https://www.inosr.net/inosr-scientific-research/ Kamanzi

Single-Cell RNA Sequencing Reveals Heterogeneity in Immune-
Stromal Crosstalk within Diabetic Foot Ulcers: Toward Precision
Wound Healing

Kamanzi Ntakirutimana G.

School of Natural and Applied Sciences Kampala International University Uganda

ABSTRACT

Diabetic foot ulcers (DFUs) are a significant complication of diabetes mellitus, characterized by chronic
inflammation, impaired angiogenesis, and dysfunctional immune-stromal interactions that hinder wound healing.
Despite advancements in conventional wound management, DIF'Us remain challenging to treat due to their cellular
heterogeneity. Single-cell RNA sequencing (scRNA-seq) has emerged as a transformative tool in elucidating the
complexity of DFU pathophysiology by providing high-resolution insights into the immune and stromal cellular
landscape. This review, written using a narrative synthesis approach, explored how scRNA-seq has uncovered
distinct immune cell subsets, including pro-inflammatory macrophages, persistent neutrophils, and dysregulated T
and B cell populations, as well as stromal cell dysfunction affecting fibroblasts, endothelial cells, and pericytes.
Furthermore, scRNA-seq has shed light on aberrant cytokine signaling, extracellular matrix remodeling, and
angiogenic deficiencies that contribute to chronic wound pathology. The integration of these findings into
therapeutic strategies highlights the potential for precision medicine approaches, including targeted
immunomodulation, pro-angiogenic therapies, and fibroblast-based interventions tailored to individual patient
profiles. By leveraging scRNA-seq data, future research can refine personalized wound healing protocols, ultimately
improving outcomes for DFU patients. This review underscored the need for further investigations into single-cell
technologies to enhance the development of novel and effective therapeutic interventions.
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INTRODUCTION
Diabetic foot ulcers (DFUs) represent a major complication of diabetes mellitus, often leading to chronic non-
healing wounds, severe infections, and limb amputations [1, 27]. Despite advances in wound management, DFUs
remain a significant healthcare burden, with limited therapeutic options tailored to individual patients. The chronic
nature of DFUs is attributed to a dysregulated wound-healing process, driven by persistent inflammation, impaired
angiogenesis, and dysfunctional cellular interactions ['3, 4. Conventional histological and bulk transcriptomic
approaches have provided insights into the pathophysiology of DFUs, but they fail to capture the cellular
heterogeneity and complex immune-stromal interactions within the wound microenvironment. Single-cell RNA
sequencing (scRNA-seq) has emerged as a powerful tool to dissect the molecular landscape of DFUs at an
unprecedented resolution [5, 67]. By enabling the characterization of individual cells within the wound milieu,
scRNA-seq allows for the identification of distinct immune and stromal cell subsets, their dynamic interactions, and
their roles in impaired wound healing [77]. This review explores the application of scRNA-seq in elucidating
immune-stromal crosstalk within DFUs, highlighting key findings, therapeutic implications, and future research
directions. Understanding these intricate cellular interactions may pave the way for precision wound healing
strategies, ultimately improving patient outcomes.
Cellular Heterogeneity in Diabetic Foot Ulcers: Insights from scRNA-seq
scRNA-seq has revealed a complex cellular ecosystem within DFUs, characterized by diverse immune and stromal
cell populations with distinct functional states [87. These cells play critical roles in the inflammatory response,
extracellular matrix remodeling, and tissue repair. The Immune Cell Subsets and Their Roles in DFUs include:
L. Macrophages: Macrophages exhibit plasticity, transitioning between pro-inflammatory (M1) and anti-
inflammatory (M2) states [97]. In chronic DFUs, scRNA-seq analyses have identified an overrepresentation
of pro-inflammatory macrophages, contributing to sustained inflammation and delayed healing. M1

1


file:///C:/Users/KIU%20WESTERN/Desktop/61/kiu.ac.ug
https://doi.org/10.59298/INOSRSR/2025/1231400

https://www.inosr.net/inosr-scientitic-research/ Kamanzi

1i.

iii.

iii.

macrophages produce high levels of tumor necrosis factor-alpha (TNF-o) and interleukin-6 (IL-6),
exacerbating tissue damage and impairing re-epithelialization. Conversely, M2 macrophages, which
promote tissue repair through the secretion of transforming growth factor-beta (TGF-f8) and vascular
endothelial growth factor (VEGF), are often underrepresented in chronic wounds.
Neutrophils: Neutrophils are essential for the early stage of wound healing, providing antimicrobial
defense and recruiting other immune cells [107]. However, scRNA-seq has identified persistent neutrophil
infiltration in DFUs, leading to excessive release of reactive oxygen species (ROS) and neutrophil
extracellular traps (NETs), which further damage the surrounding tissue and sustain the inflammatory

hase.
’l_} Cells and B Cells: Dysregulated adaptive immune responses have also been implicated in DFU
pathogenesis. scRNA-seq studies have demonstrated an imbalance in T cell subsets, with elevated levels of
pro-inflammatory Th1 and Th17 cells and a deficiency in regulatory T cells (Tregs), which are critical for
resolving inflammation [11, 127]. Additionally, B cell populations in DFUs exhibit aberrant activation,
contributing to chronic inflammation through autoantibody production and cytokine secretion.

Stromal Cell Populations and Their Interactions

Fibroblasts: Fibroblasts are essential for extracellular matrix (ECM) deposition and wound closure [137.
scRNA-seq has identified distinct fibroblast subpopulations in DFUs, including pro-inflammatory
fibroblasts that secrete IL-1 and chemokines, contributing to prolonged inflammation. Conversely, the
population of pro-reparative fibroblasts, which promote ECM synthesis and collagen deposition, is often
diminished.
Endothelial Cells: Angiogenesis is a crucial process for wound healing, but it is impaired in DF Us. scRNA-
seq has revealed dysfunctional endothelial cell subtypes within chronic wounds, characterized by reduced
expression of angiogenic factors such as VEGF and increased markers of endothelial senescence and
apoptosis. These findings suggest that impaired vascular remodeling contributes to hypoxia and delayed
healing in DFUs.

Pericytes and Myofibroblasts: Pericytes play a vital role in vascular stability, while myofibroblasts are key
effectors of wound contraction [147]. scRNA-seq has uncovered altered pericyte-to-myofibroblast
transition dynamics in DFUs, with defective myofibroblast activation leading to impaired wound
contraction and ECM remodeling.

Immune-Stromal Crosstalk in DFUs

The interactions between immune and stromal cells are critical for orchestrating the wound-healing response.
scRNA-seq has provided novel insights into these interactions, revealing aberrant signaling networks that contribute
to chronic wound pathology.
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Cytokine and Chemokine Signaling: Chronic DFUs exhibit dysregulated cytokine and chemokine
profiles, with excessive pro-inflammatory signaling between immune and stromal cells. Elevated levels of
IL-1pB, IL-6, and TNF-a perpetuate inflammation, while decreased anti-inflammatory cytokines such as IL-
10 and TGF-f hinder resolution and tissue repair [157].
Extracellular Matrix Remodeling: The ECM serves as a structural scaffold for tissue regeneration.
scRNA-seq has revealed that immune cells, particularly macrophages and fibroblasts, engage in aberrant
ECM remodeling, leading to excessive fibrosis or ECM degradation [167]. Dysregulated matrix
metalloproteinase (MMP) activity further disrupts ECM homeostasis, contributing to chronic wound
persistence.
Hypoxia and Angiogenic Dysfunction: Hypoxia is a hallmark of chronic DFUs, exacerbating immune-
stromal dysfunction. scRNA-seq studies have identified impaired hypoxia-inducible factor (HIF) signaling
in endothelial cells and fibroblasts, resulting in insufficient VEGF production and poor neovascularization.
This vascular insufficiency prolongs tissue hypoxia, further hindering wound closure.

Therapeutic Implications and Precision Medicine Approaches

The insights gained from scRNA-seq analyses have significant implications for developing targeted therapies and
precision medicine strategies for DF Us.
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Modulating Macrophage Polarization: Therapeutic strategies aimed at shifting macrophage phenotypes
from pro-inflammatory to reparative states hold promises for improving wound healing. Nanoparticle-based
delivery of anti-inflammatory agents, such as I1.-4 and IL.-10, has shown potential in restoring macrophage
homeostasis [17, 187.

Targeting Neutrophil Dysfunction: Strategies to modulate neutrophil lifespan and function, such as
inhibitors of NET formation or ROS scavengers, may mitigate excessive neutrophil-mediated tissue
damage [197].
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Enhancing Angiogenesis: Pro-angiogenic therapies, including VEGF-mimetic peptides, endothelial
progenitor cell therapies, and gene editing approaches targeting HIF pathways, may restore vascular
integrity in DFUs [207].

Fibroblast-Based Therapies: Novel fibroblast-based interventions, such as autologous fibroblast
transplantation or fibroblast-derived extracellular vesicles, may promote ECM remodeling and wound
closure.

Personalized Wound Care Strategies: The heterogeneity revealed by scRNA-seq underscores the need
for personalized treatment approaches tailored to individual wound profiles. Machine learning algorithms
integrating scRNA-seq data with clinical parameters may facilitate the development of precision wound
care protocols [217].

CONCLUSION

Single-cell RNA sequencing has revolutionized our understanding of the cellular and molecular landscape of
diabetic foot ulcers, uncovering previously unrecognized heterogeneity in immune-stromal crosstalk. The
identification of distinct immune and stromal cell subsets, their functional states, and their dysregulated interactions
provides a foundation for developing targeted therapies aimed at restoring wound-healing homeostasis. Precision
medicine approaches informed by scRNA-seq data hold promise for overcoming the challenges associated with
chronic DFUs, ultimately leading to improved clinical outcomes. Future research should focus on translating these
findings into therapeutic interventions and integrating multi-omic approaches to further refine personalized
treatment strategies. By harnessing the power of single-cell technologies, we can move toward more effective and
individualized wound healing solutions for patients suffering from diabetic foot ulcers.
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