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Cellular senescence was initially defined in vitro as a stable cell-cycle

arrest that occurs after repeated replication, but it is now recognized as
aheterogeneous state shaped by cell type, species, senescence-inducing
stress, tissue microenvironment and time. To organize this complexity,

we propose the term ‘senotype’ to classify senescent cells by their

inputs, molecular features and functional effects. We outline a practical
framework incorporating: (1) cellidentity and context; (2) inducing
mechanism; (3) temporal stage; (4) multimodal molecular and structural
features; and (5) physiological or pathological functions. Experimentally
defined senotypes can serve as references for interpreting tissue-derived
senotypes, where parameters may be incomplete. Senotypes should be
anchored in combinations of core hallmarks (that is, durable cell-cycle
arrest, altered secretory profiles, macromolecular or organelle damage,
disrupted homeostasis) rather than single markers. Advances in single-cell,
spatial, proteomic and computational methods enable rigorous senotype
characterization, improving consistency and accelerating development of
targeted senotherapeutics.

The concept of ‘cellular senescence’ emerged more than 60 years ago
from elegant in vitro studies of primary diploid human fibroblasts,
which ceased dividing after serial passage yet remained viable when
culture mediumwas replenished'. These findings led to the hypothesis
thatnon-proliferative, potentially dysfunctional ‘senescent’ cells could
arise in vivo and contribute to organismal aging. Since then, major
methodological advances have transformed our understanding of
senescent cell biology. High-dimensional and single-cell technologies
now permit detection and characterization of rare senescent cells in
tissues, revealing that senescence in vivo is far more heterogeneous
and dynamic than originally appreciated. This complexity motivates
refinement of the terminology used to describe senescent cells. We
propose adoption of the term senotype to describe distinct senescent
cellstates. Asenotypeis defined by acombination of known orinferred

inputs, multimodal features and functional outputs that can be com-
pared across experimental and in vivo contexts. In this way, the concept
addresses a central question in the field: what is a senescent cell?
Like ‘genotype’, which describes genomic composition, and ‘phe-
notype’, whichreflects appearance and/or function, ‘senotype’ denotes
the defining properties of senescent cells in a given setting. It encom-
passes both inputs and outcomes, including the molecular, physiologi-
caland functional consequences of distinct senescent cell fates (Fig. 1).
The term has been used to describe senescent cell subtypes present
in culture, tissues and organisms®*, particularly following studies
involving single-cell RNA sequencing that revealed multiple senescent
subpopulations evenwithinasingle-cell lineage. The value of senotype
classification is that it captures both diversity among senescent cells
and the shared features that distinguish them from other cell states.
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Fig. 1| Characteristics that define senotypes. The variables that define
senotypesinclude an array of input features, including the senescence inducer
(bothintrinsic and extrinsic), chronicity since induction, cell lineage and tissue
microenvironment. These influence the molecular, cellular and functional
outcomes of the senotypes. Inin vitro studies, senotype input variables can be
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investigator-determined to generate well-defined outcome profiles. In vivo study
input variables are, by definition, heterogeneous and less well defined, leading to
more heterogeneous outcome senotype profiles. This highlights the importance
of comparisons across in vitro and in vivo studies and the need for new models
and approaches for characterizing senotypes in vivo.

It also provides a framework for comparing senescence triggers and
their consequences, which may be adaptive, neutral or maladaptive.

Here, we discuss current limitations in defining senescent cells,
outline a practical framework for describing senotypes, review spe-
cific examples from the literature, and highlight emerging technolo-
gies thatenable senotype discovery and validation. We conclude with
recommendations toimprove rigor, reproducibility and translational
relevance in senescence research.

Defining cellular senescence: functions, hallmarks
anddrivers
Cellular senescenceis an evolutionarily conserved, stress-induced cell
fate characterized by durable cell-cycle arrest and broad phenotypic
remodeling, often considered a terminal state’. Senescence can be
induced by diverse insults, including genotoxic, oxidative, inflam-
matory, replicative and oncogenic stress. It can also function in host
defense, for example, during viral infection, where senescent cells
may limit replication, recruitimmune cells, and support tissue repair
after inflammation-induced damage®. Senescence is, therefore, not
intrinsically harmful; rather, it is a context-dependent process with
both adaptive and maladaptive roles. Senescent cells contribute to
tissue remodeling during development’, wound healing®'° and tumor
suppression, but their persistence with age is linked to chronicinflam-
mation, impaired tissue function and age-related disease.
Senescence is often triggered when cells experience excessive or
persistent damage, or proliferative signals such as oncogene activa-
tion, that would otherwise promote uncontrolled division™. Instead of

undergoing apoptosis, senescent cellscommonly activate pro-survival
pathways and resist cell death, contributing to their accumulation with
age”. They also frequently develop acomplex senescence-associated
secretory phenotype (SASP), composed of secreted proteins, lipids,
RNAs and other bioactive molecules. The protein component of the
SASP has been studied most extensively and includes inflammatory
mediators, growth factors and matrix-remodeling enzymes'*".

Under optimal conditions, senescence is often a temporary
state. Through the SASP, senescent cells promote their ownimmune-
mediated clearance®®”, which probably explains their relative scarcity
inyoung, healthy tissues withintactimmune surveillance. With aging,
however, senescent cells accumulate. This accumulation is thought
to contribute to chronic sterile inflammation, disruption of tissue
homeostasis and age-related dysfunction". These dual roles align with
the evolutionary theory of aging known as ‘antagonistic pleiotropy”,
which posits that cellular processes beneficial early in life become
harmful later. Senescence may protect against cancer and aid repair
during development and early adulthood, yet persistent senescent
cellscanevade immune clearance and become detrimental over time.
However, because evolution prioritizes traits that enhance develop-
ment and reproduction in early life, the negative consequences of
senescent cells in later life have not been selected against to prevent
age-related decline.

Multiple hallmarks contribute to senescence and should be
considered in combination when defining senotypes. Collaborative
efforts, including the National Institutes of Health (NIH) Cellular Senes-
cence Network (SenNet) Consortium, have helped to consolidate core
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senescence features'”°, These include durable proliferationarrest and
expression of cyclin-dependent kinase inhibitors; persistent DNA dam-
ageresponses suchasyH2AX and telomere-associated foci; production
of a SASP; organelle dysfunction involving mitochondria, lysosomes
andendoplasmic reticulum; metabolic rewiring; chromatin and nuclear
reorganization such asloss of lamin Bland nuclear HMGB1 exclusion;
activation of antiapoptotic pathways; and morphological changes
includingincreased cell size'**°. Additional markers, including noncod-
ing RNAs, splice variants and other posttranscriptional features, will
probably further refine senotype definitions.

Importantly, no single hallmark s sufficient to define senescence
and many senescence-associated features can occur in non-senescent
states. SASP factors may be produced by activated immune cells, and
macrophages can reversibly express CDKN2A (encoding p16™**) and
exhibit high lysosomal 3-galactosidase activity”-*2. Senescent cells are,
therefore, best defined by combinations of features interpreted within
lineage, tissue and induction context.

Senescence canbe driven by abroad range of intracellular stresses.
Mitochondrial, lysosomal and endoplasmic reticulum dysfunction
promote senescence”**, while impaired proteostasis and disrupted
nutrient sensing, including chronic hyperglycemia, canact upstream®.
Autophagy may either promote or delay senescence depending on
context, suchas oncogene-induced versus replicative senescence® .
Morebroadly, virtually all canonical hallmarks of aging can, under the
right conditions, drive cellular senescence, underscoring the mecha-
nistic interdependence of aging processes™.

Why senescent cells accumulate with age remains incompletely
understood. Intrinsic drivers such as DNA damage, telomere dysfunc-
tion, epigenetic alteration, oxidative stress, organelle dysfunction,
metabolic imbalance and oncogene activation increase over time®.
Additionally, exposures to environmental factors known to drive senes-
cence, largely identified from in vitro studies, also accumulate with
chronologic age. These include pollutants, ultraviolet and ionizing
radiation, chemical agents and pharmaceuticals (for example, doxoru-
bicin, etoposide, bleomycin, paraquat, hydrogen peroxide), mechani-
caldamage, viralinfections and lifestyle factors, such as chronic stress,
smoking, alcohol consumption and physical inactivity®’. These many
inputs reinforce that senescence is not a single state but a family of
related cellular responses.

In vivo, defining the initiating drivers and temporal evolution
of senescence is difficult because tissues contain diverse cell types
exposed to different microenvironments, genetic backgrounds and
environmental histories. Downstream programs that stabilize senes-
cence may further obscure the initiating insult. As a result, much
mechanistic knowledge comes from controlled in vitro systems,
where cell type, inducer and timing can be specified. Translating
those findings to tissues remains challenging because senescent
cells in vivo interact with immune cells, extracellular matrix, and
fluctuating metabolic and signaling environments. Aging probably
shifts the balance between formation and clearance: insults accu-
mulate while immune-mediated removal declines, promoting net
senescent cell burden®.

Time adds another layer of complexity. Senescent cells can evolve
after induction, with changes in secretory profiles, chromatin state
and functional properties that reflect senescence duration or ‘depth’.
Senescence should, therefore, be viewed as a continuum rather than
asingle fixed endpoint®. This temporal dimension further supports
theneed for asenotype framework thatincorporates bothinputs and
outputs across time (Fig. 1).

Takentogether, cellular senescence cannot be defined by any one
marker, pathway or function. It is a multidimensional cellular state
shaped by context, inducing mechanisms and temporal progression.
This complexity necessitates classification approaches thatintegrate
multiple hallmarks and functional attributes, providing the basis for
defining and comparing senotypes across systems.

‘Senotype’ encompasses the diversity, dynamics
and context dependence of senescence

Immunology provides a useful precedent for classifying complex,
dynamic cell states based on origin, molecular features, interactions,
biological effects and therapeutic relevance®. T cell states, for exam-
ple, areshaped by tissue residence, stress exposure, activation history,
differentiation, exhaustion and the surrounding cellular and signaling
environment. Immune cells often show both functional redundancy
and context-dependent plasticity, with distinct signatures emerging
accordingto age, pathogen exposure or tissue niche. At the same time,
differentimmune cell types can converge on similar functions. These
principles are highly relevant to senescence biology. Asinimmunology,
senescent cell statesare notbinary. They exist along gradients defined
by exposures, lineage, microenvironment and time, and these gradients
influence both molecular profile and function.

The heterogeneity and dynamism of senescence are now widely
recognized. Proteomic studies show thatbothinducer and cell lineage
strongly shape SASP composition'*?. Other senescence-associated fea-
tures, including cytoplasmic DNA accumulation and chromatin remod-
eling, also change with senescence duration or depth®. Senescence
can propagate to neighboring cells through paracrine SASP signaling,
juxtracrine interactions and bystander mechanisms, producing sec-
ondary senescent states that differ from the initiating population®*2,
Itisalso plausible that senescence in onetissue influences other tissues
through endocrine actions of circulating SASP factors.

This heterogeneity creates a need for a framework that captures
variation across contexts while permitting comparison across studies.
We propose thatasenotypeisadefinable senescent cell state character-
ized by a combination of inputs, measurable features and functional
consequences. It is not a static label, but a position in a multidimen-
sional space shaped by cellular context and temporal progression.

An operational framework for defining senotypes
To facilitate consistent and reproducible classification, we propose
thatsenotypes be described across five core dimensions (Fig. 2): (1) cell
identity and biological context (including species, tissue, cell lineage
and environmental or culture conditions); (2) senescence-inducing
context (whenknown and caninclude replicative exhaustion, oncogene
activation, DNA damage, mitochondrial dysfunction, inflammatory
stress, age, model system or other intrinsic and extrinsic insults); (3)
temporal dimension (the duration or persistence of senescence, includ-
ingacute versus chronic states and the depth or stage of senescence);
(4) multimodal molecular and structural features (measured across
multiple modalities, including transcriptomic, proteomic, secretory,
epigenetic, metabolic, spatialand morphological characteristics); and
(5) functional consequences (including effects on tissue homeostasis,
immune interactions, regeneration, fibrosis, tumor suppression or
propagation of secondary senescence).

In controlled experimental systems, these dimensions can often
be defined prospectively, enabling causal assignment of senotypes. By
contrast, senotypesidentified in vivo are typically observational, with
incomplete knowledge of inducing context (dimension 2) or temporal
history (dimension 3). In these settings, experimentally defined seno-
types canserve asreference states for interpretingin vivo observations.

Minimum criteria and evidentiary considerations
Because no single feature uniquely defines senescence, senotype
assignment should be anchored in combinations of core hallmarks
interpreted in context. Ataminimum, evidence should support asenes-
cent state through multiple features such as durable cell-cycle arrest,
secretory remodeling and/or altered cellular phenotype or function'*?°,
Confidenceincreases when these features are supported across more
than one modality, such as transcriptomic and proteomic data.
Observational datasets pose additional challenges. Defining
senescent cells based on a small number of markers risks conflating
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Fig. 2| An operational framework for defining a senotype. Schematic
illustrating how cellular characteristics (for example, cell type, age,
microenvironment), senescence-inducing stimuli (for example, replicative
stress, oncogene activation, DNA damage, mitochondrial dysfunction) and
time after induction jointly shape the senescent state. Temporal categories are
shown asillustrative ranges fromin vitro studies where the senescence-inducing
exposure is controlled, which can be early (-1-3 days), intermediate (-3-9 days)
and late (=9 days; stages represented in ref. 48), and may vary by model and
inducer. These inputs define the molecular profile (including transcriptome,
proteome, metabolome and SASP; for example, p16, p21), whichinturn
determines functional outputs such as inflammatory signaling, altered tissue
repair, and the capacity to induce secondary senescence in neighboring cells.
Arrows indicate the directional flow from context and timing to molecular and
functional outcomes.

senescence with immune activation, terminal differentiation or
other non-senescent states. Candidate senotypes identified by a sin-
gle modality should therefore be validated, where possible, using
orthogonal measurements or functional assays. It is also important
to separate discovery fromvalidation, because predefining senescent
cells with overly narrow criteria may bias downstream classification.

Another challenge is distinguishing stable senotypes from tran-
sitional or overlapping states. Cells may occupy intermediate posi-
tions along senescence trajectories. Temporal information, whether
acquired experimentally or inferred computationally, can help to
resolve these relationships. Careful annotation of cell identity is also
critical, particularly in tissues where some normal cell types share
senescence-associated features.

Multimodal integration and interpretation
Here we define multimodal profiling as the integration of multiple
measurements of cellular state, such as transcriptomics, proteomics,
secretome profiling, chromatin state, spatial localization or morphol-
ogy. Different molecular layers capture different aspects of senescence:
transcriptomic profiles may reflect regulatory commitment and trajec-
tory, whereas proteomic and secretory data more directly represent
function. Discordance across modalities should not automatically
disqualify a candidate senotype; it may instead reflect posttranscrip-
tional regulation, functional specialization or temporal transition.
For example, cells with p16 or p21 transcriptional activation but little
inflammatory proteomic output may represent early, alternative or
incomplete senescence programs rather than false positives.

We therefore suggest conceptualizing senotypes along at least
two broad axes: regulatory commitment and functional phenotype.

Concordance across both axes would indicate canonical senescence,
whereas discordant states may reflect transitional or alternative pro-
grams. Implementing such models will require computational frame-
works that place cells within continuous or probabilistic state spaces
rather than forcing themintorigid categories***. Existing multi-omic
integration methods provide a starting point for these frameworks.
However, while these methods effectively capture different regula-
tory layers of senotypes, they do not directly assess the relationship
between transcriptional programs and downstream protein or secre-
tory outputs. Bridging that gap remains an important challenge for
defining functionally meaningful senotypes.

Implications for defining and applying senotypes

This framework does not assume senotypes will resolve into a small
setof discrete categories. Rather, they arelikely to formaspectrum of
overlapping states defined by shared and distinct features. The goalis
notrigid taxonomy, butacommon structure for describing, comparing
and refining senescent cell states across studies.

By anchoring senotype definitions in known or inferred inputs,
multimodal features and functional outcomes, this framework offers
a path for linking experimentally defined senescence programs with
in vivo observations. Such integration will be essential for building
a comprehensive atlas of senotypes, distinguishing adaptive from
maladaptive states, and enabling more precise therapeutic targeting.

Representative examples for describing a senotype
Experimentally defined senotypes can be broadly considered causal or
observational. In causal senotypes, induction parameters are known
or experimentally controlled; in observational senotypes, senescent
states are inferred from biomarker patterns. In either case, known or
inferred inputs and outputs can be used to define a senotype (Figs. 1
and 2). For clinical translation, particularly useful senotype-defining
strategies may be those that detect disease, predict futurerisk or fore-
castresponsetointervention. Although many examples are SASP cen-
tered because the secretome often mediates non-cell-autonomous
effects, senotypes may also differ in chromatin organization, persis-
tent DNA damage signaling, metabolic rewiring, organelle stress and
survival circuitry.

Defining senotypes in vitro
Cell culture studies have been central to defining senotype heterogene-
ityacrossinducers, cell types and senescence duration at proteomic',
transcriptomic**¢ and functionallevels. The SASP is especially informa-
tive becauseitisamajor determinant of senescentbioactivity, influenc-
inginflammation, secondary senescence, wound healing, fibrosis and
other downstream phenotypes. The originating study of the SASP Atlas
database'illustrated the heterogeneity of SASP-based phenotypes by
defining both ‘core’ and ‘inducer’-specific components in SASP. For
example, GDF15is broadly expressed in senescent lung fibroblasts
across multipleinducers, whereas oncogene-induced senescent fibro-
blasts uniquely express and secrete CXCL5 and MMP3. Such differences
may underlie distinct functional senotypes and serve as biomarkers.
Many in vitro examples show how specific SASP components
relate to phenotype. An ‘inflammatory’ senotype may be marked by
interleukins and cytokines that mediate inflammatory effects. Inirra-
diated and oncogene-induced senescent lung fibroblasts, interleu-
kin (IL)-6 and related factors promote epithelial-to-mesenchymal
transition and metastatic traits*. By contrast, mitochondrial
dysfunction-associated senescence (MiDAS) in lung fibroblasts lacks
IL-6 and is less likely to drive those effects, but may inhibit adipogen-
esis?. Similarly, the SASP from p21-induced and oncogene-induced
senescent fibroblasts, but not pl6-induced fibroblasts, can engage
immunosurveillance programs mediated in part by CXCL14, suggesting
an immunosurveillance-associated senotype*®. Adaptive senotypes
canalsobe defined. Forexample, fibroblast-derived PDGF-A supports
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wound healing® and may mark a beneficial reparative senotype that
senotherapeutics should avoid eliminating.

Secondary senescenceis another distinct senotype, in which pre-
viously healthy cells become senescent in response to neighboring
senescent cells rather than direct intrinsic damage. This can occur
through paracrine SASP signaling®, juxtracrine cell-to-cell contact
pathways such as NOTCH****and reactive oxygen species-mediated or
gap-junction-mediated bystander effects*. However, these examples
of secondary senotypes have been characterized primarily in vitro, and
their distinct molecular characterization, prevalence, regulation and
functional relevance in vivo remain to be fully explored.

Overall, such studies illustrate how senotypes can be defined
causally when cell type, induction mechanism and timing are con-
trolled. The secretome s particularly attractive for phenotype-based
senotypingbecause it often directly mediates downstream biological
effects, including pro-inflammatory, pro-fibrotic, pro-tumorigenic
and secondary-senescence activities. A major advantage of causal
frameworks is the ability to distinguish and compare senotype subsets,
whichis essential for developinginterventions that eliminate harmful
senescent cellswhile sparing those required for normal physiology. Fur-
ther progress will require broader catalogs of senescence proteomes,
transcriptomes and functional outputs across cultured models, fol-
lowed by validation of these signatures in vivo.

Defining senotypesin vivo

In vivo senotype characterization includes both causal and observa-
tional approaches. Experimental mouse models caninduce senescence
under controlled conditions, whereas human tissue studies oftenrely
onbiomarker patterns. Many studies already describe distinct senes-
cent cell populations, although these have not yet been systemati-
cally compared or cataloged. Particularly informative are studies that
combine experimental and observational approaches tolink causally
defined senescence features with tissue-level functional outcomes.

Frominvitro experimentation to clinical trials, the lung has been
afocus of considerable senescence exploration, and within the lung,
fibroblasts and epithelial cells assume senescent fates with potential
for both maladaptive and adaptive influence'®*~*, In mouse mod-
els of bleomycin-induced injury, a widely used model of pulmonary
fibrosis, fibroblasts accumulate senescence markers that overlap with
features seen in human fibrotic lung disease®” . In this context, the
SASP propagates fibrotic activation and impedes injury resolution,
with TGFp, IL-6, PAI-1 and other pro-inflammatory and pro-fibrotic
factors being implicated as important maladaptive signaling media-
tors*®. By contrast, studies using the transgenic INKBRITE reporter
mouse model tolabel p16* cells showed thatin young mice, p16* fibro-
blasts promote regeneration after injury'. In that context, nuclear
factor-kB-regulated SASP components, particularly epiregulin, were
implicated inthe beneficial response. These observations suggest that
distinct fibroblast senotypes in the same organ can support either
chronicfibrotic remodeling or tissue repair depending on age, injury
context and microenvironment. Features such as immune interac-
tions and matrix composition, both of which change substantially
with aging, probably influence SASP composition and other senotype
properties. At the same time, limitations of injury models should be
acknowledged. Bleomycinlargely reflects acute, inflammation-driven,
partially reversible remodeling and therefore does not fully recapitu-
late the slow, progressive fibrosis seen in chronic human disease. It is
thus most useful for identifying senotypes associated with acute injury
responses and repair-fibrosis transitions rather than the full biology
of chronic fibrotic senotypes.

Wound healing provides another example of context-dependent
senotypes. In young mice, clearance of p16° cells in p16-3MR® and
INK-ATTAC*” mice delayed wound healing, suggesting abeneficial role
inthe healing process. By contrast, in older mice, clearance of p21* cells
improved wound healing®®. Similarly, topical treatment with senolytics

alsoimproved wound healingin older mice*’. However, given that these
results use different genetic models and/or mice at different ages, the
relative beneficial and adverse effects of p16" and p21* cells on wound
healing remain unclear, as well as the identity of the SASP factors that
contribute to these activities. Nonetheless, such perturbation studies
arevaluable because they move senotype assignments from descriptive
tofunctional by testing whether preserving or eliminating a candidate
senescent population changes physiology.

Distinct p16* and p21* senotypes were recently defined througha
large-scale single-cell comparative transcriptomic analysis®. Interest-
ingly, p21° cells appear to be far more inflammatory than p16* cells with
little overlap between SASP factors. In addition, the SASP profile of p16*
and p21° cells varies by tissue. However, there does appear tobe a‘core’
SASP comprising a few factors that are found in many senotypes, at
leastat thetissuelevel. Forexample, 16 genes are consistently present
inpl6” cellsinatleast 3 tissues, whereas 5 genes were expressed in p21*
cellsinatleast Stissues, and asingle gene, Jun, was expressedin all p21*
cellsinthe analyzed tissues.

Together, these examples illustrate how senotypes in vivo can
differ profoundly in molecular profile and biological consequence,
even within the same tissue. A senotype framework provides a way
to interpret such findings not as contradictions, but as evidence that
senescence comprises multiple states with distinct functions.

Methodological advancements are transforming
our understanding of cellular senescence

Over the past decade, technologies for molecularly characterizing cells
and tissues have advanced rapidly. These include highly multiplexed
antibody-based assays, increasingly sensitive mass spectrometry-based
imaging, and spatial transcriptomic methods with near-subcellular
resolution. At the same time, computational methods for analyzing,
integrating and interpretinglarge datasets have expanded dramatically.
Because senescent cells are typically rare and embedded within com-
plextissues, these advances are essential for identifying them with suf-
ficient specificity and sensitivity. No single approachis sufficient, but
combinations of spatial and single-cell transcriptomic and proteomic
methods, together with models that permit genetic or pharmacologic
perturbation, can provide a more complete survey of senescent cell
states and help to define senotype boundaries. Mapping such profiles
acrosstissues and over the lifespan should reveal senotypes that drive
aging and disease, and inform therapeutic strategies.

Emerging transcriptomic approaches

Single-cell and spatial transcriptomic technologies have transformed
the study of tissue heterogeneity, including rare senescent populations.
These methods enable high-resolution mapping of gene expression,
inference of regulatory networks, prediction of cell-cell communica-
tion and reconstruction of trajectories. They are therefore powerful
tools for discovering candidate senotypes and locating them within
spatial and temporal tissue contexts.

However, transcriptomic data alone are insufficient to define
senotypes. Many senescence-associated features are regulated post-
transcriptionally or involve secreted, structural or metabolic com-
ponents not well captured by mRNA profiling. Technical limitations,
including transcript dropout and limited sensitivity, can also generate
false negatives for low-abundance markers. The absence of a transcript
should therefore notbeinterpreted as absence of asenescence feature.

In observational datasets, defining senescence using only a
few marker genes risks substantial misclassification. Robust assign-
ment should instead rely on coordinated expression programs and,
when possible, orthogonal validation. Many senescence gene signa-
tures were derived from in vitro systems and may not fully capture
context-dependent states in vivo. Transcriptomic approaches are
thusbest used asadiscovery layer that requires integration with other
modalities and experimental testing.
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Geneticmodelsthatenableinduction or ablation of senescent cells
invivo have been usefulinlearning about features of senescence. Trans-
genic mouse models, including p16-CreERT2 (refs. 61,62), INKBRITE™,
and p21-CreERT2 (ref. 63), are capable of capturing cells with senes-
cence characteristics. These models have been used to generatein vivo
senescence gene signatures via sorting of p16" or p21°?* expressing
cells fromatissue using a reporter followed by bulk RNA sequencing.
Inturn, those signatures can be applied toidentify senescent cell sub-
populations in single-cell RNA-sequencing or spatial transcriptom-
ics data via supervised machine learning®*. These models enable
multi-gene classification and avoid overreliance on single markers,
but they remain biased because each is anchored to one gene and its
particular reporter design. Their limitations further underscore the
need for unbiased, multimodal approaches.

Emerging proteomic approaches

Emerging proteomic approaches can be leveraged to quantify cells
of a specific senotype or to define cell-surface molecules to facilitate
therapeutic targeting of a specific cell senotype’. Multiple candidate
senescent surfaceome markers have been identified and, in some
cases, used for therapeutic development, including DPP4, GNMB1
and uPAR>, Proteomic approaches, including ‘cell-surface capture’
workflows**®, chemicaland proximity labeling® or antibody-based sur-
face profiling, offer the most direct and specific evidence of cell-surface
proteins, and willbe key in defining the heterogeneity of the cell-surface
proteome across senotypes. Determining whether functionally dis-
tinct senotypes can be discriminated by surfaceome composition is
animportant future direction.

Proteomictools have already shown that senescent cells are clearly
heterogeneous based onthe inducer, cell type, duration and biological
context™. Proteomic approaches are especially valuable for measur-
ing extracellular or cell-free proteins, including those in conditioned
media, biofluids and extracellular matrix. SASP profiles are often meas-
ured using array-based protein detection tools** or interrogated using
unbiased mass spectrometry-based profiling' of cultured senescent
cells. Detection of SASP proteinsin the blood or other biofluidsis also
used as evidence of senescent cells in the body, agnostic of origin®*".
This will be invaluable for the clinical assessment of senescent cell
burden and translation of senotherapeutics.

However, comprehensive, sensitive and specific detection of
blood proteins is notoriously difficult due to a vast dynamic range
of protein concentrations, spanning 10-12 orders of magnitude®s.
Emerging proteomic technologies and workflows are meeting these
challenges. A new generation of affinity-based proteomic approaches,
such as SomaScan and Olink, offer increasing depth and throughput
for blood-based biomarker profiling, now up to 11,000+ proteins.
Similarly, various developments in mass spectrometry-based prot-
eomic workflows, including dynamic range reduction preprocessing
methods (for example, nanoparticles and depletion)*®”°, increasingly
powerful instrumentation and improved acquisition methods (that s,
data-independent acquisition)”, offer unprecedented depth and speci-
ficity for proteomic biomarker discovery in conditioned media from
cultures of senescent cells and biofluids®’>”*. In clinical studies, circulat-
ing senescence-associated protein signatures derived from the SASP
are associated with aging and age-related clinical outcomes, including
mortality, multimorbidity, frailty and medical risk®””*”. Circulating
monocyte SASP is also robustly associated with obesity-associated
outcomes (for example, lipids, body fat and glucose) and frailty”. A
key question to be explored is whether these new technologies provide
sufficient depth and sensitivity for the detection and quantification
of senotype signatures in blood. Recent identification of clinically
relevant tissue-specific aging signatures in plasma lend optimism
to these efforts and to the promise of detecting cell-type signatures
in plasma’®. Application of a similar method to develop circulating
cell-type senescence signatures in14 different cell types demonstrates

that, inseveral cases, clinical outcomes within aspecific health domain
are most associated with their corresponding cell types and canbe used
to predict future outcomes”’.

Theintracellular proteome of senescent cells remains more poorly
defined. Often, the transcriptomeis used toinfer both the intracellular
proteome and SASP. However, unbiased mass spectrometry-based
proteomics applied to numerous primary cell types induced to
undergo senescence via a variety of methods is probably valuable
and indeed necessary for the ultimate goal of in vivo senotype detec-
tion and mapping. Indeed, unbiased proteomic characterization has
recently been performed in over 30 senescence paradigms (inducers
and cell types), revealing that the proteome is highly heterogeneous
across senescence models’®. Moreover, the proteome shows little
correlation with the transcriptome, and that core senescence proteins
selected based on unbiased proteomic detection are far more robust
indiscriminating senescent cells from non-senescent cells than tradi-
tional senescence markers, many of which were originally detected
at the transcriptomic level. For in vivo identification of senescent
cells, traditional antibody-based proteomic detection is currently
the most widely applied method to detect senescence-associated
intracellular and cell-surface proteins with cellular resolution. Beyond
this, the increasingly multiplexed probe-based proteomic assays (for
example, GeoMX, CODEX (co-detection by indexing))’*** and untar-
geted mass spectrometry-based detection of proteins at single-cell
resolution®*?are promising emerging technologies for defining in vivo
senotypes with greater precision by leveraging larger protein panels
and unbiased profiling.

Despite these advances, proteomics in solid tissues remains less
mature than transcriptomics for high-dimensional senotype discovery.
At present, proteomics is best viewed as a complementary modal-
ity that refines candidate senotypes and reveals functional features,
rather than a standalone basis for classification in most tissues. Its
unique strength liesin measuring secreted and extracellular proteins
and in detecting senescence-associated signatures in biofluids and
matrix. As with transcriptomics, discordance between molecular layers
should be expected and interpreted biologically rather than treated
assimpleerror.

Modeling senotypes with artificial intelligence and

machine learning

Advancesin profiling technologies must be matched by rigorous data
science. Senotypes should be modeled in ways that integrate causal
inputs, molecular composition and downstream effects on tissues
and other cells. Machine learning is well suited to this task because
it can detect patterns across multi-omic data, biomarkers, cellular
phenotypes and tissue-level outcomes, and relate them to upstream
inducers and downstream consequences. These approaches will be
mostinformative when applied to high-quality datasets spanning mul-
tiple cell types, inducers and biological contexts.

Anticipated challenges of defining senotype

Moving forward, several limitations need to be addressed to define
discrete senotypes using established and emerging technologies. First,
preliminary evidence suggests different gene lists and classification
methods canskew theidentification of senescent cells®. Therefore, it
willbe critical to discern which factors affect the detection of senotypes
suchasthe method, species and tissue of origin used to derive the input
gene lists. Establishing a ‘ground truth’ for validating which cells are
senescent in transcriptomics remains challenging. Cell-type-specific
deletion of senescent cells in vivo is valuable for validating predicted
functional senotypes by establishing that cell ablation leads to a par-
ticular phenotype (for example,impaired wound healing orimproved
health)***, Second, better methods are needed for defining cells within
tissue sections, for example, precisely defining cell boundaries. Thisis
particularly challenging in the absence of senotype-specific cell-surface
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markers. Third, temporal techniques to quantify and characterize
senescent cells over time within tissues (that is, lineage tracing) are
needed to gain insight into how senescent cells develop and change
over timein vivo. Fourth, three-dimensional visualization of senescent
cellswithintissues, encompassing the surrounding microenvironment,
arerequired to quantify the interactions of senescent cells, as well
as understanding how the SASP may confer secondary senescence.
Lastly, senotype identification demands merging multi-omic technolo-
gieswith complete phenotyping,ideally in asingle platform enabling
simultaneous measurement.

To reduce inconsistency and potential misuse of the term, stud-
ies proposing new senotypes should, at a minimum, report the cel-
lular context, the evidence supporting senescence, the modalities
used for characterization, potential confounding factors considered
and whether functional validation has been performed. Establishing
community standards for these criteria will be essential for enabling
reproducibility and comparison across studies.

Conclusions

Advances in the study of cellular senescence have revealed a level of
heterogeneity that cannot be adequately captured by treating senes-
cence as a singular, uniform state. Instead, senescent cells occupy a
spectrum of context-dependent and dynamic states shaped by their
origin, inducing stimuli, temporal evolution and interactions with
the surrounding microenvironment. Adoption of a senotype-based
framework provides a structured approach to describe and compare
this complexity.

By defining senotypes through a combination of cellular context,
inducing conditions, temporal features, multimodal molecular char-
acteristics and functional consequences, this framework enables more
precise characterization of senescent cells across experimental and
in vivo systems. Importantly, it allows seemingly divergent observa-
tions, such as beneficial roles in tissue repair and detrimental roles in
chronic disease, to be reconciled as properties of distinct senotypes
rather than contradictions within a single entity.

Akey priority moving forward will be the systematic mapping of
senotypesacrosstissues, species and the humanlifespan. Integration of
experimentally defined reference states with observational datafrom
human tissues will be essential for establishing robust and reproducible
senotype classifications. Equallyimportantis the development of rigor-
ous standards for senotype identification, including multimodal valida-
tionand functionalinterrogation, to ensure consistency across studies.

From a translational perspective, the senotype framework has
important implications for therapeutic development. Current seno-
lyticand senomorphic strategies broadly target senescent cells without
distinguishing between those that are adaptive and those that are mala-
daptive. Amorerefined understanding of senotypes should enable the
identification of specific cell populations that drive pathology while
preserving those that contribute to normal tissue function. This level
of precision will be critical for improving the safety and efficacy of
interventions targeting senescent cells.

Ultimately, establishing a common language and operational
framework for defining senotypes will enhance rigor, reproducibility
and comparability across the field. As technologies for multimodal
profiling and functional validation continue to advance, the ability to
resolve and target specific senotypesis likely to transform our under-
standing of aging biology and accelerate the development of more
selective and clinically relevant senotherapeutic strategies.
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