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Abstract 

Chronic, non‑healing wounds represent a significant challenge for healthcare systems worldwide, often requiring 
significant human and financial resources. Chronic wounds arise from the complex interplay of underlying comorbidi‑
ties, such as diabetes or vascular diseases, lifestyle factors, and genetic risk profiles which may predispose extremities 
to local ischemia. Injuries are further exacerbated by bacterial colonization and the formation of biofilms. Infection, 
consequently, perpetuates a chronic inflammatory microenvironment, preventing the progression and completion 
of normal wound healing. The current standard of care (SOC) for chronic wounds involves surgical debridement 
along with localized wound irrigation, which requires inpatient care under general anesthesia. This could be followed 
by, if necessary, defect coverage via a reconstructive ladder utilizing wound debridement along with skin graft, local, 
or free flap techniques once the wound conditions are stabilized and adequate blood supply is restored. To promote 
physiological wound healing, a variety of approaches have been subjected to translational research. Beyond con‑
ventional wound healing drugs and devices that currently supplement treatments, cellular and immunotherapies 
have emerged as promising therapeutics that can behave as tailored therapies with cell‑ or molecule‑specific wound 
healing properties. However, in contrast to the clinical omnipresence of chronic wound healing disorders, there 
remains a shortage of studies condensing the current body of evidence on cellular therapies and immunotherapies 
for chronic wounds. This review provides a comprehensive exploration of current therapies, experimental approaches, 
and translational studies, offering insights into their efficacy and limitations. Ultimately, we hope this line of research 
may serve as an evidence‑based foundation to guide further experimental and translational approaches and optimize 
patient care long‑term.
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Background
Demographic changes pose significant challenges for 
healthcare systems across the globe. Advancing age 
is often accompanied by the prevalence of underlying 
health conditions, such as diabetes and arteriosclero-
sis, which contribute to the higher incidence of chronic 
wound healing disorders [1]. For example, a retrospective 
analysis of Medicare beneficiaries in the United States 
revealed that a substantial number of individuals, up to 
8.2 million patients (14.5%), were affected by chronic 
wound disorders [2]. Of particular concern is the find-
ing that 5-year mortality rates of patients suffering from 
diabetic foot complications are comparable to the over-
all rates observed in cancer-associated cases (31%) [3]. 
Ordinarily, a wound heals damaged tissue through 4 

sequential, overlapping phases: coagulation or hemosta-
sis, early and late inflammation, proliferation, and tissue 
remodeling (Fig.  1a). These steps occur in a timely and 
highly orchestrated manner that involves the activity 
and recruitment of myriad cell types and ultimately cul-
minates in the restoration of tissue homeostasis via the 
regeneration of functional tissue or, as is most often the 
case, scar tissue. Whereas normal wounds are able to 
resolve, chronic wounds are defined as wounds that have 
failed to progress toward healing after 4 weeks of stand-
ard of care (SOC) treatment [4]. This occurs because 
chronic wounds are unable to properly progress through 
the 4 aforementioned phases, precluding the restora-
tion of a functional barrier and making them amenable 
to infection and tissue death. Despite etiologies ranging 

Fig. 1 Schematic diagram of physiological wound healing stages (a) and development of chronic wound due to persistence in inflammatory stage 
of wound healing (b). Created with Biorender.com
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from vascular insufficiency to pressure or diabetic com-
plications, the underlying physiology is typically unify-
ing across all types: arrest in the inflammatory phase of 
wound healing, characterized by excessive inflammatory 
signaling, increased protease activity, abundant reactive 
oxygen species, and a deficiency of growth factors and 
stem cell activity [5]. Other factors may also contrib-
ute to deficient wound healing and chronic wound for-
mation, including attenuated proliferation, inadequate 
angiogenesis, and microorganism colonization (Fig.  1b). 
Non-healing wounds have also been found to have sig-
nificantly lower oxygen tension levels, ranging from 5 
to 20 mmHg, whereas proper wound healing requires a 
tissue oxygen tension above 25 mmHg [6, 7]. Conditions 
like diabetes or vascular disorders can further contrib-
ute to a reduced peripheral oxygen supply. A consid-
erable proportion (78%) of chronic wounds is affected 
by the presence of biofilms, structured communities of 
microorganisms embedded within an extracellular poly-
meric substance that often forms in wound beds. This 
state allows microorganisms to become highly tolerant 
and resistant to the host’s immune system and antimi-
crobial substances [8, 9], posing a significant challenge 
to treatment and recovery [10]. To effectively promote 
wound healing, then, evidence-based strategies must be 
adequately identified. However, there remains a paucity 
of studies that comprehensively summarize the exist-
ing body of evidence on this subject. The current SOC 
management across all types of chronic wounds includes 
initial surgical debridement of damaged or necrotic tis-
sue followed by the decision to either allow the wound 
to heal by secondary intention or grafting tissue onto the 
wound bed. Either choice is then supported by the use of 
local or systemic antibiotic treatment and the application 
of an appropriate wound dressing. It should be noted that 
different approaches and techniques exist within each of 
these steps [4].

Exploring this line of research has the potential to cus-
tomize therapeutic strategies and achieve more targeted 
effects while minimizing systemic side effects. Below, 
we explore the current literature regarding available or 
developing cellular therapies that employ regulatory 
T-cells (T-regs), stem cells, macrophages, fibroblasts, 
and platelets in addition to immunotherapies for chronic, 
non-healing wounds (Table 1). Moreover, understanding 
the mechanisms of wound healing and their interactions 
with underlying diseases is crucial for the development of 
effective therapeutic interventions.

Cellular therapies for wound healing
T‑regs
T-regs are a heterogeneous subset of the cluster of dif-
ferentiation (CD)4+ helper T-cells that maintain immune 

tissue homeostasis by promoting self-tolerance, dampen-
ing excessive immune responses, and suppressing auto-
immunity [35–37]. They are classically defined by the 
expression of CD4, CD25, and forkhead box protein 3 
[35, 36, 38]. Due to their heterogeneity, T-regs exert their 
immune tolerance and suppression via multiple mecha-
nisms: secretion of anti-inflammatory factors such as 
interleukin (IL)-10, transforming growth factor-β (TGF-β),  
and IL-35, suppression of tumor necrosis factor-α 
(TNF-α), IL-6, and interferon (IFN)-γ release, and the 
quelling of T-cell activity and proliferation via cytotoxic 
T-lymphocyte antigen-4 [36, 39].

Within the context of wound healing, it is theorized 
that T-regs may aid non-healing wounds in terminat-
ing the inflammatory phase and enabling progression 
to the proliferative phase to continue the wound heal-
ing sequence [11]. Lewkowicz et  al. [40] indicated that 
lipopolysaccharide-activated T-regs can directly inhibit 
the inflammatory activity of polymorphonuclear neu-
trophils by inducing their production of IL-10, TGF-β, 
and heme oxygenase-1 generation while inhibiting the 
production of IL-6 in vitro. Moreover, T-regs have been 
shown to directly suppress the inflammatory activity 
of macrophages in  vitro by hampering their ability to 
secrete TNF-α and IL-6, in addition to reducing their 
recruitment [41]. The anti-inflammatory activity is likely 
stimulated by epidermal growth factor (EGF), as Zaiss 
et  al. [42] indicated how T-reg suppressive activity is 
largely enhanced when they are exposed to EGF.

These positive findings have also been observed in 
pre-clinical, animal models. Nosbaum et  al. [11] used 
an in  vivo murine model to highlight the necessity of 
T-regs for appropriate wound closure. The group found 
that T-regs were activated and preferentially accumu-
late in wounded skin during the inflammatory phase of 
wound healing while depletion of T-regs significantly 
diminished wound closure. T-regs mediated this effect 
by attenuating IFN-γ-secreting effector T-cells and, con-
sequently, the accumulation of pro-inflammatory  LyC6+ 
macrophages in the wound. Similarly, Haertel et al. [13] 
found that depletion of T-regs caused poor vessel forma-
tion, reduced contraction, and obstructed reepitheliza-
tion in both wild-type and activin-transgenic mice. These 
findings strongly support the necessary role of T-regs 
in normal wound healing. Furthermore, these data sug-
gest that the topical administration of T-reg-based cell 
therapy could be promising for superficial and deep tis-
sue chronic wounds, particularly for those wounds that 
persist in the inflammatory phase due to T-regs’ role in 
anti-inflammatory processes.

However, although pre-clinical studies are enlighten-
ing, significantly more basic science research regard-
ing the precise role of T-regs in wound healing and the 
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mechanism by which they mediate it is required. Knoe-
dler et al. [43] discussed future directions of T-regs, not-
ing that chimeric antigen receptor-equipped T-regs may 
deliver promising treatment options for wound healing 
due to chimeric antigen receptor-T-regs proven track 
record in controlling alloimmune-mediated rejection in 
human skin grafts. However, potential side-effects such 
as T-reg overstimulation or exhaustion have to be further 
investigated pre-clinical prior to clinical application.

With all this in mind, the limitations of adoptive T-reg 
cell therapies include the use of autologous cells from 
patients with chronic wounds whose T-regs may be dys-
functional, the time-consuming expansion of T-regs 
in  vitro, cell delivery and survival in the inflammatory 
wound environment, and lack of standard generation 
protocols [44]. Consequently, there are currently no reg-
istered clinical trials nor Food and Drug Administration 
(FDA)-approved therapies for the use of adoptive T-reg 
cell therapy for the treatment of chronic, non-healing 
wounds.

Stem cells
A stem cell is defined as an immature, unspecialized cell 
that can undergo self-propagation and has the ability 
to differentiate into more than one cell lineage, often to 
replace aged or damaged tissue [45, 46]. Two fundamen-
tal ideas position stem cells as a promising therapeutic 
prospect for the treatment of chronic wounds. First, the 
ability of stem cells to spatially and temporally respond to 
fluctuating microenvironments by secreting growth fac-
tors and differentiating into depleted cell types suggests 
that they may be more effective at restoring homeostasis 
than other therapies. This is particularly important as the 
presence of hypoxia, poor perfusion, microbial growth, 
and inflammation generally precludes many therapies 
from being effective [16, 47, 48]. Second, the observation 
that stem cell populations are depleted in non-healing 
wounds supports the notion that their replacement may 
be advantageous [47, 48].

Pluripotent stem cells (PSCs) are generally divided into 
two categories: embryonic stem cells (ESCs) and induced 
PSCs (iPSCs). ESCs are PSCs derived from the inner cell 
mass of a blastocyst and have the capacity to differentiate 
into any tissue of the three germ layers [49, 50]. However, 
due to the controversial ethical dilemma surround-
ing ESC research and clinical applicability, iPSCs have 
become their functional replacement.

iPSCs, which phenotypically resemble ESCs, are PSCs 
capable of differentiating into any tissue of the three 
germ layers. Unlike ESCs, however, they are derived by 
reprogramming adult somatic cells (most commonly 
keratinocytes or fibroblasts) with a cocktail of four tran-
scription factors [51]. Because iPSCs are easy to generate 

and present low immunogenicity when self-sourced, they 
possess all the benefits of ESCs while avoiding the moral 
dilemma. Christiano et al. [52] used iPSCs to generate an 
autologous 3D human skin equivalent for wound heal-
ing, surgical reconstruction, or skin diseases. And Takagi 
et al. [53] developed an artificial, 3D allograft from iPSCs 
which contained functional skin appendages such as hair 
follicles and sebaceous glands. In fact, cells derived from 
iPSCs may contribute to extracellular matrix (ECM) dep-
osition, angiogenesis, cell proliferation, and immunoreg-
ulation [14]. Sasson et  al. [54] have investigated TNF-α 
preconditioned human iPSC in terms of cellular viability 
and secretome when integrated into a 3D collagen scaf-
fold. Their results showed improved cell viability as well 
as a significant increase in vascular endothelial growth 
factor (VEGF) expression in the preconditioned human 
iPSCs meaning that augmented cellular viability in com-
bination with secretion of paracrine factors could lead to 
improved wound healing due to migration (Fig. 2).

Despite the promising landscape, there are currently 
no ESC or iPSC therapies that are commercially avail-
able for non-healing wounds or, in fact, for any disease. 
As mentioned previously, ESCs are unlikely to see clini-
cal application due to ethical considerations. And while 
significant progress has been made in characterizing 
iPSCs and their application, their safety profile remains 
uncertain for clinical use, particularly due to their tumo-
rigenic potential [15]. Furthermore, determining the opti-
mal platform for delivering iPSCs to chronic wounds and 
characterizing the ideal microenvironment to ensure their 
survival is crucial. Innovative approaches to eliminate 
undifferentiated cells that possess tumorigenic potential 
before cellular transplantation are also required. Finally, 
there are considerations to be made with iPSCs derived 
from patients with different health profiles. We conclude 
that primate studies are likely necessary before iPSCs can 
make the jump towards clinical use in humans [15].

Adult stem cells (ASCs) also known as tissue-specific 
stem cells, are stem cells that reside in and can be isolated 
from non-fetal tissue [55]. In contrast to PSCs, ASCs are 
multipotent, meaning their progeny is restricted to the 
lineage of a single layer [56]. One of the principal roles of 
ASCs, then, is to maintain the integrity of the tissues they 
reside in by replacing old or damaged cells.

Although many distinct types of ASCs exist, mesen-
chymal stem cells (MSCs) dominate the stem cell-based 
therapy field with regard to non-healing wound treat-
ment. MSCs are of mesodermal origin and are found in 
many tissues throughout the body, including bone mar-
row, adipose tissue, umbilical cord blood, Wharton’s Jelly, 
and many other tissues. Bian et al. [57] present a compre-
hensive review of the now-established effects that MSCs 
exert in  vitro, including the secretion of proliferative 
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and angiogenic growth factors, exerting anti-inflamma-
tory and immunoregulatory effects, and differentiating 
into mesodermal lineage cell types such as fibroblasts, 
keratinocytes, and endothelial cells.

The two most prevalent types of MSCs in wound 
healing studies are bone marrow mesenchymal stem 
cells (BMSCs) and adipose-derived stem cells (ADSCs) 
(Fig.  2). Falanga et  al. [58] had previously reported that 

Fig. 2 Totipotent stem cells can differentiate into tissue‑specific and pluripotent stem cells that promote chronic wound healing via different 
pathways. Created with Biorender.com
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topically-applied autologous BMSCs were able to sig-
nificantly accelerate and improve wound healing in both 
non-healing human wounds and diabetic murine models. 
However, the difficulty in sourcing BMSCs, combined 
with reduced red marrow content as patients age, has 
made finding an alternative source of ASCs compelling 
[59]. ADSCs have consequently become an increasingly 
relevant object of research as they are abundant in adi-
pose tissue, easily harvested from lipoaspirates, and not 
subject to the same limitations as BMSCs [59]. Brembilla 
et al. [60] provide an excellent review of both pre-clinical 
and clinical data which supports the idea that ADSCs 
can improve reepithelization, promote angiogenesis, and 
accelerate wound healing. However, they also highlight 
the need for further research and well-designed clini-
cal trials before their effectiveness can be conclusively 
appraised.

To date, the only FDA-approved, stem cell-based 
therapy for chronic wounds is Grafix, a cryopreserved 
amniotic membrane with a 3D-ECM scaffold contain-
ing growth factors, fibroblasts, endothelial cells, and 
MSCs [16, 49]. Two clinical studies, including a large 
randomized controlled trial (RCT), demonstrate the 
safety and efficacy of Grafix treatment (n = 50 and n = 66) 
in diabetic foot ulcers, even in those that are treat-
ment refractory. Patients who were treated with Grafix 
achieved wound closure (62%) up to 4 weeks faster than 
the SOC-treated patients (21.3%) while also experiencing 
fewer complications [16, 49].

Ultimately, stem cell therapies are a promising avenue 
for chronic wound treatment, with the current literature 
largely focusing on MSC-based treatments [61]. How-
ever, although several registered stem cell clinical trials 
are underway, the dearth of commercial drugs clearly 
suggests further research is necessary [26].

Macrophages
Macrophages are long-lived phagocytic cells of the innate 
immune system that play specialized roles in immune 
protection, inflammation, and tissue homeostasis [62]. 
Tissue-resident macrophages of the skin are broadly 
divided into two categories: epidermal macrophages (also 
known as Langerhans cells) and dermal macrophages 
[63]. Monocyte-derived macrophages are also recruited 
during periods of infection, inflammation, or injury, serv-
ing an essential role in coordinating both the immune 
response and the wound healing process [62, 64].

Macrophages are phenotypically diverse and exhibit a 
high degree of plasticity which allows them to adapt to 
the microenvironment in which they reside. However, 
despite their essential role in tissue homeostasis, dys-
regulation of macrophage activity may heavily contrib-
ute to inflammatory and autoimmune diseases. This is 

particularly evident in chronic wounds, where inflam-
matory macrophages play a significant role in the per-
sistence of inflammation and, consequently, affecting 
wound healing.

In healthy skin, injuries lead to the recruitment of both 
tissue-resident and monocyte-derived macrophages to 
the site of injury, where they help orchestrate the three-
phase wound healing response. Immediately after an 
injury occurs, the inflammatory phase begins. Mac-
rophages are polarized to an M1 (inflammatory) phe-
notype as a means of promoting an anti-pathogenic 
microenvironment. Following pathogen clearance, mac-
rophages transition towards a spectrum of M2 (inflam-
mation-resolving) phenotype as the wound becomes 
ready to enter the proliferative phase and, eventually, the 
tissue-remodeling phase. Because non-healing wounds 
tend to be caused by the persistence of the inflamma-
tory phase, influencing the behavior of macrophages has 
been at the forefront of wound healing research. This 
can be accomplished by either attenuating the activ-
ity of M1 macrophages or enhancing the activity of M2 
macrophages.

Therapies are often grouped into two broad categories: 
pharmacological therapies or ex  vivo transplantation of 
macrophages [65]. Ashcroft et al. [66] indicated improved 
rates of closure in wounds after the application of Inflixi-
mab, neutralizing antibodies of TNF-α. Infliximab was 
applied topically in 8 patients with 14 distinct chronic 
wounds. Seven of the 8 patients enrolled had positive 
clinical outcomes, with 12 of the 14 individual wounds 
responding to treatment. Five treatment-refractory 
ulcers healed within 4 to 8  weeks, and 4 ulcers showed 
a reduction in size of 75% after 8  weeks. Non-healed 
wounds included 2 ulcers which showed no reduction 
after 8 weeks and a single ulcer that did not display any 
response to treatment [17, 66].

Pharmacological therapies that stimulate the activity 
of M2 macrophages have also been explored. Agonists of 
the peroxisome proliferator-activated receptor, such as 
GQ-11 have been suggested to improve reepithelization 
and collagen deposit by repolarizing inflammatory M1 
macrophages towards an M2 state in a diabetic murine 
model. Silva et al. [18] demonstrated that the application 
of GQ-11 resulted in a 30% increase in wound closure 10 
d post-wounding in diabetic mice relative to their vehi-
cle control and pioglitazone groups. It should be noted, 
however, that this improvement occurred only during the 
later stages of wound closure and that this positive clo-
sure effect was not observed in non-diabetic mice.

Although several disease models show promising find-
ings for macrophage transplantation, the evidence of 
benefit in wound healing is unclear. Due to the highly 
concerted and convoluted M1-to-M2 progression, the 



Page 14 of 25Huelsboemer et al. Military Medical Research           (2024) 11:23 

successful administration of polarized macrophages 
depends on the appropriate temporal application dur-
ing the sequence of wound healing. Gu et  al. [67] pre-
sented evidence on how the administration of activated 
M1 macrophages within 1 d of injury accelerated wound 
healing. Moreover, Jetten et  al. [68] found that admin-
istration of IL-4/IL-10-stimulated M2 macrophages 
during the early inflammatory phase was detrimental. 
Dreymueller et al. [69] corroborated these findings, with 
M1 transplantation sparking the wound healing process 
when delivered early on, but M2 transplantation signifi-
cantly delaying the recovery in a chronic wound murine 
model. These groups concluded that, at least in the con-
text of cutaneous healing in mice, attempting to modify 
the wound environment through the external introduc-
tion of M2-polarized macrophages was not an effective 
therapeutic approach. Instead, therapeutic strategies 
directly targeting pro-inflammatory factors like IL-1β or 
TNF-α appear more promising [68].

The data presented above suggest that SOC treatments, 
including debridement, disinfection, and appropriate 
dressing, are more beneficial than macrophage transplan-
tation [69]. There are no FDA-approved drugs to pharma-
cologically target or transplant macrophages specifically 
for wound healing, to date. We believe further research 
is warranted to better understand the complex inflamma-
tory microenvironment of chronic wounds to learn how 
macrophage transplantation in chronic wounds could 
become therapeutically viable.

Fibroblasts
Fibroblasts are a heterogeneous group of mesenchymal 
cells responsible for creating and maintaining the ECM. 
The ECM is essential in establishing the internal milieu, 
providing structural integrity, serving as a growth fac-
tor repertoire, and regulating cell activity [70, 71]. Fibro-
blasts also play a direct role in tissue homeostasis by 
responding to signaling cues, secreting growth factors 
and inflammatory cytokines, and having contractility 
properties. In spite of all of these functions, fibroblasts 
usually remain in a quiescent state until homeostasis is 
disturbed [70, 71].

The central role that fibroblasts play in tissue mainte-
nance necessitates that they also orchestrate the return to 
homeostasis during injury. As a wound occurs and enters 
the inflammatory phase, fibroblasts exit quiescence and 
become myofibroblasts, an inflammatory, secretory, 
and highly contractile phenotype that helps coordinate 
wound closure. Myofibroblasts migrate into the wound 
bed, generating large amounts of ECM and releasing 
cytokines and growth factors. Myofibroblast contrac-
tion further helps in wound compaction. As with inflam-
matory macrophages, dysregulation and persistence of 

myofibroblast activity can maintain wounds in a chronic, 
non-healing state [71]. Their central role in regulating, or 
dysregulating, the wound healing process consequently 
makes them an attractive therapeutic candidate.

Like the absence of stem cells, the broad depletion of 
growth factors in chronic wound beds suggests that sup-
plementation could serve as an effective therapeutic. 
While several growth factors are known to stimulate 
fibroblast activity, proliferation, and survival, the three 
following are the most studied: platelet-derived growth 
factor (PDGF), the fibroblast growth factor (FGF) fam-
ily, and TGF-β [72]. As demonstrated by Tassi et al. [73], 
fibroblast growth factor-binding protein 1 (FGF-BP1) 
enhances angiogenesis, granulation tissue formation, 
and both fibroblast and keratinocyte migration in their 
murine wound healing model. A significantly acceler-
ated wound closure rate was observed in transgenic 
mice that expressed BP1 while FGF2-null mice showed 
delayed wound closure, suggesting that BP1 plays an 
important role in FGF activity. By day 6, BP1-expressing 
wounds were nearly closed while the equivalent control 
did not demonstrate epithelial closure. And despite the 
challenges of studying the effects of TGF-β due to its 
pleiotropic effects, in  vitro and in  vivo studies provide 
overwhelming evidence of its necessity for re-epithelial-
ization, inflammation, angiogenesis, and granulation tis-
sue formation during the wound healing process [74].

Despite the successful pre-clinical outcomes, only a 
handful of growth factor-based therapies have become 
FDA-approved and are used clinically for chronic wound 
treatment. In fact, beclapermin, a recombinant human 
PDGF approved for diabetic neuropathic ulcers, is the 
only growth factor that is FDA-approved and in-use to 
date. In contrast to a placebo gel, the application of beca-
plermin gel at 100 µg/g demonstrated a notable improve-
ment in wound closure outcomes (n = 382 patients). 
Specifically, it increased the rate of complete wound clo-
sure by 43% and reduced the time required to achieve 
complete wound closure by 32%. Adverse events reported 
during treatment or within a 3-month follow-up period 
were comparable in terms of type and frequency across 
all treatment groups [19]. However, there are therapies 
that are commercially available outside of the United 
States. These include Fiblast Spray [recombinant human 
basic fibroblast growth factor (bFGF) available in Japan], 
Heberprot and Easyef (recombinant human EGF formu-
lations available largely in East Asia), and Regen-D150 
(recombinant human EGF gel available in India) [75]. It 
is postulated that the short half-life, particularly in the 
presence of the inflammatory microenvironment within 
chronic wounds, our inability to temporally regulate 
growth factors, and the relatively limited physiological 
scope of single growth factor therapies have hampered 
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their clinical use. Research is underway to develop bio-
materials that can avoid these barriers and deliver growth 
factors to chronic wounds more efficiently.

As with other cellular therapies, the direct transplanta-
tion of live fibroblasts allows for the regulated release of 
growth factors and cytokines based on the cells’ ability to 
sense and respond to the microenvironment. Fibroblasts 
are often embedded in a scaffold which include growth 
factors, keratinocytes, or other cellular components that 
support their survival and ability to improve wound 
healing [76]. Importantly, some studies have found that 
both autologous and allogeneic fibroblast-based sheets, 
whether they are dry, frozen, or non-frozen, had com-
parable effects on improving wound healing outcomes 
[77–79]. This is clinically impactful for a few reasons: 
allogeneic fibroblast sheets are quality-tested and nor-
malized, present considerable time and cost savings, 
and offer an overall expedited treatment process com-
pared to autologous sheets. Clinically, 8 fibroblast-based 
cell therapies are in use for wound management to date 
[80]. Notable examples include: Dermagraft, Apligraf, 
and TheraSkin [20–22, 80]. A prospective, multicenter 
RCT found complete wound healing in 34% (n = 64) of 
Dermagraft-treated patients compared to 31% (n = 56) of 
SOC-treated patients. The study concluded that Derma-
graft is comparable but not necessarily superior in out-
comes relative to SOC therapies [20]. On the other hand, 
another international, multicenter RCT found that type 
1 and 2 diabetes patients undergoing Apligraf treatment 
showed a significantly higher wound closure rate (n = 33 
with 51.5% response rate) in the treatment group relative 
to SOC (n = 39 with 26.3% response rate) after 12 weeks 
[21]. Finally, a multicenter, retrospective, propensity-
matched cohort study that analyzed the efficacy of Ther-
aSkin (n = 1997) compared to SOC (n = 1997), and found 
that TheraSkin treatment led to a statistically significant 
increase in healing rate at 90 d, between 90 – 179 d, and 
beyond 180 d. These data indicate that combined cel-
lular therapies show great promise for the treatment of 
chronic, non-healing wounds [22].

Platelets
Platelets are small, anucleated cell fragments that origi-
nate from megakaryocytes in the bone marrow and are 
essential for the wound healing process. Besides being 
directly responsible for hemostasis, the first phase of 
wound healing, via plug formation, they also orchestrate 
the start of the inflammatory phase by serving as adhe-
sion points for recruited neutrophils and monocytes and 
by secretion of chemokine (C-X-C motif ) ligand 4, IL-1β, 
and other inflammatory mediators [81–83]. Additionally, 
perhaps most importantly, platelets serve as an enormous 
source of growth factors, notably PDGF, VEGF, FGF, 

and EGF [75, 84], which aid in the progression of nor-
mal wound healing. Platelet-based therapies, collectively 
named platelet concentrates, are subsequently based on 
the knowledge that wounds are depleted of growth fac-
tors, that these growth factors can be sourced from plate-
lets, and that platelets contain a variety of growth factors 
that clinically outperform the use of any given factor by 
itself.

Platelet concentrates are broadly divided into 4 distinct 
groups: platelet-rich plasma (PRP), platelet-rich fibrin 
(PRF), platelet lysate (PL), and platelet extracellular vesi-
cles (PEVs). PRP is a first-generation plasma concentrate 
derived autologously from a patient’s blood and is the 
most widely known platelet concentrate [85]. It consists 
of a plasma fraction with a higher concentration of plate-
lets than whole blood. Its ease of generation, abundance 
of growth factors, and low immunogenicity make it a 
popular therapeutic choice in regenerative medicine, par-
ticularly in wound healing [85]. Farghali et al. [86] tested 
subcutaneous PRP infiltration to assess its effect on 
full-thickness cutaneous wounds. They found that PRP-
treated wounds in dogs had higher rates of re-epitheli-
zation, increased contractility, more collagen deposition, 
and acceleration of granulation tissue maturation while 
also displaying reduced scarring. Clinically, because it 
is derived from a patient’s blood, PRP is not considered 
a drug and is therefore not subject to FDA approval. 
Rather, the use and application of PRP is at the discre-
tion of a patient’s healthcare provider. Its effectiveness 
in treating chronic wounds, however, is still debated. Qu 
et al. [87] performed a meta-analysis of RCT and found 
evidence that autologous PRP may improve healing in 
diabetic non-healing wounds but insufficient evidence 
for venous or pressure ulcers.

PRF is a second-generation plasma concentrate that 
builds and improves upon the success of PRP [85]. The 
generation procedure is similar to PRP. However, it 
avoids blood collection tubes coated with anticoagulants 
and, instead, allows for the formation of a fibrin mesh 
in the tube in which platelets and leukocytes become 
embedded in elevated concentrations. The entrapment 
of cells is thought to prolong and help regulate the pace 
of growth factor release [85]. Like PRP, PRF is not sub-
ject to FDA approval if sourced from a patient’s blood. 
Pinto et  al. [23] designed a prospective, self-controlled 
study [n = 44 patients, with venous leg ulcers (n = 28), 
diabetic foot ulcers (n = 9), pressure ulcers (n = 5), or 
complex wounds (n = 2)] and observed that all except 5 of 
the 44 patients with these treatment-refractory chronic 
ulcers were able to attain wound closure when treated 
with PRF. Moreover, the 5 remaining patients in which 
PRF treatment did not completely heal the wound had 
ulcers > 10  cm2 and quit treatment before wound closure. 
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However, their wound recovery was similar to other large 
wounds that successfully healed, suggesting full recov-
ery was attainable if therapy had not been discontinued. 
It should be noted that since the study is self-controlled, 
the strength is limited. However, the group concluded 
that PRF is a safe, effective, and cheap therapeutic option 
for these treatment-refractory patients. A more exten-
sive review by Miron et al. [24] found that out of a total 
of 31 clinical studies, 18 studies (58%) reported positive 
wound-healing outcomes linked to PRF treatment, even 
when compared to control groups. Moreover, 27 (87%) 
out of the 31 clinical studies, supported the utilization of 
PRF in the context of soft tissue regeneration and wound 
healing across various medical procedures. This system-
atic review underscores the favorable impact of PRF on 
wound healing following regenerative therapy for man-
aging diverse soft tissue issues, including chronic non-
healing wounds, encountered in both medical and dental 
practices.

Finally, PL and PEV are both relatively new and under-
studied platelet concentrates, relative to PRP and PRF, 
that have the potential to reach clinical application. PL is 
generated by freezing/thawing platelets, allowing them to 
lyse and release their intracellular contents. da Fonseca 
et  al. [88] extensively reviewed the use of PL in differ-
ent diseases, recommending its use in clinical practice. 
Additionally, Barsotti et  al. [89] broadly characterized 
the effect of platelet concentrates across several cell types 
in the wound bed by adding variable PL concentrations. 
They found that fibroblast migration, keratinocyte epi-
thelization, human umbilical vein endothelial cell viabil-
ity, proliferation, angiogenic capacity, and monocyte 
chemotaxis were elevated when exposed to PL. However, 
it should be noted that Bonferoni et al. [90] compared the 
effectiveness of PRF to PL, finding that PRF yields better 
wound healing outcomes. The skew towards PRP/PRF in 
the literature suggests that these therapies may be more 
clinically applicable than PL.

PEVs are collected by stimulating platelets and col-
lecting the extracellular vesicles they secrete. Interest-
ingly, PEVs are quite heterogeneous and are amenable 
to the stimuli applied to the platelets [91]. Guo et al. [92] 
indicated that exosomes derived from PRP were able to 
induce migration and proliferation of endothelial cells 
and fibroblasts to improve wound healing both in  vitro 
and in  vivo in a full-thickness wound model in diabetic 
rats (n = 36). Studies regarding their clinical use, how-
ever, are still early-stage and sparse. In fact, the first and 
only human clinical trial that investigated the safety of 
allogeneic PEVs in non-healing wounds was recently per-
formed by Johnson et al. [25]. Because the group focused 
on safety, no difference in wound healing capacity was 
found across experimental and control groups. Rather, 

they suggest future studies investigate clinical concentra-
tions that are effective for wound regeneration.

Immunotherapies for wound healing
Antibodies
Monoclonal antibodies have quickly become a leading 
drug class, with indications across cancer, autoimmune 
disease, transplant rejection, and infectious diseases 
(Fig. 3) [93]. According to The Antibody Society, however, 
there are currently no therapeutic antibodies approved or 
under review by the FDA for chronic wounds [94].

Acute and chronic wounds contain diverse microbio-
logical populations which may limit wound recovery [95, 
96]. We briefly comment below on a prominent use of 
antibodies: the targeting of bacteria within wound beds. 
Antibodies against a host of bacterial and fungal ele-
ments [97, 98], and exhibit anti-biofilm activity in  vitro 
and in  vivo have been reviewed by Watson et  al. [99], 
although the authors deny the present availability of any 
licensed anti-biofilm antibodies. They explain that anti-
biofilm antibody therapies are enhanced by both target-
ing multiple biofilm components and pairing their use 
with antibacterial drugs. In combining these two ideas, 
antibodies conjugated to nanomaterials or antibiotics 
are becoming extensively studied as a potential therapy 
for biofilm disruption and elimination [100]. We explore 
the below antibodies that target pathogenic toxins as well 
as those conjugated to nanomaterials. Antibodies conju-
gated to drugs are explored in further detail in the Bio-
film section [95, 96].

Antibodies against Staphylococcus aureus (S. aureus) 
virulence factors have been shown to have wound heal-
ing applications [101–105]. By exploiting the heat gen-
erated by the interaction between alternating magnetic 
field (AMF) and magnetic nanoparticles conjugated with 
antibody against S. aureus protein A, Kim et  al. [104] 
reported an in vitro inactivation of 80% in colony form-
ing units in AMF treatment compared to 50% with an 
alternative treatment control. The reduction of bacterial 
burden consequently enhanced wound healing rates and 
outcomes in AMF-treated mice compared to controls. 
In a similar vein, Chen et  al. [105] used magneto-ovoid 
strain (MO-1) magnetotactic bacteria and coated them 
with anti-MO-1 polyclonal antibodies. They successfully 
targeted the magnetotactic bacteria to S. aureus through 
interactions between S. aureus protein A and the anti-
bodies’ Fc fragments. AMF exposure produced mag-
netic hyperthermia conditions in  vitro leading to a 50% 
increase in the killing efficiency of S. aureus in suspen-
sion compared to approximately 30% efficiency for AMF-
treated, uncoated MO-1 cells [105]. Moreover, significant 
reductions in wound lengths at 7 d post-wounding were 
observed in mice receiving treatment of antibody-coated 
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MO-1 with AMF compared to groups who received 
no treatment, AMF-only, and antibody-coated MO-1 
without AMF [105]. In a diabetic murine model of pol-
ymicrobial wounds published by Tkaczyk et  al. [103], 
triple monoclonal antibody treatment against multiple 
S. aureus virulence factors (alpha toxin, four secreted 
bicomponent leukotoxins, and fibrinogen binding cell-
surface adhesin clumping factor A) resulted in full skin 
re-epithelization within 21 d compared to control-IgG, 
which did not see any wound closure. The polymicro-
bial wounds also contained Pseudomonas aeruginosa 
(P. aeruginosa) and Streptococcus pyogenes, whose num-
bers were significantly decreased with the triple antibody 
treatment compared to control-IgG [103]. The authors 
argued that, due to an over-time decline in NETosis 
activity and pro-inflammatory mediators in diabetic mice 
polymicrobial skin lesions following treatment, other 
pathogens were more easily targeted [103]. Antibodies 
against other bacterial pathogens have been investigated 
as well. Barnea et  al. [26] investigated the healing of 
P. aeruginosa-infected burn wounds in mice using poly-
clonal antibodies against the N-terminal of P. aeruginosa 
type b flagellin. Results of this study showed that infected 
mice were systemically treated with different regimens of 
anti-P. aeruginosa antibodies had a reduced mortality rate 
of 0 – 17%, which was comparable to the mortality rate 
in the imipenem-treated group, and significantly lower 

than the control mortality rate of 58 – 83%. Moreover, 
the IgG-treatment group displayed a significantly faster 
mean wound healing time (15 d vs. 23 d for non-IgG con-
trol) with improved histopathological regeneration and 
no apparent necrosis, ulceration, or abscess formation as 
was observed in control groups. It should be noted that 
there were no differences in mortality and wound healing 
time between anti-P. aeruginosa antibody treatment and 
imipenem antibiotic treatment [26]. Animal studies of 
wound healing illustrate the promise of bacteria-directed 
antibodies and their application alongside anti-microbial 
treatments.

We note that no ongoing clinical trials or FDA-
approved antibody therapies for chronic, non-healing 
wounds are available to date. Rapid proteolysis and clear-
ance of antibodies in inflammatory microenvironments, 
high costs of manufacturing, potential side effects, and 
lack of effective delivery systems are all significant chal-
lenges that these therapies must overcome if they are to 
be applied in the clinical setting. However, it is important 
to highlight those promising innovations in the vehicle 
space, ranging from nanomaterials to physical and chem-
ical penetration enhancers, that may improve delivery, 
bioavailability, and persistence in the wound [106–108]. 
Ultimately, we believe scientific evidence points to the 
therapeutic potential of antibody-based methods for 
wound healing.

Fig. 3 Antibodies represent a versatile platform to target different cells and molecules involved in chronic wound healing. Created with Biorender.
com. S. aureus Staphylococcus aureus, P. aeruginosa Pseudomonas aeruginosa, E. coli Escherichia coli, LPS lipopolysaccharide, TGF‑β transforming 
growth factor‑β, TNF‑α tumor necrosis factor‑α, IL interleukin, MHC II major histocompatibility complex class II, TCR T‑cell receptor, PD‑1 
programmed cell death 1, PD‑L1 programmed cell death‑ligand 1
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Checkpoint inhibitors
Since 2011, there have been 11 immune checkpoint 
inhibitors approved by the FDA (as of June 2023), all of 
which are monoclonal antibodies indicated for the treat-
ment of malignancies [94, 109]. The immune checkpoints 
targeted by these approved checkpoint inhibitors include 
cytotoxic T-lymphocyte antigen-4, programmed cell 
death 1 (PD-1), programmed cell death-ligand 1 (PD-L1), 
and lymphocyte activation gene 3 [94, 109]. There have 
not yet been any checkpoint inhibitors approved specifi-
cally for wound healing indications.

In a study by Afroj et al. [110], mouse and human fibro-
cytes were shown to express PD-L1, and subsequent anti-
body blockade of the PD-1/PD-L1 interaction enhanced 
the antigen-presenting and  CD8+ T-cell-stimulatory 
activities of these cells. Moreover, Wang et al. [111] have 
delved into the function of PD-L1 in regulating wound 
inflammation. They found that PD-L1 expression was 
detected in mouse fibroblast-like cells within wound 
granulation tissue. PD-L1 knockout mice used in this 
study were shown to have delayed healing of excisional 
wounds, both by gross examination and the relative area 
of the wound bed that remained over the span of 10 d. 
Although the most notable disparity in the healed area 
between wild-type and intervention occurred during 
days 3, 5 and 7, wild-type mice had healed on average 
85% of the excision compared to 70% in PD-L1 knock-
out mice by the end of the treatment period. Moreover, 
PD-L1 knockout mice displayed higher expression levels 
of inflammatory cytokines TNF-α (up to 10% more rela-
tive to wild-type) and IL-6 (up to 30% more relative to 
wild-type). The authors propose that PD-L1 expression 
of fibroblast-like cells in granulation tissue may positively 
regulate wound healing via PD-L1-mediated formation 
of an immunosuppressive microenvironment, initiation 
of inflammation resolution, and regulation of M1 to M2 
macrophage transition [111]. Additionally, TGF-β has 
been found to play roles in inducing PD-L1 expression of 
fibroblast and fibroblast-like cells [111, 112]. These find-
ings, when considered together, indicate that inhibition 
of PD-L1 expressed by fibroblasts may impair wound 
healing function or reverse the activity of pathological 
fibroblast phenotypes.

Macrophages and platelets are also involved in wound 
healing and have been reported to express immune 
checkpoints in the context of malignancy [113–115]. 
Immune checkpoint CD83 has been identified as a key 
mediator of macrophage transition from M1 to M2 
phenotypes [116]. Peckert-Maier et  al. [116] generated 
mice with conditional knockout of CD83 expression of 
macrophages and inflicted full thickness wounds. Com-
pared to wild-type mice, mice with CD83-deficient mac-
rophages displayed an accelerated initial inflammatory 

wound healing phase, which resulted in an approximately 
25% increase in wound closure by day 3. Interestingly, 
by day 6, both wild-type and CD3 knockout mice had 
achieved wound closure. Despite this result, histological 
and expression analysis of CD83 knockout mice revealed 
an aberrant wound healing process with expanded epi-
dermis, no hair follicle migration, and lacking dermis 
compared to wild-type mice. Moreover, inflammatory 
markers such as TGF-β (twofold increase), alpha-actin 2 
(38% increase), and type I collagen alpha 1 (40% increase) 
were elevated in CD83 knockout mice, suggesting that 
these wounds recovered at least in part via fibrosis [116].

Interestingly, studies have also found that systemic and 
topical administration, rather than depletion or inhibi-
tion, of checkpoint inhibitors have also shown to be ben-
eficial in wound healing. Royzman et  al. [117] reported 
that CD83 application accelerated healing in mouse full 
thickness excisional wounds compared to control treat-
ment. This group also found that treatment of wounds 
with macrophages pre-incubated with soluble CD83 
improved wound closure compared to phosphate-buff-
ered saline and mock-incubated macrophage treat-
ments, indicating a role for soluble CD83 in modulating 
macrophage wound healing activity [117]. With respect 
to PD-L1, Su et  al. [118] studied the role of exosomal 
PD-L1 in vitro and in vivo in mice. In vitro experiments 
of exosomal PD-L1 administration demonstrated T-cell 
immunosuppression, which led to enhanced skin cell 
migration. Topical application of a hydrogel embedded 
with exosomal PD-L1 on full thickness excisional wounds 
in mice resulted in complete gross re-epithelization 
by day 10 compared to control, which still maintained 
a large scab. Moreover, histological and quantitative 
polymerase chain reaction analysis revealed markedly 
reduced levels of inflammatory markers such as TNF-
a, IL-6, and granzyme B, as well as diminished immune 
infiltration, in PD-L1 treatment groups relative to control 
[118]. Following these findings, Kuai et  al. [27] studied 
external PD-L1 application in a murine model of diabetic 
ulcers. The authors reported that diabetic ulcers under-
went PD-L1 downregulation relative to normal wounds 
and proposed that endogenous PD-L1 deficiency may be 
a potential contributor to impaired healing in this con-
text. Administration of topical PD-L1 on ulcers improved 
healing and re-epithelization rates, even out-performing 
recombinant bovine basic FGF treatment [27].

The benefits of checkpoint immunotherapy, however, 
are often accompanied by unacceptable immune-related 
adverse effects (irAEs). irAEs are common and can 
manifest in numerous ways, including gastrointestinal, 
rheumatological, hepatic, neurological, endocrine, adre-
nal, and cutaneous, amongst many others [119]. Unfor-
tunately, cutaneous irAEs, in particular, are the most 
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common irAEs, which may have implications for wound 
healing [120]. For example, immune checkpoint inhibi-
tor therapy has been reported to be potentially associ-
ated with wound complications in head and neck cancer 
patients [121, 122]. Notably, the pre-clinical studies listed 
above did not mention adverse events related to their 
treatment. We ultimately believe that the pre-clinical evi-
dence warrants further research to evaluate its applica-
bility in human wounds. This should be accompanied by 
innovation in topical and local delivery systems to avoid 
systemic irAEs.

Small molecule inhibitors (SMIs)
SMIs are defined as organic compounds with molecular 
weights < 500  Da that affect a given biological process. 
Their small size and oral administration allow them to 
have low treatment attrition, attain high bio-availabilities, 
and have the ability to penetrate cell membranes, target-
ing specific macromolecules to alter their function [123].

Despite the wide-spread use of SMIs in cancer, research 
regarding their applicability in the treatment of non-heal-
ing wounds is sparse. Further, there are no FDA-approved 
SMIs in use for chronic wounds to date. The few emerg-
ing SMI therapies in the literature that have focused on 
wound healing target the two prominent pathways of the 
wound healing response: the Wnt and hypoxia inducible 
factor-1α (HIF-1α) pathways [124].

Wnt pathway
Saraswati et  al. [28] have assessed the potential of pyr-
vinium, a Wnt inhibitor, as a wound repair therapeu-
tic. In their study, a polyvinyl alcohol (PVA) sponge 
implanted subcutaneously in mice was used as a granu-
lation tissue deposition model. They found that pyrvin-
ium-treated PVA sponges had a general improvement in 
cellular proliferation (150% of Ki-67+ expression increase 
over control), vascularity (120% increase in PECAM-1+ 
expression over control), and overall granulation tissue 
architecture. Moreover, in a follow-up study, they dem-
onstrated pyrvinium’s potential to enhance MSC prolif-
eration, engraftment, and stemness in an in vivo murine 
model [29]. These results combined suggest that pyrvin-
ium may be able to serve as an ancillary wound healing 
therapy.

HIF‑1α pathway
Groups that target HIF-1α with SMIs have found some 
evidence of improved tissue repair. Considering HIF-1α 
is degraded in the presence of oxygen and iron, Thangara-
jah et al. [30] found that the application of deferoxamine 
(DFO), an FDA-approved iron chelator, to a humanized, 
diabetic, murine wound improves perfusion and wound 
healing outcomes by inhibiting HIF-1α degradation 

and, consequently, maintaining elevated levels of VEGF. 
In fact, by day 7, mice treated with DFO had a 13-fold 
and 2.7-fold increase in CD31 cell and VEGF expres-
sion compared to non-treated mice, respectively. These 
outcomes were further validated by Li et  al. [32], who 
identified the cyclometalated iridium (III) metal com-
plex 1a as a disruptor of the von Hippel-Lindau-HIF-1α 
protein interaction, helping accumulate HIF-1α in cel-
lulo. Moreover, they showed that wild-type and three 
distinct diabetic murine models with excisional wounds 
treated with the iridium (III) complex SMI both showed 
a significantly accelerated rate of wound healing. In irid-
ium-treated wild-type mice, wound closure was nearly 
complete by day 8, compared to 75% wound closure in 
non-treated mice. And across the three diabetic murine 
models, iridium treatment increased wound closure by 
up to 25% after 4 d. These changes were accompanied by 
increased skin thickness, collagen deposition, and impor-
tantly, neovascularization. Finally, Parker et al. [31] pro-
vide a narrative review that further explores the successes 
of DFO in pre-clinical models of wound healing and how 
those results may promote human trials to evaluate its 
effectiveness in clinical practice.

Biofilms
Biofilms are complex assemblies of microorganisms 
embedded in a self-produced ECM that significantly 
impact wound healing. Primarily composed of bacte-
ria, biofilms create a protective environment for micro-
bial communities, allowing them to resist host immune 
responses and a variety of antimicrobial treatments [125]. 
Moreover, while biofilms are present in almost 60% of 
chronic wounds, they are only present in about 10% of 
acute wounds [126]. Common biofilm-forming bacteria 
include S. aureus, P. aeruginosa, and various subspecies 
of Streptococcus and Enterococcus. The presence of bio-
films in wounds can lead to prolonged inflammation, 
delayed healing, and increased risk of systemic infection 
(Fig. 4) [127]. While there are indeed articles that eluci-
date the complex interaction between wound healing and 
biofilm formation, it is surprising that experimental and 
in vivo wound models that investigate the effects of cel-
lular therapies on wound healing often do not include the 
consideration of biofilm formation and presence. There-
fore, future research is warranted to decipher the bio-
pathological mechanisms of biofilm formation in wound 
beds [128–131]. This lack of consideration may in part 
explain why promising pre-clinical studies often do not 
successfully translate into meaningful clinical data.

Tvilum et al. [33] recently developed an anti-S. aureus 
antibody conjugate with mitomycin C, which displayed 
significant bactericidal properties against S. aureus 
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suspensions in vitro. They also assessed its effectiveness 
against biofilm formations, reporting a 100-fold decrease 
in colony-forming unit enumeration relative to control 
and stand-alone vancomycin treatment. However, it was 
not able to achieve a significant difference against mito-
mycin C individually, although the group posits that 
the maximum tolerated dose of the antibody-conjugate 
was not evaluated. Finally, they reported that the anti-
body-conjugate formulation of mitomycin C is less toxic 
in  vitro compared to unconjugated mitomycin C. In 
another study led by Le et al. [34], S. aureus biofilms were 
targeted using an anti-S. aureus antibody conjugated to 
nanoparticle-encapsulated rifampicin. In comparison 
to phosphate-buffered saline (control)-treated S. aureus 
biofilms, the antibody-nanoparticle conjugate was able 
to reduce non-biofilm bacterial counts by over 3 orders 
of magnitude in  vitro. These findings persisted when 
applied to a biofilm model, where there was a nearly 
140% increase in the relative percentage of live/dead 
cells compared to control and free-standing rifampicin. 
Finally, the antibody-nanoparticle conjugate treatment 
was evaluated in  vivo using a prosthesis-associated 
S. aureus biofilm infection murine model and a biolumi-
nescent bacterial strain to quantify bacterial death. Start-
ing at a baseline bioluminescent intensity of 100%, the 

antibody-nanoparticle conjugate treatment was able to 
reduce bioluminescence to a mere 5% compared to saline 
(which saw an increase in bioluminescence to 150%) and 
free rifampicin (which saw a reduction in biolumines-
cence to 25%) [34]. Furthermore, Xin et  al. [132] have 
examined the wound healing activity of an ultrasound-
activated, antibody-conjugated, perfluoropentane- and 
meropenem-loaded nanoparticle treatment against 
P. aeruginosa biofilm. The group used a 3D confocal 
laser scanning microscopy in combination with live/dead 
staining to qualify the bactericidal effect of treatment, 
reporting a significant amount of bacterial death in the 
sonication/nanoparticle group compared to the control, 
which had maintained high levels of bacteria embedded 
in biofilm. The treatment was also effective at disrupt-
ing biofilm formation in an in  vivo murine model.  
P. aeruginosa-infected full-thickness wounds that received 
the combined sonication/nanoparticle treatment had sig-
nificantly restricted the bacterial survival rate to 20% at 
day 3, compared to nearly 100% with control treatment. 
Moreover, qualitative histological analysis demonstrated 
complete granulation, hair follicles, and organized con-
nective tissue in treated mice compared to varying lev-
els of inflammation and persistent immune infiltration in 
other treatment groups including control. Importantly, 

Fig. 4 Illustrates biofilm development in an open wound. Attachment of pathogenic germs is followed by microcolony formation that leads 
to quorum sensing and finally results in biofilm formation. The mature biofilm is resistant to the inflammatory response of the human body due 
to their extracellular matrix formation. EPS extracellular polymeric substance
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they concluded their study by assaying for bio-compati-
bility and safety and found that there was no significant 
red blood cell lysis or lung, spleen, heart, kidney, or liver 
inflammation. These results suggest that this treatment 
may be highly translatable to clinical models.

Limitations, however, do exist with antibody-based 
therapies against biofilms. Chief amongst them is that 
biofilms are often composed of several distinct species, 
current studies seem to achieve similar effectiveness to 
existing SOCs (although several groups state that the 
antibody-conjugate titers have yet to be perfected), and 
the financial burden of antibody synthesis and storage. 
However, Rembe et al. [9] have tested the application of 
an in vitro biofilm model consisting of human plasma to 
cultivate biofilms in a reliable wound model for the labo-
ratory setting. They demonstrated a significantly lower 
effect of hypochlorous wound irrigation solutions when 
confronted with biofilm compared to a non-challenged 
planktonic approach and suggested that this model may 
be suitable for various applications in biofilm studies. 
With all this taken into consideration, we believe anti-
body-based strategies against biofilms are overall sup-
ported by literature evidence and continued development 
will likely yield clinically relevant therapies.

Conclusions and future perspectives
Traditional wound treatments typically involve the com-
bination of surgical debridement with the application of 
antiseptics, antibiotics, and dressings to prevent infec-
tion and facilitate healing [4]. While effective for man-
aging most wounds, these treatments may have limited 
efficacy in promoting the healing of chronic and complex 
wounds. Consequently, we look to innovation in wound 
therapies to enhance effectiveness in chronic wounds. 
Cellular therapeutics harness the regenerative potential 
of living cells, such as stem cells or PRP, to stimulate tis-
sue repair and regeneration. Immunotherapies, on the 
other hand, modulate the immune response at the wound 
site using growth factors or cytokines to promote healing 
and reduce inflammation.

Cellular and immune therapeutics demonstrate great 
potential in overcoming persistent challenges in chronic 
wound healing disorders. As for currently available thera-
pies, only a few which FDA-approved, and all of which 
are cell-based. Results from clinical trials regarding 
stem cell- and immune cell-based wound dressings have 
shown promise, but results in this area are often not chal-
lenged with the presence or consideration of biofilms. To 
that extent, pre-clinical results of antibiofilm research 
are also promising and justify further elucidation. We 
propose that a multi-pronged approach, in which stem 
cell delivery and induction provide a matrix for wound 
remodeling, secretes growth factors, and offers support 

for other cell types (such as fibroblast proliferation or 
T-reg recruitment to the wound bed) whilst directly tar-
geting biofilms could be a future avenue of treatment on 
the way to improve patients’ outcomes and quality of life.

Recent research beyond the scope of biofilms has sug-
gested leveraging inflammation drivers to re-convert the 
chronic wound to an acute wound microenvironment 
with elevated pro-inflammatory cytokine and chemokine 
levels. For instance, Zhu et  al. [133] used pro-inflam-
matory IFN-γ and TNF-α to enrich and amplify the 
secretome of MSCs. The so-derived supernatant showed 
promising potential in promoting angiogenesis, con-
stricting collagen deposition, upregulating VEGFC, and 
accelerating wound closure in a murine cutaneous exci-
sion model. Additionally, pro-inflammatory cytokines, 
including IL-1, IL-17, and TNF-α, have been demon-
strated to promote hair follicle neogenesis and epitheli-
alization in chronic wound healing, with IL-1 specifically 
driving the proliferation and mobilization of stem cells 
[134]. Overall, these findings highlight the potential 
positive effects of pro-inflammatory agents on wound 
healing. Based on these insights, balancing pro-inflam-
matory vs. anti-inflammatory cytokines and chemokines 
may represent a promising pathway warranting future 
research.

In summary, our review sheds light on recent trends 
and findings on cellular therapeutics and immunothera-
pies on wound healing. These lines of research may 
unlock untapped potential and guide further research 
work. With this in mind, the future of wound care may 
involve integrating cellular therapeutics and immuno-
therapies with established treatments to harness syner-
gistic effects and optimize outcomes. Advancements in 
tissue engineering, regenerative medicine, and immu-
nomodulatory techniques hold promise for developing 
novel therapies that address the underlying mechanisms 
of wound healing more effectively. To that effect, we have 
summarized the mechanism and outcomes of all afore-
mentioned therapies in Table 1. Moreover, although the 
intended purpose of this paper was to provide a concise 
but encompassing review of established and develop-
ing therapies, we look to other groups to provide more 
in-depth analyses regarding each therapeutic class. 
Domaszewska-Szostek et al. [135] provide a comprehen-
sive review of the application and limitations of several 
different cell-based therapies, including keratinocytes, 
fibroblasts, BMSCs, and ADSCs, in clinical trials, con-
cluding that although cell-based therapies may in time 
serve as an alternative to surgical-based treatment, more 
definitive clinical outcomes are still required. Addition-
ally, Berry-Kilgour et al. [136] extensively detail a review 
of the use of growth factors and cytokines as immuno-
therapies for the treatment of chronic wounds. Despite 
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the underwhelming results that cytokine or growth fac-
tor clinical trials have had so far, her group notes that as 
our collective understanding of the physiology underly-
ing chronic wounds improves, tailored growth factor/
cytokine therapies, in combination with improved bio-
materials and delivery systems, will likely yield improved 
results.

In conclusion, while traditional wound treatments 
remain essential for managing acute wounds and pre-
venting infections, cellular therapeutics, and immuno-
therapies offer exciting opportunities to revolutionize 
wound care in complex cases. By promoting faster heal-
ing, reducing complications, and improving outcomes, 
these innovative approaches have the potential to sig-
nificantly impact the field of wound management and 
improve patient outcomes.
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