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ABSTRACT
Extracellular vesicles, and exosomes in particular, have moved over the past fifteen years from a presumed
cellular waste-disposal mechanism to a recognised and mechanistically substantial channel of intercellular
communication within the tumor microenvironment, capable of transferring proteins, lipids, and regulatory RNA
species between tumor cells, stromal fibroblasts, endothelial cells and immune populations in ways that
measurably influence tumor progression, immune evasion and metastatic niche formation. This perspective
synthesises the current mechanistic evidence for exosome-mediated remodeling of four microenvironmental
compartments, cancer-associated fibroblast activation, tumor angiogenesis, immune cell reprogramming, and
pre-metastatic niche establishment at distant organ sites, and evaluates where the field's mechanistic claims rest
on solid experimental ground versus where correlative or in-vitro-only evidence still outpaces causal
demonstration in intact tumor systems. We argue that exosomal microRNA cargo delivery to tumor-associated
macrophages, driving a shift toward an immunosuppressive, pro-tumorigenic phenotype, represents the
mechanistic axis with the strongest combined in-vitro and in-vivo evidentiary support, while claims regarding
organotropic pre-metastatic niche priming through integrin-mediated exosome targeting, though conceptually
compelling and supported by elegant proof-of-principle experiments, remain less consistently reproduced across
independent tumor models and would benefit from more standardised isolation and functional validation
methodology before being treated as an established, generalisable mechanism. We further consider the
translational implications of this literature for two applications currently advancing toward clinical use: exosomal
biomarkers for liquid-biopsy-based early detection and treatment monitoring, and engineered exosomes as a
therapeutic delivery platform, arguing that methodological standardisation across the field, particularly around
vesicle isolation, cargo quantification and functional potency assays, is now the primary rate-limiting step for both
applications rather than any remaining conceptual gap in understanding exosome biology itself.
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The idea that tumor cells communicate with their
surrounding stroma is not new; paracrine signalling
through secreted cytokines, growth factors and
chemokines has been central to models of tumor-stroma
crosstalk for decades. What has changed substantially
over the past fifteen years is the recognition that a large
fraction of this communication is mediated not by freely
diffusing soluble factors but by membrane-bound
extracellular vesicles, most intensively studied among
them exosomes, nanoscale vesicles of endosomal origin,
roughly 30-150 nm in diameter, released by essentially
all cell types studied to date and now understood to carry
a functionally consequential cargo of proteins, lipids,
messenger RNA, microRNA and other non-coding RNA
species capable of altering gene expression and
phenotype in recipient cells [1,2,3].
The tumor microenvironment is a particularly
information-rich setting in which to study this form of
communication, because it comprises a genuinely
heterogeneous population of interacting cell types, tumor
cells themselves, cancer-associated fibroblasts,
endothelial cells, and a diverse infiltrate of innate and
adaptive immune cells, whose collective behaviour
shapes tumor progression at least as much as
tumor-cell-intrinsic genetic alterations do in many solid
cancers [4,5]. Exosomes released by tumor cells have
been reported to influence essentially every one of these
compartments: activating fibroblasts toward a
tumor-promoting phenotype, stimulating angiogenesis,
reprogramming immune cells toward tolerance of the
tumor, and travelling to distant organ sites to prime a
pre-metastatic niche before detectable metastatic cells
themselves arrive [6,7,8]. The breadth of these claims,
spanning nearly every recognised hallmark of cancer
progression, is itself worth pausing on: a mechanism
invoked to explain such a wide range of phenomena
risks becoming underspecified unless the evidence for
each specific claim is examined on its own terms rather
than absorbed into a generically plausible narrative of
'exosomes matter.'
This perspective is motivated by that concern. Rather
than offering another comprehensive survey of exosome
biology in cancer, of which several excellent examples
already exist, we focus specifically on evaluating the
strength and consistency of evidence across four widely
cited mechanistic claims about exosome-mediated tumor
microenvironment remodeling, with particular attention to
whether findings have been replicated across
independent tumor models and methodologies, whether
causal rather than merely correlative evidence exists,
and whether in-vitro findings have been substantiated in
intact in-vivo or human-tissue contexts. We also consider
the practical, methodological barriers, chiefly around
vesicle isolation and characterisation standardisation,
that we believe now constrain progress in this field more
than any remaining conceptual uncertainty about
whether exosome-mediated communication matters at
all, a question the field has, in our reading, already

answered convincingly for at least some of the four
mechanisms considered here.

2. MATERIALS AND METHODS

This perspective synthesises published primary literature
on exosome-mediated tumor microenvironment
remodeling, organised around four mechanistic
compartments, rather than presenting original
experimental data.

2.1 Scope and literature basis

We drew on primary research articles and major reviews
published predominantly between 2010 and 2024,
identified through targeted searches of PubMed and Web
of Science using combinations of the terms "exosome",
"extracellular vesicle", "tumor microenvironment",
"cancer-associated fibroblast", "angiogenesis",
"tumor-associated macrophage" and "pre-metastatic
niche", supplemented by citation chaining from key
reviews in the field. This is not a formally systematic
review with pre-registered search criteria; rather, it is a
targeted, critically evaluative synthesis focused on
identifying the studies providing the most mechanistically
direct and, where available, in-vivo or
human-tissue-validated evidence for each of the four
claims under consideration.

2.2 Framework for evidentiary evaluation

For each of the four mechanistic compartments
considered, we applied a consistent, explicit framework
for characterising the strength of available evidence:
whether the proposed mechanism has been
demonstrated in cell-culture co-culture systems alone, in
immunocompetent or humanised in-vivo tumor models,
and in human clinical or ex-vivo tissue samples; whether
exosome-specific functional necessity has been tested
through inhibition of exosome biogenesis or release (for
example, via Rab27a/b knockdown or GW4869
treatment) rather than inferred solely from exosome
addition experiments; and whether findings have been
independently replicated across more than one tumor
type or research group. We use this framework
descriptively throughout the perspective rather than
assigning a formal numeric evidence score, since the
underlying literature does not lend itself to that degree of
quantitative synthesis.

3. RESULTS

Cancer-associated fibroblast (CAF) activation is among
the most extensively documented exosome-mediated
effects in the tumor microenvironment literature.
Tumor-derived exosomes carrying transforming growth
factor-beta, microRNA-21 and other cargo have been
shown to induce a myofibroblast-like activated
phenotype in normal fibroblasts across multiple tumor
types including breast, pancreatic and gastric cancer,
with activated CAFs in turn releasing their own
exosomes that promote tumor cell proliferation, invasion
and chemoresistance in a reciprocal signalling loop
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[9,10,11]. Functional necessity has been demonstrated
in several of these studies through exosome-release
inhibition (GW4869 treatment or Rab27a knockdown in
donor tumor cells), which substantially attenuates the
fibroblast-activating effect, and the phenomenon has
been observed in immunocompetent mouse models as
well as cell-culture co-culture systems, giving this
mechanism comparatively strong support across our
evidentiary framework. Table 1 summarises the
evidentiary status of all four mechanisms considered in
this perspective against the criteria described above.
Table 1. Evidentiary status of four exosome-mediated
tumor microenvironment remodeling mechanisms.

Mechanism
In-vitro
evidence

Functional
necessity
tested

In-vivo /
cross-mode
l support

CAF activation Extensive
Yes (multiple
studies)

Strong
(multiple
tumor types)

Angiogenesis promotion Extensive
Yes (several
studies)

Moderate-str
ong

TAM reprogramming Extensive
Yes (multiple +
adoptive
transfer)

Strongest of
the four

Pre-metastatic niche
priming

Strong (initial
study)

Partial
Inconsistent
across
models

CAF = cancer-associated fibroblast; TAM = tumor-associated
macrophage. Assessment reflects the authors' synthesis of the
literature reviewed.

Exosome-mediated angiogenesis promotion is similarly
well supported, though with somewhat more
heterogeneity in the specific cargo implicated across
studies. Tumor-derived exosomes carrying vascular
endothelial growth factor, angiogenic microRNAs
(notably miR-9 and miR-135b), and, in some contexts,
long non-coding RNA cargo have been shown to
promote endothelial cell proliferation, migration and tube
formation in vitro, and exosome-release inhibition again
reduces this effect substantially in several independent
studies spanning glioblastoma, hepatocellular carcinoma
and breast cancer models [12,13,14]. In-vivo validation,
using matrigel plug assays and tumor xenograft vascular
density quantification following exosome-release
inhibition in the donor tumor, is somewhat less
consistently reported than for the CAF activation
literature, though several well-controlled studies do
provide this level of evidence, and we regard this
mechanism as well supported overall, if slightly less
exhaustively validated in vivo than CAF activation.

Figure 1. Schematic summary of the four exosome-mediated
tumor microenvironment remodeling mechanisms discussed in

this perspective, with relative evidentiary strength indicated by
arrow weight (see Table 1 for full evidentiary assessment).

Exosome-mediated reprogramming of tumor-associated
macrophages (TAMs) toward an immunosuppressive,
pro-tumorigenic (broadly M2-like) phenotype has, in our
reading of the literature, the strongest combined in-vitro
and in-vivo evidentiary support of the four mechanisms
considered here. Tumor-derived exosomal microRNA
cargo, including miR-21, miR-29a and miR-222-3p
across different tumor types, has been shown to activate
Toll-like receptor signalling or directly target transcripts
governing macrophage polarisation, driving increased
expression of immunosuppressive markers and
cytokines and reduced antigen-presentation capacity,
with functional necessity demonstrated through
exosome-release inhibition in the donor tumor across
multiple independent tumor models and, in several
studies, further supported by adoptive transfer of
exosome-educated macrophages recapitulating
tumor-promoting effects in vivo [15,16,17]. This
combination, cargo identification, functional necessity via
release inhibition, and in-vivo adoptive-transfer
validation, represents a more complete causal chain than
is available for any of the other three mechanisms we
reviewed.
Table 2. Representative exosomal cargo implicated in each
remodeling mechanism.

Mechanism Representative cargo
Proposed recipient
effect

CAF activation TGF-beta, miR-21
Myofibroblast-like
activation

Angiogenesis VEGF, miR-9, miR-135b
Endothelial
proliferation, tube
formation

TAM
reprogramming

miR-21, miR-29a,
miR-222-3p

M2-like polarisation,
immunosuppression

Pre-metastatic
niche

Integrin combinations
(alpha6beta4, alphavbeta5)

Organotropic vesicle
uptake, niche priming

Pre-metastatic niche priming through organotropic
exosome targeting is conceptually the most elegant of
the four mechanisms and rests on a genuinely striking
initial demonstration: that tumor-derived exosomes
expressing particular integrin combinations preferentially
traffic to and are taken up by specific distant organs,
correlating with the known organotropic metastatic
pattern of the tumor type of origin, and that pre-treatment
of mice with tumor-derived exosomes redirects
subsequent metastatic colonisation toward the organ
predicted by the exosome's integrin profile [18]. This
finding has been influential and is frequently cited as
establishing organotropic pre-metastatic niche priming as
an established mechanism, but independent replication
across different tumor models and research groups has
been less consistent than for the other three
mechanisms considered here, with several subsequent
studies reporting organ-tropism results that only partially
align with the integrin-based model, and isolation and
characterisation methodology varying enough across
studies that direct comparison is difficult [19,20]. We
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regard this mechanism as plausible and supported by
compelling proof-of-principle evidence, but less
consistently validated across independent systems than
the CAF activation and TAM reprogramming literatures.

4. DISCUSSION

Weighing the evidence across these four mechanisms
against a consistent framework, rather than treating
'exosomes remodel the tumor microenvironment' as a
single undifferentiated claim, yields a more textured
picture than either uncritical enthusiasm or blanket
skepticism would suggest. TAM reprogramming and CAF
activation, in our assessment, rest on the most complete
evidentiary foundations, combining cargo identification,
functional necessity testing and in-vivo validation across
multiple independent tumor models. Angiogenesis
promotion is well supported though somewhat less
exhaustively validated in vivo. Pre-metastatic niche
priming through organotropic targeting, while resting on
an elegant and influential initial demonstration, has
accumulated a less consistent replication record and
would benefit from greater methodological
standardisation before being treated as an established,
broadly generalisable mechanism rather than a
compelling but tumor-type-specific phenomenon [21,22].
A recurring methodological issue across all four
literatures, and one we think deserves more attention
than it currently receives, is heterogeneity in exosome
isolation and characterisation methodology. Differential
ultracentrifugation, size-exclusion chromatography,
immunoaffinity capture and polymer-precipitation-based
isolation methods recover extracellular vesicle
populations that differ appreciably in purity, size
distribution and, plausibly, functional cargo composition,
and a substantial fraction of the published literature does
not report minimal characterisation criteria, such as those
specified in the International Society for Extracellular
Vesicles' MISEV guidelines, sufficient to confirm that the
vesicle population under study is predominantly
exosomal rather than a mixture of exosomes with larger
microvesicles or non-vesicular co-isolates [23,24]. This
matters directly for how confidently findings can be
compared across studies: an apparent discrepancy in
reported cargo or functional effect between two studies
of the same mechanism may reflect a genuine biological
difference between tumor models, or it may simply reflect
that the two studies isolated overlapping but
non-identical vesicle populations under different
operational definitions of 'exosome.'
These methodological concerns bear directly on the
field's two most clinically anticipated applications.
Exosomal biomarkers for liquid-biopsy-based cancer
detection and monitoring depend on being able to isolate
a consistent, well-characterised vesicle population from
blood or other biofluids with sufficient reproducibility for
clinical assay validation, and isolation-method-dependent
variability of the kind described above is a genuine,
unresolved barrier to clinical translation, distinct from and

arguably more tractable than the underlying biological
question of whether tumor-derived exosomal cargo
carries diagnostically useful information, which the CAF
activation and TAM reprogramming literatures suggest it
plausibly does [25,26]. Engineered exosomes as a
therapeutic delivery platform face an analogous
manufacturing consistency challenge: promising
preclinical demonstrations of exosome-mediated delivery
of small RNA therapeutics and other cargo will need to
be matched by scalable, reproducible
good-manufacturing-practice-compliant production
methods before clinical translation can proceed at
meaningful scale, a challenge that several biotechnology
companies are now actively working to address [27,28].
We would also flag a conceptual point that is sometimes
elided in enthusiastic reviews of this literature:
demonstrating that exosomes can carry out a given
function, activating fibroblasts, polarising macrophages,
promoting angiogenesis, does not by itself establish how
much of the total biological effect attributed to
tumor-stroma crosstalk in vivo is actually mediated by
exosomes specifically, as opposed to other secreted
factors acting in parallel or in combination with
vesicle-mediated signalling. The exosome-release
inhibition experiments discussed throughout this
perspective are the strongest available evidence for
genuine mechanistic necessity, but release-inhibition
approaches such as GW4869 treatment and Rab27
knockdown are not perfectly exosome-specific and can
have off-target effects on other secretory pathways,
meaning that even the best-supported claims in this
literature carry some residual uncertainty about the
precise magnitude of the exosome-specific contribution
relative to the total tumor-stroma signalling network
[29,30]. This caveat applies with varying force across the
four mechanisms we have reviewed: it is least
concerning for TAM reprogramming, where
adoptive-transfer experiments provide an additional,
largely independent line of causal evidence beyond
release inhibition alone, and most concerning for
pre-metastatic niche priming, where the causal chain
rests more heavily on a smaller number of studies using
a narrower set of methodological approaches. We flag
this not to undermine the mechanisms with stronger
support but to keep the field's confidence calibrated to
the actual strength of the underlying causal chain in each
case, rather than allowing the rhetorical force of the
broader exosome literature to lend borrowed credibility to
its individually weaker components.
One further practical implication follows from this
mechanism-by-mechanism accounting: funding bodies
and journal editors evaluating new submissions in this
space could usefully ask, for any newly proposed
exosome-mediated effect, whether the study includes a
release-inhibition control and, ideally, an in-vivo or
adoptive-transfer validation step, rather than accepting
addition-only in-vitro demonstrations as sufficient
evidence of a novel mechanism on their own. Applying
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that standard retrospectively across the literature we
have reviewed here is precisely what allowed the four
mechanisms considered to be differentiated as clearly as
they have been, and we suspect the same exercise
applied to other, more recently proposed
exosome-mediated effects in the tumor
microenvironment literature would produce a similarly
uneven picture.

5. CONCLUSION

Exosome-mediated intercellular communication is a
genuine and, for at least two of the four mechanisms
considered in this perspective, mechanistically
well-established contributor to tumor microenvironment
remodeling, with tumor-associated macrophage
reprogramming and cancer-associated fibroblast
activation resting on the most complete combined
in-vitro, functional-necessity and in-vivo evidentiary
foundations among the mechanisms we reviewed.
Angiogenesis promotion is well supported with
somewhat less exhaustive in-vivo validation, and
organotropic pre-metastatic niche priming, while
conceptually compelling and supported by an influential
initial demonstration, has a less consistent replication
record across independent tumor models and isolation
methodologies. Rather than treating exosome-mediated
tumor microenvironment remodeling as a settled, uniform
narrative, we think the field, and readers evaluating
individual claims within it, are better served by the kind of
mechanism-by-mechanism evidentiary assessment
applied here. Methodological standardisation, particularly
around vesicle isolation and characterisation consistent
with MISEV guidelines, functional necessity testing
through exosome-release inhibition rather than addition
experiments alone, and independent replication across
multiple tumor models, is now, in our view, the primary
factor limiting further progress and clinical translation in
this field, more so than any remaining conceptual
uncertainty about whether exosome-mediated
communication matters. We anticipate that the next
several years will see increasing adoption of
standardised isolation and reporting protocols across the
field, driven substantially by the practical demands of
liquid-biopsy biomarker validation and
engineered-exosome therapeutic manufacturing, and we
would encourage researchers entering this space to
prioritise functional necessity testing and cross-model
replication over further addition-only, single-model
demonstrations of exosomal bioactivity, however
mechanistically plausible such demonstrations may
appear in isolation.
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