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. 

ABSTRACT 

Langerhans cells (LCs) are a specialized dendritic cell subset that resides in the epidermis and 

mucosal epithelia and is critical for the orchestration of skin immunity. Recent evidence suggest 

LCs involvement in aberrant wound healing and the development of hypertrophic scars and chronic 

wounds, which are characterized by a hypoxic environment. Understanding LCs biology under 

hypoxia may, thus, lead to the identification of novel pathogenetic mechanisms of wound repair 

disorders and open new therapeutic opportunities to improve wound healing. In this study, we 

characterize a previously unrecognized role for hypoxia in significantly affecting the phenotype and 

functional properties of human monocyte-derived LCs, impairing their ability to stimulate naïve T 

cell responses, and identify the triggering receptor expressed on myeloid (TREM)-1, a member of 

the Ig immunoregulatory receptor family, as a new hypoxia-inducible gene in LCs and an activator 

of their proinflammatory and Th1-polarizing functions in a hypoxic environment. Furthermore, we 

provide the first evidence of TREM-1 expression in vivo in LCs infiltrating hypoxic areas of active 

hypertrophic scars and decubitous ulcers, pointing to a potential pathogenic role of this molecule in 

wound repair disorders  

 

Keywords: Hypoxia, Langerhans cells, Immunoregulatory receptors, Wounds 

 

Abbreviations: LCs, langerhans cells; TREM-1, triggering receptor expressed on myeloid cells; 

cDCs, classical dendritic cells; TGF-1, transforming growth factor-1; CLA, cutaneous 

lymphocyte-associated antigen; PAMP/DAMP, pathogen- or damage-associated molecular patterns; 

pO2, partial oxygen pressure; HIF-1, hypoxia-inducible factor-1; AHS, active hypertrophic scars; U, 

decubitous ulcers; H-LCs, hypoxic LCs; OPN, osteopontin; MLR, mixed leukocyte reaction; 

lg+LCs/H-LCs, langerin+LCs/H-LCs; CM, central memory; qRT-PCR, quantitative real-time PCR; 

sTREM-1, soluble TREM-1; NS, normal skin.
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 INTRODUCTION 

 LCs are a specialized dendritic cell (DCs) subset that resides in the epidermal layer of the 

skin and the mucosal epithelia lining the cavities of respiratory, gastrointestinal, and urogenital 

systems. They represent the first line of defense against microbial pathogens that penetrate the 

epithelial barriers and play a key role in maintaining tolerance to self and harmless environmental 

antigens [1]. Although LCs share some features with classical (c)DCs, they are endowed with 

specific developmental, phenotypic, and functional properties. Unlike cDCs which originate from 

BM-derived progenitors, LCs renew under steady-state conditions from a pool of skin-resident 

myeloid precursors, whereas under pathologic conditions they are  replenished by monocytes 

recruited from the bloodstream [1,2]. Furthermore, their development is strictly dependent on the 

presence of transforming growth factor (TGF)-1 in addition to GM-CSF and IL-4, which are 

sufficient for cDCs differentiation [1,3,4]. LCs are characterized by a unique set of cell-surface 

molecules that are currently used as specific markers to distinguish them from other DCs subsets, 

namely: (i) Langerin (CD207), a type II C-type lectin receptor involved in microbial glycolipids 

uptake and internalization; (ii) E-cadherin, a homotypic adhesion molecule that anchors LC to 

neighbouring keratinocytes; (iii) cutaneous lymphocyte-associated antigen (CLA), a skin-homing 

antigen; and (iv) CD1a, a MHC class I-like molecule involved in microbial glycolipid antigens 

presentation to T cells. In addition, they express low/intermediate levels of MHC class II antigens 

and T cell costimulatory molecules, which are upregulated upon stimulation by pathogen/damage-

associated molecular patterns (PAMP/DAMPs) or inflammatory cytokines released at sites of skin 

injury and infection [1,2]. LCs functional specialization is demonstrated by their higher efficiency 

at priming naive T cells and inducing cytotoxic high-avidity CD8+ T cells compared to dermal DCs 

which, in contrast, are more potent at initiating follicular Th cell responses and promoting naive B 

cells differentiation into plasma-cells and Ig class switching. Accordingly, LCs migrate to the T cell 

area of the draining lymph-nodes, whereas DCs mobilize near the B-cell follicles [2,5].  
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LC development and functions are intrinsically linked to the local microenvironment [6,7]. 

An important environmental factor to which LCs have to adapt in pathologic tissues is represented 

by hypoxia [8,9], a local decrease in partial oxygen pressure (pO2) which affects cell phenotype, 

gene expression, and functions [10,11]; however the impact of hypoxia on LCs biology has not 

been explored. Hypoxia plays a prominent role in wound healing by regulating inflammatory cell 

influx and activation, fibroblast and keratinocyte migration, proliferation, and ECM protein 

production, angiogenesis, and tissue remodeling via induction of several transcription factors, in 

particular hypoxia-inducible factors -1 (HIF-1) [8,9], the master regulator of O2 homeostasis [10], 

but successful wound repair ultimately requires restoration of normoxic conditions [8]. Chronic 

hypoxia or repeated ischemia-reperfusion injury, and consequent HIF-1 abnormal expression, lead 

to derailed wound healing by promoting exaggerated inflammatory responses, immune cell 

overactivation, augmented neovascularization, hyperproliferation of wound fibroblasts, and 

excessive matrix deposition, resulting in the formation of fibroproliferative scars and non-healing 

wounds [8,9]. LCs accumulation and/or functional abnormalities have been reported in the hypoxic 

areas of hypertrophic scars and ulcers, suggesting their potential contribution to aberrant wound 

healing [12,13]. Understanding how the hypoxic environment affects LCs responses may thus lead 

to the identification of new pathogenetic mechanisms of wound repair disorders and aid in the 

development of more specifically targeted therapeutic strategies.  

Myeloid cells integrate stimulatory and inhibitory signals present in the microenvironment 

through a defined repertoire of cell surface immunoregulatory receptors [14], whose expression can 

be finely tuned by hypoxia [11]. Deregulated expression of these molecules can lead to aberrant cell 

responses and has been implicated in the pathogenesis of a number of chronic inflammatory 

diseases [5,14]. Hence, characterization of the effects of hypoxia on immunoregulatory receptor 

expression and functions in LCs will help unravel the regulation of their activity during pathologic 

wound healing.  
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 In this study, we show for the first time that a hypoxic environment reflecting that occurring 

in vivo during wounding can functionally reprogram human monocyte-derived LCs and identify 

TREM-1, a member of the Ig-like immunoregulatory receptor family and a strong amplifier of 

inflammation [15-17], as a new regulator of LCs functions under hypoxic conditions with important 

implications for wound repair disorders.  
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MATERIALS AND METHODS 

Blood and skin samples 

Blood monocytes and naïve T cells were purified from platelet-apheresis of healthy donors 

obtained by the Blood Transfusion Center of the Gaslini Institute (Genova, Italy) according to the 

Gaslini’s Ethics Committee-approved protocol, as described in Supplementary Materials and 

Methods. Skin biopsies were obtained from six patients with postburn active hypertrophic scars 

(AHT), three with decubitus ulcers (U) and four healthy individuals undergoing plastic surgery or 

scar correction procedures, according to a protocol approved by the CTO/Città della Salute e della 

Scienza Hospital Ethical Board (Torino, Italy) and in adherence with the Declaration of Helsinki 

Principles. Written informed consent was obtained from all subjects enrolled in the study.  

 

Cytokines and antibodies 

The list of reagents used in this study and their usage are detailed in Supplementary 

Materials and Methods. 

 

Langerhans and T cells phenotypic and functional characterization.  

Langerhans cell-like cells were generated from monocytes under normoxic (20% O2) or 

hypoxic (1% O2) conditions and cocultured with allogeneic naive T cells, as detailed in 

Supplementary Materials and Methods. Cell viability was assessed by trypan blue dye exclusion 

test and annexin V (AV)/propidium iodide (PI) staining. For phenotypic analyses, cells were 

incubated with fluorochrome-conjugated mAbs, and fluorescence was quantitated on a 

FACSCalibur flow-cytometer equipped with CellQuest softwar, as described [18]. TREM-1 mRNA 

expression in total RNA was determined by a 7500 Real Time PCR System, and TREM-1 cross-

linking was carried out with agonist anti-TREM-1 mAb as detailed [18]. Cell-free supernatants 

were tested for cytokine/chemokine content by specific ELISA. Optical density was determined 
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using a Spectrafluor Plus plate reader from TECAN. Data were analyzed with the Graph Pad Prism 

5 Software. 

 

Immunohistochemistry of skin biopsies 

 Immunohistochemical staining of frozen tissue specimens was performed by a three step 

immunoperoxidase technique, as detailed [19], using the Abs listed in the Supplementary Materials 

and Methods. Slides were counter-stained with Mayer’s hematoxylin solution (DAKO) and 

examined under a DMLA Leica microscope. Microphotograph were taken with a digital camera 

(Leica DFC 425C), and images were acquired using Leica Application Suite software.  
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 RESULTS  

Hypoxia triggers phenotypic and secretory changes in monocytes-derived LCs  

LCs development from monocytes recruited at sites of skin injury occurs in a hypoxic 

microenvironment [8]. To determine whether hypoxia affects LCs phenotypic features, surface 

expression of a set of LCs-specific Ag-presenting and T cell costimulatory molecules was assessed 

by flow cytometry in Langerhans cell-like cells generated from human monocytes cultured under 

normoxic (LCs) or hypoxic (H-LCs) conditions. As shown in Fig.1a, cells differentiated under 

normoxia displayed the typical LCs phenotype [2] characterized by high/intermediate expression of 

CD1a, Langerin, E-cadherin, CLA, HLA-DR, and CD86, and low expression of CD83, in line with 

previous reports [4]. The percentage of cells expressing Langerin, CD86, and CD83 was 

significantly decreased upon generation under hypoxia, although with some variability among 

individual donors. In contrast, hypoxia did not affect expression of CLA and HLA-DR, whereas it 

reduced that of CD1a and E-cadherin in a few donors (Fig.1a/b).  

LCs orchestrate skin immune responses by secreting cytokines and chemokines in response 

to stimuli present in the tissue environment [5]. To determine hypoxia effects on LCs secretory 

profile, the release of several proinflammatory and Th1-priming cytokines/chemokines by LCs and 

H-LCs was assessed (Fig.1c).  A 90% reduction in the amounts of secreted IL-12 was measured in 

the supernatants of H-LCs relative to LCs (from 1013±203 to 126±39 pg/ml), whereas osteopontin 

(OPN), TGF- and CCL5 levels were increased by about 19-fold (from 59±10 to 1136±347 

ng/ml), 3.7-fold (from 186±56 to 684±149 pg/ml), and 3-fold (from 4.7±1.7 to 14.3±4.4 pg/ml), 

respectively. Hypoxia also decreased the release of TNF (from 14.5±9.2 to 3.3±2.2 pg/ml) and IL-

8 (from 1950±887 to 1635±561 pg/ml), although not significantly.  

These results indicate that hypoxia triggers major changes in H-LCs surface marker 

expression and cytokine/chemokine secretory profile.  

 

Hypoxia impairs LCs capability to stimulate T cell responses    
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Experiments were then carried out to investigate whether the observed phenotypic and 

secretory changes affected H-LCs stimulatory activity on naive T cells in MLR. LCs and H-LCs 

capability to induce naive allogenic T cell proliferation was assessed by 
3
H-thymidine incorporation 

(Fig.2a). In line with the decreased expression of costimulatory molecules, H-LCs were less 

efficient than LCs in triggering T cell proliferation. Similar results were obtained by performing 

MLR with purified langerin+ cells (lg+LCs vs lg+H-LCs), demonstrating that the differences in 

LCs and H-LCs stimulatory activity on T cell proliferation were not due to the different percentages 

of langerin+ cells present in the total cell populations (Supplementary Fig.1a). Accordingly, 

decreased expression of CD86 and CD83 costimulatory molecules was detectable in lg+H-LCs 

respect to lg+LCs, as revealed by double-staining experiments (Supplementary Fig.1b). 

LCs and H-LCs ability to polarize T cell responses was then compared by analyzing the 

concentrations of various Th cytokines in coculture supernatants. T cells stimulated with LCs 

secreted large amounts of the Th1 cytokine, IFN(Fig.2b), indicating activation of a Th1-type 

response [20]. Coculture with H-LCs resulted in approximately 70% reduction of IFNsecretion 

(from 784.5±218 to 212±33) (Fig.2b). No significant differences in the secreted levels of the Th2 

cytokine, IL-10, and the Th17 cytokine, IL-22, were observed between T cells stimulated with LCs 

and H-LCs (Supplementary Fig.2a), whereas release of the Th2 cytokine, IL-4, and the Th17 

cytokine, IL-17, was never detected (data not shown). These data suggest decreased Th1-priming 

ability of H-LCs. 

Next, we compared LCs and H-LCs capacity to support allogenic naïve CD4
+
/CD8

+
 T cell 

differentiation [21] by four-color flow cytometric analysis with mAbs to CD4, CD8, CD27, and 

CD45RA (Fig.2c). A high proportion of central memory (CM) cells (CD45RA
-
/CD27

+
) was 

obtained upon naive T cell (CD45RA
+
/CD27

+
) coculture with LCs, representing a mean of 38% and 

26% of the total CD4
+
-and CD8

+
-gated cell populations, respectively, in 5 different donors. A 

significantly lower percentage of CM cells was detectable upon coculture with H-LCs, accounting 
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for a mean of 21% and 10.6% of the total CD4
+
 and CD8

+
 cell subsets, respectively. Differentiation 

into effector memory (EM, EMRA) cells was not observed under these culture conditions. 

Hypoxia was reported to have both proapoptotic and prosurvival consequences, depending 

on the cellular context[22-24]. To exclude the possibility that the decreased ability of H-LCs to 

promote T cell responses was due to an increased number of dying cells, we measured their 

viability by Annexin V-FITC/propidium iodide staining, both immediately after generation under 

hypoxia and following an additional 24 hr incubation period under normoxia in fresh medium 

deprived of differentiating cytokines to mimic MLR culture conditions (Fig.3).  This time-point was 

chosen based on previous reports showing that naïve T cell activation by APCs occurs already 

within the first 20 hr of T/APC interaction [25,26]. Interestingly, H-LCs were more viable than LCs 

as indicated by the lower percentage of H-LCs undergoing both early and late apoptosis. Increased 

H-LCs, relative to LCs, viability was maintained when cells were exposed to normoxia for 

additional 24 hr (H/N-LCs vs N-LCs), suggesting a prosurvival effect of hypoxia on LCs, on line 

with previous evidence in other myeloid cells [23,24]. Accordingly, only minor, not significant 

changes in surface marker expression were observed after H-LCs reoxygenation (Table I).  

Taken together, these results provide the first evidence that hypoxia specifically impairs H-

LCs stimulatory activity on naive T cells..  

  

 

TREM-1 is selectively expressed in LCs generated under hypoxic conditions 

Hypoxia can tightly regulate monocytic-lineage cell responses in diseased tissue by 

differentially modulating the expression of immunoregulatory receptors. Among them, we recently 

identified TREM-1 as a common hypoxia molecular target in different monocytic cell populations 

[11]. We were interested in investigating whether TREM-1 was functionally relevant in LCs 

generated under hypoxic conditions. Initial experiments were performed to assess TREM-1 

expression in H-LCs. As determined by quantitative real-time PCR (qRT-PCR) (Supplementary 
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Fig.3a), TREM-1 transcript levels were significantly and consistently higher in H-LCs than in LCs 

from all tested samples, paralleling those of CAXII assessed as an index of response to hypoxia 

[18], with the extent of induction ranging from 20- to 231-fold in different donors. TREM-1 surface 

expression was then measured by flow cytometry (Fig.4a). Fifty to 70% H-LCs expressed TREM-1, 

whereas no TREM-1
+
 LCs were detectable in any of the donors examined, suggesting that 

expression of this molecule is restricted to cells generated under hypoxia. Similar TREM-1 

expression profile was demonstrated by double-labeling experiments in langerin+ cells. 

(Supplementary Fig.3b). H-LCs reoxygenation by exposure to normoxic conditions for 24hr (H/N-

LCs) resulted in decreased TREM-1 surface levels (Supplementary Fig.3c), suggesting that hypoxia 

stimulatory effects on TREM-1 expression were reversible. A parallel release of the soluble form of 

TREM-1 (sTREM-1), derived from the shedding of membrane-bound TREM-1 [17], was measured 

by ELISA in the supernatants of H-LCs but not of LCs, ranging from 100 to 202 pg/8x10
5
cells/mL 

in 5 different donors (Supplementary Fig.3d), consistent with the expression pattern of the 

membrane-bound form.  

Transcriptional activation by hypoxia is mediated primarily by HIF, a heterodimer of a 

constitutive HIF-1 subunit and an O2-sensitive -subunit (HIF-1/2), which binds to and 

transactivates the Hypoxia Responsive Element (HRE) present in the promoter of many hypoxia-

inducible genes [10,27,28]. As shown in Supplementary Fig.4a, H-LCs, but not LCs, expressed high 

levels of HIF-1 protein, whereas HIF-2 was expressed constitutively and not modulated by 

hypoxia. Given the presence of a HRE sequence in the TREM-1 gene promoter [18], we 

investigated whether TREM-1 inducibility by hypoxia was mediated by HIF-1 by assessing the 

effects of echinomycin, a specific inhibitor of HIF-1 binding to HRE [29], on TREM-1 mRNA 

expression in H-LCs (Supplementary Fig.4b). Addition to the culture of increasing concentrations 

(0-5 nmol/L) of echinomycin decreased, in a dose-dependent fashion, mRNA expression of the 

known HIF-1 target gene, CAXII [30], assessed in parallel as an index of response to the drug, with 
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a 35% inhibition observed at a concentration of 2 nmol/L and a 70% reduction observed with 5 

nmol/L of the drug. Treatment with echinomycin also resulted in the downregulation of TREM-1 

mRNA levels, although to a lower extent than CAXII, with a 30% reduction achieved with 5 nmol/L 

of the drug (Supplementary Fig.4b), in line with previous findings in cDCs [31]. 

These data demonstrate that TREM-1 is inducible by hypoxia in LCs and that its 

expression is in part mediated by HIF-1. 

 

TREM-1 cross-linking stimulates H-LCs proinflammatory and Th1-polarizing activity  

Crosslinking experiments were then carried out to investigate TREM-1 functions in H-LCs. 

As determined by flow cytometry (Fig.4b), CD86, CD83, and HLA-DR surface expression was 

significantly increased in response to TREM-1, relative to control IgG1, triggering, both in terms of 

percentage of positive cells and/or mean fluorescence intensity. 

TREM-1 engagement also affected cytokine secretion. As shown in Figure 4c, a significant 

increase in the release of IL8 (from 2969±948 to 8742±1976 pg/ml), IL-12 (from 180±48 to 

615±160 pg/ml), TNF-α (from 5.2±3.1 to 36.2±15.6 pg/ml), and CCL5 (from 20±7.9 to 81±25 

pg/ml) was measured in response to TREM-1 cross-linking, whereas TGF1 (from 604±180 to 

1006±216 pg/ml) and OPN (from 1295±394 to 1395±331 ng/ml) levels were only marginally 

affected. 

The ability of TREM-1- and IgG-stimulated H-LCs to activate naïve allogeneic T cells in 

MLR was then compared. As shown in Fig.5a, T cell proliferation was significantly higher after 

culture with TREM-1- than IgG-triggered H-LCs and was associated with the production of 

significantly higher amounts of IFNγ (678±112 vs 284±80 pg/ml) (Fig.5b). In contrast, no 

significant differences were observed in the amounts of secreted IL-10 and IL-22 between T cells 

stimulated with TREM-1- and IgG-triggered H-LCs (Supplementary Fig.2b), whereas IL-4 and IL-

17 secretion was not induced (data not shown). T cell differentiation into CM cells was significantly 
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increased upon naive CD4
+
/CD8

+
 T cell coculture with TREM-1-, compared to IgG-, stimulated H-

LCs, accounting for a mean 37.5% vs 24% of the CD4
+
 and 25% vs 14.5% of the CD8

+
 population 

(Fig.5c). 

Overall, these data demonstrate that TREM-1 activation promotes LCs proinflammatory 

and T cell stimulatory activities. 

  

TREM-1 is expressed in vivo on H-LCs infiltrating AHS and U  

Growing evidence suggest that epidermal LCs are implicated in the pathogenesis of 

fibroproliferative scars or chronic wounds [12,13], which are characterized by hypoxia [8,9]. The 

occurrence of TREM-1
+
 LCs was evaluated in AHS and U. Biopsy specimens from AHS, U, and 

healthy skin (NS) were analyzed by immunohistochemistry with anti-TREM-1 Ab. LCs were 

identified based on DC-like morphology and langerin expression. HIF-1 immunostaining was 

carried out in parallel to confirm the presence of a hypoxic environment. Both upper epidermal 

layers and subpapillary dermis were examined (Fig.6a,b). Several Langerin
+
 cells were regularly 

distributed within the epidermis of NS specimens (13.6 ± 1.7 cells/0.05 mm
2
 of epidermal area). 

The number of Langerin
+
 cells significantly increased in AHS (19.0 ± 3.4 cells/0.05 mm

2
 of 

epidermal area) and U (20.0 ± 2.0 cells/0.05 mm
2
 of epidermal area) specimens, suggesting LCs 

enrichment in diseased compared to healthy epidermis, in agreement with previous observations 

[12,13]. Strong positivity for HIF-1 was detectable in cells with DC morphology infiltrating AHS 

and U epidermal layers (20.0 ± 0.6 and 14.7 ± 0.5cells/0.05 mm
2
 of epidermal area), confirming 

adaptation to the hypoxic environment, whereas NS showed significantly lower staining (2.0 ± 0.6 

cells/0.05 mm
2
 of epidermal area). Few scattered TREM-1

+
 cells with DC morphology were present 

in NS epidermal specimens (3.0 ± 0.4 cells/0.05 mm
2
 of epidermal area); the number of TREM-1

+
 

cells was significantly higher in AHS (21.5 ± 1.6 cells/0.05 mm
2
 of epidermal area) and U (21.2 ± 

1.0 cells/0.05 mm
2
 of epidermal area) specimens. Langerin and TREM-1 costaining was confirmed 

by two-color immunofluorescence analysis in both AHT and U epidermal specimens (Fig.6c), with 
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TREM-1 expression detected in approximately 71% and 73% of langerin+ cells, respectively, 

demonstrating that TREM-1 expression is a common characteristic of LCs infiltrating different 

types of skin lesions. HIF-1 costaining was detected in TREM-1+ cells infiltrating the epidermis 

of both AHT and U (Fig.6c), indicating that TREM-1 is an in vivo marker of hypoxic LCs.  

In contrast to epidermal sections, Langerin immunoreactivity was not observed in cells with 

DC-like morphology infiltrating the subpapillary dermis of normal and diseased skin (Fig.6a), 

which probably represented dermal interstitial DCs. However, several DC-like cells infiltrating U 

and, to a smaller extent, AHS dermal layers were positive for TREM-1 and HIF-1, supporting our 

recent observations of TREM-1 expression in DCs infiltrating inflammatory tissues [18]. 

These findings provide the first evidence of the existence of a population of Langerin
+
 cells 

expressing TREM-1 in vivo in the hypoxic epidermis of skin fibroproliferative lesions and chronic 

wounds.  
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.DISCUSSION  

 Wound healing is a tightly regulated multistage process involving a cascade of interactions 

among parenchimal and infiltrating cells, soluble mediators, ECM components, and 

microenvironmental factors. Alterations of these events may lead to wound healing disorders 

resulting in the formation of chronic wounds or abnormal scar [32-34]. Although chronic hypoxia 

[8,9] and prolonged inflammatory response [19,35,36] have been identified as the main 

determinants of aberrant wound healing, much remains to be elucidated regarding the molecular 

mechanisms underlying these processes, whose understanding may allow the identification of novel 

therapeutic targets. Results from this study provide novel mechanistic clues on the contribution of 

hypoxic LCs to the pathogenesis of hypertrophic scars and decubitous ulcers and identify TREM-1 

as a potential new target for therapeutic intervention in these diseases. 

.It is well recognized that hypoxia can differentially regulate the functions of innate and 

adaptive immune cells, boosting the former and inhibiting the latter [37]. We have previously 

reported that monocyte-derived cDCs generated under conditions of reduced oxygenation exhibited 

a Th1/Th17-polarized inflammatory phenotype, characterized by increased surface expression of T 

cell costimulatory and antigen-presenting molecules and enhanced production of proinflammatory 

Th1/Th17-priming cytokines [38]. Here we show that, as opposed to cDCs, monocyte-derived LCs 

differentiated under hypoxia displayed significantly lower expression of the CD86 and CD83 

costimulatory molecules compared to the normoxic counterparts and produced significantly 

decreased amounts of the proinflammatory Th1-priming cytokine, IL-12 [20], as well as reduced 

levels of the proinflammatory/angiogenic mediators, TNFandIL-8. These findings confirm and 

extend previous evidence that LCs are endowed with unique properties that distinguish them from 

cDCs [1,2,5]. Alterations of phenotypic and secretory features were paralleled by decreased H-LCs 

ability to stimulate allogenic naïve T cell functions, including proliferation, IFN production, and 

differentiation into CM cells, suggesting that LCs generated in a hypoxic environment are less 

efficient T cell activators than their normoxic counterparts. These findings identify a new regulatory 
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mechanism mediating hypoxia inhibitory effects on adaptive immune responses in addition to the 

direct impairment of T lymphocyte functions reported by other groups [39].  

Inducibility of chemoattractants for activated/memory T lymphocytes is a common feature 

of several monocytic lineage cell response to low pO2, representing an important mechanism of 

regulation of T cell trafficking in pathologic tissues [28,38]. Results reported here extend to LCs 

this trend of response to hypoxia, demonstrating significantly increased release of CCL5 and OPN, 

which play a central role in activated/memory T cell chemotaxis [40,41], by H-LCs compared to 

LCs. Noteworthily, OPN overproduction has been reported to hinder wound healing and contribute 

to increased tissue scarring and inflammation-associated fibrosis [42]. Hence, the demonstration 

that H-LCs secreted large amounts of OPN (in the ng/g range) is suggestive of an elevated 

capacity of LCs generated in a hypoxic environment to promote fibrosis. This hypothesis is further 

supported by the finding that H-LCs also released high levels of TGF, which is another well 

known pro-fibrotic factor [43]. Based on these data, we speculate that H-LCs may contribute to skin 

fibrosis by overproducing OPN and TGF.  

LCs recognition of PAMP/DAMPs is the primary trigger for initiating skin immune 

responses and is mediated by a specific repertoire of membrane-bound and cytoplasmic pattern-

recognition receptors [5]. The finding that the C-type lectin receptor, Langerin, is significantly 

downregulated in H-LCs respect to LCs and associated with decrease expression of the MHC class 

I-like molecule, CD1a, is consistent with the view that LCs generated in a hypoxic environment are 

endowed with decreased T cell stimulatory activity compared to their normoxic counterpart, given 

the critical role of these molecules in microbial glycolipid antigen uptake and presentation to T cells 

[44], further emphasizing the role of low pO2 in skewing LCs-mediated adaptive immune 

responses.  

An intriguing finding of this study is the demonstration that hypoxia strongly induces the 

expression of the TREM-1 proinflammatory receptor in LCs. This molecule was previously 

reported to be developmentally regulated in monocytic lineage cells, being selectively expressed on 
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neutrophils and a subset of monocytes/macrophages and completely down-regulated during their 

differentiation into DCs under normoxic conditions [18,31]. Our results support these findings, 

showing that TREM-1 is not expressed in monocyte-derived LCs generated under normoxia. 

Interestingly, however, we demonstrate TREM-1 inducibility upon LCs development under hypoxic 

conditions. TREM-1 mRNA was, in fact, consistently detected in H-LCs generated from different 

donors and paralleled by expression of the membrane-bound receptor and secretion of its soluble 

form. Interestingly, TREM-1 inducibility by hypoxia was reversible, because cell reoxygenation 

resulted in its downregulation, and appeared to involve, at least in part, the HIF/HRE system, in 

agreement with previous findings in cDCs [18,31]. TREM-1 engagement on H-LCs by an agonist 

Abs upregulated CD86 and CD83 costimulatory molecule expression and enhanced the production 

of proinflammatory and Th-1 priming cytokines, such as IL-8, TNF, IL-12, and CCL5, associated 

with increased H-LCs ability to stimulate naïve T cell proliferation and differentiation and Th1 

priming. These findings highlight the potential of TREM-1 to contribute to the functional 

reprogramming of LCs generated at hypoxic skin sites toward a Th-1 polarized inflammatory 

direction, emphasizing the relevance of this molecule not only as an amplifier of inflammation 

[15,16], but also as an inducer of adaptive immune responses. 

TREM-1 expression was previously observed in vivo  in macrophages and DCs recruited to 

some tumors and inflammatory tissues and reported to play a pathogenic role in these diseases 

[18,45-47]. Our data provide the first evidence of TREM-1 expression in LCs infiltrating AHS and 

U. AHS are a common complication of wound healing that follows deep or extensive cutaneous 

insults, such as burns and surgical incisions, and arise from exaggerated and persistent 

inflammation, hyperproliferation of wound fibroblasts and abnormal ECM protein accumulation 

[33,35]. U are non-healing, chronic wound frequently occurring in elderly and immobilized 

patients, characterized by local chronic inflammation, disruption of the collagen matrix, tissue 

damage, and cell death [34,36]. Both pathologies significantly affect patients quality of life, leading 

to severe complications and serious disabilities [33,34]. A significant enrichment of Langerin
+
 cells 
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was detected by immunohistochemistry and immunofluorescence in the epidermal layer of AHS 

and U, respect to NS, specimens, in agreement with previous evidence [12,13],. Noteworthily, 

Langerin
+
 cells infiltrating the epidermis of AHS and U, but not NS, specimens, coexpressed 

TREM-1, and TREM-1 expression was associated with positivity for HIF-1 confirming cell 

adaptation to the hypoxic environment. Taken together with in vitro data, these findings suggest that 

the hypoxic microenvironment is an important determinant of TREM-1 expression in LCs generated 

from monocytes recruited at sites of skin injury, pointing to a potential role of this molecule in the 

pathogenesis of fibroproliferative scars and chronic wounds. 

Our results lead to new perspectives on the role of hypoxia in functionally regulating LCs 

responses during wounding. We hypothesize that, during physiologic wound healing, LCs 

differentiated from monocytes recruited to the wound site respond to local hypoxia by producing 

CCL5, OPN, and TGF1, which mediate activated/memory T cell as well as 

monocytes/macrophage recruitment and activation [40,41] and stimulate fibroblast 

proliferation/ECM secretion, neovascularization, and reepithelialization [42,43], thus contributing 

to both defense against invading pathogens and wound repair. This response is associated with 

decreased hypoxic LCs stimulatory activity on naïve T cells, which probably represents a negative 

feedback mechanism to prevent immune cell overactivation and collateral inflammatory tissue 

damage. It is conceivable that TREM-1 is induced in response to local hypoxia, but that its 

expression is rapidly reverted by restoration of normoxic conditions required for successful wound 

repair [8], which prevents TREM-1 activation. Conversely, conditions of chronic hypoxia or 

ischemic/reperfusion injury prolong survival of hypoxic LCs and their secretion of CCL5, OPN, 

and TGF-1, initiating a cascade of events that ultimately leads to chronic inflammation and/or 

fibrosis, such as persistent monocyte and T cell accumulation/activation, extensive angiogenesis, 

excessive fibroblasts proliferation, and overabundant matrix deposition. In this inflammatory 

environment, sustained TREM-1 induction by chronic hypoxia is likely to contribute to the 

functional reprogramming of hypoxic LCs toward a Th-1 polarized proinflammatory direction, 
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which may be critical for the development of skin lesions. Upon recognition of specific 

PAMP/DAMP ligand(s) present in the wound environment or released in response to inflammation 

and/or tissue damage [17], TREM-1 will, in fact, promote IL-8, TNF and IL-12 production, 

driving further recruitment of monocytes/macrophages and neutrophils into the wound site, 

augmented neovascularization, and Th1 priming of naïve T cells, which in turn will stimulate 

macrophage polarization towards the M1 proinflammatory phenotype by producing IFN[20,40]. 

Interestingly, the same proinflammatory cytokines released by TREM-1-triggered LCs or other 

inflammatory cells, e.g. TNF, as well as bacterial products present in the lesion [35,36], can 

upregulate TREM-1 expression [48], indicating the existence of both autocrine and paracrine 

positive feedback loops sustaining TREM-1 signaling. Based on these data, we hypothesize that 

targeting TREM-1 expression/activation with specific inhibitors [17] during pathologic wound 

healing may represent a potential novel therapeutic strategy to counteract the detrimental effects of 

H-LCs-induced inflammation and prevent or attenuate AHS and U formation. 

In conclusion, these findings add novel and significant insights to our current understanding 

of LCs biology, leading to new perspective on the role of hypoxia in regulating their responses at 

sites of skin injury, and identify new potential pathogenetic mechanisms of chronic inflammation 

associated with wound repair disorders with important biological and therapeutic implications. 
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FIGURE LEGENDS 

Fig. 1 Phenotypic and secretory features of monocyte-derived LCs and H-LCs. LCs and H-LCs 

were generated from human monocytes cultured with GM-CSF, IL-4, and TGF-1 for 7 days plus 

TNF for the last 48 hr, under 20% or 1% O2, respectively. (a,b) Surface marker expression 

assessed by FACS. (a) Cells were stained with specific Abs (solid histograms) or isotype-matched 

controls (open histograms) and analyzed by FACS. Results from a representative of 5 tested donors 

are shown. Positive cell percentage is indicated. (b) Mean percentage of positive cells in LCs and 

H-LCs from 5 donors (dots). Horizontal lines represent mean values for each group. (c) 

Cytokine/chemokine content in supernatants from LCs and H-LCs assayed by ELISA after 24 hr 

culture with fresh medium. Results are expressed as pg or ng /8x10
5
cells/mL and represent the 

mean ± SEM of five experiments. p values of H-LCs relative to LCs: *p<0.05;**p<0.01; n.s., not 

significant 

 

Fig. 2 Inhibition by hypoxia of LCs stimulatory activity on naive T cells. Naive T cells purified 

from 5 donors were cocultured for 6 days with allogenic LCs or H-LCs. (a) [
3
H]thymidine 

incorporation in T cells. Data are the mean + SEM of five experiments. (b) IFN-γ concentrations in 

coculture supernatants. Results are expressed as pg/1x10
6
cells/mL and are the mean+SEM of 5 

experiments. (c) CD45RA and CD27 staining pattern of CD4
+
 or CD8

+
 T cells assessed by FACS. 

Left panels. Results from a representative donor. The percentage of single and double-positive T 

cells within the gated populations is reported. Upper right quadrants: CD45RA
+
/CD27

+
 cells (naive 

cells); upper left quadrants: CD45RA
-
/CD27

+
 cells (Central Memory, CM); lower left quadrants: 

CD45RA
-
/CD27

-
 cells (Effector Memory, EM); lower right quadrants: CD45RA

+
/CD27

-
  cells 

(Effector Memory RA, EMRA). Right panels. Mean percentage of CD45RA
-
/CD27

+
 cells in the 

CD4- and CD8-gated populations from 5 donors. p values of H-LCs relative to LCs: *p ≤ 0.05; ** 

p≤0.01; ***p ≤ 0.001  
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Fig. 3 Determination of LCs viability upon generation under normoxia and hypoxia. LCs and 

H-LCs were generated as described in the legend to Fig.1 and cultured for additional 24 hr under 

normoxic conditions in fresh medium w/o cytokines (N-LCs and H/N-LCs). Cells were stained with 

AV-FITC/PI and analyzed by FACS. One representative experiment of three performed is shown. 

The percentage of single and double-positive cells is indicated. Lower right quadrants: AV+/PI- 

(early apoptotic): upper right quadrants: AV+/PI+ (late apoptotic); upper left quadrants: AV-/PI+ 

(necrotic);  lower left quadrants: AV-/PI- (healthy).  

 

Fig. 4 TREM-1 expression and activation in H-LCs. H-LCs were generated as described in Fig.1 

(a) and cultured for additional 24 hr under hypoxic conditions in plates pre-coated with agonist anti-

TREM-1 mAb or control IgG1 (b,c). Surface expression of (a) TREM-1 (b) HLA-DR, CD86, and 

CD83 assessed by FACS in LCs/H-LCs and TREM-1-/IgG-triggered H-LCs, respectively. Results 

are expressed as detailed in the legend of Fig.1a,b. Left panels. Positive cell percentage and mean 

(between brackets) in a representative of five different donors is indicated. Right panels. Mean 

percentage of positive cells in five different donors. (c) Cytokine/chemokine content in supernatants 

from TREM-1- and IgG-triggered H-LCs. Results are expressed as detailed in the legend of Fig.1C.  

p value: *p≤0.05; **p≤0.01; ***p<0.001; n.s., not significant 

 

Fig. 5 T cell stimulatory activity of TREM-1-triggered H-LCs. Naïve T cells purified from 5 

different donors were cocultured for 6 days with allogenic anti-TREM-1- or IgG1- triggered H-LCs 

(a) [
3
H]thymidine incorporation in T cells. Data are the mean+SEM of five experiments. (b) IFN-γ 

concentrations in coculture supernatants. Results are expressed as pg/1x10
6
/mL and are the 

mean+SEM of five different experiments. (c) CD45RA and CD27 staining pattern in CD4
+
 or CD8

+
 

T cells, assessed as detailed in the legend of Fig.2c. p value of TREM-1- relative to IgG-triggered 

H-LCs: *p≤0.05; **p≤0.01 
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Fig. 6 TREM-1 expression in AHS and U. (a) Immunohistochemical images of biopsy specimens 

from healthy skin, hypertrophic scar, and decubitus ulcer stained with anti-Langerin, HIF-1 and 

TREM-1 Abs. Positive cells are detectable in both upper epidermal and subpapillary dermal layers. 

Results are representative of at least three patients. (b) Langerin
+
, TREM-1

+,
 and HIF-1a

+
 cell counts 

determined in an epidermal area of 0.05mm
2
 and reported as mean ± SEM. P values relative to 

healthy skin: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. (c) Representative two-color 

immunofluorescence of Langerin
+
 (red)/TREM-1

+
 (green) cells and of TREM-1 (red)/HIF-1 

(green) in the epidermal layer of healthy skin, hypertrophic scar, and decubitus ulcer biopsies. 

Images are presented both as single and merged color stains  
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Table I. Surface marker expression in H/H-LCs and H/N-LCs
a
 

 

 

 

 

 

 

a
LCs and H-LCs were generated as described in the 

legend of Fig.1 and reoxygeneted by exposure to 

normoxic conditions for 24 hr. 
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Figure 1. 
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Figure 2 
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Figure 3. 
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Figure 4.  
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Figure 5. 
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Figure 6. 
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