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Abstract

The clinical field of wound healing is challenged by numerous hurdles. Not only are wound-

healing disorders complex and multifactorial, but the corresponding patient population is diverse, 

often elderly and burdened by multiple comorbidities such as diabetes and cardiovascular disease. 

The care of such patients requires a dedicated, multidisciplinary team of physicians, surgeons, 

nurses and scientists. In spite of the critical clinical need, it has been over 15 years since a 

treatment received approval for efficacy by the FDA in the United States. Among the reasons 

contributing to this lack of effective new treatment modalities is poor understanding of 

mechanisms that inhibit healing in patients. Additionally, preclinical models do not fully reflect 

the disease complexity of the human condition, which brings us to a paradox: if we are to use a 

“mechanistic” approach that favours animal models, we can dissect specific mechanisms using 

advanced genetic, molecular and cellular technologies, with the caveat that it may not be directly 

applicable to patients. Traditionally, scientific review panels, for either grant funding or 

manuscript publication purposes, favour such “mechanistic” approaches whereby human tissue 

analyses, deemed “descriptive” science, are characterized as a “fishing expedition” and are 

considered “fatally flawed.” However, more emerging evidence supports the notion that the use of 

human samples provides significant new knowledge regarding the molecular and cellular 

mechanisms that control wound healing and contribute to inhibition of the process in patients. 

Here, we discuss the advances, benefits and challenges of translational research in wound healing 

focusing on human subject research.
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1 | THE BURDEN OF NON-HEALING WOUNDS

Impaired wound healing is associated with pain, disability, loss of productivity, depression 

and social isolation for more than 6 million patients, costing the U.S. healthcare system 

approximately $20–25 billion each year.[1] Although they differ in etiology, chronic wounds 

such as venous leg ulcers (VLU), diabetic foot ulcers (DFU) and pressure ulcers (PU), all 

share an enormous impact due to high incidence with frequent relapses and associated 

complications.[2–4] VLU develop as a consequence of venous valvular incompetence causing 

venous reflux, obstruction and hypertension.[5–8] Chronic DFU are a widespread 

complication in patients suffering from diabetes mellitus (DM). DM affects 9.9% of the 

population older than 40 in the U.S. alone, of which 30% suffer from lower extremity 

lesions.[9] Diabetic patients who develop foot ulcer have a significantly increased mortality 

of 50% at 5 years, almost analogous to mortality rates seen in colon cancer.[10] PU usually 

occur over bony prominences due to prolonged pressure, or pressure in combination with 

shear and/or friction. PU particularly affect geriatric patients with multiple morbidities, 

particularly those that are bed- or wheelchair-bound.[4] Despite the severity of the clinical 

problem, there are currently only three federal drug administration (FDA) approved 

therapies for efficacy for the treatment of chronic VLU and DFU. These include the 

recombinant human PDGF (Regranex) and the tissue-engineered living human skin 

substitutes, Apligraf and Dermagraft.[4] However, over 50% of DFUs[11] and over 70% of 

VLU[12] fail to heal depending on the wound size and duration, and there is no efficacious 

therapy approved for PU treatment, emphasizing the urgent need to better understand 

mechanisms of healing inhibition for the development of novel therapeutic modalities. Faced 

with this “silent” epidemic of chronic wounds,[13] we encounter limitations in mechanism- 

and pathophysiology-based clinical management, owing to an impediment of therapeutic 

development deriving from poor understanding of mechanism at a molecular level as well as 

a shortage of appropriate preclinical models.

2 | “PROS AND CONS”: ANIMAL VS HUMAN WOUND-HEALING MODELS

Various animal wound-healing models have been successfully utilized to better understand 

the basic mechanisms of the acute wound-healing process, and to some extent, its 

pathophysiology.[4,14–19] The most commonly used animal models for wound healing, such 

as murine, rat, porcine and rabbit, are widely available and share important anatomical and 

physiological characteristics with the human wound-healing process. It is generally accepted 

that porcine wound-healing model provides the major advantages over other animal models 

due to high structural similarity to human skin and healing primarily by epithelialization 

resembling human wound closure, in contrast to rodent wounds that heal primarily by 

contraction.[15,16,20] Furthermore, particular models have been subject to modifications, 

such as the presence of diabetes, ischaemia, ischaemia-reperfusion, wound biofilm or 

mechanical pressure, in efforts to mimic a wound environment commonly encountered in the 

clinical setting.[15,20–25] As such, animal models of wound healing remain an invaluable 

resource for testing safety, efficacy and toxicology of novel therapies in the preclinical 

phase. However, most therapeutic agents that were shown to be successful in enhancing 

wound healing in animal models have been unsuccessful in significantly improving healing 

in patients, resulting in limited advanced therapy options. Despite large overlap between 
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molecular and cellular mechanisms, significant anatomic and physiologic divergence has 

been found between human and the widely used rodent models, primarily in terms of 

immune response and mechanisms of re-epithelialization.[14,15,26] The most recent advances 

in developing humanized mouse models are holding a new promise in reproducing clinical 

hallmarks.[27–30] Mice engrafted with human CD34+ hematopoietic stem cells can be 

successfully utilized for studying the process of human inflammation in response to tissue 

injury,[27] while the human skin graft transplanted onto the back of NOD/SCID mice is 

useful for studying the human wound healing in both wild type and diabetic background.
[28,29] However, chronic ulcers are often complicated by complex microbial communities, 

bacterial biofilms, multiple comorbidities and polypharmacy, all contributing to local and 

systemic effects on the wound and its environment. One can see how such factors contribute 

to the complexity of human wounds, posing a challenge when faced with questions such as: 

“at what point does the healing halt?” “how do these factors interact to produce an 

environment that interrupts normal healing?” or “what causes some wounds to respond to 

standard of care and advanced treatment while others do not?” In addition, the discovery of 

specific genes unique to the human genome that play a role in the wound-healing process 

underscores the need to use human model(s) and human samples.[31] That said, the value of 

a mechanistic approach using animal models to test specific mechanisms in a highly 

controlled setting is not to be undermined.[14] However, animal models cannot take into 

account the multitude of factors frequently encountered in a clinical setting, resulting in an 

oversimplification of actual chronic wound conditions in humans. The more we try to 

control for outside factors to achieve the “ideal” experimental setting, the farther we depart 

from the “applicable preclinical model” that could yield more successful translation of 

therapeutics into the clinic. As an example, several in vivo studies utilizing animal models 

have been successful in facilitating wound healing by exogenously applying recombinant 

transforming growth factor-β (TGF-β).[32–34] Although early clinical trials for the 

application of exogenous TGF-β2 to venous leg ulcers appeared promising,[35] TGF-β 
therapy was ultimately unsuccessful in clinical trials and failed to get approval from the 

FDA despite its success to accelerate wound healing in pre-clinical animal models. The 

dearth of translation from animal studies to patients was elucidated a decade later through 

studies of human tissue biopsies dissecting the components of TGF-β signalling. Alas, there 

is a functional loss of TGF-β receptors and downstream Smad signalling cascade in the 

epidermis of chronic wounds, providing an explanation for the limited ability of exogenous 

TGF-β to accelerate wound healing in patients.[36,37] Unfortunately, this suppression of 

TGF-β signalling cascade in patients who have chronic wounds was unknown at the time of 

clinical trial design. This data underscore the importance and value of research utilizing 

human samples to understand the chronic wound pathophysiology and mechanisms of action 

prior to proceeding to an advanced phase of a clinical trial.

Human samples, coupled with available modern technologies[38–48] and system data 

integration including medical electronic records,[49,50] can lead to a better appreciation for 

the complexity of underlying factors affecting wound healing. These include variables such 

as associated infection, treatment compliance, other medical conditions, comorbidities and 

medications, which all effect the patho-physiology of wound healing. An additional 

advantage is the accessibility of chronic wound samples and feasibility of collection using 
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minimally invasive methods. Wound fluid, wound swabs and tissue specimens from chronic 

ulcers can be obtained during outpatient visits as an integral part of standard of care, while 

providing biomaterial for a wide spectrum of analyses including primary cell isolation and 

histopathological evaluation in addition to analyses of gene expression, proteomics, 

lipidomics, metabolomics and wound microbiome (Figure 1). Wound tissue samples prove 

to be especially useful because they provide unique opportunities to perform not only 

histological analyses, but also yields useful biomaterial for primary cell isolation, RNA, 

protein, lipid and even microbiome analyses. Wound fluid and swabs are relatively easy to 

obtain, and, although they do not provide histology assessments, they provide invaluable 

information related to enzyme activity, proteomics, metabolomics and microbiome 

environment of the chronic wound (Figure 1). Research studies using human tissue samples 

have already proved successful in dissecting the mechanisms of action for approved 

therapies even in small patient populations (Table 1).[44] Such studies may not only help 

unravel an order of importance and interplay between differing elements affecting a patient’s 

wound, but also discover precise biomarkers to classify them based on their “healing” or 

“non-healing” characteristics to personalize treatment modalities. Most importantly, we can 

utilize this knowledge to further optimize preclinical models that will better account for 

clinical hallmarks, confirm the findings from human tissue samples and test for potential 

effects of novel therapeutic modalities in a complex but more “improved” setting. Recent 

advances in organotypic skin models utilizing patient’s cells[51,52] and micro-engineered 

models of functional human skin, known as organs-on-chip,[53] could provide the basis for 

preclinical assays with greater translational power. A chronic wound organotypic model 

assembled with primary DFU-derived fibroblasts and healthy keratinocytes was established, 

and it maintained the main pathological phenotype of DFUs.[51] More advanced organ-on-a-

chip technologies mimicking multilevel organ functions are also being developed and may 

circumvent the need for animal wound models altogether.[54] Cutaneous organ-on-a-chip 

models focus on accommodating a bioengineered skin equivalent that is continuously 

perfused through a microvascular channel. While there are several barriers to overcome 

before a full, multilevel, organ-on-a-chip skin equivalent can be fully utilized for wound-

healing studies, the power of this technology has already been made evident.[53] What 

remains is to recreate skin’s architecture; complete with sensory organs, appendages, and a 

full vascular network utilizing patient-derived cells; which would open the doors to more 

powerful mechanistic studies and treatment screening methods for wound-healing disorders.

Although there is a fundamental and important body of knowledge regarding cutaneous 

wound healing that continues to derive from animal studies, human studies also represent a 

valuable resource that should not be underestimated. These types of studies offer the unique 

opportunity to decipher mechanisms of healing impairment that can further facilitate future 

development of novel therapeutic modalities.

3 | WHAT DID WE LEARN SO FAR FROM STUDIES UTILIZING HUMAN 

WOUND SAMPLES?

The use of human samples in conjunction with analyses involving standard cell, molecular 

and more advanced “omics” technologies led to the better understanding of molecular and 
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cellular processes deregulated in chronic wounds (Tables 1 and 2). Although the etiology of 

VLU, DFU and PU is multifactorial, these wounds share some common recognizable 

defects.[4] These common features of non-healing wound pathophysiology include 

hyperproliferative non-migratory epidermis, unresolved inflammation, impaired fibroblasts 

function, extracellular matrix deposition, increased levels of pro-teases, decreased 

angiogenesis and complex microbial communities associated with biofilms.[38,43,46,52,55–61]

In vitro studies have shown that primary cells isolated from chronic wounds maintain tissue 

characteristics and show altered proliferative and migratory capacity accompanied with an 

inability to respond to wound-healing stimuli such as growth factors and cytokines.
[51,52,55,62,63] While the actions of multiple cell types are tightly regulated by growth factors, 

cytokines and signalling molecules during the acute wound-healing process,[64–66] this 

regulation, and interplay between different signalling factors, is dysregulated in chronic 

wounds.[4,36,67,68] Furthermore, chronic wounds exhibit high levels of metalloproteinases 

(MMP) and a perturbed ratio between MMP and tissue inhibitors of metalloproteinases 

(TIMPs), which contribute to a hostile wound environment, lack of growth factor and 

cytokine signalling and subsequently delayed healing (Table 2).[69–85] In-depth 

characterization of VLU wound edge tissue has revealed a loss of the epidermal stem cells 

niche, deregulation of epidermal differentiation and activation of β-catenin pathway coupled 

with attenuation of TGF-β and epidermal growth factor (EGF) signalling pathways.
[36,38,40,41] Diminished concentration of circulating stem progenitor cells was also found to 

be associated with impaired foot ulcer healing in patients with diabetes.[86,87]

3.1 | “Omics” approaches and associated findings

As a complex, multistep process involving multiple cell types and interacting regulatory 

pathways, wound healing is well suited for an “omics” approach such as gene expression 

profiling, RNA sequencing, proteomics, metabolomics or microbiome/metagenomics 

technologies (Figure 2).[38,40–47,88] These technologies provide the ability to simultaneously 

analyse multiple targets and thereby identify pathways responsible for impaired wound 

healing. They allow analysis beyond individual components enabling studies investigating 

global physiology and pathology of wound healing along with interactions of the cellular 

components participating in various repair processes (Figure 2). Although “omics” 

approaches were traditionally classified as “descriptive” science and “fishing expeditions”, 

the “hypothesis generating” (as opposed to more traditional “hypothesis driven”) 

experimental designs is gaining more acceptance. Here, we outline studies that have 

successfully utilized a combined approach of using “omics” and patient samples to pinpoint 

specific processes and molecules associated with healing impairment. Gene expression 

profiling has been employed to identify specific sets of genes and corresponding microRNAs 

(miRs) that are deregulated in VLU and DFU tissue samples.[40,41,43,44,52,89] Furthermore, 

comparative genomic analyses were employed to elucidate transcriptional features that 

distinguish chronic VLU from acute healing wounds (AW).[44,90] Comprehensive genomic 

data analyses revealed that the prolonged inflammation present in non-healing VLU is at a 

suboptimal level and insufficient to facilitate progression of healing in comparison with the 

normal acute wound inflammatory response.[44] Biological processes of immune cell 

differentiation, activation, migration and signalling were strikingly absent in chronic non-
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healing VLU.[44] Calcium mobilization, required for epithelial restitution in in vivo models 

of wound repair, was another process found enriched in acute wounds but not in chronic 

VLU.[44] Calcium mobilization also functions in immunity, signalling downstream of 

wound-healing cytokines to stimulate migration and repair.[44,91] Importantly, testing the 

response of VLU to FDA-approved bilayered skin construct (BLCC) identified that BLCC 

shifts the genomic profile from a non-healing VLU towards an acute wound-like profile[44] 

(Table 1). These data support findings that non-healing wounds are unable to enter and 

complete the acute wound response to accomplish healing, and that the suboptimal 

inflammatory response, coupled with impaired cell migration and proliferation, is all 

contributing features to non-healing.[44] A genomic approach was also utilized to identify 

overexpressed miRs with a critical role in the pathogenesis of non-healing VLU. Aberrant 

regulation of miR -21, - 16, - 20a, - 106a - 130a and - 20 specific for VLU contributed to 

inhibition of healing via multiple mechanisms by targeting growth factor signalling 

including leptin receptor, TGFβ and EGF (Table 1).[40,89,91] The most recent study focused 

on identifying genes, associated pathways and miRs in DFU as a result of Staphylococcus 
aureus colonization. S. aureus induced miR-15b-5p, subsequently repressing DNA repair 

and diminishing inflammatory response, revealing a novel mechanism of healing inhibition 

in chronic DFU colonized with this pathogen.[43] DFU are also characterized by a significant 

reduction of miR-132, which contributes to the deregulation of inflammation-related 

pathways such as NF-κB, NOD-like receptor, Toll-like receptor and TNF-α signalling.[92] 

Multiple proteomic studies have utilized chronic wound fluid as an accessible source of 

biomaterial, revealing not only deregulation of secreted host proteases, but also specific 

peptides from human thrombin derived as result of wound infection.[46,93] In addition to 

analysing host response to infection, advances in next-generation sequencing methods have 

allowed for the identification and quantification of microbial communities in chronic and 

acute wound setting (Table 2).[48] DNA sequencing methods utilizing the 16S ribosomal 

RNA gene to evaluate bacterial phylogeny and taxonomy have been successfully utilized to 

identify the complexity of chronic wound microbial “footprints”,[57,94–96] with a few recent 

studies addressing the correlation of microbiome with clinical outcomes in wound healing.
[56,58,97] Taken together, utilization of human specimens for basic research has shown major 

advances in understanding mechanisms that control healing and its impairment.

4 | UTILIZATION OF HUMAN SAMPLES: DIAGNOSTIC TOOLS AND 

BIOMARKER DISCOVERY

In addition to using human samples to understand pathophysiology, such an approach may 

be very useful in personalization of clinical care. Deciphering healing and non-healing 

mechanisms using human samples should provide not only potential therapeutic targets but 

also valuable potential diagnostic tools. But intriguingly, the development of diagnostic tools 

is lagging. Biomarkers are molecules that can be objectively quantified and correlated with 

predictive, diagnostic and indicative outcomes, providing a means for personalized 

assessment and clinical guidance.[46] The deregulation of molecular pathways involved in 

wound healing can be exploited in the clinical setting for diagnostic, prognostic and 

therapeutic purposes. The powerful use of molecular markers to stratify patients’ outcomes, 

risks or responses to therapy has been widely used to guide clinical management of many 
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other diseases including cancer, cardiovascular disease and diabetes.[98] Besides the 

extensive research efforts, the application of chronic wound biomarkers has still not found 

its path into daily clinical practice in a major way.

4.1 | Wound tissue and wound fluid biomarkers

Identification of potential biomarkers goes hand-in-hand with a better understanding of the 

mechanisms that inhibit healing. Once molecular markers associated with deregulated 

mechanistic pathways important for the wound-healing process are identified and correlated 

with the specific outcomes, such as healing, response to standard of care, response to 

biologics and risk for deep tissue infections associated with chronic wounds, they may yield 

very useful diagnostic tools. Because chronic wound patients are often plagued with many 

comorbidities and polypharmacy, biomarkers may be a powerful tool in the clinical 

assessment of wound pathophysiology as well as treatment design.[46] Ironically, the same 

clinical complexity is making the identification of biomarkers very challenging. Ideally, 

biomarkers are present in specimens that can be obtained using simple, minimally invasive 

procedures in the clinic. Human tissue specimens collected in the form of either debrided 

ulcer tissue, biopsies taken from patient wounds, wound fluid or wound swabs have been 

invaluable to the assessment of potential biomarkers for wound healing (Figure 1). As 

detailed in previous section, patient specimens provide a means for in-depth study of 

mechanistic pathways involved with wound healing and current therapies, providing a better 

understanding for the molecular derangements associated with wound-healing impairment.

One of the first chronic wound tissue biomarkers was identified by studying specimens from 

VLU, elucidating a correlation with increased nuclear expression of β-catenin and its 

downstream target, oncogene c-myc,[99] with a hyperproliferative, non-migratory chronic 

wound epidermis.[38,40,99] These biomolecules are also downstream of the Wnt signalling 

pathway, which plays an important role in skin development and epidermal stem cell 

maintenance.[100,101] Nuclear presence of β-catenin and c-myc in tissue specimens is 

quantifiable by use of immunohistochemistry, highlighting their clinical feasibility as a 

tissue biomarker.[14,46,99]

Studies of aspirated wound fluid have also shed light on new biomarker discoveries involved 

in chronic wound healing, including detectable increases in levels of tissue 

metalloproteinases (MMPs).[58,75,102–105] Technologies using quantitative assessments of 

MMPs are currently being tested for use as predictive biomarkers for non-healing ulcers in 

clinical trials.[71] Furthermore, MMP-9/MMP-1 ratios in wound fluid have been utilized as a 

predictive marker for PU outcomes of healing.[80] Effect of topical negative pressure therapy 

was also assessed by MMP9/TIMP-1 ratio in wounds, which was shown to be significantly 

lower after treatment, indicating that this MMP9/TIMP-1 ratio had potential biomarker 

application in assessing the effect of a therapeutic device.[106] All these findings have 

enabled further development of a technology that allows for point-of-care measurement of 

elevated protease activity using the Levine swab technique, which is currently being 

evaluated in clinical trials.[107,108]

Several other studies have utilized chronic wound biomarkers by correlating them with the 

response to therapy. Molecular analyses of VLU after treatment with bioengineered living 
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cell constructs (BLCC) found that overexpressed nuclear β-catenin, a hallmark of non-

healing VLU, was one of the several molecular targets of BLCC treatment therapy.[44,99] A 

clinical trial had found that despite improving healing rate by almost 29% compared with 

standard of care therapies, over 50% of patients with chronic VLU still failed to respond to 

BLCC therapy.[109] This may be in part due to the fact that not all patients share the same 

molecular makeup, or immune response and immune tolerance, that can be corrected by use 

of BLCC, making mechanistic studies of patient tissues key players in deciphering the 

molecular targets of BLCC treatment.[44] Such studies found that patients responding to 

BLCC appeared to exhibit less nuclear β-catenin staining and also exhibited decreased 

expression of casein kinase 2 alpha 2 (CSNK2A2), one of the Wnt/Beta-catenin family 

members. Thus, nuclear β-catenin and CSNK2A2 have the potential to be used as clinical 

biomarkers for distinguishing patients who may respond to BLCC treatment.[44] In an other 

study, MMP levels were utilized to indicate response to dressings impregnated with oak bark 

extract. Human tissue specimens collected from these wounds were found to have levels of 

MMP-2 that paralleled with improved healing ability after the application of this specialized 

dressing. The authors concluded that MMP-2 assessment might have powerful indications 

for use in the clinical setting to not only predict healing potential of a chronic wound, but 

also provide indicative measures of therapeutic efficacy for treatment monitoring.[110]

4.2 | Systemic biomarkers for chronic wounds

Systemic biomarkers from patients’ blood samples have also been correlated with clinical 

outcomes. Circulating progenitor cells are involved with normal wound healing and are 

mobilized in response to skin wounding and other trauma.[111] Using flow cytometry of 

patient blood samples, one study found that the depletion of circulating CD34+/CD45-dim 

stem/progenitor cells was correlated with a non- healing phenotype in DFU.[86,87] These 

findings suggest that assaying circulating progenitor cells during the early stages of wound 

care may be useful for predicting healing response in chronic DFU. Cellular content of 

hypoxia-inducible factors (HIF 1, 2 and 3) in progenitor cells is also known to be associated 

with regulating their vasculogenic functions,[111,112] although ratios of pro-angiogenic and 

anti-angiogenic HIFs was not found to be associated with healing outcomes during the initial 

8 weeks of care. The most recent study by Margolis et al associated genetic variation in 

nitric oxide synthase 1 adaptor protein (NOS1AP) with reduced levels of circulating 

progenitors and impaired healing in patients with diabetes (Table 2).[87] Additional 

molecular studies of human DFU tissue have also discovered the role of regulatory 

miR-200b and miR-191 in modulating angiogenesis, apoptosis, cell proliferation and 

cellular migration in wound healing. The circulating levels of these and other miRs were 

found to be altered in the blood of patients with type II diabetes complicated with chronic 

wounds compared to those with normal healing ability.[113] Investigation of circulating 

cytokines in these patients also suggested that the underlying inflammation correlated with 

abnormal wound-healing pathology was a key player in inducing these aberrantly expressed 

plasma miR levels.[113]

4.3 | Utilization of the microbiome for diagnostic purposes

The characterization of wound microbiome has revealed unique signatures associated with 

clinical outcomes of healing.[58,105] Loesche et al evaluated microbiota colonizing DFU 
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using 16S ribosomal RNA gene amplification to create microbial “footprints” and assess 

microbial diversity in correlation with DFU healing.[56] The DFU microbiomes were 

clustered into 4 distinct community types based on the predominant taxa colonizing the 

wound.[56] As healing progressed, microbial composition was found to be dynamic, and 

ulcers with greater transition frequencies between microbial communities were found to 

have more rapid healing rates. It was speculated that the microbial instability seen in wounds 

that healed reflected the patient’s innate ability to ward off infection, preventing any 

particular “non-healing” microbial community from stabilizing within the wound.[56] In 

addition to bacterial component, analyses of fungal communities have shed new light on 

chronic DFU. Kalan et al used DNA sequencing to analyse the extremely diverse and 

heterogeneous fungal component of DFU microbial milieu.[97] The investigators found that 

wounds with high Ascomycota abundance at presentation were associated with slower rates 

of healing, suggesting that mycobiome analysis at initial visits may have ability to predict 

patients who will not respond to standard of care.[97] Furthermore, fungal-bacterial 

communities implicated the formation of interkingdom biofilms as an additional cause of 

ulcer chronicity. Together findings focusing on chronic wound microbiome/mycobiome 

underlined the complexity of chronic wound microbial communities and the importance of 

interspecies interactions in correlation with clinical outcomes. This approach comes with 

certain challenges, as the techniques used to analyse microbiome composition do not 

distinguish between live and dead microorganisms present, while the significant costs of 

next-generation sequencing may impede clinical application.

In spite of the challenges, the discovery of chronic wound bio-markers highlights the value 

of knowledge that can be gained through translational studies focusing on the molecular 

mechanisms of healing impairment using patient-derived biomaterial. Before any of the 

biomarkers can be implemented into standard clinical practice, their confirmation and a 

standardization of their analysis in longitudinal, multicentred prospective studies are 

warranted. If verified through such clinical trials in the future, many of these above-

mentioned biomarkers could potentially serve as a powerful prognostic and diagnostic tool 

to improve the clinical management of non-healing wounds. Of critical importance are 

clinically relevant biomarkers that would allow early identification of patients predisposed to 

fail standard of care therapy before starting treatment, ultimately targeting advanced 

therapies to appropriate patients/wounds, resulting in improved, more efficacious and cost-

effective outcomes. Although all these examples support the notion that using human 

samples would yield valuable scientific advances that are clinically relevant, such approach 

inherently carries multiple challenges reviewed below.

5 | CHALLENGES OF TR ANSL ATIONAL RESEARCH INVOLVING HUMAN 

SUBJECTS

Research studies utilizing samples from chronic wounds as a preclinical study model are 

accompanied by multiple challenges. In addition to multifactorial etiology, affected patients 

more often than not present to the clinic at different times after wound onset, with multiple 

comorbidities and varying histories of treatment compliance.[114] It is also often challenging 

to recruit and obtain consent for tissue biopsies from patients with long-standing non-
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healing wounds even though it has been shown that performing biopsy of the chronic wound 

does not interfere with healing.[115] This issue results in a relatively small number of 

samples utilized for the majority of studies utilizing human wound tissue (Table 1). 

Providing information on the safe procedures for sample collection, in addition to a more 

thorough description of methods employed, may lead to a more successful recruitment of 

patients, appropriate control groups and ultimately improved overall collection of tissue 

specimens. Finally, the tissue itself has limited applicability for traditional mechanistic 

approaches, such as a “knock-down,” “knock-in” or other various genetic modifications.

5.1 | Sample size

Another important issue is the overall sample size discrepancy. Traditional clinical trials that 

are testing efficacy typically involve hundreds of patients. Most clinical research sample size 

collections are markedly smaller, which often challenges their value. Therefore, one has to 

make a fundamental distinction between clinical trial and clinical research that is not just 

semantic. As described above, clinical research that focuses on deciphering molecular and 

cellular mechanisms that inhibit healing use comprehensive multipronged strategies 

involving modern technologies, and the type of research is often limited by rather moderate 

research funds and an allotted amount of time to complete it. Therefore, it is unrealistic to 

expect that the sample size of clinical research studies should be compared to that of clinical 

trials that are testing efficacy of therapies and interventions.

5.2 | Obtaining samples and quality control

Debridement is one of the standard of care procedures, which simultaneously enables the 

collection of specimens that may be used for research to enhance the understanding of 

wound-healing pathophysiology.[116] However, the variable techniques of debridement 

procedure and lack of standardized protocol to evaluate the quality of samples collected 

result in a wide range of collected specimens, which represent another challenge. A single 

study focusing on debridement tissue collection and subsequent analyses found that quality 

of specimens depends on depth of surgical debridement of DFU. The resulting specimens 

collected from debridement can be classified accordingly into three groups: callus only, 

partial specimens (containing callus with some epidermis) and complete specimens 

(containing callus, the full thickness epidermis and a portion of the dermis).[117] The 

presence of a full thickness epidermis and dermis proved to be an essential determinant of a 

high-quality tissue sample, as only complete specimens were viable for further biomarker 

assessment, RNA isolation and gene expression analysis.[43,117] However, up to one-third of 

the total collected biopsies were callus only or partial specimens, and as such did not yield 

quality biomaterial useful for further analyses. This poses further obstacles to the already 

limited supply of biomaterial available for mechanistic studies of chronic wound 

pathophysiology. Immunohistochemistry analysis of collected DFU specimens could not be 

properly assessed nor quantified, thus resulting in no valuable data. Moreover, RNA 

isolation and quality analysis demonstrated that up to 91% of incomplete samples had low 

RNA quality with an RNA Integrity Number (RIN) score of less than 4, making them 

impractical for further RNA analysis.[43,44,117] Considering that deeper surgical debridement 

is a challenge in itself, it is not surprising that a large proportion of collected specimens 

barely extend beyond callus. The wound biopsy with the full thickness epidermis and dermis 

Pastar et al. Page 10

Exp Dermatol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



can assure collection of a high-quality tissue sample required for the sophisticated analyses.
[115] It is often difficult to obtain consent for biopsies from patients with healing 

dysfunction, and clinicians themselves frequently hesitate to debride to a deeper extent, 

especially when dealing with painful chronic wounds such as VLUs. However, it has been 

shown that chronic wound biopsies do not inhibit healing, and deeper debridement would 

not only reap higher quality tissue biopsies for research purposes, but would also ultimately 

benefit patients, improve diagnostics and also advance the design of large-scale clinical 

trials.[115] Thus, it is of utmost significance to be aware of these and similar findings and the 

need to define a standardized protocol, with the ultimate goal to collect and utilize more 

adequate chronic wound samples for the development of more successful diagnostic and 

therapeutic modalities.

5.3 | Controls

As with any research, controls are, arguably, the most important component of experimental 

design. In addition to challenges associated with tissue standardization and collection, the 

chronic wound human research field is facing lack of consensus on the appropriate source 

for controls. Ideally, the patient should be his/her own control, but this may present further 

difficulties in obtaining an adequate location matched control from non-ulcerated skin, as it 

may pose a significant risk to the patient. To overcome this challenge, tissue samples 

obtained from podiatric surgeries have been utilized as controls to identify pathways 

contributing to delayed healing in DFU.[43,118,119]

These control tissue specimens were collected to match ulcer location and were obtained 

from age/sex/ethnicity-matched diabetic patients. Importantly, diabetes itself had very subtle 

changes to the non-ulcerated plantar foot skin, as cutaneous morphology, mRNA and 

miRNA expression were not found to be majorly affected compared with healthy non-

diabetic human skin.[119] However, when advanced to cause secondary complications, such 

as vascular insufficiency or neuropathy, the changes in molecular pathology are evident.[118] 

Additional studies have indicated possible differences between the intact diabetic and non-

diabetic human skin. It has been shown that the foot skin of individuals suffering from 

diabetes has a greater density of inflammatory cells and blood vessels in comparison with 

normal regardless whether it progresses to ulcer development.[120] Further, the number of 

degranulated mast cells is shown to be greater, while substance P expression appears to be 

lower in non-ulcerated diabetic forearm and dorsal foot skin. These changes influenced by 

diabetes may contribute to failure of proper initiation and progression of acute inflammatory 

response seen in DFUs.[59,121] Comparison of chronic wounds to acute, healing wounds also 

provides important insight. However, as wound healing is a dynamic process, selection of a 

specific time-point(s) is very important. Existing human gene expression profiles from acute 

wounds generated from split-thickness skin graft donor sites of the anterior thigh from 

healthy patients represent a unique resource for comparative wound-healing studies.[90] An 

alternative control for translational studies focusing on the wound re-epithelialization 

process is the human ex vivo wound-healing model.[66,122–126] This human experimental 

wound model has been extensively utilized to study the re-epithelialization process. 

Comparative analyses between ex vivo wound model and acute human wounds confirmed 

comparable expression patterns for multiple genes involved in wound healing,[127] while 
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multiple translational studies focusing on pathophysiology of chronic wound epidermis 

successfully utilized human ex vivo wounds as a control.[36,43,126,127]

5.4 | Other variables

In addition to the challenges associated with sample collection and standardization, 

longitudinal studies encounter difficulties with patient retention and compliance. Because 

non-healing ulcers represent a major burden in the elderly population[13] and are 

predominantly treated in an outpatient setting, it becomes difficult to collect biomaterial at 

different time points as many patients are lost to follow-up.[3,13] Furthermore, it is difficult 

to control for variability in patient compliance to standard of care,[128] which can 

significantly influence findings focusing on correlation with wound size reduction or 

evaluation of novel treatments.[129]

In summary, using human samples to study wound healing, in spite of the limitations and 

challenges, provides unique resource and valuable information spanning from the 

fundamental molecular and cellular mechanisms that control wound healing to diagnostic 

tools and therapy targets. Studies focusing on human samples and utilization of omics tools 

will streamline diagnostics and facilitate personalized treatment plans. (Figure 2). As such, it 

has earned its place as a validated scientific approach.
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FIGURE 1. 
Samples from chronic wounds provide a unique resource of biomaterial for mechanistic 

studies in wound-healing research. Chronic wound tissue can be utilized for histopathology, 

microbiology assessment, generation of primary cells as well as RNA, protein and lipid 

isolation for downstream “omics” analyses. Chronic wound fluid and swabs can also be 

utilized for lipid and protein evaluation as well as microbial DNA isolation followed by 

microbiome analyses
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FIGURE 2. 
“Omics” approaches utilizing chronic wound samples can lead to discovery of new 

diagnostic and therapeutic targets. Studies focusing on human chronic wound samples and 

patient-derived primary cells with utilization of “omics” tools provide excellent resource for 

discovery and development of diagnostic tools, more personalized approach to treatments 

and identification of new therapeutic targets
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