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Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer with a dismal prognosis and a growing global
incidence. Despite its clinical relevance, the processes driving PDAC tumorigenesis and progression remain
poorly understood, challenging traditional molecular models. Here, we address the biological and evolutionary
mechanisms underpinning PDAC development and growth, integrating cellular and molecular aspects with an
ecological perspective. This multidisciplinary approach offers broader insights into the analysis of PDAC path-
ogenesis, starting from precancerous lesions and moving through to the primary tumor and its metastatic spread.
Indeed, cancer cells may be considered as existing within a dynamic ecological context and are influenced by
evolutionary pressures similarly to individuals, populations, and species in nature. Genetic and epigenetic
changes form the foundation for the emergence of intratumoral heterogeneity, which contributes to tumor
progression, metastasis, and resistance to therapy. These processes in PDAC progression are governed by both
clonal expansion and the ecological fitness of neoplastic cells within the tumor microenvironment, which rep-
resents their ecological niches. Hence, by integrating evolutionary principles into the study of PDAC, we have
analyzed the conceptual advantages and potential applications of this approach on the understanding of the
complex interactions between tumor cells and their environments. This research emphasizes the contribution of a
holistic, evolutionary perspective to cancer biology and underlines the importance of considering genetic,
cellular, and ecological factors in the management and development of treatments, and for guiding future
research and therapeutic strategies.

1. Introduction the surrounding microenvironment (Dasari et al., 2021).
It is worth noting that the onset of cancer is not the attack of an
external agent; it does not come from outside, it’s a cellular trans-

formation driven by genetic mutations leading to uncontrolled growth

Cancer is a disease of multicellular organisms that can originate from
different tissues. Neoplastic formation arises from one or a small number

of cells that undergo a process, viewed as a form of somatic evolution, in
which normal cells acquire mutations that confer a survival advantage,
allowing them to proliferate more than their non-mutated counterparts
(Swiatczak, 2021). In parallel with clonal expansion, cancer cells are
subject to dynamic changes that shape their behavior and interactions,
ranging from altered stress responses to shifts in communication with
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and duplication, frequent genetic instability/mutation, and epigenetic
dysregulation. These factors are responsible for a selection of genotyp-
ically and phenotypically different populations of cancer cells that
create a heterogeneous neoplasia able to interact with the microenvi-
ronment and to create a tissue niche (Somarelli, 2021). The expansion of
genetically different cancer cell clones defines intratumor
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heterogeneity, which is responsible for the evolution of the tumor
through the various phases of progression, metastasis formation, and
treatment resistance (Zhang and Wang, 2025). Applying an evolutionary
framework to cancer biology may provide insights into the pathogenesis
of cancer. One of the most influential statements in biology was made by
Theodosius Dobzhansky in 1973, when he declared that “Nothing in
biology makes sense except in the light of evolution” (Dobzhansky,
1973). Indeed, just as evolutionary principles drive the diversity and
adaptation of species, they also govern the processes that shape cancer
progression, including mutation accumulation, selective survival, and
adaptation to the tissue niche where cancer cells live and grow (Attolini
and Michor, 2009).

The pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal cancers, characterized by a heterogeneous genetic landscape and
by a highly dense and spatially structured desmoplastic stroma (X. Li
et al. 2024), representing the most common and aggressive type of
pancreatic cancer. In general, the 5-year survival rate is just 13%,
constituting, for the year 2025, the fourth leading cause of
cancer-related death in the United States (Siegel et al., 2025). There are
many reasons for its poor prognosis, including late-stage diagnosis of
most patients, early metastasis formation, and primary resistance to all
forms of therapies (Barthel et al., 2023). The best treatment option is
surgery with a five-year survival rate of 30%, but only a small proportion
of patients is eligible at diagnosis (Neoptolemos et al., 2018). Both
adjuvant and neo-adjuvant chemotherapy usually are not able to control
disease progression for more than a few months. Over the past three
decades, PDAC research has evolved through several discoveries that
have enabled the identification of its driver mutations (Dominguez et al.,
2024; Yao et al., 2020) and delineated the stepwise progression from
precursor lesions to invasive carcinoma (Pedro and Wood, 2025).
Nonetheless, in recent years, there have been no significant improve-
ments in long-term overall survival, and this neoplasia was predicted to
increase globally in its incidence (Hesami et al., 2024), becoming the
second leading cause of cancer mortality within this decade (Rahib
et al., 2014).

In this context, the ecological fitness of pancreatic cancer cells can be
defined by their ability to survive, proliferate, and evolve within the
tumor microenvironment (TME), which functions as an ecological sys-
tem (Rumie Vittar et al., 2013). The success of cancer cells, analogous to
the survival of species in an ecosystem, depends on their ability to adapt
to harsh conditions, such as nutrient deprivation, low oxygen avail-
ability (hypoxia), and immune system attack, among others (Khalaf
et al., 2021).

Compared to other solid tumors, due to its intrinsic characteristics,
PDAC can be considered a good model for cancer ecology studies.
Indeed, it exhibits a high degree of heterogeneity due to genetic and
epigenetic factors, as well as to the strong influence of the microenvi-
ronment (lovanna et al., 2025). Moreover, it is characterized by a
distinctively harsh and spatially complex TME that challenges tradi-
tional molecular models. For this purpose, this type of cancer is
anatomically characterized by dense stromal structures named desmo-
plasia, which generate distinct environmental niches characterized by
marked spatial gradients of critical parameters such as oxygen, nutrient
availability, pH, cytokines, and matrix stiffness (X. Li et al. 2024). The
peculiarity is that this condition makes PDAC a niche-dependent tumor
for the spatial segregation of these parameters, rather than in many
other solid tumors. Furthermore, PDAC’s immune coldness (Ullman
et al.,, 2022) may be considered a spatial phenomenon arising from
ecological exclusion: TME physically and functionally prevents T-cell
infiltration, trapping immune cells in stromal zones and avoiding their
direct contact with tumor cells (Kung et al., 2025). In these environ-
mental niches, metabolic crosstalk further reinforces the ecological
structure. Cancer cells and TME cells establish a network of resource
flows among cell species, forming a symbiotic interaction (Thakur et al.,
2025) that influences tumor fitness under hypoxia, nutrient scarcity, and
therapy, allowing the survival of PDAC cells. These conditions shape the
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selection of specific clones, creating a heterogeneous cancer cell popu-
lation. Considering the PDAC’s characteristics, scientific approaches to
this type of cancer show that they would benefit greatly from the
application of ecological theories compared to other cancers. In light of
this, the evolutionary dynamics of cancer progression involve a constant
interaction between cancer cell features, ecological pressures, and the
ever-changing environment of the TME (Somarelli and Johnson, 2024).
Indeed, ecological interactions may explain why PDAC exhibits pro-
found therapeutic resistance despite well-characterized genetics (Dujon
et al, 2021). Thus, eco-evolutionary dynamics, considering
multi-species interactions, spatial resource competition, and niche
construction, can help to resolve the mechanistic gaps left by traditional
molecular models.

The aim of this review is to analyze the contribution of applying an
eco-evolutionary framework to PDAC, for which traditional strategies
have so far failed to fully elucidate the underlying biological mecha-
nisms or significantly improve patient prognosis. By exploiting its
intrinsic characteristics within this perspective, we have examined the
development and progression of the disease, from precancerous lesions
to the primary tumor and metastatic dissemination, highlighting the
main evolutionary processes that characterize the different stages of
tumor progression. In parallel, we have discussed the conceptual ad-
vantages and potential applications of this approach for improving our
understanding of PDAC biology and for guiding future studies and
therapeutic strategies. Although the translational impact of this
perspective remains to be fully established, it constitutes a promising
and conceptually rich avenue of investigation, particularly for PDAC,
that may yield clinically relevant insights in the future (Raja Arul et al.,
2022; Sherman and Beatty, 2023; Somarelli and Johnson, 2024).

2. Somatic alterations drive pancreatic carcinogenesis in early
stages of PDAC

From an evolutionary perspective, cancer development in a human
host can be understood as a process of natural selection occurring within
the individual organism (Aktipis and Nesse, 2013; Tabassum and Pol-
yak, 2015). The Somatic Mutation Theory (SMT) of cancer, the most
widely accepted model, proposes that cancer results from mutations that
occur in somatic cells, rather than germ cells (Basu, 2018). The accu-
mulation of multiple gene mutations in the same cell can act synergis-
tically, promoting the establishment of an ancestral cancer cell with
advantageous characteristics such as increased proliferation, evasion of
cell death, or resistance to immune detection compared to the other
non-mutated cells, leading to the development of a malignant tumor
(Makohon-Moore and lacobuzio-Donahue, 2016). Moreover, these mu-
tations may be positively selected in cells (Vishwakarma and Piddini,
2020), analogous to the process of natural selection in evolutionary
biology, where genetic alterations that confer a survival advantage are
propagated within the tumor cell population (Fortunato et al., 2017).
The evolutionary dynamics of these mutated cells follow a model similar
to Darwinian selection in which a combination of step-by-step events
must occur (Gatenby and Brown, 2020; Hamede et al., 2021). Indeed, in
the Darwinian-like process of tumor evolution, the accumulation of so-
matic alterations leads to a clonal selection of cells with advantageous
traits (Nesta et al., 2021). Furthermore, as the tumor expands, it expe-
riences selective pressures (e.g., hypoxia, nutrient deprivation, immune
system surveillance, and therapy-induced stress), which result in the
survival of the fittest clones, those best adapted to the TME
(Vishwakarma and Piddini, 2020). This evolutionary process mirrors
ecological systems, where species with higher fitness, defined by traits
that improve survival and reproductive success, dominate the environ-
ment (Bozic, 2022) (Fig. 1).

For instance, in the early stages of PDAC, specific hotspot mutations
in driver genes such as Kirsten rat sarcoma virus (KRAS), tumor protein
p53 (TP53), and Cyclin Dependent Kinase Inhibitor 2 A (CDKN2A) are
commonly observed and are considered pivotal in the initiation and
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Fig. 1. Shared traits that affect the fitness of cancer cells and ecological
species. The fitness of cancer cells is determined by a range of survival traits
and the capacity to proliferate, mirroring the ecological systems in which the
fitness of species is represented by traits that improve survival and reproduc-
tive success.

progression of pancreatic carcinogenesis (Sivapalan et al., 2022)
(Fig. 2). KRAS mutations, in particular, occur in approximately 90% of
PDAC cases and are recognized as early genetic events that drive aber-
rant cellular signaling pathways, contributing to uncontrolled cell pro-
liferation, survival, and resistance to apoptosis (Cancer Genome Atlas
Research Network, 2017).

In this context, the relationship between these mutations and

Normal ductal epithelium

l KRAS 7

Pre-cancerous lesions

l CDKN2A (Mutations accumulation)

O

l TP53, SMAD4

l Primary tumor

Fig. 2. Schematic representation of the development of pancreatic cancer
pathogenesis. A normal ductal epithelial cell may accumulate driver mutations
in key genes, including KRAS, CDKN2A, TP53, and SMAD4, that gradually
induce its transformation into pre-cancerous lesions and then eventually into
PDAC. The progression of pre-cancerous lesions can take place over many years
as more genetic drivers accumulate, leading to increasing disorganization and
an accumulation of cells exhibiting cytologic abnormalities (dysplasia). Ma-
lignant transformation occurs when these cells invade the surrounding
pancreatic tissue.
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immune evasion is also significant (Cheng and Vonderheide, 2023). The
hotspot mutations that confer growth advantages to cancer cell fitness
may simultaneously influence the tumor's interaction with the immune
system, potentially impairing immune surveillance mechanisms
(Gonzalez-Cardenas and Trevino, 2024). This interplay between tumor
cell survival and immune escape is critical for the advancement of PDAC
from precursor lesions to invasive carcinoma (Argentiero et al., 2024).

Taken together, somatic mutation accumulation, particularly in
mutation hotspots, accelerates the transformation of normal cells into
malignant cells, paralleling evolutionary principles in which certain
genetic changes confer survival advantages and lead to the dominance of
mutated cells within a population.

3. Genetic alterations in precancerous lesions

Building upon these foundational genetic drivers, initiating muta-
tions trigger early clonal diversification. In order to follow the trans-
formation of a cell, it is crucial to consider tumor precursor lesions
(Zamboni et al., 2013). The modification of key genes in a ductal
pancreatic cell can convert a normal cell into a precancerous one, and
further genomic changes can enhance its growth advantages, ultimately
leading to the emergence of a new population of neoplastic cells that can
progress to a clinical status identifiable as cancer (Gao, 2008). The
different genetic backgrounds among the cells mainly contributed to the
heterogeneity observed in precancerous lesions (Braxton et al., 2023).
Hence, pancreatic precancerous lesions are divided into microscopic and
macroscopic types. Microscopic lesions include pancreatic intra-
epithelial neoplasia (PanIN), the most common precursor to invasive
PDAC. Macroscopic lesions include intraductal papillary mucinous
neoplasm (IPMN) and mucinous cystic neoplasm (MCN). All lesions can
be classified based on the morphological grade of dysplasia in their
lining epithelium as low- or high-grade (Omori et al., 2023).

Pancreatic lesions share a high frequency of oncogene-mutated
KRAS, indicating that this is an early event in the development of
neoplasia, while mutations in other genes (CDKN2A, TP53, and SMAD
Family Member 4 - SMAD4) are characteristic of more advanced lesions
(Singhi and Wood, 2021) (Fig. 2). Based on these findings, KRAS mu-
tations may be necessary for the initiation of PanIN lesions and for their
progression to invasive cancer. In IPMN and MCN, mutations in KRAS
are less frequent, respectively around 60,9% and 33-89% (Lee et al.,
2016), and are not strictly associated with malignancy. Taken together,
although KRAS mutations have a crucial role in the initiation of the
neoplastic lesion, a combination of additional hits and somatic changes
is required to alter different signaling pathways (Li et al., 2023). The
next event to take into consideration is the loss of CDKN2A function,
which was reported in the later stages of precancerous lesions (Singhi
and Wood, 2021), in particular in wild-type-KRAS PanlIN, suggesting the
existence of an alternative mechanism involving CDKN2A but not KRAS
mutations in the pathogenesis of pancreatic cancer (Kanda et al., 2012).
Lastly, TP53 mutations are considered a late event in the multistep
progression of precursor lesions to PDAC (Qian et al., 2020). With p53
inactivation, precancerous cells lost their cell cycle regulation and
programmed cell death, leading to uncontrolled proliferation and
apoptosis (Chan-Seng-Yue et al., 2020). Similarly, SMAD4 mutations
occur in the late stage of PDAC in approximately 40-55% of patients,
and this event is considered one of the final steps in the initiation of
invasive PDAC (Singhi and Wood, 2021) (Fig. 2). Here, we are consid-
ering the most frequent alterations; several other genes commonly un-
dergo mutations in PDAC with frequencies reported to be less than 10%
in large-scale sequencing studies (Li et al., 2023).

Hence, PDAC arises from non-invasive precancerous lesions in which
mutational events converge, causing the cells’ transformation, which
can improve their fitness and give them a selective advantage over non-
tumor cells. Multiple genetic alterations in later-occurring driver genes
were frequently localized to specific tumor clones, highlighting the
possibility of convergent evolution in pancreatic tumorigenesis (Kuboki
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et al., 2019) and suggesting that different genetic pathways can lead to
the same outcome - the development of cancer (Pienta et al., 2020).

Moreover, precancerous lesions are a crucial area of research for the
early detection of pancreatic cancer. The fitness of precancerous lesion
cells that do not progress to aggressive cancer is a key point of interest:
these cells maintain a balance in their genetic stability, avoiding
excessive genetic divergence that would make them more aggressive
(Lai and Zhang, 2025). They are very common in the population, as most
patients have one or more pancreatic lesions at the time of death that
usually do not develop into PDAC (S¢reide et al., 2023). Indeed, they can
coexist with normal cells and not invade nearby tissues or spread to
distant organs, maintaining their fitness without progressing to malig-
nancy or acquiring significant genetic changes, which suggests a form of
evolutionary stasis, where the precancerous cells do not gain an
advantage over normal cells. This observation raises an unresolved
question: how do evolutionary forces shape the genetic differences be-
tween precancerous and non-tumor cell populations over time? Math-
ematical models have been proposed to better understand these
dynamics, like the G-function theoretical modeling framework (Barua
et al., 2018), which focuses on cancer cell speciation, diversification,
and environmental adaptation (Bukkuri et al., 2023). Regarding pre-
cancerous conditions, an example of the modeling is the development of
cervical intraepithelial neoplasia (CIN) grade 3 (CIN3), a precancerous
lesion of the cervix (Cabrera-Becerril et al., 2017). The widely accepted
model of CIN3 development posits a sequential progression from a
normal state, through CIN grade 1 (CIN1) and CIN grade 2 (CIN2) stages,
and finally to CIN3, thereby aiding in the early detection and treatment
(Venkatas and Singh, 2020). To the best of our knowledge, a mathe-
matical model for the development of pancreatic precancerous lesions is
still lacking, but it could be a valuable resource for analyzing precan-
cerous lesions and their progression to malignancy, which could aid in
predicting carcinogenesis of pancreatic cancer. These models may offer
insight into how ecological forces, such as competition for resources or
cooperation between cell types, can drive the evolution of precancerous
lesions and help predict the likelihood of a progression to malignancy,
providing valuable information for potential early intervention.

While the fundamental biological drivers of PanIN and IPMN are well
described, developing practical strategies for their interception has
proven challenging, largely due to issues with detection, risk assess-
ment, and low-risk intervention approaches. Detection strategies are
restricted, primarily relying on the analysis of pancreatic juice for PanIN
and the examination of cyst fluid for IPMN, for the detection of driver
mutations (Pedro and Wood, 2025) in well-known key genes to monitor
their temporal dynamics, the accumulation of mutations, and their
evolutionary trajectories through the transformation into malignant
cells. Moreover, imaging techniques can be used to understand their
ecological landscape and the development of the lesion microenviron-
ment. Although liquid biopsy of peripheral blood has not been exten-
sively researched for precursor lesions, it does hold theoretical potential
(Pedro and Wood, 2025). This approach may help in the monitoring of
high-risk individuals with a family history of PDAC or oncogenic
germline mutations. Furthermore, single-cell resolution with spatial
omics may be useful to depict the cellular and ecological landscapes of
early pancreatic lesions, revealing lesion transformation trajectories and
microenvironmental remodeling. Indeed, spatial transcriptomics facili-
tated accurate mapping of lesion localizations and niche interactions,
highlighting microenvironmental shifts that occur from normal
pancreas to PanIN to PDAC. This includes fibroblast remodeling and T
cell infiltration (Carpenter et al., 2023). In addition, a cellular atlas can
be developed by analyzing single cells from PanIN, IPMN, and related
PDAC. In a recent study, the analysis of over 35,000 cells derived from
high-grade IPMNs and IPMN-derived PDAC indicates a lineage transi-
tion and epithelial subsets unique to PDAC. At the same time, a notable
shift in the immune landscape was observed, from a pro-inflammatory
state in IPMNs to an immunosuppressive one in PDAC, with M2 mac-
rophages being the predominant type (J. Li et al., 2024). These results
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exhibit how transcriptional programs, cellular transformation and
transitions, and microenvironment alteration are fundamental for PDAC
initiation and heterogeneity (Qi et al., 2026). Taken together, based on
PDAC characteristics, the analysis of pancreatic precancerous lesions'
plasticity, clonal heterogeneity, dynamics, and immune remodeling
processes may identify potential biomarkers that could aid in the
detection of high-risk lesions, stratification of patients based on the
evolutionary history of the tissue, and development of new targets for
early therapeutic intervention.

4. Heterogeneity in primary tumor and metastases

Moving beyond the precancerous lesions, PDAC tumorigenesis and
progression are quite peculiar (Rampias, 2020). Hence, transformed
cells are subjected to genomic instability, chromosomal rearrangements,
copy number alterations, and epigenetic changes, leading to rapid pro-
liferation, invasion, and dissemination (Connor and Gallinger, 2022),
which confer a competitive advantage over normal cells. Genotypic
variations and phenotypic adaptations resulted in the emergence of
distinct subpopulations within the tumor, each with different survival
strategies (Whiting et al., 2024; Wu, 2012). As a result, the tumor
ecosystem becomes increasingly complex, with certain clones gaining
dominance over time (Rampias, 2020). Furthermore, particularly in
PDAC, different TME characteristics can influence the success and the
selection of cancer clones (DeGregori, 2018). Indeed, cancer progression
can be influenced by interclonal competition leading to the selection of a
single clone that may contribute to intratumor heterogeneity (Dentro
et al., 2021). The presence of genetic subclones within a single tumor in
a patient was first demonstrated in PDAC using karyotyping in 1998
(Gorunova et al., 1998) and subsequently using DNA sequencing
(Campbell et al., 2010). The analysis of different sections of primary
PDAC demonstrates the existence of spatially localized subclonal cell
populations genetically evolved from the original parental tumor cells,
resulting in the success of subclones exploiting available resources more
efficiently under limiting conditions. To maintain this advantage, they
adopt strategies that enable them to migrate and invade new sites,
repeating this process whenever reachable nutrients become limiting.
This is seen in the process of epithelial-mesenchymal transition (EMT),
in which epithelial cells lose their properties and become mesenchymal
cells, developing motility-invasive properties in a highly dynamic and
plastic manner (Dardare et al., 2021). EMT plays an important role in
cancer progression, as it can confer metastatic properties to tumor cells,
enhancing invasion capabilities of surrounding tissues and distant or-
gans (Luu, 2021). This process is tightly regulated by a complex network
orchestrated by several intrinsic and extrinsic factors, including multiple
transcription factors, post-translational control, epigenetic modifica-
tions, and noncoding RNA-mediated regulation (Yang et al., 2022). In
summary, resource depletion can trigger migration and invasion in both
ecological and cancer contexts, although the mechanisms and implica-
tions differ.

The genetic heterogeneity of distant metastases reflects the intra-
tumor clonal populations composing the primary PDAC (Yachida et al.,
2010). In contrast, epigenetic and metabolic differences have been
demonstrated when comparing paired primary PDAC and metastases.
Epigenetic reprogramming and changes in chromatin modification were
strongly associated with metastatic cells (Roe et al., 2017). Indeed,
intratumoral heterogeneity in primary tumors is not only driven by
genetic alterations but also by epigenetic dysregulation, gene expression
variation, and post-transcriptional regulation (Guo et al., 2025).
Recently, other studies on human PDAC samples in which single-cell
multiomics (RNA-seq or single-nucleus RNA-seq) and spatial tran-
scriptomics were performed confirmed the high heterogeneity and the
coexistence of subclones with distinct expression signatures (Cui Zhou
et al., 2022), and have fundamentally shifted our understanding of
PDAC from a passive collection of mutated cells to an active ecosystem.
In this context, there is an interaction between different subclones, in
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which the one with a better fitness will try to take over, and between
clones and the TME to ensure their survival. Translated to the current
work, high-resolution spatial mapping demonstrates that specific PDAC
clones actively secrete signaling molecules (e.g., transforming growth
factor-beta TGF-p) to reshape their physical and immunological envi-
ronment, polarizing macrophages and activating cancer-associated fi-
broblasts (CAFs) to build localized fibrotic tissue that excludes cytotoxic
T-cells (Group Young Researchers in Inflammatory Carcinogenesis et al.,
2021). It has also been reported that immunosuppression in PDAC arises
from the complex interactions among dysfunctional T cells, tumor cells,
and various components of the TME (Du et al., 2025; Qi et al., 2026;
Yousuf et al., 2023). Single-cell multiomics and spatial transcriptomics
were also applied to compare heterogeneity of primary tumor and me-
tastases, revealing cellular programs that promote metastasis, but a clear
explanation of how the different clones participate in this process is still
missing (Qi et al., 2026; Yang et al., 2021). Collectively, these tech-
niques are showing a great impact in PDAC studies due to the capacity to
analyze multiple heterogeneous clones of the tumor and TME cell, and
their interactions within a spatially localized niche.

Indeed, the process of resource depletion and its effects on migration
and invasion are similarly observed in both ecological and cancer con-
texts (Gallaher et al., 2019). In ecology, the invasive species cane toad
(Rhinella marina), introduced in the 1930s in Australia (Neinavaie et al.,
2021), has rapidly depleted local resources and spread across nearby
lands, often outcompeting native species for food and space. Similarly,
the black rat (Rattus rattus) has caused significant ecological disruptions
(Noorbakhsh et al., 2020). Introduced to various islands worldwide, this
species has been responsible for the decimation of native bird
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populations and the alteration of plant communities. These same phe-
nomena are evident in PDAC cells adapting by migrating and spreading
to nearby tissues and organs, like the liver, forming new metastatic le-
sions, to exploit new environments (Carstens et al., 2021). These cells
actively invade healthy tissues, like invasive species colonizing new
territories. In both ecological and cancer contexts, competition for re-
sources drives the expansion of populations, whether it’s a rapidly
growing invasive species or a fast-spreading tumor, demonstrating how
limited resources act as a powerful force shaping behavior and growth
(Fig. 3). In this context, nutrient depletion can generate dynamics
consistent with disturbance-driven selection, in which the selective
pressures acting on cancer cell populations in the tumor ecosystem are
altered. These disturbances can eliminate less adaptable PDAC cells
while favoring the survival and expansion of more plastic clones, often
characterized by increased invasive potential. As in an ecological system
affected by environmental disturbances, such processes may accelerate
evolutionary dynamics within tumors and promote the emergence of
more aggressive phenotypes, ultimately contributing to disease pro-
gression, cell migration, and metastasis formation (Cunningham et al.,
2011; Gillies et al., 2012). In PDAC, disturbance in the desmoplastic
TME caused by nutrient depletion, hypoxia, or therapeutic interventions
can drive the selection of clones responsible for the early metastasis
formation (Fig. 3) and therapy resistance.

This dynamic of resource competition and depletion, as it relates to
cancer, may even suggest that the metastatic spread of tumors could be
framed as an example of ecological failure. While metastasis enables the
tumor cells to colonize distant organs, it often leads to the demise of the
host, in particular in highly lethal tumors such as PDAC, raising the
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competition with native species for food and space. High food abundance is represented with big brown blocks. In cancer invasion, this phase is characterized by the
process of extravasation and attachment of cancer cells at a new site, where they compete with native cells of the organ, in this case, liver cells, for nutrients. This step
is followed by two common steps: establishment and spread. For ecological invasion, this involves the establishment and colonization of a new site, the depletion of
local resources in one area, and the subsequent spread and invasion of new regions with more abundant food. For cancer invasion, division of cells using the nutrients
of the new site grows a tumor mass with the development of a liver metastatic lesion, with consequences for the organ functions and the spreading into surrounding
tissues, due to processes like colony formation, angiogenesis, proliferation, and dissemination. Finally, the results and consequences of the Ecological and Cancer
invasion processes are the impact on the ecosystem and on the organism, respectively. The invaded ecosystem's health was disrupted; native animals, particularly
birds, were decimated, and plant communities were altered. Similarly, the organism's health is definitely compromised by the metastatic spread and invasion into
different sites and organs, altering their functions.
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question of whether this could be considered an “ecological failure”. As
George Williams famously stated, “evolution has no eyes to the future”,
implying that evolutionary processes, though successful in the short
term, may lead to outcomes that undermine long-term survival
(Greaves, 2013). Negative impacts of successful individual behavior on
population stability are well known in population and community
ecology (Basset et al., 1997; Rosenzweig, 1971). In the context of PDAC,
metastases are frequently fatal, with tumor cells ultimately contributing
to the collapse of the host's biological system. This leads to a paradoxical
outcome, in which the very evolutionary strategies that ensure the
survival and spread of cancer cells can also result in the destruction of
their host, rendering metastasis a tragic form of ecological failure within
the cancer’s broader evolutionary trajectory. Considering cancer cells as
external agents, their negative effects on the host’s biological systems
and a positive influence on the biological host’s population stability
would have been expected; these potential relationships have not yet
been addressed in the context of tumors’ dynamics in human
populations.

The use of an ecological perspective may be useful for PDAC early
detection, progression, and biomarker development. Liquid biopsy from
peripheral blood is considered an emerging diagnostic technique based
on eco-evolutionary principles. Indeed, it allows the detection of mo-
lecular biomarkers such as circulating tumor cells, circulating tumor
DNA, noncoding RNAs, and extracellular vesicles (Girolimetti et al.,
2024; Wang et al., 2023) to follow the evolutionary trajectories and the
ecological communication between cancer cells and the TME. This in-
formation may highlight the presence of PDAC, its development and
progression to metastasis formation, and enable the formulation of
precise and personalized treatment for the patient.

To better clarify the development of cancer ecology, the fundamental
concepts, divided into classical foundations and recent advances, were

Table 1
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summarized in Table 1, with the main references and their contribution.

5. Drawing parallels between ecological pressures and cancer
progression

Based on characteristics examined during the development and
progression of PDAC, from precancerous lesions to the primary tumor
and metastatic dissemination, eco-evolutionary dynamics that consider
multi-species interactions, spatial resource competition, and niche
construction can help resolve the mechanistic gaps left by traditional
molecular models. The Hallmarks of Cancer, proposed by Hanahan and
Weinberg, may provide a framework for understanding the "ecological"
nature of tumorigenesis. These hallmarks, which include sustaining
proliferative signaling, evading growth suppressors, resisting cell death,
enabling replicative immortality, inducing angiogenesis, and affording
metabolic plasticity, among others, describe the capabilities that cancer
cells acquire to survive and thrive in their ecological niche (Hanahan,
2022; Hanahan and Weinberg, 2011, 2000). From an ecological
perspective, they can be seen as "strategies" that cancer cells employ to
outcompete other cells and adapt to a changing environment, much like
organisms in ecosystems adopt survival strategies to monopolize their
niche space and to evolve in response to pressures. These ecological
strategies may be applied to PDAC to improve the accuracy in describing
its behavior, understand the biology, and guide future research and
therapeutic approaches.

5.1. Ecological niche theory

The first ecological theory to take into consideration due to the
intrinsic characteristics of PDAC and its TME, is the ecological niche
theory. Originally developed to explain the coexistence of species

Classical Foundations and Recent Advances (post year 2020) studies from early PDAC genetics and evolutionary concepts of cancer to single cell/spatial multiomics,
tumor microenvironment, and eco-evolutionary perspectives. A selection of highly influential works that have contributed to the conceptual and technological

development of the field is reported.

Categories References Main contribution
CLASSICAL Early genetics of PDAC Gorunova et al., 1998 Cytogenetic analysis revealing intratumor chromosomal heterogeneity.
FOUNDATIONS Campbell et al., 2010 Characterization of genomic instability patterns in metastases.
Kanda et al., 2012 Identification of somatic mutations in early PanIN lesions.
Cancer Genome Atlas Research Comprehensive integrated genomic characterization.
Network, 2017
Evolutionary concepts of cancer Paget, 1889 Seed and soil hypothesis of metastasis.
Dobzhansky, 1973 Established the central role of evolutionary theory in understanding
biological systems, including cancer.
Hanahan & Weinberg, 2000 Conceptual framework describing the hallmarks of cancer, integrating
evolutionary principles.
Fidler, 2003 Tumor microenvironment interactions in metastatic niches.
Attolini & Michor, 2009 Mathematical and evolutionary models describing mutation
accumulation and tumor progression.
Gatenby et al., 2009 Concept of adaptive therapy in cancer treatment.
Aktipis & Nesse, 2013 Evolutionary framework explaining cancer development through
natural selection and adaptation.
RECENT ADVANCES Single-cell/spatial genomics Chan-Seng-Yue et al., 2020 Demonstrated that transcriptional phenotypes of PDAC are shaped by

(post-2020)

Raghavan et al., 2021
Cui Zhou et al., 2022

Li et al., 2024

Tumor microenvironment (TME) Ho et al., 2020

in PDAC Sherman & Beatty, 2023
Li et al., 2024a
Du et al., 2025

Somarelli, 2021
Dujon et al., 2021

Eco-evolutionary perspectives

genomic evolutionary events.

Single-cell analysis of microenvironment-driven cell states.

Spatial genomics revealing microenvironment-dependent cell
populations and resistance mechanisms.

Single-cell analysis of PDAC heterogeneity.

Overview of the clinical and biological role of the TME.

Immune and stromal interactions driving progression.

Characterization of the panoramic TME.

Identification of stromal cell populations contributing to desmoplastic
and immunosuppressive niches.

Interpretation of hallmarks of cancer as ecologically driven phenotypes.
Identified key research questions in the ecology and evolution of cancer.

Raja Arul et al., 2022
Zhang et al., 2022
Bukkuri et al., 2023
Lai & Zhang, 2025

Eco-evolutionary framework specifically applied to PDAC.

Clinical application of evolutionary modeling in adaptive therapy.
Modeling ecological and evolutionary dynamics of cancer systems.
Analysis of environmental drivers of malignant clonal selection in
precancerous lesions.
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interacting while exploiting the same resources under limiting condi-
tions, this theory has emerged as a valuable conceptual framework for
understanding the progression of cancer (Kareva, 2015). According to
the Hutchinson's n-dimensional niche concepts, the niche is a property
of individuals, populations, and species occurring in an ecosystem and of
the ecosystem, as well (Hutchinson, 1957). Niche filtering is the process
that allows ecosystem colonization by species whose niche is included in
the ecosystem (Zobel, 1997). Niche width is a phenotypic property of
individuals, evolving as a quantitative character of both individuals and
populations (Roughgarden, 1972). By incorporating Hutchinson’s
multidimensional niche space (Colwell and Rangel, 2009; Hutchinson,
1957) and the resource-based mechanisms proposed by MacArthur
(MacArthur and Pianka, 1966; Shapiro, 1985), this theory emphasizes
the complex interplay of inter-species dynamics, such as competition,
mutualism, and predation, within ecosystems, where each species oc-
cupies a defined niche shaped by both abiotic and biotic factors
(Vandermeer, 1972). When applied to tumor biology, the TME can be
viewed as a dynamic and evolving ecosystem, wherein multiple distinct
cellular populations engage in interactions analogous to inter-species
relationships observed in ecological systems (Ho et al., 2020; Laranga
et al., 2020) (Fig. 4). Application of niche theory to cancer not only
underscores the importance of cell-cell and -cell-environment in-
teractions but also provides a robust theoretical scaffold for interpreting
tumor behavior through the lens of both inter- and intra-cellular
evolutionary dynamics (Fidler, 2003; Kareva, 2015; Odling-Smee
et al., 1996; Qian and Akcay, 2018). In cancer, particularly in PDAC,
the TME is an active participant in tumor evolution. Stromal cells and
extracellular matrix can exceed the epithelial tumor mass and pro-
foundly shape cellular behavior, far more than in many other carci-
nomas. This creates a physical and functional ecosystem where cancer
cells are embedded in a dense, reactive habitat. These processes
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underscore the dynamic and complex interactions between the various
cell types within the TME, ranging from CAFs such as stellate cells and
extracellular matrix (ECM) to various types of immune cells, like cyto-
kines and endothelial cells, which participate in controlling tumor
growth, invasion, and metastasis (Qian and Akcay, 2018; Tjomsland
etal., 2011; Whatcott et al., 2015). This heterogeneity in the TME is also
reflected in the diversity and dynamics of acellular components,
including the ECM, cytokines, growth factors, and secreted ligands that
modulate signaling pathways (Fig. 4). Indeed, its composition makes the
TME a barrier for developing effective treatments for cancer cells (Bever
et al., 2015; Raghavan et al., 2021). Based on this data, clinical studies
have focused on the TME as a potential novel target for PDAC treatment.
Clinical trials targeting TME components were performed, but, to date,
no benefit for patients has been reported (Catenacci et al., 2015; Hin-
gorani et al., 2018). These failures point to the fact that TME composi-
tion in PDAC is complex and heterogeneous, and the interactions
between cancer cells and microenvironment components remain insuf-
ficiently understood. The TME can also influence pro-metastatic pro-
cesses. The formation of a distant metastatic cell niche with a favorable
microenvironment helps the colonization of distant organs. The most
common sites of colonization for PDAC metastasis are the liver, the
lungs, and the peritoneal sites; less frequently, PDAC cells can adapt to
the brain, bones, or skin microenvironment (Pourshams et al., 2019)
(Fig. 3). The metastatic cell niche may be the host organ’s response to
inflammatory signals from the primary tumor site, causing an increased
presence of macrophages and neutrophils and deposition of ECM pro-
teins, such as collagen and fibronectin (Truong and Pauklin, 2021). It
was demonstrated that hepatocytes accumulate myeloid cells and
fibrosis, increasing the possibility for the liver to undergo metastatic
seeding and outgrowth from PDAC cells. In mice, hepatocytes show
activation of the Signal transducer and activator of transcription 3
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(STAT3) signaling and increased production of serum amyloid A1 and
A2 during early pancreatic tumorigenesis in response to the release of
Interleukin-6 (IL-6) into the circulation by non-malignant cells. Blocking
the components of IL-6-STAT3-amyloid Al and A2 signaling inhibits the
pro-metastatic niche and liver metastasis (Lee et al., 2019).

5.2. Seed and soil hypothesis

From another perspective, Paget's “seed and soil” hypothesis offers a
valuable lens for understanding the metastasis of PDAC (de Groot et al.,
2017; Paget, 1889), which is consistent with the niche filtering process
(Zobel, 1997). In this context, the cancer cells (the “seeds”) must find a
favorable “soil”, an organ or tissue with a supportive microenvironment,
i.e., the niche filter, that permits the establishment of secondary tumors
when the “seed” is included in the “soil niche”. Liver, lungs, and peri-
toneum represent PDAC “soil”, possibly due to the abundance of factors
like cytokines, chemokines, and immune cell populations that promote
tumor cell survival and growth. For instance, the liver microenviron-
ment contains abundant ECM components, such as laminin, and resident
hepatic stellate cells that produce a pro-inflammatory milieu, which
may facilitate the colonization of circulating PDAC cells. In addition,
growth factors such as hepatocyte growth factor (HGF) and TGF-§ are
present at metastatic sites, creating a hospitable environment for the
metastatic cells (Oronsky et al., 2023). Furthermore, it was demon-
strated that extracellular vesicles play a role in helping tumor cells seed
at pre-metastatic sites due to their cargo carried throughout the body,
such as proteins, long non-coding RNAs, and microRNAs, that may have
an impact on the tumor niche composition (Costa-Silva et al., 2015;
Rana et al., 2013). This process mirrors how invasive species alter their
new environments to ensure their survival and expansion. In PDAC, the
stroma creates a “soil” that fosters tumor progression by providing
growth factors and cytokines that support malignant cell proliferation
and survival. This emphasizes that PDAC’s propensity to metastasize is
not solely determined by the cancer cells’ intrinsic properties but also by
the permissive characteristics of the surrounding tissue environments.

5.3. Evolutionary game theory

As the field has matured from qualitative ecological observations to
quantitative science, another mathematical model has emerged as a
useful tool. Recent quantitative oncology approaches, such as evolu-
tionary game theory (EGT), have proven instrumental in modeling the
frequency-dependent interactions between competing clonal pop-
ulations (Dhanasekaran et al., 2025). By assigning payoff matrices to
different cellular phenotypes (e.g., glycolytic vs. aerobic cells), EGT
models can predict stable coexistence or the competitive exclusion of
specific clones in PDAC. This is particularly relevant in PDAC due to the
high heterogeneity of tumor cells and the cooperation of different
clones. Therefore, this theory may result in new findings regarding how
intercellular coexistence and competition happen between tumor-cell
populations

5.4. Adaptive potential and metabolic plasticity

Biological diversity plays a crucial role in stabilizing ecosystems,
which are constantly adapting to environmental changes. Different
survival strategies among species are vital; without environmental
compensatory mechanisms, such as adaptive shifts in individual niche
position and/or niche breadth, species may face extinction (Lu et al.,
2025; MacArthur and Levins, 1967). Maintaining biological diversity is
essential for ensuring the stability and productivity of cellular ecosys-
tems (Amend and Pienta, 2015). Tumors co-opt these principles,
establishing heterogeneous populations and environments that maxi-
mize their adaptive potential. The metabolic plasticity of PDAC cells can
dynamically reprogram their metabolism in response to environmental
stress or therapeutic pressure, such as nutrient levels, oxygen
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availability, or treatment, ensuring they can fulfill their energy and
biosynthetic requirements for survival, growth, and metastasis
formation.

Compared with normal cells, tumor cells with high metabolic plas-
ticity quickly adapt to utilize various bioenergetic resources, switching
between glycolysis and oxidative phosphorylation or scavenging alter-
native fuels like lactate and lipids, whether sourced from the microen-
vironment or generated internally (Sebestyén et al., 2021). This capacity
can be viewed in the light of the ecological trade-off between specialists
and generalists: whereas specialists evolve for peak efficiency within a
narrow niche, generalists maintain broad tolerances to persist across
fluctuating habitats (Hausser and Alon, 2020). In complex organisms,
normal differentiated cells typically behave as metabolic specialists:
they are highly efficient but strictly dependent on specific substrates
within a homeostatic niche. Conversely, cancer cells exhibit the trophic
flexibility of aggressive generalists, allowing them to withstand severe
conditions of nutrient and oxygen deprivation. Consequently, metabolic
flexibility within tumor tissue ensures the survival of the tumor popu-
lation “at all costs”, like how invasive generalists outcompete native
specialists in disturbed environments (Gillies et al., 2018).

Adaptation capacity also has important implications for therapeutic
responses. An intensive treatment strategy may select clones based on
their metabolic plasticity and the capacity to use alternative nutrient
sources or metabolic pathways (Gatenby and Brown, 2020). When more
subpopulations within a tumor depend on different metabolic pathways,
targeting just one specific process might impact only a portion of the
tumor, with the remaining cells that could potentially lead to a recur-
rence. From an eco-evolutionary perspective, such selective pressures
may accelerate the emergence of therapy-resistant populations, high-
lighting the importance of considering metabolic heterogeneity and
plasticity when designing therapeutic strategies (Gatenby et al., 2009).
Hence, analyzing metabolic interactions at the single-cell level is
becoming an important approach to understand how tumors manage
nutrient uptake, reallocate metabolic resources, and utilize stromal el-
ements to maintain growth even in challenging environmental condi-
tions (Barthel et al., 2023; Kaoutari et al., 2021). In a recent study on
PDAC patients and cell, the authors integrated spatial transcriptomics,
single-cells multiomics analyses and functional validation to demon-
strate the spatial organization of metabolic heterogeneity focused on
glycolysis and its correlation with hypoxia, vascular distribution, stro-
mal density, and with clinical outcome, making metabolic heterogeneity
a clinically significant prognostic indicator potentially resulting in
personalized metabolic therapies (Chianese et al., 2026).

5.5. Eco-evolutionary feedback loops concept

Synthesizing the spatial heterogeneity and niche construction of
PDAC leads directly to the concept of eco-evolutionary feedback loops,
where the tumor and its microenvironment continuously shape one
another (Luo, 2023): as PDAC cells genetically evolve to drive desmo-
plasia altering the ecology, the resulting fibrotic, hypoxic TME applies
severe pressure back onto the tumor cells, selecting for metabolically
plastic and highly invasive clones (Yang et al., 2025). Taken together,
integrating metabolic profiling with ecological and evolutionary
modeling may represent a promising path for the development of more
personalized therapeutic strategies in PDAC, which makes a more pre-
cise characterization of the metabolic phenotypes, along with a deeper
understanding of the metabolic dependencies, crucial.

5.6. Predator-prey model

Another ecological dynamic to take into consideration in cancer
evolution is the traditional predator-prey model that could be directly
related to the tumor immune escape (Barua et al., 2018). Indeed, PDAC
cells, like organisms in an ecosystem, are engaged in complex in-
teractions with the immune system, resembling a predator-prey
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dynamic. The immune system, acting as a natural predator, seeks to
eliminate tumor cells (the prey), while cancer cells evolve mechanisms
to evade immune surveillance. This "arms race" allows tumor cells to
actively suppress immune infiltration, constructing a more favorable
niche for growth (Somarelli, 2021). Predator-prey dynamics between
the immune system and the tumor cells could be applied to the
pancreatic precancerous lesions in which a pro-inflammatory immune
landscape is present. In the case of PDAC, when cancer cells are pro-
tected in the environmental niche, the predator may be trapped in the
desmoplastic TME, preventing the prey and predator from direct contact
(Kung et al., 2025) and favoring the immune escape.

5.7. Adaptive therapy and mathematical oncology

Mathematical modeling has also emerged as an indispensable tool in
the field of oncology, providing valuable insights into the complex dy-
namics of cancer progression and treatment response. Models derived
from the Lotka-Volterra equations, which characterize species-rich
ecological communities, have been used to simulate and gain insights
into tumor behavior under various treatment conditions (Belkhir et al.,
2021).

These models have proven to be instrumental in the development of
treatment approaches that leverage the principles of evolution to
address the pervasive issue of drug resistance in cancer therapy
(Gottesman et al., 2016). One of the key applications of mathematical
modeling is in the realm of tumor dynamics, particularly in the context
of adaptive therapy, an evolution-informed approach for managing tu-
mors dynamically that has been proposed as an alternative strategy to
conventional linear attempts based on tumor eradication (Gatenby et al.,
2009). Instead of focusing on complete tumor eradication using
maximal-dose treatments with the risk of creating a cellular chemo-
resistant subpopulation, adaptive therapeutic strategies aim at main-
taining a balanced tumor ecosystem by preserving competition between
drug-sensitive and resistant clones (Enriquez-Navas et al., 2016) within
the tumor ecosystem. This approach may limit the expansion of highly
plastic or resistant clones and delay disease progression. A small trial
was performed on metastatic castration-resistant prostate cancer pa-
tients to understand the possible advantages of adaptive therapy with a
treatment protocol based on a personalized and continuously updated
mathematical model, compared to the standard of care for abiraterone
treatment. The authors suggested that their approach prolonged time to
progression and highlighted the benefits of a multidisciplinary approach
in clinical trial design (Zhang et al., 2022, 2017). Hence, in cancer
research, mathematical oncology enables the development of tumor
dynamics models, treatment response, dose schedules, and timing, with
the aim of designing effective treatment protocols with maximum
therapy efficacy and minimum adverse effects (Jarrett et al., 2020).
Additionally, mathematical models were employed to better understand
the ecology of heterogeneous tumors, which could have implications for
phenotypic plasticity, interactions between cancer and the immune
system, and metastasis formation (Aguadé-Gorgorio et al., 2024).

Taken together, there is an increasing interest in applying mathe-
matical models and methods from ecology in the field of cancer treat-
ment, particularly through the concept of evolutionary-based adaptive
dosing, which tailors drug dosages according to the level of tumor
burden.

For PDAGC, for which chemotherapy resistance is a major obstacle to a
better patient's prognosis, new approaches in therapy management may
be helpful. Nonetheless, there is still no solid evidence supporting the
superiority of adaptive dosing over continuous dosing, and more stan-
dardized trials are necessary to draw conclusions. Mathematical
oncology may be useful for personalized therapy, defined as an
approach to medical treatment that customizes treatments according to
the unique traits of each patient, including genetic factors such as the
use of RAS inhibitors, which represents a great advance in the treatment
of KRAS-driven PDAC. Unfortunately, the quick development of tumor

Critical Reviews in Oncology / Hematology 223 (2026) 105309

resistance has diminished their therapeutic effectiveness. Therefore, in a
recent study, a triple combination therapy was proposed to induce
tumor regression and avoid resistance (Liaki et al., 2025). In this
context, mathematical oncology may help in the design of novel com-
bination therapy based on patients’ tumor characteristics and mathe-
matical models.

6. Conclusions

Integrating evolutionary and ecological perspectives into the study
of PDAC tumorigenesis and progression offers an additional inter-
disciplinary perspective on a tumor for which, despite the great efforts
made in recent years, advances in knowledge and management have
been very limited. Evolutionary processes are fundamental to all stages
of malignancy, ranging from the initial clonal outgrowth to the devel-
opment of metastasis. To gain deeper insight into PDAGC, it’s essential to
take into consideration, analyze, and quantify the cell population dy-
namics and evolutionary characteristics of neoplasms. Furthermore, the
interactions between tumor cells and the microenvironment are not
merely a series of random events but are governed by evolutionary
principles, selective pressures, and dynamic interactions that mirror
ecological processes. In this context, the heterogeneity of the TME could
be a critical factor, underscoring the complexity of cancer as a disease
and highlighting potential areas for therapeutic targeting that would
focus not only on targeting tumor cells but also on altering the ecological
dynamics within the TME.

6.1. Critical view section

Taken together, by recognizing cancer as an evolving system of
interdependent “cell individuals” and “clone populations and species”,
we can obtain new insights into how tumors develop, grow, metastasize,
and evade therapeutic interventions from ecological theories, as niche
theory, decoding ecological patterns of biological diversity organization
and maintenance into their underlying energetic, metabolic and
behavioral mechanisms, affecting the relative performances of inter-
acting phenotypes of same or different species (Basset and Rossi, 1987;
Rossi, 1985; Roughgarden, 1972). Gaining a mechanistic and quantita-
tive understanding of ecological factors controlling phenotypic and
species performance under variable conditions and related short-term
evolutionary dynamics can significantly enhance strategies for early
detection, cancer prevention, diagnosis, and treatment, as well as the
detection of PDAC progression-related biomarkers. However, trans-
lating this ecological model into standard clinical practice faces severe
computational and practical hurdles. First, eco-evolutionary models are
mathematically complex; parameterizing multi-scale models (from
cellular gene networks to macroscopic tumor spread) requires vast
amounts of data. Indeed, every patient exhibits distinct eco-evolutionary
dynamics, necessitating a continuously updated personalized mathe-
matical model (Zhang et al., 2022). Second, spatial heterogeneity
inherently introduces potential risks of tumor sampling bias; a single
biopsy rarely captures the full ecological diversity of a PDAC tumor,
potentially leading to flawed algorithmic predictions (Griinwald et al.,
2021). Finally, implementing evolution-based treatments, such as
adaptive therapy, conflicts with established clinical trial endpoints and
regulatory frameworks (Ingles Garces et al., 2023; West et al., 2019),
which prioritize maximum tumor shrinkage over stable, long-term dis-
ease management and the use of maximum tolerated dose (Halbrook
et al., 2023). Surmounting these challenges will require an interdisci-
plinary effort to align mathematical oncology with actual clinical stan-
dards and feasibility (West et al., 2023) to incorporate evolutionary
biology into cancer research and take advantage of an eco-evolutionary
approach for improving our understanding and management of PDAC.
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6.2. Search strategy

This article provides a narrative review aimed at incorporating
evolutionary principles into the study of PDAC, highlighting the com-
plex interactions between tumor cells and their surrounding environ-
ment, and emphasizing the need for a holistic, evolutionary perspective
in cancer analysis, treatment development, and management. The
literature was collected through targeted searches on PubMed, Web of
Science, Scopus, and Google Scholar, covering studies published up until
March 2026. Various keywords and combinations of related terms were
used: cancer ecology, pancreatic adenocarcinoma, tumor evolution,
ecological fitness, niche construction, tumor microenvironment, and
eco-evolutionary dynamics. Key recent peer-reviewed articles and
foundational classical studies were selected based on their conceptual
significance and contribution to the field, with the aim of assessing an
integrated perspective. Both theoretical and experimental peer-
reviewed articles addressing evolutionary, ecological, genetic, or
microenvironmental aspects of PDAC or contributing conceptually to
the eco-evolutionary framework applied to cancer were considered
eligible and included in this narrative review.
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