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Pancreatic ductal adenocarcinoma (PDAC) remains among the most lethal cancers, with metastasis as the primary driver
of mortality. While metastatic mechanisms are shared across malignancies, PDAC metastasis poses unique therapeutic
challenges due to the presence of extensive tumor heterogeneity, desmoplasia, and immunosuppression — features

that enable diverse migratory behaviors and therapeutic resistance. Recent advances have shown that metastatic
progression in PDAC emerges from dynamic interactions between tumor cell-intrinsic and microenvironmental factors,
each adapting to evolving stressors throughout the metastatic cascade. In the primary tumor, genomic instability and
epigenetic reprogramming generate subclones with heightened invasive potential, while dense stromal reactions and
myeloid-dominated immune suppression facilitate escape. During circulation, PDAC cells employ distinctive survival
strategies through homotypic clustering and heterotypic interactions with blood components. At distant sites, PDAC cells
adapt to organ-specific microenvironments through context-dependent metabolic and immune modulation, resulting in
phenotypes that diverge from the primary tumor. In this Review, we examine how tumor-stroma crosstalk mechanisms
shape metastatic progression in PDAC, provide a framework for understanding why conventional therapies often fail
against metastatic disease, and highlight emerging opportunities for stage- and site-specific therapeutic interventions

that target these unique adaptations.

Introduction

Metastasis remains the primary driver of mortality in most solid
tumors (1). In pancreatic ductal adenocarcinoma (PDAC), metas-
tasis presents with particularly aggressive features that distinguish
it from other malignancies. While most cancer types show latency
in metastatic development, PDAC exhibits an accelerated trajec-
tory — over half of patients present with metastases at diagnosis,
compared with approximately one-fifth in colorectal cancer (2).
Even after complete surgical resection, 75%—-80% of patients devel-
op metastatic recurrence within five years, with spread to the liver
(70%—-80%), peritoneum (25%—-30%), lung (15%—-20%), and lymph
nodes (15%-20%). This aggressive metastatic behavior largely
explains why PDAC maintains one of the lowest five-year survival
rates (12%) among all malignancies.

Metastasis arises from a complex series of steps — local inva-
sion, intravasation, survival in circulation, and colonization of dis-
tant organs (Figure 1) (3). During each step, tumor cells encounter
various selective pressures. How effectively they navigate these
challenges depends on the dynamic interplay between tumor cell-
intrinsic features (e.g., genomic, transcriptional, and epigenetic)
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and extrinsic microenvironmental influences (4). Viewed through
the lens of Paget’s “seed and soil” hypothesis, evidence suggests
that while properties of the seed (tumor cell) and soil (tissue envi-
ronment) are crucial for establishing metastasis, each continuously
adapts to influence one another (5). These tumor-stroma interac-
tions give rise to variability in invasive behaviors of tumor cells
and how they adapt to new tissue environments. This “metastatic
heterogeneity” results in metastases with phenotypes that can vary
within and between patients, often diverging from the primary
tumor and rendering therapies less effective in these contexts (6).

In PDAQC, this interplay between tumor-intrinsic and -extrinsic
factors frequently reaches extremes, characterized by heightened
cellular plasticity, profound immunosuppression, and a dense des-
moplastic stroma (7). Such conditions within the primary tumor
select for subpopulations with distinct metastatic competencies,
capable of remodeling the local stroma, which in turn influences
their invasive potential and mode of migration (8, 9). Similarly, at
distant sites, PDAC cells can prime tissues to be more receptive
for metastatic growth, yet their subsequent expansion is shaped by
organ-specific microenvironments (10, 11). These interactions at
each stage of metastasis drives the emergence of heterogeneous,
stage- and site-specific metastatic phenotypes that may be strategi-
cally exploited for therapeutic gain.

In this Review, we highlight key advances in our understanding
of how tumor cell-intrinsic and microenvironmental factors oper-
ate at each stage of the metastatic cascade. We examine how the
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interplay between these intrinsic and extrinsic elements gives rise
to distinct metastatic phenotypes and identify potential therapeutic
vulnerabilities that can be leveraged to treat metastasis.

Origins of metastatic heterogeneity in the
primary tumor

Metastasis initiates when tumor cells in the primary lesion gain the
capacity to invade surrounding tissues to disseminate. This invasive
behavior can vary substantially, within a tumor and across patients
(6). For instance, in PDAC, some patients present with oligometa-
static spread while others have substantial metastatic burden (12).
Such variability arises from the underlying clonal diversity at the
primary site, reflected in differences in the intrinsic invasive pheno-
types of tumor cells and in how tumor cells orchestrate local micro-
environmental conditions to enhance metastatic spread (13). In the
following section, we examine how tumor-intrinsic and local tumor
microenvironment (TME) factors in the primary tumor cooperate
to govern the invasive potential of PDAC tumor cells (Figure 1).

Tumor-intrinsic features regulating metastatic
potential
Primary tumor development is viewed as an evolutionary process
resulting from the accumulation of genetic and epigenetic chang-
es that influence and are acted upon by the TME to drive growth
(8). Applying this framework to metastasis, it was assumed that
metastatic progression would likewise involve additional somatic
mutations. However, early genome-wide sequencing efforts failed
to pinpoint unique “metastasis genes” — genes that facilitate met-
astatic spread through mechanisms distinct from their function(s)
in primary tumor growth (14). However, these initial studies were
focused on identifying specific nucleotide mutations rather than
broader structural changes to the genome. Subsequent studies have
demonstrated that chromosomal instability (CIN) resulting in copy
number alterations (CNAs) and structural rearrangements are per-
vasive in PDAC, where they drive malignant transformation and
lay the groundwork for metastatic progression (12, 15-18).
Evidence suggests that both CIN and CNAs in specific
oncogenes drive metastatic competency. For instance, CIN can
directly promote tumor cell invasion by activating cytosolic
DNA-sensing and —associated immune signaling pathways (15).
In PDAC, CIN facilitates dissemination through STING-de-
pendent mechanisms (19). Beyond these direct effects, CIN also
provides a fertile genetic landscape for metastatic evolution,
allowing for the development of subclones with varied invasive
potential. Genomic analyses of matched primary and metastatic
lesions revealed that metastases frequently develop from distinct
subpopulations, with enriched CNAs affecting oncogenic drivers
(12, 18). Specific mutations and corresponding CNAs appear to
synergistically enhance metastatic potential. For example, ampli-
fications in mutant KRAS alleles or the MYC oncogene display
heightened downstream signaling, beyond what mutations alone
confer (12, 17, 18). Loss-of-function alterations in tumor suppres-
sors such as SMAD4 or TP53 further enhance invasiveness, likely
by promoting genomic instability that cultivates the development
of prometastatic subclones (20, 21). Thus, following the acquisi-
tion of the mutated oncogenes, continued tumor evolution and
subsequent development of CNAs in these oncogenes facilitates
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metastasis. Taken together, these findings suggest that rather than
acquiring new somatic mutations, tumor cells achieve metastat-
ic competency by amplifying preexisting oncogenic programs
through CNAs and altered gene dosage.

In conjunction with genetic changes, recent studies have shown
that epigenetic mechanisms — including chromatin remodeling,
histone modifications, and DNA methylation — also shape the
metastatic potential of PDAC cells (22). Dysregulation in histone
modifications can reconfigure chromatin landscapes, enabling
activation of metastatic transcriptional programs (23). In PDAC,
decreased repressive H3K9 methylation and increased H3K27
acetylation in chromatin regions enriched for gene networks that
enhance invasion (23). Unlike irreversible genomic mutations, these
histone modifications are reversible, allowing tumor cells to repro-
gram their transcriptomes in response to metastatic pressures. This
can occur through enhancer reconfiguration via histone “readers”
and “writers” (24). For instance, loss of the demethylase KDM6A
accelerates PDAC progression, whereas low expression of the
coactivator p300 correlates with heightened metastatic potential
(25, 26). Similarly, epigenetic reprogramming carried out by tran-
scription factors (TFs) can also remodel chromatin landscapes to
regulate invasive behavior. The pioneer TF FOXA1 was found to
promote anchorage-independent growth and invasion, while aber-
rant expression of p63 activated a squamous transcriptional pro-
gram linked to metastasis (27, 28). Moreover, large-scale profiling
studies have revealed that altered DNA methylation patterns can
reinforce these transcriptional states, although direct causal links to
metastasis remain to be delineated (29-31).

Genetic and epigenetic changes converge on tumor-intrinsic
transcriptional programs that can influence metastatic behavior.
Transcriptional profiling has established distinct molecular sub-
types in PDAC, which can be broadly classified into classical
and basal-like, with some tumors exhibiting hybrid features (16,
32-34). These subtypes display distinct molecular characteris-
tics associated with metastatic potential. Major allelic imbalanc-
es in KRAS favoring the mutant allele occur more frequently
in metastatic disease (29% versus 4% in primary tumors) and
are enriched in basal subtypes (16). Basal-like tumors show acti-
vation of EMT, MYC, and cell cycle pathways linked to inva-
siveness (32). These molecular differences correlate with clinical
outcomes, as patients with basal-like PDAC show worse sur-
vival compared with those with classical subtypes (5.7 versus
10.0 months) (33). Metastatic subtype distribution also varies by
organ site, with classical subtypes enriched in lung and basal
subtypes in liver metastases (35). This correlates with distinct
gene expression programs, where liver-tropic tumors show
heightened replication stress, while lung-tropic tumors display
lower replication stress and enhanced T cell clonal responses
(36). While these observations suggest an association between
subtype and metastatic propensity, this relationship is complex,
with both subtypes exhibiting features that enhance metastasis.
Preclinical studies indicate that classical tumors may exhibit
higher metastatic efficiency through formation of circulating
tumor cell (CTC) clusters (discussed below) (37). Additionally,
epithelial-like states characteristic of classical tumors may facil-
itate colonization. Furthermore, tumors can undergo subtype
switching during progression, and primary lesions can contain
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Figure 1. Tumor cell-intrinsic and -extrinsic regulation of the metastatic cascade. The schematic highlights key factors implicated in regulat-

ing metastasis across multiple cancers, including PDAC. Metastasis unfolds through a series of sequential steps — local invasion, intravasation,
circulation, extravasation, and eventual outgrowth, each imposing distinct selective pressures on tumor cells. Intrinsic factors such as MYC or KRAS
amplifications, epigenetic changes, and EMT states endow cells with invasive capabilities and enable remodeling of the TME. By secreting cyto-
kines, chemokines, and extracellular vesicles, these invasive tumor cells recruit or reprogram myeloid cells, fibroblasts, and the ECM to facilitate
local tissue invasion. Once in circulation, tumor cells travel individually or in clusters, influenced in part by whether they undergo “classical” versus
partial EMT. Platelets and neutrophils also protect CTCs from immune attack (e.g., by NK cells), while cluster formation mitigates exposure to shear
stress and metabolic changes (e.g., increased ROS). Dissemination can occur through lymphatic routes or along nerves, guided by specific stromal
interactions. Upon reaching distant sites, tumor cells extravasate via leaky capillaries, aided by ongoing interactions with platelets and neutro-
phils. However, these new environments can be hostile. To overcome local barriers, tumor cells may precondition “premetastatic niches” through
tumor-derived factors that induce immunosuppression and ECM remodeling. Dormancy can further enhance survival, allowing cells to adapt
gradually. Many disseminated cells never progress, but others resume proliferation in response to external signals and by leveraging their intrinsic
programs (e.g., EMT states, metabolic rewiring). Ultimately, site-specific interactions between tumor cells and the surrounding tissue microenvi-
ronment dictate outgrowth and metastatic heterogeneity. MET, mesenchymal-epithelial transition; PIGF, placental growth factor.

mixed subtypes, complicating interpretations of subtype-metas-
tasis relationships (35). Despite these complexities, determining
the subtype of metastatic lesions remains clinically relevant, as
basal-like and classical tumors demonstrate differential thera-
peutic sensitivities that could guide treatment selection (38, 39).
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Epithelial-mesenchymal transitions influence
invasive phenotypes

A fundamental requirement for tumor invasion is phenotypic plas-
ticity, enabling tumor cells to adapt to the diverse pressures of the
metastatic cascade (1). This plasticity arises from a combination of
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intrinsic factors (genomic and epigenetic states) and extrinsic cues
from the TME, which converge on transcriptional programs that
enhance invasiveness. Epithelial-mesenchymal transition (EMT) is
arguably the best-characterized mechanism regulating tumor inva-
sion (40). Initially recognized as a developmental process, EMT
is coopted by cancer cells to suppress epithelial traits and acquire
mesenchymal characteristics, including motility and invasive
behavior. However, the necessity of EMT for metastasis has been
the subject of debate (41, 42). While multiple genetic models find
EMT features throughout PDAC progression, some lineage-trac-
ing studies suggest EMT might be dispensable for metastatic spread
in certain contexts. However, recent dynamic lineage-tracing and
ablation approaches demonstrate that EMT programs are indeed
indispensable for tumor progression and also promote genomic
instability (43). While its precise role in human metastasis remains
unclear, due to lack of specific markers and difficulty in distin-
guishing fibroblasts from EMT cells in biopsies, EMT-associated
transcriptional programs are consistently enriched in aggressive
metastatic disease (9, 32, 35).

Traditionally, EMT is viewed as being driven at the transcrip-
tional level by TFs (e.g., TWIST, SNAIL, ZEB1, PRRX1) and
associated miRNAs that downregulate epithelial genes (such as
those encoding E-cadherin, EPCAM, and claudins) while upregu-
lating mesenchymal markers (N-cadherin, aSMA, vimentin) (44,
45). However, a growing body of work indicates that EMT spans
a continuum of states, from fully mesenchymal phenotypes (“clas-
sical EMT”) to hybrid or “partial” EMT states in which cells
retain elements of both epithelial and mesenchymal identity (40).
In contrast to classical EMT, wherein epithelial proteins are regu-
lated at the transcriptional level, partial EMT can be regulated by
posttranscriptional mechanisms — such as cadherin internaliza-
tion — and may endow cells with greater phenotypic flexibility,
including the ability to revert via mesenchymal-epithelial transi-
tion (MET) at distant organ sites. EMT can be broadly viewed
as a plastic program integrating genetic, epigenetic, and stromal
signals to facilitate invasion (37, 46, 47).

A principal regulator of EMT in PDAC is extrinsic signals
from the TME (45). As PDAC tumors expand, stromal compo-
nents — including cancer-associated fibroblasts (CAFs), inflam-
matory cells, and an altered extracellular matrix (ECM) — release
factors (e.g., TGF-B, WNT ligands, inflammatory cytokines) that
stimulate EMT-TF networks. For example, GAS6 from the TME
can activate AXL/TBKI1 signaling in PDAC tumor cells to pro-
mote EMT and metastasis (48, 49). In addition, differences in the
mechanical properties, ECM composition, and metabolic condi-
tions across the tumor also influence the degree of EMT activation
(45). For instance, elevated mechanical stress, high concentrations
of matricellular proteins, or hypoxic signals can enhance EMT
(50). Although most PDAC cells can undergo EMT when exposed
to potent stimuli such as TGF-f, intrinsic differences exist in the
extent and type of EMT they exhibit. In PDAC, some tumor cells
adopt classical, whereas others follow a partial EMT program (37).
This is partly determined by epigenetic modifications that regulate
accessibility of EMT-related genes (51). Additionally, increased
gene dosage of oncogenes (KRAS, MYC) or loss of tumor sup-
pressors (SMAD4) can enhance activation of EMT and mesen-
chymal phenotypes (18, 32, 52, 53). Additionally, the specific
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mechanisms regulating EMT may also influence organotropism
(i.e., organ-specific metastasis preferences). EMT associated with
loss of p120 catenin has been linked to an increased propensity for
lung metastasis, whereas stabilization of epithelial states facilitates
liver colonization in PDAC (46, 54). Together, the local TME and
intrinsic molecular landscape of tumor cells converge to regulate
EMT states and invasiveness in PDAC.

The spectrum of EMT states present across tumors gives rise
to diverse migratory and metastatic outcomes in PDAC (Figure 1).
Tumor cells that undergo a full EMT often disseminate as single,
highly motile cells, resulting in monoclonal metastatic lesions. By
contrast, partial EMT states enable collective cell migration, in
which tumor cells can travel as circulating clusters that seed metas-
tases more efficiently and generate polyclonal metastases carrying
more inherent tumor cell molecular diversity to distant sites (37,
55). While the precise contribution of each EMT state to metastat-
ic burden remains unclear, human liquid biopsy analyses suggest
both may play distinct but complementary roles. Single CTCs are
typically more abundant, potentially reflecting the enhanced inva-
sive capacity of cells undergoing complete EMT. Conversely, tumor
clusters arising from partial EMT states are less frequent but cor-
relate with worse clinical outcomes, suggesting they may constitute
more potent metastatic seeds (56). The range of invasive pheno-
types and plasticity associated with EMT drive molecular and phe-
notypic heterogeneity in metastases and as a result pose a substan-
tial therapeutic challenge (57).

Tumor-stroma interactions facilitate metastatic
invasion

In conjunction with tumor-intrinsic factors, interactions of tumor
cells with the TME are crucial to facilitating invasion (Figure 1)
(4). The TME comprises a complex ecosystem of immune cells,
fibroblasts, vasculature structures, and ECM (58). A principal
mechanism by which the stroma enhances metastasis is through
subversion of the host immune response by recruiting immu-
nosuppressive myeloid cells and limiting activity of antitumor
cytotoxic T lymphocytes (CTLs) (59). PDAC is often marked by
an “immunologically cold” TME, with low effector T cell infil-
tration and abundant immunosuppressive populations, including
tumor-associated macrophages (TAMs) (7). This immunosuppres-
sive environment is established in part by tumor cell-intrinsic pro-
grams (Figure 1) that recruit suppressive myeloid populations, pro-
mote protumor inflammation, and dampen antigen presentation
(12, 60, 61). Transcriptional and epigenetic heterogeneity in tumor
cells further shape cytokine profiles and the TME (62). In murine
PDAC, tumor cell-intrinsic regulation of CXCL1 was shown to be
a determinant of a “non-T cell-inflamed” microenvironment that
promoted metastasis (63). Additionally, the presence or absence of
specific transcriptional subtypes can influence local immune infil-
tration (64). The net result is a TME where the immune system is
largely coopted to support metastatic progression.

In the PDAC TME, myeloid cells are the most abundant and
often function to suppress immune responses (65). TAMs, in par-
ticular, function as key facilitators of metastasis. TAMs span a
continuum of phenotypes, from M1-like subtypes with antitumor
activity to M2-like subtypes that promote immunosuppression
(66). The PDAC TME is often marked by M2-like TAMs, which
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facilitate immune evasion by expressing T cell inhibitory ligands
(e.g., PD-L1), secreting immunosuppressive mediators, and imped-
ing CTL activity (65, 67, 68). Elimination of TAMs in PDAC
mouse models was shown to reduce metastasis (12, 69). Similarly,
MDSCs can impair T cell infiltration and promote immunosup-
pression in concert with M2-like TAMs (70). Tumor-associated
neutrophils (TANs) have also been shown to be tumor promoting
in PDAC and their ablation or inhibition of CXCR2 was found to
abrogate metastasis (71). Together, these myeloid compartments
reinforce a tolerogenic environment conducive to tumor invasion.

CAFs form the major nonimmune stromal population (7).
CAFs produce and organize the ECM, creating a desmoplastic
reaction that can physically limit T cell entry and activation (72,
73). CAFs also secrete cytokines and chemokines — such as IL-6
and TGF-p — that support invasion and immunosuppression (74).
A subset of CAFs termed “antigen-presenting CAFs” (apCAFs)
express MHC class II molecules to CD4* T cells but lack costim-
ulatory signals, resulting in activation of Tregs rather than effec-

tive antitumor responses and thus promoting metastatic progres-
sion (75). Paradoxically, CAFs can also exhibit tumor-restraining
functions. Genetic or pharmacologic depletion of aSMA™* CAFs or
Hedgehog signaling in PDAC, known to drive desmoplasia, results
in more aggressive metastatic disease (76, 77). These findings high-
light that CAFs and the signals that regulate them are not uniformly
metastasis promoting; instead, distinct CAF subsets and molecular
contexts determine whether they enhance or limit tumor spread.

Tumor-stroma interactions also remodel the ECM and vas-
culature to promote invasion (4, 78). TAMs, CAFs, and tumor
cells secrete proteolytic enzymes — including metalloproteinas-
es, cathepsins, and lysyl oxidases (LOX) — that reorganize ECM
components (4, 79-83). PDAC expression of LOX can enhance
collagen crosslinking and the ECM protein SPARC can alter col-
lagen trafficking to weaken basement membrane barriers, creat-
ing channels for tumor cell migration (79, 80). Concomitantly,
dense desmoplastic stroma and ongoing hypoxia drive proangio-
genic factor (e.g., VEGF) secretion by tumor and stromal cells,
resulting in a leaky vasculature more permissive to tumor cell
intravasation (84). Additional stromal components can directly
activate invasion. TGF-B from fibroblasts or EGF from mac-
rophages can activate EMT and increase cell motility (85, 86).
Tumor cells and macrophages can also interact directly to form
TME of metastasis (TMEM) “doorways,” where macrophages
facilitate transendothelial migration of tumor cells (Figure 1)
(87). For example, MYC-amplified PDAC clones were found
to increase TAM recruitment to create these TMEM sites (12).
Collectively, these tumor-stroma interactions operate in tandem
to promote invasion and dissemination in PDAC.

Timing of dissemination

Another dimension of metastatic heterogeneity relates to the
timing of dissemination — whether cells exit the primary site
prior to full malignant transformation (early/parallel dissemina-
tion) or only after developing within an established tumor (late/
serial dissemination) (88). The late dissemination model posits
that metastasis occurs as a culmination of evolutionary selec-
tion within the primary tumor, where cells acquire successive
mutations before gaining metastatic competency. This view is
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supported by genomic analyses of matched primary and meta-
static lesions showing shared mutational landscapes, suggesting
metastatic clones derive from advanced primary tumors (12, 89).
Mathematical modeling based on these data estimates approxi-
mately 15 years from initiating mutations to metastatic dissemi-
nation, suggesting a substantial window for therapeutic interven-
tion before metastasis. Conversely, the early dissemination model
proposes that tumor cells can spread during premalignant stages.
This is supported by lineage-tracing and clinical data showing
cells can disseminate from preneoplastic pancreatic intraepithe-
lial neoplasia lesions and pancreatic cysts, although their malig-
nant potential remains uncertain (90, 91). Clinically, the frequent
development of metastases (75%) within 5 years after RO resec-
tion of localized PDAC, and rare cases of metastatic disease
following pancreatectomy for benign conditions, suggest early
dissemination may occur (92).

However, several methodological challenges complicate this
debate. Genomic similarities between primary and metastatic
lesions — often cited as evidence for late dissemination — could
result from tumor self-seeding, where early disseminated cells
return to the primary site (93). However, it remains unclear how
early disseminated cells could acquire the same mutations present
in late-stage tumors. While early disseminated cells might undergo
parallel genomic evolution at distant sites, the chances of eventu-
ally converging on similar genomic alterations and transcriptional
states would seem low (15, 16). Additionally, scarcity of early-stage
PDAC specimens limits comprehensive genomic comparison
across disease stages. From a clinical standpoint, timing of dissemi-
nation has important implications for treatment. If early dissemina-
tion predominates, then even seemingly localized disease may har-
bor occult metastatic cells, supporting aggressive adjuvant therapy
after resection for R0 disease. This also supports implementation of
lifelong monitoring of high-risk individuals with precursor lesions,
incurring substantial costs and burden on patients. Conversely,
if late dissemination is correct, then neoadjuvant approaches to
reduce primary tumor burden before surgery may more effectively
prevent metastasis. Thus, future studies clarifying the timing of dis-
semination may help tailor interventions, optimize follow-up inter-
vals, and guide risk-based management of PDAC.

CTCs engage diverse mechanism to disseminate
Once tumor cells breach the stromal barriers of the primary tumor,
they enter the circulatory system as CTCs (94). Clinically, CTCs have
emerged as prognostic markers in multiple cancers, including PDAC,
where elevated pretreatment and posttreatment CTC counts are close-
ly linked to worse survival and diminished therapy responses (95, 96).
Tumor cells most commonly disseminate through blood
vessels and lymphatic channels but can also directly shed into
the peritoneum or migrate along peripheral nerves (“perineural
invasion”) (97). Although the precise reasons that some tumor
cells favor a particular route remain unclear, evidence points to
a confluence of chemokine/adhesion molecule profiles and local
microenvironmental cues (Figure 1) (1, 98, 99). For instance,
in PDAC, upregulated CCR7 and CXCR4 on tumor cells can
promote lymph node invasion through binding to CCL21 and
CXCL12 on lymphatic endothelium (99), whereas perineural
invasion can involve axon guidance pathways (e.g., SEMA3D/
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Figure 2, Site-specific tumor-stroma interactions regulating metastatic outgrowth. At distant sites, tumor cells encounter tissue microenvi-
ronments distinct from the primary tumor. Colonization depends partly on how they adapt to and reprogram local immune and metabolic niches.
Here, we outline key tumor-intrinsic and -extrinsic interactions enabling liver and lung metastases, drawing on evidence from diverse cancer types,
including PDAC. (A) Liver: Often considered tolerogenic, the liver epithelial and immune environments can be coopted by tumor cells to stimulate
outgrowth. For instance, hepatocyte-derived plexin B2 activates epithelial programs in tumor cells, while induction of STAT3/SAA1 signaling in
hepatocytes suppresses T cell responses. Tumor cell-induced damage of hepatocytes can trigger efferocytosis, which activates tumor-promoting
myeloid cells. Antitumor Kupffer cells and NK cell responses are limited by tumor cells and local immunosuppression. Additional quiescent stellate
cells that help maintain dormancy may be reprogrammed by monocyte-derived granulin or ECM stiffening into activated myofibroblasts that pro-
mote metastatic growth. (B) Lung: The lung harbors a distinct immune and metabolic niche compared with the liver. It contains type | and lipid-rich
type Il pneumocytes, alveolar macrophages, and immune defenses adapted to airborne pathogens and particulates. In PDAC, elevated immune
infiltration in the lung may slow metastatic progression; however, multiple protumorigenic factors can facilitate growth, as described in other cancer
types. Increased oxygen availability stimulates Tregs, while surfactant-derived lipids (e.g., palmitic acid) can fuel tumor growth. Both pneumocyte
subtypes can suppress T cell activity and drive neutrophil recruitment, leading to NET formation or diminished NK cell function. Tumor cells further
adapt by shifting to oxidative phosphorylation or downregulating STING to limit immune activation. Changes in pyruvate metabolism can influence
collagen remodeling and Coco expression can counteract BMP signaling, both enabling metastatic expansion.

PLXND1 and ROBO/SLIT2) and neurotrophic signals (e.g.,
GDNF/RET, NGF, and B-adrenergic signaling) shared between
tumor cells and nerves (100-102).

The route by which tumor cells travel can influence CTC biol-
ogy, including how tumor cells adapt to immune pressures and
metabolic constraints during transit. For instance, lymph node
metastases coincide with marked immunosuppression, including
diminished CTL and NK cell function, reduced dendritic cell mat-
uration, and expansion of Tregs (103). In melanoma, tumor cells
exposed to the lymphatic microenvironment are protected from fer-
roptosis, which facilitates subsequent hematogenous spread (104).
Additionally, the route of dissemination can also influence the
mode of dissemination (55). Tumor cells can invade individually
or collectively, giving rise to single-cell or clustered CTCs (105). We
previously demonstrated that CTCs disseminating via ascitic fluid
or lymphatic vessels were more frequently detected as multicellular

clusters compared with those entering the bloodstream, suggesting
that distinct routes of tumor cell spread may influence clonal com-
position at secondary sites (55).

During dissemination, CTCs must also navigate a complex cir-
culatory environment where homo- and heterotypic interactions of
CTCs impact their survival (Figure 1). Homotypic interactions in
CTC clusters can protect against mechanical and oxidative stress-
ors while also shielding cells from immune attack, enabling more
efficient metastatic seeding (55, 106, 107). In contrast, single CTCs,
while significantly greater in number, are more vulnerable to shear
stress and immune-mediated killing — particularly by NK cells —
which limits their metastatic efficiency. Among blood components,
platelets have long been associated with tumor emboli formation
(108). Platelets also protect CTCs from immune-mediated destruc-
tion, in part by inhibiting NK cell cytotoxicity (108-111). They also
promote extravasation through release of ATP that binds endothelial
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Figure 3. Stage-specific therapeutic vulnerabilities in metastasis. During metastasis, tumor cells adapt to immune, metabolic, and physical pressures at
each step of the metastatic cascade (see Figure 1). Although these adaptations often yield more aggressive phenotypes, they also reveal vulnerabilities
that can be therapeutically targeted. Here (and in Table 1), we propose a framework for designing stage- and site-specific therapies based on the dominant
intrinsic (e.g., genetic, epigenetic) and extrinsic (e.g., TME-dependent) factors driving metastatic progression. Early invasion: Tumor cells acquiring MYC or
KRAS amplifications gain heightened invasiveness, potentially amenable to novel RAS inhibitors or epigenetic therapies that exploit synthetic lethalities.
Moreover, EMT induction often alters metabolic pathways and upregulates specific ligands/receptors (e.g., netrin-1, AXL), offering additional therapeutic
points of intervention. Circulation: CTCs travel individually or in clusters that utilize platelet and neutrophil interactions for survival. Disrupting these het-
erotypic contacts, as well as limiting CTC cluster formation, may reduce metastatic dissemination. Metastatic colonization: Tumor-supportive niches and
dormant-cell populations at distant sites constitute further therapeutic targets. Interventions aimed at inhibiting niche formation, reprogramming local
stromal cells, or maintaining cancer cells in a dormant state could prevent full-blown metastatic outgrowth. HDACI, histone deacetylase inhibitor; EZH2,
enhancer of zeste homolog 2; DNMT, DNA methyltransferase; MMPs, matrix metalloproteinases.

P2Y2 receptors, loosening endothelial tight junctions and promote
EMT through secretion of TGF- (112, 113). Similarly, myeloid cells
also influence CTC behavior, with neutrophils most frequently asso-
ciated with CTCs (107, 114). By forming clusters with CTCs through
adhesion molecules normally used for transendothelial migration,
neutrophils enhance tumor cell extravasation and immune evasion
(115). Moreover, under certain stimuli, neutrophils undergo a form
of cell death termed NETosis, releasing neutrophil extracellular traps
(NETs) composed of DNA and proteolytic enzymes (116). CTC-de-
rived factors, such as CXCL5, IL-17, and extracellular vesicles, can
trigger or amplify NET formation to trap tumor cells within the vas-
culature and promote extravasation (117-119). Taken together, the
interplay between CTC-intrinsic and -extrinsic factors help tumor
cells cope with the stresses of circulatory transit and contributes to
the heterogeneity of metastatic dissemination.
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Acting at a distance: the premetastatic niche
Upon entry into circulation, the fate of tumor cells in distant organs
depends partly on the receptiveness of the host tissue to support
metastatic growth (120). Factors arising from the primary tumor
can facilitate this process by priming the distant microenviron-
ment, creating a premetastatic niche (PMN) (Figure 1) (120). Ear-
ly murine studies in lung carcinoma and melanoma revealed that
tumor-derived soluble factors (TDSFs) could mobilize bone mar-
row—derived cells (BMDCs) or induce secretion of inflammatory
mediators by resident lung epithelia, to create favorable metastatic
environments in host tissues (121, 122).

In PDAC, the PMN may facilitate and predict metastasis for-
mation (123). The PMN arises through interdependent influences
of TDSFs and reprogramming of stromal components at metastat-
ic sites (Figure 1) (120). In PDAC, IL-6 production in the primary

7



REVIEW SERIES: PANCREATIC CANCER The Journal of Clinical Investigation

Table 1. Therapeutic approaches for targeting PDAC metastases.

Target

Genetic and epigenetic

vulnerabilities

EMT

Proinvasive tumor-stroma
interactions

(TCs

PMN

Organ site-directed
therapies

Therapeutic strategies

In murine PDAC, silencing of KRAS or MYC expression induces tumor regression and limits metastasis (52, 172). Recent advances in KRAS
inhibitor therapies have shown promising efficacy in metastatic PDAC (173, 174). Directly targeting other metastasis-associated oncogenes
(e.g., MYC) remains challenging. However, elevated MYC exposes synthetic lethal dependencies that can be exploited. For instance,
blocking the MYC-MAX interaction via Omomyc limits tumor progression in preclinical PDAC models (175). Other approaches include
inhibiting epigenetic regulators of MYC (e.g., BRD4) using agents such as |Q1, or targeting MYC-amplified cells with CDK1 inhibitors (176,
177). Similarly, emerging epigenetic therapies may also offer additional therapies targeting abnormal histone modifications that promote
metastasis (22). Finally, genetic and epigenetic changes can lead to specific metabolic and immune dependencies that could be targeted to
limit metastatic outgrowth (178).

EMT plays a central role at each stage of metastasis and is regulated by external cues (e.g., TGF-B, Wnt, Notch) and activation of EMT-
associated transcription factors (EMT-TFs) (45). TGF-p is arguably the most potent inducer and has been a focus in numerous studies. However,
clinical trials targeting TGF-P have largely failed, owing to off-target toxicities and its context-dependent role as a tumor promoter and
suppressor (179). More recently, blocking the AXL/GAS6 axis, which sustains mesenchymal states, has shown promise and is under clinical
investigation (180, 181). Because directly targeting EMT-TFs is difficult, alternative approaches focused on epigenetic regulators (e.g., HDACs)
that regulate EMT-TFs are currently being explored (182). Additionally, blocking upstream factors such as netrin-1, which is enriched in cells
undergoing EMT, has shown promise in preclinical studies (183). Finally, after tumor cells disseminate, MET facilitates outgrowth. In PDAC
models, pharmacologically inhibiting HGF was shown to disrupt both primary tumor progression and metastatic colonization (184).

Tumor-stroma interactions have gained increasing interest as targets to limit tumor invasion (1). Within immune contexts, the myeloid
compartment is central to facilitating invasion (148). Most approaches aimed at targeting the myeloid compartment try to limit their
infiltration into the TME. For example, blocking the CSF1/CSFIR axis, CCL2/CCR2 signaling pathway, or MIF can reduce monocyte recruitment
and metastatic burden (12,69). Similarly inhibiting CXCR2-mediated neutrophil and MDSC infiltration also limits PDAC progression (71).
Although early clinical trials targeting these pathways have yielded only modest outcomes, likely due to compensatory responses, combining
myeloid-targeted therapies with T cell-activating immunotherapies has shown potential to increase efficacy in preclinical models (148). In
parallel, reprogramming rather than depleting myeloid cells may yield more effective antitumor responses. For example, stimulating pattern
recognition receptors (PRRs) on myeloid cells can activate antitumor phenotypes (185). Nonimmune stromal components also represent
potential therapeutic targets. Directly targeting fibrablast activation, either by inhibiting fibroblast activation protein (FAP) or engaging the
vitamin D receptor (VDR), can limit tumor progression and improve immune responses (186, 187). Similarly, blocking chemokine receptors such
as (XCR4 — upregulated in both CAFs and immune subsets — has shown promise in PDAC (188). Disrupting tumor-ECM interactions offers an
additional approach, with studies showing that inhibition of focal adhesion kinase (FAK) or discoidin domain receptor 1 (DDR1) limits invasion
and enhances immune responses (189, 190).

Although CTCs are primarily studied as prognostic biomarkers, blocking their formation or interactions within the circulation could help limit
metastatic spread. Most efforts have focused on disrupting heterotypic interactions that support CTC survival, extravasation, and immune
evasion. Platelets can facilitate CTC transit across vessel walls and form protective “shields,” enabling immune evasion (112, 113, 191). While
antithrombotic therapies could mitigate these effects, their clinical use may be limited by bleeding complications. Another strategy involves
harnessing NK cells to eliminate CTCs by expanding NK cell populations, boosting their function via cytokines, or modulating receptor-ligand
interactions to strengthen tumor cell killing (192, 193). CTC-neutrophil interactions, particular the formation of NET, also help promote immune
evasion and extravasation. Methods to prevent NET formation or degrade existing NETs (e.g., targeting PAD4 or using DNase ) in conjunction
with immunotherapy could serve as a new therapeutic approach (194).

The PMN establishes a permissive “landing zone” where DTCs can evade immunosurveillance and expand (10). Although no therapies
specifically target the PMN, approaches that disrupt immunosuppresive tumor-stroma interactions could be repurposed to interfere with PMN
formation. In PDAC, tumor-derived MIF and the IL-6/STAT3/SAA signaling axis in the liver promote PNM development, and blocking these
factors in preclinical models reduces metastatic spread (124, 128). Similarly, reprogramming resident macrophages via PRR activation may
enhance their antitumor functions (164). Although not examined specifically in PDAC, targeting MDSC-mediated inflammation (e.g., S100A4)
or boosting NK cell activity (e.g., IL-15-based immunotherapies) could also be used to reverse PMN-induced immunosuppression (163, 195).
Treatment timing is also critical, as surgical intervention, chemotherapy, and radiation could potentially induce inflammatory responses that
accelerate PMN formation (10). Thus, while PMN-focused strategies alone may not eradicate established metastases, incorporating them into
neoadjuvant regimens may improve long-term therapeutic outcomes.

Although PMN-focused strategies might delay or prevent the formation of metastatic lesions in PDAC, most patients already present with

overt metastases at diagnosis. However, no existing regimen substantially impacts metastatic lesions in PDAC (7). This reflects our incomplete
understanding of the processes that drive and sustain metastatic outgrowth. Mounting evidence suggests tumor cells undergo tissue-specific
adaptations — shaped by local metabolic, nutritional, and stromal factors — that yield phenotypes distinct from the primary tumor (196, 197).
These changes can in turn remodel the surrounding microenvironment, perpetuating metastatic progression. Elucidating these site-specific
interactions could identify new therapeutic targets. In breast cancer, for instance, elevated pyruvate availability fosters collagen remodeling
and establishes a supportive metastatic niche in the lung — an effect reversible by inhibiting pyruvate metabolism (170). Thus, effective
interventions for metastatic PDAC will require approaches that can effectively combine therapies to alter the local metabolism and immunity to
limit metastatic growth and target the particular adaptations and vulnerabilities that tumor cells acquire in each metastatic site.
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Table 2. Clinical trials targeting tumor-stroma interactions in metastatic PDAC.

Drug Pathway target Outcome Limitations Trial ID
PEGPH20 (78, 198) Hyaluronic acid (HA) degrader  Failed to improve 0S despite HA targeting Grade 3-4 toxicity. Stroma can support and restrain ~ NCT01959139
tumor growth, thus more targeted approaches maybe  NCT02715804
needed.
Vismodegib Hedgehog pathway inhibition ~ No improvement in PFS and 05 Hedgehog inhibition may promote more aggressive ~ NCT01064622
(76,199, 200) disease by removing tumor-restraining stroma. NCT01088815
Bevacizumab (201,202)  VEGF pathway inhibition Does not improve 0S and only modest Toxicities/adverse events, patient selection, NCT00088894
Axitinib (203) improvement in PFS with addition of erlotinib  upregulation of compensatory proangiogenic factors, ~ NCT01214720
adaptation by tumor cells to hypoxia, increased EMT,  NCT00471146
and host-mediated factors
Hydroxychloroquine Autophagy inhibition Does not improve 0S; however, PFS was seen  Presumed activation of alterative pathways, including  NCT01978184
(204-206) in a subset of patients. Some improvementin  macropinocytosis to obtain nutrients from theTME ~ NCT01506973
pathologic response in locally advanced cases
Paricalcitol (187, 207) Vitamin D receptor (VDR) Limited CR or PR in metastatic PDAC Limitations in drug half-life and VDR activation NCT02030860
agonist along with difference sin efficacy based on tumor NCT03520790
differentiation status and heterogeneity and CAF NCT04054362
subtypes NCT03331562
Galunisertib (179, 208) TGF-P receptor inhibition Modest benefit in combination with TGF-P can both suppress and promote NCT01373164
NIS793 (209) immunotherapy tumor progression NCT04935359
NCT05546411
NCT05417386
Defactinib (189, 210) FAK inhibition Modest clinical benefit in combination with Trials ongoing with potential improved NCT02546531
immunotherapy with improved CTLs immune activity NCT05669482
Olaratumab (211) PDGFRa inhibition Combination with chemotherapy failed to Compensatory signaling from other CAF subtypes NCT03086369
improve 05 or PFS
Motixafortide (188) CXCR4 inhibition Modest improved ORR and PFS Trials ongoing. Multiple CXCRs can regulate NCT02826486
myeloid cells NCT04543071

PF-04136309 (212) CCR2 inhibition

ORR not improved and increased rate of
hematologic and pulmonary-related toxicities

Although it reduced TAM infiltration, compensation by NCT02732938
other myeloid components (i.e., TANs) and immune
plasticity limited efficacy

Cabiralizumab (213) CSFIR inhibition No improvement in 0S or PFSwhen addedto ~ Compensatory pathways for myeloid cell recruitment;  NCT03336216
nivolumab and chemotherapy insufficient T cell activation

Tocilizumab (214) IL-6R and IL-6 inhibition No improved 0S in combination with Multiple stromal mechanism contribute to limitingT ~ NCT01647828

Siltuximab (215) chemotherapy. Study combination with cell infiltration NCT04191421
anti-PD-1R ongoing

Bemcentinib (181) AXL inhibition Preliminary data showed only modest Additional signaling pathways can compensate for NCT03649321
benefit in combination with chemotherapy AXL inhibition

AZD5069 (71, 216) CXCR1/2 No significant improvement in ORR and PFS Compensatory pathways for myeloid cell activation NCT02583477

SX-682 with CXCR2 inhibition and immunosuppression NCT04477343

tumor stroma was shown to stimulate hepatocytes to release serum
amyloid A (SAA), driving an immunosuppressive and fibrotic state
conducive to metastatic outgrowth (124). Concomitantly, PMN
assembly also depends on the recruitment of BDMCs to metastat-
ic environments, as evidenced by infiltration of granulin-secreting
monocytes into the liver triggering hepatic stellate cells (HSCs)
to adopt a myofibroblastic phenotype, deposit ECM, and damp-
en local immune defenses (125). Notably, this priming often pre-
cedes overt metastasis development, possibly explaining why many
patients present with advanced disease at diagnosis (124-126).
Extracellular vesicles (EVs) — particularly exosomes derived
from tumor cells — act as potent mediators of PMN formation (120).
EVs deliver an assortment of cargo (proteins, nucleic acids, and
metabolites) that reshape stromal landscape in distal organs (127). In
PDAC, exosomes bearing high levels of macrophage migration inhib-
itory factor (MIF) induce fibronectin deposition by HSCs, resulting
in recruitment of BDMCs, and collectively generating a fibrotic
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and prometastatic environment (128). Exosomes can interfere with
antitumor immunity by increasing suppressive myeloid populations,
impairing NK cell function, and reprogramming stroma to bolster
immune evasion (129, 130). Exosomes can also drive organotropism
of CTCs (131). In breast and pancreatic cancer models, the integrin
repertoires on exosomes help “pre-condition” and determine the site
of metastatic colonization. For example, exosomes displaying inte-
grin a6B4 or a6p1 predominantly facilitate lung metastasis, whereas
exosomes bearing ov35 promote liver metastasis. Blocking these inte-
grins diminishes exosome uptake and lowers metastatic burden in
respective tissues (131).

Although the precise molecular networks governing PMN for-
mation differ across tumor types, they broadly echo the dynamic
interplay of tumor-intrinsic paracrine mediators and -extrinsic stro-
mal factors that shape the invasion in the primary tumor by estab-
lishing a permissive “landing zone” at metastatic sites for tumor
cells to seed and grow.
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Metastatic colonization

To colonize distant organs, tumor cells must extravasate from the
vasculature, a process often facilitated by the mechanisms that sup-
ported their prior invasion and circulation, as reviewed earlier (Fig-
ure 1) (4). Although primary tumors shed cells continuously, only a
small fraction successfully seed distant organs, and an even smaller
subset progresses to form macroscopic metastatic lesions, under-
scoring the challenges disseminated tumor cells (DTCs) face when
adapting to the unfamiliar conditions in metastatic sites (132).

After entering secondary tissues, DTCs face several possible
fates. Most succumb to cell death or immune-mediated clearance.
A subset may enter dormancy, persisting in a quiescent, nonpro-
liferative state for variable intervals — a phase thought to confer a
survival advantage by allowing cells to adapt to the metabolic and
immune constraints of the new environment. Only the rare cells
that eventually “awaken” and resume active proliferation prog-
ress to clinically overt metastases, driven by an interplay between
cell-intrinsic and -extrinsic cues (133). In PDAC, dormancy is less
clearly defined, partly because PDAC often presents at advanced
stages and rarely exhibits the protracted latency intervals seen in
other tumor types (92). Nonetheless, short-lived or context-depen-
dent dormancy likely occurs in PDAC (134-136).

A central mechanism governing dormancy involves the pheno-
typic plasticity that enables DTCs to remain quiescent yet regain pro-
liferative ability under the right stimuli (Figures 1 and 2) (1). Much
like in primary lesions, EMT programs are a key mediator of this
plasticity. Mesenchymal cells often cycle slowly and engage cancer
stem cell (CSC) pathways to reduce metabolic demand and evade
immune clearance (137-140). Transitioning back toward epithelial
states (MET) is thought to promote outgrowth (141, 142). Cells in
partial EMT states have greater flexibility in their EMT status and
can revert to epithelial states more easily, supporting renewed prolifer-
ation (37). This flexibility often intersects with rewiring of DTC stress
responses, metabolic, and immune programs to adapt to conditions
at secondary sites (Figure 2) (143). Metabolically, dormancy is often
associated with reduced glycolysis, increased oxidative phosphoryla-
tion (OXPHOS), and increased autophagy, which can promote mes-
enchymal phenotypes (23, 144). These metabolic shifts occur in part to
minimize energy expenditure and limit reactive oxygen species (ROS)
(143, 145). These adaptations can later be reversed to support growth
in response to external cues. DTCs also modulate their immunoge-
nicity through regulation of MHC-I expression (146, 147). For exam-
ple, heightened ER-stress signaling in DTCs was associated with loss
of MHC-I expression to escape T cell-mediated surveillance (147).
Autocrine signals from DTCs may also alter metabolic programs or
promote immune evasion by recruiting immunosuppressive myeloid
cells or Tregs (148). In the context of breast cancer, these immune-me-
diated and metabolic shifts have been associated with STING activity,
WNT pathways, and lactate production (149-151).

Local environmental cues can also be pivotal in regulating dor-
mancy and outgrowth (Figure 2). For DTCs to form overt metasta-
ses, they must evade or suppress CTLs, NK cells, and other immune
elements that constrain tumor expansion (148). Establishing the
PMN is instrumental in this regard, as it primes local tissues for
diminished immune clearance (10). Once tumor cells arrive, inter-
actions with the resident stroma can perpetuate immunosuppres-
sion. For example, minor hepatic damage caused by PDAC cells
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can trigger efferocytosis by macrophages, reinforcing an immu-
nosuppressive milieu (152). Additionally, metastases in regional
lymph nodes may induce peripheral tolerance, and those in the liv-
er can suppress CTL infiltration, collectively weakening antitumor
immunity at more distant sites (153, 154).

In concert with local immune factors, metabolic cues such as
hypoxia can induce dormancy by triggering cell cycle arrest, pro-
moting EMT, and supporting autophagy to buffer against stress
(155, 156). Shifts in nutrient availability likewise induce oxidative
stress, prompting tumor cells to upregulate antioxidant pathways
such as NRF2, which help promote metastasis (157). Interesting-
ly, treating mice with the antioxidant N-acetylcysteine can increase
metastasis in some models, implying that oxidative stress may
restrict the expansion of dormant cells (145). However, in PDAC,
ROS was found to enhance metastasis (158). These divergent
responses to ROS likely reflect context-dependent effects influenced
by the tumor’s genetic landscape, tissue of origin, and microenvi-
ronment. In PDAC, ROS can promote acquisition of mesenchymal
phenotypes important for metastasis, while in melanoma and lung
cancer, ROS appears to be detrimental to metastatic ability. Amid
the hypoxia and limited nutrients, DTCs adjust their metabolism
in concert with stromal cues. In PDAC liver metastases (Figure 2),
HSCs can upregulate succinate dehydrogenase subunit B, biasing
tumor cells toward an oxidative, quiescent phenotype (144). In
contrast, inflammatory myofibroblasts stiffen the ECM and release
inflammatory signals that drive proliferation and immune evasion
(125). Beyond fibroblasts, the local epithelium also shapes DTC
fate. In PDAC, hepatocyte-derived plexin 2 and IL-6/STAT3/
SAAT1 signaling facilitate liver colonization (124, 159).

The factors driving metastatic outgrowth also differ by organ site
(Figure 2), a distinction that is clinically evident in PDAC, where
patients with liver metastases have poorer survival than those with
lung lesions (160, 161). We previously observed that clonal expan-
sion patterns vary by metastatic location, indicating that tumor-in-
trinsic and -extrinsic signals differ by tissue context (55). A potential
contributor to these differences is the immune and metabolic milieu
in each organ. In the liver, NK cells and Kupffer cells can maintain
tumor dormancy, but tumor-driven suppression of these defenses can
trigger outgrowth (Figure 2) (162-164). In the lung, alveolar macro-
phages, Tregs, and neutrophils balance protection against airborne
pathogens with immune tolerance, which can be coopted by DTCs
to promote colonization (Figure 2) (165-167). However, an inflamed
lung microenvironment in PDAC correlates with a more indolent
course, whereas in other cancers it promotes aggressive spread, sug-
gesting that tumor-intrinsic traits modulate site-specific immune
effects (168). Similarly, distinct nutrient compositions also rewire
DTC metabolism in a site-specific manner (169). For instance, breast
cancer cells adapt to utilize the increased pyruvate and palmitic acid
as nutrient source in the lung to proliferate (170, 171). Whether
PDAC cells exploit these metabolic niches in a manner analogous
to other malignancies and how these differences intersect with local
immune regulation remains an open question.

Conclusions and therapeutic implications

As revealed by large-scale multiomics efforts and preclinical mod-
els, PDAC metastasis is heterogeneous, influenced by tumor cell-
intrinsic processes and the diverse microenvironments encountered
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at each stage of the metastatic cascade. Within the primary
tumor, genomic and epigenetic dysregulation create populations
with distinct invasive potentials, while reciprocal interactions
with immune and nonimmune stromal elements further shape
metastatic traits. Upon dissemination, tumor cells encounter and
adapt to new cellular and metabolic environments that enable
development of phenotypes distinct from the primary tumor (Fig-
ure 1). Rather than viewing this complexity as an insurmountable
barrier, therapies should be tailored to disease stage and dominant
mechanisms underlying metastasis in specific patient subgroups
(Figure 3 and Table 1). For instance, classical tumor subtypes
may benefit from approaches targeting collective cell migration
and metabolic dependencies, while basal subtypes might respond
better to strategies targeting EMT programs, genomic instability,
and innate immune modulation. Similarly, disease stage provides
another important framework for therapeutic stratification (Fig-
ure 3). For patients with RO resection who remain at high risk for
metastatic recurrence, therapies could focus on disrupting mech-
anisms that regulate dormancy or PMN formation. For those
with established metastatic disease, approaches could be tailored
to the extent of metastatic burden. Patients with oligometastat-
ic disease may benefit from localized radiotherapy to prevent
polyprogression, while those with widespread metastasis might
require targeting organ-specific immune and metabolic milieus
within which the metastases reside.

Moving forward, several advances are needed to realize the
potential of stage- and site-specific antimetastatic therapies, espe-
cially considering current approaches to targeting tumor-stroma
interactions in metastasis have had limited efficacy in PDAC (Table

REVIEW SERIES: PANCREATIC CANCER

2). First, improved biomarkers that predict metastatic recurrence in
early-stage disease would enable more effective adjuvant therapy
selection. Second, routine paired biopsies of primary tumors and
metastases from multiple sites would enhance our understanding
of how tumor cells adapt to different organ environments in each
patient and enable therapies tailored to metastasis. Finally, clinical
trials specifically designed to evaluate organ site—specific thera-
peutic approaches would determine whether targeting the unique
adaptations of PDAC metastases in each organ could improve out-
comes. Collectively, these insights underscore that effective treat-
ment of metastasis will require multifaceted strategies that target
site- and stage-specific factors ranging from tumor cell-intrinsic
drivers of metastasis to the various microenvironmental niches
encountered throughout the metastatic cascade.
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