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Abstract

Langerhans cells (LCs) are a specialized subset of epidermal dendritic cells. They represent one of 

the first cells of immunological barrier and play an important role during the inflammatory phase 

of acute wound healing. Despite considerable progress in our understanding of the 

immunopathology of diabetes mellitus and its associated co-morbidities such as diabetic foot 

ulcers (DFUs), considerable gaps in our knowledge exist. In this study, we utilized the human ex 

vivo wound model and confirmed the increased epidermal LCs at wound edges during early 

phases of wound healing. Next, we aimed to determine differences in quantity of LCs between 

normal human and diabetic foot skin and to learn if the presence of LCs correlates with the healing 

outcome in DFUs. We utilized immunofluorescence to detect CD207+ LCs in specimens from 

normal and diabetic foot skin and DFU wound edges. Specimens from DFUs were collected at the 

initial visit and 4 weeks at the time when the healing outcome was determined. DFUs that 

decreased in size by >50% were considered to be healing, while DFUs with a size reduction of 

<50% were considered non-healing. Quantitative assessment of LCs showed a higher number of 

LCs in healing when compared to non–healing DFU’s. Our findings provide evidence that LCs are 

present in higher number in diabetic feet than normal foot skin. Healing DFUs show a higher 

number of LCs compared to non-healing DFUs. These findings indicate that the epidermal 

immune barrier plays an important role in the DFU healing outcome and may offer new 

therapeutic avenues targeting LC in non-healing DFUs.
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INTRODUCTION

Dendritic cells, a potent group of antigen-presenting cells (APCs), are considered the 

initiators of the skin immune response [1]. Present in the epidermis, they serve to 

continuously survey their surroundings for danger signals. A specialized subset of epidermal 

dendritic cells, Langerhans cells (LCs) form a sophisticated surveillance network in the 

epidermal layer of the skin and are considered first-line host defenders. Derived from 

embryonic fetal liver monocytes with a minor contribution of yolk sac-derived macrophages 

[2], adult LCs are maintained through self-renewal or circulating hematopoietic precursor 

cells [3]. They are recognized under electron microscopy by tennis racket-shaped Birbeck 

granules. The formation of these unique Birbeck granules is induced by the binding of 

Langerin, a C-type lectin endocytic receptor encoded by the CD207 gene [4]. In inflamed or 

injured skin, inflammatory signals produced by various cell types can promote LC activation 

and maturation. Activated LCs then migrate towards regional lymph nodes where they elicit 

a primary immune response [5]. Consequently, dendritic cells have been recognized for their 

role in bridging innate and adaptive immunity.[6] During their migration, LCs proceed 

through a maturation process, acquiring the surface phenotype of a mature dendritic cell 

marked by induction of CCR7 and upregulation of CD40, CD83, CD86, MHC and other 

molecules associated with antigen presentation [7]. The development of antigen-presenting 

immune cells is mediated by TGFβ1, as well as inhibitor of DNA binding (ID2), and runt-

related transcription factor 3 (RUNX3). Mice deficient in these transcription factors 

demonstrate a loss of LCs [8–10].

LCs have gained recognition for their immunologic role during wound healing. Wound 

healing is an elegantly executed process orchestrated to restore the integrity of injured 

tissue. Acute wound healing can be divided into four sequentially overlapping phases: 

hemostasis, inflammation, proliferation, and remodeling [11]. This well-coordinated 

sequence of events is regulated by a variety of cells. Immediately following wounding, 

resident immune cells including dendritic cells, T cell subsets, and mast cells are activated, 

subsequently releasing signaling molecules to recruit other immune cells[12, 13]. 

Neutrophils, macrophages and leukocytes then migrate to the site of injury, initiating the 

robust, but controlled inflammatory response required for successful wound healing. 

Increasing evidence underscores an important role for immune cells in the process of wound 

repair. LCs represent an important immune cellular component during the initial stages of 

acute wound healing. Repopulation of the epidermis with LCs has been shown to occur 

during the course wound re-epithelialization in murine and porcine models [14, 15]. While 

our understanding of LC involvement during acute wound healing has advanced 

considerably in recent years, much remains to be elucidated regarding their function in 

chronic wounds such as DFUs.

Diabetic foot ulcers, with or without the presence of neuropathy, contribute to a significant 

number of hospitalizations and amputations and frequently cause morbidity. An estimated 

15% of diabetic patients are afflicted with foot ulcers [16, 17], with 84% of amputations are 

preceeded by ulceration [18]. Ten year mortality rates are increased 50% in patients with 

DFUs compared to patients without ulceration [19]. Recent studies have revealed the 

presence of increased skin inflammation in human diabetic skin.[20] Additionally, the 
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correlation of an increased number of skin LCs in patients with neuropathy and diabetes 

compared to those with diabetes alone suggested a possible role of LCs in the generation and 

maintenance of neuropathic pain [21]. Although significant differences in the cellular 

infiltrate of acute, healing wounds versus chronic, non-healing wounds have been reported, 

[22–24]the correlation with a healing outcome has not been studied yet. Therefore, in the 

present study, we employed immunofluorescence to correlate epidermal LC presence with 

DFUs healing outcomes.

MATERIALS AND METHODS

Skin specimens

After Institutional Review Board approval, normal and diabetic foot skin specimens in 

addition to healthy skin specimens were obtained as discarded tissue from patients 46–72 

years of age undergoing elective plastic surgery. Skin specimens derived from non-healing 

edges of DFUs were collected after University of Miami IRB approval was obtained. Skin 

specimens from non-healing edges of 12 patients with DFUs presenting to the clinic were 

collected. DFU specimens were collected from discarded tissue after surgical debridement 

procedures as described previously [25] at the patient’s initial presentation to the wound 

healing clinic at week 0 (W0) and 4 weeks after the standard of care (W4). Patients 

presenting with DFUs were ≥18 years of age (mean age 54 years), had Type 1 or 2 diabetes 

with a history of neuropathy, and an ulcer greater than 0.5 cm2 with Wagner grade 1 or 2. 

Wound duration was an average of 16.6 months. Patients that had a hemoglobin A1c ≥ 12%, 

compromised arterial supply as measured by an ankle brachial index (ABI) less than 0.7 or 

greater than 1.3, or revascularization to the ipsilateral lower extremity in 6 weeks before 

presenting to the Wound Clinic were excluded from the study. In addition, the use of 

investigational wound therapies a month prior to enrollment and/or active bone, soft tissue, 

skin and/or wound infection at the screening visit were considered exclusion criteria.

Wound size measurement

Wound size was measured weekly by planimetry [26]. Patients with DFUs that showed 

reduction in size, by >50% at W4 of implementation of standard of care were considered to 

be “healing DFUs”, while patients with DFUs displaying a size reduction of <30% were 

considered to be “non-healing DFUs”. This assessment was based on the ability to predict 

healing outcomes by week 4 using healing status as a surrogate marker[27]. In the current 

study, we utilized specimens from 6 healing and 6 non-healing DFU’s as determined by 

planimetry at W4.

Ex Vivo Wound Healing Model

Healthy skin samples obtained from reduction surgeries were used to generate wounds as 

previously described [28–32]. Briefly, the skin was cleaned and a 3mm punch biopsy was 

used to create a wound by removing epidermis and papillary dermis. Untreated wounds were 

maintained at an air-liquid interface and collected at the time of wounding and after 1, 2, 3, 

4and 7 days. The acute wound sets, derived from three donors, demonstrating complete 

healing at day 7 were used for further analysis.
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Histology and Immunohistochemistry

Both normal skin and DFU specimens were fixed in formalin and routinely processed for 

paraffin embedding. Seven-μm sections were cut and stained with hematoxylin and eosin to 

assess DFU tissue morphology. Healing in the ex-vivo wounds were assessed using routine 

hematoxylin and eosin staining as previously described[29].

After de-paraffinisation and antigen retrieval, 5μm thick sections were blocked and 

incubated overnight using Langerin specific antibody (CD207) (Abcam/Dendritics, 

Cambridge, MA) diluted in DAKO antibody diluent (DAKO, Carpinteria, CA). Positive 

staining was visualized using a secondary fluorescein isothiocyanate anti-mouse IgG 

antibody (Invitrogen, Grand Island, NY). All sections were mounted with mounting media 

containing propidium iodide (Vector Laboratories, Burlingame, CA) to help visualization of 

the nuclear staining. All negative controls were prepared by omission of the primary 

antibody. The sections were analyzed using a Nikon Eclipse E800 microscope, and digital 

images were collected using the NIS Elements camera advanced program.

Quantification of the Langerin positive cells

Quantification of the Langerin positive cells was performed by three blinded lab members. 

Three to five images were taken per condition and used for manual counting at 20x 

magnification for total number of stained cells per 1mm of a tissue specimen as previously 

described[33]. Averages and standard deviations were calculated.

RESULTS

Langerhans Cells are Present During the Early Phases of Acute Wound Healing

To analyze the presence of LCs during acute wound healing, the human ex vivo wound 

healing assay was employed. Wounds were created as previously described and maintained 

at an air-liquid interface for seven days [28–32]. Complete epithelialization was confirmed 

by hematoxylin and eosin staining (Figure 1a). Acute wound specimens were stained using a 

Langerin specific antibody. Epidermal localization of LCs at the wound edges was observed 

during the early phases of wound healing, between 0 and 48 hours after wounding (Figure 

1b, c). These findings were consistent with the understanding that LC activation is one of the 

first events in the skin immune response, with LCs initiating a cascade of innate immune 

reactions in response to danger signals such as wounding [34]. After 3 days, LCs were 

significantly reduced in the epidermis of the wound edges (Figure 1b, c). The wounds were 

fully closed by day 7 post wounding, at the time when the new epithelial barrier begins to 

mature. At this time, LCs were again evident in the epidermis.

Diabetic Foot Skin Shows Higher Number of Langerhans Cells Than Normal Foot Skin

It has been reported that the number of LCs vary in the skin depending on the anatomical 

location [35]. To assess if the number of LCs differs in diabetic foot skin and normal foot 

skin, we utilized specimens derived from plantar skin in the presence or absence of diabetes. 

Morphology of the specimens demonstrated a thick cornified layer, a well-known 

characteristic of plantar skin (Figure 2a). Specimens were than stained and the number of 

Langerin-positive cells per mm of tissue was quantified (Figure 2b, c). We observed an 
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increased number of LCs in diabetic foot skin (26±9) when compared to normal foot skin 

(12± 6).

The number of Langerhans Cells can be Correlated with the Healing Outcome of Diabetic 
Foot Ulcer Patients

To characterize the phenotype of DFUs and ensure adequate epidermis from which to 

quantify LCs, we first analyzed the morphology of chronic wounds from patients at time 

they presented to the clinic at week 0 and four weeks later. Consistent with our previous 

findings in chronic ulcers [28, 25], DFU specimens harvested at both time points showed 

epidermal hyperplasia with the presence of hyperkeratosis and parakeratosis (Figure 3a). To 

analyze the immune response in DFU patients, we determined the presence of LCs by 

immunofluorescence staining using a Langerin antibody (Figure 3b). Localization of LCs 

was quantified in healing and non-healing DFUs as determined by planimetry at week 4. We 

observed that the healing DFUs had higher numbers of LCs when matched to non-healing 

DFUs. At week 0, healing DFUs showed a higher number of LCs per mm (9±6). At week 4, 

the number of LCs per mm (20±6) in the healing group was significantly increased 

compared to all other groups (Figure 3c). These findings may suggest that patients with a 

healing ulcer phenotype have the ability to shift from a chronic wound phenotype towards 

that of an acute wound after administration of standard of care, including offloading, 

removal of non-viable tissue and surgical debridement. Additionally, LCs in healing DFUs 

resumed dendritic morphology as evidenced in non-wounded tissue.

DISCUSSION

The finding of the present study indicates there is an increased number of LCs in the 

epidermis of non-ulcerated plantar skin derived from diabetic patients. Interestingly, skin 

derived from wound edges of DFUs show fewer LCs present in the epidermis compared to 

non- ulcerated plantar skin at the time of initial presentation to the clinic (week 0). However, 

when correlated to healing outcomes, measured by planimetry at week 4, healing DFUs 

show increased numbers of LCs compared to week 0 and to non-healing ones at both weeks. 

This is, to the best of our knowledge, the first study to report an increased number of LCs in 

non-ulcerated plantar epidermis of patients suffering from diabetes and a decreased number 

of LCs in DFU wound edge tissue collected at initial presentation to the wound clinic. 

However, an increased number of LCs found at the wound edges of healing DFUs 

demonstrates a correlation between LC numbers and DFU healing outcomes, four weeks of 

implementation of standard of care.

Langerhans cells play an important role in epidermal homeostasis and protect the skin and 

host against foreign invaders by providing an elaborate epidermal immune surveillance 

network. It is well known that their activities range from ingesting foreign molecules to 

priming naive T cells [26]. An understanding of the function of these immature dendritic 

cells during wound healing is still incomplete. Our findings are consistent with previous 

reports, suggesting a critical role for LCs in acute wound healing [14, 15, 36]. It is also 

reported that relative frequency of LCs is inversely related to rate of keratinocyte 

proliferation[37]. We found a prominent epidermal presence of Langerin positive cells 
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between 0 hours and 48 hours following wounding in the ex-vivo human wound model. This 

accumulation resolved by 72 hours, when proliferation of keratinocytes ensures, indicating 

that LC contribution is likely most critical during earlier stages of wound healing. LC 

repopulation of the wounded area occurred by 7 days post-wounding, after full closure of the 

denuded wound area which is in agreement with findings reported in a porcine model [15].

Patients with DM are relatively immunocompromised and are thereby susceptible to 

infectious complications [38–40]. Skin inflammation is also increased in the skin of 

individuals suffering from diabetes [20]. Previous studies report a difference in 

accumulation of LCs between normal epidermis from plantar foot skin compared to normal 

calf skin. Consequently, it is not surprising that we observed a change in epidermal dendritic 

cell presence in non-ulcerated and ulcerated diabetic foot skin. LCs, specifically, have been 

shown to accumulate at the edge of DFUs, while reduced numbers are found at the margins 

of chronic venous ulcers [35]. This is the first study, to our knowledge, correlating the 

presence of LCs with DFU healing outcomes. We sought to evaluate the patients’ 

immunologic status by characterizing and quantifying LCs in healing and non-healing 

DFUs. Our data demonstrate that a decreased presence of epidermal Langerin positive cells 

was associated with poorer healing outcomes in DFUs. In accordance with our acute ex vivo 

wound findings, these results suggest that patients with healing DFUs may be able to shift 

their epidermal immune response towards that of an acute wound. This immunologic 

phenotype may assist the healers in the wound repair process. Since an increased number of 

LCs was inversely correlated to the proliferative rate of basal keratinocytes, [37] one can 

speculate that due to increased LC presence in the healing DFUs, keratinocytes stop 

proliferating and revert to a normal, differentiating phenotype. A recent study showed a 

correlation, in skin biopsies derived from above the lateral malleolus, between increased 

numbers of LCs and diabetes associated with small fiber neuropathy [21]. All of our diabetic 

wound tissue was taken from patients with neuropathies, however a lower number of 

langerin positive cells was observed. This discrepancy from the previous report may be due 

to a difference in anatomical location of skin sampling. Given the aforementioned variability 

in LCs in different body sites, we compared DFU wound edges with plantar foot skin in 

attempts to decrease the influence of potential confounding factors.

Our lab has shown that keratinocytes at the non-healing edges of chronic wounds differ 

significantly from their healthy counterparts. Not only do they display delayed migration 

and hyperproliferation, but they are also ineffective in their ability to perform cross-talk and 

signaling with other cells [41, 42]. The production of keratinocyte-derived monocyte 

chemoattractant protein-1 (MCP-1) by keratinocytes is particularly critical in the recruitment 

of Langerhans cells to the skin.[43] It may be that our healing DFUs are able to normalize 

keratinocyte function to produce enough MCP-1 to recruit LCs, while non-healing DFUs 

cannot. Moreover, a deficiency of MCP-1, produced by keratinocytes at the wound edge, has 

been shown to result in delayed wound re-epithelialization, which is a characteristic feature 

of chronic wounds[44].

The implications of an LC deficiency in chronic wounds have not yet been determined. 

However, we can speculate, based on in vivo studies [7, 45], that the consequences of such 

an immune-deficiency are significant. LCs have both immune-regulatory and immune-
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stimulatory functions. While it has been proposed that LCs are potent stimulators of CD4 

and CD8 T-cell responses [46, 47], LCs have also been shown to inhibit the proliferation of 

CD4/CD8 T cells or enhance T regulatory response [7, 48]. LCs have been shown to interact 

directly with CD4-positive T cells in lymph nodes, secreting IL-10 and thus inhibiting the 

initiation of T cell activity [7]. Thus, it is probable that, for an optimal functioning immune 

system, there needs to be a delicate balance in the activity of LCs. The limitation of the 

current study is the small number of specimens, thus no statistical differences were reached 

when numbers of LCs were compared between skin specimens.

Taken together, the insufficient population of LCs in DFUs may represent yet another 

contributing factor to their pathogenesis. Furthermore, an abundance of LCs in DFUs may 

be used as a predictive biomarker to reliably identify ulcers disposed to heal, while a 

decreased presence of LCs might help to predict wounds with poorer prognoses. Further 

studies are needed to expand our understanding of immune cell function in the context of 

chronic wounds and develop therapies designed to correct or attenuate a deregulated 

immune system.
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Fig. 1. Number of intra-epidermal LCs changes during a course of acute wound healing
Hematoxylin and eosin staining of ex vivo human skin wounds at a time of wounding (0hrs) 

and 3 and 7 days post wounding. Full arrows demarcate a wound edge while empty ones 

point at migrating epithelial tongue at day 3 and newly formed multilayered epidermis on 

day 7 post wounding (n=3) (a). Same specimens were stained using CD207/Langerin 

antibody, a Langerhans cell marker. White arrows point at the positive LCs staining. Dotted 

line demarcates basement membrane (b). Enlargements of the CD207 positive staining are 

shown (c). Scale bar 50μm.
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Fig. 2. Human diabetic plantar foot skin shows increased presence of LCs
Histology of diabetic and normal plantar foot skin showing thick epidermis and cornified 

layer (a) Number of 207/Langerin positive cells is increased in diabetic (n=5) when 

compared to normal foot skin (n=3). (b) A bar graph depicts number of Langerin positive 

cells quantified per mm of tissue. Data are presented as means ± S.D (c). Scale bar 50μm.
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Fig. 3. Number of Langerhans cells is increased in the epidermis of healing DFUs
Hematoxylin and eosin staining of healing and non-healing diabetic foot ulcers showing 

distinctive chronic wound morphology characterized by hyperproliferative epidermis (HE) 

and thick cornified layer (CL) with a presence of nuclei. Dotted line represents epidermal- 

dermal junction (a) The most representative images of immunofluorescent staining of 

CD207/Langerin in non-healing (n=6) and healing (n=6) DFUs at week 0 and 4 weeks after 

shows increase in number of LCs in healing DFUs at both weeks (b) Quantification of 

CD207/Langerin positive cells in healing and non-healing DFUs per mm of tissue is shown 

(c). Scale bar 50μm.
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