosomes con-
taining the CD44 variantisoform 6 (CD44v6)-complement Clq bind-
ing protein (C1QBP) complex directly activate HStCs and induce liver
fibrosis prior to tumour seeding*’. Lastly, bone-marrow-derived cells
(BMDCs) recruited to the PMN of lung-cancer-bearing mice release
EVsthat contain miR-92a, which targets SMAD7 in HStCs, resulting in
TGFB signalling and ECM deposition in the liver*. HStCs are mainly
quiescent and require engagement with resident liver macrophages

known as Kupffer cells for their activation*>. Hence, most of the ECM
remodelling in the liver occurs after activation of these resident
immune cells.

Soluble factors can also trigger ECM remodelling by fibroblast
activation. Recently, lysyl oxidase (LOX), long known to directly cross-
link collagen fibres in pre-metastatic lungs*, was also shown to induce
stiffer ECMsin PMNs of hepatocellular carcinoma (HCC) by increasing
fibronectin and MMP9 secretion from lung fibroblasts***. Finally,
activinA (asolublefactorand a TGF ligand) is secreted by breast-cancer

Box 1| Alternative models to study pre-metastatic niches

The complex inter-organ nature of

pre-metastatic niches (PMNs) means that their e

characteristics and the mediators of their 1
formation are best studied in mouse models. 1 Media
Nonetheless, advances in tissue-engineered |

microfluidic devices have created alternative S eeErEw (= (o X= ~Porous

in vitro approaches to modelling human ;
organs, termed organ-on-a-chip (OoC; see :
Box 1figure panel a). These systems rely on 1
hydrogel structures and microfluidic devices :
that can be moulded according to precise :
geometries and mechanical properties.
They have been used to model primary
tumours, but also metastatic sites such as
the liver, lung, brain and bone?”. Kim et al.?*®
created a microfluidic human liver-on-a-chip
to mimic a PMN and functionally assessed
breast-cancer-derived extracellular vesicles
(EVs) isolated from patients with cancer. Platforms mimicking the
pre-metastatic bone niche have also been reported. For instance,
in a bio-printed bone-on-a-chip model, three interconnected niches
were recapitulated in which the characteristics of the cells were
analysed®”’. Similar bone mini-tissues created by embedding human
osteoblasts, osteoclasts, bone-resident macrophages, endothelial
cells and cancer cells into hydrogel have been designed to enable
drug screening®®. A key limitation of these organ-on-a-chip
models is the lack of multiorgan connections. However, emerging
multi-organ-on-a-chip (multi-OoC) platforms have begun to overcome
this limitation. These platforms involve integrated body-on-a-chip
devices in which organ-specific modules are interconnected. Over
the past 5 years, many multi-OoCs have been developed, mainly for
drug and metabolic screening but also for cancer research, in which
atumour-on-a-chip is connected to different OoCs?*°. Despite this
progress, key challenges remain, from achieving coupling of the
various OoCs to reflect physiological stimulations to whether OoCs
are sufficiently complex to realistically reflect the in vivo environment.
The field of bioengineering has also provided approaches that
interface biomaterials within the organism. These take the form
of biomaterial scaffolds subcutaneously implanted into mice to
mimic metastatic and non-metastatic organs for the study of cancer
dissemination and growth (see Box figure panel b). A recent example
of this approach showed that cancer-educated neutrophils adopt
tissue-specific phenotypes in mice harbouring lung metastatic breast
cancer. Here, cancer cells that disseminated to the endogenous lung
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scaffold

V—Llnput cell
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|

— . Stromal cell
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/ Macrophage
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were supported to grow by lung neutrophils, but in the exogenous
scaffold, neutrophils pushed the cancer cells towards dormancy,
highlighting that neutrophils have opposing functions in response
to different local signals®®. In a similar approach, the presence

of biomaterial scaffolds was shown to systemically influence the
immune environment of the primary tumour, which reduced its
metastatic potential?®'. These implantable scaffolds can also be used
to study extracellular matrix (ECM) proteins whereby ECM-coated
scaffolds were shown to capture metastatic cells better than
uncoated scaffolds. One can also use decellularized matrices from
different pre-metastatic organs to study the effect of alteration of
ECM proteins at PMNs?*,

Finally, biomaterials can be designed for therapeutic use. For
instance, a sponge-like neutrophil membrane-coated nanosystem
was shown to enhance antitumour immunity and limit PMN
formation in the lung®®. In a similar approach, ginsenoside RG3
liposomes loaded with the chemotherapy docetaxel, captured by
circulating tumour cells via interaction with the glucose transporter 1
(GLUT1), inhibited metastatic niche formation by reversing the
immunosuppressive microenvironment®“. Nevertheless, some
of these systems, like any nanoparticle approach, do not always
successfully specifically target cancer cells. Looking forward, despite
their limitations, progress in the engineering of niche-mimicking
biomaterials provides a way to complement metastatic research
using animal models and offers alternative opportunities for
intervention.
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Fig.3 | Direct distant organ conditioning. This schematic illustrates the main
cell types directly modulated by tumour-derived mediators (TDMs) within
pre-metastatic organs, and the biological mechanisms of pre-metastatic
conditioning triggered by such cells. TDMs are released into the circulation and
taken up by fibroblasts, epithelial cells, endothelial cells, innate lymphoid

and natural killer (NK) cells, lymphatic cellsand macrophages at the distant site
before tumour-cell arrival. For each specific affected cell type, the indicated
organs (see key) represent the sites where these cell populations have been
shown to drive the pre-metastatic conditioning. Activation of fibroblasts at the
distant site leads to extracellular matrix (ECM) remodelling via secretion of ECM
proteins,immune suppression and a specific increase in cancer-cell growth upon
arrival via therelease of growth factors and nutrients. Epithelial cells conditioned
by TDMs driveimmune suppression of innate cells directly or via the recruitment

of myeloid cells. They also increase the fibrotic response and cancer-cell growth.
Endothelial cells mainly regulate organ permeability but can also promote cancer
celland immune cell recruitment as well as induce stemness by secretion of
growth factors. Innate lymphoid cells and NK cells mediate immune suppression
following conditioning from TDMs. Lymphatic cells have been shown to induce
immune tolerance and cancer cell adhesion in response to TDMs. Lastly,
tissue-resident macrophages, such as liver Kupffer cells, brain microgliaand
alveolar macrophages, as well as others, can remodel vessel and blood-brain
barrier (BBB) permeability, promote or inhibitimmune-cell activity, and drive
cancer stemness upon cancer-cell arrival at the distant site. DC, dendritic cell;
EMT, epithelial-to-mesenchymal transition; HStC, hepatic stellate cell; NETosis,
neutrophil extracellular trap formation; TGF, transforming growth factor .
See also Supplementary Table 1.

cells, leading to a profibrotic gene expression programme in lung
fibroblasts that results inincreased collagen deposition*.

Albeit less frequently, fibroblasts can also directly regulate
immune-cell function. Following uptake of let-7-containing exosomes,
secreted by LIN28B-expressing breast-cancer cells, lung fibroblasts
in the PMN induce CXC-chemokine ligand 1 (CXCL1) and IL-6 expres-
sion and drive immune-suppressive neutrophil recruitment to the
pre-metastaticsite”. Breast-cancer cellsalsoreleaseIL-1B, which expands
animmune-suppressive cyclooxygenase 2 (COX2)-expressing CD140A"

lung adventitial fibroblast population. These fibroblasts produce PGE,,
whichimpairs dendritic celland monocyte function*®. In the liver PMN,
TIMP-1is the main factor drivingimmune suppression. TIMP-1, secreted
by PDAC cells, activates HStCs via PI3K signalling, leading to neutrophil
recruitment*’. Recently, miR-181a-5p within EVs of highly metastatic
CRCwasshowntoactivate animmunosuppressive phenotypein HStCs
byinduction of inflammatory mediators, such as IL-6 and IL-8 (ref. 39).

Lastly, fibroblasts in PMNs regulate growth factor and nutri-
ent availability, which directly supports tumour-cell fitness.
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Gastric-cancer-derived exosomes containing epidermal growth fac-
tor receptor (EGFR), and CRC exosomes containing miR-221 and miR-
222, induce hepatocyte growth factor (HGF) secretion from HStCs,
which supports tumour-cell proliferation®**'. CRC-derived exosomal
HSPCI11 alters lipid metabolism in HStCs, which results in the accu-
mulation of acetyl-coenzyme A (acetyl-CoA), leading to histone H3
lysine 27 (H3K27) acetylation and consequent increased CXCL5 expres-
sion and secretion. A CXCL5-CXC-chemokine receptor 2 (CXCR2) axis
subsequently promotes liver metastasis®. Similarly, ovarian-cancer-
derived exosomal miR-141 activates peritoneal fibroblasts by induc-
ing Yes-associated protein (YAP)-transcriptional co-activator with
PDZ-binding motif (TAZ)-mediated upregulation of the chemokine
GRO« (also known as CXCL1), which is released into the omentum to
boost cancer-cell proliferation®.

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are emerging as a critical modula-
tor of the PMN by way of regulation of the immune response. Their
capacity to differentiate into fibroblasts, osteoblasts, chondro-
blasts, adipoblasts and pericytes magnifies their potential range of
action and thus, the impact on metastatic spread®*. Breast-cancer
cells create an IL-1B-rich environment that instructs lung-resident
CD140A" MSCs to store and deliver lipids via vesicles to other cells.
This was shown to be mediated by hypoxia-inducible factor 1o (HIF-1a0)-
dependent expression of a lipid droplet-associated proteinin MSCs.
These MSC-derived lipid-laden vesicles are engulfed by tumour cells
and NK cells, both supporting cancer-cell proliferation and impairing
NK-cell function®. Inaddition, lung CD140A* MSCs induce the expres-
sionof inhibitory factors of adipose triglyceride lipase (ATGL), such as
hypoxia-induciblelipid droplet-associated (HILPDA), CIDEC and GO/G1
switch protein2 (GOS2) in neutrophils viasoluble factors and cell-cell
contact. Theincreased expression of repressors of ATGL resultsinan
accumulation of intracellular lipids within these neutrophils, which,
when transferred to breast-cancer cells, function as energy reser-
voirs that support cancer-cell survival and proliferation®. Finally,
breast-cancer cells activate STAT6 signalling in lung MSCs, which trig-
gers complement C3a upregulation and subsequent C3a receptor
(C3aR)-dependent neutrophil recruitment and neutrophil extracellular
trap (NET) formation®’.

Epithelial cells

Epithelial cells are the predominant cell populationin many organs at
risk of metastasis and are increasingly understood to have important
roles in the formation of PMNs.

Hepatocytes. Recent work in PDAC and lung adenocarcinoma
uncovered a pivotal role for hepatocytes in establishing liver PMNs.
Lung-adenocarcinoma-derived EVs induce HGF expression in hepat-
ocytes, facilitating invasion, migration and proliferation of cancer
cells®®. Stromal-cell-derived IL-6 in PDAC-bearing mice induces a STAT3-
dependent hepatocyte response and release of serum amyloid Aland
A2 proteins (collectively known as SAA). Thisin turn leads to elevated
circulating SAA levels in the mouse metastatic PDAC model, which is
similarly seenin patients with PDAC and liver metastases. SAA promotes
the infiltration of immunosuppressive myeloid cells and activates
HStCs to trigger an inflamed and fibrotic liver PMN®,

Alveolar epithelial cells. Alveolar epithelial cells respond to injury
and infection primarily via Toll-like receptor (TLR) signalling, to elicit

innateimmune responses, amechanism exploited by tumour-derived
EVs, loaded with RNA, which activate TLR3 signalling in alveolar
type Il (AT2) cells to drive TLR3-dependent chemokine production
and neutrophil recruitment®. Similarly, breast-cancer EVs loaded
with miR-200b-3p induce CC-chemokine ligand 2 (CCL2) production
in AT2 cells, via direct targeting of PTEN®.. Beyond regulating innate
immunity, tumour-primed AT2 cells can suppress adaptive immunity
because a pro-metastatic population of AT2 cells, characterized by high
glutathione peroxidase 3 (GPX3), produces IL-10, which supports an
immunosuppressive microenvironment by inhibiting the proliferation
of CD4" T cells while enhancing the generation of regulatory T cells®.

Interestingly, arecent study identified AT2 cell-dependent meta-
bolic remodelling of the interstitial fluid in the lung PMN towards a
composition that is rich in the lipid palmitate. This increased sup-
ply of palmitate drives pro-metastatic histone acetyltransferase
KAT2A expression and nuclear factor-kB (NF-kB) signalling in meta-
static cells. Thus, distal tumours influence the nutrient composition
in the pre-metastatic site, creating an environment that promotes
lung metastasis®. Palmitate metabolism regulates multiple immune
and stromal cell types® and supports fatty acid receptor CD36"
metastasis-initiating cells®, suggesting that nutrient priming of the
pre-metastatic niche may have widespread consequences for various
niche cell types and contexts.

Vascular endothelial cells

Destabilized endothelial barriers have long been recognized as con-
tributors to a pro-metastatic microenvironmentin various PMNs. For
instance, melanoma-derived factors upregulate angiopoietin 2, MMP3
and MMP10 in the premetastatic lung endothelium, which supports
metastatic intravasation via endothelial junction disruption®. Many
studies have identified a key role for tumour-derived exosomal fac-
torsindriving vascular permeability and metastasis. Mechanistically,
these range from direct silencing of junctional components in the case
of miRNA-containing EV transfer® *°, to enzymatic products in EVs
driving purinergic signalling in endothelial cells, resulting in loss of
junctional B-catenin, vascular destabilization and metastasis’. Specific
examples include breast-CAF-derived exosomes containing the long
non-coding RNA SNHGS, which targets endothelial cells, leading to
angiogenesis and vascular permeability”’. Under homeostasis, lung
endothelial cells maintain vessel integrity through high expression
of tumour necrosis factor-related apoptosis-inducing ligand (TRAIL),
acting as a barrier to metastatic colonization. In the pre-metastatic
context, various tumour-derived factors, including VEGFA, placental
growth factor (PIGF) and basic fibroblast growth factor (bFGF), repress
TRAIL expression in endothelial cells, leading to elevated apoptosis,
reduced vessel integrity, and the induction of adhesion molecules
promoting immune and cancer cell recruitment’’. Importantly, this
suggests that the TRAIL pathway could be a potential target for thera-
peuticinterventionin PMN formation. Furthermore, tumour-derived
Notch ligands activate Notch signalling in endothelial cells, promot-
ing senescence and expression of inflammatory cytokines and adhe-
sion molecules. This cascade of events supports both neutrophil and
tumour-cell recruitment”.

Elevated angiogenesis inthe distal microvasculatureis afrequent
hallmark of PMNs. For instance, primary HCC cells generate alung PMN
by enhancing the angiogenesis and permeability of vessels™. It should
benoted thatalthough enhanced angiogenesis and vascular remodel-
ling are common features of PMNs, how these changes lead to amore
receptive environment is yet to be determined.
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Tumour-induced ECM alterations in the PMN also affect endothe-
lial cells. Breast-cancer cells induce upregulation of tenascin C in the
premetastatic lung, activating TLR4 on perivascular macrophages and
modifying the lung endothelium, which respond by secreting various
factors that support stemness, self-renewal and cell survival, fostering
metastatic outgrowth”. Likewise, in the bone PMN, endothelial cells
generate stemness-supporting vascular niches. Here, tumour-induced
expression of E-selectinon endothelial cells promotes mesenchymal-to-
epithelial transition and WNT signalling in cancer cells upon arrival
within the niche’®. The systemic microvasculature may serve as asource
of factors that orchestrate the PMN. TDMs were shown to induce an
organism-wide upregulation of leucine-rich a2-glycoprotein1(LRG1)
in endothelial cells where elevated circulating LRG1 promotes the
expansion of neural/glial antigen 2 (NG2)-expressing perivascular cells,
facilitating lung metastasis’’.

Thanks to the blood-brain barrier (BBB), the neurovascular unit
(NVU) poses a challenge for PMN formation in the brain. Increasing evi-
dence suggests that the signals that govern PMN formationin the brain
are distinct from other organs. Supporting this idea, cancer-derived
exosomes from brain-tropic metastatic breast-cancer cells cansuccess-
fully establish abrain PMN while exosomes from lung-tropic metastatic
breast-cancer cells cannot’®. These exosomes package high levels of
proteins involved in normal brain physiology, such as cell-migration-
inducing and hyaluronan-binding protein (CEMIP), a regulator of cal-
cium signalling. CEMIP-containing exosomes are mainly taken up by
endothelial cells, leading to disruption of vascular integrity along with
pro-inflammatory cytokine production by perivascular microglia.
Asanalternative strategy, TGFp1-mediated non-small-cell lung-cancer
exosomes containing the long non-coding RNA Inc-MMP2-2 down-
regulate the tight junctions of brain endothelial cells, increasing
permeability”. In addition to the direct disruption of endothelial cell
properties, tumour-derived exosomes disrupt the interaction between
microgliaand astrocytes, and induce inflammation, equally important
for the establishment of brain PMNs*°. Non-small-cell lung-cancer
exosomes were shown to be taken up by endothelial cells, leading
to the expression and release of dickkopf-1 (DKK1), which promoted
astrocyte polarization towards supporting a pro-tumorigenic PMN®.,
Studies so far decoding the brain PMN have focused mainly on the
cellular components of the brain. However, remodelling of the ECM is
also likely to be a feature of the formation of brain PMNs.

Lymphatic endothelial cells
Remodelling of the lymphatic vasculature and cancer-cell accumula-
tioninlymph nodes (LNs) has long been known to play a critical rolein
metastasis®’. Recently, itsimportance has been extended to the PMN,
ascancer cellsatthe LNs were shown toinduceimmune tolerance that
renders distant tissues amenable to cancer cell colonization®, Little is
known about the mechanisms of TDMs in PMNinduction at LNs; how-
ever, recent evidence reports changes in adhesion and permeability
of lymphatic vessels, both at LNs and at distant sites.

Cervical cancer cells were showntoinduce periostinexpressionin
LN fibroblasts which, inresponse to VEGFC, boosted lymphangiogen-
esis, and tumour-cell proliferation®'. Melanoma-derived exosomes
were shown toinstruct LN-resident lymphatic endothelial cells, trigger-
ing vascular endothelial-cell adhesion molecule 1(VCAMI)-dependent
remodelling of the vasculature. Tumour-educated lymphatic endothe-
lial cells also exhibit cross-presentation of EV-derived tumour anti-
gens, with consequent apoptosis induction in antigen-specific CD8*
T cells®. Furthermore, neural growth factor receptor (NGFR) present

inmelanoma exosomes activated MAPK in lymphatic endothelial cells
initiating sprouting, proliferation, and increased tumour-cell adhesion
to the lymph endothelia®®.

The role of lymphatic vessels in the PMNs of non-lymphoid tis-
sues is much less well understood. Recently, this has been interro-
gated through a lympho-reporter mouse model, where whole-body
lymphangiogenesis was monitored through VEGF receptor 3
(VEGFR3)-driven luciferase expression. It was demonstrated that
while lymphangiogenesis within and around the primary tumour and
within the tumour-draining LN was dispensable for metastasis, instead,
tumour-induced systemic aberrant lymphangiogenesis in distal LNs
and various organs, facilitated by tumour-derived midkine, was crucial
for metastatic colonization®.

Tissue-resident macrophages

Tissue-resident macrophages originate embryonically and have
organ-specific roles that range from maintenance of tissue homeo-
stasis toimmunosurveillance. Multiple processes characteristic of
these cells when manipulated can contribute to the formation of PMNs
invarious organs and so these cells are increasingly being recognized
asimportant players in establishing PMNs.

Kupffer cells. Kupffer cells are the predominant macrophage pop-
ulation in the liver. Multiple studies indicate that various cancer
types drive inflammatory phenotypes in Kupffer cells via transfer
of diverse exosome cargos. CRC-derived exosomes, through their
cargo miR-21, activate TLR signalling in Kupffer cells, leading to the
upregulation of IL-6 and a pro-inflammatory microenvironment®,
Moreover, angiopoietin-related protein 1 (ANGPTL1)-containing
exosomes support the inflammatory activation of Kupffer cells, which
in turn contributes to the destabilization of endothelial integrity via
MMP?9 release, supporting metastatic colonization®. Kupffer cells
exert pro-metastatic functions through regulating adaptive immunity
in the PMN. For example, phagocytic uptake of miR-135-containing
CRC-derived EVs by Kupffer cells resultsin reduced serum levels of IL-2
and tumour necrosis factor (TNF) along with intrahepatic CD4" T cells®.

Highlighting their important role in wound healing, Kupffer
cells educated by gastric-cancer-released exosomes containing
miR-151a-3p acquire an altered secretome and generate a stem-cell-
permissive microenvironment supporting metastatic colonization”.
The HGF-MET signalling axis is a key player in liver regeneration and
gastric tumours activate HGF production in Kupffer cells via exoso-
mal transfer of functional EGFR, leading to remodelling of the liver
microenvironment®’. Lastly, exciting recent work has identified
monocyte-derived Kupffer cells as the predominant populationin tis-
sues following injury®? but the potential contribution of cancer-primed
monocytesinseeding monocyte-derived Kupffer cellsin the liver PMN
isyettobeexplored.

Alveolar macrophages. Alveolar macrophages (AMs) are long-lived
cellsresidinginlungalveoliand airways. In models of HCC lung metas-
tasis, AMs are enriched in the metastatic lung in a CCL2-dependent
manner. While CCL2-driven lung inflammation is a frequent hallmark
of the lung PMN, it remains unclear whether these AM-driven effects
precede metastatic colonization®. When compared with other popula-
tions of tissue-resident macrophages, AMs probably have alimited role
in the initiation of the PMN. Their localization to the luminal surface
ofthealveolar space probably positions them unfavourably for expo-
sure to tumour-derived factors. In the context of injury and infection,
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the AM poolisbolstered by the recruitment of bone-marrow-derived
monocytes that differentiate into AM-like cells termed recruited
alveolar macrophages, but their importance in the premetastatic
lung in the context of concomitant perturbed myelopoiesis is yet to
be determined®™.

Microglia. Microglia are the predominant immune cell populationin
thebrain, and recently applied single-cell technologies have unveiled
apreviously underappreciated diversity in microglial heterogeneity®.
TDMs produced from cancer cells, which can metastasize to the brain,
modulate signalling pathways that regulate neurotransmitter release,
glia and microglia activation and are involved in neuroinflamma-
tion. Microglia can support metastatic outgrowth by generating an
immunosuppressive PMN through the release of CXCL10, a factor
also found to be upregulated in the metastatic niche and enhancing
immunosuppression’. This is further supported in mouse models of
breast cancer, where the injection of a BBB-permeable macrophage
colony-stimulating factor 1 (CSF1) inhibitor, which dampens inflam-
matory responses in microglia, resulted in reduced intravasation of
cancer cells and metastatic colonization”.

Monocytes and macrophages
Therole played by monocytes and monocyte-derived cellsis intricate
and complex and they can be pro- or anti-metastatic depending on
the specific context. Nonclassical patrolling monocytes, primarily
enrichedinthe lungvasculature, engage with early disseminating can-
cer cells by scavenging cancer-cell material and recruiting NK cells,
ultimately preventing lung metastasis in multiple mouse models®®®’.
Thisis, in part, orchestrated by tumour-derived exosomes, which are
taken up by monocyte progenitors in the bone marrow, promoting
expansion of the anti-metastatic patrolling monocyte pool'*°. Con-
versely, tumour-derived tissue factor (TF)-induced thrombosis has
been demonstrated to induce the formation of alung PMN via mono-
cyte recruitment. Recently, tumour-induced SAA signalling in lung
monocytes and macrophages was shown to activate the expression
ofthe arginine-modifying enzyme protein arginine deiminase (PADI),
resulting in citrullination of lung fibrinogen deposits, thereby sup-
porting lung PMN formation and cancer-cell recruitment'®. These
studies reflect alarge body of literature, demonstrating a key role for
inflammatory monocyte recruitment in establishing varied PMNs*>1°2,
TDMs have a pivotal role in directing macrophage polarization
towards pro-metastatic phenotypes. In gastric cancer and CRC, liver
macrophages undergo polarization towards alternatively activated
phenotypes following exosome-mediated delivery of miRNAs'**'** and
theirimmunosuppressive activity contributes to the establishment of
theliver PMN. Moreover, macrophagesin the lung PMN undergo expan-
sion driven by tumour-derived exosomes whose damage-associated
molecular pattern (DAMP)-containing cargo induces TLR2-dependent
glycolytic metabolism; the resulting enhanced lactate production
activates NF-kB signalling, which drives polarization towards a mixed

M1-M2 immunosuppressive phenotype'®.

NK and other innate lymphoid cells

Innate lymphoid cells (ILCs) are highly heterogeneous with key
roles in orchestrating innate immune processes. They are largely
tissue-resident, functioning as immune sentinels with additional
roles in tissue repair and are emerging as orchestrators of antitu-
mour adaptive immunity'°°. For instance, in a melanoma mouse
model, IL-33 was shown to activate ILC2 and suppress NK cells

promoting immunosuppression'”. Interestingly, IL-5 release from
ILC2 in the lung PMN drives the recruitment of glycolytic eosino-
phils that establish a glucose-poor and lactate-rich local metabolic
microenvironment to suppress antitumour immunity by NK cells'*®.

NK-cell-mediated cytotoxicity is acore component of antitumour
immune surveillance and a potent inhibitor of metastasis. Circulat-
ing tumour cells are highly susceptible to NK-cell attack and employ
multiple mechanisms to subvert this via cluster formation, along with
shielding by platelets, neutrophils and neutrophil-derived NETs'*’.
Impaired NK-cell functionisacommon feature of PMNs andisinduced,
viaavariety of strategies, leading to alterations in NK-cell recruitment,
survival, proliferation, differentiation and tumoricidal function. NK
cells constitute a substantial immune-cell population in the lung but
inthe context of the lung PMN, as discussed above, these cells develop
a suppressed anti-metastatic function by cancer-primed infiltrating
neutrophils and resident ILC cells'®,

Active TGFp-signalling, a hallmark of PMNSs, has profound effects
oninducing NK-cell states reminiscent of an exhausted phenotype'°.
Multimodal characterization of NK cells from patients with metastatic
breast cancer identified TGF3-driven NK-cell dysfunction character-
ized by impaired interferon-y (IFNy) production, defective oxidative
metabolism and reduced cytotoxicity, supporting the notion that
TGFB-induced NK-cell plasticity may contribute to defective NK-cell
activity both systemically in the circulation and in the PMN™', Remark-
ably, tumour-derived TGF[3 was demonstrated to induce conversion
of NK cellsinto ILC1-like cells, with similar presentation of exhaustion

markers and suppressed anti-metastatic activity'.

Indirect effectors in systemic perturbation

Platelets

Systemic platelet activation and elevated thrombosis are frequently
experienced when widespread clotting contributes to organ dysfunc-
tion and morbidity. Platelets are recognized for their pro-metastatic
functions through diverse mechanisms ranging from shielding circulat-
ing tumour cells to pro-angiogenic and immunoregulatory processes.
They are important mediators of the formation of multiple PMNs™.
Coagulationis initiated by TF, which triggers a proteolytic cascade
leading to platelet activation, aggregation and thrombus formation.
Tumour-derived TF and the ensuing platelet activation and micro-
thrombus formation promote myeloid cell recruitment to the lung,
leading to PMN formation'®. Breast-tumour-derived EVsinduce both
systemic platelet activation and local activation within the PMN, which
induces NETs and metastasis'*. Moreover, cancer-activated platelets
promote lung-endothelial-cell activation and melanoma-cell adhesion
to lung endothelial cells™.

Beyond the lung, cancer-primed platelets mediate tumour-to-
bone communication and the formation of bone PMNs. Primary pros-
tate cancer induces upregulation of thrombospondin1(TSP1) and TGFf3
release from platelets, which represses osteoclast differentiation and
promotes myeloid-cell recruitment and subsequent bone metastasis"®.
Intriguingly, in melanoma, platelets promote bone PMN formation
by sequestering tumour-derived TGF3 and MMP1, which is shuttled

to the bone to support remodelling of the bone microenvironment'”.

Neutrophils

Alongside their direct action on distant organs, TDMs can stimulate
haematopoiesis and increase the mobilization of bone-marrow-
derived inflammatory cells, which infiltrate distal organs and con-
tribute to the formation of PMNs'"'8, Neutrophils are the predominant
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bone-marrow-derived cell; they rapidly enter the circulation and recruit
tosites of tissueinjury and infections. Over the past few decades, many
studies have focused on neutrophil responses and their prominent roles
asregulators of tumour progression and, despite their short-lived and
non-proliferative status, neutrophil plasticity and functional diversity
are now well recognized™”.

Generation of cancer-primed neutrophils. Neutrophils change
their phenotype and functionsinresponse to the local tissue environ-
ment and are dramatically altered upon exposure to the TME?°722,
Importantly, their modulation in the context of cancer is initiated
duringtheir production in the bone marrow, which generates altered
(cancer-primed) neutrophils that can be observed in both mice and
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humans'>*?*, The bone marrow environment in the context of cancer
is profoundly perturbed: activation of granulopoiesis leads to the
expansion of early progenitors, and the production of neutrophils
results in an increased release into the circulation of heterogeneous
primed neutrophils, including mature, immature and early neutrophil
progenitors'> ¥, Interestingly, in certain cancer contexts, neutrophils
are reported to be additionally produced from progenitors resid-
ing outside the bone marrow, in a process termed extramedullary
granulopoiesis, which may contribute to their immunosuppressive
functions?'*, The TDMs that induce neutrophil perturbations have
been extensively reported. One key factor driving increased neutro-
phil production is granulocyte-colony-stimulating factor (GCSF),
a major instigator of emergency granulopoiesis and reported to be
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Fig. 4| Bone-marrow conditioning in the local and distal formation of
pre-metastatic niches. a, The top panel shows the generation of cancer-
primed neutrophils, initiated by tumour-induced conditioning of the bone
marrow and resulting in early activation of granulopoiesis, characterized

by rapid expansion of early neutrophil progenitors and the production of
ahighly heterogeneous neutrophil population. Similarly, tumour-derived
mediators (TDMs) induce aberrant expansion of monocytes. This process is
facilitated by TDM-induced perturbation (some indicated in the figure) of the
bone-marrow microenvironment, notably through bone-marrow-stromal
activation-generating niches that support and shape myelopoiesis towards

the generation of pathological populations of monocytes and neutrophils. The
dashed arrow represents monocyte precursors not being shown. The lower panel
shows that the same process of TDM-induced remodelling of the bone-marrow
microenvironment leads to the generation of a metastasis-supportive bone
pre-metastatic niche via the activation of osteoclasts and osteoblasts as well
asbone vasculature remodelling. b, Neutrophils escort clusters of circulating
tumour cells, enhancing their growth potential, and facilitate their subsequent
extravasation at distant sites. ¢, Tumour-induced bone-marrow conditioning
drives the production and systemic mobilization of cancer-primed neutrophils,

whichinfiltrate distant organs and serve as key mediators of pre-metastatic
niches, particularly in the lung and liver. Within these pre-metastatic niches,
cancer-primed neutrophils exhibit broad phenotypic alterations, including
changes in metabolism, pro-inflammatory signalling, proteolytic activity and
neutrophil extracellular trap formation, known as NETosis. These alterations
support their pro-metastatic conditioning by enabling immune suppression,
extracellular matrix (ECM) remodelling, and the promotion of cancer-cell
growth and stem-like characteristics directly or through the aberrant activation
of tissue-resident cells. ANG2, angiopoietin 2; C5a, complement 5a; CCL2,
CC-chemokineligand 2; CCR2, CC-chemokine receptor 2; COX2, cyclooxygenase 2;
DKK1, dickkopf-1; EMT, epithelial-to-mesenchymal transition; FATP2, fatty

acid transport protein 2; GCSF, granulocyte-colony-stimulating factor; GMP,
granulocyte-macrophage progenitor; HStC, hepatic stellate cell; IL, interleukin;
IL-4R, interleukin 4 receptor; ImmNeu, immature neutrophil; LOX, lysyl oxidase;
MMP13, matrix metalloproteinase 13; NK, natural killer; OPG, osteoprotegerin;
PreNeu, preneutrophil; ProNeu, proneutrophil; ROS, reactive oxygen species;
SRAGE, soluble receptor for advanced glycosylation end products; WISP1,
WNTI-inducible-signalling pathway protein 1.

highly produced by cancer cells and the TME"#?1*°_ Recent studies
have shown that osteogenesis-inducing TDMs, such as angiopoietin-2
(ANG2), WNT1-inducible-signalling pathway protein 1 (WISP1; also
known as CCN4) and the receptor activator of NF-kB ligand (RANKL)
decoy receptor osteoprotegerin (OPG; also known as TNFRSF11B),
fromearly breast cancer remodel the bone-marrow MSC niche, which,
alongside altered myelopoiesis, leads to the production of immuno-
suppressive monocytes and neutrophils™. Similarly, in the presence
of non-small-cell lung cancer, the IL-4 derived from bone marrow baso-
phils and eosinophils induced granulocyte-monocyte progenitors
(GMPs) to transcriptionally reprogramme the development of immu-
nosuppressive tumour-promoting myeloid cells"* Further changes
inthe bone-marrow niche were reported in a mouse model of pulmo-
nary malignancy, where the presence of cancer cells in the lung acti-
vated osteocalcin-positive osteoblasts viatumour-associated soluble
receptor for advanced glycosylation end products (SRAGE). This in
turn promoted the expansion and mobilization of pro-tumorigenic
sialic-acid-binding immunoglobulin-like lectin F (SIGLECF)-high
neutrophils'®. In mouse models of breast cancer characterized by
p53 loss, tumour-associated macrophages were found to produce
IL-1B, which induced the mobilization of neutrophils from the bone
marrow to the lung to form PMNs™*. Interestingly, the remote effect
of cancer on myelopoiesis was shown to persist even after tumour
removal. Cancer-derived serine protease HTRAI on EVs was shown
to target osteoprogenitors to induce expansion of GMPs via MMP13
upregulationand altered granulopoiesis'®. This effect was also shown
to endure after tumour resection and continued to negatively influ-
ence anticancer responses’. Thus, these tumour-to-bone-marrow
connections drive the mobilization of cancer-primed myeloid cells,
in particular neutrophils, fostering PMN formation in other organs
(upper part of Fig. 4a).

Bone conditioning. The bone tissue also experiences tumour-
induced changes that subsequentially support metastasis (lower
part of Fig. 4a). These can occur, as reported for breast cancer, via
the recruitment and retention of CCR2" monocytes, which undergo
differentiation into CD204°IL-4R" macrophages, which actively sup-
port the outgrowth of bone metastases'°. However, resident cells

in the bone that mediate altered myelopoiesis, such as osteoclasts'

and other MSCs, also represent cellular components involved in the
formation of bone PMNs'”. This can proceed, for example, following
conditioning by factors that increase osteoblastic differentiation™'.
Moreover, the recruitment of osteoclast precursors can support
the formation of the bone PMN for metastatic breast cancer cells
via the production of R-spondin-2-rich, RANKL-rich and leucine-rich
repeat-containing G protein coupled receptor 4 (LGR4)-dependent
WNT inhibitor DKK1"%, Remarkably, GCSF, one of the key mediators
of granulopoiesis occurring in the bone marrow and responsible for
cancer-dependent neutrophil mobilization’, was recently reported
to have a haematopoietic-cell-independent role in directly remodel-
ling the bone vascular endothelium®’, suggesting that a single factor
has the potential to concomitantly drive local bone PMN formation
alongside the induction of systemically mobilized cancer-primed
neutrophils. Importantly, breast cancers release various factors (LOX,
CCL2, IL-6, DKK1 IL-11 and IL-8) that activate osteoclastogenesis and
bone resorption®””!, to induce a pro-tumorigenic bone environment.
Thisisafeature consistent withthe clinical evidence that osteoporosis

accelerates the progression of bone metastasis™*°.

Cancer-primed neutrophils as mediators of PMNs. Neutrophils
have been reported to directly support cancer-cell spread by escort-
ing circulating tumour clusters enhancing their growth potential'*,
aswell as promoting their extravasation at metastatic sites'** (Fig. 4b).
Importantly, cancer-primed neutrophils can prime distant organs
for metastasis (Fig. 4c). Furthermore, owing to their cancer-primed
state, bone-marrow-derived neutrophils exhibit increased migra-
tion to both pre-metastatic and other tissues'**. Importantly, this
increased mobilization results in elevated neutrophil infiltration in
distant organs, animportant prerequisite for effective PMN formation’.
The predominant pre-metastatic activity of cancer-primed neutro-
phils relates to immunosuppression. Cancer-primed neutrophils are
reported to harbour altered metabolic activity that supports their
immune-suppressive functions. These include upregulated fatty acid
transport protein 2 (FATP2) mediating the uptake of arachidonic
acid and synthesis of PGE, (ref. 144), or the ability to engage in oxi-
dative mitochondrial metabolism maintaining high production of
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reactive oxygen species (ROS)'. Recent studies have provided mecha-
nistic insights into neutrophil-NK cell crosstalk. In mouse models of
mammary lung metastasis, GCSF-dependent lung-infiltrating neu-
trophils elicit a potent anti-metastatic activity in NK-cell-deficient
hosts, but a pro-metastatic activity in NK-cell-competent hosts'*.
Cancer-primed neutrophils have also been shown to exert a strong
ROS-induced suppression of NK-cell cytotoxicity and tumoricidal
effect ex vivo, and again demonstrating the high potency of NK cells
in mediating metastatic control. Neutrophils in the premetastatic

Box 2 | Clinical evidence of pre-metastatic
conditioning

The study of pre-metastatic changes in patients with cancer is
limited by the difficulty of analysing organs free of metastatic
disease. Nonetheless, clinical evidence of the pre-metastatic niche
can be found in organs in which removal is part of clinical practice,
such as the lymph nodes. A study that analysed draining lymph
nodes of patients with bladder cancer demonstrated a clear
association between the presence of the extracellular matrix
(ECM)-associated protein tenascin C and metastatic progression”®.
Interestingly, this also positively correlated with the presence of
cytokine-containing extracellular vesicles (EVs) in the urine of
patients with cancer, providing evidence of both an ECM change
in an organ free of metastasis and the systemic presence of a
cancer-derived mediator of pre-metastatic niches (PMNs)>®.

In a recent study, clinical evidence of cancer-primed neutrophils,
another potential mediator of PMNSs, was reported in patients

with asymptomatic early breast cancer®*. The possibility of
monitoring PMN mediators (such as exosomes, cancer-specific
immune-cell populations or mediators in circulation) together
with new technological advances in analysing cancer-derived EVs
offer strong potential for early cancer diagnosis®’?*®. Additionally,
whole-body imaging analysis could also be used to detect the
presence of PMNs. For instance, in preclinical models, computed
tomography (CT) images quantifying different parameters of

the lung (such as volume and density) identified changes, thus
allowing detection of lung PMNs in mice harbouring primary breast
cancer®, In a retrospective study, CT radiomic features present

in the liver were shown to predict metachronous liver metastasis
within 24 months after surgical removal of primary rectal tumours,
suggesting that changes in whole-organ PMNs could also be used
clinically to predict early recurrence?. Similar evidence was
provided in a retrospective study that predicted lung metastasis in
patients with breast cancer®.

A knowledge of PMNs has potential not only for early
metastatic risk assessment but also for targeted interventions
aimed at decreasing the risk of development of metastasis. As our
mechanistic understanding of PMN formation grows, so too does
the list of possible targets for anti-metastatic therapies. For this,

a deeper understanding of the cancer-intrinsic drivers, such as
oncogenic mutations, responsible for specific PMN priming will be
essential. Moreover, while the majority of tumour-induced tissue
perturbations generate pro-metastatic conditions, given the right
context, anti-metastatic host responses in the cancer context also
occur®*?* |t is conceivable that if harnessed, these could also offer
novel anti-metastatic therapeutic strategies.

lung also indirectly suppress NK-cell cytotoxicity through stromal
regulation. As mentioned earlier, preconditioned lungs show a specific
expansion ofimmunomodulatory adventitial fibroblasts in response
to neutrophil-derived IL-1B. These fibroblasts were found to repro-
gramme various myeloid populations in the PMN via COX2 upregula-
tion and subsequent production of PGE,, which resultsin suppression
of Tand NK cells*®. Interestingly, the same inflammatory IL-1B signalling
has been shown to induce lipid accumulation in mesenchymal lung
cells, which inhibit NK cell function via the transfer of exosome-like
particles®.

An additional important pro-tumorigenic function of cancer-
primed neutrophilsis mediated by their high production of NETs, which
enhance cancer-cellgrowthin PMNs'”"*¢, Stromal and parenchymal tis-
sue cells at the pre-metastatic stage can contribute to the recruitment
and activation of cancer-primed, NET-forming neutrophils. Hepatic
stellate cells in the pre-metastatic liver were polarized into an inflam-
matory cancer-associated phenotype, which promoted neutrophil
infiltration and NET formation via the production of complement C5a
and IL-1B'*. As mentioned previously, the upregulation of comple-
ment C3 in lung MSCs, regulated by T,2 cytokine-STAT6 signalling
cascade, stimulates NETosis in infiltrating cancer-primed neutrophils®.
Increased NETosis activity can also be triggered by oxalate, which
accumulatesin the lung PMN as a result of metabolic reprogramming
of alveolar epithelial cells, which activates TLR3-interferonregulatory
factor 3 (IRF3) signalling. Oxalate in the lung tissue induced NADPH
oxidase activation in neutrophils, necessary for NETosis, which in
turn accelerated metastatic colonization by breast cancer cells™.
Tumour-secreted exosomes were also shown to directly contribute
totherelease of NETsin distal PMNs as well asin the vasculature, which
has the added effect of promoting thrombosis known to support
both PMN activity (see subsection ‘Platelets’) and cancer-associated
pathological conditions™*"",

The tumour-promoting effect of infiltrating neutrophils can
be mediated by stimulation of (lympho)angiogenesis and ECM
remodelling™®>"**>, Under sustained tissue inflammation, ECM remod-
elling in PMNs was shown to be regulated by the proteolytic cleavage
of laminin, orchestrated by the NET-associated proteins, neutrophil
elastase and MMP9 (ref. 153). Neutrophils in PMNs can also directly
influence the intrinsic metastatic features of cancer cells upon seeding
either by enhancing their stemness potential® or by modulating their
mesenchymal phenotype™*'*. Cancer cells endow neutrophils with the
ability to promote the EMT of cancer cells, by stimulating secretion of
the EMT inducer FAM3C in a TGFB1-SMAD2/3-dependent manner®™®,
FAM3Crecently emerged as abiomarker of disease progression and was
foundto be presentintumour-derived EVs, which could pre-condition
distal organs™.

Inter-organ communication

The systemic perturbations described above have mostly been
reported in mechanistic studies using preclinical models, but their
occurrence has also been described in patients with cancer (Box 2).
Importantly, the conditioning that targets specific pre-metastatic
sites also has the potential to trigger a cascade of events affecting
multiple organs and resulting in alterations to overall body physi-
ology (Fig. 5). Evidence for this comes from observed changes in
body composition, particularly skeletal muscle, adipose tissue and
bone, in patients with cancer. Not only does clinical monitoring of
these changes have prognostic value but also precise detection
of the changes means that more targeted approaches providing
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nutritional support could be applied to patients with cancer®®,

Alterations in body composition can, at late stages of disease, lead
to complex syndromes such as cachexia, where intricate metabolic
imbalances become irreversible, leading to systemic wasting and
contributing to mortality”’. Moreover, alterations to metabolism
and the immune system are constantly evolving and when tumours
progress and metastases are established, additional systemic per-
turbations will occur, which may depend on the specific organ of
metastatic spread. In the case of melanoma, clinical evidence indi-
cates that patients stop responding to immunotherapy once they
develop liver metastasis, and a study that mimicked this scenario in
preclinical models did indeed find that liver metastases systemically
deplete activated CD8' T cells by apoptosis through interaction with
FAS ligand (FASL)"CD11b‘F4/80" monocyte-derived macrophages
within the liver'*°, This further exemplifies the constant evolution of
the systemicinteraction between cancer and the host,aphenomenon
that at early stages might drive local perturbations in distant tissues
but also represents a prelude to what, at late stages of disease, may
cause a degenerative syndrome, acommon cause of mortality.

Metabolic homeostasis

EVsare part of the inter-organ communication maintaining metabolic
homeostasis. They have rolesin many physiological processes via the
delivery of bioactive cargos''. Specifically in the context of cancer,
EVs delivering miR-122 were reported to induce alterations in O-linked
N-acetylglucosamine (O-GIcNAc) protein modifications in muscle,
affecting protein homeostasis and causing muscle dysregulationin
amouse model of breast cancer'®*. Similarly, the same miRNA was
reported to target metabolic homeostasis in the pancreas. Here,
breast-cancer-produced EVs containing miR-122 suppressed glyco-
lysis and ATP-dependent insulin exocytosis from pancreatic 3-cells,
leading to loss of whole-body glycaemic control, with increased
glucose production and decreased glucose tolerance, resulting
in fasting hyperglycaemia'®. Recent work, using mouse models of
melanoma and osteosarcoma, has shown how the fatty acid cargo
of tumour-derived EVs caninduce Kupffer cellsin the liver to express
TNF, which suppresses hepatocyte fatty acid metabolism to generate
apro-inflammatory fatty liver microenvironment'®*. Intriguingly, this
study also found that this EV-dependent liver perturbation enhanced
the side effects of chemotherapy, such as bone marrow suppression
and cardiotoxicity'®*, suggesting that tumour-induced metabolic
reprogramming of the liver causes systemic effects in other organs.
Moreover, the miRNA cargo of breast-cancer-derived EVs, namely
miR-204-5p, was reported to target white adipose tissue (WAT) and
activate hypoxia-inducible factor 1A (HIF1A), which in turn induces
leptin signalling and promotes lipolysis and white adipose tissue
browning, thus reducing fat mass'®. Syngeneic transplant mouse
models of cancer were also shown to induce increased innervation
in WAT, which induced browning via 3-adrenergic activation of adi-
pocytes. This effect was shown to be mediated by IL-4 dependent
macrophage activation'®®. Given that EV-mediated crosstalk between
adiposetissue and other organs under physiological and other patho-
logical conditions is well established'®, alterations in adipose mass in
the context of cancer have the potential to have additional systemic
consequences.

The gut microbiome
The gut microbiome is the most abundant symbiotic microbial popula-
tion in the body and profoundly influences organismal homeostasis

Metabolic and
immune modulation

Gut microbiome
dysbiosis

Circadian clock
disruption

Growth factors, Extracellular

cytokines or () vesiclg
chemokines [ " - °
° Qo N\ , - - \ ]
Suppressed fatty | —— | &4 \: Muscle
acid metabolism 7 ® e dysregulation "

in the liver (mass reduction)

Impaired glucose
homeostasis in
the pancreas

Adipose tissue lipolysis
and WAT browning

=== (Mass reduction)

Fig. 5| Multi-organ and multi-systeminteractions between tumours and
the host. Tumoursinfluence multiple organs and systems either directly
through tumour-derived mediators (TDMs) (with associated growth factors,
cytokines, chemokines and extracellular vesicles), or indirectly via disruption
of circadian rhythms and gut dysbiosis. These interactions lead to distal organ
preconditioning, which, inisolation, initially perturbs specific organ functions.
However, these physiological systems are interconnected primarily through
systemic modulation of metabolism and the immune system, which will have
repercussions on multiple organ systems. This widespread physiological
disruption caninitially manifest as pro-metastatic conditioning in early stages and
may eventually progress to degenerative syndromes. WAT, white adipose tissue.

via vitamin and metabolite production’”'*®, An impaired gut micro-
biota, a condition known as dysbiosis, can contribute to many dis-
eases. Equally, pathological conditions, including cancer, caninduce
dysbiosis'®’. The link between the microbiome and the immune system
isalsowell known; indeed, germ-free mice exhibit a deficiencyin their
immune system as well as control of neutrophil heterogeneity that
results from ageing’*"". The crosstalk between cancer and the gut
microbiome via changes in the immune system is best exemplified
by its impact on the response to immune checkpoint blockade'*'"”>,
Alterations to the composition of the gut microbiome can also result
inaltered host metabolism, with repercussions for energy availability
and muscle function. Cumulative evidence on the interplay between
cancer and the gut microbiome has led to the idea of fine-tuning a
patient’s microbial composition to increase the efficacy of cancer
treatment'”,

Circadianrhythms

The circadian clockis responsible for maintaining a healthy physiology
andits disruptionis also linked to cancer, with disruption of different
molecular clock components reported to either promote or counter-
act tumorigenesis”’®. Again, the interaction between cancer and the
circadian clock appears to be reciprocal. For instance, lung adenocarci-
nomawas reported toinhibit rhythmic hepaticinsulin signalling, which
consequently led toadecrease in glucose sensitivity as well as changes
in lipid metabolism via the rewiring of circadian transcription in the
liver'””. Equally, the metastatic behaviour of cancer cells was shown
to be profoundly influenced by circadian rhythm hormones such as
melatonin, testosterone and glucocorticoids'.
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Cancer-independent preconditioning

Cumulative evidence of non-cancer-related systemic perturbations
that mimic features of cancer-induced pro-metastatic conditioning
suggests a bidirectional interaction between cancer and its host. For
example, neutrophils can acquire pro-tumoural functions in the con-
text of tissue injury'”, pathological conditions, such as stress'”*'*° and
inflammatory diseases, associated with obesity and smoking'*>'8152,
Similarly, the same mediator reported to be involved in the forma-
tion of liver PMNs, SAA, also plays a partin exacerbating liver inflam-
mation associated with nonalcoholic fatty liver disease (NAFLD) and
ethanol-induced liver injury and cirrhosis'®*'**, Collectively, these stud-
ies, support the idea that cancer dependent pre-conditioning hijacks
and simultaneously brings together mechanisms of systemic altera-
tion present in multiple disorders thereby creating novel, complex
pathophysiological states.

Stress-induced preconditioning

Stress is known to greatly perturb the physiological state and was
recently shown to induce broad perturbations in the bone marrow'®.
Indeed, chronic stress was shown to increase bone metastasis via the
activation of osteoblasts'®, but also to induce mobilization of per-
turbed myeloid cells””’. Disseminated cancer cells can more effectively
colonize the lungs of mice exposed to chronic unpredictable mild stress
(CUMS) because it elevates systemic glucocorticoid levels, leading to
increased pulmonary recruitment ofimmunosuppressive myeloid cells
viathe CXCL1-CXCR2axis'. Inmice, stress hormonesinduced by physi-
calrestraint caninduce therelease of pro-metastatic neutrophils, which
increase the chance of metastatic cell reactivation from dormancy™’.
In a recent study, CUMS was shown to create a PMN in the lung
by increasing fibronectin deposition, reducing T-cell presence and
increasing the infiltration of neutrophils. Importantly, these neutro-
phils, which express the glucocorticoid receptor, when stimulated by
stress-induced glucocorticoids, were reported to alter their circadian
rhythm, which potentiated their ability to release NETs. Intriguingly,
these features mimic the characteristics of cancer-primed neutrophils,
as this study showed that, when mice harbour primary carcinomas,
chronic stress did not further change the expression of their ageing
markers’. In certain cases, CUMS can also induce the recruitment
of myeloid cells from an extramedullary site, the spleen, to induce a
lung PMN'®’. In mouse models of ovarian- and lung-cancer dormancy,
stress hormonesindirectly mediated afibroblast growth factor (FGF)-
dependent reactivation of quiescent tumour cells, via the accumula-
tion and release of oxidized lipids from stress-activated SI00A8/A9*
neutrophils™’. These studies support the notion that distant changes
to atissue can, at least in part, be regulated by the nervous system,
and whether cancer can also induce similar perturbations in distal
organs via activation of the nervous system is an area that remains to
be explored.

Ageing-induced conditioning

Ageing is also a potent physiological process that induces tissue
changes predisposing to metastatic growth’®'%°, Ageing is often
characterized by a state of chronic low-grade inflammation and cel-
lular senescence® whereby ageing-associated dysregulated systemic
inflammation can affect neutrophils. Neutrophils can facilitate tissue
colonization by circulating tumour cells, by functionally compromis-
ing vascular endothelial junctions, thereby increasing circulating
tumour-cell extravasation'®'. However, neutrophils in aged mice show
reversed trans-endothelial migration patterns, whereby neutrophils

lose directional motility in circulation and accumulate in vascular
endothelium in inflamed lungs'®’. This phenomenon increases vas-
cular leakage and therefore could increase CTC extravasationin aged
venules. In addition, in the bone marrow, the origin of myeloid prim-
ing, alterations typical of ageing induce a steady-state myeloid-biased
haematopoiesis'®>. Collectively, the changes driven by ageing, which
include changes in inflammation, in the tissue stroma and in the
ECM, are naturally driving the key determinants of cancer-induced
pre-metastatic conditioning (Fig. 2) and mechanistically support the
link between ageing and cancer risk'”.

Diet- and lifestyle-induced conditioning

Other physiological changes can influence metastatic progression
insimilar ways. A dietrich in fat is reported to induce changes in the
lung similar to that of a cancer-induced PMN through the accumula-
tion of palmitic acid®®, as well as the mobilization of dysfunctional
neutrophils increasing vascular permeability®"'*, This phenomenon
was observed in mouse models of diet-induced obesity and was asso-
ciated with obesity-mediated neutrophil reprogramming, causing
anincreased production of ROS and NETosis™®. A high-fat diet also
causes anincreasein fatty acid release from adipocytes inthe omental
PMN, favouring the establishment of metabolic crosstalk with ovarian
cancer cells and promoting metastatic progression, as well as induc-
ing systemic changes in myeloid cells via alteration of the intestinal
microbiome'”"*, Moreover, certain diets richin capsaicin, foundin chili
peppers, were shown to disrupt gut barrier integrity leading to bacte-
rial entry into the liver with consequences for bile acid metabolism,
which drove natural killer T (NKT) cell recruitment, inducing a liver
PMN". Conversely, systemic changes induced by dietary restriction
were also shownto perturb the bone marrow environment and optimize
immunological memory, supporting theideathat dietary interventions
could be used to positively control immunity™%'*°,

Smoking is well known to have pro-carcinogenic effects in the
lung, but more recently both nicotine and lipopolysaccharide (LPS)
contaminantsin smoke were reported toinduce alung PMN by modu-
lation of neutrophil activities'*'®2, Exposure of lung PMNs to nico-
tine also induced EMT in and increased the metastatic colonization
potential of cancer cells, by promoting secretion of the pro-tumour
neutrophil-related factor lipocalin 2 (LCN2)'®. Equally, the ben-
eficial effects of exercise were linked to metabolic reprogramming
of the stroma, anincrease in T-cell activity, and potential induction of
aniche pre-conditioning that counteracts metastasis via the release
of muscle-derived EVs*°°%, Interestingly, mild cold exposure was
shown to activate brown adipose tissue, which induced metabolic
alterationsthat decreased blood glucose and inhibited primary tumour
growth?®, suggesting that knowledge of the mechanisms of both
cancer-dependent and cancer-independent PMN formation could
lead to novel therapeutic interventions.

Other variables of the physiological state

We must also consider that additional variables might be relevant,
but also represent confounding factors that indirectly influence life-
style, making the identification of causalities challenging. This is the
case for variables such as ancestry or sex that might correlate with
variations in lifestyle. Nevertheless, there may also be clear biologi-
cal differences in these variables that equally need to be taken into
account, such as the well recognized differences inimmune responses
between men and women, but also the reported sex biases in cancer
incidence, spectrum and outcomes as well as sex differences in the
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onset of systemic syndromes such as cachexia®**°¢, Similarly, ethnic
disparities in the severity of pancreatic-cancer-related cachexia have
also been reported®”’.

Therapy-induced conditioning

Considering that systemic anticancer therapies impose substantial
alterations on the body as well on the TME', it is perhaps not sur-
prising that they also induce a distant preconditioning that favours
metastatic progression. Chemotherapy has been reported to
enhance metastasis in many ways. For instance, cytotoxic drugs were
reported toincrease levels of cancer-derived EVs enriched in annexin
A6, which promoted NF-kB-dependent endothelial cell activation and
LY6C'CCR2" monocyte expansion in the pre-metastatic lung?’®, Sys-
temic chemotherapy was also reported to selectively drive NETosis in
thelungandkidney. Here, the NETs were able to promote the therapeu-
ticresistance of cancer cellsin the lung viaactivation of TGFf3 as well as
contribute to kidney damage®”. Chemotherapy was also shown to acti-
vate complement signallingin CAFs, which triggered immunosuppres-
sion viamyeloid cell recruitment to metastatic sites”’. Inanother study,
multi-dose gemcitabine was reported toinduce reactive myelopoiesis,
increasing monocyte production but also generating pro-metastatic
lung interstitial macrophages via upregulation of coagulation factor
X?!. Additionally, aside effect of radiation exposure in healthy lungs was
showntobeanefficient priming of the organ for metastatic growth of
different tumour types. This effect was mediated by the accumulation
of radiation-primed neutrophils that, via degranulation, drove NOTCH
pathway activationin the alveolar cells, which subsequently increased

the metastatic potential of cancer cells to the post-irradiated lung™'.

Are PMNs stochastic or deterministic?

The shared mechanisms between cancer-independent and cancer-
dependent preconditioning of distal tissues suggests that cancer might
induce the formation of PMNs by hijacking more general physiological
whole-body responses. Moreover, that the same or similar mediators
are involved in PMN formation and in the extensive inter-organ con-
nections that occur upon metastasis, raises the question of whether
PMNs are stochastic or deterministic phenomena resulting from a
wider disruption of host physiology. The aggressive potential of can-
cers s, like any other biological process, largely governed by seren-
dipitous processes that are positively selected toincrease the chances
of growth, dissemination and successful metastasis. Therefore, the
pre-metastatic conditioninginduced by systemic perturbations could
be viewed as general alterations in the organism physiology that,
insites targeted by cancer cells, increase their chance of growth. When
PMNs areinduced viaindirect mediators like systemic mobilization of
myeloid cells, or primary-tumour-derived factors that activateresident
cellsinmultiple organs, itis unclear whether theirimpactis restricted
tosites subsequently targeted for metastatic growth. It is conceivable
that multiple organs are affected independently of metastatic dissemi-
nation. Inthisregard, pre-metastatic conditioning could be viewed as
amore stochastic property of awider physiological change. Moreover,
ifthese perturbations are stochastic, they could, insome organs, gen-
eratetissue states with anti-metastatic properties. This phenomenon
has been poorly investigated so far. However, analysis of circulating
neutrophils has uncovered their previously underappreciated exten-
sive heterogeneity®*and despite their more common pro-metastatic
behaviour, in certain contexts, they are reported to kill disseminated
tumour cells, limiting metastatic spread”*>*"*. Furthermore, the type
of systemic changes induced may depend on the properties of cancer

cells themselves and the ability to efficiently induce PMNs may be an
inherited property of a more aggressive cancer programme. Indeed,
syngeneic transplant mouse models showed that myeloid cells sys-
temically primed by aggressive breast-cancer cells could restore the
metastatic ability of cells otherwise unable to evade immune control*.

The fact that certain organs are frequent sites of metastasis but
others, despite being accessible due to extensive vascularization,
very rarely host secondary tumour growth (Fig. 2a), raises the ques-
tion of whether all organs are equally targeted by tumour-induced
conditioning. In the case of EVs as mediators of PMNs, the specificity
intargeting certain tissues challenges the idea that PMN formation is
stochastic and points to adeterministic model for metastatic tropism.
Indeed, the compatibility between the specific integrin complexes of
EVs and the ECM components of the secondary niche is a major selec-
tive pressure for metastatic spread. Moreover, exosomes were shown to
preferentially fuse with specific resident cellsin certain organs through
specificintegrin-mediated interactions®”. This organotropism of EVs
isafrequent observation; forinstance, runt-related transcription fac-
tor 2 (RUNX2)in colorectal cancer regulates the release of EVs enriched
inintegrin beta-like 1, which are able to activate fibroblasts via NF-kB
signalling. However, these EVs were shown to accumulate specifically
inliver and lung fibroblasts, and, to a lesser extent, in those of brain
andbone’. Similarly, PDAC exosomes preferentially accumulate in the
liver where they activate hepatic stellate cells and induce liver fibrosis,
increasing organ stiffness and collagen density*’. This preconditioning
changesthe properties of the target site and experimentally, condition-
ing with exosomes from lung-tropic tumours can induce a lung PMN
that subsequently allows metastasis from bone-tropic tumour cells,
which normally would not be retained in this organ®”. This piece of
evidence attests to the power of PMN changes in driving metastatic
tropism. Nonetheless, despite the complex process of cargo selection
during exosome biogenesis, the integrins that mediate specificity in
PMN formation would be produced and present on the cancer cell
producing the exosome®*. Therefore, pre-conditioning thatis tightly
dependent on the properties of the cancer cells probably represents
away of supporting metastatic organ tropism.

However, the control of metastatic tropism is multifactorial and
is not necessarily determined by the cancer-cell-intrinsic properties
alone, as demonstrated by soluble mediators characteristic of certain
physiological states, which can cause pre-metastatic conditioning,
whichin turn mediates metastatic tropism. For instance, in the brain,
oestradiol (E2) levels were reported to induce increased production
ofbrain-derived neurotropic factor (BDNF) inastrocytes, which leads
to the activation of tropomyosin kinase receptor B (TRKB) on cancer
cellsand thereby increases the seeding efficiency of brain metastasis®”.
This could explain in part why breast-cancer brain metastases are
more common in younger females?®. The most likely scenario is that
PMN formation is a product of a combination of both stochastic and
deterministic processes, which occur simultaneously and may differin
their contribution depending on the stage of disease and cancer type.

Future perspectives and conclusions

As discussed in Box 2, clinical evidence of premetastatic condition-
ing is emerging and an understanding of these processes from the
preclinical studies discussed in this Review could lead to novel tar-
geted approaches. Indeed, therapies could potentially be developed
to target many of the TDMs described here thatinduce PMNs (Sup-
plementary Table 1). However, this would probably represent a lim-
ited approach because its efficiency would depend on how heavily a
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Glossary

Adipoblasts

Specialized cells of the adipose tissue
derived from mesenchymal stem
cells that function as precursors of
adipocytes.

Bone resorption
Process by which osteoclasts dissolve
the minerals in bone and break

Degranulation

Action carried out by specialized cells
that is characterized by the release of
intracellular granules.

Microglia
Resident macrophages of the nervous
system.

Granulopoiesis
Haematological process whereby
granulocytes — namely neutrophils,
eosinophils and basophils — are

Myelopoiesis

Biological process for the formation of
all myeloid cells (such as monocytes
and granulocytes) from undifferentiated
bone marrow progenitor cells.

Osteoclast

A specialized cell originating from

the monocyte lineage in the bone

marrow whose function is to break
down bone tissue.

Osteoclastogenesis
The biological processes involved in
bone degradation including osteoclast

down the matrix. produced. This process is enhanced

under certain inflammatory contexts

Cachexia and termed emergency granulopoiesis.
Complex multiorgan syndrome causing
wasting of the bodly. Hyperglycaemia

High levels of blood glucose in the
absence of external glucose sources
(such as food) during periods of fasting.

Chronic unpredictable mild
stress

(CUMS). Animal model of depression
and stress characterized by exposure
to a combination of mild and randomly
administered sources of stress such

Lipolysis

Metabolic process to mobilize energy
via the hydrolysis of triglycerides into
as food and water deprivation, tilting glycerol and free fatty acids.
of the cage, physical restraint and
forced swimming. The purpose of this
model is to mimic the stress in daily

human life.

Long non-coding RNA

RNA sequences usually of about 200
nucleotides that are not translated
into proteins.

Citrullination
Process by which the amino acid
arginine is converted into citrulline

Lymphangiogenesis
Physiological process for the formation
by post-translational modifications
catalysed by peptidyl arginine
deaminases, also referred to as
deamination.

and growth of new lymphatic vessels
from pre-existing ones.

Matrisome
Chemical and biophysical composition
of the extracellular matrix.

Decellularized matrices
Extracellular matrix from
biological origins that have been
processed to remove their cellular
components to obtain a scaffold of

Microbiome

The microbiota naturally living in the
human body at a given location or
habitat. The term usually used in

the context of the intestine is ‘gut
microbiome’.

the site-specific extracellular protein
composition.

differentiation and bone resorption.

Myofibroblasts

Specialized type of activated fibroblast,
usually characterized by the expression
of a-smooth-muscle actin and
exhibiting a smooth-muscle (spindle)
morphology.

Pancreatic 3-cells
Neuroendocrine pancreatic cells
responsible for insulin production.

Purinergic signalling
Extracellular signalling mediated by
purine nucleotides, such as ATP.

Neurovascular unit

(NVU). Anatomical structure that
provides integrity and regulates the
blood-brain barrier. Composed of

Thromboembolism
Vascular obstruction due to the
cerebral vascular cells and surrounding formation of a blood clot.

neurons, glia and extracellular matrix.

Thrombosis
Formation of a blood clot.

Neutrophil extracellular trap
(NET). An extracellular network of

White adipose tissue

(WAT). The most abundant type of
adipose tissue involved in energy
storage, endocrine communication and

decondensed DNA and proteases
from neutrophils, usually formed in the
context of pathogens. The neutrophil
specific process of NET release is

known as NETosis. insulin sensitivity.

Omentum White adipose tissue

A multi-layered specialized tissue of the browning

peritoneum. Metabolic adaptation to increased
thermogenic demand characterized

Osteoblasts by the development of brown adipose

tissue or the conversion of white
adipocytes into beige adipocytes.

Specialized cells originating from

the monocyte lineage in the bone
marrow whose function is to synthesize
bone tissue.

given cancer relies on a specific mediator. In the context of complex
tissue-wide or organism-wide interactions, more effective therapeutic
approaches would need to target the key processes that are activated
and are common among different tumour types and metastatic sites.
For instance, the reprogramming of the myeloid compartment is a
key process to induce immunosuppression (Fig. 4), and some experi-
mental approaches havebeenreportedto revert this myeloid priming
to drive whole-body conditioning and generate antitumour effects.
Asanexample, reprogramming monocyte plasticity offers a potential
opportunity for therapeutic intervention. Low-dose combinatorial
therapy with epigenetic modulatory drugs has been shown to disrupt

monocyte-induced PMN formation. This approach downregulates
CCR2 receptor expression on cancer-primed monocytes, steering
them away from an immunosuppressive phenotype and reducing
post-surgery metastasis in mouse models of lung adenocarcinoma?®”’.
Inanother proof-of-concept study direct engineering of myeloid cells
to express IL-12 was able to reverse immunosuppression and drive
antitumour immunity®*°. Remodelling of the vasculature, another
key eventin PMN formation, is also a potential target for intervention.
For instance, a fusion protein consisting of the cytokine LIGHT and a
vascular-targeting peptide (LIGHT-VTP) was used to normalize vascu-
lar integrity and peri-vascular ECM deposition and in turn efficiently
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suppressed lung metastasis and sensitized established lung metastases
toimmune checkpointinhibition?”. Cancer-derived EVs represent one
ofthe main TDMs of pre-metastatic conditioning, and interfering with
EV uptake at the target site could represent a potent and broad way of
blocking distant conditioning. Ina preclinical melanomamodel, where
uptake of exosomes is facilitated by the downregulation of IFNR1and
cholesterol 25-hydroxylase (CH25H) in diverse healthy tissue cell types
including those of the lung, treatment with the anti-hypertensive drug

reserpine halted this downregulation and suppressed tumour-derived
222

EV uptake, thereby blocking lung PMN formation®**.

As discussed previously, cancer-dependent conditioning
induces similar perturbations to other physiological changes, which
boost metastatic progression. This offers the opportunity to reduce
cancer-dependent priming by repurposing drugs that are already
in use for other pathologies. For instance, targeting stress-related
mediators, which we now know have profound influence on neutrophil
pro-tumorigenic priming, by using beta blockers has been reported
in patient cohorts to reduce breast-cancer progression®?*??*, Simi-
larly, ahigh-fatdietis a potentinducer of pro-metastatic conditioning
and so tailored and balanced dietary interventions could be imple-
mented as part of a metastasis-prevention therapy. Looking forward,
webelieve that anincreased knowledge of both cancer-dependent and
cancer-independent conditioning will provide a platform for the imple-
mentation of targeted therapies as well as behavioural interventions
in patients with cancer to limit cancer progression.

Published online: 10 October 2024
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