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Abstract

Stem-cell differentiation technologies have traditionally relied on recombinant growth
factors, cytokines, and morphogens to initiate and guide lineage specification toward clin-
ically relevant cell types. These approaches have enabled substantial progress in regener-
ative medicine, as exemplified by recent advances in cell-replacement therapies for Par-
kinson’s disease, type 1 diabetes, and retinal degeneration. However, protein-based lig-
ands and soluble factors are often limited by short half-lives, pleiotropic signaling, condi-
tion-dependent effects, and challenges in achieving precise spatial and temporal control
in scalable systems. In this review, we survey differentiation strategies driven by admin-
istered substances, organizing the field into five material-centric modules: recombinant
growth factors, cytokines, morphogens, exogenous ligands, and agonist antibodies. For
each module, we summarize mechanistic principles, representative studies, controllable
variables, and translational considerations. While growth factors, cytokines, morphogens,
and exogenous ligands remain central tools for directing lineage commitment and matu-
ration, recent studies indicate that agonist antibodies offer an additional and distinct
means of controlling differentiation outcomes. These antibodies can function as receptor
agonists while also imparting tissue-selective effects, enabling lineage specification with
coordinated spatial targeting. By focusing on differentiation methods driven by adminis-
tered molecules and excluding direct physical stimulation or complex 3D constructs, this
review provides a framework that is particularly relevant to immunology and transla-
tional practice. We highlight agonist antibody-based induction as an emerging strategy
that complements established ligand-based approaches and may broaden the design
space for clinically applicable stem-cell differentiation.
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Technologies for directing stem and progenitor cell differentiation continue to ad-
vance along four interlocking pillars: (i) recombinant growth factors and morphogens; (ii)
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advances reflect a transition from trial-and-error culture condition optimization toward
more rational control of signaling magnitude, duration, and sequence during differentia-
tion.

On governance and ethics, the International Society for Stem Cell Research (ISSCR)
Guidelines (2021) underwent targeted updates in 2025 to address stem cell-based embryo
models and related oversight. These revisions underscore growing expectations for stand-
ardization, reproducibility, and data transparency as differentiation platforms advance
toward clinical translation, particularly in complex developmental and immunology-fac-
ing applications [7-10].

Looking ahead, we foresee four converging directions: (i) integrated 3D scaffolds/or-
ganoids/co-cultures with precise delivery (gradients, staged release); (ii) process optimi-
zation that couples mechanotransduction with metabolic control to improve efficiency
and maturation; (iii) combination regimens that include immune modulation; and (iv)
programmable signaling designs built from antibodies, multi-ligand cocktails, and gene
circuits [11-16]. Antibody-based induction is being increasingly studied as a conceptually
distinct strategy. By mimicking morphogens and controlling receptor clustering geome-
try, antibodies offer a route to encode spatial and temporal signal logic with administered
molecules alone potentially without additional physical platforms [17-23].

In this review, administered biochemical signals are treated as the primary drivers of
stem-cell differentiation, while mechanical cues and three-dimensional context are refer-
enced only as contextual modifiers that influence how these signals are interpreted, rather
than as independent induction modalities.

To maintain a focused scope relevant to immunology and translational practice, this
review deliberately excludes direct physical or biophysical stimulation, environmental
conditioning, and composite 3D or organoid frameworks as primary drivers of differenti-
ation. Instead, we concentrate on differentiation methods driven by administered sub-
stances and organize the field into five material-centric modules: (1) recombinant growth
factors; (2) cytokines; (3) morphogens; (4) exogenous ligands (including nuclear-receptor,
peptide, and nucleic-acid ligands); and (5) agonist antibody-driven induction. Each sec-
tion is discussed using a common framework that highlights functional roles, representa-
tive studies, key control variables, and translational considerations.

Across all administered-signal modalities, differentiation outcomes are governed by
a common set of parameters, including ligand dose, timing and duration of exposure, se-
quence of application, and mode of delivery, whether soluble, matrix-associated, or lo-
cally confined. While these variables are shared, each induction strategy relies on them in
distinct ways, shaping both its strengths and limitations in practice.

To improve clarity and reduce repetition across sections, the shared control variables
that influence differentiation—such as dose and exposure time, pulse versus tonic signal-
ing, and the balance between specificity and pleiotropy —are summarized in a unified ta-
ble (Table 1). The sections below, therefore, emphasize the modality-specific variables that
distinguish each induction strategy and define their practical considerations.
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Table 1. Shared Control Variables Across Administered Differentiation Modalities.
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2. Recombinant Growth Factors-Driven Induction

Recombinant growth factors provide the primary, receptor-proximal signals that in-
itiate lineage programs in vitro and in vivo, moving pluripotent and adult stem cells from
lineage priming toward specification and, ultimately, terminal differentiation. In most dif-
ferentiation protocols, these factors establish the initial cell-fate path that subsequent sig-
nals further specify rather than replace. The subsequent sections on cytokines, morpho-
gens, exogenous ligands, and agonist antibodies are positioned as complementary con-
trols that tune duration, amplitude, and spatial presentation, align microenvironmental
conditions, and reduce pleiotropy so that early fate decisions progress efficiently into sta-
ble lineage commitment and functional maturation. Taken as a whole, these modalities
form a practical playbook in which growth factor signals establish trajectory, and the ad-
ditional modules refine commitment, maturation, and immune compatibility across stem-
cell differentiation protocols (Figure 1).
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Figure 1. Molecular strategies for programming stem-cell differentiation through administered sig-
nals. Schematic overview of differentiation strategies driven by five major sections: 1) recombinant
growth factors; 2) cytokines; 3) morphogens; 4) exogenous ligands; and 5) agonist antibody-based
induction. Conventional approaches rely on recombinant growth factors and cytokines to promote
lineage commitment and expansion, while morphogens provide concentration-dependent pattern-
ing cues during fate specification. Exogenous ligands, including hormonal and nuclear-receptor lig-
ands, GPCR ligands, and ECM-mimetic peptides, enable chemically defined and temporally con-
fined modulation of intracellular signaling to stabilize differentiation and promote maturation. In
contrast, agonist antibodies function as drug-like surrogate ligands that directly engage cell-surface
receptors, encoding receptor clustering geometry, signaling strength, and tissue tropism within a
single molecule. Antibody-mediated induction uniquely couples fate specification with organ-spe-
cific homing, enabling differentiated cells to migrate to injured tissues and contribute to functional
restoration. Together, these sections illustrate a continuum from traditional soluble factors to pro-
grammable antibody-based signaling platforms for stem-cell differentiation and regenerative re-

pair.

Recombinant growth factors are protein ligands that bind receptor tyrosine kinases
or serine/threonine kinase receptors and activate downstream signaling to run lineage
programs that drive differentiation. In the musculoskeletal differentiation, Transforming
growth factor 1 (TGF-f31) functions early during chondrogenic condensation, promoting
cell-cell aggregation and extracellular matrix remodeling through molecules such as fi-
bronectin and N-CAM [24,25]. Bone morphogenetic proteins 2, 4, 7, and 9 guide oste-
ochondral lineage commitment and maturation by engaging BMPR-I/II, which phosphor-
ylate SMAD1/5/8, form SMAD4 complexes, and activate RUNX2, SP7, and DLX5. Non-
canonical MAPK and PI3K signaling further modulates signal amplitude and duration,
shaping maturation outcomes. [26-28]. Because the effects of TGF-f31 vary with timing
and culture format in two- versus three-dimensional (2D/3D) systems, careful control of
onset, duration, and termination is essential. Fibroblast growth factors (FGF) 2, 9, and 18,
epidermal growth factor, platelet-derived growth factor, and vascular endothelial growth
factor coordinate proliferation, angiogenesis, and tissue patterning to advance terminal
differentiation. Controlled release of FGF-2 or FGF-18 increases bone formation and oste-
oblast expansion in vivo; delivering vascular endothelial growth factor (VEGF) followed
by platelet-derived growth factor (PDGF) improves the maturation of neovessels. Given

https://doi.org/10.3390/immuno6010011



Immuno 2026, 6, 11

5 of 22

the short half-life of platelet-derived growth factor, delivery strategies that extend local
retention are often required. Stage-sequenced combinations, such as insulin-like growth
factor 1 (IGF-1) followed by bone morphogenetic protein 6 (BMP-6), can outperform single
agents for osteoinduction [29-32].

In practice, growth factor—driven differentiation is highly sensitive to the identity and
dose of the ligand, the timing and sequence of exposure during priming and maturation,
and the mode of presentation, whether through soluble delivery or matrix-associated re-
tention. Coordinated application of angiogenic and osteogenic factors further enables cou-
pling of vascular development with tissue-specific maturation, providing a flexible design
space for integrating patterning with functional differentiation.

A key distinction is the distinction between pulse and tonic exposure. Short, stage-
specific pulses can initiate lineage programs, whereas prolonged tonic exposure often in-
creases pleiotropy and promotes unwanted phenotypes. Because many growth factors
have short half-lives, strategies that extend local retention, such as heparin- or perlecan-
functionalized matrices, provide an additional strategy with which to improve reproduc-
ibility and efficacy.

Going forward, separating pulse and tonic exposure in space and time will be im-
portant to meter signaling strength and limit pleiotropy. Heparin- or perlecan-functional-
ized scaffolds and sulfated chitosan carriers provide effective means to extend growth
factor half-life and localize activity. However, significant challenges persist, including the
lack of predictive rules for optimal growth factor sequencing across cell sources, narrow
therapeutic windows that separate productive differentiation from hypertrophic or fi-
brotic outcomes, and the difficulty in maintaining reproducible signaling gradients in scal-
able culture systems. Addressing these limitations will be essential for translating growth
factor-driven induction strategies into robust and predictable differentiation platforms.

3. Cytokines-Driven Induction

Cytokines guide stem-cell fate by turning lineage programs on or off and by reshap-
ing the surrounding microenvironment. Key families include the TGF-f3 superfamily, such
as bone morphogenetic proteins and Activin or Nodal, together with classic interleukins.
In tissue engineering, cytokines function as core biochemical induction factors that set
survival, proliferation, and differentiation. In contrast to recombinant growth factors, that
primarily establish the lineage developmental path, cytokines act across multiple stages
to bias commitment, stabilize newly formed phenotypes, and shape the local paracrine
microenvironment through sustained signaling (Figure 2).
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Figure 2. Cytokine-driven modulation of stem-cell differentiation and niche conditioning. Early af-
ter tissue injury, diverse cytokines including interleukins, transforming growth factor-f3 family
members, colony-stimulating factors, chemokines, and inflammatory mediators establish pro- or
anti-differentiation conditions that influence stem-cell behavior. These cytokines engage canonical
signaling pathways, such as SMAD2/3 and SMAD1/5/8, together with NF-kB, Notch, Wnt, Hippo,
FGF, and related pathways, which integrate signals in a context-dependent manner to bias lineage
commitment and maturation rather than directly determining fate. In mesenchymal stem or stromal
cell-based systems, secreted cytokines and extracellular vesicles further condition the local niche by
promoting immunomodulation, angiogenesis, extracellular matrix remodeling, and chemotaxis.
Key variables including cytokine composition, concentration, exposure duration, and delivery
mode shape these outcomes. Collectively, cytokine-driven induction functions primarily by stabi-
lizing emerging phenotypes, improving survival and engraftment, and reinforcing lineage matura-

tion within inflammatory and regenerative environments.

Early after tissue injury, interleukin 1 alpha, interleukin 1 beta, interleukin 6, tumor
necrosis factor alpha(TNF-a), interferon gamma, interleukin 17A and 17F, interleukin 10,
TGF-B 1 and 3, interleukin 4, interleukin 13, granulocyte-macrophage colony-stimulating
factor(GM-CSEF), granulocyte colony-stimulating factor(G-CSF), macrophage colony-stim-
ulating factor(M-CSF), chemokines such as CCL2 or MCP-1 and CXCL12 or SDF-1, and
mediators, such as oncostatin M, interleukin 11, interleukin 22, interleukin 33, and inter-
leukin 18, collectively build pro- or anti-differentiation microenvironments that shape res-
ident and transplanted cells for the long term [33-37]. These injury-associated cytokine
conditions serve as well-established reference benchmarks for understanding how the
level of inflammation influences stem-cell fate decisions in vivo and in engineered sys-
tems.

Mechanistically, the SMAD2 and SMAD3 branch and the SMAD1, SMADS5, and
SMADS branch of TGF-f and bone morphogenetic protein signaling coordinate with
Notch, Wnt, Hippo, and fibroblast growth factor pathways to align lineage commitment
and maturation in pluripotent and adult stem cells [38,39]. In mesenchymal stem or stro-
mal cell applications, secreted cytokines and extracellular vesicle cargo further reprogram
the niche. Common mediators include TGF-p, interleukin 10, prostaglandin E2,
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indoleamine 2,3-dioxygenase, hepatocyte growth factor, vascular endothelial growth fac-
tor, and angiopoietin 1. Vesicles often carry microRNAs such as miR-21, miR-146a, miR-
126, and miR-210, matrix enzymes including matrix metalloproteinases and tissue inhibi-
tors of metalloproteinases, and metabolites [40—42]. Together, these biochemical signals
promote immunosuppression through M2-like macrophage polarization, expansion of
regulatory T cells, and dampening of NF-kB; stimulate angiogenesis through vascular en-
dothelial growth factor and hepatocyte growth factor axes; tune extracellular matrix re-
modeling through the matrix metalloproteinase to tissue inhibitor balance; and support
chemotaxis and homing through the SDF-1 to CXCR4 axis [43,44]. The overall effect is a
reduction in inflammatory burden, improved survival and engraftment, and reinforce-
ment of lineage commitment and maturation in vivo. Co-culture systems and conditioned
media from differentiated tissues provide cytokine-rich paracrine environments that can
steer embryonic stem cells and mesenchymal stromal cells toward chondrogenic or oste-
ogenic outcomes, showing that sustained soluble exposure to cytokines and morphogens
can partly substitute for direct cell-cell contact. In practice, researchers identify active fac-
tors using neutralizing antibodies, receptor antagonists, size fractionation, proteomics,
and extracellular-vesicle analysis, implement gradients and staged delivery with con-
trolled-release biomaterials, and set batch-to-batch quality metrics, such as absolute cyto-
kine levels and functional bioassays, to support reproducibility and clinical applicability.

Key variables that can be controlled include the identity and combination of cyto-
kines, their concentration ranges, the timing and duration of exposure, and whether sig-
nals are delivered as freely diffusing factors, vesicle-associated cargo, or matrix-immobi-
lized factors.

In cytokine-driven induction, differentiation outcomes are particularly sensitive to
inflammatory state and paracrine environment. The balance between pro- and anti-in-
flammatory cytokines, the duration of exposure to injury-mimetic signals, and the mode
of delivery —freely soluble factors versus extracellular vesicle-associated cargo—strongly
bias niche conditioning, immune modulation, and subsequent lineage stabilization. Ac-
cordingly, cytokines function less as primary fate determinants and more as milieu-setting
regulators that influence survival, engraftment, and maturation once lineage paths have
been initiated.

Several additional targets and regulatory pathways are frequently engaged. Activin
and Nodal, together with bone morphogenetic protein and growth and differentiation
factor branches, tune the balance between pluripotency and germ-layer entry [38,45].
Notch integrates with TGF-f3, bone morphogenetic protein, and Wnt to stabilize tissues
and adjust fate, although its net effect is strongly cell-state dependent [46,47]. The Hippo
axis with YAP and TAZ senses matrix stiffness and cell density, and interacts with bone
morphogenetic protein, Notch, and TGF-3 pathways to bias differentiation. Because ex-
cessive Hippo activation can promote oncogenic or fibrotic responses, careful modulation
is required [48,49].

Pro-inflammatory cytokines, such as interleukin 1 beta, TNF-a, and interferon
gamma, are often used to license or prime mesenchymal stromal cells, which can enhance
the activity of their extracellular vesicles and create repair settings in which differentiation
proceeds more effectively [50,51]. From a delivery standpoint, controlled-release materials
that immobilize or trigger factor release improve the timing and localization of cytokines
and growth factors, supporting staged morphogenesis and more homogeneous outcomes.
The transient pharmacological modulation of downstream pathway nodes offers an addi-
tional level of control, allowing for lineage biasing without sustained upstream pathway
activation.

Despite these advances, challenges remain, including the pleiotropic and condition-
dependent nature of cytokine signaling, difficulties in defining minimal effective
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combinations, and variability in cytokine production and stability across cell sources and
manufacturing batches. Addressing these issues will be essential to translating cytokine-
driven induction strategies into predictable and scalable differentiation platforms.

4. Morphogens-Driven Induction

Morphogens are secreted factors that diffuse to create concentration gradients and
assign distinct cell fates according to dose and exposure time. In stem-cell systems, canon-
ical families include Hedgehog, Wnt/[3-catenin, bone morphogenetic proteins within the
TGEF-p superfamily, and FGFs; retinoic acid operates as a morphogen-like small molecule.
These signals activate lineage-specific gene networks and coordinate the timing of com-
mitment with tissue morphogenesis [52-56]. Unlike growth factors and cytokines, mor-
phogens specify positional information, enabling cells to respond to relative signal
strength rather than absolute ligand abundance.

Functionally, morphogens differ from growth factors and cytokines in that they en-
code positional and temporal information, allowing cells to interpret relative signal
strength and duration to resolve pattern and identity. Because physiologically relevant
differentiation reflects the combined action of soluble morphogens, cytokines, and bio-
physical inputs such as substrate stiffness and topography, rigorous spatial and temporal
control of presentation is essential for reproducibility. BMP and Wnt or Hedgehog signal-
ing are central to musculoskeletal patterning, while FGF signaling supports pluripotency
yet also sculpts tissue pattern in a dose- and stage-dependent manner.

These principles are well illustrated by studies of osteogenic and patterning morpho-
gens in the musculoskeletal system. BMP-2, BMP-4, BMP-6, BMP-7, and BMP-9 act as ar-
chetypal osteogenic morphogens: by engaging type I and type Il BMP receptors they phos-
phorylate SMAD1, SMAD5, and SMADS, assemble SMAD4 complexes, and activate oste-
ochondral transcriptional programs driven by RUNX2, SP7, and DLX5. Depending on
timing and combinatorial signaling environment, the same axis can promote osteogenic
differentiation or chondrocyte maturation and hypertrophy, with non-canonical MAPK
and PI3K inputs shaping amplitude and duration. Sonic Hedgehog signaling proceeds
through Patched and Smoothened to GLI transcription factors and regulates the balance
between self-renewal and differentiation in a gradient- and time-dependent manner.
[28,57-60]. Co-culture systems and conditioned media supply morphogenetic factors from
neighboring differentiated cells and can steer embryonic stem cells and mesenchymal
stromal cells toward lineage commitment and the endochondral program, demonstrating
that sustained soluble exposure can partially substitute for direct cell-cell contact. These
systems provide reference models for how graded morphogen exposure determines fate
decisions in both developmental and bioengineered environments.

Additional targets often pair with these morphogens. Wnt/p-catenin, through Friz-
zled (FZD) and LRP5/6 with downstream Dishevelled (DVL), drives tissue-specific tran-
scription and cross-talks with BMP and Hippo. The FGF-FGFR axis signals through PI3K-
AKT and RAS-MAPK to support pluripotency and pattern brain and skeleton [59,61-64].
On the delivery side, biomaterial-based controlled release and immobilization enable true
gradients and stage-specific presentation, bringing in vitro delivery closer to developmen-
tal patterning in vivo.

Morphogen-driven induction depends primarily on spatial and temporal gradient
properties. Gradient steepness threshold concentration ranges and the duration of expo-
sure above or below specified signaling thresholds together instruct positional identity
and pattern formation. Coupling soluble morphogens with matrix-bound signals and lo-
cal mechanical environment further stabilizes lineage specification. Rather than acting
permissively, morphogens function instructively by enabling cells to integrate relative
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signal strength and timing. This distinguishes morphogen-based induction from growth
factor or cytokine-driven approaches, which rely more heavily on absolute ligand levels.

Future work should center on spatiotemporal gradient engineering. Programmable
scaffolds with tunable kinetics and diffusion can deliver sequenced cues that initiate con-
densation with early TGF-3 and BMP, then transition to BMP-dominant signals for matu-
ration, thereby emulating embryonic patterning. Rational multi-morphogen cocktails
combining BMP, Wnt, Hedgehog, and FGF pathways, together with modulators of Notch
and Hippo signaling, may enhance productive crosstalk while limiting pleiotropic effects.
Paracrine engineering approaches using co-culture, conditioned media, or extracellular-
vesicle-rich formulations are also likely to amplify endogenous differentiation responses.
Aligning morphogen gradients with extracellular-matrix ligands and mechanical inputs
should further stabilize lineage specification. Finally, transient and stage-specific applica-
tion of small-molecule agonists or antagonists targeting bone morphogenetic protein,
Wnt, Hedgehog, and Hippo nodes provides a complementary control mechanism, ena-
bling lineage biasing without sustained pathway rewiring. A canonical example is chem-
ically controlled cardiomyocyte induction from human pluripotent stem cells, which re-
lies on a brief pulse of Wnt activation followed by timely Wnt inhibition to consolidate
cardiac identity [65,66].

Remaining challenges include defining quantitative gradient thresholds across cell
sources, maintaining stable gradients in three-dimensional and scalable systems, and pre-
venting unwanted lineage drift or hypertrophy caused by prolonged or excessive mor-
phogen exposure.

5. Exogenous Ligands-Driven Induction

Exogenous ligands beyond classic growth factors include hormonal and nuclear-re-
ceptor ligands, designed peptides, and nucleic-acid ligands. These agents can program
fate directly or stabilize acquired function [67-70]. In differentiation workflows, exoge-
nous ligands are frequently used to complement protein-based factors by providing in-
tracellular access and temporally confined signaling control. Functionally, exogenous lig-
ands differ from recombinant proteins in that they can be delivered intracellularly or lo-
cally synthesized, enabling transient yet potent control over signaling and gene expres-
sion without continuous extracellular supplementation.

In tissue engineering, polynucleotides such as mRNA, miRNA, and siRNA are
widely used to modulate intracellular gene expression. ECM-mimetic peptides serve as
instructive ligands, often used alongside proteins, to enhance differentiation efficiency
and maturation. Beyond nucleic-acid and peptide formats, hormonal and nuclear-recep-
tor ligands constitute a well-established class of exogenous ligands that act through intra-
cellular receptors to bias differentiation and promote functional maturation. Delivery of
BMP-2 mRNA or anti-miR-221 elevates osteogenic and chondrogenic programs without
the need for exogenous protein, while synthetic mRNA supports strong yet transient in
situ production of instructive proteins. Ligands engaging PPAR signaling or thyroid hor-
mone signaling (T3) are frequently applied at later stages of differentiation to reinforce
metabolic identity, structural maturation, and tissue-specific function [71-74]. Immobiliz-
ing ECM-derived motifs within matrices provides integrin ligands that support survival
and, when paired with morphogen signals, promote lineage specification. Endocrine and
hormonal ligands are frequently combined with growth factors to advance maturation
and function. Panels of miRNA or siRNA, including miR-29a and miR-7, regulate ECM
synthesis, neurite outgrowth, and osteogenesis in a tissue-specific manner. GPCR ligands
further expand the exogenous ligand toolkit by enabling rapid, tunable modulation of
intracellular second-messenger pathways that influence survival, migration, and lineage
bias [75,76]. Synthetic mRNA can also be used to express surface molecules that aid
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homing while reinforcing differentiation programs [77-82]. Together, these approaches
represent how non-protein ligands can substitute for, amplify, or temporally confine tra-
ditional growth factor signaling.

For exogenous ligand-driven induction, molecular format is a dominant design pa-
rameter. Whether signals are delivered as peptides, synthetic mRNA, miRNA, or other
nucleic-acid ligands determines expression amplitude, persistence, and innate immune
engagement. For hormonal, nuclear-receptor, and GPCR ligands, dose, exposure timing,
and receptor coupling define whether signaling acts instructively to initiate lineage pro-
grams or permissively to stabilize and mature differentiated states. These properties, to-
gether with dose and spatial presentation through matrix immobilization or localized de-
livery, influence whether exogenous ligands act instructively to initiate fate programs or
permissively to stabilize and mature previously specified lineages. Intracellular activity
profiles therefore distinguish exogenous ligands from extracellular protein signals, ena-
bling transient pathway activation that can bias lineage outcomes without sustained re-
ceptor activation.

Future directions emphasize gene-coded ligand strategies, such as mRNA or miRNA,
to replace or complement proteins with precisely controlled, on-site and time-limited ex-
pression. Peptidomimetic libraries that recapitulate receptor tyrosine kinase, Notch, and
integrin engagement may further improve stability, manufacturability, and cost effi-
ciency. Established hormonal, nuclear-receptor, and GPCR ligands provide a conceptual
and practical foundation for integrating chemically defined exogenous ligands into stage-
wise differentiation playbooks. Stage-wise differentiation playbooks that pair hormonal,
peptide, and nucleic-acid ligands with pathway modulators offer a route to progressive
maturation while limiting pleiotropy and improving reproducibility. Outstanding chal-
lenges include variability in transfection efficiency, avoidance of innate immune activa-
tion by nucleic acids, definition of safe and effective dosing windows across cell types,
and integration of these ligands into scalable and clinically compliant manufacturing
workflows.

6. Agonist Antibodies-Driven Induction

Agonist antibodies selected from combinatorial libraries can function as surrogate
ligands for cell-surface receptors and membrane proteins, initiating differentiation pro-
grams while being simultaneously associated with tissue-level homing. In contrast to
other applied ligands, agonist antibodies remain fully drug-like while actively shaping
the ligand-receptor interface geometry and avidity. This property allows for fate decision
and spatial targeting to be coordinated within a single molecular input.

Importantly, this mode of action is most relevant in differentiation settings where
spatial restriction, lineage stabilization, or tissue-selective signaling are required, rather
than in early germ-layer induction or highly standardized, large-scale differentiation
workflows. A clear comparison with established differentiation modalities is essential for
placing agonist antibodies in proper context. Recombinant growth factors and morpho-
gens remain the most effective tools for early germ-layer induction and broad lineage
priming, particularly in highly scalable and cost-sensitive differentiation workflows.
Small-molecule pathway modulators likewise offer clear advantages in manufacturabil-
ity, batch consistency, and rapid temporal control, making them well suited for early-
stage and industrial-scale protocols. Agonist antibodies are therefore not expected to re-
place these approaches in the near term for early developmental patterning or fully stand-
ardized production. Rather, their strengths emerge at later stages of differentiation, where
lineage stabilization, spatially restricted signaling, and tissue-selective activity become
limiting factors for conventional ligands. In this setting, agonist antibodies are best viewed
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as complementary tools that occupy a distinct niche within stem-cell programming strat-
egies, rather than as direct substitutes for existing modalities.

At this stage, it should be noted that many agonist antibodies have been identified
through phenotypic screening, with target receptors and pathways clarified only after
functional effects on differentiation or migration were observed. In some cases, these mo-
lecular targets remain only partially defined. This reflects both the opportunity and the
current limitation of antibody-based approaches, which can uncover unexpected signal-
ing dependencies but often require follow-up mechanistic analysis.

Compared with soluble growth factors and cytokines, agonist antibodies tend to gen-
erate more spatially confined signaling. This arises, in part, from their high specificity for
defined cell-surface targets and their ability to engage receptors in particular clustering
arrangements at the plasma membrane. Because effective signaling often depends on re-
ceptor density and local organization, antibody-mediated activation is favored in tissues
where the target receptor is sufficiently expressed and appropriately organized. In con-
trast to freely diffusible ligands that broadly stimulate receptors across many cell types,
agonist antibodies act through target-restricted binding and more limited spread, which
reduces pleiotropic effects and off-target activation. Moreover, when antibodies are iden-
tified through in vivo migration- or function-based selection strategies, tissue tropism can
emerge in selected antibody target contexts, allowing for lineage instruction and organ-
specific homing to be linked within a unified antibody-mediated signal.

Previous work has shown that a single antibody input can convert human and mouse
stem or progenitor cells into three distinct lineages with organ tropism: microglia-like cells
that traffic to the brain; brown adipocyte-like cells that traffic to the heart; and beta-like
cells that traffic to pancreatic islets (Figure 3) [83-92]. These observations suggest that an-
tibody binding can couple lineage specification with tissue targeting rather than by acting
solely as a differentiation signal. Conceptually, this mode of induction extends beyond
individual case studies and is consistent with the agonist antibody engagement of diverse
cell-surface signaling systems, including pathways traditionally activated by juxtacrine
ligands, morphogens, and receptor tyrosine kinases.

Beyond the individual case studies, the screening strategy shown in Figure 3 points
to a broader strength of agonist antibody-based approaches. High-throughput antibody
screening makes it possible to examine cell-surface signaling in stem-cell differentiation
in a direct and functional way, without first needing to predict which receptors or path-
ways are involved. When antibodies are selected based on observable outcomes—such as
lineage conversion, cell migration, or tissue engraftment—this process can reveal surface
targets and signaling behaviors that are often missed by ligand-focused experiments or
transcriptome-driven analyses. Importantly, receptor engagement is evaluated side by
side with its phenotypic consequences, allowing for surface signaling events to be linked
more clearly to fate decisions and cell behavior. In this sense, antibody screening provides
a practical and scalable means to broaden target discovery while deepening our under-
standing of how receptor-level signaling shapes stem-cell programming.
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Figure 3. Combinatorial scFv library-based discovery of agonist antibodies for stem-cell differenti-
ation. Schematic illustration of an in vivo-inspired discovery pipeline for agonist antibody-driven
induction. Highly diverse scFv plasmid libraries are first constructed and packaged into lentiviral
particle libraries, enabling stable expression of individual scFv molecules in stem or progenitor cells
following lentiviral transduction. Each transduced cell expresses a single scFv variant, effectively
coupling antibody genotype with cellular phenotype. Functional screening and selection identify
scFv clones that act as agonist antibodies, engaging cell-surface targets to induce lineage-specific
differentiation programs. Remarkably, individual agonist scFv molecules can direct differentiation
toward distinct cell fates, including brown adipocyte-like cells, microglia-like cells, pancreatic 3-like
cells, hematopoietic cells, cardiomyocytes, and hepatocyte-like cells. This strategy demonstrates
how combinatorial antibody libraries can be used to program cell fate decisions without exogenous
growth factors or cytokines, establishing agonist antibodies as programmable, drug-like inputs for

stem-cell differentiation.

Mechanistic analyses have begun to reveal unconventional targets on stem-cell sur-
faces. Iodotyrosine deiodinase (IYD), behaves as a non-canonical receptor in stem cells.
Agonism at IYD reroutes thyroid-hormone metabolism and the thermogenic axis, provid-
ing a coherent explanation for brown adipocyte-like differentiation and associated meta-
bolic reprogramming. In representative reports, agonist antibody engagement of IYD in
human progenitor cells has been associated with the acquisition of a brown adipocyte-like
program and preferential homing to cardiovascular tissue in vivo. Notably, the tissue tro-
pism observed in these systems should not be interpreted as a universal or purely direct
targeting mechanism. In the examples reported so far, antibody engagement may influ-
ence localization through both direct receptor-mediated effects and indirect changes that
accompany differentiation such as shifts in chemokine receptor expression, adhesion
properties, or metabolic state. Further studies will be needed to clarify the relative contri-
bution of these mechanisms. IYD agonism upregulates thermogenic gene expression and
drives the downstream differentiation process [83,88]. This example illustrates how anti-
body engagement of non-classical surface targets can link metabolic rewiring to lineage
commitment. Beyond this specific metabolic axis, related studies have demonstrated that
agonist antibodies can similarly substitute for canonical ligands in pathways such as
Notch and Wnt/B-catenin, in which receptor clustering geometry and signaling strength
critically determine cell fate outcomes [93-95].
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A second example involves the agonist antibody and the generation of microglia-like
cells. In vivo selection based on migration identified an agonist antibody that converts
bone marrow-derived progenitors into microglia-like cells that migrate to the brain. In an
Alzheimer’s disease model, this conversion and trafficking coincided with a reduction in
amyloid beta burden, consistent with functional integration of the induced cells within
the central nervous system milieu [84]. A third example is the P1 antibody, which instructs
beta-like differentiation while imparting islet tropism. This agonist antibody drives hu-
man CD34* hematopoietic stem and progenitor cells and murine bone marrow toward
pancreatic islets and activates a beta-like program in the absence of exogenous cytokines
[90]. Together, these cases represent canonical exemplars of agonist antibody-driven in-
duction, in which fate specification and homing are observed to co-occur in these exam-
ples. Beyond these specific systems, agonist antibodies targeting neurotrophin receptors,
c-MET, and members of the TNF receptor family further support the generality of this
approach, illustrating how antibody-mediated receptor engagement can regulate sur-
vival, maturation, and lineage bias across distinct progenitor populations [96-99].

As agonist biotherapeutic engineering matures, several design priorities are becom-
ing clearer. A key need is to pair agonist discovery with systematic target identification
and pathway mapping, allowing for receptor engagement to be connected to measurable
transcriptional programs and phenotypes rather than relying on phenotypeic screening
alone [20,22]. At the design level, new antibody formats include biepitopic constructs with
intrinsic agonism and engineered “i-shaped” architectures that emphasize potency and
signaling bias. These properties can be engineered by controlling receptor-clustering ge-
ometry, epitope spacing, and conformational stabilization [21]. In parallel, discovery pipe-
lines should more routinely combine experimental screening with computational and ra-
tional engineering to improve developability and to anticipate safety liabilities associated
with excessive or prolonged pathway activation. Progress in synthetic pathway agonists,
including emerging Wnt agonist platforms, further illustrate how programmable ligand
design principles can be extended beyond antibodies. Applying these principles together
with time-coded dosing and localized presentation is expected to improve reproducibility
across differentiation systems.

In agonist antibody-driven induction, epitope selection and receptor clustering ge-
ometry serve as practical determinants of signaling outcomes. Antibody affinity, dose,
and exposure schedule further tune signaling strength, while the mode of delivery deter-
mines whether activity is localized or systemic. Together, these parameters distinguish
whether an agonist antibody primarily functions as a fate inducer, a homing signal, or an
integrated factor that performs both roles simultaneously. Control over receptor cluster-
ing geometry enables the ability of agonist antibodies to impose signaling bias. The spatial
arrangement of binding sites influences whether antibody binding promotes lineage spec-
ification alone or simultaneously confers tissue tropism, setting this modality apart from
conventional ligands.

Robust practical designs work best when the antibody is responsible for biochemical
specificity and receptor clustering, while scaffolds or nanocarriers handle when and
where the signal is presented. For reproducibility and safety, each batch should be quali-
fied not only for binding and functional potency, but also for how it releases from the
chosen delivery matrix, using a small set of mechanism-linked assays. Such qualification
strategies are particularly important given the strength of agonist signaling and its poten-
tial cell-state dependence.

For many functional antibodies, the relevant molecular targets remain incompletely
identified, and signaling outputs can shift with cellular microenvironment in human tis-
sues. In addition, strong agonism requires careful modulation to preserve long-term
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safety. Addressing these challenges will be critical to establishing agonist antibodies as
reliable and scalable building blocks for next-generation differentiation platforms.

Agonist antibody-driven induction introduces safety and immunological considera-
tions that are distinct from those associated with conventional growth factors, cytokines,
or small-molecule ligands. Because agonist antibodies can produce strong and geometry-
dependent receptor activation, excessive or prolonged signaling may increase the risk of
aberrant pathway engagement, altered cell states, or the unintended persistence of in-
duced phenotypes. From an immunology perspective, additional risks include immuno-
genicity and anti-drug antibody formation, particularly for strongly agonistic formats or
non-canonical targets. Accordingly, Fc engineering, epitope selection, and time-limited or
localized dosing are increasingly used to mitigate immune activation, together with func-
tional assays, such as PBMC-based cytokine release testing and Fcy receptor reporter as-
says, to de-risk off-target immune responses. In addition, Fc-mediated interactions, in-
cluding the engagement of Fcy receptors and downstream immune effector functions,
represent a potential source of off-target effects, particularly in inflammatory or disease-
associated tissue environments.

Another consideration is tissue-targeting specificity. While antibody-mediated hom-
ing represents a key advantage of this modality, incomplete target restriction or cell state-
dependent receptor expression could, in principle, lead to off-target localization or ectopic
differentiation. Such risks underscore the importance of mapping receptor expression
landscapes and signaling outputs across relevant cell states and tissues.

Several risk-management strategies are increasingly incorporated into agonist anti-
body design and application. These include, as follows: Fc engineering to minimize im-
mune Fc effector activity; time-limited or pulse dosing to avoid sustained agonism; and
localized or matrix-associated delivery to restrict spatial exposure. The qualification of
agonist antibodies using mechanism-linked functional assays, in addition to standard
binding and potency metrics, further supports reproducibility and safety. Together, these
considerations highlight that careful optimization of antibody format, dosing, and deliv-
ery is essential for translating agonist antibody-driven induction into reliable and clini-
cally compatible differentiation platforms. Viewed alongside recombinant growth factors
and small-molecule modulators, agonist antibodies are therefore best positioned as late-
stage or context-specific tools that complement, rather than supplant, established differ-
entiation strategies.

7. Ongoing Clinical Trials in Stem-Cell Differentiation

There are currently nine ongoing clinical trials evaluating stem-cell differentiation
strategies, with cell-replacement therapy for Parkinson’s disease emerging as the most
advanced example (Table 2). In an early-phase study with 36-month follow-up, the plu-
ripotent stem cell-derived dopaminergic product bemdaneprocel (BRT-DAO1; BlueRock
Therapeutics, Cambridge, MA, USA) demonstrated sustained safety and encouraging
trends in motor outcomes, and a randomized, controlled pivotal trial is anticipated to in-
itiate in 2025 [100,101]. These findings represent some of the clearest demonstrations to
date that the transplantation of stem cell-derived neurons can yield measurable clinical
benefit.

In type 1 diabetes, Vertex’s islet program (zimislecel; formerly VX-880) reported in-
terim results in 2025 indicating that differentiated and implanted cells could restore en-
dogenous insulin production. Notably, among fully dosed recipients followed for one
year, some maintained target glycemic control without exogenous insulin. Although
longer observation and broader cohorts are needed, these findings support the premise
that differentiation-maturation—function workflows can operate effectively in clinical set-
tings [102,103].
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In retinal degeneration, particularly age-related macular degeneration, human plu-
ripotent stem cell-derived retinal pigment epithelium (RPE) transplantation has similarly
progressed toward clinical implementation. Recent reviews and clinical reports consist-
ently show reassuring long-term safety for RPE grafts. Across studies, grafts generally
survive with appropriate apical-basal orientation, show no evidence of tumorigenicity or
uncontrolled proliferation, present manageable immune risk, and demonstrate stabiliza-
tion of visual function metrics such as best-corrected visual acuity and visual fields
[104,105].

Surgical techniques have also improved. Instead of injecting cell suspensions, many
groups now implant single-layer sheets grown on ultrathin scaffolds such as parylene,
collagen, and poly(lactic-co-glycolic acid). This makes the grafts easier to handle and helps
them to lie flat and oriented after implantation [106,107]. At the same time, less-invasive
procedures, such as small-incision vitrectomy, creation of a subretinal pocket, and use of
dedicated patch inserters or catheters, have lowered complication rates. Noninvasive im-
aging is now standardized. Optical coherence tomography (OCT), fundus autofluores-
cence, and OCT angiography enable clinicians to track over time where the graft sits, how
thick it is, how pigmented it looks, and how the local microvasculature changes, while
keeping immunosuppression as light as possible [108,109].

Table 2. Summarizing The Clinical Pipeline.
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8. Conclusions

Over the past decades, stem-cell differentiation has been driven primarily by recom-
binant growth factors, cytokines, and morphogens that recapitulate developmental sig-
naling to guide lineage specification and maturation. These modalities, complemented by
exogenous ligands such as small molecules, peptides, and nucleic acids, have enabled re-
producible differentiation workflows and have supported the first wave of successful clin-
ical translation, including cell-replacement therapies for neurodegenerative, metabolic,
and retinal diseases. Collectively, they establish a practical framework in which growth
factors determine lineage progression pathway, cytokines and morphogens shape micro-
environmental signals and patterning, and exogenous ligands stabilize function and mat-
uration.

Despite this progress, persistent limitations remain. Conventional ligands often ex-
hibit pleiotropy, narrow therapeutic windows, and limited control over receptor engage-
ment geometry. In addition, integrating fate instruction with spatial targeting typically
requires multi-component or sequential strategies, complicating process design and scale-
up. These constraints become increasingly apparent as differentiation platforms move to-
ward clinically compliant manufacturing and systemic delivery.

In this framework, agonist antibodies are increasingly recognized as a conceptually
distinct addition to the differentiation strategy. By functioning as surrogate ligands capa-
ble of controlling receptor clustering and signaling bias, agonist antibodies offer a mech-
anism with which to encode spatial, temporal, and functional logic within a fully drug-
like format. The examples discussed in this review demonstrate that, in selected settings,
agonist antibodies can induce lineage programs while simultaneously promoting organ
tropism, thereby linking differentiation and homing within a single therapeutic molecule.
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At the same time, current evidence for agonist antibody-driven induction remains
limited to a small number of well-characterized systems; in many cases, the underlying
molecular targets and downstream pathways are not yet fully elucidated. Signaling out-
puts may vary with cell state, receptor expression level, and delivery mode, underscoring
the need for systematic target identification and pathway mapping. Accordingly, agonist
antibodies should at present be viewed as a still-developing modality rather than a
broadly established replacement for existing differentiation strategies.

Advances in antibody engineering, including biepitopic formats and geometry-con-
trolled designs, provide a rational path to optimize potency, signaling bias, and safety.
When combined with standardized dosing schedules and controlled presentation, these
design features offer a route to reduce pleiotropy and improve reproducibility in specific
differentiation settings. However, realizing this potential will require the close integration
of agonist discovery with mechanistic validation, comparative benchmarking against es-
tablished ligand-based protocols, and careful evaluation of long-term safety.

Looking forward, agonist antibody-driven induction is best viewed as a complemen-
tary and potentially enabling strategy within the broader landscape of stem-cell differen-
tiation technologies. As target identification, pathway mapping, and delivery design ma-
ture, antibody-based approaches may, in selected applications, reduce the complexity of
multi-factor differentiation protocols and improve the coupling of fate instruction with
tissue targeting. Such progress is likely to proceed incrementally, guided by comparative
performance and translational feasibility rather than the wholesale replacement of estab-
lished modalities.

In summary, the integration of agonist antibodies into stem-cell differentiation work-
flows expands the conceptual scope for exogenous-signal control. By aligning biochemical
specificity with receptor geometry and delivery logic, this approach highlights new op-
portunities for programmable differentiation, while also delineating clear priorities for
future validation and development. Continued progress along these lines has the poten-
tial to enhance precision, scalability, and translational impact in stem cell-based regener-
ative therapies.
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