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Abstract: Chronic wounds in older adults are a growing concern due to impaired immunity, delayed epithelializa-
tion, and prolonged inflammation. These wounds lead to significant morbidity, increased healthcare costs, and
reduced quality of life. Immunotherapies and adjunctive interventions show promise but remain insufficiently
validated in geriatric populations. This study aimed to synthesize and map current evidence on immune-based
strategies and supportive approaches for chronic wound management in the elderly, focusing on mechanisms, out-
comes, and delivery challenges. A scoping review was conducted following the Arksey and O’Malley framework
and PRISMA-ScR guidelines. Searches in PubMed, Scopus, and Web of Science, complemented by manual screen-
ing, identified eligible studies using the PCC (Population-Concept-Context) framework. Data extracted included
therapeutic class, mechanism, wound type, and outcomes. Of 1,142 records, 89 met inclusion. Key immunother-
apies included NLRP3 inflammasome inhibitors, regulatory T-cell modulators, and mTOR-targeted agents, which
improved re-epithelialization and reduced cytokines in preclinical models. However, evidence in elderly human
cohorts was scarce. Adjunctive strategies—such as protein supplementation, senescence-targeted agents, and en-
gineered biomaterials—enhanced immunotherapy effects. Major barriers were the lack of wound-specific formu-
lations, limited geriatric trial representation, and underdeveloped topical delivery systems. While immunotherapy
shows mechanistic potential to correct immune dysregulation in chronic wounds, most data remain preclinical.
Multi-modal strategies integrating immunotherapy, nutrition, and bioengineered scaffolds, tailored to aging physi-
ology, are needed to improve outcomes and require rigorous clinical validation.

Keywords: Immunotherapy; Chronic Wounds; Aging; Immunosenescence; Inflammasome; Wound Healing; Scop-
ing Review

1. Introduction

Wound management in the elderly poses significant clinical challenges due to physiological changes associated
with aging that impair the healing process. These changes include prolonged and dysregulated inflammation, re-
duced cellular proliferation, delayed epithelialization, and diminished collagen synthesis, all of which contribute to
the development and persistence of chronic wounds [1,2]. In particular, the aging immune system—characterized
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by immunosenescence—plays a key role in impairing wound resolution and increasing susceptibility to infection.
The burden of chronic wounds among older adults is well-documented: in German nursing homes, for example,
7.8% of residents aged 60 years and older suffer from chronic wounds. Pressure ulcers account for the largest pro-
portion (4.0%), followed by ischemic ulcers due to peripheral arterial disease and diabetic foot ulcers, both of which
are linked to reduced perfusion and neuropathic complications [1]. These conditions are frequently compounded
by comorbidities, such as diabetes mellitus, cardiovascular disease, and cognitive impairment, as well as external
risk factors like immobility, poor nutritional status, and polypharmacy [2].

Chronic wounds not only lead to prolonged morbidity but also impose a considerable economic and psychoso-
cial burden [3]. Recurrent wound infections, extended hospitalization, and long-term care costs strain both patients
and healthcare systems. Furthermore, the presence of chronic wounds has been associated with significant reduc-
tions in quality of life, owing to pain, restricted mobility, social isolation, and emotional distress. In resource-limited
or institutional care settings, such as long-term care facilities, these burdens are often exacerbated by staffing limi-
tations and delayed access to wound specialists.

Optimal wound dressing selection is fundamental to effective wound management in the elderly. Traditional
dressings, particularly those using strong adhesives, are often associated with medical adhesive-related skin in-
juries (MARSI)—a condition exacerbated by the fragility and reduced tensile strength of aging skin [4]. Advanced
wound dressings have been developed to address these limitations and improve clinical outcomes. Hydrogel dress-
ings, for instance, help maintain a moist wound environment, support autolytic debridement, and enhance trans-
dermal drug delivery. Foam dressings, by contrast, provide superior exudate absorption, cushioning, and microbial
barrier protection, making them suitable for moderate to heavily exuding wounds [5]. However, despite advances
in dressing technologies, the underlying pathophysiological barriers to wound healing in the elderly often neces-
sitate more than local care—prompting growing interest in systemic approaches, including immunomodulation,
nutritional support, and cellular therapy.

Given the complexity and multidimensional nature of chronic wounds in the aging population, there is an ur-
gent need for comprehensive management strategies that extend beyond topical treatment alone. This scoping
review aims to synthesize the current understanding of chronic wound epidemiology, underlying biological mecha-
nisms, and evidence-based management strategies in the elderly. By mapping the current evidence landscape, this
review seeks to support both clinical decision-making and healthcare policy, with the ultimate goal of improving
healing outcomes, reducing complications, and enhancing quality of life in this vulnerable group.

2. Method

This scoping review was conducted following the methodological framework established by Arksey and O’'Malley,
with enhancements drawn from the PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses extension for Scoping Reviews) guidelines to ensure systematic rigor, transparency, and internal validity.
The aim was to comprehensively map the current body of evidence regarding immunotherapeutic strategies for
managing chronic wounds in aging populations, without restricting the analysis to any single intervention type or
study design. The review protocol was designed to address clearly defined research questions, including: (1) What
immune-related mechanisms contribute to impaired wound healing in elderly individuals? (2) What immunomod-
ulatory or immune-targeted therapies have been studied in preclinical or clinical settings for this population? and
(3) What are the reported outcomes, delivery systems, and limitations associated with these strategies?

Eligibility criteria were developed using the Population-Concept-Context (PCC) framework, a recommended
approach for scoping reviews. The population of interest was elderly individuals (typically aged = 60 years) present-
ing with chronic wounds, including pressure ulcers, venous leg ulcers, and diabetic foot ulcers. The central concept
focused on immunotherapy, encompassing pharmacological agents (e.g., cytokine inhibitors, immune checkpoint
modulators), cell-based therapies (e.g., regulatory T cells, macrophage reprogramming), and supportive strategies
targeting immune pathways. The context included both clinical and experimental studies in any healthcare or lab-
oratory setting, without geographic restriction.

A comprehensive literature search was performed across three major electronic databases: PubMed, Scopus,
and Web of Science, covering publications from January 2000 to March 2025. Search terms were developed in
consultation with a health sciences librarian and combined MeSH terms and keywords related to chronic wounds,
aging, and immunotherapy. Additional records were identified by manually screening reference lists of relevant
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reviews and included studies.

All identified articles were imported into a reference management system, and duplicates were removed prior
to screening. Two independent reviewers conducted a three-stage screening process (title, abstract, full-text) using
predefined inclusion and exclusion criteria. Any disagreements were resolved by consensus, and a third reviewer
was available for adjudication if needed. A standardized data charting form was developed and pilot-tested to en-
sure consistent extraction of information, including study design, wound type, population characteristics, immuno-
logical targets, intervention types, outcome measures, and main findings.

While formal risk of bias assessments are not required in scoping reviews, the included studies were examined
narratively for methodological adequacy, clarity of immunological targeting, and relevance to elderly populations.
Studies were not excluded based on quality but were contextualized accordingly in the synthesis to prevent over-
interpretation of preliminary or exploratory data. Potential limitations, including publication bias, heterogeneity
in intervention definitions, and variation in outcome reporting, were documented. This methodological approach
maximizes internal validity by employing transparent and reproducible processes in literature identification, data
abstraction, and interpretation. The findings offer a foundational evidence map that can inform future systematic
reviews, meta-analyses, or hypothesis-driven clinical trials focused on immunomodulatory wound care strategies
in aging populations.

3. The Biology of Wound Healing

Wound healing is a complex, dynamic process that occurs in four overlapping but distinct stages: hemosta-
sis, inflammation, proliferation, and maturation. Each phase is regulated by a coordinated cascade of cellular and
molecular events that restore skin integrity. The process begins with hemostasis, which occurs immediately after
injury and serves to prevent further blood loss. Platelets aggregate at the wound site and initiate clot formation
through the coagulation cascade, simultaneously releasing pro-inflammatory cytokines and growth factors that ini-
tiate downstream healing responses. Following clot stabilization, the inflammatory phase is triggered within hours.
Neutrophils are among the first immune cells to infiltrate the site, where they are responsible for clearing debris
and microbial contaminants. They are later replaced by macrophages, which play a dual role in host defense and
in orchestrating the transition to the proliferative phase through the release of cytokines such as TGF-f3 and VEGF.
These mediators recruit and activate keratinocytes, fibroblasts, and endothelial cells to initiate tissue regeneration.

The proliferative phase is characterized by re-epithelialization, angiogenesis, and the synthesis of extracellular
matrix (ECM). Fibroblasts migrate into the wound bed and produce type IlI collagen and glycosaminoglycans, laying
the groundwork for new tissue. Concurrently, endothelial cells form new capillaries to ensure the supply of oxygen
and nutrients, while myofibroblasts contribute to wound contraction, thereby reducing the wound size. In the final
maturation or remodeling phase, type III collagen is gradually replaced by stronger, cross-linked type I collagen,
improving tensile strength. This phase also involves the resolution of inflammation, apoptosis of excess cells (e.g.,
fibroblasts and endothelial cells), and reorganization of the ECM. The process may take weeks to months and is
essential for achieving stable wound closure and restoring skin function [6]. An emerging area of interest in wound
biology is the role of epidermal autophagy, a catabolic process critical for maintaining keratinocyte homeostasis
and coordinating immune-epithelial communication. Autophagy facilitates the clearance of damaged organelles
and supports cellular stress adaptation, enabling keratinocytes to proliferate and migrate efficiently during wound
healing. Experimental models have demonstrated that inhibiting autophagy impairs wound closure, disrupts ep-
ithelial barrier regeneration, and alters local cytokine signaling. Specifically, impaired autophagy reduces the pro-
duction of CCL2, a chemokine essential for recruiting and activating fibroblasts [7]. This disruption compromises
fibroblast-mediated matrix deposition and angiogenesis, further delaying healing. However, exogenous administra-
tion of recombinant CCL2 has been shown to partially rescue healing deficits in autophagy-deficient models, under-
scoring the importance of this chemokine as a downstream effector of epithelial immune crosstalk. These findings
suggest that therapeutic modulation of autophagy or CCL2 signaling may hold promise for enhancing wound heal-
ing, particularly in populations with impaired epithelial regenerative capacity, such as the elderly. Together, these
biological insights underscore the multifaceted and finely regulated nature of wound healing, providing mechanis-
tic targets for the development of novel therapies that aim to improve outcomes in chronic or age-related wounds
(as shown in Figure 1).
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Figure 1. Biology of wound healing.
Note: Wound healing occurs in four overlapping phases: hemostasis (clot formation), inflammation (removal of debris), proliferation (tissue regeneration), and
maturation (tissue strengthening). This figure shows that epidermal autophagy plays a key role by regulating keratinocyte activity, fibroblast communication, and
CCL2 signaling for effective skin repair.

4. Cellular Dysregulation in Aging Skin
4.1. Structural and Functional Changes in Aging Skin

Aging skin experiences structural and biochemical changes that impair wound healing, primarily due to the de-
cline in dermal fibroblast function and reduced collagen and ECM production, leading to skin thinning and delayed
repair. Senescent fibroblasts exacerbate this by disrupting ECM remodeling [7]. The ECM becomes disorganized,
with misaligned collagen, fragmented elastin, and reduced glycoproteins, which contribute to poor angiogenesis
and chronic wounds in the elderly [8]. Additionally, elevated matrix metalloproteinases (MMPs) degrade ECM and
angiogenic factors, impairing keratinocyte migration and tissue regeneration [7,8].

4.2. Immunosenescence and Inflammatory Imbalance

Aging impairs immune function through immunosenescence and chronic low-grade inflammation (inflammag-
ing), driven by telomere shortening, mitochondrial dysfunction, oxidative stress, and lifelong antigen exposure, all
of which weaken skin repair and defense [9]. Neutrophils in the elderly exhibit prolonged activation and exces-
sive NET formation, contributing to tissue damage and delayed healing [10]. Aging macrophages show reduced
phagocytosis and heightened pro-inflammatory activity, further impairing tissue repair [11]. Additionally, chronic
NLRP3 inflammasome activation elevates IL-1[3 and IL-18 levels, promoting systemic inflammation and age-related
diseases [12].

4.3. Delayed Reepithelialization and Angiogenesis

Chronic wound healing in the elderly is marked by delayed reepithelialization and impaired angiogenesis. Ker-
atinocytes, which are essential for wound closure, become dysfunctional with age, leading to the overexpression
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of Toll-like receptors and sustained inflammation. This persistent inflammatory state increases matrix metallo-
proteinase (MMP) activity, which degrades the extracellular matrix and inhibits keratinocyte migration, thereby
stalling epithelial repair [13]. At the same time, angiogenesis is compromised due to reduced expression of VEGF-A
and diminished signaling through VEGFR-2, which impairs new blood vessel formation and oxygen delivery to the
wound [14]. Innovative therapies such as VEGF delivery systems, growth factor-infused dressings, and hyaluronic
acid-based hydrogels are being developed to counteract these deficits. Hyaluronic acid is especially promising due
to its ability to maintain tissue hydration, support cell migration, and mimic the extracellular matrix [15].

5. Nutritional Impact on Wound Healing in Older Adults
5.1. Nutrient Deficiencies and Wound Repair

Protein is essential for wound healing, as it supports collagen synthesis, angiogenesis, and fibroblast prolifera-
tion. Deficiencies hinder immunity and delay repair, while amino acids such as arginine and glutamine aid healing
by enhancing immune response, nitric oxide production, and antioxidant activity [16]. Micronutrients are also vital:
zinc aids in re-epithelialization and immune function, vitamin C supports collagen synthesis and immune defense,
and vitamin A promotes epithelial growth and fibroblast activity while mitigating the effects of corticosteroid on
repair [16]. Essential fatty acids, particularly omega-3s, help regulate inflammation and stabilize cell membranes;
however, excessive early intake may impair immunity and delay healing, highlighting the importance of timing and
dosage [16]. Chronic catabolic conditions like cachexia divert nutrients to acute-phase responses, limiting avail-
ability for tissue repair. Muscle-derived proteins and appetite-suppressing agents, such as lipocalin, further drive
nutrient depletion [17]. Sarcopenia, often underrecognized due to diagnostic challenges, contributes to poor heal-
ing through loss of muscle mass and function, which are critical for immune and repair processes. Addressing
sarcopenia, frailty, and inactivity is essential for comprehensive wound care [18].

5.2. Albumin as a Prognostic Marker

Hypoalbuminemia is a strong predictor of poor wound healing and heightened infection risk in surgical pa-
tients, reflecting underlying malnutrition, inflammation, and physiological stress. Clinically, it is linked to higher
rates of surgical site infections, wound dehiscence, and sepsis. For instance, albumin levels under 3.3 g/dL in head
and neck cancer surgeries tripled the risk of SSIs, while levels below 2.5 g/dL after oral cancer surgery predicted
infections by day 10 [19]. Mechanistically, low albumin levels reduce oncotic pressure, leading to tissue edema,
poor oxygenation, and compromised nutrient delivery. Albumin also contributes amino acids for tissue repair, acts
as a carrier for essential molecules, and provides antioxidant and anti-inflammatory support [19]. In diabetic foot
ulcers, preoperative albumin levels under 3.5 g/dL increased the risk of nonhealing at 28 days, with 3.44 g/dL iden-
tified as the optimal predictive threshold (AUC = 0.727) [20]. In summary, hypoalbuminemia is a modifiable factor,
and its management may enhance wound healing and surgical outcomes.

5.3. Nutritional Interventions and Supplementation

Nutritional support is essential for effective wound healing, as malnutrition is associated with an increased
risk of postoperative complications, including delayed healing, higher infection rates, and prolonged hospital stays.
Preoperative nutritional optimization, a key component of ERAS protocols, helps mitigate these risks. Enteral nu-
trition is generally preferred over parenteral feeding due to its physiological benefits, including maintaining gut
integrity and lowering the risk of infections and impaired healing. However, when enteral feeding is not possible,
such as after sacrectomy, parenteral nutrition (including TPN) can improve healing outcomes, metabolic status,
and reduce hospitalization duration, despite a higher risk of complications [16,21]. In elderly patients, age-related
metabolic changes impair wound healing by shifting skin cell metabolism toward glycolysis, reducing ATP produc-
tion, and causing mitochondrial dysfunction (as shown in Figure 2). This limits the energy required for key healing
processes, such as cell proliferation and tissue remodeling, highlighting the importance of improving mitochondrial
function and ATP synthesis in aged skin [22,23]. Protein supplementation is also vital, as it provides essential amino
acids for collagen synthesis, angiogenesis, and fibroblast activity. Arginine enhances nitric oxide production and
blood vessel formation, while glutamine supports immune function and antioxidant defense. Protein deficiency
can significantly hinder healing, whereas supplementation reduces postoperative complications, particularly in pa-
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tients undergoing plastic surgery and those who have undergone bariatric surgery [16].
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Figure 2. Nutritional factors and their impact on wound healing in older adults.

Note: This figure summarizes the critical nutrients (key nutrients such as protein, amino acids, zinc, vitamins A and C, essential fatty acids, and albumin)
and metabolic factors that influence wound healing in older adults. Malnutrition-related conditions such as cachexia and sarcopenia hinder healing by causing
inflammation and nutrient loss. Targeted nutritional support is crucial to improve healing outcomes in the elderly.

5.4. Clinical Challenges in Geriatric Wound Care

Chronic wound management in older adults is challenged by comorbidities like diabetes, vascular disease, re-
nal insufficiency, and heart conditions, which impair healing through mechanisms such as chronic inflammation,
ischemia, and cellular dysfunction (as shown in Figure 3). These conditions promote senescence in key repara-
tive cells, such as fibroblasts and keratinocytes, thereby limiting tissue regeneration. Some drugs can further delay
healing by suppressing critical physiological processes. Aging also results in structural skin changes, including
thinning of the epidermis, reduced elasticity, and decreased collagen, making the skin more vulnerable to trauma—
especially from adhesive dressings [24]. Silicone-based and moisture-retentive dressings, such as hydrogels and
foam dressings, help minimize tissue damage and support healing in chronic wounds by maintaining a moist envi-
ronment and reducing trauma during dressing changes [5]. Biofilms, found in up to 60% of chronic wounds, are
a major barrier to healing due to their role in sustaining inflammation and resisting treatment. Pathogens such
as Staphylococcus aureus and Pseudomonas aeruginosa commonly form biofilms [25]. Silver-containing dressings
offer broad-spectrum antimicrobial activity but raise concerns about cytotoxicity and potential harm to beneficial
bacteria, necessitating careful consideration in their use (as shown in Table 1) [5].
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Figure 3. Factors contributing to wound formation in the elderly.

Note: This figure shows key factors that contribute to poor wound healing in elderly patients. These include chronic conditions, impaired healing due to inflammation
and cell dysfunction, skin changes, and infections that may involve antibiotic resistance. These factors are interconnected, making wound recovery more challenging.

Table 1. Comparison of traditional vs modern dressings.

Comparison Aspect Traditional Wound Dressings Modern Wound Dressings

Material Gauze, cotton wool, bandages Hydrocolloids, alginates, foams, hydrogels, films
Moisture Control Poor moisture control Good moisture control, promotes faster healing

Fluid Absorption Moderate absorption Excellent exudate absorption, reduces infection risk
Dressing Change Frequency  Frequent changes may cause trauma  Less frequently, minimizes wound disturbance
Antimicrobial Properties None or minimal Some have antimicrobial agents (e.g., silver, iodine)

Cost Low Higher than traditional dressings

Overall Effectiveness Basic protection High effectiveness in healing and reducing complications

Note: Table summarizes the comparison between traditional and modern wound dressings across various aspects, such as material, moisture control, absorption,
antimicrobial properties, and overall effectiveness.

5.5. Advances in Dressing Technologies and Topical Therapies

According to Table 1, hydrocolloid dressings contain hydrophilic colloids such as gelatin, pectin, and car-
boxymethylcellulose that form a gel upon contact with wound exudate, supporting autolytic debridement and main-
taining a moist healing environment. They are semi-occlusive, allowing gas exchange while blocking bacteria, and
are best suited for low to moderate exuding wounds, although not suitable for heavily exuding or infected wounds
due to the risks of maceration and anaerobic growth [26]. Foam dressings, usually made from polyurethane, are
ideal for moderate to heavily exuding wounds due to their high absorbency, flexibility, and ability to retain mois-
ture. Their 3D structure suits deeper wounds, and some are enhanced with antimicrobial agents, such as silver
or zinc oxide nanoparticles [5]. Silver-impregnated dressings, especially those containing silver nanoparticles (Ag-
NPs), provide broad-spectrum antimicrobial action, making them effective for treating chronic and infected wounds,
such as diabetic ulcers. Silver acts by damaging microbial membranes, inducing oxidative stress, and interfering
with DNA, thereby promoting healing without significant topical toxicity [27]. Soft silicone gel-based dressings are
noted for their gentle adhesion, flexibility, and ability to maintain a moist wound environment, supporting healing
while minimizing skin damage [5]. In resource-limited settings, soft gauze with moisturizers can be an effective
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option, supported by caregiver education in wound care. Saline or warm tap water is suitable for cleansing, and
severe wounds should be referred for advanced care. Skin tears should be managed by realigning skin flaps and
using non-adherent dressings, such as Cuticerin under Melolin, with dressings extending 2 cm beyond the wound
edges and directional arrows marked to aid in an atraumatic approach, well-suited to home care [28]. Figure 4
demonstrates the selection of a wound dressing.
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Figure 4. Selection of a wound dressing.

Note: This figure illustrates a structured wound care process: detect the wound, utilize telemedicine for communication, select advanced dressings, create a person-
alized plan, monitor progress, provide feedback to the care team, and adjust the plan as needed.

6. Health System Barriers and Solutions

6.1. Barriers to Optimal Care

Despite advances in wound care science, systemic barriers persist in limiting the delivery of optimal care to ag-
ing populations. Limited access to advanced wound products—including hydrogels, foams, and antimicrobial dress-
ing remains a critical challenge, particularly in low-resource or long-term care settings. Cost-related issues, includ-
ing insufficient insurance coverage and geographic disparities, further widen the gap in access to high-quality in-
terventions [28]. Additionally, variations in clinician knowledge, training, and adherence to evidence-based wound
care guidelines contribute to inconsistent care delivery and suboptimal outcomes for elderly patients [3].

6.2. Innovations in Care Delivery

Innovative care models are emerging to address these barriers. Telemedicine offers a practical solution for
follow-up care, especially in remote or mobility-limited populations, enabling timely assessment and early inter-
vention [29]. Community health workers and mobile wound care outreach teams are used to extend services into
underserved areas [28]. Furthermore, subsidized wound care programs, home-based services, and structured pa-
tient education initiatives have demonstrated promise in improving self-management and reducing wound-related
complications [3,30]. The examples of chronic wound care workflow are shown in Figure 5.

6.3. Immune-Targeted Therapies in Aging Wound Healing

With advancing age, the wound healing process becomes increasingly compromised due to immunosenes-
cence and a persistent low-grade inflammatory state commonly referred to as “inflammaging.” In this context,
immune-targeted therapies have emerged as promising adjuncts in the management of chronic wounds in older
adults.?>*? Strategies aimed at modulating key components of the innate immune system—particularly macrophage
and neutrophil function, as well as inflammasome activity—have shown potential in correcting the dysregulated
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inflammatory responses that characterize non-healing wounds.*®>** Among these, the NLRP3 inflammasome has
garnered particular interest due to its pivotal role in driving the overproduction of IL-1f3 and IL-18, leading to sus-
tained neutrophilic infiltration, extracellular matrix degradation, and impaired tissue regeneration. These effects
are exacerbated in aging skin, where baseline inflammatory signaling is already elevated. Targeting NLRP3 with se-
lective inhibitors such as MCC950 has demonstrated encouraging results in preclinical settings. In a murine model
of delayed wound healing, treatment with MCC950 resulted in a 42% increase in wound closure by day 10 compared
to untreated controls (p < 0.01), alongside marked reductions in IL-1f and IL-18 levels.'? Histological assessments
further confirmed enhanced granulation tissue and decreased inflammatory cell infiltration. Beyond pharmaco-
logic agents, immunomodulatory cell-based strategies are also gaining traction. Regulatory T cells (Tregs), which
play a key role in resolving inflammation and supporting tissue repair, have been shown to decline functionally
with age. In aged mice, the adoptive transfer of CD4*Foxp3* Tregs significantly improved re-epithelialization by
35% compared to non-treated aged controls (p = 0.03), correlating with increased amphiregulin expression and
suppression of pro-inflammatory cytokines, such as TNF-a and CXCL1 [17]. These findings underscore the mecha-
nistic and therapeutic relevance of immune modulation in age-impaired wound healing and highlight the need for
translational research to validate these interventions in human subjects.
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Figure 5. Chronic wound care workflow.

Note: This image illustrates a step-by-step plan for chronic wound care utilizing telemedicine, advanced dressings, regular monitoring, and ongoing updates to
enhance treatment.

Furthermore, biologics such as IL-1 receptor antagonists (e.g., anakinra) may mitigate excessive inflammatory
signaling and accelerate healing in inflamed or non-healing wounds [12]. In parallel, enhancing regulatory T-cell
(Treg) function and utilizing mesenchymal stem cell (MSC)-derived exosomes have demonstrated immunomodula-
tory effects, thereby promoting a regenerative wound environment [22]. Advances in nanocarrier-based delivery
systems also facilitate the localized and sustained release of these immunotherapeutics, minimizing systemic side
effects [6]. While these therapies are still largely experimental, their targeted nature holds promise for restoring
immune balance and improving wound resolution in elderly patients with chronic non-healing wounds [12,22].

6.4. Immune-Targeted Therapies and Marketed Agents in Aging Wound Healing

In the context of chronic wounds complicated by immunosenescence and sustained inflammation [9], several
marketed immunomodulatory agents have shown promise—either directly or through repurposing—for enhanc-
ing wound healing. For instance, anakinra, an interleukin-1 receptor antagonist approved for the treatment of
rheumatoid arthritis, has been studied for off-label use in modulating IL-1B-mediated inflammation in chronic
wounds [12]. Tacrolimus, a calcineurin inhibitor used in atopic dermatitis, has demonstrated topical efficacy in
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reducing local inflammation and promoting re-epithelialization in chronic dermatoses [13]. Colchicine, tradition-
ally used in gout, inhibits the NLRP3 inflammasome and may reduce sustained inflammation in chronic skin injuries
[12]. In cases of neutrophil-mediated tissue damage, dapsone—an anti-inflammatory and antimicrobial agent—has
been used both topically and systemically in dermatologic ulcerations [10]. Furthermore, sirolimus (rapamycin), an
mTOR inhibitor used in transplant medicine, has shown potential to enhance autophagy and promote skin regener-
ation in elderly orimmunocompromised individuals [22]. While none of these agents are currently approved specif-
ically for wound healing, their immunomodulatory mechanisms suggest clinical utility in select chronic wound sce-
narios. Emerging delivery platforms, such as hydrogels and controlled-release nanocarriers, may enhance safety
and local bioavailability, especially in geriatric populations [6,27].

Although a variety of immunomodulatory agents—including NLRP3 inhibitors, IL-1 antagonists, and mTOR
inhibitors such as sirolimus—have demonstrated therapeutic potential in chronic wound healing, the article ac-
knowledges the need for more precise differentiation between universally applicable strategies and those tailored
explicitly to aging-associated impairments [12]. Chronic wounds in older adults are uniquely characterized by im-
munosenescence, mitochondrial dysfunction, and a decline in autophagic activity, which collectively disrupt normal
tissue repair. Sirolimus, through its inhibition of mTOR, promotes autophagy and reduces inflammatory signaling—
mechanisms relevant across age groups—but mounting evidence suggests its effect is particularly pronounced in
aged tissue [12]. Preclinical studies in senescent murine models have shown that sirolimus significantly enhances
re-epithelialization, granulation tissue formation, and collagen remodeling in aged wounds, whereas the impact is
comparatively modest in younger counterparts where basal autophagic flux remains intact [31]. These findings un-
derscore sirolimus’s potential as an aging-specific intervention that corrects dysregulated pathways less evident in
younger hosts. However, while experimental data support this mechanistic plausibility, further age-stratified clin-
ical trials are essential to establish the differential efficacy of sirolimus and similar agents in human populations
and to refine therapeutic strategies accordingly.

7. Limitations of Immune-Targeted Therapies in Geriatric Wound Care

Although immunomodulatory therapies represent a promising avenue for managing chronic wounds in older
adults, their clinical application remains constrained by several significant challenges. Systemic agents such as
anakinra, tacrolimus, and sirolimus may pose immunosuppressive risks, potentially increasing susceptibility to
infection, impairing pathogen clearance, or elevating the risk of malignancy—concerns that are particularly rel-
evant in immunosenescent populations. Furthermore, age-related alterations in drug metabolism and renal or
hepatic clearance complicate dosing strategies and may elevate the risk of adverse drug events. Most approved
immunomodulatory agents have not been evaluated explicitly for chronic wound indications, especially in elderly
cohorts, and current use in this context is often extrapolated from preclinical or anecdotal evidence rather than
from wound-specific clinical trials. Additionally, the pathophysiology of chronic wounds in older adults is inher-
ently multifactorial, often involving persistent biofilm, ischemic microenvironments, and nutritional deficiencies—
factors that cannot be adequately addressed by immune modulation alone. The development and accessibility of
topical delivery systems for immunotherapeutics also remain limited, and adherence may be suboptimal in com-
munity or home-care settings. Cost and reimbursement barriers for biologics further limit their practical utility in
routine geriatric care. Importantly, coexisting malnutrition, particularly hypoalbuminemia—has a significant im-
pact on immune function and tissue regeneration. Protein-energy malnutrition and micronutrient deficiencies can
impair leukocyte activity, blunt cytokine signaling, and delay collagen synthesis. Therefore, integrating targeted
nutritional support alongside immunomodulatory treatment is not merely supportive but essential to improving
wound healing outcomes in older adults. A comprehensive, multimodal approach that aligns pharmacologic strate-
gies with metabolic and functional needs is likely to yield the most clinically meaningful benefits.

8. Future and Innovations

As the global population continues to age, the clinical burden of chronic wounds in elderly individuals is ex-
pected to escalate, necessitating the development of more effective, targeted, and accessible therapeutic innova-
tions. While current standard treatments emphasize wound dressings, infection control, and metabolic manage-
ment, these modalities often fall short in addressing the immunological and regenerative deficits associated with
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aging®®,?*. Future directions in geriatric wound care are therefore moving toward integrative approaches that mod-
ulate underlying biological dysfunctions, particularly those related to immunosenescence, inflammation, and tissue
regeneration®,*?. Among the most promising innovations are immune-targeted therapies, bioengineered cell-based
treatments, and personalized care strategies leveraging digital health technologies?®,3°.

A major area of advancement lies in targeted immunomodulation, which seeks to recalibrate the aberrant im-
mune responses seen in elderly wounds. Novel agents such as NLRP3 inflammasome inhibitors (e.g., MCC950) and
IL-1f antagonists (e.g., anakinra) are under investigation for their capacity to reduce chronic inflammation, pro-
mote resolution, and restore macrophage function?. Experimental models have shown these agents significantly
enhance wound closure and reduce inflammatory cytokine expression*?. Similarly, regulatory T cell (Treg)-based
therapies have demonstrated potential in reversing age-related immune dysfunction. Adoptive transfer of Tregs
in preclinical studies has resulted in improved epithelialization, matrix remodeling, and reduced fibrosis in aged
mice'”. While these approaches are promising, translational challenges include immune tolerance, dosing preci-
sion, and safety profiles in comorbid elderly patients®.

The intersection of immunotherapy and biomaterials is another frontier in wound care innovation. Topical
delivery platforms such as hydrogel-embedded cytokines, scaffold-based immunomodulators, and microneedle
patches allow for localized immunological reprogramming without systemic side effects'®. These delivery sys-
tems can be engineered to respond dynamically to wound microenvironment cues—such as pH or reactive oxygen
species—enabling smart, controlled release of immune modulators*®??. In tandem, advances in wound bioengi-
neering, including the use of decellularized extracellular matrix (ECM) scaffolds, autologous fibroblast sheets, and
bioactive peptides, are revolutionizing the support of tissue regeneration in non-healing wounds®,3*.

Another emerging innovation involves the use of genomic and transcriptomic profiling to tailor wound care
based on individual biological responses. Precision medicine approaches that stratify patients by inflammatory
gene expression signatures, proteomic markers, or senescence-associated profiles may soon allow clinicians to se-
lect the most appropriate intervention—whether immunotherapy, growth factors, or stem cell-based therapies—
based on a wound’s molecular phenotype®,?2. Technologies such as single-cell RNA sequencing and spatial tran-
scriptomics are beginning to uncover cellular heterogeneity within chronic wounds, shedding light on dysfunctional
fibroblast and immune subpopulations that could be therapeutically targeted®,*.

Stem cell therapies, particularly those involving mesenchymal stem cells (MSCs), continue to hold promise due
to their immunoregulatory and pro-regenerative properties®. MSCs derived from adipose, or bone marrow sources
have been shown to accelerate wound healing by secreting trophic factors, modulating local immune responses,
and promoting angiogenesis®. In aging populations, however, autologous cell potency may be diminished; thus,
allogeneic or induced pluripotent stem cell (iPSC)-derived options are being explored®”.

Concurrently, the role of nutrition and metabolic modulation is gaining recognition as a fundamental com-
ponent of future wound care models. Nutritional deficits such as hypoalbuminemia, zinc deficiency, and vitamin
C insufficiency impair immune cell function and tissue repair, particularly in elderly patients*®,*°,2°. Novel inter-
ventions integrating protein supplementation, targeted micronutrient therapy, and metabolic enhancers, such as
metformin (which may also modulate inflammation and autophagy), are under exploration??,23,

Digital health innovations such as remote wound monitoring, telehealth consultations, and artificial intelligence-
based wound assessment tools are also transforming care delivery?®,3°. Smartphone-enabled imaging and deep
learning algorithms can quantify wound size, depth, exudate, and granulation in real-time, providing clinicians with
actionable insights while reducing the need for frequent in-person evaluations. These technologies are particularly
relevant for aging individuals living in rural or long-term care settings, where access to specialized wound care may
be limited?®.

9, Conclusion

Chronic wounds in aging populations arise from a complex interplay of biological aging, immune dysregulation,
nutritional deficits, and systemic care limitations. Addressing these challenges requires an integrative approach
that combines targeted nutritional support, advanced dressing technologies, and emerging immune-modulating
therapies. While innovations such as immune-targeted agents and regenerative materials show promise, their im-
plementation is hindered by limited evidence, safety concerns, and accessibility issues. Moving forward, interdisci-
plinary collaboration, improved clinician education, and equitable access to care are essential to enhance healing
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outcomes and quality of life in older adults.
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