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Abstract: Patients with diabetes frequently face challenges associated with impaired wound healing, which is a serious clinical
concern. Regulatory T cells (Tregs) are essential immune modulators that are integral to wound healing. While research is increasingly
examining alterations in Tregs and their potential impacts on diabetic wound healing, a comprehensive review is lacking. This review
employs a narrative approach to summarize the current knowledge regarding the mechanisms by which Tregs influence wound healing
in diabetes, focusing on their impact on inflammatory responses, cellular regeneration, and angiogenesis. Furthermore, we investigated
the potential therapeutic applications of Tregs in diabetic wound healing, highlighting recent advances in biomaterials, molecular
pathways, and regulatory strategies targeting Tregs. Despite challenges such as cell acquisition and quality control, as well as risks like
immunosuppression and infection, advancements in clinical studies indicate that Tregs could be a promising new treatment for
diabetes. This review aims to provide novel insights and directions by analyzing the most recent literature on future therapeutic
strategies for managing diabetic wounds.
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Introduction

Diabetes mellitus, a chronic metabolic disorder characterized by persistent hyperglycemia, is associated with numerous
complications, including impaired wound healing."* This impairment is particularly evident in patients with diabetes, in
whom the healing of skin injuries, such as diabetic foot ulcers (DFU), is frequently severely compromised.** The
immune system is integral to wound healing, and regulatory T cells (Tregs) are pivotal in modulating inflammation and
facilitating tissue repair. Tregs, a specialized subset of T cells, are essential for maintaining immune homeostasis and
preventing excessive inflammatory responses, both of which are critical for effective wound healing.

Recent research suggests that Tregs play a complex role in wound healing, with particular emphasis on their function
in diabetic contexts. Tregs are instrumental in modulating immune responses by suppressing pro-inflammatory activities,
while promoting angiogenesis and tissue regeneration by secreting various cytokines and growth factors.*® Additionally,
Tregs play a pivotal role in orchestrating the recruitment and activation of other immune cells, such as macrophages and
neutrophils, which are essential for effective wound healing.” Tregs in the wound microenvironment are correlated with
enhanced healing outcomes because they contribute to the regulation of the inflammatory response and facilitate the
transition from the inflammatory phase to the proliferative phase of wound healing.®’

Treg cell functionality and stability may be compromised in diabetic wounds. Hyperglycemia and chronic inflamma-
tion can lead to Treg dysfunction, characterized by reduced numbers and impaired suppressive capabilities. This
dysregulation contributes to the persistent inflammatory state observed in diabetic wounds, thereby impeding
healing.'®!" Understanding the mechanisms by which Tregs influence wound healing in diabetes is essential for
developing targeted therapeutic strategies to enhance Treg function or restore their numbers. This review aimed to

https://doi.org/10.2147/JIR.S594673 Journal of Inflammation Research 2026:19 594673 |
Received: 14 January 2026 © 2026 Lin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 9 May 2026 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Published: 22 May 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0006-3592-6059
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Lin et al

elucidate the role of Tregs in diabetes-related wound healing by exploring their mechanisms of action and potential
therapeutic implications for improving outcomes in patients with diabetes. By addressing the interplay between Tregs and
wound healing, we can gain a better understanding of how to mitigate the complications associated with diabetes and
enhance healing in affected individuals.

Main Body

Basic Characteristics and Functions of Tregs

Tregs are a specialized subset of T lymphocytes that are pivotal in sustaining immune homeostasis and tolerance, thereby
averting the onset of autoimmune diseases and mitigating excessive inflammatory responses.'? Tregs are distinguished by
the expression of specific markers, notably CD4, CD25, and the transcription factor forkhead box p3 (Foxp3), which is
indispensable for their development and functional activity.'*'* Beyond their fundamental role in maintaining immune
tolerance, Tregs are actively engaged in modulating immune responses during infectious processes and in oncological
contexts, where they may either suppress inflammation or facilitate tumor progression, contingent upon the prevailing
microenvironmental conditions.'*

Classification and Markers of Tregs

Tregs are classified into two types: thymus-derived (tTregs) and peripherally induced (pTregs) (Figure 1). tTregs develop
in the thymus via a two-step process involving high-affinity self-antigen presentation and maturation aided by cytokines,
including IL-2, IL-15, and transforming growth factor-beta (TGF-P)."*> In contrast, pTregs are formed in peripheral
lymphoid tissues in response to environmental antigens, with their differentiation influenced by TGF-p, retinoic acid, and
microbial metabolites, such as short-chain fatty acids. Tregs exhibit phenotypic plasticity, enabling them to maintain
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Figure | Classification, phenotypes, function, and characteristics of Tregs in the immune response. Naive CD4" T cells differentiate into Tregs or effector T cells. Naive
CD4" T cells and nTregs are selected in the thymus. In peripheral tissues, naive CD4" T cells can differentiate into Thl, Th2, Th17, or iTregs, each with distinct immune
functions. Cytokines regulate these differentiation pathways, requiring specific transcription factors: T-bet for Thl, GATA3 for Th2, RORyt for Th17, and Foxp3 for Tregs.
Abbreviations: APC, antigen-presenting cell; BCL-6, B-cell lymphoma 6; CD, cluster of differentiation; Endo-Ag, endogenous antigen; Exo-Ag, exogenous antigen; Foxp3,
Forkhead box p3; GATA-3, GATA-binding factor 3; GVHD, graft-versus-host disease; ICOS, inducible T Cell costimulator; IL, interleukin; iTreg, induced Treg; MHC, major
histocompatibility complex; nTreg, natural Treg; RA, retinoic acid; RORyt, retinoid-related orphan receptor y; Runx3, runt-related transcription factor 3; T-bet, T box
transcription factor; TCR, T cell receptor; Tth, follicular helper T cells; TGF-f, transforming growth factor-f; Th, T helper cell.
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immunosuppressive functions across diverse inflammatory environments. These cells express the signature transcription
factor Foxp3,'® and co-express T-box transcription factor (T-bet), GATA-binding factor 3 (GATA-3), B-cell lymphoma 6
(BCL6), and retinoid-related orphan receptor y (RORyt), which are crucial for T helper 1 (Thl), Th2, T follicular helper
(Tfh), and Th17 cell differentiation.'” This co-expression enables Tregs to suppress specific subsets of overactive CD4"
Th cells, ensuring precise immune regulation. Modulating Foxp3 can alter Treg functions; for example, mitogen-
activated protein kinase kinase kinase kinase 3 (MAP4K3) can reduce Foxp3 expression by phosphorylating inhibitor
of nuclear factor kappa-B kinase subunit beta (IKK), thereby inhibiting Treg differentiation.'® Inhibiting Foxp3 using
hydrocarbon-stapled alpha-helical peptide inhibitors effectively suppresses Treg function. Tregs express CD4 and CD25,
as well as Foxp3, which aid in their differentiation and peripheral induction, crucial for maintaining tolerance and
preventing autoimmune diseases.'® Tregs also express cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and
programmed cell death protein-1, important for their regulatory roles.”’ tTregs have a stable phenotype, while pTregs
are less stable due to inflammatory, epigenetic, and metabolic influences.”’ Inflammatory cytokines, such as IL-6, can
destabilize Foxp3 expression, causing pTregs to lose Foxp3 and gain effector functions.”> The DNA methylation status of
the Foxp3 gene, especially in conserved non-coding sequences 2 (CNS2), is crucial for its expression stability;
hypomethylation supports expression, while hypermethylation can silence it.>* Treg markers vary over time and location,
and their presence in tissues has been detected using flow cytometry and immunohistochemistry, which has aided
research on conditions, such as autoimmune diseases and cancer.”*

Tregs in Immune Regulation

Tregs are crucial for immune balance by suppressing immune responses via CTLA-4-mediated inhibition of antigen-
presenting cells (APC), IL-2 consumption, release of regulatory cytokines and metabolites, and direct suppression of
effector cells.”

Tregs influence dendritic cells (DCs) via direct contact, cytokines, and exosomes.”® Tregs hinder the antigen-
presenting ability of DC, primarily via the CTLA-4 receptor on Tregs.”” CTLA-4 signaling, especially in double negative
(DN) Tregs, reduces CD80/CD86 on DCs.”® However, the exact mechanisms are complex and poorly understood.
Studies in mice have revealed that blocking CTLA-4 negates the suppressive effects of Tregs in inflammatory bowel
disease, autoimmune gastritis, and transplant rejection.”” Tregs also decrease nuclear factor kappa B (NF-kB)-related
gene expression and increase wnt family member 5a (Wnt5a) in DCs, impairing their maturation and antigen
presentation.>® Additionally, Tregs regulate DCs through cytotoxic mechanisms. DN Tregs can target and eliminate
antigen-loaded DCs via the Fas-FasL pathway.*®

Tregs suppress other immune cells and induce apoptosis by secreting anti-inflammatory cytokines, including IL-10,
TGF-B,>' and IL-35, and producing cytolytic enzymes, including granzyme and perforin.**>* They inhibit pro-
inflammatory cytokine secretion by effector T cells, thereby preventing autoimmunity.** Additionally, studies have
demonstrated that Tregs can inhibit CD4" T cell activation and proliferation via direct and indirect contact.>> They compete
for IL-2 by expressing high levels of IL-2 receptors, thereby restricting its availability and limiting effector T cell
expansion.>® When co-cultured with APC and antigen-specific responder T cells, Tregs suppress responder cell prolifera-
tion and decrease IL-2 production. Tregs also promote macrophage polarization toward an anti-inflammatory M2 pheno-
type for tissue repair.>’ After co-culture with Tregs, monocytes exhibit M2 macrophage traits, such as increased CD206 and
CD163 expression, and reduced pro-inflammatory responses, including lower IL-6 and TNF-f§ production and decreased
NF-kB activation.”® In vitro-expanded Tregs promote a tolerogenic phenotype in monocytes, boost IL-10 production in
macrophages by secreting IL-13, and activate the Vavl-Rac1 pathway to enhance phagocytosis and reduce inflammation.>®

Neutrophil dysfunction may cause prolonged inflammation and autoimmune diseases.*® Tregs interact with neutro-
phils to reduce granulocyte infiltration by lowering chemokine expression. In vitro, Tregs co-cultured with neutrophils
increase IL-10 and TGF-B1 production, which are linked to immunosuppression.*' Tregs also boost heme oxygenase-1
and indoleamine 2,3-dioxygenase expression, which play crucial roles in innate immune responses.*' According to
Mathur et al, Treg cells enhance wound healing by guiding hair follicle stem cells (HFSCs) to become epithelial cells,
reducing the release of the neutrophil chemoattractant C-X-C motif chemokine ligand 5 (CXCL5) by the injured
epithelium, and preventing neutrophils from being drawn to the wound.** Interestingly, research by Luan et al shows
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that migrating HFSCs activate immune regulatory programs, including CD80, MHCII, and CXCLS, which attract pTregs
to the wound site. This reduces neutrophil infiltration and inflammation, thereby promoting healing. These findings
appear to complement the research by Mathur et al, suggesting that the interaction between Tregs and HFSCs establishes
a mutually reinforcing positive feedback loop, collectively sustaining the reduction of wound inflammation and promot-
ing epithelialization.*

Tregs help resolve inflammation and tissue repair by modulating the immune response in chronic inflammatory and
autoimmune diseases.***> However, they promote tumor growth by creating an immunosuppressive environment that
hinders anti-tumor immunity.*® Tregs facilitate the progression of colorectal cancer, hepatocellular carcinoma, and triple-
negative breast cancer (TNBC). In a liver tumor mouse model, changes in diacylglycerol O-acyltransferase 1 (DGAT1)
and DGAT?2 levels enhanced Treg recruitment and tumor progression.’” In TNBC, Tregs infiltrate the tumor micro-
environment, promoting tumor growth and metastasis via immunosuppression.*® Thus, Treg cells act as a “double-edged
sword”, with their balanced immunoregulatory functions crucially impacting immune disorders, such as tumors and
autoimmune diseases.*® Understanding their dual role in tolerance and tumor growth is vital for developing therapies to
manipulate their function, especially in cancer immunotherapy.

Pathophysiology of Diabetic Wounds

Diabetes mellitus impairs wound healing by disrupting hemostasis, inflammation, proliferation, and remodeling, leading
to chronic wounds and an increased risk of infections and amputations.*” This is caused by altered cellular responses,
impaired angiogenesis, and dysfunctional immune responses,”® with treatment-resistant biofilms further complicating the
management of diabetic wounds.>'>

Diabetic wounds suffer from poor angiogenesis, neuropathy, and chronic inflammation due to high blood sugar levels,
which cause the accumulation of advanced glycation end products (AGEs).>*>*>* These AGEs increase reactive oxygen
species (ROS) and nitrogen species (RNS),>> which damage endothelial cells and reduce blood flow and oxygenation to
wounds.’®® Excessive ROS or RNS levels perpetuate tissue damage and inflammation.’® In diabetes, pathways, such as
hexosamine®® and AGEs,®' elevate mitochondrial ROS production, causing oxidative stress and impaired antioxidant
defenses, thereby delaying healing. High ROS levels disrupt collagen synthesis and re-epithelialization, and degrade the
extracellular matrix and growth factors, exacerbating inflammation.®* Vascular defects cause hypoxia, increase ROS
levels, and promote protein degradation, which damages the extracellular matrix and hinders wound healing.®® In the
proliferation phase, fibroblasts in a hyperglycemic environment exhibit reduced growth and movement, resulting in less
granulation tissue and slower wound contraction, delaying healing, and increasing complication risks.®* Oxidative stress
also worsens neuropathy, and diabetic neuropathy can cause loss of sensation, increasing the risk of unnoticed injuries.®
The impact of ROS further extends to immune regulation. ROS negatively affects Treg proliferation and function.
Research shows that oxidative stress from trauma increases the inhibitory protein guanine nucleotide-binding protein o
subunit 3 (Gai3) in Tregs, reducing key proliferation proteins and hindering Treg expansion.®® In chronic inflammation,
ROS impairs Treg function, promoting inflammation and tissue damage.®’ In diabetic wound healing, reducing ROS
enhances Treg accumulation, fostering a regenerative immune environment and speeding up healing.®® Thus, removing
excess ROS is crucial for restoring Treg recruitment and function, balancing inflammation and repair.

Hyperglycemia constricts capillaries near wounds, reducing nutrient and oxygen delivery. High glucose levels lower
angiogenic factors, such as vascular endothelial growth factor (VEGF), and impair endothelial cells, resulting in poor
blood flow.®”"" Glycosylated hemoglobin and altered red blood cell membranes exacerbate oxygen and nutrient
deficiency, thereby disrupting macrophage function. This causes abnormal apoptosis of fibroblasts and keratinocytes,
as well as excessive release of pro-inflammatory cytokines,”? which attracts more macrophages and perpetuates the
inflammatory state of the wound.”>’* Macrophages in diabetic wounds produce excessive cytokines, including tumor
necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-1p), delaying recovery.'®’> Chronic inflammation in patients
with diabetes is characterized by excessive pro-inflammatory cytokine production, which hinders healing by prolonging
the inflammatory response. This imbalance hampers pathogen clearance and tissue repair, complicating wound healing
and increasing the risk of infection.”® Taken together, chronic inflammation and poor blood flow represent intertwined
obstacles to diabetic wound healing. Functional Tregs, with their anti-inflammatory and immune-regulating abilities, help
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by reducing inflammation and converting macrophages from the inflammatory M1 type to the healing M2 type. They also
promote angiogenesis, improving the microenvironment for tissue regeneration, thus potentially tackling the prolonged
inflammation and impaired angiogenesis in diabetic wounds.

The wound’s pH plays a crucial role in wound healing, especially in diabetic wounds, by affecting cellular
functions.”” Normal skin pH is slightly acidic, whereas chronic wounds become more alkaline due to microvascular
leakage, leading to increased inflammation, delayed healing, and a higher risk of infection.”®”® Significant advancements
have been achieved in developing pH-responsive hydrogels and controlled-release nanoplatforms tailored to the alkaline
microenvironment of diabetic wounds.””** These materials help regulate wound pH and enhance Treg recruitment to
accelerate healing, but the causal relationship between these effects has not been explored in these studies. Given that the
recruitment, stability, and suppressive function of Tregs are known to be highly sensitive to metabolic cues within their
microenvironment,®' the pH-driven alteration of the wound immune landscape presents a plausible yet unexplored
regulatory axis. However, no studies have demonstrated an interaction between wound pH and Tregs, indicating a need
for further research.

Tregs in Wound Healing
Chronic wounds, such as diabetic ulcers, are primarily characterized by persistent, excessive, and uncontrolled chronic
inflammation, angiogenesis disorders, and consequent tissue hypoxia, nutrient deficiency, oxidative stress, and prolifera-
tion and migration disorders of skin-related cells.'” These multifaceted factors contribute to the recalcitrance of chronic
wounds. Immunological disorders and chronic inflammation are driving factors that impede diabetic wound healing.”**
However, chronic wound management struggles with effectively addressing the disordered immune microenvironment,
as traditional treatments like surgery, dressings, and negative pressure suction mainly focus on infection control, blood
supply restoration and tissue maintenance.*>®* This limitation leads to ongoing inflammation and non-healing
wounds.®>®? In contrast, targeting Tregs, which regulate the immune environment, appears promising in addressing
pathogenic factors in chronic wounds and seems to offer a comprehensive therapeutic advantage for diabetic wounds.
Although previous research has demonstrated that Tregs play a beneficial role in wound healing, the chemotactic
ability and function of Tregs decline significantly in patients with diabetes and in murine wound models of diabetes.® **
Depletion of Treg cells results in delayed re-epithelialization, reduced wound contraction, and impaired vascular
maturation,® but the precise mechanisms are unclear. Therefore, a more comprehensive understanding of the role of
Tregs in wound healing can provide a robust therapeutic basis and theoretical foundation for treating chronic wounds,
particularly those associated with diabetes. Tregs primarily facilitate wound healing by modulating inflammation,
promoting cell regeneration and tissue remodeling, and enhancing angiogenesis (Figure 2).

Inhibition of Inflammatory Responses
Tregs play a pivotal role in facilitating wound healing in patients with diabetes by mitigating excessive inflammatory
responses.”® In diabetes, Tregs engage with various immune cells, a process that is critical for modulating the immune
response and promoting wound repair.** In non-obese diabetic (NOD) mice, C-C motif chemokine ligand 22 (CCL22)
expression by B cells attracts Tregs and other immune cells, thereby establishing a tolerogenic milieu that safeguards 8
cells.’! In hyperglycemic murine models, Tregs accumulate in the liver and interact with other immune cells to regulate
diabetes-associated inflammation, with C-C motif chemokine receptor 2 (CCR2) facilitating their migration.”” The extant
literature indicates that Tregs primarily exert their regulatory influence on wound inflammation by modulating effector
T cell activity, promoting polarization of macrophages towards the M2 phenotype, and inhibiting neutrophil recruitment.
Tregs produce anti-inflammatory cytokines, including IL-10 and TGF-B, which inhibit effector T cells. In type 1
diabetes, this suppressive mechanism aids in safeguarding pancreatic B cells from autoreactive T cell-mediated destruc-
tion and facilitates the re-establishment of normal wound healing processes.'®** Excessive activation of effector T cells
intensifies the inflammatory response, thereby impeding the healing of chronic wounds. In an experimental autoimmune
encephalomyelitis model, the activation of effector CD4" T cells, particularly the Thl and Th17 subsets, has been
demonstrated to enhance inflammation and tissue damage.”* This study suggests that mitigating effector T cell activation
can reduce inflammation by modulating TGF-f signaling. Effector T cells sustain chronic inflammation by secreting pro-
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Figure 2 Regulatory function of Tregs in diabetic wound healing. Recruited Tregs in the wound area facilitate wound healing via various mechanisms. They exert anti-
inflammatory effects, enhance angiogenesis, and stimulate cell proliferation and migration by secreting cytokines and growth factors. Additionally, Tregs modulate the
immune microenvironment of diabetic wounds by directly or indirectly influencing the function of other immune cells.

Abbreviations: CXCL5, C-X-C motif chemokine ligand 5; CCL22, C-C motif chemokine ligand 22; IL-2R, interleukin 2 receptor; Ml¢, M| macrophages; M2¢p, M2
macrophages; VEGF, vascular endothelial growth factor.

inflammatory factors, including IL-17 and interferon gamma (IFN-y), which hinder wound healing processes, such as re-
epithelialization and angiogenesis.”* In sepsis research, changes in lymphocyte subsets, including effector T cells, are
linked to the prognosis.”> This underscores the dual role of effector T cells in inflammation regulation: moderate
activation aids in pathogen elimination, while prolonged activation can cause immune dysregulation. In wound healing,
Treg cells modulate inflammation by inhibiting effector T cells, as demonstrated in a mouse model.*’ Depleting Treg
cells increases IL-4 levels and the number of T-box transcription factor 21 (TBX21)", RORyt", and GATA-3" af8 T cells,
as well as IL-17A- and IFN-y-producing T cells. The imbalance between effector T cells and Tregs is a critical
determinant of wound healing outcomes, as effector T cells can resist Treg inhibition in chronic inflammation, hindering
immune regulation and delaying healing.”®

M2 macrophages are crucial for resolving wound inflammation and repairing tissue damage.>'*””-*® Various inter-
ventions can facilitate the shift from pro-inflammatory M1 to anti-inflammatory M2 macrophages, thereby improving the
inflammatory environment in chronic wounds, particularly diabetic wounds, and accelerating healing. This is widely
recognized in the academic literature. Recent developments include lipid nanocomplexes with siRNA (cLpT@siRNA),”

sulfated glycosaminoglycan-based hydrogels,'*® engineered exosomes,””*®

and activation of specific signaling pathways,
such as the IL-27/IL-27Ra—STAT3 signaling axis,'’' and dragon fruit stem polysaccharide/phosphoinositide-3-kinase
(PI3K)/Akt pathway.'®® These significantly enhanced the M1-to-M2 transition, reduced inflammation, promoted angio-
genesis and collagen deposition, and accelerated diabetic wound healing. Previous research has presented that Tregs
enhance M2 macrophage polarization at wound sites, thereby aiding healing. Nosbaum et al found that in a mouse skin
defect model, highly activated Tregs accumulated in the skin, peaking at 7 days post-injury.'®® These cells migrate from
secondary lymphoid organs to wounds. Their removal increased IFN-y-producing T cells and pro-inflammatory lympho-
cyte antigen 6 complex expression in macrophages, leading to reduced re-epithelialization, impaired wound closure, and
increased granulation tissue and eschar formation. Nossbaum et al suggested that pro-inflammatory macrophages persist
during wound closure, causing delayed healing. Mechanistically, Tregs produce cytokines, such as IL-10 and TGF-f,

which promote M2 macrophage polarization, reduce inflammation, and repair tissues. Building on the interaction
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between Tregs and macrophages, Shen et al developed a sulfated chitosan (SCS) material to enhance M2 polarization via
the IL-4/STAT6-PPARy pathway and attract Tregs via CCL22, creating a “macrophage-Treg circuit” for sustained
inflammation relief in diabetic wounds.’

Tregs are crucial in controlling inflammation by managing neutrophil activity at wound sites. Neutrophils, key players
in the innate immune system, aid in acute wound healing by clearing pathogens and debris. However, in chronic wounds,
such as DFU, dysfunction causes ongoing inflammation and tissue damage. The interaction between neutrophils and
other immune cells contributes to persistent inflammation and impaired healing, which are central to chronic wound
pathogenesis.®® Neutrophils exacerbate tissue damage and delay healing by releasing proteases and ROS. Specifically,
neutrophils influence angiogenesis and inflammation via chemokines, including neutrophil-activating peptide-2 and IL-8,
thereby affecting wound healing by altering chemokine levels. Increasing pro-angiogenic CXC chemokines and reducing
neutrophil-related ones, such as interferon-y inducible protein 10 and platelet factor-4, can shift wounds from chronic
inflammation to healing.'®* Moreover, neutrophil enzymes, such as elastase, can worsen tissue fibrosis, hindering repair
in chronic wounds and lymphedema.'® Additionally, neutrophils can prolong inflammation by forming neutrophil
extracellular traps (NETs), which are important for defense but can impede tissue healing if dysregulated.'” In
neutrophilic asthma, NET accumulation is linked to hormone resistance and disease severity, indicating that excessive
neutrophil activation may sustain inflammation and hinder tissue healing.'®” Regulating neutrophil function is essential to
reverse chronic wound inflammation. Studies suggest that Tregs play a crucial role in controlling neutrophil recruitment
and activation. Mathur et al demonstrated that Treg depletion impairs skin barrier repair, triggers a Th17 response, and
disrupts HFSC differentiation. Damaged epithelial cells express CXCLS5, which attracts neutrophils; however, blocking
CXCLS or depleting neutrophils restores barrier function and stem cell differentiation.** The regulation of Tregs on
neutrophil chemotaxis and local inflammation aids skin stem cell differentiation and skin barrier regeneration, which are
crucial for maintaining and repairing barrier tissues. Lui et al confirmed the positive role of Tregs in wound healing by
regulating neutrophils, demonstrating that skin-resident Tregs are vital for skin immune homeostasis and repair.'®® In
a mouse wound model, they found that knocking out Jagged-1 in Tregs reduced lymphocyte antigen 6 family member
G (Ly6G)" neutrophil accumulation, suggesting that Tregs use the Jagged-1-Notch pathway to regulate neutrophil
recruitment during injury, thereby maintaining skin immune balance and repair. Furthermore, a study found that using
conditioned medium (CM) from low-oxygen-cultured amniotic-derived mesenchymal stem cells accelerated wound
healing in mice with diabetes.'®® This medium enhanced Treg chemotaxis, reduced local inflammation and chemokine
gene expression (IL-1pB, IL-6, CXCL1, and CXCL2), decreased neutrophil infiltration, and promoted capillary formation
and epithelialization. These findings suggest that Tregs may facilitate wound healing in diabetes by reducing neutrophil
activity and inflammation.

Promotion of Cellular Regeneration and Reconstruction

In addition to their role in modulating inflammation, Tregs promote cellular regeneration and tissue reconstruction during
wound healing. They aid in stem cell differentiation for tissue repair and, in diabetic models, are linked to higher
epithelial growth factors and keratinocyte proliferation, which are essential for wound re-epithelialization.”! Loretelli
et al found that applying embryonic stem cell extracts (EXTs) to diabetic mouse wounds increased local Tregs and
proliferating cells (Ki-67-positive) and reduced leukocyte infiltration (CD45" cells).?' This highlights the importance of
Tregs in creating a supportive environment for effective wound healing. Dongsoo et al cultured CD4 'CD25" Tregs from
peripheral blood mononuclear cells (PBMCs) to obtain CM, which enhanced HaCaT keratinocyte migration and down-
regulated E-cadherin at wound edges.''® This CM also increased the levels of epithelial-mesenchymal transition (EMT)-
related proteins, such as matrix metallopeptidase 1 (MMP-1), suggesting that Tregs aid in wound healing by promoting
epithelial cell repair via cytokines and growth factors in CM. Trauma can trigger Tregs to express growth factors. In
zebrafish, Tregs aid retinal repair by secreting insulin like growth factor 1 (IGF-1).""" Similarly, after lung injury, they
express keratinocyte growth factor (KGF) to promote alveolar regeneration.''? Dendritic epidermal T cells also release
IGF-1 and KGF to support skin regeneration. This suggests that Tregs may use these peptides to heal diabetic skin
wounds, although this has not yet been confirmed. Additionally, Tregs aid in the differentiation of HFSCs for tissue
repair,*> supporting hair regeneration and transforming into epithelial cells that migrate to the interfollicular epidermis,
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thereby enhancing skin wound healing. HFSCs help prevent infection and water loss by restoring the skin barriers. Tregs
also protect HFSCs from damage by inflammatory neutrophils in wounds by inhibiting the CXCL5-IL-17 axis, further
facilitating wound repair.

Furthermore, Tregs release growth factors and cytokines that promote fibroblast proliferation and migration, thereby
aiding wound healing via collagen deposition and tissue remodeling.***>''*''* Umbilical cord blood Treg-derived
exosomes enhance fibroblast migration, thereby accelerating wound closure.** Tregs also secrete TGF-P, which has
both anti-inflammatory and pro-fibrotic effects.'"> Some studies suggest that Tregs help suppress scar formation,
although opinions vary. Researchers have differing views on the role of Tregs in scar formation. Some evidence suggests
that Tregs help prevent skin scarring.''®''” Kalekar et al found that removing Tregs in mice led to a five-fold increase in
alpha smooth muscle actin (a-SMA)-expressing myofibroblasts and higher pro-fibrotic gene expression within 5 days.
Chronic reduction in Tregs also results in increased numbers of fibrogenic myofibroblasts and increased pro-fibrotic gene
activity.''® Another study revealed that co-culturing scar fibroblasts with Tregs increased IL-6 expression but reduced
type I collagen and TGF-Bp mRNA levels.''” These findings indicate that Tregs play a protective and anti-fibrotic role in
scar development. Nevertheless, some studies contradict this conclusion, indicating that scar tissue contains more Tregs
and higher levels of Treg-related pro-fibrotic cytokines, including IL-10 and TGF-B1, than normal skin and peripheral
blood."'®'" Additionally, Foxp3 expression in scar tissue is positively linked to type III collagen levels and the type III/
type I collagen ratio. However, the causal link between Treg dysregulation and excessive collagen production remains
unclear. Further research is needed to elucidate the relationship between Tregs, fibroblasts, and scars. Temporal and
spatial variations in Treg numbers and activity may influence their roles in scar formation. Additionally, the role of Tregs

in diabetic wound-related scar hyperplasia is underexplored and warrants investigation.

Promotion of Angiogenesis
Angiogenesis, new blood vessel formation, is crucial for wound healing, and Tregs significantly aid this process.'?%'?!

They release factors, such as VEGF and IL-10, which encourage endothelial cell growth and movement, forming new

capillaries.** Tregs enhance neovascularization, improving blood supply and nutrient delivery to healing tissues.**'**

A study found that patients with diabetes have lower Treg levels in ischemic tissues than healthy individuals.'??
CD4 Foxp3" Tregs aid in vascular regeneration and promote new blood vessel formation in diabetic mice after ischemic
injury. Reduced Tregs in chronic wound models are linked to impaired angiogenesis, underscoring their importance in
vascular integrity and wound healing.®'** Haertel et al found that Treg depletion increases IL-4 levels and expands afT
cells with Thl and Th2 traits, hindering endothelial cell formation in wounds.*” This results in delayed re-
epithelialization, reduced wound contraction, and impaired vascular maturation due to compromised epithelial cell
proliferation and migration. Additionally, Nossbaum et al found that Tregs in inflamed skin significantly express

epidermal growth factor receptor (EGFR),'*

which is crucial for wound healing by aiding re-epithelialization, kerati-
nocyte proliferation, and angiogenesis.lzs*127 In mice, Tregs can produce amphiregulin (AREG), an EGFR ligand, when
stimulated by IL-18 and IL-33, promoting keratinocyte proliferation and restoring vascular integrity by activating TGF-f
and AREG in mesenchymal stromal cells.'*®'?” These findings suggest that the AREG-EGFR pathway may enhance new
blood vessel repair.'*° Tregs also influence the extracellular matrix, which is crucial for stabilizing new vessels.® Tregs
help heal wounds and prevent chronic wound development by promoting angiogenesis.'*'

In summary, current research indicates that Tregs play a crucial role in wound healing by suppressing inflammation,
aiding tissue regeneration, and promoting angiogenesis. However, evidence of their role in diabetic wound healing is

limited, highlighting the need for further investigation to assess their potential as a therapeutic target.

Advancements in Studying Tregs in Diabetic Wound Healing

Tregs are key in managing immune responses during wound healing, especially in diabetes. They modulate inflammation
and aid tissue repair, making them central to research on improving diabetic wound healing. Understanding Tregs can
lead to new therapies for better healing in patients with diabetes.
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Alterations in Tregs in Diabetes

Diabetes significantly affects immune cells, particularly Tregs, which are vital for immune balance and inflammation
control.'** In type 1 diabetes mellitus (T1DM), Tregs in the blood remain largely unchanged,'** ' but their function,
phenotype, and stability are compromised, leading to autoimmune tolerance failure and B cell destruction. In T1DM,

disordered Treg function, especially CD8" Tregs,¢!%¢ 87

contributes to disease progression and immune imbalance.
Moreover, TIDM patients’ Tregs exhibit reduced effector T cell inhibition due to lower Foxp3 and CD39 expression,
impacting their anti-inflammatory role.'**> Additionally, pancreatic Tregs are impaired in TIDM onset, influenced by
genetic/epigenetic factors, abnormal cytokine signaling, and the local metabolic environment."*” Moreover, in NOD
mice, Tregs lose their suppressor functions with age due to impaired gap junction communication and decreased
connexin 43 expression.*® This change may contribute to the development of diabetes and its complications. These
variations in Treg functionality by demographics and age underscore the need to understand their influence on diabetes
mellitus. Further research has demonstrated that the temporary depletion of Foxp3™ Tregs quickly leads to insulitis and
hyperglycemia.'*® Deepika Watts et al inserted the Foxp3®*“PT™VSP gene into autoimmune diabetes-prone NOD mice.
They administered two diphtheria toxin (DT) injections, which eliminated more than 98% of the Tregs in the blood. DT
treatment caused significant pancreatic damage, marked by CD3" T-cell infiltration and islet disintegration, which
worsened B-cell autoimmunity. The study observed increased Thl cytokine levels of TNF-a and IFN-y in the pancreas,
as well as elevated levels of autoimmune molecules in the lymph nodes and pancreas. Over 50% of female mice
developed diabetes within 5 days post-DT, suggesting that Treg cell removal accelerates B-cell autoimmunity and
underscores their critical inhibitory role in diabetes development.

In type 2 diabetes mellitus (T2DM), unlike type 1, Tregs significantly change in quantity, linked to chronic
inflammation, metabolic control, and disease complications. A systematic review and meta-analysis found that the
percentage of CD4'CD25"Foxp3" Tregs is notably lower in T2DM patients.'** In T2DM patients with diabetic
nephropathy, peripheral blood Tregs are significantly lower and inversely related to the urinary albumin-creatinine
ratio (UACR)."*® Blood glucose variability is associated with reduced Tregs and may lead to nephropathy.'*' T2DM
patients also exhibit a pro-inflammatory shift with a higher Th17/Treg ratio due to increased Th17 levels and/or reduced
Tregs.'**'*3 Similar to type 1 diabetes, Tregs in T2DM show impaired immunosuppressive function, linked to decreased
Foxp3 expression and impaired IL-2 signaling, indicated by lower STAT5 phosphorylation.'#*!43

However, there are differing views on Treg changes in diabetes. In streptozotocin (STZ)-induced diabetic mice,
CD4"CD25Foxp3 ™" Tregs in peripheral tissues like the spleen and lymph nodes increased months after disease onset.'*
However, these Tregs exhibit impaired immune suppression and display an activated/memory phenotype, possibly due to
high sugar-induced oxidative stress and mitochondrial dysfunction. High sugar also enhances spl transcription factor
(SP1) glycosylation, inhibits Na*/Ca**/Li" exchanger (NCLX) expression, and leads to mitochondrial calcium overload
and oxidative damage in Tregs, thereby impairing their function.'*” The literature on Treg number changes in diabetes is
inconsistent, likely due to variations in diabetes subtypes, disease progression, species differences, and sample types.
Nonetheless, all studies agree that Treg function is significantly impaired under diabetic conditions, regardless of blood
sugar fluctuations.

High glucose levels make T cells more pro-inflammatory, disrupting the balance between pro- and anti-inflammatory
responses.®> Although research is limited, some findings indicate an increased Th17/Treg cell ratio in diabetic patients. In
diabetes, cytokines like IL-6, IL-21, and IL-23 impair Treg differentiation and migration while promoting pro-
inflammatory Th17 cell differentiation and tissue infiltration, worsening inflammation and healing.'***'*%:'4 TL-21, for
instance, increases RORyt expression via the STAT3 pathway and decreases Foxp3 expression, enhancing Thl7
differentiation and reducing Treg function.'>® The balance between the STAT3 and STATS5 pathways is crucial for
Th17/Treg outcomes, with STAT3 favoring Th17 and STAT5 supporting Tregs.'>!

Besides changes in circulating Tregs, diabetic wounds showed dysfunctional Tregs that failed to regulate effector
T cell responses. Studies have revealed that Treg populations are often reduced and functionally impaired in diabetic
wounds, leading to delayed recovery and a higher risk of infection.'**'** Focusing on the alterations of Tregs within
human diabetic wounds, recent clinical and molecular studies provide a convergent evidence base. These studies
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highlight changes in Tregs in diabetic wounds. Zhang et al showed that maggot therapy increased Treg levels, improving
healing in diabetic foot ulcers.'>> Shi et al identified glutathione s-transferase mu 5 (GSTMS5) as a key gene in disrupted
immune pathways, providing genomic insight into impaired Treg function.'>® Most recently, the high-resolution single-
cell RNA sequencing study by Gan et al of human DFU granulation tissue definitively mapped the dysfunctional immune
and fibroblast landscape, situating Treg alterations within a complex pathological cellular microenvironment.*> They
revealed a higher abundance of monocytes/macrophages than in non-DFU tissues, which had more T cells and
fibroblasts. DFU tissues exhibited increased expression of pro-inflammatory cytokines and chemokines, while non-
DFU tissues had more repair-related processes. Effector T cells were more prevalent in DFU tissues, whereas Tregs were
reduced, potentially impairing healing. These findings emphasize the increased inflammation in DFU granulation tissue
and propose a therapeutic role for Tregs. The research journey from clinical observations to detailed cellular analysis
confirms that Treg populations in diabetic wounds are dynamic and significantly altered, highlighting immune dysregula-
tion’s role in impaired healing. However, direct clinical evidence connecting Treg dynamics to healing in diabetic
wounds remains limited. More research is needed to validate these findings in larger patient groups, explore Treg
population changes over time, and evaluate therapies to boost Treg function or numbers in diabetic wound care.

In summary, Treg dysfunction in diabetes may manifest as reduced numbers (eg, decreased frequency in high-risk
T2DM patients),'** impaired function (eg, reduced IL-2 reactivity),'** or compromised differentiation and stability (eg,
miR-142-3p affecting Treg development via ten-eleven translocation 2 (Tet2)).®> These issues likely stem from an
“immune-metabolic vicious cycle”, in which immune dysregulation can worsen metabolic disorders, and high glucose
levels can damage Tregs,'*® diminishing their immunomodulatory capacity and exacerbating inflammation.'*” Tt is
noteworthy that research on Tregs in diabetes shows both consensus and disagreement, largely due to methodological
differences. First, the choice of disease model significantly influences findings: studies in NOD mice highlight Tregs’ role

in preventing autoimmune disease,*™'® 146,147

while STZ models focus on Treg dysfunction due to high glucose.
However, findings from NOD mice, such as Foxp3" Treg depletion, do not fully explain human T1DM pathogenesis,
whereas the STZ model’s insights into mitochondrial calcium overload may better apply to Treg metabolic dysfunction in
high glucose, rather than autoimmune aspects. Second, there is a notable generation gap in research technology. Many
studies still use traditional flow cytometry for phenotypic and functional analysis,'**'4*14%1%% despite its limitations,
such as inconsistent definitions (eg, the inclusion of CD127°% and CD39)"*? and its limited capacity for causal inference,
which is predominantly based on cross-sectional correlation studies. Meanwhile, advanced techniques like single-cell
sequencing and live-cell imaging offer deeper insights but are expensive, complex, and not well integrated with animal
models that mimic complex clinical scenarios.®*'*” Third, in clinical studies, while it is agreed that Tregs are abnormal in
diabetic patients, research groups differ on their causal role in diabetes. This is partly due to the heterogeneity of study

133,134

populations. Some studies examine Tregs in T1DM within an autoimmune context, while most focus on T2DM and

its associated metabolic inflammation.'**~'** Even within T2DM studies, variations exist, such as differences in disease
duration and the presence of complications like kidney disease or chronic obstructive pulmonary disease (COPD),'*!-'*3
which can affect immune status and potentially confound the observed Th17/Treg imbalance. Some studies highlight that
the age of TIDM onset may influence Treg characteristics.'** However, many studies fail to match or detail patients’
glucose-lowering treatments, glycemic control levels, and other metabolic syndrome components, which can significantly
impact immune cell function and lead to inconsistent results.'*’ Additionally, most research uses PBMCs, but it is
unclear whether these accurately reflect the immune status in diabetic wounds. Single-cell studies suggest that the local
wound environment has a distinct immune cell composition,*” indicating that peripheral blood tests might overlook
crucial pathological details. Finally, most clinical studies on diabetes are cross-sectional, comparing patients with healthy
controls at a single time point, which only shows associations rather than causality,'?>!34 1401411937145 pow studies have
explored longitudinal effects like glycemic fluctuations, often with small sample sizes.'*' Two key systematic reviews
and meta-analyses compile multiple studies to offer stronger evidence, such as a decrease in Treg frequency and Th17/
Treg imbalance in T2DM.'3%14?

Consequently, addressing the aforementioned challenges necessitates collaborative efforts in three pivotal areas to
advance clinical research breakthroughs: 1) standardizing research methods and developing comprehensive models, such

as those for diabetes and wound ischemia; 2) using a systems biology approach in mechanistic studies to integrate
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immune cells, metabolism, microbiota, and communication networks; and 3) designing longitudinal cohort studies to
track Treg changes and disease progression, with detailed analyses of metabolic parameters, treatments, and complica-
tions to manage confounding factors.

Molecular Pathways Associated with Tregs

TGF-B is a versatile cytokine involved in development, wound healing, and immune regulation. Its dysfunction can cause
inflammation, characterized by the ongoing release of pro-inflammatory cytokines. Tregs mediate immunosuppression during
wound healing by activating TGF-p, secreting IL-10, and generating adenosine.'*® Tissue-resident Tregs express AREG,
which aids healing by promoting the release of bioactive TGF-f and promoting pericyte differentiation into myofibroblasts via
the phospholipase C (PLC) signaling pathway. AREG also boosts the immunosuppressive function of Tregs, possibly via
integrin activation.'>’ Vaz Emilia et al used phage display technology to generate peptides that mimic TGF-p1 (the pm26TGF-
B1 peptide). The pm26TGF-B1 peptide effectively downregulates TNF-a and upregulates IL-10 responses in PBMCs, thereby
promoting the differentiation of Tregs.'>® This finding suggests that the TGF-B pathway can be strategically targeted to
enhance Treg-mediated wound healing, but its reliance on an ex vivo PBMC model may not reflect the complex tissue
environment of diabetic wounds, where cellular interactions and metabolic stresses could alter this response. In contrast,
in vivo models show that Tregs activate TGF-p, affecting keratinocytes and influencing wound healing. Joshua M. Moreau
et al discovered that Tregs activate TGF-P via integrin avp8 to boost inflammation when the skin barrier is compromised.'’
This activation affects nearby keratinocytes, not the Tregs themselves. Blocking TGF-f signaling speeds up skin repair and
decreases neutrophil recruitment. While TGF-B activation aids in defending against Staphylococcus aureus by promoting
inflammation and neutrophil recruitment, it also delays epithelial repair. This challenges the traditional view and highlights the
complex role of Tregs in balancing inflammation and regeneration after skin injury. Moreau et al’s use of cell-specific
knockout models provides strong evidence, unlike correlative in vitro studies.

Transitioning to another key pathway, the EGFR pathway also plays a crucial role in Treg-mediated healing, particularly
during the transition from inflammation to proliferation in wounded skin.'®®> Nosbaum et al found that Tregs peaked at 20
times their baseline density on day 7 after skin injury, coinciding with a shift from the inflammatory to proliferative phase.
These Tregs, recruited from secondary lymphoid organs, express high levels of CD25, CTLA-4, and inducible T cell
costimulator (ICOS). Depleting Tregs delayed wound healing and increased granulation tissue and eschar. Early post-injury
depletion increased the number of IFN-y-producing T cells and pro-inflammatory macrophages. Tregs expressed high
EGFR during the inflammatory phase, but not in draining lymph nodes. EGFR deletion delays wound healing, reduces Treg
skin infiltration, and increases pro-inflammatory macrophages.'®* Additionally, AREG, an EGFR ligand, may significantly
influence Treg-mediated diabetic wound healing. Studies have indicated that AREG autocrine activation of EGFR helps
T-cells preferentially express IL-33R, T1/ST2, allowing IL-33 to trigger the MAPK signaling pathway via EGFR,
potentially promoting the proliferation of tissue-resident Tregs.'**'®® These observations indicate that the EGFR pathway
is crucial for Treg-mediated facilitation of wound healing, and targeting this pathway may offer a promising therapeutic
strategy to enhance wound healing in patients with diabetes. However, a significant gap exists: most AREG evidence in
Tregs comes from cancer or systemic immune models, leaving its role in diabetic wounds’ hypoxic, hyperglycemic, and
inflamed environments largely unexplored, highlighting a crucial area for future research.

In summary, there is consensus that Tregs utilize TGF-B and EGFR pathways in wound healing, with EGFR
signaling consistently linked to pro-reparative Treg accumulation. However, the main disagreement involves TGF-
B’s role: it can either promote healing through immunosuppression and differentiation or hinder it by prolonging
inflammation, depending on the cellular context and timing. Peptide interventions and ex vivo studies offer

therapeutic insights but lack environmental complexity,'*®

while genetic in vivo models provide clarity but may
oversimplify human disease.'®**'*? Future research should focus on in vivo diabetic models with temporal control
of these pathways in specific cells, along with human studies, to resolve these issues and identify key therapeutic

targets in the Treg signaling network for diabetic wound healing.
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Tregs-Related Materials

Recent advancements in Treg-related materials display promise for diabetic wound healing (Table 1). Treg-derived
exosomes enhance diabetic wound healing by modulating inflammation and tissue regeneration. Exosomes from cord
blood Tregs (CB-Treg-Exos) target monocytes, promoting their differentiation into M2 macrophages and improving
fibroblast and endothelial cell migration.** Researchers successfully isolated CB-Treg-Exos and demonstrated their
capacity to specifically target monocytes in wound tissues. These exosomes facilitate the differentiation of monocytes
into M2 macrophages by delivering anti-inflammatory molecules, while concurrently enhancing the migratory capabil-
ities of fibroblasts and endothelial cells. This was accompanied by a reduction in pro-inflammatory cytokines, including
TNF-a and IL-6, which accelerated wound healing.

Recent biomaterials targeting Tregs display promise in diabetic wound healing by promoting Treg aggregation, M2
macrophage polarization, and their interactions, thereby reducing inflammation and enhancing angiogenesis and epithe-
lialization (Table 1). Shan et al found a significant improvement in the gene transfer efficiency of VEGF using an adeno-
associated virus (AAV) encapsulated within extracellular vesicles (EV), termed EV-AAV. The researchers developed
a thermosensitive hydrogel (VEGF-EV-AAV/MSC-Exo@FHCCgel) by integrating EV-AAV with exosomes derived
from human umbilical cord mesenchymal stem cells (MSC-Exo). This hydrogel facilitated the accumulation of Tregs
and the removal of senescent macrophages by inhibiting the cGAS-STING pathway, thereby reducing inflammatory
cytokine levels and demonstrating considerable potential for treating chronic wounds.'®’ Wang et al created
a biomaterial, IL-33-cytogel, by encapsulating IL-33 in a biodegradable DNA hydrogel, leveraging 1L-33’s ability to
enhance wound healing via immune regulation.'®® Tregs co-express the IL-33 receptor T1/ST2, allowing IL-33 to
activate the MAPK pathway, thereby enhancing Treg survival and expansion.'® This biomaterial attracts type 2 innate
lymphoid cells and Tregs to the wound site, facilitates the conversion of macrophages from M1 to M2, reduces local
inflammation, and promotes granulation tissue regeneration, thereby significantly accelerating wound healing in diabetic
mice. Additionally, biomimetic tolerogenic artificial antigen-presenting cells (aAPCs) made from a mix of negatively
charged biodegradable polymer (poly(lactic-co-glycolic acid), PLGA) and cationic biodegradable polymer (poly(beta-
amino ester) have been studied for their ability to convert naive T-cells into induced Tregs (iTregs).'®® This non-cellular
method of engineering Tregs offers promise as an “off-the-shelf” material for inducing tolerance, potentially aiding
diabetic wound healing through improved Treg-mediated immune regulation. Moreover, biomaterials such as alginate-
collagen cryogels have been used to deliver Treg inducers, such as eliglustat, to recruit and expand Tregs in subcutaneous
tissues, thereby reducing inflammation and promoting tissue regeneration.'®* This targeted approach aids in diabetic
wound healing by modulating local immune responses, including macrophage polarization and Treg recruitment. Zhang
et al found that chronic diabetic wounds are linked to high blood glucose and immune issues, causing increased ROS,
immune dysfunction, prolonged inflammation, and delayed healing.*” To combat this, they created a polymeric vesicle
with antioxidant polytyrosine and D-mannose to enhance Treg activation. In trials, mice treated with these vesicles
exhibited a 23.7% increase in Treg cells and a 91.3% higher M2/M1 ratio than phosphate buffered saline (PBS)-treated
mice. The vesicles accelerated wound healing, achieving full recovery of Staphylococcus aureus-infected diabetic
wounds in 8 days. Furthermore, Kuang et al engineered mesenchymal stromal cells (MSCs) to overexpress CCR2,
thereby improving their ability to target wounds.'>®> These modified MSCs (MSCsCCR2) boosted local Tregs by
secreting anti-inflammatory cytokines, such as TGF-f and IL-10, thereby accelerating diabetic wound healing. This
highlights the importance of restoring Treg numbers and function for effective wound healing in patients with diabetes.
In conclusion, emerging evidence suggests that biomaterials designed to target Tregs significantly enhance diabetic
wound healing by reprogramming the immune microenvironment.

Pharmaceutical Agents for Modulating Tregs

Therapies targeting Tregs or their precursors can improve wound healing by regulating the immune response in
wounds.*> Modulating Foxp3 acetylation, a transcription factor for Tregs, can regulate their number and function.'®
Histone deacetylase inhibitors have increased the number of functional Treg cells in mouse splenocytes, human
PBMCs, T cell clones, and skin-derived T cells, suggesting this as a strategy to boost Treg function. Additionally,

immunomodulatory agents, such as lipoic acid and embryonic stem cell extracts, have been found to increase Treg
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Table | Overview of Relevant Scientific Findings on Tregs

in Diabetic Wound Healing

Treatment Target Effect Molecular Evidence Type/Level Model Reference
SCS Treg recruitment il IL-4/STAT®6 - Preclinical: animal and in-vitro studies Mouse diabetic wound models [7]
PPARy
M2¢ polarization i
Acellular EXTs Treg recruitment i APEX| Preclinical: animal and in-vitro studies Mouse diabetic wound models [21]
Monocyte infiltration 1
Polymeric vesicle with antioxidant Treg recruitment 1 - Preclinical: animal and in-vitro studies Mouse diabetic wound Models [37]
olytyrosine and D-mannose
Polyty M2¢ polarization 1
ROS generation l
HFSCs Treg recruitment 1 CD80 37 Basic research: animal and in-vitro Mouse skin wound models [43]
studies
Neutrophils infiltration l
Exosomes derived from cord blood M2¢ polarization 1 miR-let-7d Preclinical: animal and in-vitro studies Mouse diabetic wound models [44]
Tregs
Endotheliocyte migration il
Fibroblast migration il
CM from hypoxically cultured Treg recruitment il - Preclinical: animal and in-vitro studies Mouse diabetic wound models [109]
ADMSCs
Neutrophils infiltration l
Tregs conditioned media Keratinocyte migration i E-cadherin Basic research: in-vitro studies HaCaT Keratinocytes [110]
Epithelial-Mesenchymal 1 MMP-1
Transition
CD4 coreceptor blockade Treg recruitment 1 - Basic research: animal studies Leprdb/db and diet-induced T2D [123]
mice
Angiogenesis 1
MSCsCCR2 Treg recruitment 1 - Preclinical: animal and in-vitro studies Mouse diabetic wound models [153]
M2¢ polarization 1
Monocyte infiltration |
VEGF-EV-AAV/MSC-Exo@FHCCgel Treg recruitment 1 cGAS- Preclinical:animal and in-vitro studies Mouse skin wound models [161]
STING
Senescent macrophage removal il
IL-33-cytogel Treg recruitment il - Preclinical: animal and in-vitro studies Mouse diabetic wound models [162]
M2¢ polarization 1

Notes: 1: promote. |: inhibit.

239 ur]

Abbreviations: MSCsCCR2, CCR2-engineered MSCs; SCS, sulfated chitosan; STATS6, signal transducer and activator of transcription 6; PPARy, peroxisome proliferator activated receptor gamma; ADMSCs, adipose derived
mesenchymal stem cells; EXTs, embryonic stem cell extracts; APEXI, apurinic/apyrimidinic endodeoxyribonuclease |; VEGF, vascular endothelial growth factor; EV, extracellular vesicles; cGAS, cyclic GMP-AMP synthase; STING,
stimulator of interferon response CGAMP interactor; ROS, reactive oxygen species; EMT, epithelial-mesenchymal transition; MMP-1, matrix metallopeptidase |; Lepr, leptin receptor; M2¢, M2 macrophages; T2D mice, type 2 diabetic
mice; HFSCs, hair follicle stem cells.
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populations and improve wound healing in diabetic models.?'** Research has demonstrated that lentinan treatment
increases Foxp3™ Tregs in NOD mice, enhancing their immunosuppressive activity and potentially reversing
hyperglycemia.'®® Furthermore, research suggests that vitamin D supplementation can modulate Treg subsets, includ-
ing ICOS" Tregs.'®” In patients with type 1 diabetes, low vitamin D levels are associated with an imbalance in the
Th17/Treg cell ratio. Supplementation with vitamin D has demonstrated efficacy in restoring immune equilibrium by
ameliorating this ratio.

Future Research Directions and Challenges

Exploring Tregs in diabetic wound management is promising, with future research focusing on targeted treatments and
clinical applications. The primary challenge is to understand the Treg function and stability, especially in immune
diseases, such as type 1 diabetes. Tregs are crucial for immune tolerance and preventing autoimmunity; thus, enhancing
or restoring them can lead to new therapies. However, the diversity of Treg populations complicates treatment devel-

opment, necessitating further research into specific markers and pathways.'®*'®°

Targeted Therapy for Tregs

Targeting Tregs offers a promising approach for immunomodulation, as shown in autoimmune and cancer therapies.
However, for diabetic wound healing, there is a need for tailored strategies rather than directly applying existing models.
Recent research has focused on chimeric antigen receptor (CAR) Tregs, which improve the specificity and effectiveness
of Treg therapies. CAR Tregs can be engineered to target specific receptors, selectively suppressing harmful T-cells in
autoimmune diseases and restoring immune balance without broadly suppressing the immune system.'”° They can also
be tailored to target antigens in diabetic wound environments for precise Treg modulation.'”’ Enhancing Treg stability
through metabolic or signaling pathways is also crucial.'®>'”* Yet, a major challenge remains: understanding how to
expand and sustain functional Tregs in the unique, chronically inflamed environment of diabetic wounds, which is
a significant barrier to progress in this field.

Future research should adopt a structured, multi-faceted approach: 1. **Treg Heterogeneity and Contextual Cues:**
Focus on identifying and mapping the diverse phenotypes and functions of Treg subsets in diabetic wounds compared to
autoimmune or cancer models. This will help pinpoint specific targets for precise manipulation instead of general Treg
expansion. 2. **Systemic Influences:** Investigating the gut-skin axis is crucial, especially as fecal microbiota trans-
plantation (FMT) shows potential in enhancing diabetic wound healing, although its immunomodulatory effects remain

unclear. Peng et al connected FMT to IL-17A-induced keratinocyte activation through the mTOR-HIFla pathway.'”

With Tregs known to influence IL-17 responses,'’*!”

it is vital to understand how FMT alters Treg dynamics both
systemically and at wound sites to aid healing. Clarifying this could lead to new microbiome-based treatments. 3.
**Precision Engineering:** CRISPR/Cas gene-editing tools hold revolutionary promise for improving Treg
function.'**'7*!7" Luo et al’s work, using nanoparticle-delivered CRISPR to edit dendritic cells and expand autoantigen-
specific Tregs in type 1 diabetes, demonstrates this potential.'”® The key opportunity is to adapt these platforms to create
wound-sensing Tregs. Future efforts should focus on designing “smart” Tregs activated by wound-specific signals for
localized immunomodulation, thereby reducing risks such as systemic suppression. This requires thorough validation in
diabetic wound models for safety and efficacy.

To sum up, this review positions the future of Treg-based diabetic wound therapy as requiring context-specific
innovation rather than merely applying current technologies. The essential way forward involves a structured research
plan that addresses the particular instability of Tregs in diabetic wounds, incorporates systemic factors such as the gut
microbiome, and develops precision-engineered cellular therapies customized for the wound’s pathological environment.

Challenges in Translating Treg Research to Clinical Practice

While basic studies have shown alterations and some functions of Tregs in diabetic wounds, direct clinical evidence for
treating these wounds with Tregs is lacking. Fang’s and Gan’s teams found reduced Treg infiltration in the wounds of
diabetic patients, indicating a potential role in poor healing.**'”® However, their studies focused on identifying disease-
related genes and immune characteristics, not on clinical interventions or treatment efficacy. Further clinical research is

14 https: Journal of Inflammation Research 2026:19



Lin et al

needed to establish Tregs as a therapeutic option. However, translating Treg research into clinical practice is challenging
due to the lack of standardized protocols for Treg isolation, expansion, and administration, leading to inconsistent results
across studies. Additionally, the complex immune system and microenvironment in diabetic wounds complicate the
understanding of Treg interactions and functions, hindering the development of precise therapeutic strategies. Bender
et al conducted a randomized, double-blind, multicenter Phase 2 trial to assess factors affecting the efficacy of autologous
polyclonal expanded Tregs (exTregs) in 110 children and adolescents with newly diagnosed type 1 diabetes.'”
Participants received either a high dose (20 x 10° cells/kg) or a low dose (1 x 10° cells/kg) of exTregs or a placebo.
A single dose of exTregs was safe and exhibited an activated phenotype with suppressive function in vitro. A temporary
increase in circulating Tregs was observed in the high-dose group, indicating successful transfer. Lower in vitro fold
expansion of exTregs, adjusted for age, correlated with better preservation of C-peptide levels, regardless of dose. These
findings indicate that a single infusion of polyclonal exTregs does not significantly alter TIDM progression, and the
functional quality of Tregs may be more crucial for therapeutic success. Further efforts are needed to improve the
expansion, quality control, and transplantation of Tregs for treating diabetes.

Cell-based therapies, such as those involving Tregs, face substantial hurdles due to their high cost, time demands, and
potential side effects.'®® The use of polyclonal Tregs with unknown antigen-specificities raises concerns about systemic
immunosuppression and increased infection risk.'”" Diabetic patients, especially with poor blood sugar control, are more
prone to infections due to a systemic immunosuppressive state.'®' High blood sugar leads to increased methylglyoxal
production, a compound that links high sugar levels to immunosuppression by forming AGEs and impairing immune cell
function. This raises concerns about Tregs’ immunosuppressive role and infection risks in diabetics. A recent study found
that excessive ROS activates the PI3K-AKT-mTOR pathway, leading to the differentiation of CD4" T cells into Tregs and
the apoptosis of effector T cells, thereby worsening immunosuppression and hindering infection control and tissue repair.'®>
This contradicts previous research suggesting ROS inhibits Treg differentiation, but highlights the risk of excessive Tregs
causing immunosuppression. Nevertheless, a study has yielded promising results for using Tregs in diabetes treatment.
Marek Trzonkowska et al reported a clinical trial involving 12 children with type 1 diabetes who received autologous,
expanded Tregs. The participants received one or two infusions without serious side effects, and their antibody responses
remained intact. Post-infusion, Treg counts increased, most patients exhibited positive outcomes, including higher
C-peptide levels and reduced insulin needs, with two achieving insulin independence within a year.'®® These results
suggest that repeated Treg infusions are safe and may enhance B-cell survival in patients with type 1 diabetes. Another
concern is fibrosis and excessive scarring. In other diseases, Tregs treatment can lead to fibrosis, as seen in metabolic-
associated fatty liver disease, where increased Tregs promote fibrosis.'®* This suggests Tregs’ role in certain conditions is
complex, and their treatment may risk diabetic wound scar hyperplasia. Nevertheless, it is currently uncertain whether
Tregs play a role in long-term fibrosis and scarring in diabetic wound healing, necessitating further research.

Conclusion
Recent research has unequivocally demonstrated the pivotal role of Tregs in the wound healing process associated with
diabetes, underscoring their capacity to modulate inflammation, facilitate cellular regeneration, and enhance angiogenesis.
Nonetheless, a comprehensive understanding of Treg functions necessitates an examination of their spatiotemporal specificity
to effectively balance their anti-inflammatory and immunosuppressive effects while mitigating potential fibrotic risks.
Future research should focus on integrating mechanistic insights with clinical impacts by prioritizing key approaches.
First, it is essential to quantify and identify Tregs at wound sites and to examine altered signaling pathways under
hyperglycemic conditions. A major challenge is understanding the stability and plasticity of Tregs in chronic hyperglycemia
and wound environments, particularly how they may become dysregulated or fibrotic. Second, clinical translation faces
hurdles such as developing targeted delivery systems to regulate or recruit Tregs at wound sites without causing systemic
immunosuppression or fibrosis, and identifying biomarkers to determine patient suitability for Treg-focused treatments.
Beyond reviewing existing literature, future research should: 1) enhance basic and preclinical research to address Treg
instability in hyperglycemic conditions, potential immunosuppression, and fibrosis risk; 2) foster interdisciplinary
collaboration among immunology, bioengineering, and clinical trial design. The clinical aim is to develop new
immunomodulatory therapies, such as local drugs or cell therapies, to stabilize Tregs in wounds. These methods will
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close knowledge gaps, facilitate the application of Treg biology to the development of targeted treatments, and shift the
focus from general wound care to precise immunomodulation. In essence, understanding Treg biology and applying this
knowledge to research and clinical priorities is vital for creating safe, effective immune therapies to improve diabetic
wound healing and patient quality of life.
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T cell costimulator; IFN-y, interferon gamma; IGF-1, insulin like growth factor 1; IKKp, inhibitor of nuclear factor kappa-B
kinase subunit beta; IL-1p, interleukin-1 beta; iTreg, induced Treg; KGF, keratinocyte growth factor; Ly6G, lymphocyte
antigen 6 family member G; MAP4K3, mitogen-activated protein kinase kinase kinase kinase 3; MHC, major histocompat-
ibility complex; MMP-1, matrix metallopeptidase 1; MSCs, mesenchymal stromal cells; NCLX, Na*/Ca®*/Li* exchanger;
NETs, neutrophil extracellular traps; NF-«xB, nuclear factor kappa B; NOD, non-obese diabetic; nTreg, natural Treg; PBMCs,
peripheral blood mononuclear cells; PBS, phosphate buffered saline; PI3K, phosphoinositide-3-kinase; PLC, phospholipase
C; PLGA, poly(lactic-co-glycolic acid); pTregs, peripherally induced Tregs; RNS, reactive nitrogen species; RORyt,
retinoid-related orphan receptor y; ROS, reactive oxygen species; Runx3, runt-related transcription factor 3; SCS, sulfated
chitosan; SP1, spl transcription factor; STAT3, signal transducer and activator of transcription 3; STZ, streptozotocin;
TBX21, T-box transcription factor 21; T-bet, T-box transcription factor; TCR, T cell receptor; Tet2, ten-eleven translocation
2; Tth, T follicular helper; TGF-p, transforming growth factor-beta; Thl, T helper 1; TNBC, triple-negative breast cancer;
TNF-a, tumor necrosis factor-alpha; Tregs, regulatory T cells; tTregs, thymus-derived Tregs; T1DM, type 1 diabetes
mellitus; T2DM, type 2 diabetes mellitus; UACR, urinary albumin-creatinine ratio; VEGF, vascular endothelial growth
factor; Wnt5a, wnt family member 5a; a-SMA, alpha smooth muscle actin.
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