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Abstract

Regulatory CD4+ T cells (Tregs) are essential for immune tolerance, tissue repair, and con-
trol of inflammation, but functional human Tregs cannot be identified reliably by a single
protein. This targeted narrative review evaluates protein-level and proteomics-supported
Treg signatures with explicit attention to species, sample source, analytical platform, valida-
tion strategy, and intended use. Primary human LC-MS/MS studies reveal pathway-level
differences involving T-cell receptor signaling, metabolism, lysosomal activity, and lineage
protection, whereas murine proteomic studies provide mechanistic candidates such as
Themis] but do not establish human biomarkers. CyTOEF, functional single-cell protein
profiling, spatially resolved protein imaging, and multi-omics further resolve phenotypic
and tissue heterogeneity. Established CD25high/CD127low /FOXP3-based panels support
enrichment and phenotyping; CTLA-4, ICOS, TIGIT, GITR, PD-1, chemokine receptors,
suppressive enzymes, metabolic proteins, and emerging candidates report functional or
tissue states but are not Treg-exclusive. Cancer currently provides the strongest tissue-level
and prognostic evidence, whereas data in healthy aging, cardiovascular and metabolic dis-
ease, osteoarthritis, and neurodegeneration remain heterogeneous and mainly exploratory.
Across contexts, validated diagnostic sensitivity, specificity, reference ranges, prospective
clinical utility, and inter-laboratory reproducibility are largely absent. Treg immunopro-
teomics is therefore best regarded as a discovery and stratification framework rather than a
standardized clinical diagnostic test.

Keywords: regulatory T cells; human Tregs; protein-level biomarkers; proteomics; mass
spectrometry; CyTOF; tissue-resident Tregs; aging; biomarker validation

1. Introduction

Human regulatory CD4+ T cells maintain immune tolerance, restrain excessive in-
flammation, and support tissue repair, but they comprise multiple developmental and
functional states [1-3]. Thymus-derived, peripherally induced, activated, tissue-resident,
and disease-associated Tregs differ in lineage stability, suppressive mechanisms, trafficking,
and molecular phenotype [2,4,5]. This review focuses on CD4+ Tregs; other regulatory
lymphocyte populations are outside its principal scope.

The central biomarker problem is that no single protein is exclusive to all functional
human Tregs. FOXP3 is biologically central, but activated conventional human CD4+
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T cells can express it transiently, and FOXP3+ human populations include suppressive
and non-suppressive states [6,7]. High CD25 with low CD127 improves enrichment of
viable Tregs but does not itself measure lineage stability or suppressive potency [8,9].
Checkpoint, co-stimulatory, chemokine, and metabolic proteins are likewise shared with
non-Treg states [3,10]. Consequently, the meaning of a marker depends on the intended
use: analytical identification or enrichment, assessment of lineage stability, measurement of
suppressive potency, disease stratification, prognosis, or prediction of treatment response.

Aging increases the clinical importance of this distinction. Inflammaging, immunose-
nescence, altered tissue repair, chronic antigen exposure, and changes in tumor surveillance
can reshape Treg abundance and function. Regulatory activity may protect tissues from
inflammatory injury, yet it impairs antimicrobial or antitumor immunity when excessive or
mislocalized [4,5,11]. Evidence obtained in an age-associated disease is not automatically
evidence of an aging-specific biomarker; age distribution, multimorbidity, treatment, tissue
source, and disease stage must be reported.

Protein-level methods contribute information that cannot be inferred fully from RNA
abundance or epigenetic state. Primary human LC-MS/MS studies can identify unexpected
proteins and coordinated pathways in purified Treg populations [12-14]. CyTOF and
functional single-cell profiling resolve multi-marker states and connect phenotype with
suppressive behavior [15,16]. Spatial protein imaging links selected markers to tissue
architecture [17]. Murine proteomics and proteogenomics remain valuable mechanisms,
but findings such as Themisl1-related regulation require explicit separation from primary
human evidence [18,19]. A broad review of TCR signaling provides pathway context for
interpreting adaptor and kinase findings, but it is not used as evidence of Treg-specific
biomarker performance [20].

This review therefore asks four questions: which human Treg markers and signatures
are supported by protein-level evidence; which findings are derived from human versus
preclinical systems; how tissue and aging-related disease contexts alter interpretation; and
what validation is required before a protein signature can be used clinically? The organizing
principle is not a list of isolated molecules but a platform-aware map linking study design,
biological meaning, and translational readiness.

2. Literature Search and Evidence Classification

This article is a targeted narrative review. PubMed was searched and the evidence
base was updated using combinations of (“regulatory T cell” OR Treg) with proteom?*,
“mass spectrometry”, LC-MS/MS, CyTOF, “mass cytometry”, “single-cell protein”, “spa-
tial protein”, aging, immunosenescence, cardiovascular disease, atherosclerosis, diabetes,
osteoarthritis, neurodegeneration, Alzheimer disease, cancer, and the individual marker
names discussed below. Reference lists of eligible primary studies and major reviews were
screened to identify additional reports.

English-language peer-reviewed studies were retained when they reported primary
protein-level or proteogenomic data, high-dimensional Treg phenotyping, functional valida-
tion, tissue localization, or human aging/disease cohorts relevant to marker interpretation.
Transcriptomic and epigenetic studies were included only when they clarified lineage
stability, tissue identity, or interpretation of protein findings. Studies without separable
Treg evidence and non-peer-reviewed reports were excluded. For claim-level citation,
primary human studies were preferred when available; reviews were used for synthesis,
animal studies were labelled explicitly, and references were assigned to the specific sentence
they support rather than collected in broad paragraph-level blocks. Because the review is
narrative, it was not preregistered and no formal meta-analysis or risk-of-bias instrument
was applied.
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Evidence was classified operationally. Level 1 denotes established human phenotyping
or lineage evidence reproduced across methods or cohorts. Level 2 denotes supported
human functional or tissue-context evidence with orthogonal or biological validation but
incomplete Treg specificity. Level 3 denotes human discovery evidence from proteomics,
CyTOF, spatial protein analysis, or a limited clinical cohort without adequate independent
diagnostic validation. Level 4 denotes preclinical or exploratory evidence from murine,
in vitro, or single-setting studies that lacks direct confirmation in primary human Tregs.
These levels describe evidential maturity, not biological importance. In this review, protein-
level evidence refers to targeted or direct measurement of proteins by cytometry, imaging,
immunoassays, or functional protein assays. Proteomics-supported evidence refers to
findings derived from, or strengthened by, broad protein-profiling approaches such as
LC-MS/MS or high-dimensional protein panels; such findings are treated as discovery-level
unless supported by independent human validation.

3. Protein-Level Platforms and Evidence Hierarchy

Different platforms answer different questions. Conventional flow cytometry is ef-
ficient for enrichment and validation of predefined marker combinations but is not an
unbiased discovery method [8,10,21]. LC-MS/MS can detect broad protein signatures
and unexpected candidates, although it generally requires purified cells, sufficient in-
put material, and careful control of isolation and activation [12-14]. CyTOF provides
high-dimensional single-cell phenotyping but remains limited to a predefined antibody
panel [15,16]. Multiplex immunohistochemistry and related spatial protein methods pre-
serve tissue architecture but should not be described as unbiased spatial proteomics when
only selected proteins are measured [17].

Platform provenance is therefore part of the evidence. A receptor measured after
CD25high/CD127low gating answers a different question from a protein discovered by
LC-MS/MS in independently sorted populations (Table 1). Likewise, a CyTOF association
identifies a high-dimensional cellular state but cannot reveal proteins absent from the panel.
The term “proteomics-supported” is used here for findings derived from or reinforced
by broad protein profiling; “protein-level” is used for targeted cytometry, imaging, and
functional protein assays.

Primary human LC-MS/MS studies provide the most direct discovery evidence for
human Treg proteomes. Mensink et al., Weerakoon et al., and Cuadrado et al. characterized
purified human Treg populations and identified differences in signaling, metabolism, sur-
face proteins, and cellular identity [12-14]. Schmidt et al. integrated time-resolved human
proteomic and transcriptomic data during induced Treg differentiation and functionally
screened candidate regulators of FOXP3 [22]. These studies are informative but small and
heterogeneous in donor number, cell definition, activation, and analytical workflow.

Duguet et al. and Kanno et al. are mechanistically valuable but used murine material [18,19].
The Themis1 study combined proteomics with genetic and functional experiments in mice,
while the proteogenomic differentiation study examined murine CD4+ T-cell subsets. These
reports should support preclinical mechanism, not direct claims about validated human
Treg biomarkers.

CyTOF is particularly informative for mapping state heterogeneity. Barcenilla et al.
identified Treg and natural-killer-cell subsets associated with high risk of type 1 diabetes us-
ing mass cytometry [15]. Sendergaard et al. developed single-cell suppression profiling that
combines a 52-marker protein panel with functional readouts in a human PBMC system [16].
These platforms move beyond cell counting, but neither constitutes a standardized diag-
nostic assay without prospective replication and predefined performance thresholds.
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Spatially resolved protein analysis is most mature in oncology. Bergsland et al. used
multiplex fluorescence immunohistochemistry and digital spatial analysis to relate CD25-
expressing regulatory populations to prognosis in colorectal cancer [17]. Such work is clini-
cally relevant because location and neighboring immune cells modify the meaning of Treg
abundance, but the technology measures selected targets rather than the whole proteome.

Table 1. Protein-level platforms and translational readiness.

Platform

Primary Contribution

Strength

Principal Limitation

LC-MS/MS proteomics

Unbiased or broad protein
discovery and pathway
signatures

Direct protein measurement;
can identify unexpected
candidates

Requires purified cells,
adequate input, harmonized
preparation, and independent
validation

. Accessible, rapid, and Limited marker number; gating
Targeted enrichment and . : . -
Flow cytometry validation compatible with defined and activation state affect
clinical panels interpretation
Hich-dimensional sinele-cell Resolves heterogeneous Predefined antibody panel,
CyTOF/mass cytometry & & marker combinations in rare batch effects, cost, and limited

state mapping

populations

inter-laboratory standardization

Multiplex spatial protein
imaging

Targeted rather than unbiased;
segmentation and antibody
validation are critical

Preserves cell-cell and
compartment information

Localization of selected
proteins in tissue niches

Functional single-cell
protein profiling

Complex assay design; limited
clinical validation and reference
standards

Directly addresses Treg
functional heterogeneity

Links phenotype to
suppressive behavior

Multi-omics integration

Links proteome,
transcriptome, epigenome,
and metabolism

Requires matched samples,
computation, and external
validation

Clarifies lineage stability and
pathway convergence

What Proteomics Adds Beyond Cytometry, Transcriptomics, and Epigenetics

Proteomics does not replace established Treg identification strategies; it adds a complemen-
tary evidence layer. Flow cytometry remains practical for enriching CD4+CD25highCD127low
cells [8,10,21]. FOXP3 Treg-specific demethylated region (TSDR) analysis helps distinguish
stable lineage identity from activation-associated FOXP3 expression [6,9]. Transcriptomics
describes regulatory programs and plasticity, whereas protein profiling measures receptors,
enzymes, signaling intermediates, and metabolic machinery that execute function [12,14,22].

The preselection problem is important. When LC-MS/MS is performed after a canoni-
cal Treg gate, the result is a proteomic characterization of a predefined population, not proof
that each detected protein is independently Treg-specific [12-14]. Conversely, CyTOF and
functional single-cell profiling can test many proteins in single cells, but their conclusions
are constrained by antibody availability and panel design [15,16]. A credible candidate
should therefore be interpreted together with the sorting definition, comparator popula-
tion, donor characteristics, and orthogonal validation; GPA33 illustrates the value of such
multi-layer confirmation [23].

Concordance across molecular layers strengthens inference. Protein detection, func-
tional suppression, stable epigenetic identity, and replication in an independent human
cohort provide more compelling evidence than any single layer. Divergence is also in-
formative: RNA-protein discordance, post-translational regulation, isoform differences,
and tissue-specific expression may explain why a transcriptomic signature fails as a
protein biomarker.

For translation, discovery and clinical validation must be separated. Discovery asks
whether proteins or pathways differ between well-defined cell states. Analytical validation
asks whether the assay is precise, reproducible, and robust to sample handling. Clinical
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validation asks whether a prespecified signature improves identification, prognosis, or
treatment decisions in an independent population. Most current Treg studies address
discovery or biological validation rather than diagnostic accuracy.

4. Protein-Level Marker Classes and Intended Use

Treg-associated proteins fall into functional classes that differ in specificity and in-
tended use. FOXP3 informs lineage-associated biology but is not sufficient to distinguish
all suppressive from activated non-suppressive human CD4+ cells [6,7,24]. Helios can aid
subset interpretation, whereas Eos and BATF report regulatory or tissue-adapted tran-
scriptional programs [25-27]. Surface markers such as CD25 and low CD127 provide
practical access to circulating Tregs, yet overlap with activated conventional cells requires a
multi-marker gate [8,10,21].

Suppressive and co-regulatory proteins include CTLA-4, TIGIT, PD-1/PD-L1, ICOS,
GITR, CD39, CD73, and cytokine-associated pathways [3,10]. CTLA-4-mediated control
of CD80/CD86 has direct mechanistic support [28,29], whereas CD73 can contribute to
adenosine-dependent suppression in expanded human Tregs [30]. IL-10- and TGF-beta-
associated programs further describe regulatory function but are not Treg-exclusive diag-
nostic markers [3,31,32]. Treg-derived IL-35-coated extracellular vesicles provide a specific
experimental example of transferable suppressive signaling [33]. Granzyme-producing
CD4+ T-cell literature is retained only as a functional differential, because these populations
are not synonymous with Tregs [34].

Chemokine receptors add spatial meaning. CCR4 is linked to recruitment into se-
lected tumors [35,36]. CCR?Y is linked to lymphoid trafficking and gastric-cancer Treg
migration [37]. CCR8 marks highly activated tumor-infiltrating human Tregs [38-40].
Other receptors, including CCR2, CCR5, CCR6, and CXCR3, can report inflammatory
or non-lymphoid recruitment, but interpretation requires tissue source, disease stage, and
co-expression with lineage markers [21,41].

Proteomics-supported candidates include proteins involved in TCR signaling, metabolism,
ferritin and lysosomal pathways, and lineage protection [12,14,22]. GPA33 has human multi-
layer support for stable Treg subsets [23]. RLTPR and TRIM22 remain discovery-level hu-
man candidates [14,22]. CD36 has direct mechanistic support in tumor Treg metabolism [42].
Themisl is supported most strongly by murine proteomics and broader preclinical THEMIS
biology [18,43]. These candidates should be reported separately with species, assay, and
validation status.

A marker panel should state its objective before performance is discussed. Identifi-
cation or enrichment, lineage stability, suppressive potency, tissue localization, disease
stratification, prognosis, and treatment-response prediction are distinct use cases. A panel
can be biologically plausible for research stratification yet remain unsuitable for clinical
diagnosis because sensitivity, specificity, reference ranges, and prospective utility have not
been established (Figure 1).

The figure groups Treg-associated proteins into five functional classes and states the
interpretive rule that governs their combined use. Identification and enrichment mark-
ers (CD25high, the high-affinity IL-2 receptor alpha chain; CD127low, the IL-7 receptor
alpha chain; and FOXP3, forkhead box protein 3) are measured by targeted protein assays
(flow cytometry with intracellular staining) and support enrichment and phenotyping
only. Lineage and stability markers (FOXP3; Helios, an Ikaros-family transcription fac-
tor; and TSDR, the FOXP3 Treg-specific demethylated region) combine targeted protein
assays with a complementary epigenetic assay (TSDR is a DNA-methylation readout, not
a protein). Functional-state markers (CTLA-4, cytotoxic T-lymphocyte antigen 4; ICOS,
inducible T-cell co-stimulator; TIGIT, T-cell immunoreceptor with Ig and ITIM domains;
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GITR, glucocorticoid-induced TNFR-related protein; and PD-1, programmed cell death
protein 1) derive from targeted protein assays and functional validation studies and report
activation or suppression state rather than lineage identity. Trafficking and tissue-context
markers (CCR4, CCR7, CCR8 and related chemokine receptors) derive from targeted
protein assays, tissue studies, and spatial protein imaging. Proteomics-supported path-
ways (T-cell receptor [TCR] signaling, metabolism, lysosomal proteins, and additional
candidate proteins) originate from proteomic discovery, principally LC-MS/MS (liquid
chromatography-tandem mass spectrometry), and are shown at the pathway level rather
than as individual validated biomarkers.

Identification and
enrichment

CD25high / CD127low /

FOXP3

Lineage and Functional state
stability CTLA-4, ICOS, TIGIT,
FOXP3, Helios, TSDR GITR, PD-1

Trafficking and tissue

CCR4, CCR7, CCR8 and related

Proteomics-supported

context pathways

TCR signaling, metabolism,
lysosomes and candidate

receptors ;
proteins

Interpretive rule

Define intended use, species, platform and tissue before combining markers. No

single protein establishes functional human Treg identity.

Figure 1. Functional classes of human Treg protein-level markers and the rule of multi-marker interpretation.

Marker origin is indicated conceptually by class: identification, lineage, functional-
state, and trafficking markers rest primarily on targeted protein assays with supporting
functional validation, whereas the pathway class rests on proteomic discovery. These
origins denote how a marker was generated, not equivalent diagnostic claims.

Evidence maturity follows the operational hierarchy used throughout the manuscript.
Level 1, established human phenotyping or lineage evidence reproduced across methods or
cohorts; Level 2, supported human functional or tissue-context evidence with orthogonal
or biological validation but incomplete Treg specificity; Level 3, human discovery evidence
(proteomics, CyTOF [cytometry by time-of-flight/mass cytometry], spatial protein analysis,
or a limited clinical cohort) lacking adequate independent diagnostic validation; Level 4,
preclinical or exploratory evidence (murine, in vitro, or single-setting) without direct
confirmation in primary human Tregs. These levels describe evidential maturity, not
biological importance.

4.1. Practical Marker Combinations and Human Cohort Evidence

For circulating human Tregs, CD3+CD4+CD25highCD127low with intracellular
FOXP3 remains a common operational starting point [7,8]. It supports enrichment and phe-
notyping but does not directly establish suppressive function or clinical diagnosis because
activated conventional cells can transiently express FOXP3 [6]. TSDR demethylation can
add lineage-stability evidence when the study question justifies an epigenetic assay [9].
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Human cohorts usually apply targeted cytometry rather than standardized proteomic

diagnostics. FOXP3/Helios co-expression has been evaluated for human Treg identifi-
cation and stability [25,44]. CyTOF-defined subsets have been associated with type 1
diabetes risk [15]. Disease-specific panels add checkpoint or tissue markers in selected

cohorts [45,46]. Clinical interpretation should report the full gate, sample handling, cohort

age, treatment, tissue, and whether the finding was validated independently.

No reviewed marker combination has yet demonstrated the complete package ex-

pected of a routine diagnostic assay: a locked protocol, analytical reproducibility, predefined

thresholds, reference intervals, sensitivity and specificity, prospective clinical utility, and

external validation (Table 2).

Table 2. Study-level evidence map for representative protein-level and proteomics-supported

Treg studies.

Study

Species/Material

Platform/Design

Main Contribution

Evidence Interpretation

Duguet et al. [18]

Mouse ex vivo Tregs and
Tconv cells

LC-MS/MS plus genetic
and functional
experiments

Identified Themis1 as a
regulator of Treg
suppressive function

Level 4: strong preclinical
mechanism; not direct
human biomarker validation

Kanno et al. [19]

Murine naive CD4+ cells
differentiated into helper
subsets, including iTregs

Proteogenomics (RNA-seq
and LC-MS/MS)

Mapped
differentiation-associated
protein and transcript
programs

Level 4: preclinical
differentiation model;
species and in vitro context
limit human claims

Level 3 moving toward

Human blood-derived Quantitative proteomics Defined signaling Level 2: human discovery
Cuadrado et al. [14] Treg and conventional with transcriptomic and adaptations that protect with mechanistic support;

CD4+ subsets functional interpretation Treg identity no diagnostic-accuracy

study

Human naive CD4+ cells Level 3: human in vitro

and CD25high cells from Time-resolved proteomics  Identified candidate discove;r and functional
Schmidt et al. [22] three healthy donors; and transcriptomics plus regulators of FOXP3 SCOVery T

L - - . . prioritization; limited

in vitro iTreg functional screening induction

differentiation

cohort size

Weerakoon et al. [13]

Sorted human blood Tregs
and conventional CD4+
cells from three healthy
donors

High-resolution
LC-MS/MS dataset with
targeted flow-cytometric
validation

Catalogued approximately
4000 proteins and
highlighted CD148

Level 3: useful discovery
resource; very small
healthy-donor cohort

Mensink et al. [12]

Human blood-derived
thymic Tregs,
TGF-beta-induced Tregs,
and Tconv cells

LC-MS/MS comparison of
purified populations

Demonstrated distinct
proteomic identities and
shared regulatory features

Level 3: primary human
discovery; donor number
and in vitro model constrain
generalization

Barcenilla et al. [15]

Autoantibody-positive
children at high risk of
type 1 diabetes and
age-matched controls

32-marker CyTOF cohort
study

Identified Treg and
NK-cell subsets associated
with disease risk

Level 3: human cohort
association; predefined
panel and no validated
diagnostic threshold

Bergsland et al. [17]

Human colorectal-cancer
tissue in two cohorts (total
1 =1720)

Multiplex fluorescence
immunohistochemistry
and digital spatial analysis

Linked CD25-defined
regulatory populations
and spatial context with
prognosis

Level 2/3: strong
tissue/prognostic evidence;
targeted imaging, not
unbiased proteomics

Opstelten et al. [23]

Human Treg
subsets

Integrated
proteomic/transcriptomic
analysis with flow,
functional, and TSDR
validation

Supported GPA33 as a
marker of stable human
Tregs

Level 2/3: orthogonally
validated human candidate;
broader clinical specificity
remains unproven

Sendergaard et al. [16]

Human PBMC-based Treg
suppression system

52-marker CyTOF
single-cell suppression
profiling

Connected
high-dimensional
phenotype with
suppressive behavior

Level 2/3: direct functional
evidence; platform
complexity and clinical
validation remain limiting

4.2. Tissue-Specific Signatures and Limits of Cross-Tissue Panels

Peripheral-blood and tissue-resident Tregs should not be treated as interchangeable.

Human tumor Tregs display distinct BATF- and CCR8-associated programs [27,38,39].
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Human blood Tregs can acquire non-lymphoid tissue-resident features after TNFR2
costimulation [47], whereas BATF-dependent precursor programs are supported predom-
inantly by preclinical tissue-Treg studies [48]. CNS-associated and synovial regulatory
populations introduce additional compartment-specific biology [49,50].

A panel developed in blood may be appropriate for immune monitoring but fail to rep-
resent atherosclerotic lesions, synovium, CNS-associated inflammation, or a tumor microen-
vironment. Atherosclerotic Tregs can undergo stability and plasticity changes [41,51,52].
Synovial Tregs vary by joint compartment [50]. CNS/ Alzheimer studies describe disease-
or stage-dependent regulatory states [49,53,54]. In tumors, spatial arrangement [17],
BATF programs [27], metabolic adaptation [42], and treatment [46] can reshape the
protein phenotype.

Tissue source should therefore be part of the biomarker definition. Reports should
specify whether a signature was derived from peripheral blood, an ex vivo sorted popula-
tion, an in vitro differentiated population, inflamed tissue, or tumor, and whether it was
reproduced in a second compartment or cohort (Table 3).

Table 3. Marker classes, intended use, and evidence status.

Marker Group Primary Intended Use SE‘I:iI:;::l:;g Current Status Main Limitation
. . Activation overlap;
Identification/enrichment Flow cytometry; Level 1 for intracellular FOXP3: no
FOXP3, CD25, CD127 and lineage functional and phenotyping; not direct potenc !
interpretation epigenetic comparators  sufficient singly P Y
measurement

CTLA-4, ICOS, TIGIT,
GITR, PD-1/PD-L1

Functional state and
treatment-context
interpretation

Flow cytometry, CyTOF,
functional immunology

Level 2,
context-dependent

Also expressed outside
Tregs; activation and
chronic stimulation
confound abundance

CCR4, CCR7, CCR8
and related receptors

Trafficking, tissue
homing, and tumor
infiltration

Cytometry, tissue
studies, spatial analysis

Level 2/3,
tissue-specific

Performance depends
on compartment,
disease, and
co-markers

GPA33, RLTPR, Discovery, subset LC-MS/MS, Mostly Level 3; Limited independent
TRIM22, CD36 and stability, and metabolic multi-omics, targeted uneven across cohorts and diagnostic-
pathway proteins adaptation validation candidates performance data
Themis1 and selected . Murine proteomics and Preclinical evidence
. . . Mechanistic . should not be
differentiation- . . proteogenomics; Level 4 .
. interpretation . presented as direct
pathway signals functional models o
human validation
Not a protein marker;
FOXP3 TSDR (‘Zomplemen.tzjlry . . Level 1 cannot replace
. lineage-stability Epigenetic assay complementary functional or
demethylation . .
assessment evidence tissue-context

assessment

Spatial context can reverse simple interpretations. In colorectal cancer, multiplex
spatial analysis linked CD25-expressing regulatory populations with outcome [17]. In lung
cancer, CCR8+ Tregs were linked to suppressive function and cytotoxic T-cell context [40].
Across tumors, the ratio and proximity of regulatory, cytotoxic, myeloid, and stromal
cells may be more informative than a Treg marker alone. Broad lung-cancer immune-
microenvironment signatures are retained as outcome context, not as separable Treg protein
evidence [55].
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5. Detailed Evidence Map of Treg Markers
5.1. Core Phenotyping Markers: CD25 and CD127

CD25, the alpha chain of the high-affinity IL-2 receptor, is among the most established
protein-level markers for identifying and enriching human Tregs at the phenotyping level.
Its biological relevance reflects the dependence of Tregs on exogenous IL-2 for maintenance
and suppressive fitness [1,10]. However, CD25 is induced on activated conventional
T cells and is not Treg-exclusive [7,21]. It is an established phenotyping component,
not an independent diagnostic marker. CD25 is also being developed as a therapeutic
target in oncology, but therapeutic tractability does not establish Treg-specific diagnostic
performance [56].

Low CD127, the alpha chain of the IL-7 receptor, is commonly combined with high
CD25 to enrich viable human Tregs. The inverse association between CD127 and FOXP3,
together with functional suppression data, supports its value as a surface surrogate [8].
CD127low does not itself measure suppressive potency, TSDR demethylation, FOXP3
stability, or disease-specific function [8,9].

Clinical and translational reports should describe CD25/CD127/FOXP3 combinations
as enrichment or phenotyping panels unless functional or outcome data justify a stronger
claim. Performance depends on gating, sample handling, activation state, tissue, and
whether intracellular staining is feasible.

5.2. Transcriptional Regulators: FOXP3, Helios, Eos, and BATF

FOXP3 is central to Treg biology and controls a broad regulatory network; genetic
defects and structural studies establish its mechanistic importance [24,57]. In humans,
activated conventional CD4+ T cells can transiently express FOXP3, and human FOXP3+
populations include both suppressive and non-suppressive subsets [6,7]. FOXP3 is intracel-
lular and comprises isoforms and post-translational states that are not captured by total
abundance [58-60]. FOXP3 alone is therefore neither a complete functional assay nor a
universal clinical marker.

Helios can support interpretation of Treg stability or developmental history, but it is
a marker rather than an invariant driver of human Treg identity [25,44]. Human disease
studies show that Helios and related Ikaros-family signals can vary with inflammatory
context and TSDR status [26,61]. Helios should therefore not be used as a universal marker
of thymic origin. A broader review of Helios co-expression across human diseases is
retained as synthesis evidence and does not supersede direct human stability studies [62].

Eos and BATF illustrate the value of intracellular regulatory proteins. Eos belongs to
the Ikaros-family program implicated in human Treg dysregulation [26]. BATF contributes
to Treg homeostasis and tissue adaptation in preclinical systems [48,63] and controls the
activation program of human tumor Tregs [27]. Their mechanistic relevance does not
automatically make them practical surface biomarkers. A recent BATF review provides
broader immune-differentiation and autoimmune context, whereas the Treg-specific claims
in this review remain anchored to primary studies [64].

The strongest interpretation combines FOXP3 with phenotypic, epigenetic, functional,
and tissue information. FOXP3 isoform composition can affect regulatory stability [59,65].
Post-translational modifications modulate suppressive activity [58]. Dynamic chromatin
interaction can alter function without a simple relationship to total protein signal [24,60].
TSDR demethylation provides a complementary lineage-stability measure [9].

5.3. Suppressive and Co-Regulatory Receptor Module

ICOS defines functionally distinct human FOXP3+ Treg subsets in thymus and blood;
ICOS+ cells show an IL-10-associated suppressive program [66]. Across immune diseases,
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ICOS is best interpreted as an activation/suppression-state marker rather than a lineage-
specific diagnostic protein [67]. Its abundance may also reflect broader co-stimulation or treat-
ment effects. Distinct ICOS and CD28 transcriptional programs in conventional naive human
CD4+ T cells show that ICOS biology extends beyond Tregs [68]. Preclinical mucosal work
demonstrates cooperation between ICOSL and IL-10 in host-microbiota mutualism [69].
Human and murine rheumatoid-arthritis data identify pathogenic ICOSL+ B-cell states,
underscoring that ligand abundance is not a Treg-specific readout [70]. Pan-cancer ICOS as-
sociations are retained as bulk-tissue context rather than evidence of a Treg biomarker [71].
Breast-cancer transcriptomic analyses likewise cannot be equated directly with ICOS pro-
tein abundance on Tregs [72]. Oncology outcome analyses of ICOS and ICOSL provide
clinical context but have limited cell-source attribution [73].

CTLA-4 is among the best-supported functional mediators of Treg suppression. It com-
petes with CD28 for CD80/CD86 and can deplete these ligands from antigen-presenting
cells, thereby modifying co-stimulation and PD-L1 availability [28,29,74]. In human can-
cer, CTLA-4 is a therapeutically relevant Treg pathway [75], while SLE data show that
expression can vary with disease activity and induced-Treg phenotype [45]. Because CTLA-
4 is also induced in activated non-Treg cells and traffics dynamically, it is a functional
module rather than a stand-alone identifier. Treatment-associated CTLA-4 and PD-L1
changes in relapsing-remitting multiple sclerosis further illustrate medication and disease
dependence [76]. A breast-cancer review is retained for tumor-level CTLA-4 context, not
for Treg-specific diagnostic validation [77].

TIGIT identifies a functionally distinct Treg subset capable of preferentially suppress-
ing Th1 and Th17 responses, although the supporting study included substantial preclinical
work alongside human assays [78]. In chronic liver disease, TIGIT can have divergent roles
in regulatory and effector compartments [79]. Tumor-targeting studies further emphasize
context dependence [80]. TIGIT should therefore be interpreted with CD226, activation
markers, tissue source, and treatment context. TIGIT-knockout tumor models provide
additional preclinical therapeutic evidence but do not validate a human Treg marker [81].

GITR influences both Tregs and effector T cells. Autoimmune literature supports
context-dependent GITR/GITRL signaling [82], gastrointestinal tumor studies show diver-
gent multicellular responses to GITR/TIGIT intervention [80], and atherosclerosis work
combines mouse mechanism with human plaque associations [51]. Increased GITR may
therefore indicate activation or tissue adaptation as well as regulation; the cell type and
clinical endpoint must be specified. A liver-disease and hepatocellular-carcinoma review
adds organ-specific GITR/GITRL context but not diagnostic qualification [83].

The PD-1/PD-L1 axis contributes to Treg development and function in cancer-related
contexts [84] and sits within a broader signaling network shaped by chronic antigen
exposure [85]. PD-L1 can increase with cellular senescence and aging [86], while ovarian-
cancer data show that the tumor microenvironment can promote effector Treg differentia-
tion and resistance to PD-1 blockade [46]. Treg-directed strategies in PD-1/PD-L1 therapy
remain context-dependent [87]. PD-1-related abundance can reflect activated or exhaustion-
like states across multiple T-cell populations. The PD-1 interactome literature is retained to
show pathway complexity and should not be read as Treg-specific marker evidence [88].

5.4. Chemokine Receptors and Tissue-Homing Signatures

Chemokine receptors link Treg phenotype to location. CCR4, CCR7, and CCR8 have di-
rect human tumor or migration evidence [35,37,40]. CCR2, CCR5, CCR6, CXCR3, and CXCR4
are better treated as contextual trafficking markers drawn from broader surface-marker and
plasticity literature [21,41]. These associations are conditional rather than absolute.
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CCR4 participates in tumor recruitment through CCL17/CCL22-related pathways and
can be driven by a FOXP3/HAT1 program in breast cancer [35]. Its therapeutic relevance
has been reviewed across cancers [36]. CCR7 supports lymphoid trafficking and has been
linked directly to Treg migration and prognosis in gastric cancer [37]. Neither receptor is
Treg-exclusive. Bulk head-and-neck cancer analyses link CCR4 with prognosis and immune
infiltration, but they do not isolate the Treg-derived signal [89].

Transcriptomic studies of human breast and colorectal tumors identified CCR8-
enriched tumor-Treg programs [38,39]. In human lung cancer, CCR8 protein marked highly
activated Tregs and was linked to suppression of cytotoxic T-cell function and clinical
outcome [40]. This supports CCRS as a tissue-context and therapeutic-target candidate, not
as a universal circulating Treg marker.

A chemokine-receptor panel should always report sample compartment, inflammatory
stage, co-expression with lineage markers, and clinical endpoint. A CCR4-rich tumor
signature and a CCR7-rich circulating phenotype represent different biological questions.

5.5. Proteomics-Derived Candidates and Pathway-Level Markers

Human LC-MS/MS studies have revealed coordinated differences in TCR signaling,
metabolic adaptation, lysosomal and catabolic proteins, ferritin chains, and pathways
that protect cellular identity [12,14,22]. Weerakoon et al. provide an openly available
high-resolution human Treg proteomic dataset that can support reanalysis and candidate
testing [13]. These results are strongest as pathway-level evidence because the specificity
and diagnostic performance of many individual proteins remain unknown.

Cuadrado et al. reported candidate groups including GK, UGP2, SHMT2, FTH1,
FTL, ASAH1, GGH, GUSB, SGSH, and PLBD2 in human Treg proteomic analyses [14].
Mensink et al. and Schmidt et al. provide complementary differentiation- and pathway-
level signatures [12,22]. Their utility is to define coordinated biological states for testing in
independent cohorts, not to support single-protein clinical claims.

GPA33 has comparatively strong human support. Integrated proteomic, transcrip-
tomic, flow-cytometric, functional, and TSDR analyses identified GPA33-positive pop-
ulations with stable regulatory features [23]. Nevertheless, clinical specificity, reference
intervals, and prospective utility remain to be established.

Themis]1 requires a different evidential label. Duguet et al. identified Themis1-related
differences by murine Treg proteomics and validated suppressive mechanisms in mouse
models [18]. This is high-value preclinical evidence, reinforced by broader THEMIS
biology [43], but direct replication in primary human Tregs is insufficient for classification
as a core human phenotyping marker.

RLTPR and TRIM22 emerged within human proteomic/transcriptomic analyses as
candidate regulators or discriminators [14,22]. CD36 has direct mechanistic support for
metabolic adaptation and suppressive fitness of intratumoral Tregs, but the strongest causal
evidence is preclinical with supporting human expression data [42]. These candidates are
not equally mature and should be reported individually with species and validation status.

Destabilization and transition signals are also informative. Human proteomic work im-
plicates STAT4- and NFATC2-associated changes in protection or loss of Treg identity [14,22].
ITK-dependent balancing of Th17 and Treg differentiation is supported predominantly
by mechanistic preclinical data [90], as are several findings from murine Treg proteomics
and differentiation studies [18,19]. At the current evidence level, the most appropriate
translational models will probably combine practical surface phenotyping with validated
pathway scores, tissue context, and a functional endpoint. A broad JAK/STAT review
is retained for pathway nomenclature and disease context, not as direct Treg biomarker
validation [91].
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6. Aging and Age-Associated Diseases

Aging should be treated as an interpretive variable, not as a label applied to every dis-
ease common in older adults. Age-related immune remodeling can change Treg abundance,
activation, suppressive function, metabolism, and tissue distribution. Inflammaging may
increase the need for regulation, while immunosenescence can make the same suppressive
program detrimental to infection or tumor surveillance [4,5,11]. Age-stratified analyses in
head-and-neck cancer show that T-cell and Treg phenotypes can vary with age within a
specific malignancy, reinforcing the need to avoid generalization to healthy aging [92].

Cardiovascular disease and atherosclerosis illustrate context dependence. Treg subsets
can restrain vascular inflammation, while instability and conversion toward Th1-, Th17-, or
Tth-like programs may be more informative than total frequency [41,52]. CTLA-4, GITR,
chemokine receptors, and transition markers should therefore be treated as components of
a plaque-related immunoregulatory signature, not independent cardiovascular diagnostics.
A recent cardiovascular checkpoint review adds broader clinical context while the Treg-
specific interpretation remains anchored to focused atherosclerosis studies [93].

The GITR study in atherosclerosis is especially instructive because it combined mouse
mechanism with associations in human plaque and cerebrovascular events [51]. Such
mixed-species evidence is translationally valuable but should not be summarized as direct
validation of a Treg-specific human blood test.

Diabetes and metabolic disease involve coupled regulatory and effector remodel-
ing. A meta-analysis documents shifts in Treg/Th17 frequencies and IL-17/IL-10 in type
2 diabetes [94], while human prediabetes data link Treg function to effector inflamma-
tion [95]. Low-dose IL-2 and adoptive Treg studies address therapeutic modulation in
type 1 diabetes [96]. Broader synthesis places these findings within Th17/Treg imbalance
across metabolic disease [97]. CyTOF has identified immune subsets associated with type 1
diabetes risk [15], but no standardized proteomic diagnostic panel has emerged. A general
diabetes/Treg review is retained for clinical synthesis but is not used as primary evidence
for a protein signature [98].

CD36 has direct mechanistic support in intratumoral Treg metabolic adaptation [42],
and broader Treg-metabolism literature places lipid handling within tumor immune
regulation [99]. It has not been validated as a prediabetes or diabetes biomarker. Human
metabolic cohorts should test it alongside cell identity, functional suppression, metabolic
status, age, and treatment.

Osteoarthritis evidence is predominantly genetic-association and tissue immunophe-
notyping rather than proteomic. Genetic evidence has linked CD25-related immune traits
with hip osteoarthritis [100], while tissue studies show that Treg infiltration and phenotype
vary with pain, disability, and compartment [50]. Claims about an osteoarthritis protein
signature remain exploratory.

In neurodegenerative disease, preclinical work supports roles for Tregs in CNS repair
and myelin regeneration [49], whereas a human Alzheimer disease study examined ex
vivo restoration of dysfunctional Tregs [53]. Human studies in mild cognitive impairment,
Alzheimer dementia, and multiple sclerosis report stage- and disease-dependent differences
in regulatory populations [54,101]. FOXP3, PD-1, CD73, and cytokine-related features are
candidate components of neuroimmune signatures, not established diagnostic biomarkers.

Cancer provides the most developed translational setting because tissue can be sam-
pled and linked with prognosis or treatment response. Human tumor Tregs exhibit BATF-
dependent activation and checkpoint-rich programs [27,46,75]. CCR4 contributes to tumor
recruitment [35,36]. CCR8-enriched states are supported by human breast, colorectal, and
lung-cancer studies [38—40]. CD36 supports metabolic adaptation of intratumoral Tregs [42].
Spatial studies further show that localization and neighboring immune cells can alter the
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prognostic meaning of Treg abundance [17,40]. A dedicated review of human FOXP3 in the
tumor microenvironment provides synthesis across tumor-cell and immune-cell sources,
requiring careful cell attribution [102]. NK-Treg cross-talk literature in hepatocellular
carcinoma illustrates the multicellular nature of tumor immune regulation [103].

Metabolic and hypoxia-related programs may support tumor Treg adaptation. Hu-
man expanded Tregs can acquire HIF1A-associated CD73 expression [30], and cancer-
metabolism studies implicate lipid utilization and CD36-dependent fitness [42,99]. These
are pathway components, not validated stand-alone diagnostics. A broader CD36 tumor-
microenvironment review provides pathway context, while Treg-specific causal interpreta-
tion remains anchored to the mechanistic study [42,104] (Figure 2).

Aging-specific evidence must be distinguished from evidence obtained only

in diseases that become more common with age.

Treg protein-level signature

Lineage + suppressive state
+ trafficking + metabolism
+ tissue source + age + treatment + disease stage

Evaluate the multidimensional signature separately in each context

Healthy aging / Cardiovascular Diabetes and

inflammaging

disease /

e e metabolic disease

Osteoarthritis and Cancer and tumor
neurodegeneration microenvironment

{

Report cohort age, tissue source, treatment, disease stage, analytical platform, and

intended use. ]

Figure 2. Interpretive framework for Treg protein-level signatures in aging and age-associated diseases.

The figure shows that a Treg protein-level signature is multidimensional (lineage,
suppressive state, trafficking, and metabolism) and must be interpreted together with
tissue source, age, treatment, and disease stage, then evaluated separately in each disease
context (healthy aging/inflammaging, cardiovascular disease/atherosclerosis, diabetes and
metabolic disease, osteoarthritis and neurodegeneration, and cancer/tumor microenviron-
ment). The top statement emphasizes that aging-specific evidence must be distinguished
from evidence obtained only in diseases that become more common with age.

Marker and signature origin: components should be interpreted according to how they
were generated, that is, proteomic discovery (LC-MS/MS or high-dimensional protein pro-
filing), targeted protein assay (flow cytometry, immunoassay, or immunohistochemistry),
spatial protein analysis (multiplex tissue imaging), or functional validation study (suppres-
sion or mechanistic assays). Most disease-context signatures currently combine targeted
protein assays with functional or spatial evidence, whereas pathway- and metabolism-
level features (for example, CD36-associated lipid metabolism) originate from proteomic
discovery with variable, and largely preclinical, mechanistic validation.
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Evidence categories follow the same Level 14 hierarchy defined in the text and in
Figure 1: Level 1, established human phenotyping or lineage evidence; Level 2, supported
human functional or tissue-context evidence with orthogonal validation but incomplete
specificity; Level 3, human discovery evidence without adequate independent diagnostic
validation; Level 4, preclinical or exploratory evidence. Across contexts, cancer currently
carries the strongest tissue-level and prognostic evidence (Level 2-3), whereas healthy
aging, cardiovascular and metabolic disease, osteoarthritis, and neurodegeneration remain
heterogeneous and mainly exploratory (predominantly Level 3-4).

The figure is an interpretive framework and does not imply that any marker or
signature has achieved routine diagnostic readiness. Cohort age, tissue source, treatment,
disease stage, analytical platform, and prespecified intended use should be reported so that
disease-associated findings are not overgeneralized to aging.

Across all conditions, studies must distinguish aging-specific evidence from disease-
specific evidence. A rigorous cohort report should include age distribution, sex, comorbidi-
ties, medication, tissue source, cell-isolation strategy, platform, disease stage, treatment
status, and a prespecified intended use. Without this information, conflicting findings can-
not be resolved and disease-associated markers may be overgeneralized to aging (Table 4).

Table 4. Disease-context interpretation of Treg signatures.

Representative

Context Signature Logic Interpretation Translational Status
Components
Age-dependent . P
. FOXP3/CD25/CD127,  Separate healthy aging  Research stratification;
Healthy remodeling of . iy . - . . .
. . . . checkpoint, trafficking,  from multimorbidity no routine diagnostic
aging/inflammaging abundance, stability,

and function

and metabolic modules

and treatment effects

panel

Regulatory stability CTLA-4, GITR, Mixed human and
Cardiovascular dis- and inflammatory chemokine receptors, preclinical evidence; Requires prospective
ease/atherosclerosis plasticity may affect Th1/Th17 transition tissue and disease stage human validation
plaque biology features matter
Cvtokine-related Candidate risk or
Diabetes/metabolic Th17/Treg and yro response signatures; Limited clinical
. . . proteins, CD36 and . . .
disease metabolic remodeling . not a validated protein-level evidence
suppressive modules di .
iagnosis
Blood and synovial CD25/CD127/FOXP3  Current evidence is
Osteoarthritis compartments can and functional-state mainly cytometric or Exploratory
diverge proteins tissue immunology
Perlpheral' regulation FOXP3, PD-1, CD73 Cohort, assay, and
. and neuroimmune . . . Exploratory and
Neurodegeneration . . and cytokine-related disease stage determine
interactions vary by o stage-dependent
features direction
stage
ggmorzsgiges rcr(:inﬁl;)i CTLA-4, PD-1, ICOS, igﬁizie‘{ﬂ?ped Prognostic/therapeutic
Cancer s EtFi)al and ,m et%ibolicy, TIGIT, CCR4/CCRS, tumor-s’ ocific and research; not universal
patial, BATE, CD36 P Treg diagnostic

states

spatially conditional

7. Translational Barriers and Clinical Readiness

Current evidence does not support routine clinical diagnosis based on a single Treg
protein or an unvalidated multi-marker score. Human proteomic studies are primarily
discovery or biological validation studies [12-14]. GPA33 and single-cell suppression pro-
filing illustrate orthogonal validation without complete diagnostic qualification [16,23].
Spatial outcome studies add clinical association but not standardized test performance [17].
Clinical implementation requires a defined intended use, standardized pre-analytics, re-
producible cell isolation, locked analytical protocols, reference materials, prespecified
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thresholds, sensitivity and specificity estimates, prospective validation, and evidence that
the result improves a clinical decision.

Biological heterogeneity is as important as technical variation. Tregs are rare, respon-
sive to handling and activation, and distributed differently across blood and tissues. A
signature may fail because the cell population, comparator, tissue, or clinical endpoint is
poorly defined even when the assay itself is precise.

Proteoform complexity adds another layer. FOXP3 isoforms can differ in functional
consequences [59,65]. Post-translational modifications regulate suppressive activity [58].
Dynamic chromatin interactions can alter function without proportional changes in to-
tal protein abundance [24,60]. Similar considerations apply to receptor signaling and
metabolic proteins.

Therapeutic target studies and diagnostic studies should not be conflated. CTLA-4,
TIGIT, and GITR are actionable or investigational immune-regulatory pathways in selected
cancer or autoimmune settings [75,80,82]. CCR4 and CCRS are tissue-directed therapeutic
candidates in cancer [36,40]. PD-1/PD-L1-directed strategies can alter Treg states without
making PD-1 a diagnostic Treg marker [84,87]. CD36 is a mechanistic tumor-Treg target
candidate [42]. Therapeutic relevance does not establish diagnostic specificity. Combined
ICOS costimulation and CTLA-4 blockade can remodel tumor-associated macrophages,
illustrating that therapeutic effects may be mediated across cell types [105].

Machine learning may integrate high-dimensional signatures, yet it cannot correct
weak cohort design, leakage between training and validation sets, batch effects, or an ill-
defined endpoint. Models should use interpretable features, independent external cohorts,
calibration, decision-curve analysis where appropriate, and transparent reporting before
clinical claims are made.

Operational Limitations of LC-MS/MS and CyTOF

LC-MS/MS results depend on cell purity, sample preparation, peptide recovery, in-
strument performance, missing-value handling, normalization, and quantification strategy.
Small differences in gating or activation can materially alter a rare-cell proteome. Cross-
laboratory translation will require reference samples, standardized operating procedures,
and external quality control.

CyTOF depends on antibody specificity, metal conjugation, panel design, signal nor-
malization, acquisition stability, and batch correction. Rare subsets require adequate event
counts, and computational clustering must be tested against transparent manual or super-
vised definitions.

A clinically usable assay would require a locked sample-to-result workflow, acceptable
turnaround time and cost, traceable calibration, predefined quality-control failure rules,
and validation in the population for which the result will be used.

8. Future Directions

The near-term priority is validation rather than continued accumulation of candidate
names. Human studies should compare a prespecified set of signatures across indepen-
dent cohorts, age groups, tissues, and platforms, while reporting reproducibility and
functional correlation.

A clinically informative study design would combine an analytically practical en-
richment panel with an orthogonal lineage measure, a protein pathway score, and a direct
or surrogate functional endpoint. This would test whether proteomics-derived information
improves in conventional phenotyping rather than merely correlating with it.
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Longitudinal and treatment-aware cohorts are needed to distinguish stable traits from
transient activation. Serial sampling can clarify whether a signature predicts progression,
responds to therapy, or simply reflects current inflammation.

Spatial and functional single-cell protein methods should be prioritized for tissue-resident
Tregs. Spatial studies can link Treg markers with cellular neighborhoods and outcome [17],
while human blood-to-tissue differentiation models clarify tissue adaptation [47]. Func-
tional single-cell suppression profiling directly connects phenotype with suppressive
behavior [16], and CCR8-focused tumor studies illustrate how protein state, tissue context,
and effector-cell interaction can converge [40].

Human and animal evidence should be connected through explicit translational steps.
Candidates emerging from murine proteomics, such as Themisl-related pathways, should
first be confirmed in primary human Tregs, then tested across tissues and diseases, and
only afterward evaluated for analytical and clinical performance [18,19].

Finally, dynamic Th17/Treg and stability transitions should be studied as integrated
immunoproteomic processes. Metabolic-disease evidence supports coordinated changes
in Treg/Th17 balance and effector inflammation [94,95,97]. ITK-dependent differentiation
and murine proteogenomic studies identify candidate transition pathways [19,90], while
atherosclerosis literature highlights the importance of Treg stability and plasticity [41].
STAT-, NFAT-, SMAD-, and ROR-related signals require longitudinal human protein data
and functional assays rather than isolated expression measurements.

9. Conclusions

Human Treg identification is a multi-layer problem. CD25high/CD127low /FOXP3-
based panels are useful for enrichment and phenotyping, but lineage stability, suppressive
state, tissue localization, and clinical use require additional evidence. FOXP3 remains
biologically central but is not a stand-alone clinical gold standard.

Protein-level and proteomics-supported technologies have shifted the field from iso-
lated markers toward platform-aware signatures that integrate lineage, signaling, suppres-
sion, trafficking, metabolism, and tissue context. The evidence is strongest when primary
human protein data converge with functional, epigenetic, spatial, and independent cohort
validation. Murine proteomics should be labeled as preclinical mechanism rather than
direct human biomarker evidence.

At present, Treg immunoproteomics is a strong discovery and research-stratification
framework, not a standardized clinical diagnostic approach. No currently available protein
marker or multi-marker Treg signature has yet achieved sufficient analytical and clinical
validation for routine diagnostic implementation. Progress depends on study-level evi-
dence reporting, precise intended-use definitions, harmonized workflows, independent
prospective validation, and separation of aging-specific biology from disease-associated
immune remodeling.
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Abbreviations

The following abbreviations are used in this manuscript:

APC Antigen-presenting cells

BATF Basic leucine zipper transcription factor ATF-like
CTLA-4 Cytotoxic T lymphocyte antigen 4

FOXP3  Forkhead box protein 3

GITR Glucocorticoid-induced tumor necrosis factor receptor (TNFR)-related protein
ICOS Inducible T cell co-stimulator
IL Interleukin

iTregs TGEF-p-induced Tregs

MHC Major histocompatibility complex
NF-kB  Nuclear factor kappa B

NFAT Nuclear factor of activated T cells
NK Natural killer cells

OA Osteoarthritis

PD-L1 Programmed death ligand 1
pTregs Peripherally induced Tregs

RA Rheumatoid arthritis
TCR T cell receptor
Teff Effector T cells
Tconv Conventional T cells

TIGIT T cell immunoreceptor with Ig and ITIM domains
sTME Tumor microenvironment

Tregs Regulatory T cells

tTregs Thymus-derived Tregs
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