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Abstract

Stem and progenitor cells have traditionally been understood as agents of
tissue formation primarily through their capacity to proliferate and differentiate
into the specialized cell types of a mature organ. This review argues for a
complementary, and in many contexts more mechanistically accurate, view:
that the secretome — the coordinated array of soluble factors, enzymes,
and extracellular vesicles a cell releases into its surroundings — functions
as an active, instructive signal that directs organ formation, rather than as
an incidental byproduct of cellular activity. We first outline the molecular
composition and regulation of the stem cell secretome, before examining the
mechanistic evidence linking secreted signals to key organogenic processes:
morphogen gradient formation, reciprocal epithelial-mesenchymal induction,
vesicle-mediated signal delivery, and extracellular matrix remodeling. We
then survey organ-specific evidence for secretome-driven development
across the heart, kidney, nervous system, liver, and pancreas, and show that
organoid engineering functions largely by empirically reconstituting these same
endogenous secretome combinations in vitro. Building on this mechanistic
foundation, we examine translational applications — cell-free therapeutics,
secretome-functionalized biomaterials, and secretome profiling as a candidate
potency biomarker for cell therapy manufacturing — and explicitly connect
the latter to the batch-to-batch variability that has undermined clinical trials of
mesenchymal stromal cell therapies. Finally, we discuss persistent challenges,
including secretome heterogeneity, unresolved causation, technical detection
limits, and the gap between organoid and in vivo fidelity, and outline future
directions — spatiotemporal secretome atlases, computational prediction, and
synthetic secretome design — aimed at resolving them. We conclude that the
next phase of progress in regenerative medicine depends less on identifying
new stem cell sources than on learning to read, predict, and ultimately design
the secretome signals cells use to build organs.
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Over the past two decades, however, this assumption has
been substantially revised, particularly in the mesenchymal
stromal cell (MSC) literature, where accumulating evidence
indicates that transplanted cells frequently exert their effect
while achieving only transient engraftment, with therapeutic
activity instead attributable to the factors they secrete into the
surrounding tissue [2,3]. This shift has run in parallel with a
much older thread in developmental biology, dating to the
classical discovery of embryonic induction by the Spemann-
Mangold organizer, which established that one tissue can
direct the fate of an adjacent tissue through diffusible signals
rather than direct cellular contribution [4,5]. What is new is
not the concept of secreted, inductive signaling itself, but the
systematic, omics-scale toolkit now available to characterize
it comprehensively — giving rise to secretomics as a
discipline in its own right (Figure 1).

Recombinant
proteins

Small molecules

Engineered EVs

Synthetic vesicles Signaling mimetics

Synthetic secretome formulation
Bypasses biological variability

Causation resolved first

Components identified with confidence

Rationally designed formulation
Reliable therapeutic profile

Figure 1: Pathway from cell-free therapy to synthetic secretome
design.

Recombinant proteins, engineered extracellular vesicles
(EVs), and small-molecule mimetics converge to form a
synthetic, defined secretome formulation, which bypasses the
donor-, tissue-, and culture-dependent variability inherent
to cell-derived secretomes. However, translating this
formulation into a rationally designed, reliable therapeutic
product depends on first resolving the causation problem
— identifying, with confidence, which specific components
are responsible for a given therapeutic or morphogenetic
effect. This dependency illustrates why the mechanistic and
translational threads of this review remain fundamentally
interdependent.

Defining the secretome

The secretome is most usefully defined as the complete
set of molecules a cell, tissue, or organism actively releases
into its extracellular environment, encompassing both freely
soluble factors — growth factors, cytokines, chemokines, and
morphogens — and vesicular cargo carried within exosomes
and microvesicles, which can additionally include non-coding
RNA species such as microRNAs [6,7]. This definition
deliberately excludes the intracellular proteome and the
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surfaceome (stably membrane-anchored proteins that are not
released), distinguishing secretomics from adjacent -omics
disciplines that characterize what a cell contains or displays
rather than what it exports to influence its surroundings. A
cell's secretome is not a fixed property but a dynamic output
that varies with differentiation state, microenvironmental
context, and culture or physiological condition, a property
that is central to both its developmental flexibility and its
translational unpredictability.

Why the secretome qualifies as an instructive signal,
not merely a byproduct

Characterizing the secretome as instructive, rather than
incidental, rests on three converging lines of evidence:
first, secreted morphogens form concentration gradients
that are read out by recipient cells in a threshold-dependent
manner to generate discrete positional and fate decisions, a
relationship established through decades of gain- and loss-
of-function embryology [8]; second, loss-of-function studies
targeting specific secreted ligands or their cognate receptors
yield predictable, often organ-specific developmental
phenotypes, providing causal evidence that goes beyond
mere correlation [9,10]; and third, reconstitution experiments
— most directly, organoid systems — demonstrate that
defined secretome combinations are frequently sufficient to
drive self-organization of progenitor cells into organized,
organ-like architecture in the absence of any other instructive
template [11,12]. Together, these lines of evidence support
treating the secretome as a primary causal driver of organ
formation, on comparable mechanistic footing to genetic
and transcriptional regulatory programs, rather than as a
downstream consequence of cell identity alone.

Aims and scope of this review

This review is organized to move from mechanism to
application to open problem. Following the Introduction
(Section 1), Section 2 surveys the molecular composition,
secretion mechanisms, and regulation of the stem and
progenitor cell secretome, along with the analytical toolkitused
to characterize it. Section 3 examines the specific mechanisms
through which secreted signals direct organogenesis, and
Section 4 grounds these mechanisms in organ-specific
case studies spanning the heart, kidney, nervous system,
liver, and pancreas, extending into the relationship between
secretome biology and organoid engineering. Section 5 turns
to translational applications, including cell-free therapeutics
and secretome-based potency biomarkers, before Section
6 critically examines the heterogeneity, causal, technical,
and fidelity limitations that currently constrain the field,
and Section 7 outlines future directions aimed at resolving
them. Section 8 concludes the review. We focus throughout
on postnatal and embryonic organogenesis and regenerative
applications; secretome biology in oncogenic or pathological
contexts, while an active and related area of investigation,
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falls outside the primary scope of this review and is addressed
only incidentally where directly relevant.

Foundational Biology of the Stem Cell Secretome

Molecular composition: soluble factors and vesicular
cargo

The secretome comprises two broad, mechanistically
distinct classes of output. Soluble factors include classical
growth factors (e.g., FGF, VEGF, PDGF family members),
cytokines and chemokines, and morphogens (Wnt, BMP,
Shh ligands), each acting through specific cell-surface
receptors on recipient cells [13,14]. Vesicular cargo is
carried within extracellular vesicles (EVs), a heterogeneous
category comprising exosomes — small vesicles of roughly
30-150 nm in diameter, originating from the endosomal
system via multivesicular body formation and release —
and microvesicles, typically larger and generated by direct
outward budding of the plasma membrane [15,16]. EV cargo
extends beyond protein to include messenger RNA fragments,
microRNAs, and in some cases DNA fragments, giving EVs
a capacity for combinatorial, multi-modal signaling that
soluble factors alone do not possess [17,18] (Figure 2).
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Figure 2: Production of secretome components.

Cells release bioactive molecules into their surroundings
through two broad, mechanistically distinct pathways. (1)
Soluble factors—growth factors, cytokines, chemokines, and
morphogens—are synthesized in the endoplasmic reticulum,
processed in the Golgi apparatus, and secreted via the

classical secretory pathway to act on surface receptors of

recipient cells. (2) Vesicular cargo—extracellular vesicles
(EVs)—includes exosomes (30-150 nm), formed inside
multivesicular bodies (MVBs) of the endosomal system and
released by exocytosis, and microvesicles (100-1,000+
nm), which bud directly from the plasma membrane. EVs
transport diverse cargo such as proteins, mRNA fragments,
microRNAs, and DNA fragments, enabling combinatorial,
multi-modal communication with recipient cells that extends
beyond the capacity of soluble factors alone.
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Secretion mechanisms: conventional, unconventional,
and vesicular pathways

Proteins bearing an N-terminal signal peptide are secreted
via the conventional endoplasmic reticulum-to-Golgi
pathway, the route used by most classical growth factors
and cytokines [19,20]. A substantial subset of biologically
important secreted factors, however — including fibroblast
growth factor 2 (FGF2) and interleukin-13 — lack a signal
peptide and instead exit the cell via unconventional secretion
routes, including direct plasma membrane translocation,
lysosomal secretion, and membrane-blebbing mechanisms,
which remain comparatively less well characterized than the
conventional pathway [21,22]. EV biogenesis constitutes a
third, mechanistically separate route: exosome formation
proceeds through both ESCRT-dependent and ESCRT-
independent pathways during multivesicular body maturation,
while microvesicle shedding occurs through direct, largely
ESCRT-independent budding at the plasma membrane, with
cargo selection into each vesicle type governed by distinct,
only partially understood sorting mechanisms [23,24].

Dynamic regulation of secretome output

Secretome composition is not a static cellular property but
a dynamic output shaped by differentiation state, mechanical
microenvironment, and metabolic condition. Substrate
stiffness and other mechanical cues are transduced through
pathways such as YAP/TAZ signaling to influence which
factors a cell secretes, linking the mechanotransductive matrix
remodeling to secretome regulation itself in a bidirectional
loop [25]. Oxygen tension is similarly influential: hypoxic
conditions stabilize hypoxia-inducible factor 1-alpha (HIF-
la), driving upregulation of angiogenic factors such as VEGF
and shifting the broader secretome toward a pro-angiogenic
profile, a relationship directly relevant to the hypoxic
preconditioning strategies [26,27]. Inflammatory or cytokine
priming of cultured cells produces further, often substantial
shifts in secreted output, and donor age and senescence status
introduce yet another axis of variation, foreshadowing the
heterogeneity challenges.

The secretomics analytical toolkit

Characterizing the secretome experimentally draws on
several complementary technology platforms, each with
distinct strengths and limitations. Liquid chromatography-
tandem mass spectrometry (LC-MS/MS)-based proteomics,
used in either label-free or isotope-labeled (e.g., SILAC,
tandem mass tag) quantitative formats, offers broad,
relatively unbiased coverage of secreted proteins but can lack
sensitivity for low-abundance factors present at picogram-
per-milliliter concentrations [28,29]. Multiplex bead-
based immunoassays (e.g., Luminex-type platforms) offer
higher sensitivity and throughput for a predefined panel of
cytokines and growth factors, at the cost of being limited to
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previously selected analytes rather than providing unbiased
discovery [30]. EV-specific characterization relies on a
further set of tools, including nanoparticle tracking analysis
and single-vesicle flow cytometry for particle counting and
sizing, and RNA sequencing of EV cargo for transcriptomic
characterization, though standardization of EV isolation
and single-vesicle-resolution analysis remains an active
methodological challenge, directly underlying the technical
detection limitations [31-33].

The Secretome as an Instructive Signal Directing
Organogenesis (Figure 3)

The Secretome as an Instructive Signal Directing Organogenesis

Cells release a coordinated repertoire of soluble factors and extracellular vesicles that instr
er

shaping proliferation,

Figure 3: The Secretome as an Instructive Signal Directing
Organogenesis.

Cells integrate environmental, cell-cell, and intrinsic
cues to release a coordinated repertoire of soluble factors
and extracellular vesicles, which act through paracrine,
Juxtacrine, and long-range mechanisms to regulate gene
expression, proliferation, cell-fate specification, migration,
extracellular matrix remodeling, and tissue organization.
Through  dynamic, context-dependent, —combinatorial,
and dose-dependent signaling, the secretome coordinates
successive stages of organogenesis—from progenitor
expansion and lineage specification to patterning,
vascularization, and functional ~maturation—ultimately
guiding the formation of functional organs and providing a
conceptual framework for regenerative medicine and tissue
engineering.

Morphogen gradients and positional patterning

A central, long-standing principle in developmental
biology is that spatial patterning of a developing organ field
is established not by cell-intrinsic programs alone, but by
extracellular concentration gradients of diffusible signaling
molecules—morphogens—secreted from discrete organizing
centers [34,35]. Members of the Wnt, bone morphogenetic
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protein (BMP), Sonic hedgehog (Shh), and fibroblast growth
factor (FGF) families are the principal morphogen classes
implicated across nearly all organ systems, and stem and
progenitor cell populations frequently constitute the local
source of these gradients within a developing organ field [36-
38]. Cells interpret their position within the gradient through
concentration-dependent activation thresholds, translating a
continuous extracellular signal into discrete transcriptional
and fate decisions — the classical “French flag” model
of positional information [39-41]. Notch-Delta signaling
operates through a related but mechanistically distinct logic:
because Notch ligands are membrane-tethered rather than
secreted, this pathway acts juxtacrine rather than paracrine,
and is more typically implicated in fine-grained fate decisions
between adjacent cells (lateral inhibition) than in long-range
patterning, a distinction worth preserving conceptually even
though Notch is frequently discussed alongside secreted
morphogens in the organogenesis literature [42,43].

Epithelial-mesenchymal paracrine crosstalk in
branching morphogenesis
Branching organogenesis — the iterative process by

which tubular organs such as the lung, kidney, and salivary
and mammary glands generate their characteristic arborized
architecture — depends on reciprocal paracrine signaling
between adjacent epithelial and mesenchymal compartments,
rather than on autonomous behavior of either tissue alone
[44]. In the developing lung, mesenchymally secreted
FGF10 acts on FGFR2b-expressing epithelium to direct the
site and outgrowth of new branch tips, while epithelially
derived Sonic hedgehog feeds back to restrain and spatially
restrict FGF10 expression in the surrounding mesenchyme,
generating a self-limiting, iterative signaling loop that
produces stereotyped branch points [45,46]. An analogous
reciprocal circuit operates in kidney development, in which
mesenchymally secreted glial cell line-derived neurotrophic
factor (GDNF) signals through the RET receptor on the
ureteric bud epithelium to drive its outgrowth and branching,
while the ureteric epithelium reciprocally secretes signals —
including Wnt9b — that induce the surrounding metanephric
mesenchyme to undergo  mesenchymal-to-epithelial
transition and form nephrons [47-49]. These examples
illustrate a general principle: the secretome of one progenitor
compartment functions as the developmental instruction
set for its neighboring compartment, and organ-specific
architecture emerges from the geometry and iteration of these
paracrine circuits rather than from a pre-specified blueprint
within either cell population alone.

Extracellular vesicles as selective, long-range signal
carriers

Beyond soluble morphogens, extracellular vesicles (EVs)
— exosomes and microvesicles — constitute a second,
mechanistically distinct secretome-mediated signaling
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channel during organogenesis. EVs package selected
protein and RNA cargo, including microRNAs capable of
post-transcriptionally silencing specific target transcripts in
recipient cells, allowing a secreting progenitor population
to exert combinatorial, multi-target effects on neighboring
or distant tissue through a single vesicular unit [18,50,51].
EV packaging has also been proposed to extend the effective
signaling range of otherwise poorly diffusible or labile
morphogens — for example, lipid-modified Wnt ligands,
which are membrane-associated and diffuse poorly on their
own, have been reported to be carried within exosomes,
potentially enabling longer-range Wnt signaling than free
ligand diffusion would otherwise permit [52,53]. This has led
to the proposal that EVs function as discrete “signalosomes,”
delivering pre-assembled combinations of morphogens,
RNAs, and enzymes as a coordinated packet rather than
as independently diffusing single factors, adding a layer of
combinatorial and spatial precision to secretome-mediated
patterning that soluble factors alone may not achieve [54,55].

Extracellular matrix remodeling as a secretome-
mediated morphogenetic mechanism

A substantial component of the organogenic secretome
is enzymatic rather than purely signaling in nature. Matrix
metalloproteinases (MMPs) and their endogenous inhibitors,
the tissue inhibitors of metalloproteinases (TIMPs),
are secreted by progenitor and stromal populations to
locally degrade and remodel the basement membrane and
surrounding extracellular matrix (ECM), a process required
for epithelial bud outgrowth and branch point formation
during organogenesis [56-58]. This remodeling activity has
a dual function: it physically permits tissue movement and
reshaping, and it also liberates matrix-sequestered growth
factors — including FGF and VEGF family members that
are stored bound to heparan sulfate proteoglycans within
the ECM — converting MMP-mediated matrix degradation
into an indirect mechanism of growth factor release and
signal activation [59-61]. The mechanical properties of the
remodeled matrix further feed back onto cell behavior through
mechanotransduction pathways, meaning that the secretome's
action on the ECM is not merely permissive scaffolding but
an active, bidirectional component of the morphogenetic
signaling network [62-64].

Feedback loops sustaining progenitor populations
and self-organization

Organogenesis further depends on feedback circuits
that maintain an appropriate balance between self-renewing
progenitors and differentiating progeny over the course
of development. Lateral inhibition mediated by Notch-
Delta signaling is a well-characterized example, in which
a stochastically “winning” progenitor cell suppresses the
same fate in its immediate neighbors, generating a salt-and-
pepper pattern of differentiated cells within a progenitor
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field [65]. At a larger spatial scale, reciprocal paracrine
loops between spatially separated progenitor and niche
populations — for example, stem cells and their supporting
niche cells, each secreting factors that sustain the other —
have been proposed to generate emergent, self-organizing
patterns without requiring an external patterning template,
consistent with reaction-diffusion (Turing-type) frameworks
that have been invoked to explain periodic structures such as
branching frequency and digit spacing [66,67]. Collectively,
the mechanisms described in this section support a unifying
view: organ-level architecture is not encoded solely within
the genome of any single cell population, but emerges from
the dynamic, spatially structured exchange of secretome-
mediated signals among interacting progenitor and stromal
compartments.

Case Studies in Organ-Specific Secretome-
Driven Development

Heart: secretome-driven
specification and growth

cardiac  progenitor

Cardiogenesis provides an instructive example of
sequential, secretome-mediated induction. Signals secreted
by the pharyngeal endoderm and adjacent mesoderm —
including members of the FGF, BMP, and Wnt families
— act on cardiac progenitor populations within the first
and second heart fields to specify cardiomyocyte fate and
regulate the timing of their addition to the elongating heart
tube [68,69]. Later in development, the epicardium, the
outer mesothelial layer covering the heart, secretes a distinct
paracrine repertoire — including retinoic acid and additional
FGF and insulin-like growth factor signals — that promotes
proliferation of the underlying compact myocardium and
supports coronary vasculature formation, illustrating how a
non-myocardial secretome source can be indispensable for
proper growth of the organ's principal functional tissue [70-
72].

Kidney: reciprocal induction in nephron formation

Nephrogenesis depends almost entirely on the reciprocal
paracrine circuit: GDNF secreted by the metanephric
mesenchyme signals through RET on the ureteric bud
epithelium to initiate and iteratively direct its branching,
while the ureteric epithelium reciprocally secretes Wnt9b
to induce the surrounding mesenchyme to condense and
undergo mesenchymal-to-epithelial transition, ultimately
forming the nephron epithelium [73-75]. The precise number
of branching events this circuit undergoes directly determines
the final number of nephrons formed, linking secretome
dynamics quantitatively to adult renal functional capacity
and providing a clear illustrative case of how a paracrine
signaling loop, rather than a fixed cell-autonomous program,
sets a key organ-level structural parameter [76,77].
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Nervous system: secretome-guided neuronal

migration and circuit assembly

In the developing nervous system, secretome-mediated
signaling operates over both short and long range to
organize neuronal position and connectivity. Radial glial
cells secrete guidance cues that direct the radial migration
of newborn neurons from proliferative zones toward their
final laminar position in the cortex, while chemokine
signaling — notably the SDF-1(CXCL12)/CXCR4 axis —
has been implicated in directing the tangential migration of
interneuron populations into the developing cortical plate
[78,79]. Beyond migration, astrocyte-secreted factors,
including thrombospondins, have been shown to promote
synaptogenesis by newly arrived neurons, indicating that the
secretome's instructive role in neural organogenesis extends
beyond cell positioning to the later assembly of functional
circuitry [80,81].

Liver and pancreas: endodermal fate induction by
adjacent mesenchyme and mesoderm

Hepatic and pancreatic specification from the foregut
endoderm exemplify how a single progenitor sheet can be
directed toward divergent organ fates by distinct, spatially
restricted secretome inputs from neighboring tissue. Cardiac
mesoderm-derived FGF signals, together with signals from
adjacent endothelial cells, induce a subset of the ventral
foregut endoderm to adopt hepatic fate, while BMP signaling
from the septum transversum mesenchyme acts in parallel
to support this induction [82,83]. Pancreatic development,
by contrast, depends on active repression of hepatic and
other alternative fates within the remaining endoderm,
alongside FGF10 signaling from the surrounding pancreatic
mesenchyme that maintains the multipotent progenitor pool
of the pancreatic epithelium during the expansion phase of
organ growth [84]. The hepatic and pancreatic examples
together underscore that organ identity itself — not merely
organ growth or shape — can be a direct output of secretome-
mediated inductive signaling between adjacent germ layer
derivatives.

Intestinal  organoids: secretome-driven  self-
organization as a tractable model system

Intestinal organoids offer a particularly tractable, reduced
system for studying secretome-driven organogenesis in vitro.
Paneth cells located at the base of the intestinal crypt secrete
a defined combination of Wnt, EGF, and Notch ligands that
sustains the adjacent Lgr5+ intestinal stem cell population,
and recapitulation of this secretome — whether by co-culture
with Paneth cells or by exogenous supplementation of the
equivalent factors in culture medium — is sufficient to drive
the self-organized formation of crypt-villus-like structures
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from single stem cells in vitro, in the absence of any externally
imposed geometric template [85-87]. This system provides
direct experimental support for the broader thesis of this
review: that a defined secretome, rather than an externally
specified structural blueprint, can be sufficient to instruct the
emergence of organized, organ-like tissue architecture — a
principle with direct relevance to the organoid engineering
and cell-free therapeutic strategies discussed later in this
review.

Secretome-guided design: a blueprint for organoid
construction (Figuer 4)

The intestinal example above illustrates a broader
pattern that now underlies organoid technology across
organ systems: the empirical formulation of organoid
culture media is, in essence, an attempt to reconstitute in
vitro the same secretome combinations that progenitor
niches provide in vivo during the developmental processes
described throughout this section [88,89]. Brain organoid
protocols recapitulate stage-specific neural progenitor niche
signals — including Shh, FGF, and Wnt modulation — to
guide regional patterning into distinct forebrain, midbrain, or
cerebral cortical identities, mirroring the secretome-driven
neural patterning [90,91]. Kidney organoid differentiation
protocols similarly stage sequential exposure to Wnt
agonists and FGF9, reproducing in compressed form the
temporal sequence of the GDNF-RET and Wnt9b-dependent
reciprocal induction events that drive nephrogenesis in vivo
[92,93], while liver organoid and bud protocols incorporate
FGF, BMP, and hepatocyte growth factor supplementation
timed to approximate the endodermal induction sequence
[94].

Framed this way, organoid engineering is less a
wholesale re-invention of developmental biology than
an exercise in secretome reduction and sequencing:
identifying the minimal, temporally ordered subset of an
organ's endogenous paracrine signaling repertoire that is
sufficient to drive self-organization of a stem or progenitor
cell population into recognizable organ-like architecture in
vitro. This reframing has two practical implications directly
relevant to this review's broader argument. First, organoid
systems constitute a uniquely tractable experimental
platform for testing the causal sufficiency of specific
secretome components identified through the case studies
above, since individual factors can be added, withdrawn,
or substituted in a way that is not feasible in vivo [95-97].
Second, the secretome combinations empirically optimized
through organoid protocol development represent a ready-
made starting point for the priming and engineering
strategies, in which defined signaling cocktails are used to
direct the therapeutic secretome output of cultured cells.
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Figure 4: The Secretome as a Design Principle for Organoid
Construction.

Cell-derived secretomes—comprising soluble factors
and extracellular vesicles—are harvested, molecularly
characterized, and rationally curated to define spatiotemporal
signaling  environments that regulate proliferation,
differentiation, patterning, extracellular matrix remodeling,
angiogenesis, immune modulation, and metabolic support.
By integrating secretome signals with 3D matrices, gradients,
co-culture systems, and dynamic delivery, this approach seeks
to recapitulate key features of native tissue niches and drive
self-organization, maturation, and functional specialization
of organoids, with applications in developmental biology,
disease modeling, drug screening, regenerative medicine,
and tissue engineering.

Applications of technology and biomedicine (Figure
5)
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Figure 5: Secretome Applications in Technology and Biomedicine.

Schematic overview of the emerging technological and
biomedical applications of the secretome, encompassing
soluble factors and extracellular vesicles. Secretome-based
approaches are being developed for liquid-biopsy biomarkers
and diagnostics, therapeutic delivery, regenerative medicine
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and tissue repair, disease modeling and drug discovery,
vaccines and immunotherapy, and secretome-functionalized
biomaterials for tissue engineering. Integrated technologies
for secretome isolation, molecular characterization,
engineering, formulation, delivery, and quality control
provide a translational framework for developing
personalized, precise, and scalable biomedical applications.

Cell-free therapy: purified secretome and EVs as an
alternative to live-cell transplantation

The recognition that much of the therapeutic activity
attributed to transplanted stem and progenitor cells is
mediated by their secretome rather than by direct engraftment
and differentiation has motivated a shift toward cell-free
therapeutic strategies, in which conditioned medium, purified
EV fractions, or defined secretome cocktails are administered
in place of living cells [95,97]. This approach offers several
practical advantages consistent with the organogenic principles
discussed in the preceding sections: because the instructive
signal, not the cell itself; is the active agent, a cell-free product
can in principle be manufactured, dosed, sterilized, and stored
with far greater consistency than a population of living,
metabolically active cells, while sidestepping risks associated
with cell engraftment such as ectopic tissue formation or
immune rejection [98]. Early applications have focused on
regenerative contexts that mirror the paracrine-dominant
mechanisms described earlier — wound healing, ischemic
tissue repair, and immunomodulation — rather than contexts
that plausibly require direct structural replacement of lost
tissue, a distinction that should guide realistic expectations
for where cell-free secretome therapy is mechanistically
well-suited versus where it is not [99,100].

Secretome-functionalized biomaterials and

controlled-release scaffolds

A parallel line of translational work embeds secretome
components — either soluble factors or intact EVs — within
biomaterial scaffolds engineered for controlled, sustained
local release, aiming to recreate the spatially localized,
temporally extended paracrine signaling that characterizes
endogenous organogenesis rather than the single-bolus
exposure typical of direct injection [101,102]. Hydrogel and
nanofiber-based delivery systems have been used to tune
release kinetics of encapsulated growth factors or EVs, and
scaffold stiffness and degradation rate can themselves be
engineered to influence the mechanotransductive component
of the secretome's action, effectively coupling biochemical
and biomechanical instruction within a single implantable
material [103-105]. This convergence of tissue engineering
and secretome biology reflects a broader design principle
emerging from the organogenesis literature: an instructive
microenvironment, rather than a cell source alone, may be
the more tractable and reproducible unit to engineer.
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Secretome profiling as a potency biomarker for cell
therapy manufacturing

Perhaps the most immediately consequential application
of secretomics is as a quality-control and potency-assessment
tool for existing cell therapy manufacturing pipelines.
Mesenchymal stromal cell (MSC) therapies have shown highly
inconsistent clinical trial outcomes, driven in substantial part
by donor-, tissue-source-, and culture-dependent variability
in secretome composition, and by the absence of standardized
in vitro potency assays that reliably predict in vivo efficacy
[106,107]. Secretomic and EV profiling — characterizing
the specific protein, cytokine, and vesicular cargo signature
released by a given cell batch — has been proposed as a more
direct and mechanistically grounded potency metric than the
surface marker panels or generic proliferation assays currently
used in most manufacturing quality-control workflows, on
the reasoning that the secretome, not surface phenotype, is
the proximate mediator of therapeutic effect for paracrine-
acting cell products [108-110]. Realizing this potential will
require establishing which specific secretome components
are causally linked to efficacy in a given clinical context
— a nontrivial task given the combinatorial complexity
— but even partial secretome-based release criteria could
meaningfully reduce the batch-to-batch variability currently
limiting reproducibility across MSC trial sites.

Engineering the secretome: priming strategies to
direct therapeutic composition

Rather than treating the secretome as a fixed cellular
output to be characterized post hoc, an emerging body of
work aims to actively direct its composition through defined
priming conditions applied during cell culture. Hypoxic
preconditioning, three-dimensional spheroid or organoid-
format culture, and exposure to defined cytokine cocktails
have each been reported to shift the secretome profile of stem
and progenitor cells toward a more pro-angiogenic, anti-
inflammatory, or pro-regenerative composition relative to
standard two-dimensionalnormoxicculture, broadly consistent
with the state-dependence of secretome output [111-114].
This priming paradigm reframes the manufacturing problem:
instead of accepting a cell population's default secretome and
hoping for consistent therapeutic activity, the goal becomes
deliberately engineering the culture microenvironment
to reproducibly bias secretome output toward a defined,
application-specific signature — in effect, applying the
organogenic logic, in which local microenvironmental cues
instruct paracrine output, as a rational design principle for
therapeutic manufacturing rather than treating it solely as a
subject of basic developmental inquiry.

Current Challenges and Limitations

Secretome heterogeneity across tissue source, culture
condition, and donor age
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A recurring theme across both the developmental
mechanisms and the translational applications is that secretome
composition is highly sensitive to context. Progenitor cells
isolated from different tissue sources (e.g., bone marrow,
adipose, umbilical cord, or organ-specific niches) display
substantially divergent secretome and EV cargo profiles
even when nominally defined by the same surface marker
panel, and culture conditions — oxygen tension, substrate
stiffness, passage number, and confluence — further reshape
secretome output in ways that are not fully predictable from
cell identity alone [115,116]. Donor age and health status
add a further axis of variability: senescent or aged progenitor
populations have been reported to secrete a qualitatively
altered, often pro-inflammatory profile (sometimes referred
to as the senescence-associated secretory phenotype) that
differs substantially from the pro-regenerative signature
typically desired for therapeutic application [117,118]. This
heterogeneity is not merely a technical nuisance; it is a
direct extension of the same context-dependence that makes
the secretome an effective, flexible developmental signal in
vivo, but which becomes a reproducibility liability when a
consistent, defined therapeutic product is required.

Establishing causation, not merely correlation,
between secretome components and morphogenetic
outcomes

Much of the evidence linking specific secretome
components to organogenic outcomes, particularly outside
of the most extensively studied pathways (Wnt, BMP,
Shh, FGF), remains correlative: a factor is observed to
be secreted at the right time and place, and its exogenous
addition or genetic loss produces a phenotype consistent with
an instructive role, but combinatorial redundancy among
secreted factors makes it difficult to establish that any single
component is necessary, sufficient, or acting independently of
the many other molecules co-secreted alongside it [119,120].
This problem is compounded for EV-packaged cargo,
where a single vesicle may carry dozens of proteins and
RNA species simultaneously, making it substantially more
difficult to attribute a downstream effect to any one cargo
molecule than for a single soluble factor studied in isolation
[121,122]. Resolving this will likely require combinatorial
loss-of-function approaches — for example, cargo-specific
EV engineering or conditional secretion knockouts — that
go beyond the addition/depletion experiments that have
generated most of the current evidence base.

Technical limitations in detecting and localizing
paracrine signals

Current secretomic methods face a persistent sensitivity
trade-off: mass spectrometry-based proteomics and multiplex
immunoassays can miss low-abundance but biologically
potent signaling molecules, particularly when a bulk tissue
or bulk culture supernatant sample dilutes a highly localized
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paracrine signal below the limit of detection [123,124].
This problem is particularly acute for in vivo studies, where
a paracrine signal acting over a short range between two
adjacent cell populations must be distinguished from the same
molecule's systemic or more distant sources — a distinction
that bulk plasma or tissue homogenate sampling cannot
resolve, and that even single-cell transcriptomic approaches
can only partially address, since transcript abundance for a
secreted factor is not a direct measure of local extracellular
protein concentration at the site of action [125,126]. Spatial
proteomic and in situ EV-detection methods are improving
but remain considerably less mature and lower-throughput
than their transcriptomic counterparts, leaving a persistent
methodological gap between where secretome signaling
is presumed to act and where it can currently be directly
measured.

The gap between in vitro/organoid fidelity and true
in vivo organogenesis

Finally, while organoid systems provide a valuable
platform for testing secretome sufficiency in a controlled
setting, they remain simplified relative to the in vivo
organogenic environmentinways thatlimitthe generalizability
of findings derived from them. Organoids typically lack
vascularization, the full complement of resident immune
cells, and the mechanical and geometric constraints imposed
by surrounding tissue in vivo, all of which have been shown
to feed back on secretome-mediated signaling in the native
developmental context [127-129]. As a result, a secretome
combination shown to be sufficient to drive organoid self-
organization in vitro should be regarded as a demonstration
of sufficiency within that reduced system, not as direct proof
that the same combination is necessary or sufficient within
the full complexity of in vivo organogenesis — a distinction
with direct relevance to how confidently organoid-derived
secretome formulations can be expected to translate into in
vivo therapeutic contexts (Figure 6).

From in vitro org
fi

Recapitulating development and

Figure 6: From [n Vitro Organoids to In Vivo Organogenesis:
Bridging Tissue Engineering and Functional Organ Regeneration.
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Stem or tissue-derived cells are assembled into three-
dimensional organoids and guided toward maturation and
tissue-specific patterning through developmental cues,
extracellular matrix, vascular and stromal interactions, and
immune modulation; following transplantation, successful
engraftment,  vascularization, innervation,  host—graft
integration, and functional maturation enable progressive
reconstruction of tissue architecture and physiological
function. Multi-scale imaging, single-cell and spatial omics,
functional assays, and in vivo monitoring provide quality
control and mechanistic insight throughout this continuum,
supporting applications in regenerative medicine, disease
modeling, drug testing, personalized medicine, and whole-
organ bioengineering.

Future Directions (Figure 7)

Spatiotemporal atlas

Single-cell + spatial

Organ-scale bioengineering

Integrates all three advances

Transplantable functional organs
Long-term future application

Figure 7: Convergence of future research directions toward organ-
scale bioengineering.

Three complementary lines of future work —
spatiotemporal secretome atlases integrating single-cell
and spatial technologies, computational/Al-based prediction
of secretome composition from cell state, and the design of
fully synthetic, defined secretome formulations — converge
to enable organ-scale bioengineering capability. Realizing
this capability is a prerequisite for the long-term goal of
transplantable, functional organs, which remains unachieved
and depends on first resolving the causal and technical
limitations.

Spatiotemporal secretome atlases integrating single-
cell and spatial technologies

Addressing the localization problem 3 will likely require
systematic integration of single-cell transcriptomic and
proteomic data with spatial technologies capable of preserving
positional information — spatial transcriptomics, imaging
mass cytometry, and in situ sequencing — to construct
organ- and stage-specific atlases of secretome ligand-receptor
pairs mapped onto their actual anatomical position within a
developing organ field [130-132]. Such atlases would allow
paracrine circuits to be resolved quantitatively, capturing
local ligand concentration, receptor expression gradients, and
the effective signaling range of each secretome component.
This would provide a substantially more rigorous evidentiary
basis than the largely qualitative ligand-receptor pairing
evidence that currently dominates the literature.
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Computational and machine learning approaches to
predict secretome composition from cell state

Given the combinatorial complexity of secretome output,
computational approaches that predict secretome composition
directly from transcriptomic, epigenomic, or culture-condition
input data represent a promising complement to direct
secretome measurement, which remains comparatively slow,
expensive, and detection-limited [133-135]. Machine learning
models trained on paired transcriptome-secretome datasets
could in principle allow researchers and manufacturers to
predict the therapeutic or morphogenetic secretome profile of
a given cell population or priming condition without requiring
exhaustive direct secretome characterization for every batch
or condition, and could further support in silico screening of
candidate priming strategies prior to experimental validation,
narrowing the search space for empirical optimization.

Synthetic secretome formulations as a defined
alternative to living cell products

The long-term logical extension of cell-free therapeutic
strategies is the development of fully synthetic, defined
secretome formulations — combinations of recombinant
proteins, synthetic or engineered EVs, and small-molecule
mimetics assembled to reproduce a validated therapeutic or
morphogenetic signaling profile without depending on living,
donor-derived cells as the production source at all. By design,
such formulations would sidestep the donor-, tissue-, and
culture-dependent variability discussed earlier, since their
composition would be specified and manufactured directly
rather than harvested from a variable biological source.

Realizing this goal, however, depends on first resolving
the causation problem: a synthetic secretome can only be
rationally designed once the specific components responsible
for a given therapeutic or morphogenetic effect have been
identified with confidence. This dependency underscores
that the mechanistic and translational threads of this review
remain fundamentally interdependent.

Conclusion

This review has argued for a specific reframing of stem and
progenitor cell biology: that the secretome — the coordinated
output of soluble factors, enzymes, and extracellular vesicles
a cell releases into its environment — is not a passive
byproduct of cellular activity but an active, instructive signal
that shapes organ formation. The mechanistic evidence,
spanning morphogen gradients, reciprocal epithelial-
mesenchymal induction, vesicle-mediated signal delivery,
and matrix remodeling, converges on a common principle:
organ-level architecture emerges from the spatially and
temporally structured exchange of secreted signals among
interacting cell populations, rather than from a program
encoded entirely within any single progenitor lineage. The
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organ-specific case studies together with the observation
that organoid protocols function largely by empirically
reconstituting these same secretome combinations, provide
direct, convergent support for this principle across cardiac,
renal, neural, and hepatopancreatic development.

This reframing carries practical weight. Once the
secretome, rather than the cell itself, is recognized as the
proximate mediator of much therapeutic and morphogenetic
activity, a coherent translational agenda follows directly:
cell-free and biomaterial-based delivery strategies become
mechanistically motivated rather than merely convenient
alternatives to cell transplantation, and secretome profiling
becomes a plausible route to the standardized potency metrics
that cell therapy manufacturing has long lacked — a gap this
review has connected explicitly to the inconsistent clinical
outcomes seen with mesenchymal stromal cell therapies. At
the same time, the limitations counsel real caution: secretome
heterogeneity, unresolved questions of causation versus
correlation, persistent technical detection limits, and the gap
between organoid and in vivo fidelity mean that secretome-
based strategies are not a shortcut around the rigor that stem
cell translation has historically lacked, but rather a more
precise target for that rigor to be applied to.

The future directions — spatiotemporal secretome atlases,
computational prediction of secretome output from cell state,
and ultimately synthetic, defined secretome formulations
— each represent incremental steps toward resolving these
limitations rather than circumventing them. Taken together,
this review suggests that the next phase of progress in
regenerative medicine is unlikely to come primarily from
identifying new stem cell sources or refining differentiation
protocols alone, but from developing the tools to read,
predict, and ultimately design the secretome signals that these
cells use to build organs in the first place.
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