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Editorial on the Research Topic 

The Skin Immune Response to Infectious Agents


This Research Topic highlights different mechanisms associated with the skin immune response against infectious agents. The skin was originally defined as a tissue that covers the body, protecting internal tissues and organs from external physical, chemical, and biological aggressions. A greater understanding of the particularities of the skin immune response began with the identification of skin-associated lymphoid tissues (SALT) (1, 2), and the description of the dermal perivascular units (PVU) comprising layers of CD4 and CD8 T cells around capillaries in the dermis (3). SALT and PVU represent examples of the skin immune response organization (4, 5). Thereafter, the skin immune system (SIS) was defined based on work delineating the presence and function of immune cells at this site (6–10). The identification of SIS, SALT, and other skin immune compartments, such as the immune system of the hair follicle (11), helped to change the definition of the skin from a tissue to a linear organ. Due to its size and total weight (approximately 2m2 and about 16% of body weight) it is considered one of the largest organs in the human body. In parallel, the idea of compartmentalization of the immune response with this organ has gained strength via the demonstration of decisive events in the control or development of skin diseases and through studies on the in situ immune response, particularly for infectious skin diseases. The understanding of the dynamics of immune response to different pathogens that penetrate and multiply in the skin has markedly increased. However, much is still unknown about events related to the encounter between the pathogen and the local immune responses and thus this area still requires further investigation. This is the central idea behind this Research Topic and papers within this collection have assessed the impact of the interaction of SIS with different pathogens.

In this context, the skin immune response during leishmaniasis is described in five articles of this Research Topic. Leishmaniasis is a vector-borne disease caused by protozoans of the genus Leishmania, most of which result in tegumentary lesions of affected individuals in endemic areas around the world. The host immune response is considered essential for the progression and control of the disease (12), and different cells and molecules contribute to the inflammatory reaction to Leishmania parasites. Although macrophages have been extensively studied, the function of neutrophils is pivotal in the skin immune response against Leishmania, as they are rapidly recruited to the infected site. In this context, Passelli et al. review the role of neutrophils in recruiting inflammatory cells to the infected dermis. Leishmania spp. are intracellular parasites, mainly residing within mononuclear phagocytic cells, but CD4+ and CD8+ T-cells play an important role in controlling infection by both cytokine production and direct cytotoxicity. In this context, a new function of CD8+ T cells is presented by Koh et al., who demonstrate for the first time the production of lymphocyte extracellular traps (LETs) by CD8+ T cells, both in vitro and in vivo (human tegumentary lesions), suggesting a role of LETs in disease progression. Current therapies targeting programmed cell death (PD)-1 receptor and its ligand (PD-L1) restore T cell activity. In this Research Topic, two articles by Moura et al. and Fonseca-Martins et al. discuss the role of PD-1 and PD-L1 in leishmaniasis. PD-L1 expressed in both macrophages and neutrophils may have suppressive activity and the blockade of PD-L1 may contribute to a reduction in cutaneous pathology. As such, these articles present potential new mechanisms of protection focusing on the PD-1/PD-L1 pathway. Collectively, all the studies mentioned in this topic are relevant to the development of new therapies. Among them, this pathway and so these host-directed therapies represent a promising approach in the treatment of infectious diseases and Novais et al. discuss these perspectives in the field of cutaneous leishmaniasis.

Leprosy is another infection of worldwide importance that affects the skin and nerves. The disease ranges from self-limited to severe forms that can lead to loss of tissue and function when not treated and four manuscripts discuss the skin immune response during leprosy. Although historically the Th1-Th2 dichotomy has been associated with leprosy polarity, an in vitro model of Mycobacterium leprae infection generated by Leal-Calvo et al. demonstrates that macrophages also have a central role. In addition, the effect of immunosenescence in the skin immune response against the bacilli and the mechanisms in which age-related changes in T cell subsets may influence the onset of leprosy is also discussed by Silva et al. Existence of relapse, resistance to drugs used in the multidrug therapy (MDT), and the low bactericidal activity of rifampicin have previously been described. Even after MDT, multibacillary patients may present high bacillary loads, thus it is important to clarify the mechanisms underlying this phenomenon. In this context, Ferreira et al. demonstrate that a reduction in the bacillary index in the slit-skin smear of patients is associated with higher levels of CXCL10 (IP-10) and IFN-γ and so this. This could be helpful in monitoring the treatment efficacy in leprosy patients (Ferreira et al). Furthermore, CXCL10/IP-10 and IFN-γ are associated with a reduction in the bacillary load by inducing autophagy in host cells. Role of autophagy in the pathogenesis of skin diseases caused by mycobacteria is reviewed by Bittencourt et al. and they discuss the potential for repurposing drugs to target host cells for mycobacterial control.

Other bacteria can produce skin infections and one of the most common is Staphylococcus aureus, which can be found as part of the skin’s microbiome, but, in certain circumstances, it can become more aggressive, causing localized or disseminated skin lesions and endogenous disease. Two studies in this collection focus on the relationship between S. aureus and the skin immune response. Hamid et al. focus on the neutrophil-S. aureus interactions after mouse infection with planktonic or biofilm forms of S. aureus. Both bacterial forms induce an early and considerable pro-inflammatory cytokine profile in the lesion together with a predominance of neutrophils. However, some differences in the dynamics of recruitment and functional properties of phagocytes against biofilms are described and the authors discuss their role in promoting an adaptative immune response against S. aureus. Another study by Hendriks et al. suggests the importance of CD4+ T cells as a barrier to the primary entry site of S. aureus.

Another bacterium, Haemophilus ducreyi, can induce skin lesions, mainly in children, as well as sexually transmitted genital ulcers in adults. Brothwell et al. review the current literature related to the host-pathogen interaction network, including the adaptation of this organism to its metabolic surroundings and the use of new technologies to better understand H. ducreyi pathogenesis.

Many pathogens can colonize and/or invade the skin, producing infections with different grades of severity. In this Research Topic, skin interactions with viruses and fungi are also discussed. Lei et al. review the virus-host immune response interface and discuss both host immune responses and virus immune evasion mechanisms.

Regarding skin immune responses to fungi, different species are able to produce skin infection. Skin mycoses can affect the keratinous layer as well as the epithelial and dermal layers. Depending on the fungus causing the infection, it can produce disease in immunocompetent individuals or hosts with some degree of immunosuppression. One of the most common skin mycoses is caused by a group of fungi known as dermatophytes, which produce a superficial mycosis with a worldwide distribution. In this context, Burstein et al. present an innovative experimental model of dermatophytosis to explore its pathogenesis and further understand the mechanisms of fungal virulence, evasion, as well as immune responses elicited during infection, including the role of C- type lectin receptors and cytokines such as IL-17 and IFN-γ.

Purpureocillum lilacinum is considered an emerging pathogen for humans, mainly in immunosuppressed patients, being one of the causal agents of hyalohyphomycosis. Corrêa-Moreira et al. demonstrate a decrease in the number of macrophages and neutrophils as well as in the amount of IL-1β and nitric oxide (NO) in immunosuppressed mice when compared with immunocompetent animals. The authors discuss these results that contribute to a greater understanding of this, as yet, scarcely studied infection.

A plethora of cell types, cytokines, and other molecules are involved in the SIS and the predominance of each one can be stimulated by different pathogens. In this context, Langerhans cells are pivotal to mounting the specific immune response. Oulee et al. identify and evaluate 31 genes that encode proteins that are involved in antimicrobial activity. Based on their results, authors discuss the potential role of Langerhans cells in orchestrating skin immune responses.

The skin is an important organ of the human body, functioning as a homeostatic organ and a mechanical barrier to the external environment, but it is also capable of mounting specific immune responses to different infectious agents such as protozoa, viruses, bacteria, and fungi. The SIS is organized to respond to different stimuli, and disease progression or control can be influenced by the skin immune response (6–10). The articles presented here demonstrate that the skin immune mechanisms related to protection against infectious diseases involve both innate and adaptive immune cells, as well as host characteristics like ageing and metabolic status. A better understanding of the pathways associated with the immunopathogenesis of skin infectious diseases may contribute to the development of new therapeutic and prophylactic strategies. While the present collection provides important new information, many questions remain unanswered. We hope that readers will find this Research Topic a useful reference to understand the complex mechanisms associated with the immune response against pathogens that infect the skin.
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Cell death plays a fundamental role in mounting protective and pathogenic immunity. Etosis is a cell death mechanism defined by the release of extracellular traps (ETs), which can foster inflammation and exert microbicidal activity. While etosis is often associated with innate cells, recent studies showed that B cells and CD4+ T cells can release ETs. Here we investigate whether CD8+ T cells can also release ETs, which might be related to cytotoxicity and tissue pathology. To these ends, we first employed an in vitro system stimulating human CD8+ T cells isolated from healthy volunteers with anti-CD3/anti-CD28. Using time-frame video, confocal and electron microscopy, we demonstrate that human CD8+ T cells release ETs upon stimulation (herein LETs – lymphocyte extracellular traps), which display unique morphology and functional characteristics. CD8+ T cell-derived LETs form long strands that co-localize with CD107a, a marker of vesicles containing cytotoxic granules. In addition, these structures connect the LET-releasing cell to other neighboring cells, often resulting in cell death. After demonstrating the release of LETs by human CD8+ T cells in vitro, we went on to study the occurrence of CD8-derived LETs in a human disease setting. Thus, we evaluated the occurrence of CD8-derived LETs in lesions from patients with human tegumentary leishmaniasis, where CD8+ T cells play a key role in mediating pathology. In addition, we evaluated the association of these structures with the intensity of the inflammatory infiltrate in early and late cutaneous, as well as in mucosal leishmaniasis lesions. We demonstrated that progression and severity of debilitating and mutilating forms of human tegumentary leishmaniasis are associated with the frequency of CD8+ T cells in etosis, as well as the occurrence of CD8-derived LETs carrying CD107a+ vesicles in the lesions. We propose that CD8+ T cell derived LETs may serve as a tool for delivering cytotoxic vesicles to distant target cells, providing insights into mechanisms of CD8+ T cell mediated pathology.




Keywords: extracellular traps, CD8+ T cells, etosis, cytotoxicity, pathology, leishmaniasis



Introduction

T cell activation and function is dependent on mechanisms that involve direct cell-cell interaction, as well as autocrine, paracrine and endocrine responses to soluble factors produced by a variety of cells. While CD4+ T cells are major orchestrators of the immune response by producing cytokines and mediating B cell activation, CD8+ T cells are classically associated with cytotoxic functions. Cytotoxicity involves the coordinated activity of a series of enzymes, which are delivered by lytic granules containing lysosomal-associated membrane proteins (LAMP), including CD107a (LAMP-1) (1). The mechanisms of cytotoxic granule delivery described to date involve an intimate proximity between the cytotoxic cell and its target (2–4). This delivery triggers cell death via both apoptotic-mediated mechanisms, and those independent on apoptosis (1, 3, 5).

Apoptosis, necrosis and etosis are distinct cell death mechanisms that occur under physiological and pathological circumstances and are critical for maintaining cell and tissue homeostasis. While apoptosis is the result of a misbalance between pro- and anti-apoptotic factors and caspase activation, leading to biochemical and morphological changes such as membrane asymmetry, chromatin fragmentation, and release of intracellular contents in apoptotic bodies (6–8), necrosis is characterized by massive disintegration of organelles, accumulation of intracellular water, and subsequent release of intracellular content in a disorderly manner (9). Etosis is an event in which cells release extracellular nets or traps (ETs, hence the name etosis), usually leading to cell death in a mechanism distinct from apoptosis and necrosis (10, 11). ETs are mainly composed of DNA and histones, but cytoskeletal proteins may also be present (12). Innate immune cells release ETs in response to bacterial and parasite components, as well as following in vitro stimulation with PMA and LPS (10, 13–17).

Neutrophil derived ETs play an important role in the control of infections, since they are capable of physically retaining and eliminating pathogens (18–20). One such example is the protozoan parasite Leishmania, which is susceptible to neutrophil-derived ETs (21, 22). Despite exerting a potentially protective role against pathogens, ETs can also amplify inflammatory responses, which may be detrimental if not controlled (23). Human infection with Leishmania leads to a spectrum of debilitating, mutilating and potentially deadly diseases. The cutaneous and mucosal manifestations of tegumentary leishmaniasis have been associated with exacerbated inflammatory and cytotoxic responses (24, 25), in which CD8+ T cells play a fundamental role (26–28).

While etosis is mostly related to innate immune cells, it was recently shown that B cells can release ETs in response to CpG stimulation (29), and that CD4+ T cells can also release ETs (16, 30). Thus, we hypothesized that CD8+ T cells can also release ETs, and that these ETs might be associated with CD8-mediated cytotoxic function and play a role in tissue pathology in human diseases. Thus, we performed a series of studies to determine if CD8+ T cells can release ETs and if they are associated with severity in human leishmaniasis, a devastating disease that affects millions worldwide and is a well-established example of CD8-mediated pathology. Here we unequivocally demonstrate that human CD8+ T cells release ETs that display a unique morphology upon activation (herein referred to as LETs - lymphocyte-derived ETs). Importantly, we show that CD8-derived LETs connect the LET-releasing cell with target cells, and co-localize with CD107a, a marker of cytotoxic granules. In addition, we show that progression and severity of human tegumentary leishmaniasis is associated with the release of CD107a+ LETs by CD8+ T cells. Our findings suggest that delivery of CD107a+ vesicles by CD8-derived LETs may provide an alternative mechanism of CD8-mediated cytotoxicity, with implications for disease pathology, and on the design of new therapeutic interventions.



Patients, Materials, and Methods


Patients With Leishmaniasis and Healthy Donors

Fifteen healthy volunteers were enrolled in this study for the various experiments of T cell activation to detect etosis, apoptosis, cell activation, as well as cytotoxic molecule and cytokine expression. All in vitro experiments were performed using cells from healthy donors.

A total of twenty-one leishmaniasis patients from the endemic area of Corte de Pedra, state of Bahia, Brazil were also enrolled in the study. We evaluated the presence of extracellular DNA (LETs), as well as determined the frequency of CD8+CD107+ LETs in lesions from cutaneous and mucosal leishmaniasis patients. Patients’ medical care, evaluation, and characterization were under the responsibility of Drs EC e PM. Diagnosis for leishmaniasis was performed based on clinical and laboratorial criteria. Detection of suggestive skin or mucosal lesions was associated to positive skin Montenegro test, parasite isolation and/or histopathological analysis to confirm diagnosis of CL or ML. For all CL and ML cases parasite species were typed to confirm that disease was due to L. braziliensis infection. Cutaneous patients enrolled in this study (total n=14) presented with a single ulcerated lesion and had not been previously diagnosed or treated for leishmaniasis. CL patients were classified as early-stage cutaneous leishmaniasis (Early-CL – approximately 15 days of illness, non-ulcerated palpular lesion) or late-stage cutaneous leishmaniasis (Late-CL – approximately 60 days of illness, classical ulcerated lesion), as previously established by us (26, 31). Mucosal patients (total n=7) presented with nasal lesions and, at the time of biopsy collection, and did not display concomitant cutaneous disease. Skin and mucosal biopsies were obtained from the edges of the active lesions with a 4-mm punch or scalpel, after the application of local anesthetic, processed and stored as previously done by us (24, 26). Samples were collected before treatment, which was offered to all patients as needed, despite their enrollment in this project. The ethics committees of the Federal Universities of Bahia and Minas Gerais approved all the procedures involved in this study and all individuals signed an informed consent.



Histological and Immunofluorescence Staining in Tissues

Biopsies were used to obtain sections of 4 to 5 µm were placed on polarized slides and fixed for 10 min in acetone at -20°C or 15 min in 4% paraformaldehyde at room temperature. Slides were incubated with phosphate buffered saline (PBS) for 15 min and stained with hematoxylin-eosin or submitted to immunofluorescence. Immunofluorescence reactions were done using fluorescein isothiocyanate (FITC) - conjugated to monoclonal antibodies directed to surface receptors (CD4, CD8, CD68, CD107, Biolegend, San Diego, CA, USA) or anti-histone (Invitrogen, San Diego, CA, USA). Sections were incubated with antibody mixtures overnight at 4°C, followed by extensive wash with PBS. Samples were permeabilized for 1 h with 0.01% Triton X-100 prior to anti-histone and anti-CD107 stainings. Preparations stained with anti-histone were subsequently incubated with a Donkey anti-mouse IgG (H + L) secondary antibody labeled with Alexa Fluor 488 for 1 h. Finally, all slides were stained with 4’,6’-diamidino-2-phenylindole (DAPI, Molecular Probes, Eugene, OR, USA) and mounted using Vectashield® (Burlingame, CA, USA) mounting medium. Slides were kept at 4°C, protected from light, until they were acquired in a laser scanning confocal microscope (Zeiss 5 Live or Zeiss LSM 880), using an oil immersion objective (40×, 1.3 Oil). A water-cooled argon UV laser (488 nm) or a krypton/argon laser was used to excite the preparation. Images were analyzed using ImageJ 1.48v software. Isotype controls were used to confirm the lack of nonspecific staining. Frequency of cell subpopulations were determined by histological staining (mononuclear and polymorphonuclear) or by immunofluorescence (using fluorescence labeled anti-CD4, anti-CD8, anti-CD68, anti-CD107 monoclonal antibodies), and were performed by counting the total number of cells in a minimum of three acquired fields/slide, which was used to calculate the mean number of positive cells/section for each patient. Intensity of the inflammatory infiltrate was determined by counting the number of DAPI+ cells within the connective tissue and calculating the number of cells/field.



Separation, Plating, and Culture of Human Peripheral Blood Mononuclear Cells (PBMC)

Purification of peripheral blood mononuclear cells (PBMC) was performed as previously done by us (32). Briefly, heparinized blood was applied over a Ficoll-Hypaque (GE Healthcare Life Sciences) gradient, centrifuged at 600g for 40 min, at room temperature, and PBMC were collected at the interface between the plasma and Ficoll. Cells were washed 3 times by centrifugation with PBS and resuspended in RPMI supplemented with antibiotic (penicillin 200 U/ml and streptomycin 0.1 mg/ml; Sigma, St. Louis, MO, USA) and l-glutamine (1 mM; Sigma, St. Louis, MO, USA) to a concentration of 107 cells/ml. Lymphocyte-enriched fraction (LEF) was obtained by collecting non-adherent cells, after a 1-h incubation at 37°C in 6 flat-bottom well plates, using an initial concentration of 4 × 106 cells/well. LEF were placed in 13-mm glass coverslips pretreated with poly-L-lysine (0.01%), at a concentration of 5 × 105 cells/coverslip for electron microscopy, or 1 × 105 cells/coverslip for immunofluorescence. LEF were stimulated with anti-CD3 and anti-CD28 monoclonal antibodies (2 μg and 1 μg/ml, respectively – Biolegend, San Diego, CA, USA), or incubated with media only for 24 h. In addition, cells were induced to lysis (1 h at -80°C) or necrosis (1 h at 56°C), as positive controls of DNA release and cell death. Samples were also submitted to treatment with DNAse (Ambion™ DNase I RNase-free, Invitrogen, Carlsbad, CA, USA) using 2 U/µl, by incubation at 37°C for 6 h.

LEF were also incubated in a polypropylene tube under the same conditions described above and used for flow cytometry analysis to determine cell death and expression of TNF. Supernatant from stimulated cultures, treated or not with DNAse, were collected for DNA and lactate dehydrogenase (LDH) measurement.



Purification and Stimulation of Sorted CD8+ and CD4+ T Lymphocytes

CD8+ and CD4+ T lymphocytes were purified from the LEF (obtained as described above), using a FACS Aria II flow cytometer (Becton Dickinson, San Jose, CA, USA). Briefly, LEF were incubated with anti-CD8 and anti-CD4 monoclonal antibodies for 30 min at 4°C, washed twice with PBS, and resuspended at the concentration of 1 × 106 cells/ml. Cells were submitted to the sorting procedures, as previously done (33), and yielded a purity of over 95%, as determined by flow cytometry. For some assays (as indicated in the text), purified lymphocytes were labeled with 5 mM carboxyfluorescein succinimidyl ester (CFSE, Sigma, St. Louis, MO, USA) by incubation for 10 min at room temperature, washed with PBS, plated in coverslips and stimulated or not with anti-CD3 and anti-CD28, as described above, for 24 h. Preparations were then processed for immunofluorescence and electron microscopy analysis.



Immunofluorescence Reactions in Cell Monolayers and Confocal Microscopy Analysis

For immunofluorescence labeling, coverslips containing stimulated and non-stimulated cells were fixed with 2% paraformaldehyde by incubation for 15 min at room temperature. Cells were permeabilized with 0.01% Triton X-100 for 3 min, and the coverslips were incubated with a blocking solution of 1% bovine serum albumin (BSA) + 0.1% tween 20 for 1 h. Coverslips were incubated overnight with monoclonal antibodies directed to the different molecules (anti-histone, anti-CD8-Pe-Cy5, anti-CD107a-FITC – Biolegend, San Diego, CA, USA). Subsequently, samples were washed with PBS exhaustively. For the anti-histone staining, samples were incubated with the Donkey anti-mouse IgG (H + L) secondary antibody labeled with Alexa Fluor 488 for 1 h, and then washed with PBS. To stain with Alexa Fluor 594-phalloidin, cells were permeabilized, incubated for 20 min, and washed.

Finally, DNA of all samples was stained with DAPI (1:500) and/or with propidium iodide (PI) for 15 min at room temperature. Slides were extensively washed with PBS, coverslips were mounted with Vectashield® (Abcam, San Francisco, CA, USA), and remained at 4°C protected from light until acquisition in a laser confocal microscope.

Imaging was performed with a Zeiss 5 LIVE or Zeiss LSM 880 (software ZEN 2009), using an oil immersion objective (40×, 1.3 Oil). A water-cooled argon UV laser (488 nm) or a krypton/argon laser were used to excite the preparation (through its 363 nm line, 488 nm line or 568 nm line), and light emitted was selected with band pass filters (515-565 for FITC, 445/50 for DAPI and 575-640 for PI). Images were analyzed using ImageJ 1.48v software. ETs were analyzed by observing extracellular structures stained with DAPI and/or PI and/or histone.

To quantify the frequency of ETs and number of cells releasing ETs in each preparation, we counted the number of extracellular structures that were positive for DAPI and/or PI, as well as the number of cells that were associated with these structures, respectively. Results were expressed as ratio of the stimulated culture over the media control.



Transmission and Scanning Electron Microscopy (EM)

Coverslips containing different cell preparations were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 2 h at room temperature. For transmission EM, the cells were post-fixed in 2% OsO4 (Sigma, St. Louis, MO, USA) in 0.1 M buffer and then counterstained with aqueous 2% uranyl acetate. Dehydration was performed in a graded ethanol series followed by acetone. Monolayers of cells were flat embedded in Epon resin (Sigma, St. Louis, MO, USA) and ultrathin sections were stained with lead citrate. Images were collected using a transmission electron microscope Tecnai G2-12 - SpiritBiotwin FEI - 120 kV.

For scanning EM, coverslips were post-fixed by the OTO (osmium - tanic acid – osmium - Sigma, St. Louis, MO, USA) method, dehydrated in graded ethanol series and dried at critical point under CO2. The samples were coated with 3 nm of gold and the images were acquired in the scanning electron microscope (FEG - Quanta 200 FEI).



DNA and LDH Quantification

DNA was quantified in the supernatants of the cultures, under the different conditions, using the PicoGreen dsDNA kit (Invitrogen, San Jose, CA, USA) according to manufacturer’s instructions.

To quantify LHD in culture supernatants, we used the LDH UV kit (kindly offered by Bioclin, Belo Horizonte, MG, Brazil), according to manufacturer’s instructions.



Flow Cytometry Analysis of PBMC

Staining was performed as routinely done by us (32). Briefly, wells were harvested, plated at 2 × 105 cells/well, incubated with a 40-μl mix of monoclonal antibodies CD4-Percp-Cy5.5, anti-CD8-APCCy7 or anti-CD69-PE for 15 min at 4°C, washed with PBS, and fixed for 20 min with 2% formaldehyde/PBS. Then cells were washed twice, permeabilized by incubation for 15 min with 0.5% saponin solution, washed, and subjected to intracellular staining with anti-TNF-APC, anti-CD107a-FITC monoclonal antibodies for 20 min at room temperature. Samples were washed twice with 0.5% saponin solution, resuspended in PBS and read on a flow cytometer. To stain with annexin V and propidium iodide (PI), culture cells were washed with PBS and incubated for 15 min with annexin V. After washing, PI was added just prior to acquisition on the flow cytometer. Samples were acquired on the FACS CANTO II and analyzed using FlowJo software (Tree Star, Ashland, OR, USA). All antibodies were from BioLegend (San Diego, CA, USA).



Time Series for Visualizing CD8-Derived Extracellular Traps and Cell Death

To produce the movies (Time-series), CD8+ T lymphocytes were purified as described above. Non-CD8 cells, leftover from the purification of CD8+ cells, were stained with CFSE as described above, and used as target cells. A proportion of 1:4 CD8+ cells (8 × 104 cells) to 20% non-CD8 cells used as targets (2 × 104 cells) were plated in 24-well plates pretreated with poly-L-lysine and stimulated with anti-CD3/CD28. After 14 h of incubation, ethidium homodimer (EthD-1) (final concentration of 4 µM - LIVE/DEAD ® Viability/Cytotoxicity Kit for mammalian cells - Molecular Probes. Eugene, Oregon, USA) and ionomycin (final concentration of 500 ng/ml; Sigma Aldrich, San Luis, Missouri, USA) were added. A Zeiss 5 Live confocal was used and images were captured every 10 s with CFSE (ex/em ~ 495 nm/~ 515 nm) and EthD-1 (ex/em ~ 532 nm/~ 635 nm) filters. The latter can enter cells with damaged membranes and undergoes a 40-fold increase in fluorescence when binding to nucleic acids, producing a bright fluorescence. The movies were produced using the Free Microscope Software ZEN blue edition from ZEISS Microscopy at a rate of 30 frames per second.



Statistical Analysis

The paired t-test was used to verify differences between Gaussian-distributed data and comparing the same samples under different experimental conditions. Unpaired T test was used to compare amongst different groups. Differences that returned values of p≤0.05 were considered statistically significant. Results were presented as mean+/-standard errors, as samples fell into the normal distribution using Kolmogorov-Smirnov test. All correlation analyses were performed using the Spearman test.




Results


Human T Lymphocytes Release Extracellular DNA via Etosis

We stimulated lymphocyte-enriched PBMC (~72% CD4+ and CD8+ T cells) from healthy individuals with anti-CD3 and anti-CD28 antibodies. This antibody combination provides a T cell specific stimulation that does not directly stimulate other cells in the culture (34, 35). Following 24 h of stimulation, extracellular DNA was detected by staining with DAPI and PI and analyzed by confocal microscopy. Figure 1A (top panels) display representative images of unstimulated preparations, as well as preparations in which necrosis was induced by heat, showing that DNA staining (DAPI+ and PI+) was focused inside the cells in both cases. Figure 1A (bottom panels) demonstrates that cultures stimulated with anti-CD3/anti-CD28 released extracellular DNA strands associated with cells as seen by co-staining with DAPI and PI (arrows). Quantification of the extracellular DNA strands (extracellular traps – ETs) showed that ETs appear more frequently in anti-CD3/anti-CD28-stimulated cultures, as compared to cultures in which necrosis was induced (p < 0.05) (Figure 1B). In addition, the number of cells involved in ETs formation was also higher in anti-CD3/anti-CD28-stimulated cultures (Figure 1C), as compared to necrotic preparations (p < 0.05). Interestingly, stimulation with anti-CD3/anti-CD28 increases the number of CD8+ cells associated with formation of ETs (the sum of %CD8/DAPI plus %CD8/CD8 increases from 40.5% to 56%) (Figure 1D).




Figure 1 | Anti-CD3/anti-CD28 stimulation leads to the release of extracellular traps by T-lymphocyte enriched cultures. (A) Representative confocal image of non-stimulated culture (media), necrosis-induced culture (necrosis) and culture stimulated with anti-CD3/anti-CD28 stained with DAPI (light blue) and propidium iodide (PI - red). Arrows highlight extracellular DNA (extracellular traps – ETs) observed in the stimulated cultures. Bars = 20 μm. (B) Quantification of ETs after stimulation or induction of necrosis. (C) Quantification of the number of cells participating in the ETs in each group. (D) Determination of the frequency of ETs connecting DAPI+ cells to DAPI+ cells (DAPI+/DAPI+), any DAPI+ cells to CD8+ cells (DAPI+/CD8+) and CD8+ cells to CD8+ cells (CD8+/CD8+), as indicated, in non-stimulated and anti-CD3/anti-CD28 stimulated cultures. (E) Double-stranded DNA was quantified in the culture supernatant using the PicoGreen dsDNA kit (Invitrogen), according to the manufacturer’s instructions. (F) Evaluation of necrosis by quantification of LDH release. The release of LDH into the culture supernatant was assessed by spectrophotometry (340 nm) using a commercial kit (Bioclin), according to the manufacturer’s instructions. Data is presented as average per group ± standard error of the mean. Same letters in different bars represents statistically significant differences between them.



To quantify the amount of DNA released by lymphocyte-enriched preparations stimulated with anti-CD3/anti-CD28, we measured the DNA in culture supernatants using the PicoGreen dsDNA kit, as described in Materials and Methods. While all preparations released DNA in the supernatant, the release by anti-CD3/anti-CD28-stimulated cells was two-fold higher than that seen from the necrosis group (Figure 1E). Lysed cells (positive control) had the highest DNA titers (Figure 1E). The DNA signal was abolished by treatment with DNAse in all preparations, as expected (Figure 1E).

We measured the release of lactate dehydrogenase (LDH), an important molecule classically associated with necrosis (36). The necrosis cultures presented greater release of LDH than the anti-CD3/anti-CD28-stimulated cultures (Figure 1F). Cell lysis was used as a positive control, showing high release of LDH. Thus, DNA release was higher in anti-CD3/anti-CD28 stimulated cultures as compared to necrosis, whereas LDH release was higher in the group where necrosis was induced, showing an important difference between the two processes.

We also evaluated the occurrence of apoptosis and total cell death in the cultures by staining with Annexin V and/or propidium iodide (PI) using flow cytometry. The frequency of total lymphocyte death was determined within the lymphocyte gate and corresponded to the sum of total PI+ cells and total Annexin V+ cells. Non-stimulated and anti-CD3/anti-CD28-stimulated cultures had a low occurrence of cell death as compared to necrosis and staurosporin-treated cultures (Supplementary Figure 1A). Occurrence of apoptosis, as measured by the frequency of Annexin V+ PI- cells, was low in all cultures (except for the staurosporin control), although also higher in the necrosis group as compared to media and anti-CD3/CD28 (Supplementary Figure 1B). Occurrence of necrosis (as measured by AnnexinVlow PI+ cells) was low in all cultures, except for the necrosis-induced cultures (Supplementary Figure 1C).



Electron Microscopy Shows Ultrastructural Characteristics Suggestive of Etosis in Anti-CD3/Anti-CD28 Stimulated Cells

We performed scanning (SEM) and transmission electron microscopy (TEM) to visualize the DNA-composed structures and cell morphology in lymphocyte-enriched cultures stimulated with anti-CD3/anti-CD28 or induced to necrosis. Figures 2A–C show the presence of fine structures that seem to connect one cell to another, as indicated by arrows, observed in SEM. The observed structures were clearly more evident in anti-CD3/anti-CD28-stimulated cultures (Figure 2B). Figures 2D–F show that treatment with DNAse abolished the presence of such structures. Figure 2G shows the detail of a DNA-formed structure derived from an anti-CD3/anti-CD28-stimulated culture. The average thickness of each filament that formed the structures was 14.7 nm, consistent with a DNA filament. Figures 2H–J show the morphology of typical lymphocytes observed in non-stimulated cultures, anti-CD3/anti-CD28-stimulated cultures and necrosis induced cultures, respectively.




Figure 2 | Scanning and transmission electron microscopy of cultures enriched in T lymphocytes show the presence of extracellular traps (ETs). Representative scanning electron microscopy images of (A) Non-stimulated culture (media), (B) Culture stimulated with anti-CD3/anti-CD28, (C) Necrosis-induced culture (necrosis). In the (A–C) images, the arrows indicate structures compatible with extracellular traps (arrows). (D) Non-stimulated culture treated with DNAse (DNAse-treated media), (E) Culture stimulated with anti-CD3/anti-CD28 treated with DNAse, (F) Culture of cells induced to necrosis treated with DNAse (DNAse-treated necrosis). (G) Detail of an ET (extracellular DNA) present in a culture enriched with T lymphocytes after anti-CD3/anti-CD28 stimulation. High-resolution SEM analysis of ETs that consist of fibers with an average diameter of 14.7 nm, arrow. Scanning electron microscopy images of cell topography under different conditions, showing the distinction amongst them: media (H), anti-CD3/anti-CD28 (I), and necrotic (J). Transmission electron microscopy of (K) unstimulated T cell; (L) cell in etosis present in culture stimulated with anti-CD3/anti-CD28.



TEM images of unstimulated cells showed aspects of typical resting lymphocytes with an intact nuclear envelope and organelles homogeneously dispersed in the cytoplasm (Figure 2K). In contrast, cells from anti-CD3/anti-CD28-stimulated cultures displayed a dramatically different morphology consistent with etosis (11), showing a lack of nuclear envelope and accumulation of organelles on one side of the cell (Figure 2L). These data clearly show the presence of DNA filament structures released by stimulated T cells with ultra-structural aspects compatible with the occurrence of etosis.



Extracellular DNA-Containing Structures Co-Stain With Anti-Histone Monoclonal Antibodies, but Not With Phalloidin, an Actin Marker

The presence of histones is a hallmark of ETs (10, 11). Thus, we performed a staining combining DAPI and anti-histone monoclonal antibodies. These two markers clearly co-localized on the extracellular structures in anti-CD3/anti-CD28 stimulated cultures, demonstrating the presence of ETs (Figure 3A in immunocytochemistry, and Figure 3C-in fluorescence histogram 1). The histogram shows that DAPI (blue line) and histone (yellow line) co-localize.




Figure 3 | Lymphocytes are able to release extracellular traps (ETs) composed of DNA and histones. T lymphocyte-enriched preparations were plated on poly-L-lysine coverslips, stimulated or not with anti-CD3/anti-CD28 and maintained in culture for 24 h. The preparations were stained with DAPI (light blue) and/or anti-histone (yellow), and/or phalloidin (red - actin evidence). Bars = 50 µm. (A) Representative confocal image of culture stimulated with anti-CD3/anti-CD28 and labeled with DAPI (light blue)/anti-histone (yellow). Arrows highlighted extracellular traps observed in the stimulated cultures. (B) Samples were stained with DAPI (light blue)/phalloidin (red). (C) shows histograms derived from the details marked with (1), (2) and (3) in panels (A, B), showing the co-localization of DAPI and histones (1) and the lack of co-localization of DAPI and actin in the cell body (2) and in the extracellular DNA-structure (3). (D) shows the effect of ionomycin and L-NAME in the release of extracellular DNA by anti-CD3/anti-CD28 stimulated cultures.



In order to exclude the possibility that the long DNA-containing structures were tunneling nanotubes or cytonemes, structures involved in cell communication that contains DNA and actin (37–39), we co-stained the samples with phalloidin, an actin-detecting molecule, and DAPI. Figure 3B clearly shows that the extracellular DAPI+ DNA structures do not co-stain for phalloidin, thereby excluding the presence of actin in the structures, and ruling out the possibility that they are tunneling nanotubes or cytonemes. This result is also observed in histograms 2 and 3 in Figure 3C. The histograms show that phalloidin (red) and DAPI (blue) staining do not overlap.

Arginine deaminases 4 (PAD4) is fundamental for the occurrence of etosis in neutrophils and is responsible for DNA unfolding (40, 41). PAD4 activity is increased by intracellular Ca++, which is elevated by the calcium ionophore ionomycin (42). iNOS activity has also been correlated with ET release by neutrophils (40). Figure 3D shows that ionomycin treatment in lymphocyte-enriched cultures increases DNA release by 36% (p= 0.07, as compared to anti-CD3/CD28 stimulated cultures), suggesting that Ca++ is also associated to DNA release by lymphocytes. On the other hand, blocking of iNOS activity by L-NG-Nitro arginine methyl ester (L-NAME) does not alter the release of ETs in lymphocyte-enriched cultures (Figure 3D).



Human CD8+ T Cells Release Extracellular Traps That Are Morphologically Distinct From the Ones Released by CD4+ T Cells

We then focused on studying whether CD8+ T cells can release ETs. CD8+ T cells were purified using a cell sorter, stimulated with anti-CD3/anti-CD28, and analyzed using confocal and electron microscopy. As a comparison, CD4+ cells were also purified and submitted to the same culture conditions. Figure 4A (top panels) show that stimulated CD8+ T cells release ETs as filaments connecting neighboring cells (arrows). In contrast, CD4+ T cells release ETs with a diffuse pattern around the cells (Figure 4A, bottom panels, arrows). Figure 4B shows that both CD8+ and CD4+ derived ETs are composed mainly of DNA (DAPI+, blue intensity curve), but also contain some cytoplasm proteins (CFSE+, pink intensity curve). Scanning microscopy analysis confirmed that activated CD8+ T cells released long and thin structures, often connecting one cell to another (Figure 4C, arrow in top panels, Figure 4D, and Supplementary Video 1). In contrast, CD4+ T cells release DNA around the cell, forming a halo (Figure 4C, bottom panels). CD4+ T cells appeared to have a disintegrated membrane, suggesting cell death.




Figure 4 | Purified CD8+ and CD4+ T lymphocytes release extracellular traps (ETs) upon stimulation. Purification of CD8+ and CD4+ T lymphocytes was done by sorting as described in Material and Methods. (A) CD8+ and CD4+ lymphocytes were stained with CFSE, plated on poly-L-lysine coverslips and stimulated with anti-CD3/anti-CD28 for 24 h. After incubation the cells were stained with DAPI as described in the Materials and Methods. Representative images from confocal microscopy analyses for show the DAPI+ (light blue) cells, CFSE+ (pink) cells and for both. Arrows highlight the extracellular traps. Bars = 20 μm. (B) shows histograms derived from the details marked with (1) and (2) in panels (A), demonstrating the co-localization of DAPI and CFSE in CD8-derived and CD4-derived ETs, respectively. (C) CD8+ and CD4+ cells were stimulated and processed for SEM analysis, as described. Lymphocytes cells were plated on poly-L-lysine coverslips, stimulated with anti-CD3/anti-CD28 and maintained in culture for 48 h. The left CD8+ and CD4+ images have a magnification of 3,000× while the right ones, 5,000×. Arrow: structure connecting cells. (D) Confocal image obtained by staining with CFSE (pink) and DAPI (blue, as above) showing CD8+ T cell-derived DNA filament connecting cells.



To investigate the activation state of the stimulated cells, as well as the occurrence of apoptosis in the different cultures, we evaluated the expression of CD69 and TNF as indicators of activation, and AnnexinV/PI as indicators of apoptosis.

Figure 5A shows the selection of lymphocyte subpopulations to be analyzed in scatter plots (granularity x CD4+ or granularity x CD8+) obtained by flow cytometry. Figure 5B shows the isotype controls. Figures 5C, E show representative histograms of CD69 and TNF-alpha, respectively. After 24 h of stimulation, we observed that both CD4+ and CD8+ T cells had a higher expression of CD69 when compared to media control (Figure 5D). Interestingly, activated CD4+ T cell cultures exhibit a much greater frequency of TNF-alpha+ cells as compared to non-stimulated cultures, than CD8+ T cell cultures (Figure 5F). The overall frequency of cell death for CD4+ and CD8+ T cells (Figures 5G,  J, respectively), as well as necrosis (Figures 5I,  L, respectively), was low in stimulated cultures. While the frequency of cells in apoptosis was also low, it was higher in CD4+ T cell stimulated cultures, as compared to non-stimulated ones (Figure 5H). This statistically significant difference was not observed in cultures of CD8+ T cells (Figure 5K). This suggests that the higher production of TNF observed in CD4+ T cells may be associated with the higher apoptosis observed in CD4+ T cells, as this cytokine may induce apoptosis.




Figure 5 | Evaluation of activation and death of CD4+ and CD8+ T cells. (A) Gate selection for CD4+ and CD8+ analysis; (B) isotype controls; (C, E) representative histograms for CD69 and TNF analysis, respectively, in CD4 and CD8 cells, as indicated. Expression of CD69 and (D) TNF (F) by CD4+ and CD8+ T lymphocytes before and after stimulation with anti-CD3/anti-CD28. (G–I) show total death, early apoptosis and late apoptosis of CD4+ T cells, respectively. (J, L) show total death, early apoptosis and late apoptosis of CD8+ T cells, respectively. Data is presented as average per group ± standard error of the mean and presence of the same letters in different bars represents statistically significant differences between them (p<0.05).





Release of Extracellular DNA by CD8+ T Cells Is Followed by Death of Target Cells

To confirm the dynamics of LET release by CD8+ T cells in real-time, we performed time-frame videos (Figure 6A as a static figure and Supplementary Video 2). CD8+ T cells were purified and cultured with CFSE-stained target cells at a ratio of 1:4, as described in Methods. Figure 6A shows a CD8+ T cell-derived extracellular DNA filament forming (chevron, last frame of first row), toward a CFSE-labeled live cell (pink), and its subsequent death (thin arrow fifth frame in second row from top shows the cell transitioning from pink to blue; the following frame shows the cell in blue). Arrows in last row show the extracellular DNA connecting both cells. Figure 6B shows the histogram for the fluorescence of ethidium homodimer (EthD-1) obtained from image in first row, which is positive in cell 1 (CD8+ T cell, blue) indicating loss of membrane integrity, and negative in cell 2 (target cell, still alive), which is stained with CFSE (pink). Figure 6C shows the histogram for the extracellular DNA released from cell 1, and also shows that cell 2 is now positive for EthD-1, depicting its loss of membrane integrity after contact with the CD8+ T cell-derived LET. This sequence can be visualized in Supplementary Video 2 and shows that the release of extracellular DNA by CD8+ T cells is followed by the death of the neighboring cell.




Figure 6 | Extracellular DNA from CD8+ T cells induces death of neighboring cells. Purified CD8+ T cells were cultured with CFSE-labeled targets (pink) at a ratio of 1:4. Cultures were stimulated with anti-CD3/anti-CD28+ionomycin and stained with live-dead marker (EthD-1). Images were obtained in 10-s intervals using excitation/emission capture of 495/515 nm for CFSE and 532/635 for EthD-1, on a Zeiss 5-live microscope. (A) Static images showing the moment in which the liberation of extracellular DNA by a CD8+ T cell (chevron, last frame in first row) is followed by the conversion of a pink cell (target) into a blue cell (light arrow at frame 5, second row), indicating death. (B) Fluorescence histograms showing cell 1 (EthD-1- blue) and cell 2 (CFSE-pink) before the release of extracellular DNA by cell 1. (C) Fluorescence histogram showing extracellular DNA from cell 1. In this detail, it is possible to see the DNA strand extruding toward cell 2. This can also be observed in (A) in frames 4, 8 and 9 from last row (fat arrows). (D, E) Representative immunofluorescence image of T-lymphocyte enriched cultures stained with anti-CD8 (yellow), anti-CD107a (pink), DAPI (light blue). Arrow indicates that CD107a+ vesicles co-localized with the extracellular trap (DAPI+). Bars = 10 μm. Detail shows histogram demonstrating the co-localization of CD107a+ and DAPI+ staining. (F) Scanning electron microscopy image showing two cells connected by a DNA filament. (G) The SEM detail shows the telltale morphology of an apoptotic cell with a ruffled and blebbed membrane (blue arrow).





CD8+ T Cell-Derived LETs Carry CD107a+ Vesicles

Next, we sought to determine if the LETs could carry cytotoxic signals by examining the physical association of cytolytic vesicles expressing CD107a with CD8+ T cell-derived LETs. We observed that the expression of CD107a (Figure 6D, pink, in square) colocalized with DAPI-stained LETs (Figure 6D, blue, in square) coming from CD8+ T cells (Figure 6D, yellow), and being delivered to a distant cell (Figure 6E, arrow). Interestingly, the CD8+ T cell releasing the LET also exhibits a dramatic polarization of the CD8 molecule on the opposite pole from where the LET is released (Figure 6E). Co-localization of CD107a and LET is also seen in the histogram insert relative to the section highlighted by the square in Figure 6D. Ultrastructural analysis shows that one of the cells connected to the extracellular DNA displays the telltale topology of an apoptotic cell (Figures 6F, G), with membrane blebs (blue arrow in Figure 6G). Together, these data suggest that the delivery of CD107a+ vesicles by the launched CD8+ T cell-derived LETs may be involved in the observed cell death.



LETs Are Associated With Increased Tissue Pathology in Human Leishmaniasis

After demonstrating that CD8+ T cells can release LETs, we sought to investigate if this phenomenon was associated with the pathology of human tegumentary leishmaniasis, a disease in which CD8+ T cells play a key role in pathology. Thus, we focused our study on LETs derived from CD8+ T cells in cutaneous and mucosal forms of leishmaniasis.

Previous studies have shown that skin lesions from individuals infected with Leishmania displayed neutrophil-derived ETs (14, 22). In addition, we have demonstrated that CD8+ T cells play a key role in the development of cutaneous leishmaniasis (CL) lesions (24, 26, 27), and transcriptome analysis from patient lesions has supported the existence of an inflammatory CD8+ cytolytic T cell response in lesion microenvironment (43, 44). While further investigating cellular mechanisms of tissue destruction in leishmaniasis, we observed, using confocal microscopy, that lesions from CL patients infected with L. braziliensis were dense with what appeared to be DNA filaments as evidenced by DAPI staining (Figure 7A, arrows). We further stained the lesions with DAPI and anti-histone antibodies concomitantly, and observed the co-localization of extracellular DNA and histones, suggesting that the observed structures were indeed ETs (Figure 7B, overall and arrows). Importantly, we also determined that the inflammatory infiltrate of those lesions was predominantly composed of mononuclear cells, with a very low frequency of polymorphonuclear cells (Figure 7C), and that over 60% of the inflammatory infiltrate was composed of CD4+ and CD8+ cells (Figure 7C). Thus, the presence of DNA+histone+ structures outside the cells, our in vitro findings demonstrating CD8+ T cell produced LETs, together with T cell dominant lesions from L. braziliensis-infected individuals in the virtual absence of neutrophils (our own study, as well as a lack of transcriptome profiles consistent with neutrophils – 44), led us to investigate whether T cell released LETs in cutaneous leishmaniasis lesions, and if they were related to disease progression and severity.




Figure 7 | Lesions of patients with cutaneous leishmaniasis display extracellular DNA. Tissue sections were stained with DAPI or Alexa 488-labeled anti-histone monoclonal antibodies as described in Materials and Methods. (A) Representative confocal images of lesions from patients with cutaneous leishmaniasis stained with DAPI alone (P1, P2 and P3 represent three different patients), showing the occurrence of extracellular DNA structures. The bars = 10 μm. (B) Representative lesion from a cutaneous leishmaniasis patient stained with DAPI and anti-histone monoclonal antibody. In detail, colocalization of the DAPI (light blue) and histone (yellow). Arrows show extracellular DNA co-stained with DAPI and anti-histone monoclonal antibody. Bars = 20 μm. (C) Evaluation of cellular composition of lesions from cutaneous leishmaniasis patients (n=14) through histopathology analysis using hematoxylin/eosin stain (graph), and confocal microscopy using anti-CD4, anti-CD8 and anti-CD68 monoclonal antibodies (pie chart), as described in Materials and Methods.



The intensity of the inflammatory infiltrate present in lesions from patients with CL and ML is a measure of pathology severity in these diseases (24–26). As expected, our analysis of this cohort confirmed that disease progression from early to late in CL and the more severe ML form displays a more intense inflammatory infiltrate (Supplementary Figure 2A). We show here that the number of CD8+ cells (Supplementary Figure 2B), as well as the number of CD8+CD107+ cells (Supplementary Figure 2C) display a positive correlation with the intensity of the inflammatory infiltrate in the evaluated TL disease forms.

In order to investigate the association between the presence of LETs with the progression and severity of tegumentary leishmaniasis (TL), we compared the number of DNA strands in lesions from patients with early versus late CL lesions, and of CL versus mucosal (ML) lesions. We also evaluated the participation of CD8+ T cells, as well as CD8+CD107a+ cells in the release of LETs in these lesions. Figure 8A shows representative staining with DAPI, CD8 and CD107a in lesions from patients with different stages of CL or with ML, clearly showing the existence of CD8-associated LETs, colocalizing DNA strands and CD107a. We observed that progression from early to late CL lesions was accompanied by an increase in the number of overall ETs, and that the same was observed when comparing both stages of CL versus the more severe form, ML (Figure 8B). Examining the number of CD8 cells involved in the release of LETs, we observed similar numbers comparing early and late CL lesions, but greater numbers when comparing more severe ML to CL lesions (Figure 8C). The percentage of CD8 cells undergoing etosis was related to the progression from early to late, as well as when comparing CL to the more severe ML (Figure 8D). A significant increase in the percentage of CD8+CD107a+ cells in etosis was observed with lesion progression and severity (Figure 8E).




Figure 8 | Lesions of patients with early and late cutaneous, as well as mucosal leishmaniasis, display extracellular DNA, CD8+ cells and CD107a expression. Tissue sections were stained with DAPI, anti-CD8-PE and anti-CD107a-FITC monoclonal antibodies as described in Materials and Methods. (A) Representative confocal images of lesions from patients with early (n=2; 27 fields) and late cutaneous leishmaniasis (n=4; 43 fields), and mucosal leishmaniasis (n=2; 28 fields) stained with DAPI alone, anti-CD8 alone, anti-CD107 alone and a merged image of the three stainings (right panels). The detail image shows extracellular DNA co-localized with CD107a+ vesicle, connected to a cell. The bars = 50 μm. (B) number of total ETs; (C) number of CD8+ cells connected to LETs; (D) percentage of CD8+ cells in etosis within the total CD8+ population; (E) percentage of CD8+CD107a+ cells in etosis within the total CD8+CD107a+ sub-population. Data is presented as average per group ± standard error of the mean and presence of the same letters in different bars represents statistically significant differences between them (p<0.05). (F) Correlation analysis between the number of inflammatory cells/lesion field and the frequency of CD8+CD107+LETs/field for each clinical form.



In order to determine if LETs are also associated with the in situ inflammatory pathology in the different clinical forms, we performed a correlation between the number of cells present in the inflammatory infiltrate, as a measure of the intensity of the inflammation, versus the frequency of CD8+CD107+ cells releasing LETs. Interestingly, we observed that while the frequency of CD8+CD107+ cells in etosis was not correlated with the inflammatory infiltrate in early stages of CL, the frequency of CD8+CD107+ cells in etosis was correlated with the intensity of the inflammatory infiltrate as CL progressed (late CL), and also with the severe ML form (Figure 8F), clearly associating release of LETs by CD8+CD107+ cells with disease progression and severity.




Discussion

Our study demonstrates for the first time that human CD8+ T lymphocytes release extracellular traps (LETs) upon stimulation, and that these LETs are morphologically distinct from the ones released by CD4+ T cells. Importantly, ETs derived from CD8+ T cells form long DNA filaments connecting one cell to another, contain CD107a+ vesicles, and induce death in cells that enter in contact with it. This suggests that release of ETs by CD8+ T lymphocytes may represent a mechanism of delivering cytotoxic vesicles to distant targets.

Brinkmann et al. (10) first demonstrated that ETs were composed mainly of DNA and histones. Other authors also characterized ETs produced by different cells as containing mainly DNA (13, 15, 45). Here we demonstrated that the structures released by anti-CD3/anti-CD28 stimulated lymphocytes are also composed principally of DNA since: (1) they have a structure and diameter similar to a DNA filament as shown by SEM, (2) treatment with DNAse eliminates the structures observed in SEM, (3) they stain with DAPI, PI and anti-histone antibodies, and (4) supernatants from stimulated cultures contain DNA. Together, these data allow us to conclude that lymphocyte-derived ETs (LETs) are also composed of DNA as described for ETs derived from neutrophils and other cell types. While previous work has suggested that lymphocytes can release extracellular DNA (16), our work brings a more in-depth characterization of these structures.

Given necrosis can also lead to DNA release (46, 47), it was critical to demonstrate that the observed LETs were not related to necrosis. To test this possibility, we first demonstrated that cell death, particularly necrosis, was extremely low in the stimulated cultures. In addition, the release of the enzyme lactate dehydrogenase (LDH), which is characteristic of necrosis (36), was significantly lower in the supernatant of anti-CD3/anti-CD28-stimulated cultures as compared to the necrosis-induced, and positive control groups (lysed cells). We also observed that anti-CD3/anti-CD28-stimulated cultures led to a greater DNA release than the cultures induced to necrosis. Moreover, DNAse I treatment decreased DNA quantification in the supernatants from anti-CD3/anti-CD28-stimulated cultures, confirming that the DNA collected in the culture supernatant was double-stranded DNA, as previously shown in other models of etosis (14, 48). Necrosis activates intracellular DNAse to cleave DNA, which explains the low quantification of DNA released in necrosis (49). The presence of LETs was detected using DAPI and PI, which is a DNA intercalating agent, used in other studies to show the presence of DNA in ETs (46). In addition, co-localization of extracellular DNA and histones by immunofluorescence (10, 13) in cells from the stimulated cultures confirmed the occurrence of LETs, formed by nuclear DNA.

Previous studies have demonstrated that Ca++ mobilization and production of reactive oxygen species (ROS) are associated with the release of ETs by neutrophils (21, 41, 50). Here we showed that the release of LETs is associated with the increase of Ca++, as the use of a Ca++ ionophore (ionomycin) increased the release of LETs. On the other hand, inhibition of nitric oxide synthase, important in the generation of ROS, did not alter the release of LETs. It is possible that NOS activation is related to the release of ETs by innate cells, but not particularly important in lymphocytes, as the expression of this enzyme is greater in innate cells. These analyses demonstrate that the mechanisms involved in the release of LETs share some common and distinct pathways regarding the release of ETs by other cell types.

Quantitative analysis of extracellular DNA demonstrated that anti-CD3/anti-CD28 stimulation induced a greater release of LETs and involved a greater number of cells releasing LETs, as compared to the necrosis group. While anti-CD3/anti-CD28 stimulates all T cells, not all cells in the cultures release ETs. The characteristics of ET-releasing T cells remain to be determined. It is possible that these structures are only released by pre-activated T cells, or by a subset of memory or effector cells. Identification of such sub-populations are beyond the scope of this paper but studies to further characterize ET-releasing T cells are underway in our lab. Given the use of anti-CD3-anti-CD28 does not directly involve MHC-peptide/TCR interaction, we were unable to determine here if antigen-specific interaction triggers the release of LETs. Further studies using antigen-specific responses are necessary to clarify the role of class I-mediated antigen presentation in the process of LET formation.

Cultures stimulated with anti-CD3/anti-CD28 present a greater number of extracellular strands connecting one cell to another, as observed by scanning electron microscopy (SEM). Importantly, DNAse treatment eliminated the strands at the ultrastructural level, thereby confirming their DNA composition. SEM showed morphology consistent with resting, activated and necrotic cells from non-stimulated, anti-CD3/anti-CD28 stimulated and necrosis cultures, respectively. This shows clear differences amongst stimulated and necrosis cultures: the necrosis group had cells with a degraded cell membrane, typical of necrotic cells (51), whereas the activated cells had a ruffled membrane typical of healthy activated cells (51, 52). Also, using SEM, the thickness of the filaments was determined to be 14.7 nm in diameter, compatible with DNA strands (10, 40). Internal morphology analysis, as evaluated by transmission electron microscopy (TEM), showed that resting cells displayed intact plasma and nuclear membranes, with typical heterochromatin, and organelles homogeneously dispersed in the cytoplasm, whereas cells from the activated cultures, in which LETs were observed, displayed morphology similar to that observed in cells in etosis (11), without a visible nuclear membrane and organelles polarized towards one side of the cell.

Tunneling nanotubes (TNTs) and cytonemes, are actin-based structures described as involved in cell-cell communication (37–39). Analysis of actin detection clearly showed that there was no co-localization of actin and DNA staining, excluding the possibility that the structures we observed were TNTs or cytonemes.

Confocal microscopy analysis of cultures using purified CD8+ T cells showed that they released DAPI+ LETs upon stimulation with anti-CD3/anti-CD28. LETs are mainly composed of DNA, but also contain cytoplasmic proteins, as evidenced by CFSE labeling, and as described for ETs from neutrophils and monocytes (10, 15, 53). Interestingly, SEM analysis of the stimulated purified cells showed that the morphology of CD8-derived LETs was dramatically distinct from the ones derived from CD4+ T cells. While CD8-derived LETs were composed of DNA filaments connecting two distant cells, CD4-derived LETs appeared as a “cloud” around the cells. In addition, the CD4+ T cells appeared to have a disintegrated membrane, suggesting cell death. While the overall cell death in cultures was low, the frequency of CD4+ T cells undergoing apoptosis in the stimulated cultures was higher than in non-stimulated ones. In addition, stimulated CD4 cultures produced high levels of TNF, which has been associated with cell death (54). Interestingly, recent work demonstrated that NETs can carry miRNA associated with the regulation of TNF function (55).

CD8+ T cell effector function is associated with cytolytic activity, which involves the delivery of granules containing cytotoxic molecules to the target cells (1). Cytotoxic granules contain cytolytic enzymes, and classically express lysosomal markers, such as LAMP-1 (CD107a) (1, 3, 56). The mechanisms of delivery of cytotoxic granules described to date demonstrate that this process involves cell-to-cell interaction (57). However, the morphological appearance of the CD8-derived LETs connecting one cell to another led us to hypothesize that these LETs could be involved in the delivery of cytotoxic granules to distant cells. To test this, we evaluated the expression of CD107a in cultures of CD8+ T cells stimulated with anti-CD3/anti-CD28, using confocal microscopy. Our data showed a clear co-localization of CD107a with the DAPI+ LETs released by CD8+ T cells. In addition, SEM also showed cells connected to CD8 LETs displaying morphology consistent with that of dying cells. This mechanism of death delivery has implications for CD8 mediated immunoregulation and immunopathology in highly activated inflammatory microenvironments. Not only could CD8+ T cells deliver death to a distant cell, but the release of LETs could trigger a stronger inflammatory cascade, similar to that seen by neutrophil released ETs (14, 58).

After demonstrating in vitro that CD8+ T cells can release LETs, we moved our approach to test if this phenomenon was associated with pathology in a human disease setting. ETs derived primarily from neutrophils have been associated with the pathogenesis of several autoimmune diseases, as well as cancer and diabetes-associated vasculopathy (59–61). In addition, NETs have been associated with leishmaniasis (14, 22). Thus, In order to also verify the relevance of CD8-derived LETs in a disease setting, we studies the occurrence of these structures in human tegumentary leishmaniasis (TL), given previous studies had shown that CD8+ T cell cytotoxicity was associated with tissue pathology in leishmaniasis caused by L. braziliensis infection (24–28). Thus, we evaluated if the progression and severity of lesions caused by L. braziliensis were associated with occurrence of CD8+ T cell derived LETs. We first performed a double staining using DAPI and anti-histone monoclonal antibodies in lesions from TL patients and observed that DAPI+ and anti-histone+ structures co-localized inside cells (nucleus), as well as outside in strands, suggesting the presence of ETs in lesions from patients infected with L. braziliensis. Histopathological analysis of the lesions did not show extensive necrosis as found by others (62), suggesting that extracellular DNA was not derived from necrosis. While previous study showed the presence of NETs in leishmaniasis lesions from individuals from Rio de Janeiro state, other studies had shown that lesions from patients infected with L. braziliensis from Corte de Pedra (the same endemic region we studied here) display low frequencies of neutrophils (26). This was confirmed by our data, showing that CD4+ and CD8+ T cells compose the great majority of cellular infiltrate present in the analyzed lesions. In addition, transcriptome studies from lesions of patients from Corte de Pedra showed a lack of neutrophil associated transcripts (43).

Our further analysis using anti-CD8, anti-CD107a and DAPI co-staining showed that the frequency of CD8+ T cells releasing LETs is clearly associated with the progression from the early to the late, ulcerated, phase of cutaneous leishmaniasis (CL), as well as with disease severity, since the lesions obtained from patients with the mutilating mucosal form (ML) also display more CD8-derived LETs. In addition, the percentage of CD8+ cells expressing the cytotoxic marker CD107a in etosis increased with the progression from early to late CL, as well as with the establishment of ML. Importantly, CD8+CD107+ cells releasing LETs were positively correlated with the intensity of the inflammatory infiltrate in late CL and in ML lesions, which shows a clear association of this process with progression and severity of local tissue pathology. The use of inflammatory infiltrate intensity as surrogate of pathology was chosen as it is not possible to measure the size lesions in early CL, as lesions are not yet ulcerated, and the measure of size of ML lesions is quite uncertain due to their location (mainly internal regions of nose and throat). These data emphasize the role of CD8 T cells in mediating tissue destruction in human leishmaniasis, suggesting that the release of LETs carrying cytotoxic vesicles by these cells may be one important mechanism by which CD8+ T cells induce tissue pathology. The use of molecules that inhibit the release of ETs has been proposed as therapeutic alternatives in inflammatory diseases were ETs play a role (63). Thus, it is possible that CD8-derived LETs may also be a therapeutic target in human TL, bettering the lives of millions.

Whether CD8+ T cell derived LETs induce pathology by amplifying inflammation or directly by causing death of tissue cells cannot be responded based on the tissue analysis we performed. In fact, these activities may not exclude one another. Yet, another possible function of CD8+ T cell-derived LETs is the elimination of Leishmania-infected cells. In addition, other cell types present in the lesions may also be able to release LETs and contribute to tissue destruction and/or parasite control. Finally, comparing the role of LET-associated cytotoxicity versus other classic mechanisms of cytotoxicity will bring valuable information regarding disease pathology. These are important points that, while not the focus of the current work, are under investigation in our lab.

Our results suggest that the release of LETs by CD8+ T cells may present a novel mechanism of cell-cell communication, likely associated with the delivery of CD107a+ cytotoxic vesicles to distant cells. These findings bring new insights to the understanding of CD8-mediated cytotoxicity and have critical implications in physiologic and pathologic mechanisms where CD8-induced cell death plays a critical role such as in infections by intracellular pathogens and cancer.
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Supplementary Figure 1 | Anti-CD3/anti-CD28-stimulated cell cultures display low cell death. Cell death was assessed by annexin V and propidium iodide (Pi) staining using flow cytometry. Cultures treated with staurosporine were used as a positive control for apoptosis. (A) shows total cell death, (B) shows occurrence of early apoptosis and (C) shows frequency of necrosis. Data is presented as average per group ± standard error of the mean. The presence of the same letters in different bars represents statistically significant differences between them (p <0.05). Bottom panels show representative FACS plots of annexinV and PI staining for each condition.

Supplementary Figure 2 | Lesions of patients with different forms of tegumentary leishmaniasis display extracellular DNA associated with tissue pathology. Frozen tissue sections were stained with DAPI, PE-labeled anti-CD8 and FITC-labeled anti-CD107a monoclonal antibodies as described in Materials and Methods. Inflammatory infiltrate, and frequency of CD8+ and CD8+CD107+ cells were determined as described in Material and Methods. (A) Inflammatory infiltrate in lesions of patients with the different clinical forms. Results are presented as boxplots with the median for all fields counted for each clinical form (Early-CL n=2, 27 fields; late-CL n=4, 43 fields; ML n=2, 28 fields). (B) Correlation analysis between the number of CD8+ cells and number of cells in the inflammatory infiltrate for each clinical form. (C) Correlation analysis between the number of CD8+CD107+ cells and number of cells in the inflammatory infiltrate for each clinical form.

Supplementary Video 1 | Video showing 3D image of CD8+ T cells after stimulation with anti-CD3/anti-CD28. Purification of CD8 T lymphocytes was done by sorting, as described in Material and Methods. TCD8+ lymphocytes were stained with CFSE, plated on poly-L-lysine coverslips and stimulated with anti-CD3/anti-CD28 for 24 h. After incubation the cells were stained with DAPI as described in the Materials and Methods and analyzed in a confocal microscope.

Supplementary Video 2 | Extracellular DNA from CD8+ T cells induce death of neighboring cells. Purified CD8 T cells were cultured with CFSE-labeled targets (pink) at a ratio of 1:4. Cultures were stimulated with anti-CD3/anti-CD28+ionomycin and stained with live-dead marker (EthD-1), as described in Materials and Methods. Images were obtained in 10-s intervals using excitation/emission captures of 495/515 nm for CFSE and 532/635 for EthD-1, on a Zeiss 5-live microscope. In (a), the movie shows the release of extracellular traps by a CD8+ T cell (light blue) and non-CD8 target cells stained in CFSE (pink) (arrow). Following, upon release of the LET, the pink cell dies after contact with the LET, becoming stained in light blue. In (b), the sequence of static frames, highlighting the box with the occurrence of etosis and death of the cell previously stained in pink (described in figure 3). In (c), there is an image of a cell in light blue (cell 1, CD8+ T cell stained with EthD-1) and one in pink (cell 2, target stained with CFSE), followed by intensity fluorescence histograms for each cell. The light blue curve represents the staining with EthD-1 and the pink curve represents the staining with CFSE. (d) Shows an image after the death of the pink cell by LETs. In addition, the profiles and the fluorescence intensities of EthD-1 (light blue) for the LETs are shown in the box. The video was recorded at a rate of 30 frames per second and corresponds from 14 h 16 min to 14 h 30 min of culture.
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The skin is an active immune organ that functions as the first and largest site of defense to the outside environment. Serving as the primary interface between host and pathogen, the skin’s early immune responses to viral invaders often determine the course and severity of infection. We review the current literature pertaining to the mechanisms of cutaneous viral invasion for classical skin-tropic, oncogenic, and vector-borne skin viruses. We discuss the skin’s evolved mechanisms for innate immune viral defense against these invading pathogens, as well as unique strategies utilized by the viruses to escape immune detection. We additionally explore the roles that demographic and environmental factors, such as age, biological sex, and the cutaneous microbiome, play in altering the host immune response to viral threats.
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Introduction

The skin is a dynamic barrier organ that establishes a clear boundary between the host and the outside world. As an immune organ, the skin actively surveils the surrounding environment and establishes an appropriate barrier and immune response to commensal microbiota including bacteria, fungi, and viruses. However, upon disruption of the skin barrier, the skin must orchestrate complex immune signals to protect against infiltration and attack by pathogenic invaders. Importantly, responses by the cutaneous innate immune system and its effectors play essential roles in early destruction of pathogens as well as establishment of an immune barrier to prevent systemic infection. This is accomplished via phagocytic cells (i.e. macrophages, neutrophils, and dendritic cells), leukocytes (i.e. natural killer (NK) cells, mast cells, basophils, and eosinophils), as well as epidermal keratinocytes. The introduction of pathogens activates these innate immune cells’ pathogen recognition receptors (PRRs), including toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors, retinoic acid-inducible gene 1 (RIG-I)-like helicase receptors, and c-type lectin receptors. PRRs recognize different pathogen-associated molecular patterns (PAMPs) on microbes and damage-associated molecular patterns (DAMPs) that arise from damaged host cells, which subsequently leads to the induction of pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α and interferon (IFN)-γ, as well as chemokines that recruit phagocytic cells. Keratinocytes and infiltrating immune cells further the hostile environment to pathogens by generating peptides and proteins with distinct antibacterial, antifungal, antiviral capabilities (1).

Cutaneous viral infection presents a unique challenge to the skin’s immune system, as viruses have the ability to hijack host machinery to advance viral replication. As such, early abrogation of viral pathogenicity by the innate immune response establishes a protective antiviral state and limits the potential for systemic spread. Here, we provide an overview of viral entry mechanisms by various viruses with differing infection propensities, i.e. classically skin-tropic and oncogenic skin viruses, as well as vector-introduced skin viruses. We review how these viruses uniquely interact with different aspects of the cutaneous innate immune system, and we further explore some evolved viral mechanisms that directly interfere with the host innate immune response. Lastly, we provide insights on how demographic and environmental factors, such as host age, biological sex, and the commensal microbiome, contribute to various aspects of innate antiviral immunity in the skin (Figure 1, Table 1).




Figure 1 | Viral entry of classical skin tropic, oncogenic, and vector-borne viruses. Classical skin tropic viruses such as herpes simplex virus (HSV), vaccinia virus (VACV), molluscum contagiosum virus (MCV), and varicella zoster virus (VZV) have tropism to skin epidermis where keratinocytes are the predominant cell type. HSV and MCV can enter the skin via defects in the skin barrier, which provide viruses with direct contact to the basal epidermal layers. VACV is introduced iatrogenically via vaccination needles. VZV inoculation occurs in the respiratory epithelia and hematogenously spreads to epidermis via infected T cells. Oncogenic viruses such as human papillomaviruses (HPV) and merkel cell polyomavirus (MCPyV) commonly take on their neoplastic potential in immunocompromised patients where the barrier to overcome immune defenses are significantly lower. HPV enters via micro-lesions and replicates in keratinocytes, whereas MCPyV has proclivities toward replication in dermal fibroblasts and CD4+ T cells, respectively. West Nile, Zika, Dengue, and Chikungunya viruses are introduced into the skin via mosquito vectors and cause a local inflammatory response that homes immune cells to the skin infection site, which allows for subsequent infection of migratory immune cells and potential for systemic spread.




Table 1 | Summary of cutaneous viruses, their cell tropism, their innate immune sensors and evasion targets, and populations vulnerable to viral infection.





Classical Skin-Tropic Viruses


Herpes Simplex Virus (HSV)

Herpes simplex virus (HSV) type-1 and 2, of the Herpesviridae family, are enveloped double-stranded DNA viruses that are notable for their neurotropism to the dorsal root ganglia and trigeminal ganglia after primary infection at a mucocutaneous site (2). Primary and reactivated infections are marked by tender grouped erythematous vesicles with varying presentations and degrees of severity (3). HSV-1 is typically characterized by oro-facial lesions with primary infection most often occurring in childhood, whereas HSV-2 is traditionally known as a sexually transmitted infection producing genital lesions, although both types can be found at either site (4). In immunocompromised and neonatal patients, HSV has the potential to disseminate and cause severe morbidity and mortality (3).

In both primary and reactivated infections, viral entry and replication largely occur in the epidermis, where keratinocytes are the predominant cell type. Host cell entry is coordinated by seven HSV glycoproteins; however, four glycoproteins (gB, gD, gH, and gL) are necessary and sufficient for complete viral fusion (5). Viral entry steps start with initial attachment to heparan sulfate proteoglycans (HSPGs) on keratinocytes via gB and gC. Subsequent fusion of the viral envelope with the plasma membrane is mediated by gB and heterodimer gH/gL (6, 7). Envelope glycoprotein gD additionally interacts with cell surface receptors nectin-1, nectin-2, and herpesvirus entry mediator (HVEM) to aid in viral envelope fusion with the plasma membrane (8, 9). After fusion, HSV viral spread relies on the trans-Golgi network for delivery of viral glycoproteins and particles with resultant infection of nearby cells via cell–cell junctions (10, 11).

At the cell surface, Toll-like receptor (TLR) 2 senses viral gB and gH/gL and activates the nuclear factor κB (NF-κB) pathway to induce expression of pro-inflammatory cytokines (e.g. tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-12) and chemokines (e.g. CC chemokine ligand 2 (CCL2)) (12–15). Once within the cell, HSV nucleic acids activate TLR3 and TLR9 in the endosomes, while a slew of PRRs (i.e. NOD-like receptors, melanoma differentiation-associated gene 5 (MDA5), interferon-inducible protein 16 (IFI16), and several helicases (Ku70, DHX9, DHX36, DDX60)) sense HSV DNA and RNA in the cytoplasm (16). Together, PRR activation confers type I and III interferon signaling in both human keratinocytes and infiltrating monocyte-lineage cells (17–21). Several induced interferon stimulated gene (ISG) products, such as myxovirus (Mx) A and double-stranded RNA-activated protein kinase (PKR), have direct antiviral properties against HSV, such as limiting viral replication and initiating autophagy to limit cell–cell spread (22). The importance of these many facets of the innate immune antiviral response are highlighted in observations that patients with tyrosine kinase 2 (TYK2) deficiency, who have impaired type I IFN, IL-6, and IL-12 responses, have increased frequency of recurrent HSV infections (23).

Additional innate host defense regulators acting prior to the canonical IFN signaling pathways have also been discovered to play roles in the battle against HSV. For example, promyelocytic leukemia nuclear bodies associate with histone chaperones to capture viral DNA and block HSV replication (24, 25). Keratinocytes were also found to release IL-1α and IL-36 to bolster the antiviral state by acting as early alarm signals for leukocyte recruitment and increasing cellular sensitivity to type I IFN signaling, respectively (26, 27).

Recent discoveries have also identified novel potential roles of NK cells to contribute directly to innate protection against HSV infection. A 2003 study in mice identified that NK cells provided a critical source of early IFNs to control HSV-2 infection and that mice deficient in NK cells had enhanced susceptibility to HSV (28). Corroborating these observations is a case report in 2004 of two individuals with NK cell deficiency who were observed to have severe disseminated HSV-2 infection (29). Absence of NK cells resulted in a diminished CD4+ and CD8+ T cell responses, and the presence of NK cells alone were identified to be able to rescue dysmorphic CD8+ T cells to mount an effective CD8+ T cell response even in the absence of CD4+ T helper cells (30). These findings propose a potential role of NK cells to mediate and bridge innate and adaptive immune responses. Further investigations can be conducted to elucidate the specific mechanisms utilized by NK cells to enhance T cell responses and determine whether NK cells exposed to HSV confer a ‘memory’ response to more readily bolster both innate and adaptive immune functions upon HSV reactivation. These discoveries may present NK cells as attractive targets to enhance both arms of the immune response against HSV infection. The role of innate lymphoid cells (ILCs) has been additionally studied in the context of HSV infection, though in vivo mouse studies showed that ILC-deficiency showed no difference in survival or disease severity (31).

Despite the many innate immune players against HSV, the virus has evolved mechanisms to usurp host machinery and enhance infectivity. For example, HSV was discovered to use scavenger receptors to increase affinity of surface protein interactions (32), inhibit intracellular viral DNA sensing (33, 34), dampen pro-inflammatory cytokine production and inflammasome formation (35), and directly abrogate type I IFN signaling (36). These mechanisms have rendered HSV to be one of the most successful viruses capable of infecting other cell types, including fibroblasts, lymphocytes, and leukocytes (8). Unsurprisingly, HSV’s ability to counteract multiple facets of the early, innate cutaneous immune response helps to explain its capacity to successfully infect beyond the initial infection site and cause latent disease. Given the plethora of studies of viral mechanisms and viral targets for immune evasion, HSV is primed as a viable target to study ways to strengthen innate antiviral immune responses, both IFN-dependent and IFN-independent, to provide different avenues of attenuating disease severity.



Vaccinia Virus

Vaccinia viruses are large, enveloped double-stranded DNA viruses of the Poxviridae family. Due to highly conserved structural proteins across orthopoxviruses, VACV is often used to immunize against smallpox caused by variola virus (37). All human orthopoxvirus infections are zoonoses and typically present as localized or disseminated papules, vesicles, or scabs that may be accompanied by fever, lymphadenopathy, malaise, and myalgia (38).

VACV replication preferentially occurs in cutaneous sites with compromised barrier function (39), where there is increased access to the basolateral membrane (40). Viral entry begins with attachment of four viral proteins (A26, A27, D8 and H3) of the mature virion to cell surface glycosaminoglycans (GAGs), extracellular matrix proteins, and, at lipid rafts, integrin membrane receptors (41, 42). Following attachment is an intricate synchrony of twelve entry proteins that compose the fusion complex, which introduces viral DNA into the cell (reviewed in 43).

Infection with VACV is uncommon when exposure occurs in a healthy cutaneous environment where innate immune responses effectively suppress viral pathogenicity. In fact, a study by Rice and colleagues showed that enhancement of early pro-inflammatory signals using a scarification model of viral delivery significantly decreased lethality of VACV. The group proposed that scarification allowed keratinocytes to actively produce an antiviral state through secretion of chemokines and cytokines (44). These findings are corroborated by discoveries that TNF-receptor knockout and IL-1 receptor type 1 knockout mice had larger cutaneous lesions and higher viral copies compared to their wild type counterparts (45, 46). In vitro, VACV viral infection of epidermal Langerhans cells (LC) and plasmacytoid dendritic cells (pDCs) resulted in inhibition of their ability to elicit cytokine production, including IFN-α and IFN-γ (47, 48). Activated NK cells also secrete necessary IFN-γ to attenuate early infection and promote VACV clearance (49–51). Together, these findings suggest a key role in early innate immune signaling in preventing viral lethality; these signals are essential for VACV vaccine efficacy.

Though typically regarded as safe, VACV vaccination has the potential to cause eczema vaccinatum or progressive vaccinia, both severe and potentially lethal complications (52, 53). Occurring mostly in individuals with a history of atopic dermatitis (AD), a disease that is distinguished by barrier defects resulting from disrupted terminal epidermal differentiation, disseminated VACV includes a generalized vesiculopustular eruption that can progress to large non-healing lesions and predispose individuals to sepsis (54, 55). Viral progression is theorized to be due to reduced capability of AD skin’s innate immune mechanisms to subvert viral attack. With VACV’s preferential infection of dendritic cells, macrophages, and monocytes (56), infection of epidermal antigen-presenting LCs at the early stage impairs release of pro-inflammatory cytokines and IFNs (48). Next, attempts to limit viral spread via programmed cell death are offset by AD skin’s hyper-proliferative state, which presents the virus with many new targets (57). Moreover, the skew towards Th2 responses in AD, with increased IL-4 and IL-13 expression in particular, further decreases antiviral cytokines and type I and II IFNs (58, 59). Consequently, this results in reduced expression of antimicrobial proteins such as human β-defensin (hBD) 3 and human cathelicidin LL-37, which have been shown to directly deter VACV pathogenicity (60, 61). Together, the compromised immune landscape in AD skin provides fertile ground for VACV spread. Given the strong association between VACV (and also HSV) dissemination and AD, future studies are warranted regarding how alterations in terminal epidermal differentiation affect innate antiviral immune signatures at homeostasis as well as upon viral challenge.



Molluscum Contagiosum Virus

Molluscum contagiosum virus, an enveloped linear double-stranded DNA virus of the Poxviridae family, is introduced via direct contact with infected skin or fomites (62). Although MCV infection is common, specific studies on viral entry mechanisms have been limited due to lack of working in vivo and in vitro models. Early electron microscopy of MCV showed preferential infection of keratinocytes in the basal layers at the outset of primary infection (63, 64). Similar to other viruses with tropism to the basal layer, micro-abrasions in the skin provide MCV a direct pathway of entry, and it has been well documented that individuals with skin barrier defects have increased susceptibility (65, 66). Viral proliferation then continues in mitotically active keratinocytes and expands apically, giving rise to distinct dome-shaped papules called molluscum bodies. Viral dissemination occurs as viral particles exit via a keratinized tunnel at the umbilicated center of the lesion (67).

MCV is notable for its ability to evade immune detection as it replicates within epidermal keratinocytes; it forms enclosed molluscum bodies that effectively evade dermal immune detection (68, 69). Interestingly, reports that physical manipulation of molluscum bodies results in local inflammation and ultimate resolution of the infection posit the notion of viral clearance by nearby dermal immune cells (70, 71). Although studies of specific innate immune responses to MCV are limited, one study suggests that MCV activates TLR3 and TLR9 in epidermal keratinocytes. They additionally observed upregulation of IFN-β and TNF-α in the environment surrounding molluscum bodies (72). Work by Vermi et al. further identified plasmacytoid and type I IFN-induced dendritic cells as key effectors in spontaneous regression of MCV in the aforementioned inflammatory setting (73). While MCV’s preference toward epidermal replication allows it to escape dermal immune detection, it remains unclear whether and how epidermal Langerhans cells contribute to immune responses to MCV infection and whether MCV has evolved mechanisms to silence LC contributions to immune surveillance.



Varicella Zoster Virus

Varicella zoster virus is another neurotropic enveloped, double-stranded DNA virus of the Herpesviridae family with primary infection consisting of a generalized pruritic vesicular eruption along with fever, headache and malaise (74). Unlike the previously discussed skin-tropic viruses, infection of epidermal keratinocytes is introduced via hematologic transport of infected T cells after primary inoculation in the upper respiratory epithelium (75, 76). VZV utilizes gB and heterodimer gH/gL, conserved fusion machinery of herpesviruses, for attachment and entry into keratinocytes. Within the skin, cell–cell fusion generates multinucleated infected cells that reside within the vesicular skin lesions. Studies show that VZV fusion protein gB possesses components on both its ecto- and cytoplasmic domains that are essential for infectivity: gB drives VZV’s replication, cell–cell fusion, and characteristic syncytial formation (77, 78). However, additional studies suggest that VZV virulence requires careful regulation of gB, as gain-of-function mutations in gB have been shown to limit viral spread in human skin (79).

Given the poor outcomes in VZV-infected individuals with adaptive immune deficiencies, early establishment of an antiviral state in the skin is vital. These responses work effectively to limit disease severity and activate cell-mediated immunity. Cytosolic sensing activates stimulator of interferon genes (STING)-mediated IFN-γ production to upregulate antiviral genes, like MxA and OAS. TLR9 dependent sensing of VZV is also noted to trigger massive IFN-α release by pDCs (80, 81). Exogenous treatment with IFN-α has been shown to abrogate VZV severity through inhibition of viral replication via interferon regulator factor (IRF) protein 9 (82, 83). However, IFN-α signaling was not sufficient to completely terminate VZV transmission due to down-regulation of this pathway by viral gene products (75). Natural killer cells also prevent viral spread by killing infected cells, and their absence has been linked to severe infection (84, 85). Given the discoveries of the important role of NK cells during innate immune signaling and priming adaptive responses in other skin viruses, studies of the specific functions of NK cells in the context of VZV can provide promising avenues of discovery into establishment of an early antiviral state.




Oncogenic Viruses


Human Papillomavirus

Human papillomaviruses are non-enveloped double-stranded DNA viruses that can be transmitted through direct skin-to-skin contact (86). There are more than 200 described HPV types. The alpha HPVs (i.e. HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 59) are considered high risk or carcinogenic and have been identified as etiologic agents of a multitude of cancers, including cervical, oropharyngeal, vaginal, vulvar, penile, and anal cancers (87, 88). Beta and gamma types are considered possibly carcinogenic or non-carcinogenic. Several studies have identified potential contributory roles of beta HPVs to non-melanoma skin cancer when associated with ultraviolet radiation (89). The low risk non-carcinogenic HPVs are known to cause benign lesions such as anogenital, palmar, and plantar warts (90).

Viral penetration into the epidermis is facilitated via microlesions and HPV’s replication cycle starts at the mitotically active basal layer (91). Once within the basal layer, viruses gain entry into the cells through endocytosis, which are enabled by viral proteins L1 and L2 that help the virus interact with the cell surface. Molecules such as HSPGs and syndecan-1 are putative targets of HPV that enable viral trafficking into the host cell (92). After internalization, HPV virions reach the nucleus through the clathrin-mediated endocytic pathway (93, 94).

Within the basal layers, HPV DNA copy number is low and viral replication is slow. As viral replication speeds up and the virus leaves the basal layer to reach the upper layers of the epidermis, innate and adaptive immune responses become more important in surveilling and controlling viral spread (95). HPV DNA within a host cell is recognized by innate pathogen sensors, including absence in melanoma 2 (AIM2), interferon-gamma inducible protein 16 (IFI16), and cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS) (96–98). AIM2 inflammasome activation results in maturation of caspase-1 and IL-1β in HPV16-infected keratinocytes (99). TLR activation in keratinocytes by HPV also results in release of pro-inflammatory cytokines such as TNF-α, IL-8, C-X-C motif chemokine ligand 9 (CXCL9), and type I interferon (IFN-α and -β) (100). In fact, higher expression of TLRs was found to be correlative with clearance of initial HPV16 infection in women (101).

HPV-infected keratinocytes additionally recruit macrophages, Langerhans cells (LCs), natural killer (NK) cells, and T lymphocytes in the initial antiviral response. TLR activation in macrophages and LCs through NF-γB and interferon response factor (IRF)-3 further promotes the release of TNF-α, IFN-γ, IL-1β, IL-12 and IL-18, which can in turn activate other inflammatory cells through paracrine signaling. IL-1 and TNF-α have also been shown to downregulate the transcription of viral oncoproteins E6 and E7 (100). Though there is limited evidence on the role NK cells play in controlling HPV infections, it was reported that patients with functional NK deficiencies were more susceptible to HPV infection and HPV-associated cancer (102). Together, these studies highlight the importance of host innate immunity during the initial antiviral responses against HPV in cutaneous tissues.

Many studies provide evidence that HPV has evolved mechanisms to counter host immune responses. HPV-infected cells can reprogram the local immune milieu to promote chronic inflammation and subsequently carcinogenesis. HPV E6 protein can directly target IRF3 while E7 protein interferes with the antiviral and pro-apoptotic functions of IRF1 via protein–protein interactions, leading to suppressed IFN signaling and downstream responses (103–105). Additionally, HPV infection was found to interfere with LC homeostasis due to the suppression of C-C motif chemokine ligand 20 (CCL20), a chemokine critical for the repopulation of CD1a+ LC precursor cells in the epidermis (106). It was shown that viral E7 protein abrogates the binding of CCAAT/enhancer-binding protein beta (C/EBPβ) in the promoter region of CCL20. As a result, CCL20-directed migration of LCs and subsequent antigen-presentation in the epithelium is suppressed, allowing for viral persistence (106). In summary, HPV modulates several host cellular pathways to evade immune responses, leading to virus-mediated immunosuppression and neoplastic development. However, given the diversity of HPV types and their various neoplastic or benign propensities, further investigations are needed to identify differential mechanisms utilized by the host to respond to various HPV types, as well as how certain specific HPVs are able to subvert host immune signaling to impart immunosuppression and impart neoplastic potential.



Merkel Cell Polyomavirus

Merkel cell polyomavirus belongs to the Polyomaviridae family which consists of non-enveloped, double-stranded DNA viruses that have infectious and tumorigenic potential (107). Since the initial identification in Merkel cell carcinoma (MCC) in 2008, many reports have provided additional evidence of the causal relationship between MCPyV and MCC (108–112). MCC is an aggressive cancer that is characterized by a rapidly expanding, asymptomatic, erythematous dome-shaped tumor that presents often on sun-exposed areas of the skin (113).

It remains under debate which cutaneous cell type(s) MCPyV primarily infects due to poor replication of MCPyV in in vitro cultures (114). Keratinocytes were thought to be the primary target due to chronic cutaneous shedding of MCPyV (115). However, a recent report showed that MCPyV preferentially infects human dermal fibroblasts (116). Viral attachment relies on recognition of sulfated GAGs and interaction with sialylated oligosaccharides containing the Neu5Acα2-3Gal linear motif by viral capsid protein, VP1 (117, 118). MCPyV eventually enters target cells through caveolar/lipid raft-mediated endocytosis (119).

Many recent reports suggest the important role the host immune system plays in MCPyV infection and MCC development. First of all, immunocompromised patients are more likely to develop MCC (120). Secondly, high intratumoral CD8+ T cell counts and immune transcripts are associated with more favorable outcomes in MCC patients (121, 122). Innate immune responses were thought to play a critical role in the initial sensing and clearance of MCPyV virions. Shadzad et al. reported that TLR9, a critical sensor for viral and bacterial dsDNA, is downregulated by MCPyV large T antigen during infection (123). Additionally, MCPyV small T antigen negatively regulates NF-γB-mediated inflammatory signaling by inhibiting IKKα/IKKβ-induced IγB phosphorylation, further dampening host antiviral responses (124). Lastly, MCPyV-positive MCC tumors were discovered to have lower expression of major histocompatibility complex class I (MHC-I) compared to MCPyV-negative MCC samples, suggesting another potential mechanism by which MCPyV-infection cells escape immune destruction (125). However, precise interactions between MCPyV and the host immune system are largely unknown. Further work is needed to elucidate the various mechanisms by which MCPyV subverts host immune surveillance to establish persistence.




Vector-Borne Skin Viruses

Mosquitos infect hundreds of millions of people around the world annually, introducing individuals to pathogenic bacteria, parasites, and viruses that have the potential to cause severe systemic illness in the host and, with Zika virus, their offspring (126, 127). Despite the prevalence of mosquito-borne illnesses and their threat to global human health, little is known about the early stages of cutaneous infection.

Zika virus (ZIKV), West Nile virus (WNV), and Dengue virus (DENV) belong to the Flaviviridae family and are enveloped RNA viruses. ZIKV and DENV have a predisposition to infect cutaneous dendritic cells, whose migratory characteristic allows for rapid dissemination and viremia (128, 129). WNV has been shown to preferentially infect keratinocytes, though it is capable of infecting dendritic cells as well (130, 131). Flaviviral envelope (E) glycoprotein is key to initial viral entry via low-affinity attachment to GAGs on the target cell surface (132, 133). More specific attachment to a wide array of entry receptors that help facilitate internalization into dendritic cells has been identified, including C-type lectin receptors, αvβ3 integrins, T-cell immunoglobulin and mucin domain (TIM) and TYRO3, AXL and MER (TAM) receptors (134). Clathrin-dependent endocytosis then allows for viral fusion into the target cell (135).

Chikungunya virus (CHIKV) is also an enveloped RNA virus but belongs to the Togaviridae family with tropism to dermal fibroblasts (136). CHIKV viral glycoprotein E2 interaction with cell surface GAGs, TIM family receptors, and prohibitins has been shown to assist with early interactions of CHIKV with the target cell, although CHIKV is able to infect in the absence of these proteins (137). Similar to flaviviruses, CHIKV utilizes clathrin-dependent endocytosis to generate a low pH environment to cause conformational changes in glyocoprotein E1 and permit fusion (138).

Once in the skin, ZIKV, WNV, DENV, and CHIKV all trigger PRRs retinoic acid-inducible gene I (RIG-I), TLR3, and melanoma differentiation associated gene-5 (MDA-5). Next, pro-inflammatory cytokine and chemokine signaling is coupled with activation of IFN-β and antiviral proteins, including members of the OAS, Mx, interferon stimulated gene (ISG), and interferon induced proteins with tetratricopeptide repeats (IFIT) families, in keratinocytes and dermal myeloid cells (81, 129, 139–142). Specific to ZIKV, our group recently identified a novel IFN-independent pathway of antiviral protein induction via IL-27. Uniquely, signal transducer and activator of transcription (STAT) 1- and interferon regulatory factor (IRF) 3-dependent IL-27 signaling was able to induce antiviral proteins OAS1, OAS2, OASL2, and MX1 in keratinocytes and reduce ZIKV pathogenicity when the virus was introduced via a cutaneous, and not intravenous, route (143). These results suggest a potential avenue to distinctly upregulate cutaneous antiviral proteins independent of interferon signaling, although whether this pathway confers similar resistance to other vector-borne viruses remains to be discovered.

Given arboviruses’ predilection to infect immune cells, the recruitment of distal immune cells to the dermis may not be as advantageous to the host as is the case for many other pathogens. After an early infection in the epidermis, a second round occurs when the immune response homes arbovirus-susceptible monocytes and monocyte-derived dendritic cells to the site (144). These infected immune cells then travel to the draining lymph nodes to continue systemic spread. This begs the question of whether pathogenicity can be reduced or limited to the epidermis by dampening inflammatory signaling. One group observed a 75–90% reduction in infection of LCs, macrophages, and dermal dendritic cells when cytokine IL-1β expression was inhibited (128).

An additional non-viral factor also contributes to the immune picture. Intriguingly, mosquito saliva has been shown to significantly alter the early innate signatures to enhance viral spread. Mosquito saliva protein D7 inhibits DENV virions and envelope proteins (145). ZIKV-activated NF-ĸB signaling is inhibited by salival protein LTRIN (146). In CHIKV, mosquito saliva suppresses Th1 cytokine (IFN-γ and IL-2), TLR3, and chemokine expression while simultaneously pushing toward a Th2 polarity—which, as we have discussed, is a less advantageous antiviral profile from the host perspective (147, 148). Decreases in expression of PRRs and antiviral proteins with specific targeting of flaviviruses (OAS1, MX1, and ISG20) were also observed in WNV-infected keratinocytes (149, 150).

The unique mode of inoculation of vector-borne viruses at the skin presents an alluring rationale to study potential methods of undermining viral pathogenicity when the infection is still local and while innate immune responses predominate. However, the frequency of mosquito bites and the lack of urgency to seek medical attention prior to systemic infection may pose a conceivable difficulty for translation into clinical practice.



Demographic and Environmental Contributors To Host Antiviral Responses

As a frontline organ of defense against the outside world, maintaining integrity of the skin barrier and function is critical to the organ’s success in combating potential invaders. However, increasing studies show that, like other regenerating organs, the skin is constantly adapting in response to a multitude of environmental factors (Figure 2).




Figure 2 | Cutaneous antiviral immune responses are influenced by host as well as demographic and environmental factors. Genetic polymorphisms that result in atopic dermatitis, dedicator of cytokinesis 8 (DOCK8) deficiency, natural killer (NK) cell deficiency, and tyrosine kinase 2 (TYK2) deficiency produce unique immune profiles that are disadvantageous for viral protection. Professional antiviral proteins such as those in the oligoadenylate synthetase (OAS), myxovirus resistance (MX), interferon-induced transmembrane (IFITM), and interferon-stimulated gene (ISG) families are part of the innate antiviral response. These proteins exert their antiviral abilities by inhibiting various parts of the viral replication cycle (151). Factors such as age (see Figure 3), biological sex, and cutaneous microbiome have potential to deter or enhance innate antiviral responses. Microbial interactions, such as bacteria–viral, viral–viral, and fungal–viral, can possibly produce antiviral effectors or influence host antiviral responses.




Age

Given the skin’s constant contact with potential pathogens, the susceptibility of certain patient populations to skin viruses is an interesting area of investigation. Notably, age appears to play a role in the host immune defenses against viral invaders (Figure 3). Some trends are more obvious: MCV and VACV show increased incidence and more severe effects in children as prevalence of AD is highest in this age group, and as previously discussed, the AD milieu contributes to increased viral pathogenicity and impaired antiviral responses (152–154). However, there is less clarity on why certain age groups are more afflicted with other cutaneous viral infections. Intriguingly, prenatal, neonatal, and elderly populations have demonstrated increased susceptibility to systemic malaise and higher risk of mortality compared to young and mature adults. For example, whereas only mild symptoms would typically result from primary HSV infection in children and adults, preterm and neonatal infants, if untreated, only have a 40% chance of survival (155). Similarly, in the elderly population, reports have emerged suggesting that HSV increases the risk for development of neurological diseases like Alzheimer’s and may be a direct infectious etiology (156). Moreover, while VZV dissemination occurs most commonly in children due to primary infection, suppression of the virus is maintained throughout adulthood. However, reactivation, which only occurs after VZV overthrows immune safeguards and presents in the form of herpes zoster, occurs most frequently in elderly individuals or upon immunosuppresion (157).




Figure 3 | Skin’s antiviral protection changes throughout age. Systemic viral infections are most prevalent at the young and elderly ages where factors such as epidermal thickness and cutaneous innate immunity are markedly different from healthy adult human skin. Thin skin leads to increased susceptibility to micro-injuries and abrasions, thereby providing direct avenues for viral entry. Dysregulated innate immune signaling, consequent to immunological immaturity or immunosenescence in the young and elderly, respectively, furthers the risk of systemic viral infection as immune defenses cannot adequately control early viral propagation. The young and elderly are also at increased risk for viral pathogen exposure due to compromises in skin barrier integrity that manifest in the form of atopic dermatitis in the young and chronic non-healing wounds in the elderly.



One potential explanation for these observations is alteration in the skin’s physical barrier with aging. Preterm and neonatal infants have a thinner epidermis and stratum corneum, and a similar observation applies to the elderly population where cutaneous structural integrity deteriorates and skin thickness is once again reduced (158, 159). Such changes to skin integrity may render it more susceptible to micro-injuries and therefore subsequent pathogen exposure and infection. Functional studies on whether the rate of viral infectivity is enhanced in the setting of thin, fragile skin barriers are limited. Theoretically, decreased epidermal thickness may provide for earlier access to deeper skin layers, which could potentially lessen the time the virus spends replicating at the initial infection site prior to systemic spread, and therefore limit the time available for propagation of early innate immune responses as well as initiation of adaptive immune responses. Additional concerns are warranted in the elderly where the skin’s wound healing capabilities are also reduced, thereby allowing for increased pathogen exposure (159).

Age also has profound effects on certain aspects of the skin’s innate antiviral defenses. For example, in WNV infection, which usually afflicts individuals >60 years of age, worse outcomes were identified in mice with dysregulated TLR7 and STING signaling, both with critical roles in initiating antiviral signaling cascades (160, 161). Generally, older individuals exemplified decreased PRR signaling and decreased induction of pro-inflammatory cytokines and chemokines in several cutaneous compartments, including sebaceous glands, sweat glands, and epidermis (162). Surprisingly, prenatal skin actually exhibited higher levels of TLRs (1–5) compared to adults, and neonatal keratinocytes demonstrated greater secretion of TNF-α and several chemokines when stimulated with poly (I:C), a synthetic dsRNA used to mimic viral nucleic acids (163). It is unclear how this dichotomy corresponds to viral preference and susceptibility at different age groups, although similar outcomes of greater morbidity and mortality in both age groups highlight the importance of better understanding the regulators and effectors of innate antiviral immunity.

Studies have additionally identified discrepancies in the expression levels of cutaneous antimicrobial peptides and proteins at the extremes of age. For example, neonatal skin was observed to express increased levels of antimicrobial peptides LL-37 and hBD2 compared to adults in both mice and humans (164). Contrastingly, reduced levels of antimicrobial peptides were observed in aged skin compared to adult skin (165). While these studies begin to point toward differing antimicrobial signatures across age groups, investigations specifically looking at antiviral proteins and their functional implications are currently lacking.



Biological Sex

Biological sex poses another important variable when considering immune defenses against viral pathogens. Sex differences in innate and adaptive immunity have been well characterized in humans; known to us is that infant and adult males mount weaker innate and adaptive immune responses to pathogens compared to females and are, therefore, theorized to be more susceptible to viral infections. Particularly in the context of innate immunity, varied responses to pathogens can be explained by differential expression in TLR and type I IFN signaling between sexes, wherein females exhibit higher basal and inducible expression levels of TLR7, TLR9, IRF5, and IFN-α (166, 167). The sex differential expression of these pathways confers greater pro-inflammatory responses in peripheral blood mononuclear cells (PBMCs), neutrophils, and macrophages in males, whereas higher anti-inflammatory and cytokine signaling for type I IFN responses are seen in females (168, 169). Further, studies in rodents have shown that expression of signaling molecules associated with antiviral sensing and immunity (Myd88, IRF7, IFN-β, IFNAR1, JAK2, and STAT3) as well as antiviral protein Mx is higher in females compared to males (169). These dimorphic effects are posited to be mediated by gonadal hormones, with possible androgen- and estrogen-specific response elements driving different effector cells’ signaling and expression.

Despite these findings, studies directly looking at the sex differential contribution to viral susceptibility and disease outcome in humans are complicated by various behavioral and environmental differences associated with biological sex as well as gender. Several of the previously discussed viruses show preferential responses between females versus males, though whether biological differences are the cause of these observations is more difficult to tease out. Studies show that males have higher relative incidence of more serious illness and susceptibility to VZV and HSV-1, which may be explained by the aforementioned weakened immune response and pro-inflammatory cytokine profile (170, 171). However, interestingly, epidemiological studies show that females infected with Dengue virus in endemic areas have the same susceptibility to infection though exhibit more severe symptoms, such as hemorrhagic fever, compared to male counterparts (172). Females with Merkel cell carcinomas also have higher prevalence of MCPyV-positive tumors than male patients (173, 174). Additionally, HSV-2 shows a higher prevalence in females compared to males in humans (175, 176). These observations may appear to contradict immunological findings that females show a greater anti-inflammatory signature as well as an enhanced innate and adaptive immune profile compared to males. However, particularly in human studies, direct correlations of biological sex and viral susceptibility and disease outcome not only have to take into account sex hormones and chromosomal/genetic differences, they must also consider the differential effects that arise as a result of behaviors associated with gender and host environment, which may have direct consequences of increasing risk and susceptibility to certain viral pathogens. Murine studies have attempted to control for these confounding factors, although findings do not directly translate to humans. For example, increased progesterone levels are theorized to reduce immune-protective effects and therefore increase HSV-2 susceptibility in females. Female mice that underwent ovariectomy and had estradiol hormone injected showed reduced pathology compared to counterparts injected with progesterone or placebo (177). However, HSV-2 infection is increased in ex vivo human endometrial epithelial cells treated with estradiol (178). These divergent discoveries highlight the immense difficulty of using biological sex as a method of predicting viral susceptibility as well as disease outcome, although knowledge of sexual preferences of pathogens can be utilized to focus clinical efforts to provide better care to at-risk populations.



Cutaneous Microbiome

The skin is home to a highly diverse collection of commensal bacteria, fungi and viruses that form the cutaneous microbiome. The makeup of these colonizers varies across individuals, skin compartments (e.g. hair follicle versus sebaceous gland), body location (e.g. axillary versus facial skin), and even age (179–181). This diversity is mirrored in the varying relationships between host skin and commensal microbiota, ranging from opportunistic to mutualistic interactions. For example, the Cutibacteria family (formerly known as Propionibacteria) of bacteria is a major component of normal skin flora that colonizes preferentially to skin sites that are rich in sebaceous glands. The presence of cutibacteria has been observed to impart protective benefits to the host in common skin pathologies including atopic dermatitis and psoriasis (182, 183). Conversely, Cutibacterium acnes often causes opportunistic infections and is a common etiologic agent in diseases such as acne vulgaris (184). These disparate consequences imply a necessity for the skin to maintain a healthy balance between itself and its surrounding microbiome. Furthermore, the predisposition for viral infection in populations with dysbiosis, such as those with atopic dermatitis, proposes the question of how microbial interactions influence skin responses to viral challenges (185).

Recent studies have begun to identify various antimicrobial roles of skin microbiota. Skin bacterial commensal Staphylococcus epidermidis was observed to produce peptides called bacteriocins that have direct antimicrobial properties against Staphylococcus aureus and Group A Streptococcus (186). Additionally, S. epidermidis was noted to augment the antimicrobial actions of cathelicidin LL-37 (187). C. acnes is also reported to secrete bacteriocins with bactericidal properties toward other cutibacteria (188). This work indicates that commensal bacteria actively participate in maintaining cutaneous microbial homeostasis; however, there is a current lack of understanding of antifungal and antiviral contributions from the cutaneous resident microbiota, including fungi and viruses.

Evidence of how the skin microbiome directly influences cutaneous antiviral immunity is also limited, although studies in patients with primary immunodeficiency, such as dedicator of cytokinesis 8 (DOCK8) deficiency who have altered cutaneous microbiomes compared to healthy patients, reveal that changes in the cutaneous virome lead to increased colonization of DNA viruses like HPVs, HSVs, polyomaviruses, and MCV (189). Inferences can additionally be drawn from studies in other barrier organs and their commensal microbiome. For instance, germ-free mice, i.e. lacking intestinal commensal microbiota, were observed to be more susceptible to influenza A virus, coxsackie B virus, Friend leukemia virus, and murine cytomegalovirus (190, 191). In the respiratory epithelium, S. epidermidis produced an extracellular matrix-binding protein that exhibited anti-influenza activity (192). Further, probiotic colonization of resident Corynebacteria improved resistance to respiratory syncytial virus (193). At the vaginal surface, lack of Lactobacillus bacteria, a dominant colonizer of the vaginal mucosa, led to increased susceptibility of HSV-2 due to abrogated IFN-γ signaling (194). Together, these findings suggest that commensal microbiota contribute directly to antiviral immunity via secretion of antiviral effectors and through enhancement of host immune signaling at their resident sites.




Conclusion

The skin is an active immune organ with immune capabilities that are constantly challenged by friendly commensal and pathogenic microorganisms. Consequently, it has evolved effective defense strategies to combat a wide range of threats, ranging from overpopulation of opportunistic commensal bacteria to pathogenic viruses. Particularly in the scenario of viral infection, the skin’s complex multi-layered defense strategies, even within the innate immune system alone, are highlighted as different viruses’ attempt to hijack and suppress various aspects of its immune machinery. Given the severity of primary infections to many cutaneously introduced viruses, early antiviral responses are critical in the attempt to prevent further viral propagation and to allow time for adaptive immune responses to take effect. Recent advances in understanding specific viral targets of innate immunity begin to provide opportunities for further exploration into bolstering areas of vulnerability, including weaknesses that arise throughout age and between females and males. Additionally, insights to antiviral contributions from the commensal microbiome obtained from studies in other barrier organs suggest potential for future study in the skin.
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Dermatophytoses (ringworms) are among the most frequent skin infections and are a highly prevalent cause of human disease worldwide. Despite the incidence of these superficial mycoses in healthy people and the compelling evidence on chronic and deep infections in immunocompromised individuals, the mechanisms controlling dermatophyte invasion in the skin are scarcely known. In the last years, the association between certain primary immunodeficiencies and the susceptibility to severe dermatophytosis as well as the evidence provided by novel experimental models mimicking human disease have significantly contributed to deciphering the basic immunological mechanisms against dermatophytes. In this review, we outline the current knowledge on fungal virulence factors involved in the pathogenesis of dermatophytoses and recent evidence from human infections and experimental models that shed light on the cells and molecules involved in the antifungal cutaneous immune response. The latest highlights emphasize the contribution of C-type lectin receptors signaling and the cellular immune response mediated by IL-17 and IFN-γ in the anti-dermatophytic defense and skin inflammation control.
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Introduction

The skin is the most extensive organ of the body, is an ecological niche for microbiota and the first barrier against aggression from environmental noxa and pathogenic microorganisms. Not only is a physical barrier but also a dynamic system constituted by the skin resident immune system that is crucial to control an infection, resolve damage, or maintain tissue homeostasis. Among the most frequent human skin infections, dermatophytoses (ringworms) represent the fourth cause of disease with a global incidence estimated in 20 to 25% within the healthy population (1–3). These infections are caused by filamentous fungi, ancestrally digesters of soil keratin, that have adapted to the keratinized tissue of mammals, and became parasitic microorganisms to animals and humans. Therefore, dermatophytoses are characterized by hyphae superficial invasion into the skin, hair, and nails causing subacute or chronic infections with different inflammation degrees among immunocompetent individuals (Figure 1). Recent taxonomic changes classify dermatophytes into five genera: Epidermophyton, Trichophyton, Microsporum, Arthroderma, and Nannizzia (4) and, among them, there are different species adapted to particular ecological niches and hosts which led to the classification in geophilic, zoophilic and anthropophilic fungi. Anthropophilic species (Trichophyton rubrum, Epidermophyton floccosum) are well adapted to humans and often cause chronic infections with mild clinical symptoms. In contrast, dermatophytes from animals (Microsporum canis, Trichophyton/Arthroderma benhamiae, Trichophyton mentagrophytes, etc.) or soil (Nannizzia gypsea/Microsporum gypseum) are frequently isolated from patients suffering from mild to highly inflammatory dermatophytosis but with lesions that are prone to spontaneous resolution (5) (Figure 1). In contrast, the immunosuppressed population (especially cell-mediated immunity deficiency settings such as HIV-AIDS, transplant, neoplasia, diabetes, or corticosteroid therapy) is particularly susceptible to these infections showing extensive superficial lesions that are often unresponsive to conventional antifungal treatment (3, 6, 7). This was recently observed in India where there was a significant increase in treatment-recalcitrant, recurrent and chronic dermatophytosis probably due to indiscriminate use of antibiotics and corticosteroid drug combination (8).




Figure 1 | Human and experimental dermatophytosis (A, B). Superficial mild inflammatory infections in humans by M. canis (A) tinea corporis and (B) tinea capitis by M. canis (C–F). Inflammatory human dermatophytosis (C): inflammatory tinea capitis (Kerion de Celsi) by T. mentagrophytes and (D) deep infection of the scalp by M. canis (ref. 106) showing hyphae in dermis (E) stained with PAS-hematoxylin or (F) Grocott-Gomori’s methenamine silver (GMS) staining (200x magnification) (G–J). Experimental dermatophytosis after epicutaneous infection of (G, H) wild-type (WT) or (I, J) IL-17RA-deficient C57BL/6 mice with M. canis (8 days post-infection) (ref. 51) (G). Mild inflammatory lesions and (H) histopathology showing PAS-positive hyphae invading the stratum corneum and hair follicles in WT (I). Highly inflammatory lesions and (J) histopathology showing extensive superficial fungal proliferation in IL-17RA-deficient mice. Arrows: M. canis hyphae. Asterix: inflammatory reaction (400x magnification). All images are property of Chiapello’s lab.



Despite the high incidence of dermatophytosis in healthy people as well as the complications of these infections in immunocompromised individuals, the immune mechanisms that control dermatophyte invasion are less known and studied than those involved in other fungal diseases. In the last years, the identification of genetic mutations in patients with primary immunodeficiencies associated with severe deep or widespread dermatophytosis and the development of experimental models that mimic human infection have contributed to deciphering the basic mechanisms of cutaneous immunity against dermatophytes. Taking into account the recent evidence from human infections and experimental models, in this review we discuss the latest advances in the knowledge and state-of-the-art of innate and adaptive mechanisms of the immune response against dermatophyte fungi.



Dermatophyte Virulence Factors

In order to degrade keratin, dermatophytes secrete an arsenal of hydrolytic enzymes (proteases) which are assumed to be the main virulence factors in live tissue infection (9). It is known that the pathogenesis of dermatophytosis includes several stages (i.e. fungal adhesion, germination, invasion, penetration) associated with the secretion of enzymes to degrade skin components (10–12) (Table 1). Although there is a common understanding that dermatophyte keratinases are of major relevance for pathogenicity, the entire process of host adaptation during infection seems to be quite complex (15).


Table 1 | Virulence factors of dermatophytes.



The colonization by anthropophilic species in humans or zoophilic species in animals usually causes asymptomatic infections or, eventually, chronic infections with minimal inflammation response suggesting a specific adaptation to the host probably in favor of survival and transmission. On the contrary, human infections with geophilic or zoophilic dermatophytes occur with inflammatory-associated symptoms and, generally, self-resolve (Figure 1). Therefore, depending on the host and the infective species, dermatophytes might differentially express virulence factors and activate, or suppress, particular immune receptors and signaling pathways that eventually would determine their own persistence or elimination. Comparative genome studies in various dermatophyte species have revealed that there are few differences in gene regulation and post-transcriptional mechanisms among them, but whether those differences might be responsible for the host-specific adaptation remains largely unknown (26).

Several dermatophyte enzymes and proteins participate in the keratin degradation and keratinolytic proteases activity culminates in the onset and maintenance of the infection process (9, 26). However, the virulence factors that are particularly related to pathogenicity degree and host adaptation have not been precisely identified yet. In the process of keratin degradation by dermatophytes, Graser et al. (12) have described three consecutive steps: first, the sulfitolysis stage [e.g., mediated by cysteine dioxygenases (20)], that liberates sulfites that reduce cysteine disulfuric bridges of the compact keratin in the stratum corneum should be in cursive to produce polypeptidic soluble chains that can be sliced by endoproteases. Second, endoproteases activity (subtilisins, deuterolysins, and fungalysins) liberates long peptides that are substrate to exoproteases (nonspecific amino- or carboxypeptidase, and prolyl peptidases) which, finally, transform long peptides into amino acids and short peptides that can be effectively assimilated by hyphae. Supporting this, Burmester et al. (15) analyzed the secretome of Arthroderma benhamiae after in vitro growth on keratin and revealed that about 75% of secreted proteins were proteases (subtilisin-like serine proteases: Sub3, Sub4, and Sub7; fungalysine-type metalloproteases: Mep1, Mep3, and Mep4; leucine aminopeptidases: Lap1 and Lap2; dipeptidyl-peptidases: DppIV and DppV) with the remaining formed by hydrolases and proteins involved in carbohydrate metabolism. Consistently, subtilisin proteases genes expression was detected on 93% of dermatophytes isolated from human patients (17) and, in particular, subtilisin 6 (Sub6) has been reported as the main protease secreted by Trichophyton mentagrophytes during guinea pig infection and human onychomycosis (14, 18). Also, Sub6 was detected in clinical samples infected with Trichophyton rubrum and it was one of the main allergens that produce an IgE-mediated response in susceptible hosts (5, 13). In this regard, exoproteome analysis of three Trichophyton species more frequently isolated from patients (T. rubrum, T. interdigitale and A. benhamiae) showed that, at least, 31 proteases (peptidases, oxide-reductases and beta-glucosidases) were recognized by antibodies in patients’ sera, indicating that these proteins are antigens involved in triggering humoral immune response during infection (14, 16) (Table 1).

The ability of fungal-derived proteases to interfere with the host immune response has been demonstrated for other human pathogens. For instance, a metalloprotease released from A. fumigatus conidia facilitates early fungal immune evasion by cleaving complement proteins in the human host (27). Moreover, Candida albicans secretes aspartic proteases, that cleave pro-interleukin (IL)-1β to its biologically active form IL-1β (27) and promote inflammation, as well as candidalysin, a peptide toxin that damages epithelial membranes and triggers a danger response signaling pathway (28). Whether similar phenomena are also mediated by dermatophytes proteases is currently unknown.

On the other hand, the experimental evidence also suggests that dermatophyte pathogenesis involves mechanisms beyond the fungal machinery used for keratin degradation, including virulence factors like cell wall components and secreted products (Table 1). In this regard, the transcriptome profile analysis of A. benhamiae after in vitro interaction with human keratinocytes revealed that not only proteases were found to be differentially regulated but also genes associated with the synthesis of secondary metabolism molecules (polyketide synthase and non-ribosomal peptide synthetase), lipases and hydrophobin (hypA) (15). In a similar way to RodA hydrophobin of Aspergillus fumigatus (29), the hypA protein of A. benhamiae forms a hydrophobic rodlet layer that enables conidia to avoid recognition by immune cells at an early stage of infection (21). Furthermore, other genes associated to the host-fungi interaction, mainly through genomic and/or transcriptomic analysis, were proposed: genes related to heat shock proteins (24), other enzymes that participate in keratin degradation (hydrolases, glucanases, chitinases, mannosyl transferases) (25), ergosterol metabolism and reproduction, and LysM domain proteins (19, 23). Strikingly, various of these virulence factors might be transported to the extracellular space by extracellular vesicles (EVs), as it was demonstrated that T. interdigitale produces these structures in vitro (22).

Therefore, the dermatophyte molecules that drive skin invasion, trigger inflammation, or facilitate evasion during the infection process still remain poorly understood. Further comprehensive research on dermatophyte virulence factors is necessary to identify the main microbial mechanisms that mediate difficult-to-treat chronic infections or overly inflammatory responses.



Dermatophyte Recognition and Activation of the Innate Immune System

Immune and non-immune cells sense fungi through their cell wall components (i.e. polysaccharides, glycoproteins), secreted extracellular molecules (i.e. peptide toxins) or intracellular content (i.e. DNA) through different pattern recognition receptors (PRR) which, upon ligation, transduce intracellular signals that promote fungal phagocytosis, respiratory burst, cytokines and chemokines release, phagocyte lysis, among others, and thereby shape immune responses (30, 31). PRR can be classified based on their structure and function: C-type Lectin Receptors (CLR), Toll-like Receptors (TLR), Nucleotide-binding and Oligomerization Domain (NOD)-like receptors (NLR), and Retinoic acid Inducible Gene (RIG)-like receptors (RLR). Until now, signaling pathways mediated by CLR, TLR and NLR have been described in the interaction with dermatophytes and are key modulators of host antifungal immunity.


C-Type Lectin Receptors

C-type Lectin Receptors (CLR) comprise a superfamily of soluble and membrane-bound proteins characterized by the presence of, at least, one C-type lectin domain (CTLD), some of which act as a carbohydrate recognition domain (CRD). The fungal cell wall contains numerous structures like glycans, glycolipids and glycoproteins that are recognized by several CLR (30) including Dectin-1 (CLEC7a), Dectin-2 (CLEC6a), Dectin-3 (CLEC4d), MINCLE (CLEC4e), Mannose Receptor (CD206), DC-SIGN (CD209), etc (32, 33). Dectin-1 recognizes β-glucans in the cell wall of diverse pathogenic fungi and is the best-characterized receptor involved in antifungal immunity. Dectin-1 signaling involves an immunoreceptor tyrosine-based activation motif (ITAM)-containing cytoplasmic domain that is phosphorylated by a Src family kinase that allows Syk kinase recruitment. Dectin-2 recognizes α-mannans and transduces its signal through association with the ITAM-containing Fc receptor gamma (FcRγ) chain (34). In most CLR signaling, the Syk pathway activates a molecular scaffold composed by CARD9, Bcl10 and MALT1, which culminates in the recruitment of several transcription factors including NF-κB and MAP kinases. Additional intracellular pathways are also induced and include the Raf-1 kinase pathway and the canonical (NLRP3/caspase-1) and non-canonical (MALT1/caspase-8) inflammasome activation pathways (30, 33).

By using CLR soluble fusion proteins, Sato et al. (35) demonstrated that Dectin-1 and Dectin-2 bind to Microsporum audouinii and Trichophyton rubrum while Dectin-2 particularly recognizes high mannose structures or oligo-manosid residues in the hyphae cell wall. This seminal work described that Dectin-2 couples FcRγ chain in RAW cells (human macrophage cell line) to trigger innate immunity after ligation by fungal hyphae. The activation of myeloid cells via CLR was further observed in vivo after T. rubrum intraperitoneal infection of C57BL/6 mice (36, 37). In this setting, WT mice controlled systemic infection at 14 days showing a significant decrease in spleen fungal burden whereas mice deficient in Dectin-1 or Dectin-2 (Dectin-1 or Dectin-2 knock-out) and double knock-out (KO) counterparts were unable to do the same. In addition, other studies showed that soluble α-mannans (33) and mannose receptor (CD206) blocking antibody (38) inhibited T. rubrum conidia engulfment by macrophages in vitro.

In a human disease context, Ferwerda et al. (39) first reported a family with defective surface expression of mutated Dectin-1 and susceptibility to chronic vulvovaginal candidiasis and persistent onychomycosis by T. rubrum. In these patients, peripheral blood mononuclear cells poorly expressed Dectin-1 and were deficient in producing tumor necrosis factor (TNF), IL-6, and IL-17, after stimulation with β-glucans or Candida albicans. According to this, individuals with inherited deficiencies in CARD9, the CLR downstream adaptor molecule, are also susceptible to severe deep dermatophytosis (40).

C-type lectin receptors expression, and its downstream Syk-CARD9 signaling, is primarily restricted to myeloid cells like monocytes, macrophages, neutrophils and dendritic cells (30), but it has also been described in epithelial cells (41) and keratinocytes (42). Nevertheless, few studies have investigated the role of CLR-expressing cell populations in the skin during dermatophytosis. In a mouse model of dermatophyte antigen-induced contact hypersensitivity (CHS), the percutaneous application of trichophytin (a soluble antigen from T. mentagrophytes) upregulated Dectin-1 mRNA (messenger RNA) expression in skin tissue and Dectin-1-expressing cells were involved in trichophytin-induced CHS (39, 40). Furthermore, Dectin-1 mRNA expression was up-regulated in HaCaT cells (a human keratinocyte cell line) co-cultured with supernatant from T. rubrum culture (43). In contrast, Brasch et al. (44) studied Dectin-2 expression by immunohistochemistry in patients with dermatophytosis (tinea corporis) and did not observe significant differences in Dectin-2 expression in the skin tissue between patients and healthy control individuals.

Therefore, the current knowledge strongly suggests that Dectin-1, Dectin-2 and Mannose Receptor expressed on myeloid cells play a role in triggering the anti-dermatophytic defense. Nonetheless, the function of particular CLR on skin cellular subsets driving antifungal response has not been defined in the context of cutaneous infection yet.



NLRP3 Inflammasome and IL-1β Production in Fungal Infections

IL-1β is a potent inflammatory cytokine mainly produced by macrophages and neutrophils that promotes cytokine production, phagocytosis, oxidative burst and neutrophil degranulation. IL-1β is a cytokine produced as an inactive intracellular precursor triggered by PPR recognition of microbial pathogen-associated (PAMPs) or damage-associated (DAMPs) molecular patterns and later activated into the biologically active form by caspase-dependent cleavage after inflammasome assembly (45). The core of the majority of the inflammasomes is the NOD-like receptor (NLR) and the NLR family pyrin domain-containing 3 (NLRP3) is the most studied in fungal infections (46). IL-1β production via the inflammasome canonically requires two signals: the first is NF-κB-dependent activation provided by microbial binding to CLR or TLR that induces pro-IL-1β synthesis and NLRP3 transduction. The second signal is given by K+ efflux, extracellular ATP (adenosine triphosphate), reactive oxygen species (ROS), fungal toxins, or particulate matter, etc (31). Consequently, the second signal promotes NLRP3 activation by triggering the assembly of a multiprotein complex composed of NLRP3, the adapter protein ASC and the caspase-1 pro-form. This complex serves as a platform for pro-caspase-1 activation and, thereby, facilitates proteolytic pro-IL-1β processing to mature IL-1β (31, 46).

Microsporum canis and Trichophyton schoenleinii hyphae have been demonstrated to induce IL-1β production by THP-1 cells (a human monocytic cell line) and murine dendritic cells in a NLRP3 dependent-manner (47, 48). In addition, Dectin-1-Syk-CARD9 signaling was critical for pro-IL-1β transcription induced by M. canis, suggesting that dermatophyte glycan recognition by CLR provides the first signal for NLRP3 and IL-1β synthesis. Importantly, M. canis also triggered IL-1β production in vivo, after intraperitoneal infection of WT mice, but IL-1β release was completely abolished in NLRP3- or ASC-deficient mice (47). In line with these studies, T. rubrum conidia phagocytosis also induced IL-1β via Dectin-1 and Dectin-2, in a NLRP3-ASC-caspase-1 dependent-manner (36) and IL-1 signaling in macrophages restricted T. rubrum conidia germination and hyphae growth (37). The second signal proposed for NLRP3 activation and IL-1β release by M. canis or T. schoenleinii was found to be dependent on cathepsin B activity, K+ efflux and ROS production. Nevertheless, the dermatophyte-derived molecules that trigger this second signal remain unknown and, the only evidence, so far, is that it can be mediated by heat-sensitive molecules (47, 48). In this sense, dermatophyte heat-sensitive proteases might play a similar role as the secreted aspartic proteases (SAPs) from C. albicans which activate NLRP3 after its internalization via a clathrin-dependent mechanism with intracellular induction of K+ efflux and ROS production (49).

Taken together, dermatophyte activation of NLRP3 inflammasome via CLR on myeloid cells represents a key event for triggering innate immunity. Experimental skin infection with Arthroderma benhamiae, A. vanbreuseghemii (50) or M. canis (51) elicited IL-1β production by epidermal cells, however, the role of inflammasome-dependent antifungal immunity during skin dermatophyte infection is currently unknown.



Toll-Like Receptors

Toll-like receptors (TLR) are membrane glycoproteins that were first described by their ability to control fungal infections in Drosophila and later were found to mediate mammalian host response against microbial pathogens. Upon ligand binding, TLR intracellular signaling is mediated by myeloid differentiation primary response 88 (MyD88) and TIR domain-containing adapter-inducer interferon-β (TRIF) to trigger the inflammatory response. Fungal ligands that bind to TLR are not completely defined, however, experimental evidence suggests that TLR cross-signal together with CLR and modulate the antifungal defense (30). In this regard, it has been demonstrated that TLR-2 increases its ligand-binding spectrum by heterodimerization with Dectin-1 for β-glucan recognition (52).

The studies concerning the role of TLR in the anti-dermatophyte immune response have produced results showing pro-inflammatory as well as anti-inflammatory effects that need further elucidation. Myeloid cells, keratinocytes and fibroblasts increase TLR-2 and TLR-4 mRNA expression upon interaction with dermatophytes (43, 53). In vitro studies with feline neutrophils showed an increase in TLR-2 and TLR-4 mRNA levels after stimulation with live and heat-killed M. canis arthroconidia (54). Recently, Celestrino et al. (55) reported that TLR-2 is important for T. rubrum conidia phagocytosis and pro-inflammatory cytokines production by human monocytes. Additionally, considering that TLR-2 is not a phagocytic receptor, these authors suggested that TLR-2 enhances CLR-mediated phagocytic activity.

Interestingly, extracellular vesicles (EVs) produced by Trichophyton interdigitale have been demonstrated to induce proinflammatory mediators by bone marrow-derived macrophages and keratinocytes in a TLR-2-dependent manner (22). The EVs are spherical structures composed of a lipid-bilayer membrane produced by different microorganisms and play a role in the secretion of virulence factors. Therefore, this study showed that dermatophytes can modulate the host innate immune response by producing EVs loaded with still undefined dermatophyte virulence factors that interact with TLR.

On the other hand, published data using a deep dermatophytosis model in TLR-2 deficient mice subcutaneously infected with T. mentagrophytes demonstrated that fungal interaction with TLR-2 suppresses the inflammatory response of peritoneal macrophages and the production of IL-17, IL-10 and IFN-γ (interferon-gamma) by splenocytes (56). Coincidentally, we observed a lower fungal burden in the skin of TLR-2 deficient mice compared to WT using an epicutaneous model of M. canis infection (Beccacece I., unpublished data). According to this, Netea et al. (57) observed that TLR-2 deficient mice were more resistant to disseminated candidiasis than WT, as there was increased chemotaxis and enhanced candidacidal capacity of TLR-2-/- macrophages due to a more robust Dectin-1-mediated immune response in the absence of TLR-2. Furthermore, TLR-2 expression apparently suppresses Dectin-1-dependent production of CXCL8 (IL-8) against fungal β-glucans (52, 58). CXCL8 is a member of the CXCL chemokine family primarily involved in neutrophil recruitment and activation in response to tissue damage or infection (59) and can be directly induced in human keratinocytes by dermatophytes (53, 60).

In patients with dermatophytosis, TLR-2 and TLR-4 immunohistochemical staining was observed in lower epidermis from infected skin (44). Accordingly, a recent study demonstrated that T. benhamiae induced in vitro TLR-2 expression in human keratinocytes and dermal fibroblasts (53). Thus, so far, there is no clear evidence on the fungal molecules and mechanisms involved in TLR-dermatophyte interactions but, as many intracellular signaling molecules are shared between PRR pathways, it seems that a functionally important cross-talk with CLR might be crucial for the antifungal response outcome. The in vivo studies suggest a role of TLR-2 in downmodulating inflammation during dermatophytosis.




Dermatophyte Interaction With Skin Cells in the Context of Infection

The stratum corneum, the outer layer of the skin, is composed of dead keratinocytes, keratin and hydrophobic lipids along with antimicrobial peptides (AMP), and function as a barrier against the environment and potential pathogens. In the epidermis, keratinocytes are essential to initiate the cutaneous immune response since they express various innate receptors (TLR, CLR, NLR, etc.) that detect pathogens and induce cytokine, chemokine, and antimicrobial peptide synthesis to locally modulate the recruitment and function of inducers and effectors cells from immunity. Furthermore, keratinocytes express cytokine receptors (such as IL-17R, IL-22R and TNFR) that potentiate this response. In between these cells, there are immune cell subsets strategically located to tissue immunosurveillance like Langerhans cells (LC) and resident memory CD8+ T cells; while in the dermis, there is a great variety of cell populations: different subsets of dermal dendritic cells (DC), macrophages, mast cells, innate lymphoid cells (ILC), γδ T cells and memory-resident and regulatory T cells (CD4+ and CD8+). Furthermore, there are nervous terminals that innervate the skin and lymphoid vessels from where immune cells migrate to lymphoid organs (61) (Figure 2).




Figure 2 | Model of skin immune response in dermatophytosis. Dermatophyte fungi invade the stratum corneum and release proteases (P) that degrade keratin for fungal growth and facilitate tissue invasion. Extracellular vesicles (EV) loaded with fungal virulence factors might be also released during infection. Host recognition of dermatophytes is mainly through CLR and TLR on myeloid cells and keratinocytes. The adapter protein CARD9 is a key molecule in fungal sensing that signals downstream various CLR and mediates cross-signaling of other innate receptors (TLR and NLR). Keratinocytes (KC) sense fungal hyphae and consequently release: 1) antimicrobial peptides (AMP; including cathelicidin and β-defensin) that are effector molecules promoting fungal clearance, 2) proinflammatory mediators (IL-6, CXCL8, TNF) that further stimulate inflammation and neutrophil recruitment or 3) immunosuppressive proteins, such as TSG-6, particularly in human infections with anthropophilic dermatophytes. Also, IL-6, IL-17, and IL-22 further stimulate KC activation. Neutrophils recognize fungi and trigger the intracellular activation of MAPK and NFκB pathways leading to proinflammatory cytokines/chemokines release that also enhance KC activation, recruit more inflammatory leukocytes and, probably, promote IL-17 producing-lymphocytes through IL-23 release. Neutrophils also secrete reactive oxygen species (ROS) and neutrophil extracellular traps (NETs) that kill dermatophytes. The role of macrophages has not been directly evaluated during skin infections but these cells might also kill dermatophytes by IFN-γ-induced ROS and nitric oxide (NO) production or even resolve inflammation through phagocytosis of apoptotic neutrophils with production of anti-inflammatory cytokines (e.g.: IL-10). As for adaptive immunity, Langerhans cells (LC) are located in the epidermis and sense dermatophytes, migrate to skin draining lymph nodes and promote Th17 differentiation (ref. 51). Whereas in the dermis, different subsets of dendritic cells (DC) are probably involved in sensing fungal molecules and producing cytokines that drive IL-17- or IFN-γ- mediated immunity. IL-17A produced by adaptive Th17 cells and innate lymphocytes (γδT or ILC) boosts KC activation/proliferation and inhibits superficial fungal growth. Upon binding to IL-17RA/IL-17RC in KC, IL-17A activates Act1-TRAF6-NFkB/MAPK or STAT-3 intracellular pathways and induce cytokines/chemokines and AMP production. Furthermore, the IL-17/IL-17RA pathway transactivates epidermal growth factor receptor (EGFR) which promotes KC proliferation. During mild superficial experimental infection with M. canis, type 17 immunity restricts both fungal growth and an exacerbated type 1 (IFN-γ mediated) inflammation (ref. 51). Conversely, IFN-γ mediated-response suppresses cytokines related to the IL-17 pathway leading to an increased fungal burden. During T. benhamiae experimental infection both Th1 and Th17 phenotypes are induced and control the cutaneous mycoses (ref. 120). Dotted lines and question marks refer to mechanisms not directly demonstrated in the context of skin dermatophytosis. CARD9 signaling might be involved in various skin cells populations of the antifungal defense. KC, keratinocyte; LC, Langerhans cell; DC, dendritic cell; Ne, neutrophil; ILC, innate lymphoid cell; Mø, macrophages; sdLN, skin draining lymph node; CLR, C-type lectin receptor; TLR, Toll-like receptor; NLR, nucleotide-binding oligomerization domain (NOD)-like receptor; IL-17RA/IL-17RC, interleukin 17 receptor A/C; TCR, T cell receptor; MHC, major histocompatibility complex; AMP, antimicrobial peptides; ROS, reactive oxygen species; NO, nitric oxide; NETs, neutrophil extracellular traps; P, proteases; EV, extracellular vesicles.



Dermatophyte invasion is mostly restricted to keratinized tissues such as skin, hair, and nails but with the potential to cause extensive chronic superficial infections or even invasive systemic disease in immunocompromised patients. Widespread chronic or extracutaneous invasive infections have been largely related to patients with keratinization disorders or cell-mediated immunity deficiencies such as those observed in HIV, bone marrow and solid organ transplant recipients, or corticosteroid therapy (3, 5). In the last decade, inherited mutations in key signaling innate immunity pathways have been related to dermatophytosis susceptibility as well (40, 62, 63). Considering that our immune system exhibits tissue-specific restrictions (64) and the majority of results were obtained using myeloid cell populations, we scarcely understand the cellular and molecular mechanisms involved in the skin immune response to dermatophytes (Figure 2).


Keratinocytes: Active Initiators of Cutaneous Immunity Response

The first epidermal cells encountered during the dermatophyte infection process are keratinocytes (60, 65, 66). Upon exposure to dermatophytes, keratinocytes release pro-inflammatory mediators such as IL-6, CXCL8, TNF, and AMP including cathelicidin and β-defensins (53, 66, 67). Tani et al. (60) demonstrated that CXCL8 was detected in supernatants of 24 h co-culture of normal human epidermal keratinocytes (NHEKs) with microconidia from T. mentagrophytes, T. rubrum, or T. tonsurans. Cytokine production was strongly enhanced with the zoophilic T. mentagrophytes, whereas lower levels were seen with the other anthropophilic species. Moreover, only T. mentagrophytes induced TNF and granulocyte-macrophage colony-stimulating factor (GM-CSF) production by NHEKs. These results support clinical evidence from human dermatophytosis showing that zoophilic dermatophytes induce more severe inflammatory responses than anthropophilic species. As described above for NLRP3 activation in myeloid cells, heat-killed fungi were unable to induce cytokine production by NHEKs, suggesting that metabolic activity or products secreted by dermatophytes are necessary to trigger the inflammatory response. Similar findings were recently reported by Faway et al. (66) using reconstructed human epidermis (RHE), an in vitro three-dimensional model of human skin. After infection with T. rubrum arthroconidia, hyphae invaded the stratum corneum and located in the whole intercellular space altering the epidermal barrier integrity and activating keratinocyte response with mRNA expression and release of CXCL8, TNF-stimulated gene 6 protein (TSG-6), AMP (human β-defensin-2 and -3 and S100A7) and, in a lesser extent, IL-1α, IL-1β, TNF, thymic stromal lymphopoietin (TSLP), and granulocyte colony-stimulating factor (G-CSF). In line with these data, Hesse-Macabata et al. (53) have recently described that T. benhamiae promotes expression and secretion of pro-inflammatory cytokines/chemokines as well as expression of various AMP, TLR-2 and proliferation marker Ki67 after infection of human keratinocytes and dermal fibroblast.

Taken together, these in vitro models demonstrate that, in the absence of immune cells, keratinocytes not only form a physical barrier against dermatophyte invasion but also actively confer an early antifungal defense by triggering a skin-specific immune response (Figure 2). It is worthy to notice that experiments using reconstructed human epidermis (RHE) also produced high levels of the immunosuppressive protein TSG-6 after T. rubrum infection (66), indicating that keratinocytes could also provide mechanisms involved in inflammation control and tissue repair (68).



Neutrophils

During dermatophytosis, neutrophils are the first leukocytes recruited to the site of infection (51, 69) and are thought to be responsible for fungal elimination from the skin (21, 70, 71) (Figures 1 and 2). In human infection, as well as in experimental dermatophytosis models, neutrophils form epidermal microabscesses surrounding the hyphae in the stratum corneum (50, 51, 72, 73) (Figure 1). According to this, CD11b+ Ly6G+ neutrophils can be detected by flow cytometry in epidermal cell suspensions as early as 2 days after M. canis epicutaneous infection in mice (51). Early studies performed by Calderon and Hay (70) demonstrated that human peripheral blood neutrophils exhibited potent cytotoxic activity against T. quinckeanum and T. rubrum hyphae. Moreover, dermatophyte-stimulated human neutrophils were able to phagocyte conidia, produce CXCL8, IL-1β, IL-6, IL-8, and TNF, and stimulate extracellular traps (NETs) formation (21, 74).

Despite all the experimental evidence suggesting a main role of neutrophils as the first ‘defenders’ against dermatophytes, neutropenic patients are not frequently susceptible to extracutaneous invasive infection as they are to other fungi (including normally non-pathogenic species) (75). Instead, neutropenic patients frequently present widespread superficial infections and dermal granulomas resistant to antifungal treatment (Majocchi’s granulomas) (76, 77). In agreement with this, De Sousa et al. (74) studied a cohort of patients with chronic widespread dermatophytosis without noticeable predisposing conditions or signs of immunodeficiency and found that their blood-derived neutrophils and macrophages presented impaired in vitro killing of T. rubrum. Additionally, neutrophils from patients displayed defects in hydrogen peroxide, nitric oxide and cytokine production compared to neutrophils from patients with typical dermatophytosis (tinea pedis) or healthy donors. However, this study did not further demonstrate the cause of antifungal defects showed by the phagocytic cells.

Furthermore, impairment in neutrophil mobilization to the site of infection or fungal killing mechanisms could be associated with inherited CARD9 deficiency and dermatophytic disease in humans (78, 79). Nevertheless, to which extent neutrophils control cutaneous defenses against dermatophytes and restrain extracutaneous fungal invasion remains not fully understood.



Antimicrobial Peptides

Antimicrobial peptides and proteins (AMP) are innate immune effector molecules that not only have microbicidal activity but also function as chemoattractants and proteinase inhibitors, have proangiogenic activity, promote wound repair, and can modulate adaptive immunity. The importance of AMP as antimicrobial effector molecules relies on fast killing mechanisms like forming pores in the microbial cell wall or nutrient depletion by extracellular Zn2+ and Mn2+ chelation (80, 81).

In the skin, there are more than 20 AMP including human β-defensins (hBDs), cathelicidins (LL-37), S100 proteins, RNase 7 and lactoferrin, among others (82). Keratinocytes constitutively express hBD1 whereas hBD2, hBD3, and hBD4 require TLR signaling or induction through TNF, IL-1β, or other cytokines (83). Additionally, other signaling pathways also regulate AMP production by keratinocytes, such as insulin-like growth factor 1 (IGF-1), vitamin D signaling and epidermal growth factor receptor (EGFR) ligands (83). In this regard, EGFR regulates transcription of downstream AMP genes (hBD-2 and -3, RNase 7, S100A7, elafin) and several cytokines and chemokines (CXCL8, IL-6, IL-20, IL-24, CXCL1) (80, 82). Keratinocyte stimulation of G-coupled receptors and certain cytokine receptors (such as IL-17RA/IL-17RC) results in matrix metalloproteinase (MMP)-mediated shedding of EGFR ligands (amphiregulin and heparin-binding epidermal growth factor-like growth factor, HB-EGF, and transforming growth factor-alpha, TGF-α) leading to transactivation of EGFR and further AMP expression in the skin (Figure 2). Strikingly, EGFR blocking in keratinocytes significantly decreased AMP expression in response to T. rubrum which could explain the increased dermatophyte infection rate observed in patients receiving therapy with anti-EGFR (81).

Lopez-Garcia et al. (84) firstly reported that cathelicidins may play a role in the skin defense against dermatophytes. They detected increased cathelicidin protein expression in the skin from patients with tinea pedis and in vitro inhibition of Trichophyton sp. growth by cathelicidin-derived synthetic peptides LL-37 and CRAMP. Similar data were later reported by Brasch et al. (44), demonstrating that AMP psoriasin (S100A7), hBD-2 and RNase 7 also inhibit dermatophyte growth in vitro (85). In agreement, Firat et al. (81) published that human foreskin-derived keratinocytes exposed to T. rubrum strongly boosted RNase 7 and hBD-3 expression and this phenomenon was synergistically increased in the presence of IFN-γ and IL-17A. Moreover, Sawada et al. (67) observed that expression of epidermal hBD-2 and LL-37 was significantly lower in Adult T-cell leukemia/lymphoma (ATLL) patients with dermatophytosis than in infected non-ATLL patients, and this correlated with a significantly decreased frequency of peripheral T helper 17 (Th17) lymphocytes and lower IL-17 levels in serum. The ATLL immune condition revealed that Th17 cells are deeply involved in keratinocyte production of antimicrobial peptides against dermatophytes.




Type 17 (IL-17-Mediated) Immunity in Dermatophytosis

Type 17 immunity have a critical role in innate and adaptive immunity at barrier tissues such as oral, intestinal and lung mucosa as well as the skin. IL-17 cytokines play a major role in maintaining local homeostasis with microbiota, protecting against infections and mediating severe inflammatory diseases such as inflammatory bowel disease or psoriasis (86–88). IL-17 family members comprise six related proteins: IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (IL-25), IL-17F, and the heterodimer IL-17AF. Among them, IL-17A has been the most studied cytokine and, therefore, associated with human health and disease (86). IL-17A is produced by hematopoietic cells from both innate and adaptive immune system, including CD4+ T helper (Th17), CD8+ cytotoxic T (Tc17), γδT, natural killer (NK), group 3 innate lymphoid (ILC3), and ‘natural’ Th17 cells. Members of the IL-17 family act like “local cytokines” mainly on non-classical immune cells such as epithelial, endothelial, and fibroblastic cells. IL-17 signals through heterodimeric receptors composed of the subunit IL-17RA associated with either IL-17RC, IL-17RE, or IL-17RB, which are specifically stimulated by IL-17A and F, IL-17C, and IL-17E (IL-25), respectively (89). Upon signaling on keratinocytes, IL-17 stimulates the production of various cytokines (such as GM-CSF, TNF, IL-6), chemokines (CXCL1, CXCL8), and vascular endothelial growth factor (VEGF). IL-17 can also enhance the expression of AMP such as hBD-2 and LL-37 and promote keratinocyte proliferation (80). All these mechanisms may play a major role in clearing cutaneous fungal infection (90, 91) (Figure 2).

In the skin, fungal recognition by PRR on myeloid cells (DC, macrophages, neutrophils) and, probably, keratinocytes and fibroblasts trigger the production of cytokines like IL-23, IL-6, IL-1β, and IL-21 (51, 53, 90). Cytokine binding to its receptor on lymphocytes selectively triggers intracellular Signal Transducer and Activator of Transcription 3 (STAT3) phosphorylation, Retinoic-acid-receptor-related orphan nuclear receptor gamma (RORγt) transcription factor activation and, eventually, leads to the induction of Th17 lineage or the synthesis of type 17-cytokines (IL-17, GM-CSF, IL-22) (92). Noteworthily, IL-17A can also activate STAT3 in keratinocytes and amplify IL-6 production (80) (Figure 2). In line with this, patients with STAT3 mutations (Autosomal dominant hyperimmunoglobulin E syndrome, AD-HIES) have increased susceptibility to candidiasis and dermatophytosis due to a diminished Th17 response (62).

It is well known that mucocutaneous candidiasis (CMC), a chronic and recalcitrant clinical syndrome, is associated with several genetic diseases related to dysregulation or inhibition of the IL-23/IL-17 pathway (33, 93). In this sense, IL-17-producing memory CD4+ T cells in peripheral blood expand specifically upon Candida albicans stimuli (94) and skin resident Th17 lymphocytes mediate protective immunity to this yeast (95). However, much less is known about the skin T cell response during dermatophytosis. Deficiencies in type 17 immunity associated with susceptibility to widespread chronic dermatophytosis have been reported in patients with ATLL (67), autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) (72), Dectin-1 mutations (39), loss-of-function mutations in STAT3 (62), autosomal gain-of-function mutations in STAT1 (96, 97), and anti-IL-17 antibody treatment (secukinumab) (73, 98). Furthermore, IL-17 impairment was also associated with inherited CARD9 deficiency and deep dermatophytosis (40, 99).



Experimental Dermatophytosis as Models of Human Disease

In contrast to research on Candida sp. infection, the lack of murine experimental models for dermatophytosis that mimic natural human infection long-hindered the possibility of in-depth studies on immunological mechanisms involved in the susceptibility to these mycoses. In the 1980s, Hay et al. (100, 101) made important contributions to the understanding of the anti-dermatophytic immunity by developing a highly inflammatory dermatophytosis model, similar to favus in humans, after epicutaneous infection of BALB/c mice with the murine pathogen T. quinckeanum. They showed that mice self-controlled the infection with a peak of skin lesions at 7–10 days, characterized by epidermal proliferation (acanthosis), neutrophil recruitment (epidermal microabscesses) and increased antigen-specific lymphocyte proliferation (69). Furthermore, they found that the adoptive transfer of T lymphocytes conferred resistance to sub-lethally irradiated mice (101) and that immunological memory was evidenced in re-infected mice (secondary infection) as they quickly cleared fungi and showed an augmented lymphoproliferative response to fungal antigens (100).

After almost 30 years of the studies published by Hay and colleagues, in 2014, Cambier et al. (50) developed a similar model in C57BL/6 mice with the zoophilic species Arthroderma benhamiae and A. vanbreuseghemii (both from the Trichophyton mentagrophytes complex) that cause highly inflammatory dermatophytosis in humans (102, 103). In this regard, experimental models of human diseases developed in a C57BL/6 mice background are remarkably important for the study of immunological mechanisms due to the wide variety of genetically modified strains available (104). Mice epicutaneously infected with Arthroderma self-healed at approximately 30 days with a clinical course and features similar to the inflammatory dermatophytosis in humans (50). Interestingly, Arthroderma-infected skin showed mRNA overexpression of proinflammatory cytokines like transforming growth factor-beta (TGF-β), IL-1β, IL-6, and IL-22 at days 7 and 21 post-infection, suggesting a role of type 17-immunity in host defense. In this line, we later demonstrated that IL-17-mediated immunity is key for host protection in an experimental epicutaneous infection of C57BL/6 mice with Microsporum canis (51), a zoophilic dermatophyte that causes highly prevalent tinea capitis and tinea corporis in children (105–107) (Figure 1). Similarly to the Arthroderma model, M. canis-infected mice showed skin lesions only limited to the epidermis and hair follicles, with a maximal clinical score at 8 days post-infection and fungal clearance around day 28. However, in contrast to that observed in Arthroderma-infected mice, M. canis infection was characterized by mild cutaneous lesions resembling non-inflammatory human disease (Figure 1). Re-stimulation of skin draining lymph node cells with heat-killed M. canis showed that Th17 adaptive immunity predominates during infection (51). As demonstrated for Candida and Malassezia (108, 109), M. canis selectively triggers a type 17 immune response mainly by CD4+T and, to a lesser extent, by CD8+T lymphocytes in lymph nodes around 8 days post-infection. Furthermore, IL-17-deficient mice (IL-17RA KO or IL-17A/F KO) were extensively colonized with M. canis hyphae as demonstrated by a forty-fold increase in skin fungal burden compared to WT infected mice (Figure 1). IL-17-deficient mice showed less epidermal thickening (acanthosis) nevertheless, pro-inflammatory cytokine production was up-regulated after infection. Moreover, in the absence of a functional IL-17 pathway, M. canis did not invade dermis or deep tissues in mice (51) in coincidence with clinical evidence showing that humans with deficiencies in type 17 immunity or treated with anti-IL-17 antibody (secukinumab) are susceptible to widespread superficial infections rather than deep dermatophytosis (67, 73).

Strikingly, in our model, neutrophil function and mobilization to the site of infection were uncoupled from IL-17 signaling since IL-17-deficient mice had a significantly higher frequency of neutrophils in the skin (51) (Figure 1). Supporting these findings, neutrophilic microabscesses were observed next to hyphae in the epidermis of a patient with dermatophytosis after 4 weeks of treatment with anti- IL-17 antibody (73). Further research is needed to establish the in vivo role of neutrophils in dermatophytosis and the molecular pathways driving its mobilization to the skin. Considering that dermatophytes induce a robust production of chemokines and cytokines (CXCL8, CXCL1, IL-6) by keratinocytes (53, 60, 65, 110), these chemotactic factors are probably the main mediators of neutrophil recruitment, independently of IL-17 signaling.

Altogether, these experimental and clinical results reveal that type 17 immunity is important to boost keratinocyte proliferation and probably early production of AMP after dermatophyte skin invasion. Eventually, IL-17 deficient hosts are able to overcome infection but at the expense of an exacerbated inflammation and tissue damage (51, 111).

On the other hand, anthropophilic dermatophytes (e.g. T. rubrum, T. interdigitale, T. tonsurans) are evolutionarily adapted to human keratin and consequently, murine experimental models might have limitations in recapitulating the features of inflammation and specific immune response occurring in a natural setting. Nevertheless, Baltazar et al. (112) have reported some interesting data by developing a model of T. rubrum infection in C57BL/6 mice after epicutaneous and intradermal inoculation of conidia. Likewise to the M. canis model, T. rubrum infected mice showed a peak of fungal burden after 7 days of infection (112) that significantly decreased by day 14. Along with T. rubrum infection, myeloperoxidase (MPO) and N-acetylglucosamine (NAG) activity was detected in the skin, suggesting recruitment of neutrophils and macrophages to the site of infection. Interestingly, MPO activity decreased in parallel with fungal load (14 days post-infection), but NAG activity remained elevated, even after fungal clearance (112). The authors hypothesized that skin macrophages might be involved not only in fungal killing, but also in the resolution of inflammation. In this sense, phagocytosis of apoptotic neutrophils by macrophages is a key mechanism to down-modulate inflammation and return to tissue homeostasis during infectious diseases (113) (Figure 2).



Type 1 (IFN-γ-Mediated) Immunity

The role of IFN-γ-mediated (type 1 or Th1) response in protective skin immunity against dermatophytes remains less clear than IL-17-driven immunity. In the M. canis model, dermatophyte infection in WT mice did not trigger the expansion of antigen-specific IFN-γ-producing T cells in skin draining lymph nodes (51). In contrast, IL-17-deficient mice experienced a shift to a type 1 response suggesting the establishment of IFN-γ-mediated compensatory mechanisms to restraint M. canis infection. Nonetheless, in vivo IFN-γ neutralization in IL-17RA KO mice (at days 3 and 6 post-infection) increased skin production of Th17-lineage cytokines (IL-22, IL-17, IL-1β, IL-6) and significantly inhibited fungal growth (51). These surprising data open the possibility that IFN-γ deregulation, in the absence of IL-17 signaling, might contribute to superficial M. canis overgrowth by inhibiting type 17-related responses. However, the mechanisms by which Th1 cytokines may interfere with cutaneous immunity against dermatophytes and counter-regulate the IL-17 pathway remain unknown. Therefore, in this model, type 17 immunity has a dual role during infection by inhibiting dermatophyte growth and controlling Th1-mediated inflammation (51, 111).

In line with the experimental data observed in the M. canis mouse model, patients with mutations that lead to the gain of function in the transcription factor STAT1 (STAT1 GOF), that promote type I and type II IFN genes transcription, have reduced type 17 immunity and are susceptible to chronic mucocutaneous candidiasis (CMC) and dermatophytosis (96, 97, 114–117). Consistent with this, increased STAT1 responses to Th1 cytokines (IFN-γ and IL-27) were shown to repress the differentiation of IL-17-producing T cells through mechanisms that are not yet completely understood (114, 118). In fact, increased STAT1 phosphorylation induced by IFN-γ can be reversed upon treatment with the JAK kinase inhibitor, ruxolitinib (113) and, interestingly, patients with STAT1 GOF condition treated with ruxolitinib have shown remission of mucocutaneous candidiasis (119). Altogether, the clinical data supports the experimental results from M. canis model (51), showing that dermatophyte susceptibility is mainly due to deficiencies in IL-17-driven immunity and that type 17 and type 1 immunity would eventually counter-regulate each other.

Nevertheless, Heinen et al. (120) observed that, after Trichophyton benhamiae epicutaneous infection in C57BL/6 mice, Th17 along with Th1 responses function in a complementary manner and, only when both IL-17 and IFN-γ pathways are deficient, mice suffer from superficial persistent infection. In contrast, Baltazar et al. (112) reported that IL-12p40 KO mice (lacking common β-subunit of IL-12 and IL-23 and thus, with impaired IL-17 and IFN-γ signaling) or IFN-γ KO mice were able to control T. rubrum infection after 14 days, but showed an increased fungal burden in the first week compared to infected WT mice. Eventually, as described for the M. canis model (51), deep dermatophytosis was not observed in the absence of IL-17 and IFN-γ in neither infection models (112, 120), suggesting that several immune pathways must be compromised to establish invasive dermatophytosis. The effector mechanisms of IFN-γ remains unclear but Verma and Gaffen (121) hypothesized that, as observed in Candida skin infection, IFN-γ may contribute to T. benhamiae destruction and expulsion by activating the fibrinolytic system in the epidermal abscess (122) or promoting M1 macrophages at a later infection stage (Figure 2). In line with this, peritoneal macrophages from IFN-γ KO mice showed decreased ROS production and were unable to efficiently phagocyte and kill T. rubrum conidia in vitro (112) indicating that macrophages might play a role in clearing infection.

The most noticeable difference between the M. canis (51) and the T. benhamiae (120) model is that mice infected with T. benhamiae had a more aggressive infection with significantly augmented fungal burden and skin inflammation, compared to M. canis-infected mice. Therefore, undefined specific virulence factors produced by these two pathogens may selectively activate different immune pathways in the skin. In addition, the route of infection in the T. rubrum model (intradermal conidia inoculation) might activate specific subsets of dermal dendritic cells that could eventually promote IFN-γ-mediated response (112) (Figure 2). This was observed in Candida albicans skin infection, where epicutaneous infection induces Th17 response through Langerhans cells (LC), while invasive Candida hyphae in dermis triggers Th1 immunity mediated by CD103+ dermal dendritic cells (108).

In conclusion, the experimental data confirm clinical evidence showing that type 17 immunity is crucial for preventing uncontrolled superficial dermatophyte growth and for restricting an exacerbated cutaneous inflammation. The function of type 1 immunity is less clear since it inhibits type 17-mediated protective mechanisms (in the absence of an optimal IL-17 signaling) as observed in the mild inflammatory M. canis model or, in contrast, it might contribute to clear the infection as observed in the T. benhamiae inflammatory model.



Skin Antigen-Presenting Cells and Innate Versus Adaptive Response

In the steady-state skin, there is a coexistence of several antigen-presenting cells (APC) with the capacity to initiate and shape the immune response against pathogens. Langerhans cells are the most abundant population of skin APC and are constitutively localized in the epidermis. Other major populations of migratory skin DC are present within the dermis: CD103+ DC subset, CD11b+ DC (CD1c+ DC in humans) and double negative DC. The current consensus is that these defined DC subsets contribute differently to antimicrobial immunity depending on the pathogen, the site or the stage of infection (123). The paradigm of adaptive immunology poses that after pathogen invasion, skin DC capture antigens and migrate to lymph nodes to present them to T lymphocytes in an MHC-TCR (Major Histocompatibility Complex–T cell receptor) context, thereby expanding antigen-specific T helper or T regulatory clones which return to the skin to fight the infection and modulate inflammation, respectively. In Candida albicans or Malassezia epicutaneous infections, IL-6- or IL-23-producing LC migrate and induce an antigen-specific Th17 response by 7–10 days post-infection (90, 109). At the same time, cutaneous DC are also able to rapidly and locally activate resident skin cells to arm the innate immune response. Notably, C. albicans directly stimulates sensory neurons to produce a neuropeptide that, in turn, induces IL-23 production by dermal DC and promotes a rapid protective response by IL-17-producing γδT cells (124). Moreover, as early as 2 days during Malassezia infection, not only LC but also neutrophils produced IL-23 to stimulate IL-17A-production by γδT, ILC and αβT cells in the skin (109). Nonetheless, the precise mechanisms involved in the induction of protective immunity in dermatophytosis are far less clear. Type 17 immunity-instructing factors IL-1β, IL-6, TGF-β and IL-23 were produced by epidermal cells after M. canis and T. benhamiae dermatophytosis in mice (51, 120). In the M. canis model, langerin expressing-dendritic cells (LC and a minor population of dermal DC) contributed critically to the regulation of the M. canis-specific Th17 response in draining lymph nodes (51), which is reminiscent of Th17 induction in response to epicutaneous infection with C. albicans (125) and Malassezia (109). However, M. canis fungal burden was not affected by fungal-specific Th17 cell reduction after depletion of langerin-expressing DC (51), pointing towards alternative innate sources of IL-17 for controlling dermatophytosis (Figure 2). In this sense, Heinen et al. (120) observed that IL-17 mRNA expression was early induced (3 days post-infection) in the skin of T. benhamiae-infected mice and showed a remarkably strong contribution of innate immunity in clearing dermatophytes from the skin. They demonstrated that Rag2-/- mice (lacking T and B cells) presented a long-lasting infection but were ultimately able to clear T. benhamiae from the skin.



Inherited CARD9 Deficiency and Deep Dermatophytosis

The clearest evidence of innate immunity involvement in restricting dermatophyte extracutaneous invasion was the discovery of loss-of-function mutations in the adapter protein CARD9 as the primary immunodeficiency underlying deep dermatophytosis (126). Deep dermatophytosis is a severe, recalcitrant and, sometimes, a life-threatening infection characterized by extensive invasion of the dermis (106) (Figure 1), hypodermis, and deeper tissues, by dermatophytes (6). As described above, CARD9 is a caspase recruitment domain-containing signaling protein crucial for CLR downstream signaling and gene activation by fungal glycans but it is also involved in cross-signaling with other innate receptors, such as TLR and NLR (107). Thus, CARD9 protein plays a critical role in innate immunity probably controlling various innate immune pathways (Figure 2).

In 2013, Lanternier et al. (40) first demonstrated that 17 non-consanguineous patients with deep dermatophytosis by T. rubrum or T. violaceum, had autosomal recessive CARD9 deficiency without other associated infectious conditions, except oral candidiasis in six of them. These authors described two CARD9 mutations: a homozygous premature stop codon mutation (Q289), identified in 15 patients from seven unrelated Algerian and Tunisian families, and a homozygous missense mutation (R101C) in two Moroccan siblings. The functional consequence of CARD9 mutations was a markedly low level of IL-6 production after stimulation of whole-blood leukocytes with heat-killed C. albicans or S. cerevisiae, but not with TLR agonists. Furthermore, peripheral Th17 cells from CARD9-deficient patients were significantly less frequent than healthy controls. CARD9 Q289 mutation was later described in Egyptian patients with widespread superficial T. rubrum infection of the skin and nails without significant visceral involvement (127). Recently, this mutation was also reported in an Algerian woman who suffered from cutaneous chronic dermatophytosis by T. rubrum from her childhood and developed an invasive brain infection in her adulthood (128).

The phenotypic variability of dermatophytic infection observed in patients with CARD9 deficiency ranges from extensive skin and nail lesions to potentially lethal lymph node and central nervous system infection. In 2015, Grumach et al. (129). reported a Brazilian patient with deep dermatophytosis by T. mentagrophytes harboring a novel CARD9 mutation, R101L. The patient displayed impaired fungal killing by neutrophils and low numbers of CD16+/CD56+ NK cells in peripheral blood. Similarly, Alves de Medeiros et al. (130) described a homozygous R70W CARD9 mutation in a Turkish family with resistant chronic cutaneous and deep dermatophytosis along with mucocutaneous and invasive candidiasis. In these patients, circulating IL-17 and IL-22 producing T cells were decreased as well as IL-6 and GM-CSF secretion by peripheral mononuclear cells upon stimulation with Candida albicans. Furthermore, high levels of serum IgE and eosinophilia were also a feature in all patients with CARD9 deficiency and invasive fungal invasion, but the link of these responses with the absence of CARD9 remains unexplained so far (40, 127, 130).

The cellular and molecular pathways related to CARD9 signaling in the skin have been scarcely investigated (131, 132) and it is currently unknown how CARD9 precisely drives cutaneous antifungal immunity (Figure 2). The accumulating evidence in humans has shown, so far, that susceptibility to fungal diseases in CARD9-deficient patients is related to the poor production of inflammatory cytokines by myeloid cells in response to fungal antigens along with an impairment in type 17-mediated immunity (126). Furthermore, CARD9 signaling was required in tissue-resident cells for an appropriate induction of CXC chemokines for neutrophil recruitment to the site of fungal infection (79). Noteworthily, Queiroz-Telles et al. (78) have recently reported a successful allogeneic hematopoietic stem cell transplantation (HSCT) in two patients with inherited CARD9 deficiency and deep dermatophytosis. More than 3 years after HSCT, both patients have achieved complete clinical remission and stopped antifungal therapy. This evidence points toward deep dermatophytosis pathogenesis in CARD9-deficiency settings might be largely due to the disruption of myeloid cell antifungal response.



Conclusions and Future Directions

Over the last years, remarkable progress has been made for immunity to fungal pathogens while the physiopathogenesis of dermatophytosis remains poorly explored. So far, clinical and experimental evidence shows that type 17 immunity controls superficial infection, probably by promoting antimicrobial peptide production and keratinocyte proliferation, and independently of early recruited neutrophils with fungicidal function at the site of infection. Additionally, in the setting of mild inflammatory infections, IL-17-mediated response would be crucial to control cutaneous homeostasis preventing detrimental Th1 inflammation. The susceptibility to extracutaneous deep dermatophytosis would be related to deficiencies in various immunity pathways converging in CARD9 activation and probably restricted to the myeloid cell compartment.

In addition to causing symptomatic infections with different severity degrees (Figure 1), dermatophytes also colonize 30%–70% of the human population without causing clinical disease (1, 2, 133), thus these keratin parasites could be considered as a component of the human microbiota. Strikingly, the presence of dermatophyte in the skin, either in commensal or pathogenic relationship with susceptible hosts, has been related to asthma, allergy or eczematous skin (5, 13, 134). Therefore, the colonization of the skin by dermatophytes is an interesting concept to explore for its potential ability to induce migratory or tissue-resident immune cells that could participate in inflammatory pathological settings.

The increasing dermatophytosis incidence in certain geographic areas, the growing evidence of susceptible hosts with severe clinical presentations and the emerging antifungal resistance (7, 33, 135) highlight the need for a deeper understanding of the dermatophyte-host interaction. The next challenges are thoroughly defining which are the virulence factors responsible for dermatophyte pathogenesis and the mechanisms involved in limiting the infection, or, otherwise, those favoring chronicity or asymptomatic colonization.
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The obligate human pathogen Haemophilus ducreyi causes both cutaneous ulcers in children and sexually transmitted genital ulcers (chancroid) in adults. Pathogenesis is dependent on avoiding phagocytosis and exploiting the suppurative granuloma-like niche, which contains a myriad of innate immune cells and memory T cells. Despite this immune infiltrate, long-lived immune protection does not develop against repeated H. ducreyi infections—even with the same strain. Most of what we know about infectious skin diseases comes from naturally occurring infections and/or animal models; however, for H. ducreyi, this information comes from an experimental model of infection in human volunteers that was developed nearly three decades ago. The model mirrors the progression of natural disease and serves as a valuable tool to determine the composition of the immune cell infiltrate early in disease and to identify host and bacterial factors that are required for the establishment of infection and disease progression. Most recently, holistic investigation of the experimentally infected skin microenvironment using multiple “omics” techniques has revealed that non-canonical bacterial virulence factors, such as genes involved in central metabolism, may be relevant to disease progression. Thus, the immune system not only defends the host against H. ducreyi, but also dictates the nutrient availability for the invading bacteria, which must adapt their gene expression to exploit the inflammatory metabolic niche. These findings have broadened our view of the host-pathogen interaction network from considering only classical, effector-based virulence paradigms to include adaptations to the metabolic environment. How both host and bacterial factors interact to determine infection outcome is a current focus in the field. Here, we review what we have learned from experimental H. ducreyi infection about host-pathogen interactions, make comparisons to what is known for other skin pathogens, and discuss how novel technologies will deepen our understanding of this infection.
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Introduction

As a primary barrier to infection, the skin possesses multiple defense mechanisms including antimicrobial peptides, immune cells, and the commensal microbiome. These factors, among others, contribute to inter-person variability in response to infection. Studies investigating natural infection outcomes have been very useful for determining pathology later in infection (1), but are limited in their ability to inform what happens early in infection, since patients generally do not seek care at these times. Differences in host factors as well as different strains of a given pathogen, which may have varying degrees of virulence, further confound understanding how the immune system responds to infection.

The skin immune response differs among pathogens despite the general conservation of cell types that either reside in and patrol the skin or that are recruited to combat the infectious agent. Much of what we know about skin immunology has been inferred from murine infection models or by comparing datasets from convenience human skin samples obtained from plastic surgery (2) and from biopsy of diseased skin (3, 4). Both strategies have elucidated important players in the skin immune response, but have notable caveats. While animal models allow for better controlled studies, the skin of mice differs from human skin in terms of thickness, time to healing, microbiome, and immune response, which can all be attributed to differences in both genetics and environments. Thus, interpretations of animal studies are limited to pathogenesis and immune mechanisms shared by both the animal model and humans. Extrapolation of differential gene expression between diseased and either healthy or reference datasets from different anatomical locales, such as convenience human tissue samples, can have similar limitations.

To circumvent these limitations and further our understanding of how human skin responds to infection in a controlled fashion, we have used experimental skin infection of human volunteers with the extracellular, Gram-negative bacterium Haemophilus ducreyi for nearly thirty years (5, 6). H. ducreyi is the causative agent of two diseases: the sexually transmitted genital ulcer (GU) disease chancroid and cutaneous ulcers (CU) in children (7). Chancroid is a sexually transmitted genital ulcer disease and facilitates the transmission of HIV-1 (8). Due to syndromic management, defined as the provision of treatment without diagnostic testing, the epidemiology of chancroid is not well understood, but chancroid remains endemic in developing countries via reservoirs of infected commercial sex workers (7). Recently, in tropical or equatorial regions with high prevalence of CU caused by Treponema pallidum subsp. pertenue (yaws), H. ducreyi was found to be the etiological agent in ~40-60% of lesions (9–11). For both yaws and H. ducreyi, the ulcers are primarily found on the lower leg and affect approximately 4-10% of children in endemic regions. While the prevalence of H. ducreyi-associated CU initially decreased following mass drug administration of azithromycin, the disease was not eliminated due to environmental reservoirs (12, 13). Thus, there is a continuing need to understand H. ducreyi pathogenesis and the host response to this infection.

There are two classes of H. ducreyi isolates; class I and II strains can be differentiated based on several variable extracellular or secreted proteins (DsrA, NcaA, DltA, LspA1, LspA2, and others), and lipooligosaccharide (LOS) structure (14), but are otherwise highly conserved, clinically indistinguishable, and found in significant proportions of both CU and GU (12, 15–17). Although the majority of CU are typically caused by a single genotype, coinfections with both classes are common in CU (12); such studies have not been done in GU. Most in vitro work and experimental human infection utilizes H. ducreyi 35000HP, a human-passaged class I GU strain. By whole genome sequencing, ~70% of CU strains are nearly identical to 35000HP, indicating that our model is highly relevant to both GU and CU (15, 16).

Although both class I and II strains cause CU and GU, whether individual isolates can cause both diseases within a population is unknown due to a lack of surveillance of GU in CU endemic areas and vice versa. In addition, the number of HD isolates that have been sequenced is quite limited, and syndromic management of GU precludes our understanding of how prevalent each class is in the population. Whether there are differences in infectivity or the ability each class to cause disease in different anatomical locales in natural infection is unknown. To date, 35000HP is the only strain used in experimental human infection. Since 35000HP is a GU isolate and able to infect nongenital skin following the same disease kinetics and pathology seen in GU, it appears that its pathogenic potential is similar in genital and nongenital skin.

Here, we highlight and discuss the recent advances made in understanding H. ducreyi pathogenesis via mutant versus parent comparison trials, the immune response to H. ducreyi infection, and how H. ducreyi may be exploiting the immune system to promote its pathogenesis.



Overview of the Human Challenge Model

The H. ducreyi experimental infection model is arguably one of the best studied human infection model systems. It is also a powerful model for investigating bacterial pathogenesis due to FDA approval for not only experimental infection of wild type and mutant bacterial strains but also the ability to perform punch biopsies of infected sites. In this model, as few as one bacterium introduced into wounded skin on the upper arm is sufficient to cause infection (18). This suggests that experimental human infection mimics natural infection—especially considering that infection of animal models requires 3–6 log-fold higher inocula. Although most individuals experimentally infected with wild type H. ducreyi form papules within 24 hours of infection, only ~70% of individuals progress to the pustular stage; the other ~30% spontaneously resolve the infection within 2 to 5 days (5) (Figure 1). The clinical endpoints are resolution of infection or development of a painful pustule; volunteers with pustules (N=231) are infected for 8.1 ± 2.4 (mean ± SD) days. As subject safety considerations preclude progression of experimental infection to the ulcerative stage, experimental infection mirrors natural disease only until the pustular stage. Pustule formation is dependent on host effects and gender, as men are twice as likely to form pustules as women (5). Re-infection of individuals from past H. ducreyi challenge studies demonstrated that individuals who initially formed pustules tend to form pustules and individuals who resolved infection the first time tend to resolve infection a second time at different statistically significant rates (19). This was not attributable to serum bactericidal or opsonizing antibodies. Similarly, in patients with natural chancroid, there is no apparent protection to re-infection. Although the underlying molecular mechanisms leading to pustule formation or resolution are unknown, varying degrees of immune tolerance—particularly with regard to dendritic cells (DCs)—are hypothesized to play a role.




Figure 1 | Photographs of clinical outcomes in the H. ducreyi human challenge model. Volunteers were infected in three sites and mock infected in the fourth, bottom-most site. On day 1 (24 hpi), both volunteers had papules at all three infected sites (A, C; white arrowheads). On day 6 of infection, the volunteer in (A) had developed pustules at all infected sites (B). In contrast, by day 6, the volunteer in (C) had resolved infection at all three infected sites (D).



To date, 34 mutants have been tested in the human model to define which virulence factors are required for infection (Table 1). The methods for these double-blinded, multi-stage, dose ranging studies have been reviewed previously (5). Mutants are categorized as virulent (form pustules at doses similar to the parent), partially attenuated (form pustules at doses 2- or 3-fold that of the parent, but not at doses equivalent to the parent) or as attenuated (unable to form pustules even at doses 10-fold that of the parent). Of the 34 mutants, 10 were attenuated, 9 were partially attenuated, and 15 were virulent. The trials have shown the importance of evasion of phagocytosis, resistance to complement mediated killing and antimicrobial peptides, the ability to form aggregates, quorum sensing, adherence to collagen and fibrin, nutrient uptake, and adaptation to starvation as pathogenic mechanisms for disease progression. The interaction of some of these virulence determinants with the host immune response will be discussed in detail below.


Table 1 | H. ducreyi mutants tested in the human challenge model.




To our knowledge, the only other active human challenge model using a skin pathogen is the Bacille Calmette-Guérin (BCG) model, which was developed about twelve years ago to assess BCG vaccine efficiency against BCG infection (52). Later the BCG vaccine challenge model was used to evaluate if specific Mycobacterium tuberculosis (53) and M. leprae (54) proteins were cross-reactive. This model injects BCG into the forearm skin and has also been instrumental in defining the immune infiltrate and cytokines released into the microenvironment (52).



The Role of the Host During H. ducreyi Infection


Histopathology of the Cutaneous Ulcer

Our understanding of the role of the host during disease has been aided by histological examination of both experimental and natural infections (1, 55). A schematic of the progression of disease from the papular to pustular stage is found in Figure 2. Infection is dependent on entry through wounds in the skin; intact skin is resistant to infection. H. ducreyi first encounters keratinocytes, fibroblasts, tissue resident and memory T cells, and tissue resident DCs in healthy skin but remains extracellular throughout infection (1, 18, 55). Collagen and fibrin are deposited in the wounds, and innate immune cells are recruited to the site of infection (55, 57). Neutrophils initially surround and attempt to phagocytose the bacteria, forming a microabscess in the epidermis and dermis (55, 57). Macrophages concurrently migrate into the tissue and form a “collar” around the base of the abscess (1, 57). Immature DCs, natural killer (NK) cells, T cells, and a few B cells are simultaneously recruited and localize primarily below the macrophage collar (58–61). If the phagocytic response fails to clear the organism, the papule evolves into a pustule that resembles a suppurative granuloma and eventually erodes into a painful ulcer (1).




Figure 2 | Histology of an experimental lesion and the evolution of disease progression. (A) H & E staining of an endpoint pustule. The black arrowhead indicates the site of the pustule, which has eroded through the epidermis. The green arrowhead indicates the mononuclear cell infiltrate in the dermis. (B) Schematic of disease progression from time of infection to papule and pustule formation. Details of this process appear in the text. Adapted from Atlas of Sexually Transmitted Diseases and AIDS, 4th edition (56).



Immunocytochemistry of papules and pustules revealed that the bacteria are mainly confined to the upper levels of the pustule, where they are surrounded by neutrophils (1, 55, 57). In experimental infection, H. ducreyi is localized to the epidermis and upper dermis, which contrasts to the localization of other skin pathogens that form granulomas in the deep dermis. For instance, Mycobacterium leprae is an intracellular skin pathogen that lives in macrophages. Similar to H. ducreyi, the immune response appears to involve walling off the infection, so the infected macrophages are surrounded by T cells whose subtype determines whether a pro- or anti-inflammatory environment is created (62, 63). Another mycobacterium, M. ulcerans remains extracellular due to secretion of mycolactone and, ideally, is prevented from spreading further into the tissue by macrophages like H. ducreyi, but ulcers can progress to the deep dermis if the infection cannot be controlled (64).

When considering other genital skin infections, chancroidal ulcers can be macroscopically similar to syphilitic chancres caused by T. pallidum. However, in syphilis, bacterial replication is typically in the deep dermis and involves the vasculature (65). Like chancroid, neutrophils are first recruited, but macrophages and the T cells required for infection control are not recruited until late in the second week of infection with T. pallidum (65).

How immune cells are recruited to the site of infection and how H. ducreyi responds to the immune system is discussed below and summarized in Figure 3.




Figure 3 | Summary of immune cell activation by H. ducreyi in a pustule. Schematic of immune cell interactions and the cytokine environment in experimental infection based on transcriptomics and in vitro data. H. ducreyi secretes Large supernatant protein (Lsp)A1 and LspA2 to inhibit phagocytosis by neutrophils and macrophages. However, H. ducreyi is directly taken up by dendritic cells; ingested bacteria and/or soluble antigens from lysed bacteria such as lipooligosaccharide (LOS) result in dendritic cell activation. Dendritic cells subsequently secrete the indicated cytokines that lead to activation of NK cells and T cell subsets. The ratio of different T cell subsets in the lesion may be correlated with disease outcome. Further details appear in the text.





Antigen Presentation and Cytokine Secretion by Dendritic Cells

Myeloid DCs are among the most important antigen presenting cells recruited to sites of H. ducreyi infection (58). DCs have both surface and intracellular pattern recognition receptors (PRRs) that recognize foreign molecules or molecules from damaged cells. Ligand binding to PRRs activates DCs, leading to phagocytosis and the transcription of pro- and anti-inflammatory immune response genes that influence the subsequent T cell response. While large supernatant protein (Lsp) A1 and LspA2 have been shown to inhibit phagocytosis of H. ducreyi by neutrophils and macrophages (66), their expression does not impact DC uptake of H. ducreyi (58). Whether this is because DCs are not as sensitive to phagocytic inhibition by LspA1 and LspA2 or whether DCs use a different mechanism to phagocytose H. ducreyi compared to neutrophils and macrophages remains to be determined. DCs can also be activated by H. ducreyi LOS in a non-contact-dependent manner (67), indicating that phagocytosis of H. ducreyi by DCs is sufficient but not necessary to promote DC activitation. H. ducreyi is able to partially inhibit DC activation and maturation through an unknown mechanism; however, DCs are still able to secrete high levels of IL-6 and TNF-α in response to live H. ducreyi (58). Secretion of high levels of IL-6 along with partially activated or immature DCs are hypothesized to be mechanisms by which H. ducreyi avoids a full adaptive immune response and survives immune onslaught.

DCs present antigen to activate T cells and subsequently secrete cytokines that polarize T cells; however, H. ducreyi also partially inhibits DC activation and maturation (58). Despite this, H. ducreyi-specific T cell lines have been isolated from pustules of volunteers who have not been previously exposed to H. ducreyi, which suggests that DCs are able to present antigen to naïve T cells that differentiate into memory cells (68). Differences in pathogen detection and cytokine production that could influence T cell responses have been examined in experimental H. ducreyi infection. Single-nucleotide polymorphisms in Toll-like receptor 9 and interleukin-10 alleles have been identified and are predictive of pustule formation or resolution in experimental infection (69). Microarray analysis of infected and mock infected skin obtained from pustule formers and resolvers who were re-infected for 48 hours suggested that the two groups had both core and distinct tissue transcriptional responses to infection (19). Compared to resolvers, pustule formers had a hyperinflammatory, dysregulated response in the tissue. Monocyte-derived myeloid DCs obtained from resolvers and pustule formers who were re-infected with H. ducreyi also shared a core transcriptional response that should promote Th1 responses. However, resolver DC transcriptomes also suggested the promotion of a Th17 response and the upregulation of IL-23, whereas pustule former DCs promoted a Treg response and the upregulation of IL-10 and CD200. LOS binding to TLR4 on DCs leads to production of TNF-α and IFN-β, which induces indolamine 2,3-dioxygenase (IDO) expression, and IDO induction in DCs may explain the increased number of Tregs found in pustules (67). IDO expression in DCs can promote conversion of naïve T cells to Tregs, prevent Treg conversion to effector T cells, inhibit T cell activation/proliferation, and promote T cell death through tryptophan depletion and production of pro-apoptotic metabolites (70–72), which would result in a decrease in the number of effector T cells and an increase in Tregs. These data suggest that H. ducreyi infection simultaneously increases both pro-inflammatory and anti-inflammatory cytokines and that the balance between the pro-inflammatory and anti-inflammatory signals in different hosts may dictate whether a pustule forms or resolves.

Along with T cells, DCs also activate NK cells (60). H. ducreyi-infected DCs activate NK cells in vitro through production of IL-12 and subsequently lead to NK cell secretion of IFN-γ. IFN-γ secretion, primarily originating from NK cells early in infection, could increase immune-mediated phagocytosis of H. ducreyi.



T Cell Response in Infection

In experimental lesions, CD4+ T cells are primarily recruited and localize beneath the macrophage collar; the average CD4:CD8 ratio is 3:1 (61). T cells comprise 50% of leukocytes in papules at two days post infection. Approximately 70% of T cells collected from papules are CD45RO+ memory T cells, which are likely a mix of skin-resident memory T cells and circulating central memory T cells that responded to chemokines released at the infected site. Whether the T cells in the papule can respond to H. ducreyi has not been tested. We previously observed that DCs in pustule formers and resolvers upregulate different transcripts; these transcripts suggest that the DCs in resolvers promote a type 1 and type 17 response while the DCs in pustule formers promote a type 1 and regulatory response (19). Therefore, we hypothesize that the T cells in the skin of resolvers and pustule formers may similarly differ. In the skin, CD49a (integrin α1) expression has been used to differentiate IFN-γ- versus IL-17-expressing CD8+ cells, which are CD49a+ and CD49a-, respectively (73). Although the differences between CD49a+ and CD49a- CD4 T cells have yet to be determined, CD4 T cells in diseased skin can also express CD49a+ (74). If the T cells identified in papules do respond to H. ducreyi either directly or through an unknown cross-reactive memory T cell response, then pustule formers may have more CD49a+ T cells and resolvers may have more CD49a- T cells. Alternatively, if the T cells are not responding to H. ducreyi, then the T cells that were observed in papules are likely representative of the basal level of T cells in the skin and of non-specific memory T cells that may be following chemotactic gradients.

A hallmark of the adaptive immune system is the recall response. T cell lines have been derived from pustules that were biopsied 6-14 days after experimental infection (68). Treatment of the T cell lines with H. ducreyi antigen in the presence of autologous peripheral blood mononuclear cells (PBMCs), but not irradiated allogeneic PBMCs, led to proliferation and cytokine production from T cells, indicating that the response is MHC restricted. The T cell lines produced minimal responses to related members of the Pasteurellaceae family, demonstrating that the T cell lines are H. ducreyi antigen-specific. Interestingly, this antigen-specific response does not seem to confer protection against re-challenge, as 88% of pustule formers form pustules when re-challenged (75, 76). The reason for the lack of immunity is unclear, but it may in part be due to the lack of antibody responses during experimental infection. Antibody responses are made late in the ulcerative stage of natural infection, but these antibodies are not bactericidal (77).



Avoiding Phagocytosis by Macrophages and Neutrophils

H. ducreyi remains extracellular and prevents its uptake by both neutrophils and macrophages primarily by the secretion of two proteins: LspA1 and LspA2 (66). LspA1 and LspA2 are the largest proteins encoded by the H. ducreyi 35000HP genome, have proportionately higher numbers of SNPs compared to most H. ducreyi genes (16), and are secreted by the LspB transporter. Secreted LspA1 and LspA2 are taken up by neutrophils and macrophages by an unknown mechanism, bind to and are phosphorylated by the human C-terminal tyrosine kinase Csk, and increase Csk activity via a positive feedback loop (78). This increased Csk activity prevents human Src kinases from inducing the actin rearrangements required for FcγR-dependent phagocytosis. Phagocytes with inhibited FcγR-dependent phagocytosis are unable to engulf opsonized bacteria. Ducreyi serum resistance protein A (DsrA) is an outer membrane protein that inhibits IgM from binding to the bacterial surface thereby preventing complement deposition and serum killing (79, 80); theoretically, DsrA could also inhibit complement-mediated phagocytosis. Both DsrA and fibrinogen binding protein A (FgbA) are adhesins that bind fibrinogen, similar to the M proteins of Streptococcus pyogenes (37, 81). Although the role of FgbA and DsrA in resistance to phagocytosis has not been established, binding to fibrinogen in other bacteria is thought to help prevent phagocytosis through adhesion to host cells, steric hindrance, and shielding pathogen associated molecular patterns (PAMPs) that would be recognized by phagocytes (82, 83). Deletion mutants of lspA1 and lspA2, dsrA, or fgbA are attenuated for pustule formation in humans (26, 31, 37). Thus, despite appearing somewhat redundant, they are all required to establish productive infection and, given their posited in vitro functions, to avoid phagocytosis.

With so many mechanisms to prevent phagocytosis, how does the immune response manage to help kill the bacteria and resolve infection? Characterization of macrophages from biopsies of H. ducreyi infected pustules and from in vitro H. ducreyi -infected monocyte-derived macrophages has shown that infection produces a mixed M1/M2 macrophage population (84). The M1 phenotype is characterized by being microbicidal, producing high levels of IL-12, TNF-α, IL-6, and reactive nitrogen and oxygen intermediates; the M2 phenotype is associated with tissue repair and reducing inflammation, producing IL-10 and TGF-β (85). M2 macrophages are also better at phagocytosis than M1 macrophages, especially M2c macrophages, which are polarized by IL-10 and are efficient at phagocytosing H. ducreyi via class A scavenger receptors (84). The proportion of M1 versus M2 macrophages may play an important role in resolving H. ducreyi infection, but is yet to be studied in the context of pustule formation and resolution. Given that resolvers who are re-infected upregulate IL-10 transcripts in tissue compared to pustule formers (19), we hypothesize that resolvers may have more M2c macrophages than pustule formers and are therefore better able to phagocytose and clear H. ducreyi infection via class A scavenger receptor uptake.

The ratio of type 1 and type 2 immune cells has been instrumental in predicting disease progression for bacterial pathogens. M. leprae infection is dynamic. Type 1 and type 17 cells dominate in tuberculoid lesions and type 2 and regulatory cells dominate in lepromatous lesions; oscillation between these two states during natural disease correlates with changes of immune cell phenotypes (62). Similarly, prevention of Staphylococcus aureus and Streptococcus pyogenes skin infections requires a predominantly type 1 immune response rather than a type 2 immune response (86–89). Interestingly, the immune cell typing that controls infection of M. leprae (90), S. aureus (86), or S. pyogenes (89) favors skewing towards a predominately type 1 response, whereas the immune cell typing that controls infection of H. ducreyi may favor a mixed type 1 and type 17 response (19). Important distinctions between these pathogens may account for this difference. For instance, M2 macrophages express an M. leprae entry receptor, CD163 (91), which would explain why leprosy lesions worsen with increased numbers of M2 macrophages. The skewing of macrophage typing towards an M2 response leads to their release of cytokines that can also push the T cells toward a type 2 response.



Defensin and Cathelicidin Resistance

In addition to avoiding phagocytosis, H. ducreyi also resists antimicrobial peptides that are secreted by phagocytes and keratinocytes. H. ducreyi encodes two transporters that confer resistance to some human defensins and the cathelicidin LL-37. A proton motive force-dependent transmembrane efflux pump, Mtr, confers resistance to LL-37 and β-defensins—especially HBD-3. A mtrC deletion mutant had decreased expression of lspB and dsrA, indicating that multiple virulence factors are impacted by the absence of MtrC (92). Another transporter system, Sap, also ameliorates LL-37 activity (93). SapB and SapC form a heterodimeric transporter that transports cargo bound by the periplasmic chaperone SapA. A sapA deletion mutant is 25-50% more sensitive to killing by LL-37 in vitro and has an approximately 50% reduction in pustule formation in the human infection model (39). However, deletion of sapBC results in a mutant that is fully attenuated for pustule formation in the human infection model, suggesting that SapBC may be secreting additional SapA-like protein(s) that serve redundant functions (43).

The positive charge of the H. ducreyi outer membrane was also hypothesized to repulse antimicrobial peptide binding (49). The outer membrane of most Gram-negative bacteria contains lipopolysaccharide (LPS); however, H. ducreyi has a similar, less decorated version—LOS (94). Class I strains have a sialylated nonasaccharide (95), while Class II stains have a non-sialylated pentasaccharide (96). Deletion of either the sialyltransferase lst or the N-acylneuraminate cytidylyltransferase neuA eliminates LOS sialylation in the Class I strain H. ducreyi 35000HP (44). Both mutants are fully virulent and form pustules in human volunteers. This contrasts to the pathogenic Neisseria spp. in which sialylation of LOS is a major virulence determinant (97). H. ducreyi LOS and core oligosaccharide each contain a positively charged phosphoethanolamine (PEA) group (96, 98), which helps to neutralize the otherwise negatively charged LOS and was hypothesized to repel positively charged LL-37. However, deletion of lptA, which attaches PEA to the LOS, did not affect pustule formation (49). Overall, cathelicidin resistance is primarily mediated by the Sap and Mtr transporters rather than membrane charge or sialylation (43, 92).



Interaction of the Host With H. ducreyi

While cytokines and redox species certainly shape the lesion environment, what the microenvironment contains on a molecular level is a current focus of investigation. The molecular composition of the lesion bridges bacterial growth and the recruitment of immune cells. Transcriptomic data were used to first investigate how H. ducreyi alters its gene expression from in vitro growth to the environment of a pustule (99). Comparison of biopsy samples to historic mid-log, transition, and stationary phase in vitro data sets showed that the in vivo transcriptome of H. ducreyi was unique (99). The genes that consistently differed between all growth stages and the biopsies are involved in essential growth pathways and suggest a shift towards anaerobiosis and the use of alternative carbon sources, such as ascorbic acid and citrate, as well as increased amino acid and metal transport, protein folding chaperones, growth arrest, and DNA replication and repair. Given that the in vitro and skin environments are metabolically distinct, a differential growth signature is unsurprising.

A limitation of differential gene expression studies is that only differences at the transcript level are detected and, depending on the gene, may or may not accurately reflect the other biology at the site such as post-transcriptional regulatory mechanisms or the metabolome. Since many terminally differentiated cells, such as neutrophils, generally do not contain high levels of mRNA, genes that are not well-expressed or that are post-transcriptionally regulated may not be detected in RNA-seq datasets, but their metabolic products may be detected by metabolomics. Expanding on the previous study, the H. ducreyi mid-log phase inoculum used to infect volunteers and biopsies of pustules along with their matched wounded skin controls were subjected to unbiased bulk RNA-seq and metabolic profiling (100). The most differentially regulated host genes in the lesion indicated a robust immune response. This metabolomics data showed that there are elevated levels of ascorbic acid as well as the presence of prostaglandins, glutamate, linoleate, and glycosphingolipids in pustules versus sham inoculated skin (100).

The matched metabolomes and transcriptomes support a richer understanding of the lesion. The elevated levels of ascorbic acid in the pustule coupled with the upregulation of H. ducreyi genes that metabolize ascorbic acid suggests that H. ducreyi is using ascorbic acid as an alternative carbon source (99, 100). Although the definitive cellular source of ascorbic acid (and other) metabolites are unknown, neutrophils take up and sequester ascorbic acid and likely release it into the abscess as they become necrotic (101). Thus, this data set helps to generate hypotheses about how different carbon sources are used by H. ducreyi and what host cells may be responsible for producing these carbon sources.

Since spatial information is lost during sample processing, a limitation of tissue metabolomics is that whether the metabolite is sequestered in host cells or freely available extracellularly cannot be determined. Therefore, the outstanding questions involve both sides of the host-pathogen interaction. In addition, because of the extreme difference in the amount of host material compared to the bacteria, the metabolome overwhelmingly reflects host components. For H. ducreyi, we hypothesize that, given the upregulation of genes to metabolize a given compound, such as ascorbic acid, coupled with the inability to synthesize the input metabolite of the pathway, H. ducreyi is using these metabolites as energy sources (99, 100). Generation of gene deletion mutant strains and subsequent experimental infection with these strains will confirm whether these are important carbon sources for H. ducreyi.

Because both the host and bacterial transcripts present in the pustule were captured from the infected samples, it was possible to use bioinformatics to generate an interaction network of host-bacterial gene clusters in an unbiased manner that were either positively or negatively correlated. Notably, genes involved in anaerobiosis were correlated with several pro-inflammatory host genes that are upregulated during infection (100). A similar strategy was used to determine an interaction network for naturally occurring lepromatous M. leprae biopsies; an interactome for tuberculoid M. leprae infection could not be established, since there were too few bacterial reads in the biopsies (4). The M. leprae interaction network confirmed that the type I interferon response is upregulated and that lepromatous lesions have increased bacterial metabolism (4). This was correlated to class switching in B cells (4). Application of these techniques to biopsies of lesions caused by other organisms will also elucidate whether immune system metabolism is altered along a common pathway(s) or whether infections differentially influence host metabolism. Thus, dual RNA-seq provides a tool to examine interaction networks that may identify therapeutic targets.




Toward Uncovering Metabolic Shifts in Specific Cell Types

Understanding how the host contributes to these differences is more complicated; central carbon metabolites—namely citrate, α-ketogluterate, and succinate—have been shown to have alternative uses outside of central metabolism during inflammation (102). These metabolites can be transported out of the mitochondria to form antimicrobial metabolites, protect against oxidation, and alter protein functions through post-translational modification (102). Furthermore, whether the differences observed in H. ducreyi pustules are representative of changes in local cellular metabolism (e.g., from keratinocytes and fibroblasts), the infiltration of specific cell types that are high in a given metabolite, or both is not known. As such, determining whether these compounds become available to H. ducreyi through diffusion or secretion from live host cells or become available after host cell death and lysis is an outstanding question. Utilization of emerging spatial metabolomics approaches in the future will further advance our understanding of the lesion on the molecular level (103).

Emerging technologies are providing new insights into specific host cell contributions to disease. Instead of restricting lesional cell characterization by using pre-selected phenotypic markers for flow cytometry, next generation sequencing provides the possibility of identifying the source of transcripts at the single cell level as well as their physical location within a lesion using spatial transcriptomics. This will allow us to better correlate the proportion of different cell types observed in previous studies (57–61); determine the cellular source(s) of differentially expressed genes observed in bulk RNA-seq studies (99, 100); and better estimate the effectiveness of the immune response in individual volunteers. In preliminary experiments, we have generated single cell suspensions and performed droplet single cell RNA sequencing on biopsies of pustules. Using Seurat (104) to cluster cells, macrophages, monocytes, DCs, T cells, NK cells, as well as endothelial cells, fibroblasts, and keratinocytes were identified in the biopsies (Figure 4). Interestingly, neutrophils were not detected perhaps because they are terminally differentiated and do not have high levels of mRNA. Nevertheless, the results of single cell RNA-seq studies can then be compared to our bulk transcriptomics data sets and to other publicly available single cell data sets that are available from normal and diseased human skin (2).




Figure 4 | Cell types found in the H. ducreyi pustule by single cell RNA-seq. Cells from a pustule were dissociated and single cell sequencing was performed. Cells were clustered in Seurat (104) and identified based off the unique, abundant transcripts in each cluster.



In previous studies, we showed that papules of pustule formers and resolvers who were re-infected for 48 hours had distinct transcription profiles that correlated with disease progression versus resolution (19). Due to the limitations of technology available at that time, we were not able to identify the cells responsible for differential transcript expression. Although we have shown that women are less susceptible to pustule formation than men, we have not been able to identify the cause(s) of the gender difference. A similar gender difference has been observed for progression from tuberculoid to lepromatous lesions for M. leprae, where more men progress to lepromatous lesions (90). Interestingly, some immunometabolites that are known to be regulated by sex hormones, such as prostaglandins, are upregulated in pustules (19, 100) and prostaglandin E2 has been shown to increase cytokine secretion in a monocyte-derived DC model (67). During infection, these cytokines are predicted to promote inflammatory responses in leukocytes and tissue repair in keratinocytes and fibroblasts. Single cell RNA-seq and metabolomics have the potential to unravel the differences in the tissues of pustule formers and resolvers who are re-infected and of men and women.



The Future of Understanding Host-Pathogen Interaction in the Skin

A full understanding of how an immune response is mounted in infectious human skin diseases will require determining the metabolic environment during infection and the cell-cell signaling involved as the lesion is first formed. Because of the difficulty of obtaining sufficient numbers of cells responding to invading pathogens early in infection, the first cells to initiate the immune response is largely unknown. Thus, we do not know the in vivo signal(s) received by the immune system that begins the recruitment of additional leukocytes. We anticipate that new “omics” technologies will help close this knowledge gap and help the field to generate a more holistic model of skin infection.

In addition to the interaction between the pathogen and host, other environmental factors, such as the skin microbiome, may play a role in determining infection outcome. In a prospective study, the pre-infection microbiomes of sites of people who resolved experimental infection clustered together while those of pustule formers were more diverse (105). In the course of experimental infection, the microbiomes of resolvers did not change, while the microbiomes of pustule formers were driven to a similar composition; in the latter, H. ducreyi dominates the lesion, and the proportions of the other genera decrease substantially during disease progression (105). The pre-infection microbiomes of resolvers tend to have higher levels of Actinobacteria, Firmicutes, and Bacteroidetes and lower levels of Proteobacteria compared to pustule formers, which had higher levels of micrococci and Staphylococcus. Whether these microbiome differences are because the former genera actively outcompete H. ducreyi (e.g., secrete toxins or metabolites that H. ducreyi is sensitive to), are a product of environmental factors (e.g., different hygiene practices and/or products), or underlying immune responsiveness is not known. However, the data suggest that the environment of a pustule drives the microbiome to a more uniform composition.


Future of Treatment Options for Skin Pathogens

H. ducreyi is currently only reliably susceptible to macrolides, quinolones, and third generation cephalosporins. For chancroid, the preferred Center for Diseases Control and Prevention regimens include a single dose of oral azithromycin, a single dose of intramuscular ceftriaxone or a 3 day course of oral ciprofloxacin (8). For CU, a single oral dose of azithromycin has been the only regimen that has been studied and is highly effective (106). Further emergence of antibiotic resistance in endemic regions may require alternative treatment strategies. The higher differential expression of genes involved in carbon source switching and hypoxia/anaerobiosis in vivo indicates that interfering with bacterial nutrition may be a viable treatment tactic (99, 100).

If H. ducreyi is found to be dependent on “unique” metabolite(s), it may be possible to develop inhibitors to enzymes used in its metabolism in H. ducreyi. This strategy would require that host enzymes—and potentially those of other members of the healthy skin microbiome—are not impacted by the inhibitor. If the metabolite is only used by H. ducreyi, then it may also be possible to prevent its uptake and essentially starve the bacteria of a carbon source. Given the emergence of (multiple) drug resistant skin pathogens such as S. aureus or sexually transmitted bacteria such as N. gonorrhoeae, limiting broad spectrum antibiotics may help to decrease the prevalence of drug resistant strains in the population. Because H. ducreyi infects the upper layers of the skin, topical treatments could also be developed.

Finally, experimental human infection with deletion of candidate gene targets has been used to define essential virulence genes. Identification of vaccine antigens that produce high titers of opsonizing antibody have been complicated by the low tendency of H. ducreyi antigens to elicit long lasting immune responses. Evaluating vaccine efficacy in animal models is challenging because animal models lead to pathogen clearance and/or require very high dosages for infection. Nevertheless, two vaccine candidates have been studied in the porcine ear model. They are Class I specific and are most likely ineffective against Class II strains because the evaluated genes are among the genes with the most sequence diversity between Class I and Class II strains (107, 108). Therefore, these results are not wholly unanticipated, but suggest that targeting essential specific outer membrane proteins may not be as fruitful of a strategy as originally thought.




Conclusions

The ability to infect humans with H. ducreyi has been instrumental in exploring host-pathogen interaction at the tissue level. Nearly thirty years of human challenge experiments are helping to confirm previous studies as well as guide us toward new biological insights for future study on the cellular and molecular levels. This model is beneficial for both the skin immunology community, since it is one of the few human experimental infection models that captures the cells and metabolites of the lesion microenvironment. Thus, a rich understanding of cell types in the lesion, immune activation, and lesion architecture is achieved.

Advancements in “omics” technologies afford researchers a more holistic view of host-pathogen adaptions during infection. Bacterial virulence has expanded from primarily being thought of as the result of extracellular and secreted bacterial effectors to including how metabolism—both in the host and the bacteria—influence infection outcomes. Increased awareness of differences in microbiomes (105) and nutrient availability in vivo (99, 100) has highlighted that bacteria differentially regulate genes in the context of the host response and alterations in nutrient availability.

As we investigate skin inflammatory responses, we must also acknowledge that responses can differ not only by pathogen but also potentially by skin site. For other inflammatory conditions such as psoriasis, single cell RNA-seq revealed that while most dysregulated genes in psoriasis are independent of location on the body, some differentially expressed genes are unique to where psoriatic lesions are located (2). Most notably, different T cell subsets are activated based on location, which may influence therapeutic intervention strategies and outcomes (2). Similarly, location of disease may be of particular interest in H. ducreyi infection, since it infects both cutaneous lower leg and arm skin as well as genital skin. How or if the immune response significantly differs in these two locations has not been studied; however, the relationships between H. ducreyi and host cells are similar in experimental and natural infection (1). The use of clinical samples in infectious disease will be instrumental in elucidating the mechanisms behind various skin pathologies and in appreciating both inter-person and intra-person response diversity. As more data become available for different diseases, we anticipate that common immune response pathways will emerge, giving us a better understanding of how skin infections and the immune system interact.
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Leishmania (L.) are obligate intracellular protozoan parasites that cause the leishmaniases, a spectrum of neglected infectious vector-borne diseases with a broad range of clinical manifestations ranging from local cutaneous, to visceral forms of the diseases. The parasites are deposited in the mammalian skin during the blood meal of an infected female phlebotomine sand fly. The skin is a complex organ acting as the first line of physical and immune defense against pathogens. Insults to skin integrity, such as that occurring during insect feeding, induces the local secretion of pro-inflammatory molecules generating the rapid recruitment of neutrophils. At the site of infection, skin keratinocytes play a first role in host defense contributing to the recruitment of inflammatory cells to the infected dermis, of which neutrophils are the first recruited cells. Although neutrophils efficiently kill various pathogens including Leishmania, several Leishmania species have developed mechanisms to survive in these cells. In addition, through their rapid release of cytokines, neutrophils modulate the skin microenvironment at the site of infection, a process shaping the subsequent development of the adaptive immune response. Neutrophils may also be recruited later on in unhealing forms of cutaneous leishmaniasis and to the spleen and liver in visceral forms of the disease. Here, we will review the mechanisms involved in neutrophil recruitment to the skin following Leishmania infection focusing on the role of keratinocytes in this process. We will also discuss the distinct involvement of neutrophils in the outcome of leishmaniasis.
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THE LEISHMANIASES

The Leishmaniases are a group of neglected vector-borne diseases caused by protozoan parasites belonging to the Leishmania (L.) genus. Parasites are deposited into the mammalian host skin during the blood meal of infected female phlebotomine sand flies. At least twenty different Leishmania species can infect humans causing three main clinical manifestations including cutaneous, mucocutaneous and visceral forms (1, 2). The outcome of the disease depends on the infecting species along with host factors. Cutaneous leishmaniasis (CL) is the most common form characterized by the appearance of a skin ulcer at the sand fly bite site, usually on exposed body parts. Although skin lesions are most of the time self-healing and localized, they can leave seriously disfiguring and disabling life-long scars (3). The frequency of self-healing lesions depends, amongst other factors, on the Leishmania species. For instance, more than 75% of lesions caused by L. mexicana and the 60–70% caused by L. major heal within 3 months. In contrast, lesions caused by other New World Leishmania spp. such as L. panamensis and L. braziliensis take longer to heal, with an average frequency of only 35 and 10% that, respectively, self-heal after 3 months (4). Disseminated forms of CL have also been observed, where CL can manifest as multiple non-ulcerative nodules disseminating to the entire body (5). Mucocutaneous leishmaniasis (MCL) is a major CL complication that can manifest days to years following the cutaneous lesion. There are between 0.4 and 20% of CL cases in Brazil and Bolivia, respectively (6). The most endemic area for MCL is Latin America, where it results from infection with L. braziliensis, L. panamensis, L. guyanensis, and L. amazonensis (1, 7). MCL develops when the parasites migrate from the localized skin lesion to mucosal tissues of the nose, mouth and throat cavities, through lymphatics and blood vessels. This can lead to massive destruction of the oral or nasal mucosa and potentially become life-threatening (8). Visceral leishmaniasis (VL) is the deadliest form of the disease resulting from parasite dissemination from the skin to visceral organs, such as the spleen and the liver. This leads to organ dysfunction, fever, weight loss, and is usually fatal if left untreated (9). Between 700,000 and 1 million new leishmaniasis cases are reported each year across 100 countries (2, 10). The disease predominantly affects poor populations living in precarious hygiene and housing conditions (2). Several efforts have been made in order to develop a vaccine, but no effective and safe vaccine to prevent human leishmaniasis is currently available (11). Several drugs are available to treat leishmaniasis but many of them present toxicity with severe side effects and low efficacy, correlating with frequent treatment interruptions promoting the development of drug resistance (12). Currently, resistance has been reported for most of the drugs in use. It is, therefore, crucial to gain a better understanding of the local immune response to Leishmania infection with the long-term goal to develop anti-leishmanial drugs, which are efficient, less toxic, easy to administrate and affordable for emerging countries (13).



THE SKIN AND PARASITE ENTRY

The skin acts as the first line of physical and immune defense against Leishmania parasites. The two main layers composing the skin are the epidermis and the dermis. The outer surface is the epidermis, characterized by overlapping layers of keratinocytes infiltrated by melanocytes. The dermis is composed of intermingled fibroblasts and extracellular matrix and is drained by blood and lymphatic vessels. The skin also includes a vast population of immune cells including Langerhans cells (skin resident dendritic cells), T lymphocytes and recruited inflammatory cells such as natural killers, macrophages, mast cells, dendritic and neutrophils, all of which participate to the immune defense against Leishmania infection (14).

Keratinocytes sense pathogens and initiate the inflammatory immune response. To do this, these epidermal cells possess several innate immune receptors able to sense invading microbes. These receptors include mostly Toll-like receptors (TLR), NOD-like receptors (NLR), RIG-I-like receptors (RLR), and C-type lectin receptors (CLR). Notably, keratinocytes express TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 on their cell surface, and TLR3, and TLR9 on the endosomal surface (15–22). The activation of the TLR-signaling pathways in keratinocytes mediates the secretion of pro-inflammatory cytokines and chemokines, which are mainly involved in the activation of the Th1 immune response and the recruitment of myeloid cells, including neutrophils (23). In response to pathogens, the activation of these receptors in keratinocytes enables the secretion of innate immune mediators participating in the skin immune response. Notably, in humans, keratinocytes generate antimicrobial peptides, including β-defensins (24, 25) and cathelicidins (26, 27). In addition to the direct killing of bacteria, fungi and viruses, these antimicrobial peptides can activate leukocytes. Furthermore, keratinocytes are a source of chemotactic mediators and cytokines, that enable the recruitment and activation of immune cells in the skin. For example, epidermal cells contribute to the recruitment of neutrophils in response to CXCL1 and CXCL8 release (28, 29). Keratinocytes produce cytokines such as tumor necrosis factor (TNF)-α, IL-1α, IL-1β, IL-6, IL-18, and IL-10 (29). Keratinocytes can also recruit effector T cells, following the secretion of CXCL9, CXCL10, CXCL11, and CCL20 (29).



LEISHMANIA DEPOSITION IN THE SKIN

Phlebotomine sand flies probe the exposed skin several times to find vessels and create a blood pool from which they feed. During this process, Leishmania parasites are deposited and they get in contact with keratinocytes. Although Leishmania are not internalized by keratinocytes (30–33), the parasites have been observed to interact with these cells (33). Several studies demonstrated that, during Leishmania infection, keratinocytes secrete factors that modulate the immune response. Indeed, L. major phosphoglycans, some of the major surface glycans of the parasite, trigger TLR2 in non-hematopoietic cells including keratinocytes, promoting the release of chemokines essential for early neutrophil recruitment (33). Scorza et al. showed that, in response to L. infantum but not L. major, human keratinocytes upregulate the expression of pro-inflammatory cytokines such as IL-6, CXCL8, TNFα, and IL-1β. Conversely, IL-4 expression was increased in keratinocytes exposed to L. major (32). The same study further showed that keratinocytes exposed to L. infantum released factors promoting parasite control in monocytes (32). In the same line, Ehrchen et al. showed an increased expression of cytokines and chemokines in mouse keratinocytes isolated from L. major-resistant but not susceptible mice (34). In visceral leishmaniasis patients, the expression of IL-10 in keratinocytes correlated with increased pathogenesis (35). Finally, the apoptosis of keratinocytes in CL correlated with skin ulceration, a process which relies on the Fas/TRAIL apoptotic pathway (36–38).

Notably, the study of Ehrchen et al. suggested that IL-4 produced by keratinocytes promoted the development of a protective Th1 immune response in C57BL/6 mice infected with L. major (34). In order to assess whether the IL-4 secreted by keratinocytes acted in an autocrine manner, mice with specific deletion of the IL-4Rα in keratinocytes were generated on the C57BL/6 and BALB/c genetic background, that are, respectively, resistant, or susceptible to L. major infection. C57BL/6 mice deficient for IL-4Rα in keratinocytes were able to develop a Th1 immune response and to heal their lesions following L. major infection. These data indicated that, in C57BL/6 mice, IL-4 signaling in keratinocytes is not required for the development of a protective Th1 immune response (39). In a similar manner, infection of BALB/c mice deficient for IL-4Rα in keratinocytes developed non-healing lesions characterized by a Th2 immune response, which was similar to those developed in WT BALB/c mice (40). These results showed that autocrine stimulation of keratinocytes by IL-4 is not involved in disease evolution following L. major infection.

The contribution of keratinocytes in the activation of antigen-specific T cells has also been reported. In this regard, studies documented that keratinocytes express MHCII, but are lacking the expression of CD80 and CD86 co-stimulatory molecules, that are essential for the priming of naïve T cells (41). Indeed, despite the ability of keratinocytes to support T cell proliferation, they fail to activate naïve T cells and they induce T cell anergy (42, 43). The expression of the costimulatory molecule B7.2 was shown to be downregulated in keratinocytes from resistant but not susceptible mice infected with L. major (31). More recent data have shown that keratinocytes can process antigens and present them to antigen-specific CD4 and CD8 T cells, leading to cytokine production (44). However, the role of these interactions during Leishmania infection remains to be investigated.

In the skin, a heterogeneous population of resident immune cells, maintains the homeostasis and is critical for host defense. In addition to the epidermal layer described above, insults to epidermis and dermis integrity lead to the recruitment of circulating immune cells including dendritic cells, T cells, natural killer cells, monocytes and neutrophils. Amongst these, neutrophils are the first cells massively recruited to the damaged skin. We shall focus on the importance of neutrophils in the response to infection.



NEUTROPHILS AND LEISHMANIA


Neutrophil General Functions

Neutrophils are the most abundant leukocytes in the human blood circulation. They can be rapidly recruited to sites of injury or infection and are major players in innate immune defense against various pathogens (45). At the site of infection, neutrophils phagocytose microorganisms and kill them using a variety of mechanisms. The cytoplasm of neutrophils is rich in pre-stored granules that contain microbicidal proteins that can be rapidly released in the phagosomes or into the local microenvironment in order to eliminate pathogens. Neutrophil activation also triggers a respiratory burst leading to the production of reactive oxygen species (ROS) that is toxic for microorganisms (46, 47). Moreover, neutrophils can extrude neutrophil extracellular traps (NETs), which are extracellular web-like fibers consisting of chromatin associated with antimicrobial granule proteins. NETs trap microorganisms, a process that reduces parasite spreading. They can also kill pathogens through their association with a high concentration of microbicidal components (48).

In addition to their primary killing functions, neutrophils are increasingly reported to play significant immunoregulatory roles. Indeed, they can secrete a vast repertoire of cytokines or chemokines that may impact on the recruitment and function of various cell types. Through interactions with other immune cells, neutrophils can also contribute to the orchestration of the adaptive immune response (49, 50).

Neutrophils are the first cells to be recruited when the skin barrier is injured. Their importance in limiting microbial dissemination is highlighted by the predisposition of patients with neutropenia, or defective neutrophils, to harbor severe bacterial, parasitic or invasive fungal infections (51, 52). In contrast to these protective functions, neutrophils can also induce important tissue damage and inflammation that need to be tightly controlled (53). Deregulated neutrophil function is a feature of a heterogeneous group of skin pathologies named neutrophilic dermatosis (ND). These are conditions characterized by a wide spectrum of cutaneous lesions due to accumulation of neutrophils in the skin. ND are mainly caused by genetic mutations leading to excessive activity or production of inflammatory meditators involved in neutrophil recruitment and activation (54, 55).

Neutrophils are also major players engaged upon tissue injury and they also actively contribute to wound healing. However, neutrophils can also exert a negative impact on wound healing in some contexts. They can for instance contribute to the development of non-healing diabetic wounds. It was demonstrated that diabetes primes neutrophils to produce NETs, which impair healthy tissue healing (56, 57). Neutrophils were also recently shown to contribute to the pathogenesis of leprosy, a process contributing to the formation of skin lesions and lesions of peripheral nerves observed in this disease (58).




THE MECHANISMS INVOLVED IN EARLY NEUTROPHIL RECRUITMENT TO THE SKIN FOLLOWING LEISHMANIA INFECTION

Neutrophils are rapidly recruited to the site of Leishmania inoculation during infection. The infiltration of these cells is regulated by intertwined mechanisms related to the initial skin tissue damage caused by sand flies probing for blood (59). Several studies using experimental mouse models have shown that neutrophils are recruited following natural infection with sand flies (60–62) and that several factors contribute to this process. These include salivary gland components and the promastigote secretory gel that is synthesized by Leishmania in the sand fly (63–65). Furthermore, recent data showed that sand fly gut bacteria induce IL-1β secretion, a cytokine that also contributes to the recruitment of neutrophils (62). Of note, neutrophil recruitment to the site of infection following natural infection is more sustained compared to intradermal inoculation of parasites by needle injection (60, 61).

Neutrophils were similarly observed to be rapidly recruited when Leishmania are needle inoculated in mice (33, 60, 66–75). Phosphate buffer saline (PBS) or parasite injection promoted similar neutrophil recruitment during the first hour of injection, however, already 2 h after L. major or L. mexicana infection, the neutrophil infiltration became parasite-dependent (60, 71, 74). In experimental models of CL, a relatively high dose of Leishmania has been commonly injected either subcutaneously (s.c) in the footpad (66–68), or in more recent studies intradermally (i.d.) in the ear (33, 60, 69–75). Since the sand fly deposits the parasite in the host dermis, i.d. inoculation into the skin is closer to the natural infection and injection of a low dose of parasites (103 or 104) would be more related to the parasite load transmitted in natural infection (76). Interestingly, differences in neutrophil recruitment were observed depending on the site of infection. Intradermal injection led to a higher infiltration of neutrophils compared to s.c injection, while monocytes were more rapidly recruited following s.c. infection, indicating a site-dependent recruitment of myeloid cells in the skin (75, 77). Although most of the sand flies transmit a low dose of Leishmania parasites, needle injection of at least 105 Leishmania is required to promote rapid parasite-dependent recruitment of neutrophils (70, 74, 76), further revealing the importance of sand fly derived components in the recruitment of these cells. Recently, it has been reported that depending on the distance of parasite deposition to the bite site, the predominant cells to contain parasites can be either neutrophils or dermal macrophages (78).

The group of Laskay first proposed that Leishmania parasites are silently transmitted to macrophages following phagocytosis of apoptotic and infected neutrophils in a model called the “Trojan Horse.” This way of entry promotes the persistence of the parasites and their subsequent propagation in the host (79, 80). This model was recently validated in vivo and few dermal macrophages were visualized acquiring parasites through phagocytosis of apoptotic and parasitized neutrophils. In the same context, depletion of neutrophils before the infection reduced the number of infected dermal macrophages (78).

In mice, the recruitment of neutrophils to the site of infection following sand fly bite, or needle injection of a high dose of parasites, was shown to be bimodal, with a first rapid wave peaking during the first day post-infection (p.i), returning to basal levels by the second or third day p.i. (33, 61, 67, 69–71, 73, 74). A second wave of neutrophils occurring approximately 1 week post L. major infection was also observed, at a time that correlates with the appearance of the lesion (71). Following L. panamensis infection, the second peak of neutrophils was observed several weeks p.i and was shown to be significantly stronger than the first one (81). A second wave of neutrophils was also shown to infiltrate the skin tissue 7 weeks post L. major infection (82), 5 weeks post-L. major co-infection with lymphocytic choriomeningitis virus (LCMV) (83), and neutrophils were observed in the skin of unhealing chronic L. mexicana lesions (84). The timing of the second wave of neutrophils is thus well documented and its timing likely varies depending on the virulence of the parasites, the parasite dose injected as well as the Leishmania spp.

In line with these studies, amastigotes were shown to infect both human and mouse neutrophils (84–86). Furthermore, following L. mexicana infection, not only are lesional neutrophils heavily infected, but a subset of neutrophils was shown to be permissive for parasite replication, suggesting that neutrophils may also serve as a replicating niche and/or safe temporary host target in chronic infection (84). Of interest, L. major amastigotes were not observed to replicate in C57BL/6 neutrophils (75), a difference likely linked to the distinct formation of a parasitophorous vacuole and/or to differences in the composition of the parasite surface in the two Leishmania spp.

Several skin chemotactic factors are responsible for the recruitment of neutrophils following Leishmania infection. For instance, the chemokines CXCL1 (KC) and CXCL2 (MIP-2) in mice and CXCL8 (IL-8) in humans, granulocyte chemotactic protein 2 (GCP-2/CXCL6) in mice and the cleaved complement C3 were all shown to promote neutrophil recruitment (59, 87–89). Additionally, during the second wave of neutrophils, IL-17 also contributes to their recruitment (90).



EFFECTOR FUNCTION OF NEUTROPHILS DURING LEISHMANIASIS

Although neutrophils possess an arsenal of mechanisms to kill infecting pathogens, some species of Leishmania can survive inside these cells and use them as a safe shelter while some others are killed by neutrophils (74, 84, 86, 91–96). The mechanisms involved in parasite escape in neutrophils will not be discussed as they have been recently reviewed (97), but we will discuss the impact of neutrophil presence on the Leishmania-induced pathology.

The impact of neutrophils on the development of leishmaniasis has been observed to be either protective or detrimental depending on the infecting Leishmania species and the host genetics and immune system (Figure 1). Most of the current knowledge acquired related to the impact of neutrophils in experimental Leishmania infection has been obtained either following mAb-induced neutrophil depletion at the onset of infection or using genetically neutropenic mice (60, 67, 70, 72, 74, 82, 98–100). In order to transiently deplete neutrophils in mice, three monoclonal antibodies have been used, each of them with some limitations. Several studies have used the RB6-8RC5 monoclonal antibody that recognizes the Gr1 epitope which is common between cells expressing Ly6G and Ly6C (101). The RB6-8RC5 antibody efficiently depletes neutrophils and inflammatory monocytes (77). The NIMP-R14 mAb depletes neutrophils and also a subset of inflammatory monocytes (77, 102). Finally, the 1A8 monoclonal antibody targets specifically Ly6G that is expressed exclusively in neutrophils (103) but depletion is transient, and if used for more than a week, an increased release of neutrophils from the BM is observed. Differences in mAb isotypes also results in different depletion efficacy. Novel mAb administration strategies may circumvent this problem (104). One thus has to be critical in evaluating studies using only mAb depletion strategies. Complementary approaches abolishing or reducing the presence of neutrophils are needed to better understand the implications of these cells in the outcome of infection. Nevertheless, compiling results obtained with these different approaches completed by in vitro studies in human neutrophils allowed us to shed a new light on the importance of these cells in Leishmania pathogenicity, with either protective or pathogenic roles (Table 1).
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FIGURE 1. Leishmania spp. that are susceptible, or that escape neutrophil killing: Leishmania inoculation in the host dermis by natural sand fly bite, or experimental needle injection, promotes a rapid recruitment of neutrophils, which sequestrate the parasite by phagocytosis or release of neutrophil extracellular traps (NETs). In addition to neutrophils, dermal macrophages are also heavily infected early post-infection contributing to the establishment of the infection. Although neutrophil killing mechanisms efficiently eliminate some spp. of Leishmania promastigotes and amastigotes, some Leishmania developed mechanisms to resist or inhibit reactive oxygen species (ROS) formation and survive inside neutrophils and NETs. Notably, L. mexicana amastigotes were shown to replicate inside neutrophils.



Table 1. Protective and detrimental role of neutrophils during Leishmania infection: Neutrophils play protective (resolution of the disease), or detrimental (enhanced disease) roles in cutaneous and visceral leishmaniasis depending on the infecting Leishmania spp., the genetic background of the host, the mode of infection and the host immune response.
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PROTECTIVE ROLE FOR NEUTROPHILS IN LEISHMANIASIS

The first evidence suggesting a positive role of neutrophils during Leishmania infection was suggested in mice infected with the Bokkara strain of L. major. C57BL/6 mice depleted of neutrophils and monocytes (RB6-8RC5 antibody) at −3, 0 and 3 days post infection, and infected s.c. with 107 L. major, showed increased lesion size and a higher parasite burden (98). Similarly, depletion of neutrophils using the NIMP-R14 antibody in C57BL/6 mice promoted the development of a more prominent lesion during the first weeks following L. major LV39 infection, but the lesion eventually healed (67). BALB/c mice infected with L. major Bokkara and depletion of neutrophils using the RB6-8RC5 antibody, showed increased lesion progression during the first 6 weeks post infection, without affecting the chronic progression of the disease (98). These latter results contrasted with other data (see below), and these differences might be explained by the distinct species or strains of parasite inoculated, different dose of parasite injected and the specificity of the antibodies used to deplete neutrophils.

Neutrophils were further reported to secrete CCL3, a chemokine that contributes to the recruitment of dendritic cells (DC) to the site of L. major infection in C57BL/6 mice, a process shown to contribute to the development of a protective immune response (69). In contrast, apoptotic neutrophils containing live Leishmania were shown to be uptaken by dermal dendritic cells, a process inhibiting the development of an adaptive immune response (71). These data further demonstrated a complex role for neutrophils in self-healing experimental CL. In addition, the sensing of L. major by neutrophil endosomal TLR7, was shown to be critical for the early regulation of parasite burden and subsequent disease control in L. major LV39 infected C57BL/6 mice (75).

The presence of neutrophils was also shown to be protective during the first week post-infection in BALB/c mice infected with L. amazonensis in a study using the RB6-8RC5 antibody to deplete neutrophils (72). L. amazonensis promastigotes were efficiently killed by neutrophils in vitro, whereas the amastigote form of the parasite resisted neutrophil killing (86), suggesting that neutrophils may have a distinct role early post-infection than during the chronic phase of the disease. In addition, following infection of mice with L. amazonensis, neutrophil programmed cell death was altered due to genetic defective ROS production, and pathology was shown to be associated with the presence of necrotic neutrophils, suggesting that appropriated neutrophil programmed cell death is essential for the control of L. amazonensis-induced dermal lesions (105). Similarly, the presence of neutrophils co-cultured in vitro with macrophages reduced L. amazonensis burden in macrophages (106). The depletion of neutrophils using the RB6-8RC5 antibody in BALB/c mice infected with L. braziliensis, also promoted the development of a more prominent lesion with increased parasite burden during the first 2 weeks post-infection (100). Moreover, Carlsen et al. showed that the internalization of L. braziliensis amastigotes by neutrophils induced a strong activation of these cells, leading to efficient killing of the parasite (107). Collectively, these data show that neutrophils are efficient in controlling the parasites following infection with these Leishmania spp.

Neutrophils were also shown to play a protective role following needle injection of L. donovani and L. infantum, two Leishmania spp. causing visceral leishmaniasis (VL). The infection of neutrophil-depleted C57BL/6 mice with L. donovani resulted in a hepatosplenomegaly and a higher parasite burden in the spleen and liver compared to neutrophil-sufficient mice. In this study, the RB6-8RC5 antibody was used for depletion purposes (108). In the same vein, neutrophils contributed to the development of a protective immune response during L. donovani infection of BALB/c mice. In this latter study, neutropenic mice had a splenomegaly with a higher parasite load in the spleen and bone marrow. This phenotype was associated with increased IL-4 and IL-10 secretion and reduced IFN-γ levels in the spleen whereby the NIMP-R14 antibody was used to deplete neutrophils (109). Additionally, using the RB6-8C5 depleting antibody, neutrophils were also shown to contribute to the early control of infection in BALB/c mice infected with L. infantum (70, 110). During L. infantum infection, TLR2 and TLR9 were shown to be critical for the recruitment of neutrophils to the inflammatory site, contributing to the control of infection (111, 112). Collectively, these studies show that, although the mAb used for neutrophil depletion was not always specific for neutrophils, neutrophils can play their well-known protective role in CL and VL.



A DETRIMENTAL ROLE FOR NEUTROPHILS DURING LEISHMANIASIS

The contribution of neutrophils in the development of a non-protective immunity was first reported using the classical L. major s.c. infection in BALB/c mice, that develop Th2 immune response correlating with the development of unhealing skin lesions. The transient depletion of neutrophils at the onset of infection in BALB/c mice, using the NIMP-R14 antibody, allowed better resolution of skin lesions and parasite burden, than mice injected with a control mAb, a process correlating with a decreased Th2 immune response (67). In addition, using the RB6-8RC5 antibody, Ribeiro-Gomes et al., also showed that neutrophil depletion reduced the parasite burden in L. major-infected BALB/c mice (99). Th17 cells secrete IL-17, a cytokine which recruits neutrophils. Following L. major infection, this IL-17-induced neutrophil recruitment was shown to promote CL pathogenicity in infected BALB/c mice (90).

Neutrophil recruitment to the skin also contributed to the severe pathology associated with infection with a low dose of L. major Seidman, a parasite that causes severe disease in C57BL/6 mice despite the development of a strong Th1 immune response (82, 113). Neutropenic Genista mice infected with L. major Seidman developed a healing lesion associated with a decreased parasite burden and an increased protective Th1 immune response, further emphasizing the role of neutrophils in influencing the adaptive immune response (82). Of note, the negative role of neutrophils was associated with the activation of the NLRP3 inflammasome and the subsequent secretion of IL-1β (82). Using a different approach, we recently showed that the recruitment of neutrophils induced by L. major-triggered TLR2 activation in non-hematopoietic cells, delayed the control of the disease in C57BL/6 mice infected with L. major LV39 (33).

Neutrophils contribute to the chronicity of L. mexicana disease in C57BL/6 mice and also play a negative role in the disease. This was demonstrated using mice either genetically neutropenic or depleted of neutrophils during the first days of infection after injection of the Ly6G mAb (74). Following i.d. infection with L. mexicana, neutropenic mice developed a small lesion that ultimately healed, in contrast to neutrophil sufficient mice that showed a persistent unhealing lesion. In addition, healing was shown to correlate with the development of a protective Th1 response and a decreased parasite burden (74). Furthermore, crosstalk between Th17 cells and neutrophils was shown to contribute to the enhanced susceptibility toward a chronic disease following L. mexicana infection in BALB/c mice (114). These studies further strengthen the role of neutrophils on the developing adaptive immune response. An important number of neutrophils has also been reported following co-infection of mice with L. major and LCMV and the development of chronic lesions highly infiltrated with neutrophils, correlated with the development of a more prominent lesion (83).

Finally, natural infection with L. major infected sand flies also showed that neutrophils contribute to the cutaneous pathology (60). Recently, the microbiota of sand flies was shown to be associated with neutrophil recruitment to the site of L. donovani infection. Treating the sand flies with antibiotics decreased neutrophil recruitment and impaired parasite visceralization, suggesting a pathological role for neutrophils in this model of infection (62). Of note these data contrast with the protective role for neutrophils in VL observed following needle injection of a high dose of parasites.

Collectively these studies suggest that, to firmly assign a role for neutrophils in Leishmania infection, several parameters need to be taken into account including the dose of infection, the site of parasite injection, the mode of parasite delivery, the genetic background and immune status of the host as well as the neutropenic model used.



NEUTROPHILS IN HUMAN LEISHMANIASIS

To understand the role of neutrophils upon Leishmania infection, mouse models have predominantly been used but an increasing number of studies has been performed using peripheral blood neutrophils in vitro or ex vivo and using transcriptomics studies of infected skin biopsies. Results from these studies also suggest a dual role for neutrophils in human leishmaniasis, that can also be beneficial or detrimental depending on the infecting Leishmania species.



PROTECTIVE ROLE OF HUMAN NEUTROPHILS DURING LEISHMANIA INFECTION

Human neutrophils infected in vitro with L. amazonensis were reported to be activated and to produce ROS. Moreover, infected human neutrophils were shown to produce leukotriene B4 (LTB4), which promotes neutrophil degranulation and the killing of the parasite (115). Neutrophil degranulation in response to L. amazonensis was further shown to promote the killing of the parasite in infected macrophages (116).



DELETERIOUS ROLE OF HUMAN NEUTROPHILS DURING LEISHMANIA INFECTION

The transcriptional profile of primary human macrophages infected in vitro with L. (Vianna) panamensis, causing tegumentary leishmaniasis, differed significantly in response to infection depending on whether infection was undertaken with parasites isolated from self-healing patients or those showing chronic disease. Interestingly, expression levels of neutrophil-recruiting chemokines were predominantly observed in the transcriptomics analysis of macrophages infected with parasites isolated from chronic lesions, suggesting that the presence of neutrophils likely contributes to the sustained inflammation observed in chronic dermal leishmaniasis (117). In addition, performing transcriptomics of infected skin biopsies of patients that cured or failed to heal after meglumine antimoniate treatment, further showed that downregulation of the neutrophil activation genes was linked to cure of the disease, further supporting a deleterious role for neutrophils in chronic forms of the disease (118).

Neutrophils have been detected in patients with active cutaneous lesions of American tegumentary leishmaniasis from L. braziliensis patients (119–121). Neutrophils isolated from disseminated leishmaniasis patients infected with L. brazililensis were shown to be less activated and may thus contribute to parasite survival and dissemination (122).

In patients with active VL the number of circulating blood neutrophils was reduced and a considerable proportion of these blood peripheral cells was immature (123). Furthermore, neutrophils from VL patients were shown to be activated but to display impaired effector functions, suggesting that during active disease, neutrophils may contribute to the immunosuppression observed in VL patients (123, 124). Saliva components from the sand fly vector were shown to induce IL-17-induced neutrophil recruitment, a process favoring L. infantum infection (125) revealing, as was previously shown in murine models, an important role for this cytokine in neutrophil recruitment.



CONCLUSION AND PERSPECTIVES

Neutrophils are rapidly recruited to the skin following Leishmania infection and they play a critical role in phagocytosing the parasites and in shaping the immune response. In addition, neutrophils are also present in established lesions and were shown to contribute to parasite persistence. The impact of neutrophils on the development of leishmaniasis can be either protective, or detrimental, depending on a range of intricate factors including the infecting Leishmania spp., the host genetic background and immune response, as well as the local microenvironment induced by the parasite inoculation into the skin. In the last decade, keratinocytes have been identified as important cells for the modulation of the immune response following Leishmania infection, including neutrophil recruitment, further highlighting the importance of skin resident cells in the response against infection.

Many questions on the mechanism of action of neutrophils in leishmaniasis remain open. These include the understanding of the interactions between neutrophils and mast cells at the site of infection, the mechanisms involved in neutrophil recruitment to the draining lymphoid organs following infection and the interactions taking place between neutrophils and other recruited and resident cells in these organs. Further studies will help to identify potential targets for the treatment of leishmaniasis, in which neutrophils are contributing to the severity of the disease.
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Patients infected by Leishmania braziliensis develop debilitating skin lesions. The role of inhibitory checkpoint receptors (ICRs) that induce T cell exhaustion during this disease is not known. Transcriptional profiling identified increased expression of ICRs including PD-1, PDL-1, PDL-2, TIM-3, and CTLA-4 in skin lesions of patients that was confirmed by immunohistology where there was increased expression of PD-1, TIM-3, and CTLA-4 in both CD4+ and CD8+ T cell subsets. Moreover, PDL-1/PDL-2 ligands were increased on skin macrophages compared to healthy controls. The proportions PD1+, but not TIM-3 or CTLA-4 expressing T cells in the circulation were positively correlated with those in the lesions of the same patients, suggesting that PD-1 may regulate T cell function equally in both compartments. Blocking PD-1 signaling in circulating T cells enhanced their proliferative capacity and IFN-γ production, but not TNF-α secretion in response to L. braziliensis recall antigen challenge in vitro. While we previously showed a significant correlation between the accumulation of senescent CD8+CD45RA+CD27- T cells in the circulation and skin lesion size in the patients, there was no such correlation between the extent of PD-1 expression by circulating on T cells and the magnitude of skin lesions suggesting that exhausted-like T cells may not contribute to the cutaneous immunopathology. Nevertheless, we identified exhausted-like T cells in both skin lesions and in the blood. Targeting this population by PD-1 blockade may improve T cell function and thus accelerate parasite clearance that would reduce the cutaneous pathology in cutaneous leishmaniasis.




Keywords: cutaneous leishmaniasis, Leishmania braziliensis, T cell exhaustion, PD-1, inhibitory checkpoint receptors, senescent T cells, immunosenescence



Introduction

Leishmaniasis is caused by intracellular parasites belonging to Leishmania genus and has a global estimated prevalence of 12 million infected people, with 2 million new cases reported annually worldwide (1). Leishmania braziliensis is the most prevalent of the cutaneous species in Brazil, causing chronic infections and skin tissue damage associated with a wide spectrum of clinical manifestations (2, 3).

The activity of antigen-specific T cells plays a central role in the clinical outcome of the disease, where nature, characteristics and profile of cytokines produced may influence the healing process or disease progression (4, 5). It is well recognized that interferon gamma (IFN-γ)-producing T cells are essential for mediating the leishmanicidal mechanisms and disease resolution. In contrast, increased production of TNF-α and non-specific cytotoxic mechanisms are linked to skin inflammation and lesion pathology (6, 7). Moreover, the absence of inhibitory mechanisms also has been correlated with tissue damage and severity of CL (8). Therefore, both insufficient and hyperactive non-specific immune responses may lead to pathology and provide avenues for therapeutic intervention.

T cells are subdued to avoid tissue damage during prolonged antigen exposure or chronic inflammation, progressively losing individual effector capabilities. This is regulated by the expression of inhibitory checkpoint receptors (iCRs) such as programmed death 1 (PD-1), T cell immunoglobulin-3 (TIM-3);  Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4); Lymphocyte activation gene-3 (LAG-3); and T cell immunoglobulin and ITIM domain (TIGIT) (9–11).

Evidence has highlighted a potentially deleterious role of IRCs during leishmania parasite infection (12–17). In this scenario, both CTLA-4 and PD-1 are highly expressed by CD8+ T cells from patients with visceral (13, 18) and diffuse cutaneous leishmaniasis (19). Similar, exhausted T cells expressing PD-1, TIM-3, 2B4, and CTLA-4 receptors are found on post-Kala-azar dermal (PKDL) and cutaneous leishmaniasis caused by L. panamensis, linked with the severity of the diseases (16, 20). In complement to these studies, the ICR blockade, particularly PD-1, has shown promise for augmenting specific T cell immunity in chronic inflammatory state, infectious diseases and cancer (9, 21–24). Although this may inadvertently exacerbate deleterious pro-inflammatory responses, it may also improve specific IFN-γ-dependent immunity (25). It has been noted that blocking ICR may limit exaggerated pro-inflammatory responses (26) which may be very relevant in the context of cutaneous leishmaniasis. This is supported by data from mice and dogs showing that PD-1 blockade and its ligands reduce the parasite burden, restores T cell proliferation and IFN-γ production (14, 17, 18, 27, 28). Furthermore, the expression of inhibitory checkpoint receptors decreases in VL cured patients (13). This suggests a potentially deleterious role of ICRs during infection that is poorly understood in the context of cutaneous leishmaniasis.

In this study, we identified the lesional transcriptomic signature and expression pattern of ICRs on circulating and skin lesional T cells during infection by L. braziliensis. We hypothesized that that PD-1 blockade could re-establish the functional activity of Ag-specific exhausted T cells to promote anti-Leishmania immunity. We found that exhausted T cells are widely distributed in both blood and lesional skin compartments during CL and that their function is inhibited by the PD-1 receptor. Moreover, the number of circulating PD-1 expressing T cells does not correlate with skin lesion size, suggesting that they are not involved in the disease pathology.

Overall the data present here suggests that exhausted cells co-exist with senescent T cells in the circulation and skin of patients with cutaneous leishmaniasis. While senescent T cells but not exhausted populations may contribute to the skin lesions, the exhausted population contributes to decreased immunity to the pathogen. The inhibition of PD-1 signaling may improve the immune response to the parasite in these patients.



Materials and Methods


Study Subjects

Peripheral blood from 15 untreated patients with cutaneous leishmaniasis (CL) attended at the University Hospital (HUCAM) of Universidade Federal do Espírito Santo, Brazil, were investigated in this study. They consisted of eight males and seven females with illness duration ranging from 30 to 120 days, lesion sizes ranging from 200–550 mm2 and age of 37 ± 13.6 years. The diagnosis of CL was based on clinical and laboratory criteria and all patients in this study tested positive for the PCR/restriction fragment length polymorphism of L. braziliensis and reported no prior infections or treatments. The control group (HC) consisted of 15 healthy age (41.4 ± 11.9) and gender-matched individuals with no history of leishmaniasis. All participants (patients and healthy volunteers) had seronegative testing for HIV, HBV and HCV infections, and had no history of chemotherapy, radiotherapy or treatment with immunosuppressive medications within the last 6 months. The patient and control samples were obtained before the COVID-19 outbreak. Patients provided written informed consent, and study procedures were performed in accordance with the principles of the Declaration of Helsinki. This study was registered at HUCAM ethical committee reference number 735.274.



PBMC Isolation, Cell Sorting, and Culture

PBMC from HC and CL patients were isolated by centrifuging whole blood through a Ficoll-Hypaque (GE Healthcare) gradient followed by hemocytometry to determine the absolute number of viable then cryopreserved. Cells from both controls and patients were thawed in RPMI complete medium supplemented with 10% of fetal calf serum. Viability and recovery were measured using trypan blue dye exclusion.



Flow Cytometric Analysis

For phenotypic and functional analysis, at least 106 cells were stained washed and subsequently stained at 4°C for 20 min with the combination of surface antibodies. For intracellular analysis of cytokine secretion, cells were cultured at 37°C in the presence of monensin (used according to the manufacturer’s indication, BioLegend) and brefeldin A (5 mg/ml) (Sigma-Aldrich), added for the last 6 and 4 h of stimulation, respectively. Then, cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Pharmingen), stained with NIR viability stain (Invitrogen) followed by cytokine intracellular antibodies on ice for 30 min. Data from 50.000 events obtained within CD3+ cells were acquired in a Fortessa X-20 cytometer (BD Biosciences) and analysed using FlowJo software (Treestar). ICRs gates were based on pooled fluorescence minus one control samples and applied identically across all samples. Gate strategy and used antibodies are described in the Supplementary Figure 1 and Table 1, respectively.



PD-1 Blockade

PBMCs were thawed, resuspended in complete media and incubated overnight at 37°C. The following day, cells were incubated with 10 μg/ml each of anti-PD-L1 (29E.2A3.C6) and anti-PD-L2 (24F.10C12.G12, both from Biolegend) antibodies as described previously (24) prior cell activation with anti-CD3 (OKT3, 0.5 μg/ml, Biolegend) or L. braziliensis promastigote antigens (LbAg, 10 μg/ml). After activation, cells were culture for 72 h. 10 μg/ml each of IgG2a (Mg2a-53) and IgG2b (MPC-11) isotype controls (Abcam) were used as control.



Cytokine Determination

Cell culture were stimulated with 10 μg/ml of L. braziliensis promastigote antigens (LbAg) or 0.5 μg/ml plate-coated anti-CD3 (OKT3) and 5 ng/ml rhIL-2, with or without anti-PDL1/2 or isotype control antibodies. Culture supernatants were collected at 72h for the measurement of IFN-γ, TNF-α, and IL-10 by Cytokine Bead Array (CBA) (BD Biosciences) according to the manufacturer’s protocol.



Proliferation Assay

Stimulated PBMC were cultured in the presence of PD-1 blocking or isotype control antibodies and rhIL-2 for 72 h as previously described (24). The proliferation was accessed by intracellular staining for the cell cycle related nuclear antigen Ki67 Alexa Fluor 647 (BD Bioscience) that was performed with Foxp3 Staining Buffer Set (Miltenyi Biotec) and analyzed by flow cytometric analysis.



RNA-Seq Analysis

The RNA-Seq data was obtained from a previous study (29), which is available at the Sequence Read Archive (www.ncbi.nlm.nih.gov). Data as accessed through project accession reference #PRJNA307599, where paired-end reads (100 bp) were obtained through Illumina HiSeq 1500 platform. Samples analysed consisted of skin biopsies from uninfected controls (from endemic areas) (n= 10) and skin biopsies collected from patients infected with Leishmania braziliensis (n= 25). Initially, samples were trimmed using Trimmomatic (v. 0.39) to remove sequence adapters and filter low-quality (threshold of 25) bases at the start or end of reads. Samples were then aligned to the human reference genome (hg38/GRCh38 release 99) obtained from ENSEMBL (https://www.ensembl.org/) using Salmon (v 0.12.0) using the selective alignment option (–validateMappings) and correction for GC content bias (–gcBias). Transcript abundance at the gene-level was then calculated using tximport to obtain the counts table. Non-expressed, weakly expressed and non-protein code genes were removed prior to subsequent analyses, resulting in a count table of 17.668 genes. DESeq2, a package from Bioconductor, was used to define differentially expressed genes (30), considering genes with Benjamini-Hochberg p-adjusted value less than 0.05 as significant. The Variance Stabilizing Transformation (vst), available in the DESeq2 package, was used for visualization and clustering purposes. The function plotPCA, also available on the DESeq2 package, was used for the Principal Component Analysis. The ComplexHeatmap package (31) ggplot2 package (32) were used to generate the heatmap and plots, respectively. The heatmap was constructed to show the relative gene expression, where the vst normalized values were mean-centered across samples.



tSNE Analysis

t-SNE is a non-linear dimensionality reduction method that optimally places cells with similar expression levels near to each other and cells with dissimilar expression levels further apart. Unbiased representations of multi-parameter flow cytometry data were generated using the t-distributed stochastic neighbour embedding (tSNE) algorithm. The R package “Rtsne” available on CRAN (github.com/jkrijthe/Rtsne) was used to perform the Barnes Hut implementation of tSNE on flow cytometry data. FlowJo software was used to export events of interest (in fcs format) for each sample. After using the Bioconductor “flowCore” R package to import.fcs file data and the Logicle transform to scale the data similarly to that displayed in FlowJo. 10,000 events from each sample analyzed in parallel were merged and the relevant fluorescent parameters were used.



Skin Biopsies

Punch biopsies (8 mm in diameter) from the border of lesional skin were obtained from cutaneous leishmaniasis patients. Control skin punch biopsy specimens from healthy volunteers were also obtained. Biopsy specimens were frozen in OCT compound (Sakura, Alphen aan den Riji, The Netherlands). Six-micrometer sections were longitudinally sectioned to expose all skin layers and placed in poly-L-lysine coated slides (Star Frost®). Tissues were then fixed in acetone and ethanol and stored in -80°C until use.



Immunohistochemistry

Frozen sections from HC skin and CL lesions were blocked with 1% bovine serum albumin (BSA) solution and incubated with primary antibodies (described in Supplementary Table 1). Staining was detected using Novolink™ Polymer Detection System Kit (Leica, RE7150-K) according to the manufacturer instructions. Slides were then dehydrated with xylol and ethanol and mounted with Entellan® (MERK, 107960).



Immunofluorescence

Immunofluorescence staining was performed using optimal dilutions of primary antibodies for 18 h at 4°C, followed by an appropriate fluorochrome-conjugated secondary antibody (described in Supplementary Table 1) incubation and mounting with Flouroshield Mounting Medium with DAPI (ABCAM, ab104139). Three images of the papillary and reticular dermis were captured at 200x magnification using fluorescence microscopy (Leica DMi8, Wetzlar, Germany). The number of positively stained cells was manually counted using computer-assisted image analysis (National Institutes of Health Image Software ImageJ 1.52j; https://imagej.nih.gov/ij/) and expressed as a percentage.



Statistics

GraphPad Prism (version 7) was used to perform statistical analysis. Data distribution was verified using the Shapiro-Wilk test. Statistical significance was evaluated using the paired Student t-test. Mann-Whitney with Welch correction or Kruskal-Wallis test was performed for all continuous and nonparametric variables. Differences were considered significant when p was <0.05.




Results


Transcriptional Profiling Indicates that Inhibitory Checkpoint Receptors and Ligands Are Enriched in Leishmania braziliensis Lesions

First, we analysed RNA-Seq data from a previous study where skin biopsies from uninfected controls were compared to biopsies collected from the border of lesions from patients infected with Leishmania braziliensis (29). We investigated transcriptional signatures for inhibitory receptors and their ligands in the skin during the active disease. Transcriptional profiles of skin from lesions were very different from healthy skin from control subjects, as demonstrated by principal component analysis (PCA) (Figure 1A). We found 9,955 genes identified as differentially expressed between the two groups that included inhibitory checkpoint receptors and their ligands that were uniquely associated with patient skin lesions (Figures 1B, C). Many genes associated with cellular exhaustion were increased in lesional skin and this included PD-1 (28.8 fold), TIM-3 (16.4 fold), CTLA-4 (40.9 fold), PDL-1 (32.0 fold), and PDL-2 (13.8 fold) (Figures 1C, D).




Figure 1 | Identification of inhibitory checkpoint receptors gene expression signatures in CL lesions. (A) Principal components analysis showing principal component 1 (PC1) with variance of 64% and PC2 with variance of 6% of human transcriptome from 10 healthy volunteers (blue circle) and 25 CL patients (red circle). (B) Heatmap of exhaustion receptors and ligands genes expression. Columns represent individual healthy controls and CL patients and rows represent individual genes, colored to indicate relative expression levels (genes were mean centered across samples). (C) Plots showing expression of receptors [PDCD1 (PD-1), HAVCR2 (TIM-3), CTLA4 (CTLA-4), LAG3 (LAG-3), TIGIT, CD244 (2B4), NECTIN2 (CD112), CD48 (BLAST-1), PVR (CD155), TNFRSF14 (HVEM), CD276 (B7H3), CEACAM1 (CD66a), LILRA2 (ILT1), LILRB1 (ILT2), LILRB4 (ILT3), LILRB2 (ILT4), LILRB3 (ILT5), VSIR (VISTA)] and ligands [CD274 (PDL-1), PDCD1LG2 (PDL-2), CD80 (B7-1), CD86 (B7-2), LGALS9 (Galectin 9), BTLA (CD272), VSIR (VISTA)] in healthy skin (blue) and CL lesions (red). (D) Table with fold change and p-values of the analysed inhibitory checkpoint receptors lesional gene expression.





Extensive Inflammatory Infiltrate with Increased Expression of Exhaustion-Related Receptors and Ligands in CL Lesions

The expression of ICRs and senescence-associated receptors have been associated with several cell populations in inflammatory and non-inflammatory contexts. We next evaluated the expression of PD-1 and their ligands as well as TIM-3, CTLA-4, CD57, and KLRG1 (Killer cell lectin-like receptor G1) expression on lesional site. Histopathological analysis by H&E staining showed epidermal hyperplasia with a dense and diffuse inflammatory cell infiltrate involving the junction of the epidermis and dermis up to hypodermis, consisting mainly of lymphocytes, macrophages and plasma cells (Figures 2A, B). Immunohistochemical analysis revealed that this intense cell infiltration had increased expression of PD-1, TIM-3, and CTLA-4 compared to control skin (Figures 2C–H), supporting the RNAseq data. We also found that both CD4+ and CD8+ T cells were increased in the lesional inflammatory infiltrates compared to control skin (Supplementary Figure 2A). Furthermore, significantly greater proportions of these cells in the skin lesions of CL patients expressed PD-1, TIM-3, CTLA-4, CD57 and KLRG1 compared to the skin of healthy controls (Figures 2I–R and Supplementary Figure 2B). Moreover, there was increased expression of both PD-1 ligands (PDL-1 and PDL-2) (Figures 2S–V) that was found on lesional macrophages (CD68+) (Figures 2W–Y and Supplementary Figure 2C) and also neutrophils and fibroblasts (data not shown).




Figure 2 | Inhibitory molecules and senescent-associated receptors are enriched in lesional skin during cutaneous leishmaniasis. (A) Representative hematoxylin and eosin staining of cutaneous leishmaniasis lesion with (B) dense inflammatory infiltrate. Immunohistochemistry staining (in brown) in healthy skin and CL lesions for PD-1 (C, D), TIM-3 (E, F), CTLA-4 (G, H), PD-L1 (S, T), and PD-L2 (U, V). Immunofluorescence staining and cumulative data of the inhibitory checkpoint receptors PD-1, TIM-3, CTLA-4, and the senescence markers KLRG1 and CD57 expressed on CD4+ (I, K, M, O, Q) and CD8+ (J, L, N, P, R) cells from healthy controls (n = 8) and CL patients (n = 10). (W–Y) Representative staining and cumulative data of the expression of the inhibitory ligands PDL-1 or PDL-2 on dermal macrophages (CD68+) in healthy (n = 7) and lesional skin (n = 8). The white arrows indicate double-stained cells. The graphs show the mean ± SD. The p-values were calculated using Student’s t test with Welch’s correction or Mann-Whitney U-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





Circulating T Cells of CL Patients Express Elevated Levels of Immune Checkpoint Receptors

Circulating T cells are recruited to the skin during CL (33, 34). We next investigated the heterogeneity of ICRs on circulating T cell compartments. Both CD4+ and CD8+ T cells from CL patients exhibited elevated frequencies of cells that expressed PD-1, TIM-3, and CTLA-4 individually or combined (Figures 3A, B). We confirmed this by the tSNE algorithm that arbitrarily identified two different clusters of healthy control (Green) and cutaneous leishmaniasis patients (Red) groups (Figure 3C). In addition, the expression intensities and distribution of markers in each cluster were remarkably associated with both CD4+ and CD8+ T cells in CL patients.




Figure 3 | CL patients have multiple and single exhaustion receptor expression on circulating T cells. Representative histograms and cumulative data of percentage of PD-1, TIM-3 and CTLA-4 in CD4+ (A) and CD8+ (B) T cells isolated from healthy control- HC (n = 15) or patients with active cutaneous leishmaniasis-CL (n = 15). (C) tSNE performed gating on CD4+ and CD8+ cells from HC (blue dots) and CL (red dots) groups. The level of expression of PD-1, TIM-3, and CTLA-4 were evaluated separately on live cells generating the expression levels of the hierarchical clusters, represented in red for high expression, whereas blue represents low expression (cold-to-hot heat map). Scatterplot showing the Spearman’s correlation test relationship between frequencies of lesional and circulating (D) CD4+ and (E) CD8+ T cells expressing PD-1, TIM-3, or CTLA-4 (n = 10). The graphs show the mean with 95% of confidence. The p-values were calculated using Mann-Whitney test. *p < 0.05, **p < 0.01, ****p < 0.0001.



Taken together these data suggest that T cells of CL patients have increased expression of ICRs that is not observed in healthy individuals. Thus, we next investigated whether there was an association between the level of individual ICRS on T cells in the circulation and in the skin lesions in individuals. We found a strong correlation between PD-1 expression in both compartments that was not observed with either TIM-3 or CTLA-4 (Figures 3D, E). This suggested that PD-1 may regulate T cell activity in both tissue compartments of CL patients to the same extent.



Blocking PD-1 Enhances Leishmania-Specific Functions of T Cells from CL Patients

PD-1- expressing T cells from CL patients are less responsive to both polyclonal and Ag-specific stimulation. We next investigated whether blockade of PD-1 signaling of circulating CD4+ and CD8+ T cells from CL patients, using antibodies to its ligands PDL-1 and PDL-2 blockade could enhance specific T cell functions linked to a leishmanicidal response after stimulation with L. braziliensis antigen (LbAg). The addition of anti- PDL1/2 significantly enhanced the proliferative capacity of CD4+ and CD8+ T cells, compared to cells that were activated in the absences of the blocking antibodies (Figures 4A, B). We also performed the same blocking experiment by stimulating T cells from both groups (HC and CL) with anti-CD3 and confirmed that blocking PD-1 signaling enhanced the proliferative capacity of T circulating cells from CL patients (Supplementary Figure 3).




Figure 4 | Proliferative and pro-inflammatory cytokines are increased by blocking PD-1 pathway in CL CD4+ and CD8+ T cells. (A) Representative histograms and pooled data showing Ki67 staining on CD4+ and CD8+ T cells from PBMC measured by flow cytometry after 72 h stimulation with 10 μg/ml of L. braziliensis promastigote antigens (LbAg). The cell cultures ware performed in the presence of 10 μg/ml anti-PDL1/2 antibodies. In control cultures, 10 μg/mL IgG2a, IgG2b were added (n= 6). (B) fold change of quantitative fluorescence intensity levels normalized with CD4+/CD8+ T cells stimulated with LbAg. (C, D) Representative dotplots and pooled data of frequencies of IFN-γ and TNF-α within CD4+ and CD8+ T cells after activation in the presence of PD-1 blocker. (E) Production of IFN-γ, TNF-α and IL-10 determined in the culture supernatants by CBA after activation with LbAg in the presence of PD-1 blockade. (F) Ratio between Ag-specific cytokines production before and after PD1 blockade. The graphs show the mean ± SEM. The p-values were calculated using Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, NS, not statistically significant.



We next investigated whether blocking PD-1 signaling affected cytokine production of CL patients after LbAg stimulation. We found that after blockade, the frequency of both IFN-γ TNF-α producing cells were significantly increased in CD4+ and CD8+ T cell compartments (Figures 4C, D). Interestingly, analysis of these cytokines in supernatants of cultures after LbAg stimulation in the presence or absence of PD-1 blockade demonstrated that only levels of IFN-γ production was significantly enhanced (Figure 4E). We also did not observe any effect of PD-1 blockade on the production of IL-10 in the same experiments (Figure 4E). The dominant cytokine response after PD-1 blockade was the enhancement of IFN-γ production and the ratio of IFN-γ to TNF-α and IFN-γ to IL-10 were both increased significantly (Figure 4F). As IFN-γ production has a role in protective immune responses while TNF-α secretion has an immunopathogenic consequences in this disease (5), the inhibition of PD-1 signaling would shift cytokine production towards immune protection in CL.



PD-1 Expressing Cells Do Not Correlate with Lesion Size of CL Patients

We showed previously that the size of skin lesions in CL correlated with the proportion of senescent CD8+CD45RA+CD27- T cells in the circulation (34). We therefore investigated whether PD-1 expressing CD8+ T cells in peripheral blood were also associated with the cutaneous pathology in the patients. The relative expression of CD45RA and CD27 defined 4 different subsets of CD8+ T cells in both healthy controls and CL patients (Figure 5A). We investigated PD-1 expression within each of the 4 subsets and showed that PD-1 was significantly increased in all these population compared to healthy controls (Figure 5B). However, in both patients and controls, the senescent (CD45RA+CD27-) population expressed significantly less PD-1 compared to central memory (CM) or effector memory (EM) CD8+ T cells (Figure 5B bottom panel). In addition, we found increased frequencies of CM and EM subsets, but not senescent cells expressing PD-1 and CLA (Figure 5C). This suggest that a proportion of PD-1+ cells in the skin (Figure 2) may be derived from circulating populations. The proportions of total circulating CD4+PD1+ (data not shown) and CD8+PD1+ T cells and their subsets do not correlate with lesion size (Figure 5D). This suggests that despite the accumulation of PD1-expressing T cells in the circulation and in the skin, these cells may not be associated with the skin pathology that occurs in patients.




Figure 5 | PD-1 expression is increased in differentiated CD8+ T cells but not correlated with lesion size of CL patients. (A) Representative plots of CD8+ T cells subsets isolated from HC and characterized by expressing CD45RA and CD27 markers (naïve-CD45RA+ CD27+; CM-central memory, CD45RA- CD27+; EM-effector memory, CD45RA-CD27-; and EMRA-effector memory T cells that re-express CD45RA, CD45RA+ CD27-). (B) Representative histogram and cumulative data of the ex vivo PD-1 frequencies within CD8+ subsets. (C) Pearson’s correlation test between frequencies of CD8+PD1+ T subsets (Naïve, CM, EM, and EMRA) and lesions size (mm2) of CL patients. (D) Cumulative data of the ex vivo PD1+ CLA+ within CD4+ and CD8+ subsets. The graphs show the mean ± SEM. The p-values were calculated using Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






Discussion

Immune checkpoint receptors regulate the magnitude of immune responses to protect against collateral tissue damage during immune responses to infection and to maintain peripheral self-tolerance. However their expression in chronic infection is associated with T cell exhaustion and pathogens persistence.

Here we identified a unique transcriptomic signature and expression pattern of these receptors on circulating and lesional T cells in patients with CL during infection by L. braziliensis. Previous studies have shown increased frequencies of ICRs on T cells during cutaneous leishmaniasis caused by L. mexicana (19) and L. guyanensis (16). Similarly, the increased expression of PD-1, PDL1 in patients with diffuse cutaneous leishmaniasis (DCL) or post-Kala-azar dermal leishmaniasis have been linked with a pronounced non-responsiveness of CTLs, diseases progression and parasite evasion (19, 20, 35). Conversely, it is well-recognized that CL late lesions contain few parasites, so the expression of ICRs as a mechanism that reduces immune activity and maintain parasite survival does not apply to L. braziliensis infection. Alternatively, it is possible that the chronic inflammatory state in the skin lesions promotes the expression of ICRs. This hypothesis is supported by accumulation of ICR expressing T cells during chronic inflammatory diseases such as Crohn’s, ulcerative colitis and rheumatoid arthritis, mainly maintained by TNF-α, IFN-γ, and IL-6, that are also seen in CL lesions (7, 8). In support of this, ICR- expressing cells have great ability to release a variety of inflammatory cytokines and mediate cytotoxicity, contributing to the progression of deleterious clinical outcomes (36–39). Therefore, the progression of tissue damage in leishmania infection would happen regardless of the ICRs expression.

CTLA-4 and PD-1 inhibit T cell function during Leishmania parasite infection (13, 16, 18, 20). Interestingly, the inhibition of PD-1 or CTLA-4 signaling on T cells is accompanied by an increase in proliferation and IFN-γ secretion that is correlated to better clinical status (14, 17, 18). Therefore, blocking ICRs could contribute to enhancing immunity against L. braziliensis. In our experiments the treatment with PD-1 blockade restored the proliferative capacity of T cells and preferentially augmented IFN-γ relative to TNF-α secretion in both CD4+ T and CD8+ T cell populations. While IFN-γ has been shown to have a protective role in CL, TNF-α secretion may promote pathology in the skin (33, 40, 41). Previous studies have shown that the control of inflammatory potential by blocking TNF-α in vitro or during antimonial therapy for CL in vivo are able to promote faster healing of lesions and higher cure rates than patients with anti-Leishmania treatment alone (42, 43). From our results we predict that this skewing of cytokine production may induce protective and non-pathogenic immunity since PD-1 blockade of CD8+ T cells does not exacerbate TNF-α secretion but instead induces protective IFN-γ based immune responses. Nevertheless, it will be important to ensure that checkpoint inhibitor inhibition does not inadvertently activate other inflammatory immune cells leading the exacerbation of CL

Our data also suggests for the first time the co-existence of senescent T cells and ICR-expressing (exhausted) T cells in the patients with CL. While the presence of senescent CD45RA+CD27- (TEMRA) CD8+T cells in the circulation express CLA and are closely associated with skin lesion size (33), PD-1 expressing CD8+ T cells can also home to the skin but are not associated with lesion size. Senescent CD8+ T cells do not express high levels of PD-1 reinforcing the possibility that senescent and exhausted CD8+ T cells are distinct populations, as suggested previously (24).

Overall, the present study extends the understanding of local and systemic inhibitory checkpoint receptors expression patterns that occur in the context of L. braziliensis infection. Moreover, our data provide information about the compartmentalization of exhausted and senescent T cells in the blood and skin lesions of CL patients and provide a new rationale for therapeutic intervention against Leishmania infection.
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Supplementary Figure 1 | Representative gate strategy from healthy control donors and patients with cutaneous leishmaniasis.

Supplementary Figure 2 | (A) Representative immunofluorescence staining and frequency of CD4+ and CD8+ cells (yellow) in healthy (n = 7) and lesional skin (n = 8). (B) Representative healthy skin sections stained for PD-1, TIM-3, CTLA-4, KLRG1 and CD57 (magenta) expression on CD4+ and CD8+ cells, and (C) PD-L1 and PD-L2 (magenta) on dermal macrophages (CD68+) (yellow). Nuclei (cyan) were stained with DAPI (ABCAM, ab104139). The graphs show the mean ± SD. The p-values were calculated using Kruskal-Wallis test. ****p < 0.0001.

Supplementary Figure 3 | Combined data showing Ki67 staining on CD4+ and CD8+ T cells from PBMC of heathy control donors (HC) and cutaneous leishmanisis patients (CL) measured by flow cytometry after 72 h stimulation with 0.5 μg/ml of anti-CD3. The cell culture was performed in the presence of 10 μg/mL anti-PDL1/2 antibodies. In control cultures, 10 μg/mL IgG2a, IgG2b were added. The p-values were calculated using Student’s t test with Welch’s correction or Mann-Whitney U-test. **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplementary Table 1 | List of antibodies used for immunofluorescence, Immunohistochemistry and flow cytometry.
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Leprosy is an infectious disease that remains endemic in approximately 100 developing countries, where about 200,000 new cases are diagnosed each year. Moreover, multibacillary leprosy, the most contagious form of the disease, has been detected at continuously higher rates among Brazilian elderly people. Due to the so-called immunosenescence, characterized by several alterations in the quality of the immune response during aging, this group is more susceptible to infectious diseases. In view of such data, the purpose of our work was to investigate if age-related alterations in the immune response could influence the pathogenesis of leprosy. As such, we studied 87 individuals, 62 newly diagnosed and untreated leprosy patients distributed according to the age range and to the clinical forms of the disease and 25 healthy volunteers, who were studied as controls. The frequency of senescent and memory CD8+ leukocytes was assessed by immunofluorescence of biopsies from cutaneous lesions, while the serum levels of IgG anti-CMV antibodies were analyzed by chemiluminescence and the gene expression of T cell receptors' inhibitors by RT-qPCR. We noted an accumulation of memory CD8+ T lymphocytes, as well as reduced CD8+CD28+ cell expression in skin lesions from elderly patients, when compared to younger people. Alterations in LAG3 and PDCD1 gene expression in cutaneous lesions of young MB patients were also observed, when compared to elderly patients. Such data suggest that the age-related alterations of T lymphocyte subsets can facilitate the onset of leprosy in elderly patients, not to mention other chronic inflammatory diseases.

Keywords: leprosy, elderly, immunosenescence, skin lesions, memory T cell, cytomegalovirus


INTRODUCTION

Leprosy is a neglected chronic infectious disease caused by Mycobacterium leprae, which remains a public health problem in low-income countries (1, 2). M. leprae affects mainly the skin and peripheral nervous system, where the bacilli are responsible for neurological damage, bone resorption, and irreversible physical disabilities (3–5). Genetic and environmental factors contribute to disease progression (3). Fortunately, around 95% of people are genetically resistant to M. leprae infection (3, 6).

Leprosy presents a wide spectrum of clinical forms, which is essentially determined by the presence (or absence) of cell-mediated immunity (CMI) against the pathogen. According to the Ridley and Jopling classification (7), tuberculoid forms (T-Lep) are characterized by a strong immune response to localized disease with a single (or few) skin lesion(s) without bacilli detection. On the other side, lepromatous forms (L-Lep) are characterized by several disseminated skin lesions with many bacilli, and the absence of CMI against M. leprae. Between these polar forms (TT and LL) there are borderline forms (BT, BB, and BL), which comprise most of the patients. In addition, there is also a WHO classification, a more practical and operational classification, which classifies leprosy patients into two groups: paucibacillary leprosy (PB leprosy) that presents five or less skin lesions and no apparent bacilli in slit-skin smears; and multibacillary leprosy (MB leprosy) with more than five skin lesions (8).

During the aging process, significant changes in the composition of peripheral T lymphocytes occur (9). These changes are mostly caused by decline in the output of naïve T cells due to thymic involution and exposure to pathogens over the lifetime, especially latent viruses, such as cytomegalovirus (CMV), which are related to the accumulation of highly differentiated CD8+ memory T cells (9, 10). Although a mechanism of compensation by homeostatic proliferation partly maintains the numbers of naïve T cells in the periphery, the adaptive immune system in elderly people is characterized by higher proportions of memory T cells and lower proportions of naïve T cells (11). CD8+ T cells play a central role in the recognition and clearance of intracellular pathogens, such as M. leprae. CD8+ T cell frequency is similar between the leprosy clinical forms, although functional features such as higher IL-10 levels in MB compared to PB patients in this T cell subset has been observed (12). Moreover, TNF-producing CD8+ T cells are essential in the pathogenesis of the type 2 leprosy reaction in MB patients, these reactions are episodes of acute hypersensitivity presenting as aggravation of the previous symptoms and skin lesions (13).

During the aging process, the T cell costimulatory molecule, CD28 (needed for activation and survival), is lost, interfering in cellular signaling and functional aspects of these cells (14, 15). The binding of CD28, expressed on the T cell surface, to CD80 or CD86 stimulates IL-2 production leading to T cell activation and proliferation, while signals through the TCR/CD3 complex in the absence of a costimulatory signal induces anergy (16). Recent works have shown that the loss of CD28 expression is a hallmark of senescent CD8+ T cells, and proportion changes in CD8+CD28− cells have been reported in aging-related diseases such as cancer, cardiovascular disease, and other chronic inflammatory diseases (17–19). Accumulating evidence indicates that CD8+CD28− T cells play a relevant role in immune response suppression, such as impairing T cell activation and proliferation, and inducing apoptosis in these cells in vitro (20, 21). The immunosuppressive mechanisms performed by these cells are diverse, including secretion of anti-inflammatory cytokines, increased expression of programmed cell death protein 1 (PD-1) and its ligands, and FasL (22, 23). Several studies showed that the CD28 constitutive expression level is similar between PB patients and healthy individuals, while MB patients presented lower CD28 expression (24–26). This suggests that upregulation of the CD28 molecule plays a critical role in the cell-mediated immunity response against M. leprae, restricting the proliferation of the pathogen.

The present study aimed at investigating potential age-related alterations that are associated with CD8+ cells in elderly leprosy patients. For this purpose, blood and skin lesion samples from young and elderly patients were evaluated for the frequency of memory and senescent CD8+ T cells, anti-CMV IgG titers, and gene expression of inhibitory T cell receptors. We observed the accumulation of memory CD8+ cells in the skin lesions of all elderly patients, followed by a lower frequency of CD8+CD28+ in elderly PB patients compared to young ones. We also observed changes in gene expression of the LAG3 and PDCD1 receptors in cutaneous lesions of young MB patients and not in elderly leprosy patients.



METHODS


Participants and Study Design

All enrolled leprosy patients were classified according to the Ridley and Jopling scale (1966), then the diagnosis was confirmed by clinical examination and histopathological analysis of skin lesions. Blood and skin lesion samples were collected before treatment (Figure 1). Patients were classified according to clinical forms and also stratified into two groups: young (20–40 years old) and elderly (over 60 years old). All patients and healthy volunteers resided in the metropolitan region of Rio de Janeiro state, Brazil, a leprosy endemic area. Exclusion criteria for leprosy patients and healthy elderly volunteers were: relapse cases, pregnancy or breast-feeding women, co-infections such as tuberculosis, hepatitis B and C, and HIV. Hypertensive and diabetic elderly individuals under drug control were included. As previously mentioned, our work used clinical samples of young and elderly patients diagnosed according to the R&J criteria. Nevertheless, in order to avoid repetitions, BL and LL individuals shall be hereinafter grouped as MB patients, and BT and TT as PB patients.


[image: Figure 1]
FIGURE 1. Study design. Groups of individuals evaluated and tests performed. A total of 62 leprosy patients and 25 healthy volunteers were clinically and/or laboratory assessed. At each analysis performed, the numbers of individuals tested by group are shown (inside the boxes).




Ethical Considerations

The study was approved by the Institutional Ethics Committee of Oswaldo Cruz Foundation/FIOCRUZ (permit protocol number 27052919.0.0000.5248). Leprosy patients and healthy volunteers signed a written consent form to participate in the study. The biological samples from leprosy patients were obtained at the Leprosy outpatient clinic (FIOCRUZ/Rio de Janeiro). Elderly healthy individuals were recruited at the Human Aging Laboratory – GeronLab, Policlínica Piquet Carneiro (UERJ/Rio de Janeiro).



Immunofluorescence Assay

Frozen skin lesion section assays were performed in a Leica LM3000 cryostat, fixed in paraformaldehyde. Unspecific binding sites were blocked with 10% Fetal Calf Serum (FCS, GIBCO, Life Technologies) in 0.01 M of PBS for 1 h at room temperature. Permeabilization was performed by incubating the sections with 0.05% Triton X-100 for 15 min. Rat IgG2b anti-human CD8 (1:50; Abcam, ab60076), mouse IgG2a anti-human CD45RO (1:25; Abcam, ab86080), and rabbit IgG anti-human CD28 (1:50; Abcam, ab243228) or their respective isotypes were diluted in 1% Bovine Serum Albumin (BSA, Sigma-Aldrich) in 0.01 M of PBS and incubated at 4°C overnight. Tissue sections were washed three times and incubated with Alexa Fluor 594 goat anti-Rat IgG (1:1,000, Abcam, ab150164), Alexa Fluor 633 goat anti-mouse IgG1 (1:1,000, ThermoFisher Scientific, A-21126), and Alexa Fluor 488 goat anti-rabbit IgG (1:1,000, Abcam, ab150077) secondary antibodies for 1.5 h at room temperature. The nuclei were stained with 4′-6-diamidino-2-phenylindole (DAPI; 1:10,000, Molecular Probes, D1306), and slides were mounted with VECTASHIELD Mounting Medium (Vector Laboratories, H-1000). Tissues were imaged using an Axio Observer.Z1 (Carl Zeiss, Oberkochen, Germany) using an EC Plan-Neofluar 20×/0.50 objective and Plan-Apochromat 63×/1.3 oil objective. Images were acquired with an AxioCam HRm digital camera, in the format of structured confocal images by Apotome (Carl Zeiss), mathematically deconvoluted by the AxioVision Rel. 4.6 software (Carl Zeiss). For quantitative analysis of CD8+, CD45RO+, and CD28+ cells, 10 microscopic fields were imaged and the number of positive cells was counted in each field. The results were summarized as the average of fields' counts, as determined by three independent observers.



CMV Serology

IgG antibodies against CMV were determined in sera samples with a commercially available chemiluminescent microparticle immunoassay according to the manufacturer's instructions (Architect CMV IgG, Abbott Laboratories, Diagnostic Division, Sligo, Ireland). Absorbance was measured and an optical density (OD) ratio was calculated. The default result unit for the assay was AU/mL. Specimens with concentration values ≥15.0 AU/mL were considered reactive for IgG antibodies to CMV and indicated past or acute infection.



Total RNA Isolation and cDNA Synthesis

The total RNA from whole blood obtained by venous puncture was isolated using the PAXgeneTM Blood RNA kit (Qiagen, Hilden, Germany) in accordance with the manufacturer's instructions. For biopsy specimens, RNA from skin lesion samples (6 mm3 punch) was obtained using the Polytron Homogenizer Model PT3100 apparatus (Kinematica AG, Lucerne, Switzerland) in 2 mL of TRIzol™ Reagent (ThermoFisher Scientific, Massachusetts, USA), following the manufacturer's instructions. Total RNA was treated with TURBO™ DNase (ThermoFisher Scientific) according to the manufacturer's standard protocol, quantified, and their integrity was evaluated by agarose gel electrophoresis. RNA reverse transcription into cDNA was performed as previously described (27).



Gene Expression Analysis by RT-qPCR

Quantitative RT-PCR was carried out with a final volume of 10 μL containing 200 nM of each primers (Supplementary Table 1), 1X Fast SYBRTM Green Master Mix (ThermoFisher Scientific), and 10 ng of cDNA. All reactions were conducted with three technical replicates for each biological sample. No reverse transcriptase negative controls and no template controls were included in each run. The assays were performed on a StepOnePlusTM Real-Time PCR Systems thermocycler (ThermoFisher Scientific) as detailed elsewhere (27). The relative expression levels of the genes of interest were normalized by ribosomal protein L13. qPCR data analysis was performed with the N0 method implemented in LinRegPCR v. 2020.0, which considers qPCR mean efficiencies estimated by the window-of-linearity method as proposed by Ramakers et al. (28) and Ruijter et al. (29). Briefly, N0 values were calculated in LinRegPCR using default parameters. Then, N0 values from the gene of interest (GOI) were normalized by taking its ratio to the N0 of the reference gene (REF) RPL13a (N0GOI/N0REF).



Biomark Fluidigm Gene Expression

Gene expression from whole blood was measured using Biomark's microfluidic-based qPCR technology. cDNA was obtained from RNA as described above. Then, 1.25 μL of cDNA (from stock concentration of 5 ng/μL) was pre-amplified with a pool of 96 primer pairs (final concentration of 50 nM) with the TaqMan PreAmp Master Mix 2X (Applied Biosystems, USA, # 4391128) in a GeneAmp PCR System 9700 thermocycler for 14 cycles. All subsequent steps are detailed in research by Guerreiro et al. (27). For data analysis, initial quality control was performed based on melting curve analysis (MCA) using the Fluidigm Real-Time PCR Analysis Software v. 4.5.2, where targets with multiple dissociation curve peaks were removed from further analysis. Later, raw data were exported and processed with custom R scripts as described elsewhere by Guerreiro et al. (27). In brief, foreground data (EvaGreen) were adjusted by the subtraction of background (Rox) intensity to generate Rn (background-adjusted accumulated fluorescence). Then, qPCR reaction efficiency was estimated by fitting a four-parameter sigmoid model according to Rutledge and Stewart (30), with functions from the R package qpcR v.1.41-1 (31). Cycle thresholds (Ct) were determined from the maximum of the second derivative from the fitted sigmoid curve. Cts and efficiencies were used to estimate relative expression based on the method proposed by Pfaffl (32). The normalization factor used in the denominator for relative expression consisted of the geometric mean from RPS16, RPL13, and RPL35 genes, selected as the most stable by the R implementation of the geNorm algorithm (33, 34).



Statistical Analysis

Results were analyzed using Statistical Package for the Social Sciences (SPSS) V. 10.1 (SPSS, Inc., Chicago, IL, USA) and Graph Prism V. 8 (San Diego, CA, USA) software. After testing for normality (Shapiro-Wilk normality test), non-normally distributed data were analyzed through non-parametric tests. The Mann/Whitney U-test was used to test the differences between two groups, and comparisons between more than two groups were examined through the Kruskal-Wallis test followed by post-hoc Dunn's correction. Normally distributed data were compared using one-way ANOVA followed by Tukey's multiple comparisons test. A P-value < 0.05 was considered statistically significant.




RESULTS


Subject Demographics and Clinical Data

The present study enrolled 87 individuals, 62 of whom were patients diagnosed with leprosy and 25 were healthy volunteers (HV). Both patients and HV were divided into two groups according to age: young (20–40 years age) and elderly (60 years age or older). The mean age of the young groups was 30 years of age (29.3 for young HV, 29.3 for young PB, 31.7 for young MB). In the elderly groups, the mean ages were 79.1, 69.1, and 67.7 years for elderly HV, elderly PB, and elderly MB patients, respectively. Participants' clinical and demographic data are shown in Table 1.


Table 1. Characteristics of study population.

[image: Table 1]

According to the Ridley and Jopling classification of patient clinical spectrums, those in the MB group were classified as BL (40%) or LL (60%), while PB patients were either TT (12.5%) or BT (87.5%). Among elderly MB patients, there was a high frequency of male individuals when compared to the other groups. This unequal gender distribution was expected due to the influence of sex hormones on the immune response to infectious diseases. Lower education level (average of 5 years) of elderly patients was not related to a delay in diagnosing the disease. Although young patients had higher education levels when compared to elderly patients (p = 0.0035), especially in the PB group (10 years), the time from symptoms onset to disease diagnosis was, on average, 1 year for both young and elderly participants.

Bacterial load, as measured by the bacterial index (BI) in slit skin smears samples, was greater in young MB patients than in the elderly patients, although this difference was not significant (p = 0.2932). On the other hand, bacterial lesion index (BLI) was significantly greater in young MB patients than in elderly patients (p = 0.0112). This information is particularly interesting considering that the frequency of MB patients in young and elderly groups was similar.



Memory Cutaneous CD8+ Cell Populations are More Frequent in Elderly Leprosy Patients

Memory CD8+ cells (CD8+CD45RO+) presence was detected in patients' skin lesions by labeling with anti-CD8 and anti-CD45RO antibodies, as described in the methods section. Figure 2A represents results from the four studied groups. CD8+ leukocytes were significantly higher in elderly skin lesions when compared to those of young patients, regardless of clinical form (Figure 2B). Memory CD8+ cells (CD8+CD45RO+) were also greater in elderly than in young patients (Figure 2C), irrespective of clinical form. On the other hand, naïve cells (CD8+CD45RO−) were not significantly different in skin lesions from young and elderly patients (Figure 2D). As expected, these results demonstrate an accumulation of memory CD8+ cells in elderly patient skin lesions, which is a process linked to immunosenescence.


[image: Figure 2]
FIGURE 2. Frequency of memory CD8+ T cells in skin lesions samples. Immunofluorescence assays were performed to determine the number of memory CD8+ T cells (CD8+CD45RO+) in skin lesions of leprosy patients. The images are representative of a patient from each group of four individuals, where CD8 (red, Alexa Fluor 594), CD45RO (yellow, Alexa Fluor 633), and the nuclei (blue) were stained with DAPI (A). The images were visualized and obtained by a Zeiss Colibri fluorescent microscope, and the scale bar was 20 μm. The graphs show the frequency of (B) CD8+ T cells, (C) CD8+CD45RO− T cells, and (D) CD8+CD45RO+ T cells. Analysis was performed by one-way ANOVA followed by Tukey's multiple comparison test. Data are representative of four individuals in each group and the results are shown as means ± SD, where **P < 0.01, and ***P < 0.001.




Low Frequency of CD8+CD28+ Cells in Skin Lesion Samples of Elderly Leprosy Patients

Although CD8+ T lymphocytes play an important part in controlling M. leprae proliferation, the presence of these senescent lymphocytes (CD8+CD28−) may hinder the control of infection due to their regulatory T cell activities. Figure 3A presents CD8 and CD28 expression in skin lesions of the groups of patients in this study. CD8+CD28+ cells were significantly more frequent in young PB than elderly PB patients in skin lesions (p = 0.0015; Figure 3B). However, the same was not observed among patients in MB groups, in which both young and elderly exhibited similar levels of CD8+CD28+ cells (Figure 3B). Ratios were calculated between CD8+CD28+ and total CD8+ cells in order to confirm the higher frequency of CD8+CD28+ cells in young PB patients when compared to total CD8+ cells (Figure 3C).


[image: Figure 3]
FIGURE 3. CD28 expression in blood and skin lesion samples. Fluorescence immunostaining of CD28 (green) and CD8 (red) in skin lesions. (A) The images are representative of a patient from each group of four individuals. Images were visualized and obtained by a Zeiss Colibri fluorescent microscope and the scale bar was 20 μm. The graphs show the frequency of (B) CD8+CD28+ T cells, (C) ratio between CD8+CD28+ cells and CD8+ T cells, and the data are demonstrated by means ± SD. The results of CD28 gene expression in (D) blood samples and (E) skin lesion samples are shown in normalized expression values. Whole blood samples were measured using Biomark's microfluidic-based qPCR technology and experiments with skin lesions were performed with RT-qPCR. Each circle represents an individual, horizontal bars indicate the mean. (F) IgG anti-CMV antibodies in sera samples in the studied groups were performed by a chemiluminescence method. Bars represent mean ± SD. Analysis was performed by one-way ANOVA followed by Tukey's multiple comparison test, and **P < 0.01.


Gene expression of co-stimulating CD28 in whole blood samples showed no difference in CD28 mRNA expression in blood across the studied groups (Figure 3D). However, when it comes to CD28 mRNA expression in skin lesions by RT-qPCR, elderly MB patients showed a significant reduction when compared to other groups in the study, including young patients with the same clinical form (Figure 3E; p = 0.0024).

Latent subclinical infection caused by CMV may lead to immunological alterations linked to aging, such as the accumulation of memory CD8+ cells that do not express CD28. We carried out detection of anti-CMV IgG in the serum of studied participants. All elderly patients were positive for anti-CMV IgG, while 85% of young patients were positive. The lowest frequency of anti-CMV IgG positive individuals occurred in the young and healthy group (72%). However, antibody titers were not correlated to CD8+CD28+ cells in any of the studied groups. Furthermore, in elderly PB patients, only those with significantly lower CD8+CD28+ cells presented higher anti-CMV IgG levels, as opposed to young PB patients (Figure 3F; p = 0.0054).



Regardless of Age, MB Patients Presented Higher Gene Expression of T Cell Inhibitory Receptors Than PB Patients

Regulatory T lymphocytes use diverse strategies to suppress the immune response mediated by other subpopulations of T lymphocytes. Therefore, we hypothesized that PD-1 and LAG3 T lymphocyte inhibition receptors (also known as CD279 and CD223, respectively) could be part of the suppression strategy, linked to greater susceptibility to infectious diseases such as leprosy. Furthermore, CMV infection may induce these inhibition receptors.

We carried out gene expression analysis of programmed cell death 1 (PDCD1) receptor and its ligands PDCD1lg1 and PDCD1lg2, as well as lymphocyte activation protein (LAG3) in blood and skin lesion samples. Blood samples from patients and healthy controls showed similar expression levels of LAG3 and PDCD1 (Figures 4A,B). In skin lesions, differences were observed between groups regardless of age. MB patients presented increased expression of LAG3 and PDCD1 in skin lesions in comparison to PB patients (p < 0.0001, p = 0.0031, respectively; Figures 4C,D). Furthermore, young MB patients presented significantly higher expression in skin lesions than PB patients (p = 0.0219).
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FIGURE 4. PD-1 and LAG3 gene expression in whole blood and skin lesion samples. Expression of PDCD1 gene on (A) blood and (B) skin samples. Expression of LAG3 gene on (C) blood and (D) skin lesion samples. The results of these two inhibitory receptors are represented in normalized expression values. Whole blood samples were measured using Biomark's microfluidic-based qPCR technology and fragments of lesions were performed by RT-qPCR. Each circle represents an individual, and the horizontal bars indicate the mean. Kruskal-Wallis test with Dunn's multiple comparison test correction was used to compare the groups. *P < 0.05, **P < 0.01, and ****P < 0.0001.


It seems that LAG3 and PDCD1 could be associated with mechanisms leading to weaker T lymphocyte response to M. leprae in MB patients. However, the expression of these receptors does not seem to be related to aging, at least not under these studied conditions. Then, we analyzed putative age-related changes in programmed cell death receptor (PDCD1, i.e., PDCD1lg1 and PDCD1lg2) gene expression in blood and skin lesions (Supplementary Figure 1) and no differences were observed among all groups tested. PDCD1lg1 and PDCD1lg2 also demonstrated no difference in gene expression between PB and MB patients, as opposed to PDCD1.




DISCUSSION

The aging process leads to a myriad of innate and adaptive immune system adaptations, which result in increased susceptibility to infections, reduction in vaccine response, and even greater incidence of cancer (35). Although these alterations are related to T cell mediated immune response, the mechanisms by which they increase susceptibility to infectious diseases remain unknown (36). Cunha and collaborators addressed these factors among elderly people affected by SARS-CoV-2 infection (37). Considering that M. leprae is capable of infecting a large amount of people, and only a minority will progress toward the disease (1), factors behind delayed disease onset that could be associated with changes in T lymphocyte subpopulations remain unclear. Studies in this area are even more relevant considering epidemiological tendencies of increased disease detection in the population over 60 years of age and stabilization in those between 15 and 60 years (38, 39), which could be increased in a transition from high-endemic to middle-endemicity.

The social impact of leprosy is high due to the physical sequelae that it may render, which are even more serious in the elderly population. Our work identified the increased frequency of physical incapacity in elderly, especially in MB patients, which is in agreement with other findings in the Brazilian population (38–40). Similarly, the greater frequency of males among MB patients has also been documented previously due to the progressive increase in MB leprosy with age (38, 39). It is known from experimental models of intracellular pathogens such as Leishmania (41), Mycobacterium tuberculosis (42), and Paracoccidioides brasiliensis (43) that testosterone is capable of increasing the levels of Th2 anti-inflammatory cytokines, such as IL-10 and IL-4, while estrogen induces a Th1 response, such as IL-2 and IFN-γ. These findings may explain the higher susceptibility of men for developing the multibacillary form of leprosy.

Herein, the observation of increased memory CD8+ cells in skin lesions of elderly patients corroborates preceding evidence that demonstrated increased subpopulations of these cells during aging (9, 44). Although T lymphocytes are essential for the elimination of M. leprae, many subpopulations have reduced activation and proliferation due to the absence of the CD28 costimulatory molecule. CD8+CD28− T cells exhibit a senescence profile along with severe reduction in telomere function due to a long replication history (45). Although other cells may express CD8 molecules, such as NK (CD8+CD3–CD56+) cells (46), it is highly likely that these CD8+ cells found in the skin of our patients studied herein are T lymphocytes. NK cells are also present in granulomatous diseases, such as tuberculosis and tuberculoid leprosy (47). Nevertheless, few studies disclosed the frequency of these cells in skin lesions of patients affected by such diseases.

While reduced expression of CD28 in peripheral blood T lymphocytes of MB patients has been previously described (24, 25), the current work provides new information correlating these data with age. We observed lower expression of CD28 molecules in CD8+ of elderly PB patients in comparison with young patients with the same clinical form. These findings could compromise the activation and proliferation of these cells, favoring bacilli proliferation in elderly patients. Furthermore, CD8+CD28− cells disclosed its ability to suppress immune activity, which could hamper the activation and proliferation of Th lymphocytes through different mechanisms, such as TGF-β and IL-10 secretion and expression of PDL-1 and FasL ligands (20, 21). Nonetheless, CD8+CD28− T lymphocytes may also reduce the capacity of dendritic cells and monocytes to present M. leprae-derived antigens, through increased expression of Ig-like transcript 3 (ILT3) and 4 (ILT4) (48). In summary, increased expression of senescent leukocytes in elderly patients could constitute a permissive environment that favors M. leprae replication and spread.

Our data are even more striking in the elderly PB patient group since they not only present lower CD8+CD28+ cells in skin lesions but showed increased detection of anti-CMV IgG antibodies in serum. Longitudinal studies have demonstrated that elderly people have a reduced capacity to resist new infections due to an excess of memory leukocytes, especially CD8+CD28−. Another contributing factor is the scarcity of naïve T lymphocytes that present a T lymphocyte receptor (TCR) repertoire (49–51). Studies suggest that T cell subsets frequencies may be caused, in part, by latent CMV control (52, 53). In fact, CMV seropositivity seems to be a determinant factor of life expectancy, CMV+ individuals who present other risk factors, such as increase in CD8+CD28− cells tend to have a shorter life span (54, 55).

As age advances, a decline of distinct intensity in adaptive immune functions is observed. It is speculated that this decline may be explained by regulatory T lymphocytes (Treg), however, these data are still inconsistent. Some studies describe a reduction in Treg (CD4+CD25+) suppressive activity during aging (54), while others show that blood Treg frequency is higher in the elderly and that their depletion improves conventional CD4+ T lymphocyte activity in these individuals (55). Here, expression of two receptors (PD-1 and LAG3) related to the suppression mechanisms of Treg cells does not appear to be associated to age in leprosy patients. Our results show that, regardless of age, MB patients present higher expression levels of these two receptors in skin samples than PB patients. These results are in accordance with the fact that MB patients present a permissive environment for the proliferation of M. leprae, considering their high bacilli counts in cutaneous lesions.

LAG3 receptor function seems to be influenced by different cytokines as well as by persistent antigen exposure (56). We found evidence that corroborates other studies showing that high bacillary load in MB patients may provide an environment that increases immunosuppressive action of Treg through LAG3. This could hinder the containment of bacilli, since LAG3 tends to increase Treg activity in an environment with high antigen exposure (57, 58). Similarly, increased PD-1 expression hampers effector T lymphocyte actions in containing M. leprae proliferation, resulting in high bacillary load, a characteristic of MB leprosy (59). For example, in a chronic infection model, blocking of PD-1 interaction with its ligands with nivolumab was able to revert the exhaustion of T lymphocytes (60).

Taken together, our data suggest that changes in cell subpopulations associated with aging may facilitate the appearance of signs and symptoms of leprosy in elderly people exposed to M. leprae. Thus, the accumulation of memory CD8+ and reduced frequency of CD8+CD28+ cells in elderly patients constitute important immunosenescence changes that compromise the activation of resistance mechanisms against M. leprae. Future studies are necessary to evaluate the senescent cells response to bacterial challenge, confirm their hyporesponsiveness when compared to non-senescent cells and still, verify the functional profile of these subsets. On this basis, the data shown in this study provide information and perspectives on the implications of immunosenescence in leprosy progression, which can be extended to other models of chronic infectious diseases.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Ethics Committee of Oswaldo Cruz Foundation/FIOCRUZ (permit protocol number 27052919.0.0000.5248). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

DE: conceptualization. ES, MMo, RL, and DE: funding acquisition. PS, KC, TL-C, MMe, and JL: performed the experiments. JN, RL, and ES: clinical follow-up. PS, TL-C, MMe, FL, MMo, and DE: analyzed the data and writing. PS, MMo, and DE: review and editing. All authors contributed to the article and approved the submitted version.



FUNDING

PS was a postgraduate student sponsored by FIOCRUZ/CAPES (in Portuguese: Coordenação de Aperfeiçoamento de Pessoal de Nível Superior, number16.11.38.106). KC and TL-C were postgraduate students sponsored by FIOCRUZ/CNPq (in Portuguese: Conselho Nacional de Pesquisa e Desenvolvimento Tecnológico, numbers 18.08.38.140 and 18.08.18.013 respectively). MMe and JL were postgraduate student sponsored by FIOCRUZ/CNPq, numbers 15.06.38.062 and 18.03.37.105, respectively. MMo (process 313657/2018-1), ES (process 305105/2019-1), FL (process 31633/2017-7), and RL (process 309853/2019-2) are fellows sponsored by CNPq. This investigation received financial support from PAEF (in Portuguese: Projeto de Ações Estratégicas para Desenvolvimento e Fortalecimento dos Laboratórios Credenciados e das Áreas de Apoio à Pesquisa do IOC, process number IOC-023-FIO-18-2-41, MMo) and PAPES VI/CNPq/Fiocruz (process number 422.103/2017-9, DE). The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.



ACKNOWLEDGMENTS

We are grateful to all the leprosy patients and non-leprosy volunteers for agreeing to participate in the study, as well as to Cristiane Domingues and José Augusto da Silva for their administrative assistance. Our recognition goes to Anna Beatriz Robottom Ferreira, a native speaker for editing the text.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.647385/full#supplementary-material
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The skin is an immunocompetent tissue that harbors several kinds of immune cells and a plethora of commensal microbes constituting the skin microbiome. Staphylococcus aureus is a prominent skin pathogen that colonizes a large proportion of the human population. We currently have an incomplete understanding of the correlates of protection against S. aureus infection, however genetic and experimental evidence has shown that CD4+ T cells play a key role in orchestrating a protective anti-S. aureus immune response. A high S. aureus-specific memory CD4+ T cell response has been reported in the blood of healthy subjects. Since T cells are more abundant in the skin than in blood, we hypothesized that S. aureus-specific CD4+ T cells could be present in the skin of healthy individuals. Indeed, we observed proliferation of tissue-resident memory CD4+ T cells and production of IL-17A, IL-22, IFN-γ and TNF-β by cells isolated from abdominal skin explants in response to heat-killed S. aureus. Remarkably, these cytokines were produced also during an ex vivo epicutaneous S. aureus infection of human skin explants. These findings highlight the importance of tissue-resident memory CD4+ T cells present at barrier sites such as the skin, a primary entry site for S. aureus. Further phenotypical and functional characterization of these cells will ultimately aid in the development of novel vaccine strategies against this elusive pathogen.

Keywords: Staphylococcus aureus, infection, immunity, human skin, tissue-resident memory T cells, CD4+ T cells


INTRODUCTION

The skin provides a physical and immunological barrier for invading pathogens, while also maintaining symbiotic interactions with skin commensals. There are numerous specialized immune cells present in the skin that maintain skin homeostasis and act as the first line of defense against pathogens. It has been estimated that human skin contains roughly twice as many memory T cells than blood (1). Different memory T cell subsets can be phenotypically identified in human skin based on the presence of surface markers and the capacity to emigrate and enter the circulation. Tissue resident memory T (Trm) cells are a subset of memory T cells phenotypically and functionally distinct from their circulating counterparts (1, 2). In particular, human skin-resident memory T (Tsrm) cells can be identified through the surface expression of the skin-homing marker cutaneous lymphocyte-associated antigen (CLA), the memory T cell marker CD45RO and the tissue-retention marker CD69. CLA binds selectively and avidly to the vascular lectin E-selectin while CD69 prevents sphingosine-1-phosphate receptor 1 mediated egress from tissues into the circulation (3). Skin-resident T cell memory has been observed in response to Candida albicans, Leishmania major, Herpes simplex virus as well as commensal bacteria. Most importantly, Tsrm cells contribute to localized protection against re-infection with cutaneous pathogens (4–9). In addition, Trm cell development has been tracked in mice following vaccination and was positively correlated with vaccination efficacy (10–13), making Trm cells a promising target for vaccination (14–19).

The Gram-positive bacterium Staphylococcus aureus is the leading cause of skin and soft tissue infections globally (20). In addition, the rapid emergence of antibiotic resistance has highlighted the need for alternative treatments such as vaccination to combat S. aureus infections. However, to design an efficacious vaccine, it is important to have a complete understanding of the correlates of protection against this pathogen, which is currently lacking (21, 22).

Based on data from mouse and human studies, there is a general consensus that CD4+ T cells, and in particular Th17 and Th1 subsets, contribute to protective immunity against S. aureus infection (23–26). Furthermore, healthy individuals have a considerable number of circulating memory CD4+ T cells specific for S. aureus, likely due to repeated encounters over time with this skin pathobiont (27, 28). However, to our knowledge, the existence of S. aureus-specific tissue resident memory CD4+ T cells in healthy human skin has not yet been addressed.

Using human skin explants, which represent a valuable model to study skin-resident immune responses of human skin to microbes (29), we here show that S. aureus-specific CD4+ Tsrm cells are commonly found in the skin of healthy individuals. This finding uncovers CD4+ Tsrm cells as previously neglected cellular players in the cutaneous human immune response to S. aureus and thus may aid in the development of novel vaccine strategies against S. aureus SSTIs.



MATERIALS AND METHODS


Preparation of Single Cell Suspensions From Human Skin Explants

Fresh human skin explants (16 cm2) derived from abdominoplasty surgical waste of healthy women (age 40 ± 11, body mass index 25 ± 3) were purchased from Biopredic (France). Explants were shipped at 4°C and received within 48 h following the surgery. Upon arrival, samples were immediately processed as shown in Figure 1A. In short, adipose tissue was removed with dissection scissors followed by additional scraping with a disposable scalpel (Swann-Morton, Sheffield). Skin was cut in 1 cm2 pieces, washed repeatedly with PBS and incubated for 1 h at RT in RPMI 1640 (Invitrogen) containing 1 mg/ml collagenase type 1 (Life technologies). Next, skin pieces were extensively minced with disposable scalpels and incubated overnight at 37°C at 5% CO2 in a 6-well plate with 1 mg/ml collagenase type 1 (Life technologies) and 20 μg/ml DNAse (Sigma) in 5 ml c-RPMI [RPMI 1640 containing penicillin-streptomycin-glutamine, sodium pyruvate, minimum essential medium non-essential amino acids (all from Gibco), and 10% heat-inactivated FBS (Hyclone)]. The next day, the skin cell suspension was pipetted vigorously, pooled and filtered sequentially through a 100 μm and a 40 μm cell strainers (Corning). Skin debris was further removed by Ficoll-Paque Premium (GE Healthcare) gradient separation. The viability (83% ± 6.5) and the cell yield (0.63 ± 0.33 × 106 cells/cm2 skin) of the obtained single cell suspensions were assessed with a Vi-CELL XR cell counter (Beckman Coulter).
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FIGURE 1. Characterization of T cell subsets in cell suspensions obtained from human skin explants. (A) Schematic overview of the protocol used to obtain single cell suspensions from human skin explants. (B) Gating strategy to analyze T cell subsets, γδ-, CD4+, and CD8+ T cells, in single cell suspensions. (C) Representative histograms (in red) showing the surface expression for skin resident memory T cells markers, CD45RO (memory), CLA (skin homing), and CD69 (tissue retention) on live CD4+ cells. Blue histograms represent unstained cells.




Heat-Killed (HK) Microbes

Methicillin resistant S. aureus USA300 LAC strain and the coagulase negative staphylococci S. epidermidis 1457 strain and S. lugdunensis SL13 strain were grown to mid-exponential phase (OD600 0.6) (30, 31). Next, bacteria were washed with PBS to remove secreted proteins, resuspended in sterile PBS, plated on Tryptic Soy Agar (TSA) for CFU counts and inactivated in a dry block heater at 90°C for 45 min. After inactivation bacteria were washed three times with PBS and protein content was measured using the Pierce™ BCA Protein Assay kit (Thermo Scientific). Samples concentrations were adjusted to 25 μg/ml, which corresponds to ~1 × 108 CFU/ml (25). Bacterial killing was verified by plating the HK bacteria for 5 days on TSA. Heat-killed (HK) bacteria were aliquoted and stored at −20°C. HK S. epidermidis (FDA strain PCI 1200), HK C. albicans (ATCC 10231), and HK E. coli (O111:B4) were purchased from Invivogen.



CD4+ T Cell Proliferation and Cytokine Production in Response to HK Microbes by Click-iT EdU/V-PLEX Assay

Single cell suspensions obtained from the skin explants were seeded at 500,000 live cells/well for all conditions but CD3/CD28 (for which half the number of cells were plated) in a final volume of 200 μl c-RPMI in round-bottom 96 wells plates (Corning). Cells were rested for at least 24 h at 37°C with 5% CO2 to restore surface marker expression and reduce cellular stress due to the isolation procedure. Cell culture medium was replaced with: (1) fresh medium alone (no stimulation, negative control) or containing: (2) 106 CFU HK microbes corresponding to a multiplicity of infection of 2; (3) Tetanus toxoid (5 μg/ml, Novartis); (4) anti-CD28 (2 μg/ml, clone CD28.2, BD Bioscience, cat # 555725) added to anti-CD3 (1 μg/ml, clone OKT3, BD Bioscience, cat # 566685) coated wells (CD3/CD28, polyclonal stimulation, positive control). After 3 days of culture the thymidine analog EdU (10 μM) was added to the cultures for the last 16 h. At day four, cell culture supernatants were collected and stored at −20°C for cytokine analysis while CD4+ T cell proliferation was assessed by Click-iT EdU assay (Click-iT Plus EdU Alexa Fluor 488 Flow cytometry assay kit, Invitrogen), as recently described (Clemente et al., manuscript in preparation). Cytokines were measured using the 27-V-PLEX human kit (MesoScale Discovery) following manufacturer's instructions. Plates were analyzed by a MESO Quickplex SQ 120 reader and cytokine concentrations were determined using MSD discovery workbench 4.0. Values below or above the detection limits were given the value of ½ LLOD (Lower Limit Of Detection) or 2x ULOD (Upper Limit Of Detection), respectively. Cytokines that were consistently above or below the detection limits, or showed no differences across all stimuli were excluded from further analysis.



Flow Cytometry

For the phenotypic characterization of T cell subsets in the single skin cell suspensions, cells were stained with Live/Dead Near-IR Dead cell stain kit (Invitrogen) for 20 min at room temperature (RT), washed and blocked with 2% rabbit serum in PBS on ice for 20 min. Next, cells were stained for CD4, CD8, γδ-TCR, CD45RO, CLA, and CD69 for 20 min at 4°C, washed with PBS, and fixed with Cytofix (BD Bioscience). Gating strategy is shown in Figure 1B.

For T cell proliferation experiments, after surface staining with CD4, CD8, CD45RO and CLA and fixation, cells were permeabilized with PBS 1% BSA, 0.5% saponin for 30 min at 4°C, washed with PBS 1% BSA, 0.5% saponin followed by the Click-iT reaction (Click-iT Plus EdU Alexa Fluor 488 Flow cytometry assay kit, Invitrogen). After 30 min at RT, cells were washed with PBS 1% BSA, 0.5% saponin and stained for CD3 for 15 min at RT. After two washes, the cells were analyzed on a BD LSR II flow cytometer, and data was analyzed using FlowJo 10 (TreeStars). All antibodies used in this study are shown in Supplementary Table 1.



Cytokine Production in Response to ex vivo Epicutaneous S. aureus Infection of Human Skin Explants

Infection of human skin explants was performed according to a previously described protocol (32). In short, after removal of adipose tissue, the skin sheet was pinned in a dissection board and stripped 30 times with a hypoallergenic tape (Transpore, 3M). Eight mm punch biopsies were collected using disposable biopsy punches (Kai Medical). The punches were washed with culture medium (Advanced DMEM; Gibco) once, followed by two washes with PBS to remove antibiotics. Next, the punches were placed in 12-well transwell plates with 0.4 μm pore size (Corning), containing 1 ml of culture medium. Finally, the punches were infected in duplicate with USA300 LAC strain (5 × 106 CFU in 1 μl PBS) and cultured at air-liquid interface for 2, 24, or 72 h at 37°C, 5% CO2. At each indicated time point, culture supernatants were collected, filtered and stored at −20°C for cytokine analysis that was performed using the 27-V-PLEX human kit (MesoScale Discovery).



Statistical Analysis

GraphPad Prism 8.0.1 was used to perform statistical analysis. Data were analyzed using one-way ANOVA with Dunnett's test, paired Wilcoxon test or paired t-test, as indicated. Significant differences (p < 0.05) are shown.




RESULTS


Tissue-Resident Memory CD4+ T Cells Present in the Skin of Healthy Subjects Proliferate in Response to S. aureus

To investigate if healthy human skin contains CD4+ Tsrm cells specific for S. aureus, we stimulated single cell suspensions prepared from skin explants from eight healthy donors with heat-killed (HK) S. aureus. The vast majority (>90%) of the isolated CD4+ T cells had a Tsrm phenotype based on the surface expression of the memory marker CD45RO, the skin-tropic marker CLA and the tissue-retention marker CD69 (Figure 1C). After 4 day stimulation with HK microbes, we identified CD4+ T cells that have neo-synthesized DNA by the flow cytometry-based Click-iT EdU proliferation assay (CD4+EdU+ cells, Figures 2A,B). These cells were CD4+ Tsrm based on their expression of CD45RO and CLA (Supplementary Figure 1). As shown in Figure 2C, the analysis of 8 healthy subjects showed a statistically significant CD4+ Tsrm cell proliferation in response to HK S. aureus but not to HK S. epidermidis, which is a major component of the human skin microbiome (33). In agreement with previous studies, we observed specific CD4+ Tsrm cell proliferation in response to C. albicans (Figure 2C) (6), while no proliferation was observed in response to E. coli, which is not part of the skin microbiome (Figure 2C). Interestingly, a strong proliferation of CD4+ Tsrm cells was also induced by the recall antigen Tetanus toxoid (Figure 2C) that commonly induces a strong T cell response in human blood (27, 34). Polyclonal T cell stimulation with anti-CD3/CD28 antibodies, which was used as positive control, induced the strongest CD4+ Tsrm cell proliferation in all donors as expected (Figure 2C).
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FIGURE 2. Tissue-resident memory CD4+ T cells present in the skin of healthy subjects proliferate in response to S. aureus. (A) Representative dot-plots showing CD4+EdU+ cells in cell cultures, obtained from a skin explant of an healthy subject, stimulated for 4 days with heat-killed (HK): S. aureus USA300 LAC strain, S. epidermidis PCI 1200 strain, C. albicans, or left unstimulated (medium). (B) Reproducibility of the Click-iT EdU assay. Representative results showing the percentages of CD4+EdU+ T cells obtained from triplicate skin cell cultures from the healthy subject shown in (A) in response to different stimuli. *p < 0.05, **p < 0.01, ****p < 0.0001 as assessed by one-way ANOVA. (C) Proliferation of CD4+ Tsrm cells from skin explants of 8 healthy subjects in response to different HK microbes, Tetanus toxoid, anti-CD3/anti-CD28 antibodies or medium alone. Average percentages of CD4+EdU+ cells of each of the 8 subjects analyzed, in triplicate, are shown by an identifying symbol. Per donor, each stimulated group, indicated by a +, was compared to the non-stimulated group (medium), indicated by a –, by paired Wilcoxon test, *p < 0.05, **p < 0.01. (D) Representative dot plots showing proliferating CD4+ Tsrm cells (CD4+EdU+) after 4-day culture in medium alone (negative control) or with HK S. aureus alone or in combination with MHC class-II blocking antibodies or isotype control antibodies.


Heat-inactivated intact bacteria have been described to be devoid of superantigens, which stimulate T cells in a non-specific manner (25, 35). To further prove that the observed CD4+ Tsrm cell proliferation was antigen-specific, we added MHC class-II blocking antibodies or the isotype control to the skin cell cultures. Indeed, in the presence of MHC-II blocking antibodies, CD4+ T cell proliferation in response to HK S. aureus was abolished while the isotype control had no effect (Figure 2D). In addition, no CD4+ T cell proliferation was detected by Click-iT EdU assay upon stimulation of peripheral blood mononuclear cells (PBMCs) of some healthy subjects with HK S. aureus, while a strong proliferation was observed in response to the staphylococcal T cell superantigen SEB, as expected (Supplementary Figure 2A).

To further assess the staphylococcal species-specificity on CD4+ Tsrm cell proliferation, we analyzed the proliferative response to the coagulase-negative S. lugdunensis, which is also a skin commensal (33). Analysis of cells obtained from explants from five healthy subjects showed no proliferation in response to either S. lugdunensis SL13 strain or S. epidermidis 1457 strain while proliferation to S. aureus USA300 LAC strain was confirmed (Supplementary Figure 2B). Taken together, these findings support the presence of S. aureus-specific CD4+ tissue-resident memory T cells in healthy human skin.



Cells Isolated From the Skin of Healthy Subjects Produce Pro-inflammatory Cytokines in Response to S. aureus

To further investigate the response of healthy human skin to S. aureus, we analyzed the cytokine profile in the supernatants of S. aureus-specific CD4+ Tsrm cells analyzed by Click-iT EdU assay (Figure 2C), collected after 4 days of stimulation, by 27-V-PLEX. As shown in Figure 3, significant increases in production of IL-17A (141.20 vs. 12.34 pg/ml), IL-22 (131.67 vs. 4.22 pg/ml), IFN-γ (176.61 vs. 78.82 pg/ml), GM-CSF (138.73 vs. 13.34 pg/ml), and TNF-β (18.48 vs. 1.84 pg/ml) were observed in response to HK S. aureus stimulation while HK S. epidermidis induced a significant increase in IL-17A production only (48.29 vs. 12.34 pg/ml). Interestingly, C. albicans, as well as Tetanus toxoid and the polyclonal stimulation with anti-CD3/CD28 antibodies induced the same pattern of cytokines as S. aureus while in response to E. coli none of the analyzed cytokines was induced. Remarkably, the production of IL-17A, IL-22, IFN-γ, GM-CSF, and TNF-β in response to HK S. aureus stimulation were substantially decreased by MHC class II blocking antibodies, indicating that CD4+ Tsrm cells were a major source of these cytokines (data not shown). In addition we obtained direct evidence of IL-17A and IL-22 production by CD4+EdU+ Tsrm cells by intracellular cytokine staining (data not shown).
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FIGURE 3. Cytokines secreted in the supernatants of skin cell cultures stimulated with different HK microbes. Supernatants were collected from samples used to determine CD4+ Tsrm cell proliferation by the Click-iT EdU assay. Cytokines were quantified by V-PLEX assays. Cytokine production in response to the different stimuli is shown for 8 donors (indicated by individual symbols), except for Tetanus toxoid (7), S. epidermidis (6) and E. coli (3). Per donor, each stimulated group, indicated by a +, was compared to the non-stimulated group (medium), indicated by a –, by paired Wilcoxon test, *p < 0.05, **p < 0.01. LLOD, Lower limit of detection; ULOD, upper limit of detection; LLOQ, lower limit of quantification; ULOQ, upper limit of quantification.




Ex vivo Epicutaneous S. aureus Infection of Healthy Human Skin Induces Pro-inflammatory Cytokines

To understand the local immune response to S. aureus within healthy human skin, we used an ex vivo epicutaneous infection model (32). Skin explants were tape-stripped to remove the stratum corneum, followed by topical application of 5 × 106 CFU S. aureus USA300 LAC strain. Cytokines were quantified in the skin explants culture media by 27-V-PLEX at different time-points post infection (p.i.). At 24 h p.i. only IL-10, IL-1α, and IL-2 were produced at significantly higher levels compared to the non-infected control while at 72 h p.i. also IL-17A, IL-22, IFN-γ, IL-1α, IL-1β, GM-CSF, IL-12p40, TNF-α, and TNF-β levels were increased (Figure 4). These data show that, while at an initial stage of S. aureus infection the cytokine response of the skin is limited, it becomes strongly proinflammatory at later stages of infection. Furthermore, the cytokines induced by stimulation of cells extracted from the skin with HK S. aureus, namely IL-17A, IL-22, GM-CSF, IFN-γ, and TNF-β, were induced also by epicutaneous infection of human skin with live S. aureus, strengthening the value of this in vitro model.


[image: Figure 4]
FIGURE 4. Cytokines produced by human skin from healthy subjects in response to ex vivo epicutaneous S. aureus USA300 LAC infection. Eight mm biopsy punches, prepared from tape stripped human skin explants from four donors, were put in transwells at air-liquid interface and infected epicutaneously with 5 × 106 CFU S. aureus USA300 LAC strain in duplicate, or were left non-infected (n.i.) for 2, 24, or 72 h when culture medium was collected. Cytokine concentrations were assessed by V-PLEX assay. Box-and-whiskers extend from the 25th to 75th percentiles and the line inside the box represents the median. LLOD, Lower limit of detection; ULOD, upper limit of detection; LLOQ, lower limit of quantification; ULOQ, upper limit of quantification. Differences between cytokine concentrations measured at 2, 24, 72 hpi were compared with non-infected control at 72 h using an one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





DISCUSSION

Here, we show that S. aureus-specific CD4+ tissue-resident memory T cells are abundant in the skin of healthy subjects. In particular, by the use of a novel assay, Click-iT EdU/V-PLEX, which allows simultaneous detection of CD4+ T cell proliferation and cytokine quantification in cell culture supernatants, we revealed that stimulation of cells isolated from abdominal skin explants with HK S. aureus USA300 LAC strain induced: (1) The proliferation of CD4+ T cells that were identified as skin-resident memory T (Tsrm) cells based on the expression of the CLA skin-homing, CD45RO memory, and CD69 tissue-retention markers. (2) The secretion of proinflammatory cytokines, namely IL-17A, IL-22, GM-CSF, IFN-γ, and TNF-β. Remarkably, neither proliferation of CD4+ Tsrm cells nor secretion of proinflammatory cytokines except for IL-17A was observed in response to the common skin commensal S. epidermidis.

Mechanisms enabling the host to mount protective immune responses against pathogens while establishing a privileged relationship with commensal bacteria have been intensively studied but still remain largely unknown. One important feature of commensal-specific immunity is its uncoupling from inflammation and the maintenance of tissue homeostasis (8). Cytokines play a key role not only in the promotion of skin inflammation but also in skin homeostasis. Cytokine analysis of culture medium of both isolated skin cells stimulated with HK S. aureus and human skin explants infected ex vivo with S. aureus showed the production of cytokines involved in skin inflammation and tissue repair. Genetic evidence has highlighted a key role for IL-17-mediated immunity in protection against S. aureus skin infection, but not invasive staphylococcal disease, similarly to what has been observed for C. albicans infections (36, 37). IL-17 enhances the recruitment of neutrophils, which can kill S. aureus, to the site of infection, and stimulates the production of antimicrobial peptides (AMPs) that can be directly bactericidal (38–40). IL-22 promotion of skin inflammation is well-established (41), however a role of IL-22 in skin homeostasis has also emerged. In particular, IL-22 has been shown to induce the proliferation of keratinocytes and AMPs production (42, 43). In addition, IL-22 induces MHC class II expression on keratinocytes thereby promoting the selective accumulation of commensal-induced IFN-γ producing CD4+ T cells within murine skin (44). TNF-β induces angiogenesis, thereby contributing to wound repair (45, 46). Interestingly, cytokine analysis of human skin explants infected epicutaneously with S. aureus revealed also a significant production of IL-1α and IL-1β (Figure 4). These results are in agreement with previous studies showing that these cytokines were produced by murine keratinocytes after an epicutaneous S. aureus challenge (47, 48). The lack of IL-1 production by isolated human skin cells stimulated with HK S. aureus could be due to the lack of secreted bacterial proteins, including alpha-toxin that has a prominent role in the induction of IL-1 production by keratinocytes (49).

The Click-iT EdU/V-PLEX assay does not allow the identification of the cellular source of the detected cytokines. However, since we observed that the polyclonal T cell stimulation with anti-CD3/CD28 antibodies induced the same cytokine profile as HK S. aureus stimulation, and MHC class II blocking antibodies substantially decreased the production of these cytokines in response to HK S. aureus stimulation (data not shown) it seems likely that CD4+ Tsrm cells are a major source of the observed cytokines (50), although cytokine production by non-classical T cells cannot be ruled out (51–53). In addition we obtained direct evidence of IL-17A and IL-22 production by CD4+EdU+ Tsrm cells by intracellular cytokine staining (data not shown). It should be noted that studies, performed both in human and murine skin, suggest that Trm cells accumulate in the skin as a function of the number of infectious and inflammatory events over time. Indeed, laboratory mice, like newborn, but not adult, humans lack effector-differentiated and peripherally distributed memory T cells, including Tsrm cells (54, 55). In mice, γδ T cells have been identified as key IL-17 producers upon S. aureus infection (52). However, it has been shown that following infection of laboratory mice with C. albicans, while the initial IL-17-producing cells were γδ T cells, at later times the majority of C. albicans-reactive IL-17-producing T cells were CD4+ Tsrm cells. Importantly, IL-17-producing CD4+ Trm cells that responded to C. albicans were identified in normal human skin (4). Similarly, since humans, unlike laboratory mice, naturally encounter S. aureus repeatedly over time, we hypothesize that CD4+ Tsrm cells are the primary source of IL-17 produced in response to this bacterium in human skin. Indeed, comparable levels of IL-17A were produced in response to HK S. aureus or C. albicans in our experiments. On the other hand, S. epidermidis colonization of mouse skin has been shown to induce IL-17A-producing CD8+ T cells restricted to non-classical MHC class I molecules and characterized by immunoregulatory and tissue-repair signatures, which home to the epidermis (9). These cells could be the source of IL-17A produced in response to HK S. epidermidis in our experiments, although further research is needed to address this point.

A major difference between S. aureus and S. epidermidis is the secretion of numerous virulence factors including proteases and toxins such as alpha-toxin, that can damage the skin epithelial integrity (32, 56). Our results suggest that in order to halt S. aureus invasion, the cutaneous immunity deploys CD4+ Tsrm cells that secrete several cytokines with proven anti-S. aureus and tissue-repair activities. Induction of such a mild anti-bacterial immune response might be a strategy to limit local infection and prevent systemic spread, promoting a long-lasting equilibrium between this pathobiont and the host. Interestingly, this could be achieved through alpha-toxin that has been shown to modulate mouse CD4+ T cell differentiation limiting Th1 while promoting Th17 responses (57). However, once the skin is breached, the local immunity is dampened or the bacterial load is exceedingly high, this local response is no longer sufficient to control S. aureus (37). Indeed, the importance of antibodies and Th1 cells in controlling systemic S. aureus infections has been highlighted (25, 58).

Interestingly, a recent paper showed that neonatal mouse skin colonization with S. epidermidis facilitated immune tolerance to this bacterium via the induction of regulatory T (Treg) cells (49). This was not the case for S. aureus that, through alpha-toxin mediated IL-1β production by myeloid cells, limited the development of S. aureus-specific Treg cells thus enhancing skin inflammation upon later-life exposure to S. aureus (49). Similarly, we cannot rule out the presence of S. epidermidis-specific Treg cells, which are known to proliferate under homeostatic conditions, in our experiments (6).

The immune response of the skin to S. aureus has been intensively investigated in a number of elegant mouse studies (19). However, the anatomical and immunological differences between murine and human skin together with the different composition and exposure to skin microbiome limit the translational value of the results obtained in mice (29, 59). As a more biologically relevant model, we used human skin explants generated as surgical waste from cosmetic surgery performed on the abdomen. Of note, although Staphylococcus aureus colonization is most consistently identified in humans in the anterior nares, colonization has also been reported at other body sites including axilla, inguinal and rectal areas (60). In addition, S. aureus was cultured from 30% of abdominal skin swabs from healthy subjects (61). Since variability was reported among different skin sites, as a consequence differences in the relative abundance in CD4+ Trm cells specific for S. aureus at different locations can be envisaged. Nevertheless, studies have shown that following skin infection, Tsrm cells can migrate out of the skin and populate distant skin sites thus forming global skin immunity (16, 62). Interestingly, S. aureus-specific CD4+ Trm cells have been identified in gut tissue of healthy individuals. These cells showed increased IL-17A and reduced IFN-γ production as compared to cells with similar reactivity present in the circulation (63), similarly to what we report here for S. aureus-specific CD4+ Tsrm cells. Indeed, this seems to be a common characteristic of barrier-protective Trm cells. In addition, since some inborn errors of IL-17 immunity predispose not only to skin but also to lung S. aureus infection (37), the presence of S. aureus-specific CD4+ Tsrm cells in the lungs and their phenotype should be assessed.

While numerous efforts have been made toward designing a vaccine against S. aureus, unfortunately to this date none have been successful (64). Perhaps the most fundamental reason explaining the past failures of S. aureus vaccines is the lack of a complete understanding of protective immunity. Our results enforce the conclusion that since the contribution of local immune memory within tissues is becoming evident, it should be evaluated in vaccination efficacy studies (50). Since a sizable percentage of people experiencing S. aureus SSTI has recurrent infections (22, 65), it will be very informative to analyze the CD4+ Tsrm response to S. aureus in this population. In addition, it would be interesting to investigate the S. aureus-specific CD4+ Tsrm response in patients with atopic dermatitis, a chronic and relapsing inflammatory skin disorder associated with skin barrier impairment and the predominant S. aureus colonization (66).

In summary, we describe a skin-resident memory CD4+ T cell population within healthy human skin that is specific for the human skin pathogen S. aureus. While further research is needed to better characterize the phenotype, the antigen-specificity and the protective potential of these cells, this finding highlights that skin-resident memory CD4+ T cells could be a powerful and exploitable arm of adaptive immunity against this elusive pathobiont.
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Cutaneous leishmaniasis exhibits a wide spectrum of clinical presentations from self-resolving infections to severe chronic disease. Anti-parasitic drugs are often ineffective in the most severe forms of the disease, and in some cases the magnitude of the disease can result from an uncontrolled inflammatory response rather than unrestrained parasite replication. In these patients, host-directed therapies offer a novel approach to improve clinical outcome. Importantly, there are many anti-inflammatory drugs with known safety and efficacy profiles that are currently used for other inflammatory diseases and are readily available to be used for leishmaniasis. However, since leishmaniasis consists of a wide range of clinical entities, mediated by a diverse group of leishmanial species, host-directed therapies will need to be tailored for specific types of leishmaniasis. There is now substantial evidence that host-directed therapies are likely to be beneficial beyond autoimmune diseases and cancer and thus should be an important component in the armamentarium to modulate the severity of cutaneous leishmaniasis.
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Introduction

Cutaneous leishmaniasis is caused by several different species of protozoa transmitted by sand flies, and has a variety of clinical forms, ranging from self-healing lesions to chronic disfiguring mucosal disease (1, 2). There is no vaccine for the disease, and drug treatment is not always effective (3, 4). Moreover, in some forms of leishmaniasis the magnitude of the disease appears to be due to the uncontrolled inflammatory response at the cutaneous site of infection. It is clear that new therapeutic approaches are needed, and host-directed therapies to either enhance protective immune responses or to ameliorate excessive cutaneous inflammation represent novel therapeutic strategies worthy of pursuit.

Host-directed therapies for infectious diseases are designed to either amplify protective immune responses, divert non-protective immune responses towards protective responses, or block pathologic immune responses (5). Fortunately, our in-depth understanding of both protective and pathologic immune responses and identification of agents that can be used clinically to influence immune responses has revolutionized treatment of a wide range of diseases. While many of these new treatments are for non-communicable diseases, repurposing such treatments for infectious diseases, such as cutaneous leishmaniasis is advantageous, as their safety and efficacy profiles have often already been established.

In order to be successful, host-directed therapies must not overstimulate the immune response, or block protective immune responses necessary to control the pathogen. These are not theoretical possibilities. For example, checkpoint blockade has revolutionized cancer treatment, but some patients develop adverse events associated with these treatments, including cytokine storms that can be lethal (6, 7). Similarly, anti-inflammatory treatments run the risk of increased susceptibility to infections. Thus, the key to using host-directed therapy with infectious diseases is to lessen the chances of adverse events by defining the mechanisms mediating protection as well as those promoting immunopathologic responses associated with the disease. In cutaneous leishmaniasis there is a good understanding of the protective mechanisms, and thus one strategy is to promote those responses. Here we will review the host-directed therapies that could be used to enhance protection in patients. Many of the studies discussed focus on murine models where potential host-directed therapies can be assessed prior to initiation of clinical trials with patients.

We will also discuss what we know about destructive inflammation seen in patients with chronic cutaneous leishmaniasis and identify potential targets for therapies to promote disease resolution.



Spectrum of Clinical Presentations in Cutaneous Leishmaniasis

A challenging aspect in lessening disease in cutaneous leishmaniasis is the variety of clinical presentations associated with the infection. The type of clinical presentation is driven by the nature of the immune response invoked, which is influenced by both host genetics and the specific species or strain of the parasite causing the infection (1, 2). Following infection by a sand fly, patients develop a small nodule which progresses to an ulcerated lesion that will eventually heal in several months. However, in some cases, the lesions fail to resolve, or the parasites spread to many cutaneous sites without any evidence of control, a form of leishmaniasis known as diffuse cutaneous leishmaniasis (DCL) (8–10). These patients fail to develop a delayed-type hypersensitivity response or a strong IFN-γ response, and thus parasite burdens in the lesions are extremely high (9, 10). Histologically, these lesions appear as masses of macrophages with large numbers of intracellular parasites, and few infiltrating lymphocytes (10). It is clear that enhancing a protective immune response would be important for this disease.

At the other end of the spectrum, parasites can spread to the naso-oropharyngeal mucosa and cause extensive damage mediated by an uncontrolled immune response. This disease, termed mucosal leishmaniasis, is most often caused by L. braziliensis parasites and is refractory to anti-parasitic treatment. While the parasites are largely controlled by the immune response, there is a large infiltration of inflammatory cells into the lesions, suggesting that the damage is due to an overexuberant inflammatory response rather than uncontrolled parasite growth (11). While mucosal leishmaniasis is the most severe form of the disease at the inflammatory end of the spectrum, single lesions in patients infected by L. braziliensis can also be chronic, resistant to drug treatment, and associated with a severe inflammatory response with a low parasite burden in the lesions.

Patients who fail to develop a protective Th1 cell response develop disease, often in spite of a strong antibody response. This is most clearly observed in DCL patients (9). In contrast, patients with a strong Th1 cell response also develop severe disease, but in this case due to inflammation rather than massive parasite numbers (11). This spectrum is not unique to cutaneous leishmaniasis. For example, in another cutaneous disease, leprosy, the disease ranges from lepromatous leprosy in which there is an absence of a strong T cell response and no control of the bacteria to tuberculoid leprosy in which bacteria are scarce, and the immune response causes disease (12, 13). Unfortunately, drug treatment for cutaneous leishmaniasis patients with severe disease at either end of the spectrum can be ineffective, which provides support for considering alternative treatment strategies (8, 10, 14). However, what is clearly evident is that any host-directed therapy will need to take into consideration where a patient is on this immunologic spectrum.

Experimental models of cutaneous leishmaniasis have been critical for understanding the disease, and important in defining the mechanisms associated with T cell subset development. For example, infection of mice with Leishmania major helped define the factors driving CD4 Th1 and CD4 Th2 cell development and maintenance (15–17). These studies established the critical role of IFN-γ produced by CD4 T cells in protection, and the lack of a protective role for antibodies. In contrast, infection of BALB/c mice with L. major results in an uncontrolled infection, which is in part due to the development of a Th2 response. While these uncontrolled infections mimic some aspects of DCL (or visceral leishmaniasis), the role of IL-4 in promoting increased disease in patients is less clear than in murine models (18). Many studies have been done with L. major, but these do not represent the whole breadth of disease patterns that can be seen with other species of Leishmania. For example, while C57BL/6 mice resolve disease following infection with L. major, lesions induced by either L. amazonensis or L. mexicana infections do not resolve (19, 20). In these cases, susceptibility is linked with the failure to develop a strong Th1 response, rather than a Th2 response. Leishmania strain differences can also influence disease outcome. For example, the L. major Seidman strain causes a non-healing infection in C57BL/6 mice in spite of the development of a Th1 response (21, 22). Although all murine models have their limitations, many of these different host-parasite models are useful to assess host-directed therapies that can enhance immune responses. In contrast, fewer models have been available that mimic the excessive inflammatory responses associated with patients infected with L. braziliensis parasites (see below).



Enhancing Protection in Cutaneous Leishmaniasis by Host-Directed Therapies

Leishmania parasites replicate in myeloid cells, including macrophages, monocytes and dendritic cells. Control of the parasites is dependent upon activation of these cells by IFN-γ, leading to increased production of nitric oxide and/or reactive oxygen species, although the role of these molecules may vary depending upon the host and the parasite species (23–26). The primary source of IFN-γ that leads to protection in cutaneous leishmaniasis is the CD4 T cell, although CD8 T cells and NK cells can also contribute to protection (27–29). Once an infection has resolved, resident memory CD4 Th1 cells in the skin, central memory CD4 T cells and circulating effector CD4 Th1 cells maintained by persistent parasites provide protection against a secondary challenge (30, 31). Since resident memory Th1 cells can be maintained in the absence of persistent parasites, they are a good target for vaccine development. While we understand how the immune response can control these parasites, there are multiple mechanisms that can block or lessen the development of protective responses, which is why lesions often take so long to resolve. Defining these barriers to protection can provide targets for host-directed therapies in patients in whom limited Th1 responses develop.

A reasonable first line approach to promote healing is treatment with agents that directly increase protective immunity (Figure 1). One can define protective immunity in both experimental models and humans as the ability to protect against the development of disease, which may not lead to complete elimination of the parasites. While this protection may require IFN-γ, as discussed above it is also clear that IFN-γ by itself does not always lead to lack of disease.




Figure 1 | Host directed therapies that promote better parasite control. DCL- Diffuse cutaneous leishmaniasis; LCL- Localized cutaneous leishmaniasis.



As would be expected, treatment with IFN-γ has shown increased control in patients who are refractory to standard treatment (32, 33), and experimentally, IL-12 can promote healing even after lesions have developed when given in conjunction with an anti-parasitic drug (34, 35). In addition, clinical trials have been done with GM-CSF, in which topical treatment was found to promote increased healing (36, 37). Similarly, topical treatment with the TLR7 agonist imiquimod has shown increased healing rates (38), although there have been mixed results in clinical trials (39).

Alternatively, another potential therapeutic approach would be to block pathways that downregulate protective immunity (Figure 1). DCL patients fail to generate a protective IFN-γ response, and the pathology seen in these individuals is due to uncontrolled parasite growth in macrophages in the skin. While IL-4 blockade of protective responses can contribute to the uncontrolled Leishmania replication in experimental models, IL-4 appears to be less important in DCL patients (9) or indeed in any form of human leishmaniasis. Instead, a recent study suggests that DCL patients exhibit an overwhelming B cell response, and little evidence of either a Th1 or Th2 response (9). In contrast, IL-10 plays a critical role in promoting susceptibility to L. major in BALB/c mice, suggesting that blocking IL-10 might increase protective responses. Consistent with this possibility are studies in visceral leishmaniasis patients who can also develop uncontrolled infections. In these patients IL-10, rather than IL-4, has been linked with susceptibility. Importantly, a study with splenic aspirates from visceral leishmaniasis (VL) patients demonstrated that blockade of IL-10 enhanced control of the parasites (40), which provides the experimental foundation for a host-directed therapy where IL-10 would be blocked in VL patients (41). Experimentally, other regulatory cytokines have been shown to block protective Th1 responses in cutaneous leishmaniasis. For example, TGF-β inhibits protection in L. amazonensis infected mice (42), and IL-27 promotes IL-10 responses and increased susceptibility (43). Thus, blocking these regulatory pathways might promote better protective responses.

The role of inhibitory receptors in modulating the outcome of infectious diseases is an area of active investigation, since checkpoint blockade is effective in promoting control of cancer (44). One might predict, therefore, that blocking this regulatory pathway might be protective in cutaneous leishmaniasis as well. However, to date the experimental results in leishmaniasis are unclear. A study with arginase-deficient L. major in mice unable to resolve their infections found that anti-PD-1 monoclonal antibody promoted healing. However, blockade of PD-1 or PD-L1 in L. amazonensis infected mice (45) or infection of PD-L1 knockout mice with L. mexicana (46), had minimal effects on parasite control. A recent study found that T cells with an exhausted phenotype were present in the blood and lesions of L. braziliensis patients, and blocking PD-1 signaling in circulating T cells from patients enhanced their proliferation and production of IFN-γ (47). Clearly, more studies need to be done to understand the role of PD-1/PD-L1, as well as other checkpoint molecules, in cutaneous leishmaniasis.



Controlling Immunopathology in Cutaneous Leishmaniasis by Host-Directed Therapies

Enhancing Th1 responses directly or blocking pathways that lessen Th1 responses will not be effective for every type of cutaneous leishmaniasis. This is particularly true for patients at the immunopathologic end of the spectrum who develop chronic lesions in spite of their ability to generate a strong Th1 response. This clinical presentation is best exemplified by L. braziliensis infections, where chronic lesions are associated with a strong Th1 response and few parasites. While IFN-γ and TNF are important for macrophage activation and parasite control, in excess both cytokines can be associated with pathologic immune responses and it is possible that a poorly regulated Th1 response leading to high levels of IFN-γ and TNF contributes to this chronic inflammation. Moreover, since blocking TNF is a successful host-directed therapy for patients with rheumatoid arthritis, it is reasonable to consider its role in blocking pathology in cutaneous leishmaniasis. In support, a recent study suggests that TNF in L. mexicana infections promotes T cell exhaustion (48). While clinical trials have not yet been done with humanized monoclonal antibodies against TNF, the drug pentoxifylin, which blocks TNF, has been used in L. braziliensis, but with mixed results (49–51).

The optimal pathway to target in patients at the inflammatory end of the spectrum would be one that is not associated with protection. Notably, studies in L. braziliensis patients uncovered a major pathway leading to disease that was independent of protective immune responses. These studies found that cytolysis by CD8 T cells correlated with increased pathology in cutaneous leishmaniasis patients (23, 52–61). Importantly, these studies were followed up with the demonstration that patients who eventually fail drug therapy can be identified prior to treatment based upon expression level of genes associated with cytotoxicity (59).

The identification of CD8 T cells as drivers of disease was initially confusing, since CD8 T cells were protective in models of cutaneous leishmaniasis. For example, infection of CD8 deficient mice with low doses of L. major leads to susceptibility (28). The protective role of CD8 T cells appears to be mediated primarily by promoting Th1 responses in the draining lymph nodes (27, 28). This paradox was resolved by the finding that CD8 T cells in the lesions made little IFN-γ, but were instead cytolytic (53, 54, 56). The mechanisms involved in the differential function of CD8 T cells in the draining lymph nodes and cutaneous lesions has yet to be understood, although one factor may involve the lack of local signals in the lesions that would promote IFN-γ production by CD8 T cells (62). These results raised the question of how cytolytic CD8 T cells promote disease in cutaneous leishmaniasis. Based upon other infections, one might predict that killing of Leishmania-infected cells would lead to better parasite control. However, the evidence suggests that instead of killing the parasites, lysing the infected cell results in parasite dissemination, which then go on to infect other cells (54). Thus, cytolysis may be one mechanism that promotes metastasis in patients.

As the pathologic role for CD8 T cells is difficult to ascertain in standard experimental models of cutaneous leishmaniasis new models to define the mechanisms leading to CD8 T cell mediated pathology needed to be created. The most straightforward model was the adoptive transfer of CD8 T cells into RAG mice followed by infection with Leishmania (28, 54). Importantly, RAG mice infected with L. braziliensis do not develop substantial lesions over many weeks of infection, in spite of a large number of parasites present at the site of infection (54). These results, and previous studies in RAG mice (63), demonstrate the critical role T cells play in developing ulcerated lesions. RAG mice receiving CD4 and CD8 T cells developed small lesions and controlled parasite replication. In contrast, RAG mice that received CD8 T cells alone and were infected with L. braziliensis developed severe uncontrolled lesions (54). Surprisingly, the number of parasites in infected RAG mice and RAG mice that received CD8 T cells was the same, highlighting the critical role for CD8 T cells in immunopathology. This CD8 T cell dependent pathology required the cytotoxic molecule perforin, but not IFN-γ, since transfer of perforin deficient T cells to RAG mice failed to induce pathology, while IFN-γ -/- CD8 T cells did (54). In a complementary model, bystander cytolytic CD8 T cells were also found to promote increased disease, as mice that had resolved an infection with lymphocytic choriomeningitis virus (LCMV) developed more severe disease than mice that had not previously been infected with LCMV in response to Leishmania challenge weeks after viral clearance (64, 65). In this model, LCMV specific NKG2D expressing CD8 T cells were recruited to the cutaneous lesions non-specifically and mediated killing of targets expressing NKG2D ligands that were upregulated on cells in the lesions due to inflammation. The relevance of bystander CD8 T cells to human leishmaniasis is suggested by the finding that lesions from patients who have been infected with Toxoplasma contained Toxoplasma specific CD8 T cells (66). Thus, studies in both experimental models, as well as gene transcriptional analysis of lesions from patients, identified an immunopathologic pathway dependent upon cytolysis in cutaneous leishmaniasis.

The transcriptional analysis of lesions from patients provided clues as to how cytolysis might promote increased disease (23, 67). Not only were genes associated with cytolysis upregulated in lesions, but those associated with inflammasome activation, including NLRP3, Caspase 1 and IL-1β, were similarly upregulated. The immunopathologic pathway hypothesized from gene transcriptional analysis of lesions was confirmed using the experimental models of CD8 T cell mediated disease described above. Thus, CD8 T cell mediated disease could be blocked by inhibitors of NLRP3, such as MCC950 and glyburide, or blockade of IL-1β with the IL-1 receptor antagonist anakinra or with anti- IL-1β antibody treatment (56) (Figure 2). The pathologic role for IL-1β is not limited to situations where there is uncontrolled CD8 T cell mediated cytolysis. Others have shown that inflammasome-dependent IL-1β mediates the severe disease seen with a virulent L. major strain, and IL-1β administration can exacerbate disease following L. major and L. amazonensis infection (22, 68, 69). In addition, IL-1 serum levels correlate with increased disease severity in L. mexicana patients (70), and more serious disease was reported in mice lacking the natural inhibitor of IL-1β signaling (IL-1RA) (71). In the L. amazonensis model IL-1β was found to promote resistance, although these mice fail to resolve with or without IL-1β (72). IL-1β has many roles in the immune response, but the pathologic role of IL-1β in cutaneous leishmaniasis appears to be when the cytokine is in excess. Notably, because both the inflammasome and IL-1β are associated with many chronic diseases, including autoimmune diseases, cancer and cardiovascular diseases, a number of inhibitors designed to block this pathway are in clinical use or are in clinical trials that can be tested in cutaneous leishmaniasis.




Figure 2 | Host directed therapies that block immunopathologic mediated cytolysis. ML, mucosal leishmaniasis; LCL, Localized cutaneous leishmaniasis.



Blocking CD8 T cell cytotoxicity, an initiator of this pathway, could be another important target in lessening pathology. IL-15 is a potential target for such treatment, as it is highly expressed in lesions of human cutaneous leishmaniasis patients and promotes the expression of granzyme B dependent CD8 T cell cytotoxicity. Tofacitinib is a small molecule inhibitor of janus kinase (Jak)3 which is required for IL-15 signaling (73). It is currently being used clinically to treat certain types of arthritis under the trade name Xeljanz, and experimentally treats alopecia areata by blocking NKG2D dependent cytolysis (74). In experimental Leishmania models of CD8 T cell mediated pathology, systemic and topical treatment with tofacitinib blocked pathology (75). Notably, tofacitinib did not alter protective Th1 responses or parasite control. Thus, local targeting of CD8 T cell-mediated cytotoxicity can be a safe strategy to block immunopathologic responses locally while sparing protective responses.



Conclusions

Host-directed therapies hold great promise for lessening the more severe forms of cutaneous leishmaniasis. The ease of monitoring the efficacy of host-directed therapies in cutaneous diseases is a significant advantage to such treatments, and particularly important is the potential to develop topical treatments that may reduce untoward systemic responses. While in many diseases host-directed therapies are administered systemically, for those that might be used in cutaneous leishmaniasis it will be important to test whether topical application might be effective. One successful experimental example is the treatment with tofacitinib, which we found was as effective at controlling disease given topically as given systemically (75).

It is evident that care must be taken in the development of such therapies, as there remains the potential for blocking a pathway critical for control of Leishmania. Importantly, all of these therapies should be used in conjunction with standard anti-parasite drug treatment which lessens the risk of unchecked Leishmania multiplication. While increased susceptibility to other pathogens might remain, the short treatment period required would also lessen this risk. Finally, a practical consideration for developing therapies for neglected tropical diseases, such as cutaneous leishmaniasis, is the cost of treatment. Clearly the utility of any new host-directed therapy will depend on cost. However, identification of the targets for a successful host-directed therapy is the first step and can provide the rationale for a search for cheaper alternative treatments targeting the same immunologic pathways.

With the seeming endless development of new approaches to modulate the immune response with cytokines, small molecule inhibitors, humanized monoclonal antibodies, and drugs directed against immune targets, there is a growing interest in applying host-directed therapies to infectious diseases. Cutaneous diseases, such as leishmaniasis, can clearly benefit from such treatments. However, the key to success will be a continued focus on understanding the mechanisms leading to protective and pathologic responses in the skin, where many unanswered questions remain to be addressed. Most studies of cutaneous leishmaniasis have focused on systemic responses, or those occurring in local lymph nodes, and have ignored the unique aspects of the skin. Differences in cell types, metabolism, oxygen levels, and temperature can influence the outcome of cutaneous leishmaniasis, but have been little studied in this disease. Further, the skin directly interacts with the external environment and the skin microbiome can have significant effects on the outcome of infection (76, 77). It is fair to say that the success of host-directed therapies for cutaneous leishmaniasis will depend upon a better understanding of the skin, and for leishmaniasis we have just “scratched the surface” in that arena.
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Leprosy is a disease with a clinical spectrum of presentations that is also manifested in diverse histological features. At one pole, lepromatous lesions (L-pole) have phagocytic foamy macrophages heavily parasitized with freely multiplying intracellular Mycobacterium leprae. At the other pole, the presence of epithelioid giant cells and granulomatous formation in tuberculoid lesions (T-pole) lead to the control of M. leprae replication and the containment of its spread. The mechanism that triggers this polarization is unknown, but macrophages are central in this process. Over the past few years, leprosy has been studied using large scale techniques to shed light on the basic pathways that, upon infection, rewire the host cellular metabolism and gene expression. M. leprae is particularly peculiar as it invades Schwann cells in the nerves, reprogramming their gene expression leading to a stem-like cell phenotype. This modulatory behavior exerted by M. leprae is also observed in skin macrophages. Here, we used live M. leprae to infect (10:1 multiplicity of infection) monocyte-derived macrophages (MDMs) for 48 h and analyzed the whole gene expression profile using microarrays. In this model, we observe an intense upregulation of genes consistent with a cellular immune response, with enriched pathways including peptide and protein secretion, leukocyte activation, inflammation, and cellular divalent inorganic cation homeostasis. Among the most differentially expressed genes (DEGs) are CCL5/RANTES and CYP27B1, and several members of the metallothionein and metalloproteinase families. This is consistent with a proinflammatory state that would resemble macrophage rewiring toward granulomatous formation observed at the T-pole. Furthermore, a comparison with a dataset retrieved from the Gene Expression Omnibus of M. leprae-infected Schwann cells (MOI 100:1) showed that the patterns among the DEGs are highly distinct, as the Schwann cells under these conditions had a scavenging and phagocytic gene profile similar to M2-like macrophages, with enriched pathways rearrangements in the cytoskeleton, lipid and cholesterol metabolism and upregulated genes including MVK, MSMO1, and LACC1/FAMIN. In summary, macrophages may have a central role in defining the paradigmatic cellular (T-pole) vs. humoral (L-pole) responses and it is likely that the multiplicity of infection and genetic polymorphisms in key genes are gearing this polarization.
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Introduction

Schwann cells in the peripheral nerves and macrophages in the skin are the major host cells for Mycobacterium leprae (ML) infection (1). These cells operate with high plasticity, induced by different environmental factors, and M. leprae has a unique ability to subvert and reprogram these host cells in order to establish a more favorable niche in which to replicate and spread. Huge transcriptomic variations may induce phenotypic modifications, as evidenced by transformations in Schwann to mesenchymal-like cells upon infection (2). Furthermore, increased glucose uptake, mitochondrial shutdown, and lipid biosynthesis resembling the Warburg effect are all phenomena induced upon M. leprae infection in these cells, although some of these are restricted to specific clinical forms (3).

Clinical presentation of leprosy is a spectrum encompassing a myriad of manifestations (1), where the tuberculoid pole (T-pole) is restrictive to bacillus growth leading to localized disease, while the lepromatous forms (L-pole) present a permissive and disseminated clinical form with high bacterial loads (1). M. leprae has suffered a reductive evolution resulting in low genetic variability, which suggests that the diversity of the disease phenotypes is attributable to the host responses (4). This landscape makes leprosy a unique model to understand the mechanisms involved in the immunopathogenesis of infectious diseases.

In the skin, macrophages are pivotal in the host-pathogen interaction, having important roles from proinflammatory and microbicidal activity to tissue remodeling and wound healing, which are features of the so-called M1 and M2 macrophages, respectively. Most of the skin macrophages are derived from monocytes that migrate and differentiate under inflammatory stimuli, referred to as monocyte-derived macrophages (MDMs) (5). Macrophages present huge functional plasticity according to the milieu in order to maintain skin homeostasis (6). Although less efficient in T cell activation than dendritic cells, they are vastly superior in their phagocytic ability (7). Additionally, monocytes engulf the bacillus through phagocytosis and produce cytokines helping to dictate the host-specific immune response at the lesion. The initial immune events involved in leprosy disease progression are probably triggered by the macrophage-M. leprae interaction. This hypothesis can be reinforced by the fact that key innate immune genes, pattern recognition receptors, and autophagic genes have been associated with disease outcome in the mouse model for bacilli replication (infected footpads of Balb/C lineage mice) that carries the NRAMP1 polymorphism. Furthermore, human genome-wide association studies and other genetic analysis has identified PRKN, LRRK2, NOD2, TLR1, and MRC1 as genes associated with disease outcome and are expressed in M. leprae-infected macrophages (8). In this regard, polarized macrophages are found according to the clinical form of leprosy. In tuberculoid lesions, there is a predominance of classically-activated macrophages, which are able to partially contain M. leprae replication by activation of cellular responses, vitamin D-dependent pathways, and granuloma formation consistent with the M1 profile (9). On the other hand, lepromatous lesions present permissive, scavenging, phagocytic, and foamy macrophages with anti-inflammatory profile harboring a large number of bacilli, associated with a poor microbicide activity, which are the phenotypes of M2 macrophages (9, 10).

Pathways such as apoptosis and autophagy, combined with lower levels of proinflammatory cytokines and antigen presentation molecules are inhibited by live, but not dead, M. leprae in macrophages and Schwann cells (11–13). This type of response is triggered by type I interferons (IFNs) through a STING/TBK/IRF3 pathway that inhibits IFN-gamma and other microbicidal mechanisms within infected macrophages in vitro (12).

In a recent re-analysis of leprosy public microarray datasets, mainly comparing skin lesions from different clinical forms, we confirmed previous genes and pathways corroborating the predominance of cellular immunity, leukocyte differentiation, vitamin D receptor (VDR)-mediated microbicidal responses, and granuloma formation at the T-pole, while the L-pole exhibited scavenger receptors and lipid metabolism genes (14). Nevertheless, we also pointed out new differentially expressed genes (DEGs) in leprosy related to skin development and keratinocyte differentiation (14).

Macrophages play a central role in orchestrating gene modulation within the nerve or skin microenvironment. Nevertheless, genome-wide expression patterns from M. leprae-infected macrophages have never been obtained. The gene expression signatures of these macrophages can provide target discoveries for therapies and prevention strategies to interfere with leprosy outcomes. Herein, we show the DEGs of macrophages related to immune and other responses after M. leprae infection. Our data indicate that M. leprae-infected MDMs submitted to a low multiplicity of infection (10:1) for 48 h overly express a cellular immunity profile. This suggests an M. leprae-induced program that might create a granuloma formation type of response in the tissues. Moreover, a comparison between the dataset generated in this study with that of a previously published dataset involving M. leprae-infected primary Schwann cells in vitro was performed. Through this comparison it was found that the expression profile obtained after a higher multiplicity of infection (100:1) for 48 h has a distinct activation pattern, with genes associated with lipid biosynthesis and consistent with a scavenging and phagocytic profile. Understanding the interaction between macrophage and M. leprae is highly relevant in deciphering key features that could further aid in the definition of the clinical forms.



Materials and Methods


Study Subjects

Volunteers were recruited from the staff of the Lauro de Souza Lima Institute (Secretary of Health of São Paulo State, Brazil) including health care, cleaning, and security workers, as well as students. Firstly, 29 healthy individuals (14 men and 15 women, from 20 to 30 years), free from cancer and infectious and autoimmune diseases, were enrolled for the collection of peripheral blood. A signed, written informed consent was obtained from all participants. The study was approved by the Local Ethics Committee (Protocol: 56169616.5.0000.5475).



Monocyte-Derived Macrophage (MDM) Differentiation

Fifty milliliters of peripheral blood were collected by venipuncture in tubes with anticoagulant (heparin). Peripheral blood mononuclear cells (PBMCs) were purified by density gradient (Histopaque 1077, Sigma Co., St. Louis, MO, USA) and monocytes were isolated by positive selection employing anti-CD14-coated magnetic microbeads (Miltenyi Biotec, Auburn, CA, USA) according to the manufacturer’s instructions. Purity greater than 95% was confirmed by flow cytometry using an anti-CD14 antibody (BD Biosciences, Franklin Lakes, NJ, USA).

Macrophages were differentiated by adherence, without using recombinant cytokines, in order to obtain a non-polarized macrophage with M0 phenotype, according described by Vogel and collaborators (15) with modifications. Briefly, monocytes were cultured in 24-well plates (5 × 105 cells/well) in Iscove’s modified Dulbecco’s medium (IMDM, Gibco, Grand Island, NY, USA) supplemented with 10% of pooled human sera from the participants and 100 units/mL of penicillin and 100 μg/mL of streptomycin (Gibco; Thermo Fisher Scientific, Inc.) for 6 days at 37°C in 5% CO2 humidified atmosphere for the differentiation into macrophages. Cultures were fed by replacing half part of the complete medium on the third day. The percentage of differentiated macrophages was evaluated during the standardization of the protocols considering the expression of CD68 and was greater than 95%.



M. leprae Purification and Macrophages Infection

M. leprae (Thai-53 strain, kindly provided by Dr. Yuji Yamamoto, NIH, Japan) was obtained from footpads of athymic nude mice, according to a previously described protocol (16). Briefly, each footpad was inoculated with 3 × 106 acid-fast bacilli in 30 μL of saline solution. After 6-7 months, mice were euthanized and the footpads were collected (CEUA 06/2006). The protocol for bacilli recovery included footpad dissection, tissue isolation, and enzymatic digestion with 0.05% trypsin, followed by purification, quantification, and evaluation of ML viability using the Live/Dead BacLight Bacterial Viability Kit (Molecular Probes, Inc., Eugene, OR, USA). The M. leprae count was done after Ziehl-Neelsen staining (16, 17).

Previously differentiated MDMs were infected with M. leprae in the multiplicity of infection of 10 bacilli/cell (MOI = 10:1) and kept at 37°C in 5% CO2 humidified atmosphere. After 48 h of infection, macrophages were collected in TRIzol Reagent (Thermo Fisher Scientific, Carlsbad, CA, USA). Uninfected MDMs incubated under the same conditions were used as controls.



RNA Isolation and Microarray

Total RNA was extracted by an in-house method using phenol:chloroform and isopropyl alcohol (18). Glycogen (Thermo Fisher Scientific) was added to improve RNA recovery. After centrifugation at 12,000 RPM for 5 minutes, the RNA pellet was washed with 70% ethanol, air dried, and resuspended in DEPC-treated water. RNA quality was evaluated on a Bioanalyzer 2100 Instrument (Agilent Technologies Inc., Palo Alto, CA, USA), by using the RNA 6000 Nano Kit (Agilent Technologies). For all samples, the RNA integrity number (RIN) was higher than 8.

For the transcriptome, RNA samples were then purified with the RNeasy MinElute Cleanup Kit (QIAGEN, Hilden, Germany). The reverse transcription synthesis and biotin labeling were performed with Epicentre TargetAmp Kit (Illumina, CA, USA), and transcriptomes were obtained by chip hybridization using the HumanHT-12 v4 BeadChip followed by scanning in iScan equipment (Illumina) according to manufacturer’s instructions.



Microarray Data Analysis

Raw.idat files were imported into the R v. 3.6.1 (BiocVersion 3.9.0) environment using limma v. 3.40.0. Quality control was carried out by investigating raw and normalized expression intensities across arrays with Tukey box plots. Background correction and between-array quantile normalization were performed using negative/positive control probes (19) from the manufacturer with limma::neqc function (Figure S1C) (20–22). Next, an ExpressionSet (Biobase v. 2.44.0) object was assembled to hold assay, gene, and phenotype data (23). Principal Component Analysis (PCA) was used to inspect dataset structure and biological and technical effects. PCA was conducted with FactoMineR v. 1.41 (24) and visualized with factoextra v. 1.0.5 and cowplot v. 1.0.0 (Figures S2A–F). Outlier samples were removed before attempting statistical inference based on the first three principal components (Figure S2). Differential expression analysis was performed by fitting gene-wise linear models with moderated standard errors by the empirical Bayes method (22, 25). The final model included the independent variables: chip (categorical with seven levels), sex (categorical, two levels), treatment (categorical, two levels), and individuals as a random effect. Genes were mapped to Entrezid and HGNC official symbols using the illuminaHumanv4.db v. 1.26.0 annotation. Duplicated Entrezid were removed by keeping the one with the largest average across all arrays. Finally, nominal P-values were inspected with histograms and adjusted for multiple testing with the Benjamini-Hochberg method to control the false-discovery rate (FDR) (26). Genes were considered differentially expressed (DE) if FDR ≤ 10% and absolute fold-change ≥ 1.5 (|log2FC| ≈ 0.58) with alternative thresholds indicated wherever used. A volcano plot was drawn to illustrate the DE results with ggplot2 v. 3.3.0 (27). Exploratory hierarchical clustering was constructed with the top 92 DEGs using pheatmap v. 1.0.12 (28), with Euclidean distance (samples) plus average agglomeration and Pearson correlation (genes). Raw and normalized data are available in the Gene Expression Omnibus (GEO) accession GSE162416. Also, data and computer source code are readily available in Zenodo (https://dx.doi.org/10.5281/zenodo.4401968).



Over-Representation Analysis (ORA) and Gene Set Enrichment Analysis (GSEA)

Gene ontology (GO) biological processes (BP) were evaluated separately for up- and downregulated DE lists using clusterProfiler v. 3.12.0 (29), fgsea v. 1.10.0 (30) and org.Hs.eg.db v.3.8.2 annotations. The universe set contained all Entrezid genes (n = 21207) used in DE analyses. The minimum gene set size was 5 and the FDR cutoff was set at 10%. Enriched BP were visualized with dot plots or heat plots. For GSEA (Figure S3), the gene list was constructed using limma’s estimated log2FC. GO BP and Reactome GSEA were estimated with 5000 permutations and with gene sets containing at least five genes (29, 31, 32).



Comparison to Infected Schwann Cell Dataset

Microarray dataset GSE35423 was processed as described elsewhere (12, 14). DEGs from Schwann cells infected with M. leprae for 48 hours were filtered by FDR ≤ 10% and |log2FC| ≥ 0.26 (20% difference). Genes differentially expressed common to both datasets were visually compared with a dot plot along with log2FC and confidence intervals from original results (ggplot2 v. 3.3.0). Since the number of common DEG was large, only the top 50 DEG (sorted by decreasing log2FC) with same and opposite modulation signs were drawn. Table S6 contains the full results. UpSetR v.1.4.0 was used to visualize the intersection between DEG according to the dataset and modulation sign.



Gene Set Variation Analysis (GSVA)

Pathway activity was estimated using GSVA with custom gene sets (33). GSVA is an unsupervised non-parametric alternative to ORA and GSEA as it does not depend on prior selection or ranking of the genes from group comparisons. The score produced by GSVA can be interpreted as the coordinated activation of genes from the gene set, summarizing the expression profile within individual samples. The gene sets used herein were compiled from literature and functional annotation databases. The ‘granulomatosis’ gene set was assembled with genes sourced from the Human Phenotype Ontology (HP:0002955), Gene Ontology (GO:0002432), and DisGeneNet (granulomatous diseases with score ≥ 0.1) totaling 30 genes (Table S7). The macrophage polarization signatures are mainly from (34), where ‘M1’ (n genes = 25), ‘M2’ (n=20), ‘M2a’ (n=12), ‘M2b’ (n=9) and ‘M2c’ (n=12). ‘Pro-M1’ and ‘Pro-M2’ gene sets were built from literature (35, 36). Autophagy genes were retrieved from Reactome v.75 accessions: ‘Macroautophagy’ (R-HSA-1632852.8, n=137), ‘Chaperone Mediated Autophagy’ (R-HSA-9613829.3, n=22), and ‘Late endosomal microautophagy’ (R-HSA-9615710.3, n=34). Wilcoxon signed-rank test was used to test the differences between mean ranks between infected and mock macrophages signatures. Spearman’s rank correlation coefficient was calculated alongside 95% confidence intervals using DescTools R package v.0.99.40 (37). Principal component analysis (PCA) was applied to further explore the macroautophagy genes in the dataset. Mean-centered and variance standardized expression matrix with the 137 genes from macroautophagy gene set was subjected to PCA computed with FactoMineR v.2.4 (24). PCA scatter plot and contribution bar plots were graphed with factoextra v.1.0.6.




Results


Differentially Expressed Genes in MDMs Infected With M. leprae

Here, we included 29 healthy volunteers (15 females and 14 males) with an age range of 20-30 years. PBMCs were collected and used to obtain monocytes for differentiation to MDMs, which were subsequently infected with M. leprae at 10:1 MOI for 48 h. Microarray quality control was used to discard aberrant arrays, and outlier samples were removed (Figure S2).

We designed our study to evaluate early changes in the macrophage-M. leprae interaction. Thus, human MDMs were analyzed after 48 h of infection with M. leprae, which resulted in 325 unique upregulated (FDR ≤ 10% and log2FC ≥ 0.58) and 117 downregulated (FDR ≤ 10% and log2FC ≤ -0.58) genes. Genes with the largest effect size (|log2FC| > 1.5) are annotated in the volcano plot of Figure 1A, of which some members of the metallothionein family can be observed, like MT1G, MT1E and MT1P. Figure 1B shows a heatmap with hierarchical clustering of all samples and the top 92 genes with an FDR ≤ 10% and |log2FC| ≥ 1. The heatmap demonstrates a cluster pattern that clearly distinguishes infected from non-infected samples (Figure 1B), at the same time highlighting the high heterogeneity among individuals for some genes, such as ORM1, MT1G, MT1H, MMP12, CXCL5, COL22A1, and GAL. Some of the gene families identified such as metallothioneins, chemokines, and interleukins are involved in inflammation and autophagy, and among the induced genes, we found that MT1G, MMP7, TNFAIP6, CYP27B1, and CCL5/RANTES had the largest fold-changes (Figure 1A and Table S1). Conversely, among the most repressed were SELENOP, TLR7, CDCP1, HPSE, and GNG2 (Figure 1A and Table S1).




Figure 1 | (A) Volcano plot showing the DEGs from monocyte-derived macrophages infected with live M. leprae (MOI 10:1) for 48 h. Blue dots represent genes with an FDR ≤ 10% and |log2FC| ≥ 0.58. Gene symbols are given for those with an FDR ≤ 10% and |log2FC| ≥ 1.5. (B) Heatmap and unsupervised hierarchical clustering of genes with an FDR ≤ 10% and |log2FC| ≥ 1 (n = 92). Samples were clustered based on Euclidean distance and genes with Pearson correlation coefficient, both with average agglomeration. Color key displays expression values in standard deviation units away from the mean (i.e., scaled and centered row-wise). FDR, false discovery rate; FC, fold change.



To further understand which biological processes the DEGs were involved in, we performed an over-representation analysis (ORA) with Gene Ontology Biological Process annotation. ORA revealed several biological processes modulated by M. leprae infection, whereby the expression patterns of the MDM genes were consistent with resistant responses and a reprogramming profile that would induce M. leprae killing and infection control. Strikingly, the upregulated pathways had a greater number of DEGs and more robust FDR. Among these predominantly induced pathways, there were redundancies, which are expected since several of these genes participate in multiple pathways. Nevertheless, there is a clear activation of ‘regulation of inflammatory response’, ‘regulation of leukocyte activation’, ‘cytokine secretion’, ‘regulation of T cell activation’, ‘response to IFN-gamma’, as well as some others (Figure 2A and Table S2). On the contrary, downregulated genes pertain to biological processes such as membrane lipid metabolic process, sphingolipid metabolic process, and locomotory behavior (Figure 2B and Table S3).




Figure 2 | Dot plot showing the top significant GO biological processes enriched from ORA of genes (A) upregulated (n = 35) or (B) repressed (n = 30) by M. leprae infection. Gene ratio is the fraction of genes belonging to an ontology over the total number of modulated genes. Circle size shows the number of modulated genes per biological process. FDR, false discovery rate.





Commonly Modulated Genes in Macrophages and Schwann Cells Upon Infection With Live-M. leprae

As a comparison, we decided to use a public dataset from M. leprae infected (100:1) Schwann cells where approximately 30-100 intracellular bacilli per cell were observed (2). In this case, a shift toward a de-differentiation phenotype was noticed. By comparing the lists of DEGs from this study and the results from Schwann cells infected with live M. leprae (100:1) for 48 h, we identified 920 DEGs with FDR ≤ 10% and a difference in mean expression of at least 20% (i.e., |log2FC| ≥ 0.26). Of these, 229 (24.89%) were upregulated in both datasets, while 179 (19.45%) were jointly downregulated (Figure 3A and Table S6). On the other hand, 512 genes (55.65%) were regulated in opposite directions in the two experiments (Figure 3A). We next graphed the top 50 genes with the greatest |log2FC| for both concordant and discordant DEG, as this can be used to further enlighten both similarities and differences in how the pathogen interacts with each host cell as well as the effect of a higher/lower multiplicity of infection (Table S6). Indeed, a higher multiplicity of infection (Schwann dataset) leads to activation of the type I IFN pathways (OAS1, TRIM7, TNFSF10) and subversion of energetic metabolism where increased glucose uptake is redirected from glycolysis/mitochondrial respiration to lipid metabolism (MVK, DHCR7, HMGCS1, LDLR, MSMO1)  (3, 12). In the same manner, some members of TNF signaling, inflammasome pathway, and regulators of NFκB and JNK pathways were upregulated in MDMs but repressed in Schwann cells, such as TNF, CXCL5, FAS, MAPK13, TRAF1, NKFB2, AIM2, and PANX1 (Figure 3C and Table S6). Furthermore, in Schwann cells, we observed a consistent upregulation of genes involved with prostaglandin biosynthesis, lipogenesis, mitochondrial metabolism, and negative regulation of immune ADORA1, LDLR, NOV, PPARA, SERPINF1, FFAR4, and ARG2). The patterns were quite distinct from the MDMs where Schwann cells showed a more pronounced expression of genes SELENOP, GAL, RGS18, AIF1, DEF6, ANGPTL6, DHCR7, MVK, and MSMO, some involved in cholesterol biosynthesis, along with LACC1/FAMIN, which is also genetically associated with leprosy (Table S6).




Figure 3 | Common DEGs between this study and Schwann cells infected with M. leprae (MOI 1:100 for 48 h) [GSE35423] (12). (A) The number of commonly DEG by dataset and modulation sign passing |log2FC| ≥ 0.26 and FDR ≤ 10% in both datasets. Arrows indicate (↑) upregulation and (↓) downregulation. Top 50 DEG common to both datasets modulated in the same manner (B) or oppositely (C). Points represent log2FC (unstandardized) from each dataset original differential expression analysis alongside error lines indicating nominal 95% confidence intervals. All genes shown have an FDR ≤ 10% and a difference in mean expression of at least 56% (≈ 0.65 log2FC).





Infected MDMs Express Mainly M1 Polarization Genes That Are Correlated With Granuloma Formation

The somewhat contrasting gene expression profiles identified before suggested that the infected MDMs could be expressing M1 markers with autophagic and phagocytic profiles. To examine this, we calculated gene scores representative of multiple macrophage polarization phenotypes, autophagy, and granulomatosis, which are features often observed in paucibacillary leprosy patients. Figure 4A shows the scores for each signature indicating a transcriptional activity increase in genes involved with M1 macrophage polarization, as well as decreased or similar activity for M2, M2a, and Pro-M2. It seems that although genes responsible for inducing M2 phenotype are unaffected, the M2b signature shows activation upon infection, which could indicate either a mixed MDM specialization phenotype or distinctive polarization patterns between individuals, like the clinical disease presentation. As for the autophagy signatures, macroautophagy is specifically active in infected MDMs, whereas chaperone-mediated autophagy appears the opposite (Figure 4A). Finally, we tested the correlation between granulomatosis gene scores with M1, M2, and macroautophagy scores. There was a moderated positive correlation between M1 polarization signature with granulomatosis, and no correlation with M2 score, which together corroborated our hypothesis that a pro-inflammatory macrophage profile seems predominant in this model with low MOI (Figures 4B, C). The granulomatosis signature does not correlate with macroautophagy, which could indicate that these processes may not be simultaneously active at the transcriptional level (Figure 4D). Finally, we wanted to see which macroautophagy genes were driving the signature activity signal. Principal component analysis (PCA) with the 137 genes from the macroautophagy signature revealed that the second principal component (PC2) separated MDMs according to the infection treatment, explaining around 12% of the variability (Figure 4E). As expected, there is considerable between-individual variation and noise captured mainly by the first and second principal components (PCs). We then explored PC1, and only the “microarray chip” variable partially correlated with this PC (data not shown). Some uninfected MDMs had basal higher expression (placed vertically higher across PC2) as seen in blue dots over the horizontal dashed line marking zero (Figure 4E). Next, we extracted the top 25 genes most correlating to PC2. The gene TOMM40 alone contributed with explaining almost 4% of the variability of that axis (Figure 4F), where more than 25 genes contribute with more variability than would be expected if contributions were uniform (dashed vertical line in Figure 4F). Infected MDMs separated from their mock pair by great distance vertically (Figure 4F) are cells with the most difference in expression for the genes correlating with PC2, which varies among individuals. Most of the top genes with higher contributions to PC2 showed upregulation after infection with live M. leprae, with some exceptions that were significantly downregulated (Figure 4G).




Figure 4 | (A) Gene scores for macrophage polarization profiles, granulomatosis and autophagy. Tukey box plots display first, second (median), and third quartiles with whiskers extending ± 1.5 × interquartile range (IQR). Each point illustrates a MDM culture (n=50) from one human donor in mock and infected conditions (paired within donor). Nominal P-values displayed are from Wilcoxon signed-rank test. (B–D) Scatter plots illustrating the correlation between granulomatosis, M1, M2, and macroautophagy gene scores. Spearman’s rank correlation coefficient is shown with nominal 95% confidence intervals calculated only with the infected condition (n=25). Slope and intercept for drawing the lines were estimated using robust linear regression from the MASS v.7.3-53.1 R package. (E) Scatter plot with the two first principal components from PCA on the subset of 137 macroautophagy-related genes. Lines connect samples from the same donor. (F) Percentage contribution of the top 50 genes most correlated to PC2. (G) Log2FC estimates from differential expression analysis for the top 50 macroautophagy-related genes from PCA and their nominal 95% confidence intervals. Light-shaded red indicates gene with FDR > 10%.






Discussion

Here, we evaluated the gene expression patterns of M. leprae-infected MDMs, at a 10:1 MOI for 48 h, using a large-scale technique. The data were consistent with an M1-like differentiation profile, with several enriched pathways associated with increased microbicidal activity, T cell activation, and IFN-gamma cytokine secretion. Among the most DE genes were those found in the vitamin D processing pathway (CYP27B1, VDR, IL1B), CC-chemokine ligands (CCL5, CCL4, CCL3, CCL4L2, CCL2), receptors involved in cellular migration (GREM1, MCOLN2, MDK, CCL3), and inflammation (CCL5/RANTES). It seems that a combination of MDM differentiation with M. leprae infection at a low multiplicity of infection (10:1) induces a gene expression program in agreement with a protective response. One of these genes, CCL5/RANTES, is a key chemoattractant for monocytes in the skin suggesting a pro-inflammatory feedback loop during M. leprae infection toward M1-like macrophages, which is consistent with the higher expression in PB leprosy (38, 39). Curiously, the chemokine-clustered genomic region has been associated with leprosy indicating that genetic variations within this gene could contribute to clinical form polarization (40). We observed an upregulation of metallothionein gene’s expression, like MT1E and MT1G. These genes produce proteins that regulate metal availability, while zinc homeostasis is crucial to activation of transcriptional factors and reactive oxygen species and have been associated with antimicrobial immune responses (41).

Some metalloproteinases, such as MMP7, ADAMDEC1 and MMP12, were also highly differentially expressed. These are involved with tissue/matrix remodeling and host defense. It is interesting that the macrophages in this model appear to have a regulatory activation of gene expression involved in tissue remodeling. Indeed, MMP2 and MMP9 expression and activity were higher among T-pole patients (42). This pattern is dependable with the reshaping of cellular morphology and the adjacent tissue during M1-like macrophage differentiation observed here.

The upregulation of mitochondrial genes in M. leprae-infected-macrophages, as compared to Schwann cells, is also consistent with the aforementioned alterations observed in infected MDMs toward epithelioid transformation programming. In this same direction, NDUFAF6, which encodes a protein that participates in the mitochondrial respiratory chain complex I (NADH:ubiquinone oxidoreductase) assembly; TACO1, which is involved in the translational activation of mitochondria cytochrome c; and TOMM40, the encoded protein of which produces a pore to channel protein precursors into mitochondria were also observed. We also detected an over-expression in MDMs of metabolite transporters across the inner mitochondrial membrane (SLC25A12).

Other sets of induced genes in the MDMs were involved in tubulin assembly and cytoskeleton remodeling, such as TUBB6. Some of these genes are involved in autophagy and the mTOR pathway (43), which is increased during macrophage differentiation in the presence of a low M. leprae MOI or dead mycobacteria (44). Curiously, Yang and colleagues showed that a 20:1 MOI leads to higher CD163 and an anti-inflammatory profile with higher IL-10 and lower HLA expression, although dead M. leprae induced proinflammatory cytokines (45). In clinical samples these patterns are observed in low bacterial index patients (T-pole) and type 1 reactional patients (RR) where vitamin D-mediated microbicidal clearance is observed. Furthermore, IFN-gamma and IL-15 have been demonstrated to gear the polarization of M1-like macrophages, exhibiting a phenotype that is probably orchestrating the milieu inducing granuloma formation and autophagy (44, 46). Thus, there is a clear antagonistic pattern that, on the one hand, we observed granuloma formation and M1-like polarization for macrophages (10:1 MOI), whereas lipid biogenesis, wound healing and a phagocytic signature were observed for Schwann cells (100:1 MOI). This M2-like profile occurred in both Schwann cells and macrophages when higher concentrations of M. leprae were used to infect the cells (11, 12, 47). Indeed, molecular and biochemical subversion induced by M. leprae infection leads to a type I IFN response reducing autophagy (12, 48) and turning on the Warburg-like effect (3). This is expected since this downregulation was detected as associated with diminished capacity to produce ATP through the respiratory chain (3) and the redirection of glycolysis to lipid biosynthesis. Furthermore, we observed a prominent upregulation toward higher MOI (100:1) when genes associated with cholesterol and fatty acid metabolism (DHCR7, MVK, and MSMO, and LACC1/FAMIN were analyzed, which are pathways involved in lepromatous leprosy immunopathogenesis.

Genes associated with leprosy outcome are also involved with ulcerative colitis pathogenesis and other diseases, such as Crohn’s disease, Parkinson’s and Alzheimer’s (49). Curiously, some of the genes highlighted here, such as TOMM40 and TUBB6, were associated not only with neurodegenerative diseases, like Alzheimer’s, but also with ulcerative colitis (50, 51). These proteins interact with LRRK2, which is a gene that has been independently associated with leprosy, and Parkinson’s disease (49, 52). Another important gene upregulated in M. leprae-Schwann cells was LACC1. The protein which LACC1/FAMIN encodes is involved in fatty acid oxidation and bacterial clearance. Interestingly, the gene was associated with leprosy in several studies (53, 54).

The global gene expression can also be analyzed in a genotype-phenotype correlation perspective. In leprosy, whole blood cells stimulated with M. leprae sonicates indicate quantitative trait loci (eQTL) associated with transcript levels when samples were compared before and after stimulation. The data revealed SNPs controlling immunoinflammatory responses such as type II IFNs and bacterial/pathogen recognition (55). Indeed, there are SNPs regulating expression of genes such as LACC1, which indicates that it is likely that a combination of M. leprae-induced activation with genetic polymorphisms may define the commitment toward the T- or L-pole. Thus, together these could contribute to identifying potential pharmacologic targets as adjuvants to personalize treatment for each specific clinical form.
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Pathogenic mycobacteria species may subvert the innate immune mechanisms and can modulate the activation of cells that cause disease in the skin. Cutaneous mycobacterial infection may present different clinical presentations and it is associated with stigma, deformity, and disability. The understanding of the immunopathogenic mechanisms related to mycobacterial infection in human skin is of pivotal importance to identify targets for new therapeutic strategies. The occurrence of reactional episodes and relapse in leprosy patients, the emergence of resistant mycobacteria strains, and the absence of effective drugs to treat mycobacterial cutaneous infection increased the interest in the development of therapies based on repurposed drugs against mycobacteria. The mechanism of action of many of these therapies evaluated is linked to the activation of autophagy. Autophagy is an evolutionary conserved lysosomal degradation pathway that has been associated with the control of the mycobacterial bacillary load. Here, we review the role of autophagy in the pathogenesis of cutaneous mycobacterial infection and discuss the perspectives of autophagy as a target for drug development and repurposing against cutaneous mycobacterial infection.
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Introduction

Pathogenic mycobacteria species subvert the innate immune system barriers and modulate the activation of phagocytes to cause disease not only in the respiratory tract but also in soft tissues and skin, sometimes resulting in disseminated infection (1). Cutaneous mycobacterial infections may cause different clinical manifestations, such as cutaneous manifestations of Mycobacterium tuberculosis (M. tuberculosis) infection, Buruli ulcer caused by M. ulcerans and other related slowly growing mycobacteria, leprosy caused by M. leprae and M. lepromatosis, and cutaneous infections caused by rapidly growing mycobacteria such as M. abscessus subsp. abscessus, M. abscessus subsp. bolletti, M. abscessus subsp. massiliense, M. chelonae and M. fortuitum (1–9). Among patients with advanced immunosuppression, M. avium-intracellulare complex, the M. haemophilum, and M. kansasii may cause cutaneous or disseminated disease. Mycobacterial infections of the skin and subcutaneous tissue are associated with important stigma, deformity, and disability. The treatment for cutaneous mycobacterial infections depends on the specific pathogen, whereas for rapidly growing mycobacteria, the official treatment guidelines recommend carrying out susceptibility tests for antibacterial drugs of different classes (10, 11). Management often includes use of multiple antibiotics for several months (12). Treatment options for cutaneous tuberculosis follow the same recommendations for the treatment of other forms of TB, being limited to conventional oral therapy and surgical intervention for severe forms, such as lupus vulgaris (13, 14). The therapeutic regimen is based on the combination of isoniazid, rifampicin, pyrazinamide, ethambutol and streptomycin according to the needs of each individual. In most cases, skin manifestations result from hematogenous dissemination or are a direct extension from the focus of the infection (14, 15). In addition, treatment of leprosy is performed with multidrug therapy (MDT) and comprises 6 or 12 doses, depending on the clinical form. There is not a consensus for the treatment of cutaneous infections caused by non-tuberculous mycobacteria. Recently, much effort has been made to develop more effective therapies by modulating host responses to mycobacteria (i.e., host-directed therapy).

After recognition by skin cells, mycobacteria may use a wide range of strategies to escape the microbicidal activity of skin host cells. Some of these immune escape mechanisms are the inhibition of the maturation of phagolysosomes, inhibition of the acidification of phagolysosomes, bacterial escape to reside in the cytosol, modulation of host cell metabolism, inhibition of oxidative stress, and inhibition of apoptosis and autophagy associated with increased type 1 interferon (IFN) expression and inflammasome activation (16–23).

Autophagy is an intracellular catabolic process that may contribute to the removal of invading pathogens via a lysosomal degradation pathway. The activation of autophagy by diverse drugs or agents may represent a promising treatment strategy against mycobacterial diseases. In this review, we discuss the current knowledge of, advances and perspectives on new therapeutic strategies targeting autophagy against mycobacterial infections in the skin.



Overview of Autophagy Machinery on Skin Cells

Autophagy is a homeostatic mechanism highly conserved evolutionarily and dependent on the lysosome action (24). It is responsible for the cellular catabolism of dysfunctional organelles, components of the cytoplasm and, more recently, invading pathogens, thus determining the maintenance of homeostasis and adaptation of the cell to stress (25, 26). Autophagy has been described as having a primary role in physiological cellular processes such as development and growth, in the senescence process, and immune defense (25, 27–29). Based on the way the autophagy target is taken to the lysosome, its final destination of degradation, autophagy was didactically classified into three forms: macroautophagy, microautophagy, and chaperone-mediated autophagy. In this review, we will exclusively address the action and manipulation of the macroautophagy pathway.

Only a small amount of research has considered the impact of autophagy on the pathogenesis of skin diseases, including diseases caused by mycobacteria. Skin is the largest organ of the body and it is not only the first line of defense against numerous insults but it is also the site whereas some infectious, including mycobacterial diseases, may manifest.

Autophagy is considered an effector tool of the immune system since it is a relevant pathway of elimination and recognition of pathogens by the immune system (30). As well to cellular homeostasis, autophagy works to eliminate intracellular pathogens, including some pathogens associated with skin diseases, such as Streptococcus pyogenes from group A (31, 32), Staphylococcus aureus (33, 34), M. leprae (35, 36), M. marinum (37, 38), and M. tuberculosis (39–42). Through a process called xenophagy, which plays a principal role in innate immune defense, intracellular pathogens are directed to the autophagosome and then to the lysosomal degradation pathway (43, 44). Xenophagy is the process of eliminating intracellular pathogens through autophagic machinery, being a unique type of macroautophagy/selective autophagy that targets invasive pathogens, being an important defense mechanism against infectious diseases (45, 46).

Few studies have focused on deciphering autophagy machinery in skin cells, such as: keratinocytes, skin fibroblasts, melanocytes, Langerhans cells, dendritic cells, mast cells, neutrophils, NK and B cells. The current knowledge regarding skin cell autophagy during mycobacterial diseases is based mainly in studies with cell lineage and dermal macrophages.

Briefly, after pathogen recognition by host cells, the first step is the formation of the isolation membrane, which starts to grow and expand in size until sequestration and the surrounding of the target and finally closure to form the autophagosome. Subsequently, autophagosomes fuse with lysosomes to generate autolysosomes through elimination and recycling the sequestered charges via the lysosomal proteases (Figure 1) (28). A large number of proteins have been identified as highly relevant in different stages of control and action in autophagic flow. Several cell types have autophagy as an effector mechanism for homeostatic/immune functions as skin cells like keratinocytes and macrophages (Figure 1) (47).




Figure 1 | Different steps of the autophagic pathway targeted by autophagy-modulating drugs. A schematic view of the different cell types populating the skin. Vertebrate skin is comprised of two major compartments: the epidermis and the dermis. The superficial part of the epidermis, known as the stratum corneum, is composed of dead keratinocytes and acts as a barrier. The epidermis is composed mainly of keratinocytes with few melanocytes. The major immune cells in this compartment include Langerhans cells (LCs) and CD8 T-cells. The dermis is composed of fibroblasts, NK cells, T-cells (CD4 αβ, and γδ), B cells, dermal dendritic cells, macrophages, mast cells, and neutrophils (non-exhaustive list). The knowledge of skin cell autophagy is mainly based in studies with dermal macrophages. Briefly, (1) autophagy is inhibited by mTOR and activated by AMPK. mTOR is inhibited by the autophagy-initiation signals as metabolic stress, ROS, infection and drugs, and leads to the activation of AMPK. After AMPK activation, the ULK1 complex (ATG13, ULK1/2, FIP200) initiates the phagophore formation (2), involving the targets (pathogens, dead cells, cellular components and organelles, protein aggregates), which in turn activates the Class III PI3K complex (Beclin 1, VPS34, VPS15, ATG14) (3). This complex completes the autophagosome maturation and elongation by forming PI3P in the omegasome membrane and recruiting downstream ubiquitin-like conjugation systems that convert LC3-I to LC3-II (4). Fully formed autophagosomes then fuse with lysosomes (autolysosomes), degrade the sequestered cargo via lysosomal hydrolases and recycle macromolecule components (5). Several drugs can interfere with the autophagic pathway by inhibiting or activating different parts of the process (see also Table 1). Drugs as rapamycin, resveratrol and nitazoxanide, that inhibit mTOR, or carbamazepine, metformin and pyrazinamide, that activate AMPK, induce autophagy. Bedaquiline, ambroxol and linezolid increase the formation of autophagosomes. Loperamide and valproic acid increase the colocalization of LC3-decorated autophagosomes with M. tuberculosis. Ibrutinib and isoniazid facilitate the fusion of phagosome and lysosome. Vitamin D3 (1,25D3) induces the expression of antimicrobial peptides as cathelicidin and upregulates the expression of Beclin 1 and ATG5, that are pivotal for the autophagosome formation. On the other hand, azithromycin was demonstrated to inhibit the acidification of the autolysosome impairing M. abscessus degradation.



A wide variety of signals regulates the activation of autophagy. The induction of autophagy can occur through the recognition of microbial factors that are ubiquitinated and recognized by autophagy cargo adaptor proteins (these include p62 (sequestosome 1), NBR1 (neighbor of BRCA1 gene 1 protein), NDP52 (calcium binding and coiled-coil domain 2), optineurin and galectin) or can occur by the production of reactive oxygen radicals and IFN-γ-mediated proteolysis, and autophagosome formation (43, 48–52). The autophagy pathway may be negatively regulated by PI3K (phosphoinositide 3-kinase)/Akt (protein kinase B)/mTOR (target of rapamycin in mammals) signalling (53). In contrast, the mitogen-activated protein kinase pathway (MAPK) can induce autophagy (54, 55).



Autophagy as an Innate Immune Mechanism Against Mycobacterial Diseases

There is a strong relationship between autophagy signals and pattern recognition receptors, such as TLR (Toll-Like Receptors) that include TLR3, TLR4, TLR5, TLR6, TLR9, and the heterodimers TLR1/2, TLR7/8 that are capable of activating autophagy in macrophages, dendritic cells, and neutrophils (56–58). This activation occurs via signaling of the adaptor proteins MyD88 (myeloid differentiation factor 88) and TRIF (TIR-domain-containing adapter-inducing interferon-β). Xu and colleagues (59) demonstrated that after the stimulation of TLR4, positive LC3 (microtubule-associated protein 1A/1B-light chain 3) aggregates form in the macrophage cytoplasm and increase mycobacterial elimination through autophagy. Interestingly, for the LC3-aggregates induction, via TLR4 induction, it is necessary to activate the protein TRIF, as well as other proteins like RIP1 (receptor-interacting protein 1) and p38 for autophagic induction (56, 59). TLR4 acts as a pro-autophagic receptor in TRIF-dependent pathways. TLR4 induces the production of TNF (tumor necrosis factor) by a mechanism that is mediated both by reactive oxygen species (ROS) and nitrogen intermediates (i.e. nitric oxide), and by p38 and MAPK and the inhibition of these components may lead to total autophagy inactivity (60–62). Studies have shown that in LPS (lipopolysaccharide)-TLR4-mediated autophagy, activation of the transcription factor Nrf2 (nuclear factor erythroid 2–related factor 2) occurs, which leads to increased p62 transcription and formation of aggresome-like induced structures (ALIS) with subsequent autophagic degradation (63, 64), showing the ability of this receptor to link innate immunity with cellular oxidative response or adaptive immunity.

It is known that TLR receptors are of great importance for the activation of dendritic cells (DCs) and their subsequent maturation, some of these receptors such as TLR4 and TLR2 are already described as inducing an innate response against M. tuberculosis (65–67). Khan and colleagues (68) observed that the co-stimulus of CD40 and TLR4 leads to the production of pro-inflammatory cytokines such as IL-6, IL-12 and TNF, autophagy and death of mycobacteria. Interestingly, when they evaluated this co-stimulus as an adjunct to anti-TB therapy, they observed an increase in vivo and in vitro of the deadly potential of anti-TB drugs. Shin and colleagues (69) showed that stimulation of TLR2/1/CD14 by mycobacterial lipoprotein LpqH can activate antibacterial autophagy by activating vitamin D receptor signaling and inducing cathelicidin. They suggested that the TLR2/1/CD14-Ca2+-AMPK (Adenosine monophosphate-activated protein kinase)-p38 MAPK pathways contribute to cathelicidin-dependent expression, which played an important role in LpqH-induced autophagy. A study comparing the induction of autophagy by different species of mycobacteria found that non-pathogenic mycobacteria, such as M. smegmatis, induce a more robust autophagy response than M. tuberculosis (strain H37Rv) (70). The group observed a decrease in LC3-II protein expression when the TLR2 receptor was blocked, as well as a reduction in the colocalization of LC3 with M. smegmatis ΔpmmB (lipoglycan deficient mutant), suggesting the participation of TLR2 in the activation of autophagy during infection with M. smegmatis (70). M. smegmatis can also be recognized by NOD2 (nucleotide-binding oligomerization domain-containing protein 2) and dectin-2 receptors (71).

In addition to the TLR receptors, another group of innate receptors was the nucleotide-binding oligomerization domain (NLRs). It has already been described that the presence of the NOD2 receptor is capable of synergistically amplify the production of pro-inflammatory cytokines and their bactericidal activity (72). In previous studies, Khan and colleagues (73) have demonstrated that after the induction of both receptors, an increase in the bactericidal capacity of DCs in vitro was observed and they required a much lower dose of the drug to kill M. tuberculosis, in addition, activated DCs induced a more effective T cell response in vivo with an increase in autophagy (73, 74). Since pathogenic mycobacteria can modulate the autophagy machinery in skin cells, we hypothesize that autophagy may be a target for new therapeutic strategies against mycobacterial infections in the skin.



Autophagy-Targeting Therapeutics Upon Mycobacterial Infection

Despite the efficacy of anti-TB treatment based on classic isoniazid and rifampicin, limitations in terms of drug resistance, duration of treatment, associated with the use of a complex treatment regimen (75), made the researchers use another strategy in the treatment of different bacterial disease. Besides, unlike infections caused by M. tuberculosis and M. leprae for which there is a well-established therapeutic regimen, there are no standardized and effective regimens for the treatment of non-tuberculosis mycobacteria (NTMs) (10). A promising strategy in the treatment of infectious diseases is the use of host-directed therapy. It works as an adjuvant therapy, which aims to enhance the main components of the host’s antimycobacterial effector mechanisms (76–79). Several studies on immunity, host-pathogen interactions, and host-directed interventions have shown that the antimycobacterial action of anti-TB drugs (standardized scheme) is associated with the induction of autophagy (40). Thus, several drugs used in the clinical area to treat infectious diseases may have their action through the autophagic process.

We previously showed that xenophagy is a crucial mechanism in the leprosy outcome. A functional autophagy pathway driven by IFN-γ and Beclin 1 in skin lesion macrophages was associated with the self-healing paucibacillary tuberculoid form of the disease, whereas a BCL2 (apoptosis regulator Bcl-2)-mediated block of Beclin 1 autophagy axis was linked to the progressive multibacillary lepromatous pole (35). While macrophages patrol the dermis, the human epidermis is enriched for Langerhans cells (LC). Langerhans cells restricted human immunodeficiency virus (HIV)-1 infection through the capture of viral particles by langerin and subsequent internalization into Birbeck granules and targeting of HIV-1 for destruction in the TRIM5 (tripartite motif-containing protein 5) auto lysosomal pathway (80), which in turn is induced by IFN-γ (81). In M. leprae-infected LC, the antimicrobial activity induced by IFN-γ treatment is achieved through autophagy, which improves the degradation of M. leprae-containing phagolysosomes and fine-tunes LC’s power to present antigens for T cells in a CD1a-restricted manner (82). Thus, IFN-γ therapy or a drug targeting autophagy on skin cells could be favorable to the clinical management of leprosy and other skin-related mycobacteriosis such as fish-tank granuloma (83) and Buruli ulcer (1), as well as outbreak associated postsurgical and tattoo ink infections caused by rapidly growing mycobacteria (2, 4). Indeed, the acid-fast bacilli clearance in the skin of multibacillary leprosy patients is accelerated when multidrug therapy is used along with an intradermal treatment with recombinant human IFN-γ (84).

Cell-based studies in leprosy have predominantly focused on dermal cells such as macrophages, neutrophils and T cells. In the dermis, macrophages are an important cell type that promote Th1-type responses, but there is evidence about the involvement of the epidermis in the development of reactional episodes (85) which are acute inflammatory episodes that can occur before, during or after the release of multidrug therapy, being responsible for the cases of disability caused by the disease (86). The relevance of autophagy as a drug target is not only restricted to the control of M. leprae infection but also to its potential to regulate the exacerbated inflammation associated with leprosy reactional episodes, as autophagy tempers inflammation by hijacking active inflammasomes for destruction (87). The downregulation of autophagy observed in skin lesion macrophages of multibacillary leprosy patients also predicts the reversal reaction onset. This impairment of the autophagic pathway correlates with the activation of NLRP3 (NALP3; NACHT, LRR and PYD domains-containing protein 3) inflammasome and IL-1β production, which drive the inflammatory status found in multibacillary patients when undergoing reversal reaction (36). On the other hand, due to Th2→Th1 shift and increased IFN-γ production, autophagy levels are restored in lepromatous patients when the reversal reaction episode is established, which in turn help to reduce the bacillary load in skin cells (35). Therefore, leprosy lesion skin cells can earn a dual benefit from the use of autophagy as a platform for drug development; both inflammasome and antimicrobial optimal activities can be reached by modulating autophagy to a certain level. However, some bacterial pathogens inhibit autophagosome maturation and promote bacterial replication, such as M. tuberculosis (88, 89). Given the background, Silva and colleagues (35) demonstrated that live but not dead M. leprae can inhibit the autophagic flux in macrophages, which indicates a requirement for an active mycobacterial ESX-1 secretion system.

The ESX-1 secretion system is also involved in the targeting of M. marinum by LC3; however, ubiquitination does not seem to be necessary for this process (83). Legionella pneumophila and Coxiella burnetii also developed strategies to explore or subvert autophagy (88). Kim and colleagues (42) demonstrated that M. abscessus (UC22 – rough variant) induces autophagy and inhibits autophagic flow in murine macrophages. Also as observed, the lipid components of the clinical isolate UC22, which is highly virulent, play a critical role in the formation of the autophagosome. These data suggest that virulent M. abscessus can survive and grow within autophagosomes, preventing autophagosome-lysosome fusion and clearance from cells (42). A study demonstrates the role of lactoferrin, an antimicrobial peptide, in the autophagy of macrophages infected with M. avium. D-lactoferrin inhibits intracellular growth of M. avium and, at the same time, leads to structural changes in infected macrophages leading to increased lysosomal content and increased numbers of autophagic vesicles (90).

P-aminosalicylate, one of oldest drugs used against tuberculosis, inhibits the assimilation of iron (91). Depletion of iron is strongly associated with increased expression and accumulation of regulated in DNA damage and development 1 (REDD1), which inhibits mTOR activation, decrease phosphorylation of Akt and TSC2 (tuberous sclerosis complex 2) (92, 93). Iron depletion was also shown to increase the activation of HIF-1α (hypoxia-inducible factor) and AMPK and induce autophagy (92, 94).

Zinc has been shown to be a positive regulator of autophagy in several different cell types and conditions, increasing the production of ROS, the formation and turnover of autophagosomes and cellular clearance (95–101). Nevertheless, zinc depletion was found to induce non-selective autophagy in yeast to release zinc recycled from zinc-rich proteins (91, 102, 103), demonstrating the key role of autophagy on zinc homeostasis. Zinc chelation was found to arrest autophagy and impair lysosomal acidification (95, 104). Phosphorylation of ERK1/2 is necessary for the regulation of zinc-induced autophagy by either activating the Beclin 1-PI3K complex or by promoting disassembly of mTOR complex but the mechanisms in which zinc modulates autophagy are still not completely understood (95, 99, 105). Uncoupling of autophagy and zinc homeostasis in the airway epithelial cells was demonstrated to be a fundamental mechanism in the pathogenesis of chronic obstructive pulmonary disease (106). In TB, previous studies have shown that zinc levels in the peripheral blood decrease with age and during active disease but are improved after the beginning of treatment with anti-TB drugs (107–111). Oral zinc supplementation in Brazilian children exposed to adults with pulmonary TB was demonstrated to increase the positivity of tuberculin test (PPD) and induration size, decreasing false negative results (112). It is postulated that zinc supplementation could correct asymptomatic zinc deficiencies, improve the effect of autophagy-mediated therapy in TB, as well as giving a booster to immunity (109, 111, 112). There are currently several studies associating autophagy and infection by bacteria, including studies showing the different strategies developed by bacteria to inhibit the host’s autophagic responses (113–117), as well as studies that show that the activation of autophagy by starvation or by treatment with rapamycin restricts bacterial growth and is capable of improving cell resistance to infection (39, 40, 118–120). The therapeutic benefit of pharmacological agents that can modulate autophagy must be considered since a diverse variety of pathogens using autophagic machinery has been described in their favor. It is primary to understand whether the pathogen exploits this pathway as a whole (systemically) or just part of components to increase its intracellular replication and/or survival. Besides, it is necessary to consider whether the drug will act on all autophagic pathways or only on a specific component, which may, or may not, be used to replicate for the pathogen. For example, intracellular Brucella abortus (B. abortus) survives by promoting the formation of vacuoles containing B. abortus, which requires the activity of the autophagy initiation proteins PIK3C3 (phosphatidylinositol 3-kinase catalytic subunit type 3), ULK1 (serine/threonine-protein kinase ULK1), ATG (autophagy-related protein) 14L (Barkor; Beclin 1-associated autophagy-related key regulator), and Beclin 1, but not the autophagy activity stretching proteins ATG16L1, ATG4B, ATG5, ATG7 and LC3-II (121). In this condition, the use of inhibitors of the autophagy protein conjugation systems or inhibitors of autophagosome maturation would not have a protective effect against the survival of this bacterium. Still in this context, it is important to consider those patients who are affected by infections (for example, TB) that can be eliminated if autophagy is regulated positively, but who are co-infected with pathogens that use the autophagic pathway in their favor, such as concomitant infections with the Hepatitis B virus and HIV (122). Under other conditions, the co-infected patient is favored by autophagic activation, as is the case of patients with cystic fibrosis (CF) who are treated with cysteamine. The autophagic stimulus mediated by cysteamine in macrophages of cystic fibrosis (with the CFTRdel506 mutation) patients favors the clearance of Pseudomonas aeruginosa, a bacterium that frequently infects the lungs of CF patients (123). Therefore, it is primary to understand the differences between each stimulus, pathogen, and the type of cell under study so that the use of this route as a target for the development of antimycobacterial drugs can be advanced.



Treatments Inducing Autophagy During Tuberculous Mycobacterial Infection

When autophagy studies were started, the only drug that was able to chronically induce this pathway was rapamycin. There is evidence of its antimycobacterial activity, where it has been observed that it significantly inhibits infection by M. kansasii, M. avium, Bacillus Calmette–Guérin (BCG), and virulent strains of M. tuberculosis (124, 125). However, the adverse effects of rapamycin (which were not associated with autophagy induction) made this drug unattractive for use. Several drugs are capable of inducing autophagy and treating mycobacterial diseases, some examples are summarized in Table 1 and their activities are illustrated in Figure 1.


Table 1 | Therapeutic strategies of drug repositioning targeting autophagy of host cells against mycobacterial diseases.



Among the various drugs described in the literature with pro-autophagic properties, ambroxol (126), metformin (127), verapamil (143), carbamazepine (128, 129), valproic acid (129, 130), and loperamide (130) are already approved for clinical use in different pathologies. The strategy of using drugs with a known safety profile for new indications related to autophagy is attractive because they do not need to undergo a complete toxicological assessment (18, 147, 148).

Regarding the pro-autophagic property of ambroxol, it has been shown to potentiate the antimicrobial activity of rifampicin in the murine model in trials for TB (126). The antidiabetic drug metformin reduced the intracellular growth of M. tuberculosis in a manner dependent on AMPK. Also, metformin was able to induce reactive mitochondrial oxygen species and facilitate phagosome-lysosome fusion (127). However, a more recent study failed to show the improvement in the bacterial activity of antituberculosis drugs by metformin in the murine model (149). This data makes us reflect on the importance of considering whether the anti-TB drug may or may not alter the pharmacokinetics of the repositioning drug. The use of rifampicin in this more recent study (149) may have altered the pharmacokinetics of metformin. Besides, it is also prudent to pay attention to the differences in the experimental design carried out to assess the effectiveness of the therapy, which can be combined (149) or used alone (monotherapy) (127).

Initial studies that evaluated the effect of verapamil and its analogs on macrophages infected with M. tuberculosis showed that the structural analog KSV21 had an additive effect on the inhibitory antimicrobial activity of Isoniazid and Rifampicin (143). In addition, the antibiotics isoniazid and pyrazinamide, two first-line cocktail drugs used to treat TB, exert their antimycobacterial activity through autophagy (40).

Recently, the impact of linezolid and bedaquiline on the intra-macrophagic behavior of M. tuberculosis has been reported. It was observed that the anti-Mtb effect of these new drugs occurred via activation of autophagy and increased formation of autolysosomes in infected macrophages (131). Bedaquiline induces metabolic stress in M. tuberculosis, which results in the accumulation of NADH (nicotinamide adenine dinucleotide), followed by the generation of ROS (subsequently generating ROS by the bacteria) (150). Although not directly proven, ROS can trigger autophagy activation and be responsible for antibiotic-induced death of M. tuberculosis (151).

Resveratrol has also been studied for its antioxidant effect and its role in inducing autophagy. Regarding the antioxidant effect, resveratrol can increase the activity of antioxidant enzymes and works by eliminating free radicals (152, 153). Resveratrol has inhibitory activity on the mTOR molecule (133, 154). Other studies have shown antibacterial properties, mainly activity against gram-positive bacteria, flavonoid, and resveratrol (132). Still, on drugs capable of stimulating the autophagic death of M. tuberculosis, the anticonvulsant drug carbamazepine was able to induce autophagy in mice infected with the multidrug-resistant M. tuberculosis strain, resulting in a decrease in their bacterial load and improvement in pulmonary pathology (129). It was observed that carbamazepine induces antimicrobial autophagy due to decreased levels of Myoinositol (by blocking myoinositol uptake) into a pathway independent of mTOR. Furthermore, it was seen that this drug also activates AMPK (128). In that same study, the group described the induction of autophagy by the drug valproic acid, another anticonvulsant drug (129), which favored the increase in the co-localization of LC3 with M. tuberculosis, an effect similar to that observed after treatment with anti-diarrhea medication loperamide (130). Unlike carbamazepine, which activates AMPK, the induction of autophagy by baicalin in macrophages infected by M. tuberculosis occurred through inhibition of the PI3K/Akt/mTOR pathway. Additionally, baicalin showed a suppressive effect on the activation of the NLRP3 inflammasome via PI3K/Akt/NF-κB (nuclear factor-κB), as well as reduced the levels of the pro-inflammatory cytokine IL-1β (134). Both the induction of autophagy and the inhibition of NF-κB contribute to limit the activation of the NLRP3 inflammasome. Autophagy can limit the activation of the inflammasome indirectly or directly. Indirectly, it can reduce endogenous stimuli that favor the activation of the inflammasome (155, 156) and can directly inhibit the autophagic degradation of inflammasome components (87, 157).

Fluvastatin is a statin class drug currently used to treat hypercholesteromia and prevent cardiovascular disease, by blocking the enzyme hydroxy-methyl-glutaryl-CoA (HMG-CoA) reductase, which catalyzes a key step in cholesterol synthesis. Fluvastatin was demonstrated to be effective in targeting not only the mycobacteria but also increasing the ability of the host cells to eliminate M. tuberculosis infection (158). Other statins, including simvastatin and rosuvastatin were also demonstrated to control M. tuberculosis infection by promoting phagosomal maturation and autophagy (145).

Some studies demonstrated the protective role of autophagy in excessive inflammation during M. tuberculosis infection (159). Based on these studies, we conclude that autophagy plays an important role in the fight against TB, by direct killing of the pathogen, while also avoiding excessive inflammatory damage. This makes an antimycobacterial agent that has autophagy as a pharmacological target, a promising candidate to assist in therapy directed at the host.



Role of Autophagy in Therapeutic Approaches for NTMs and Skin Diseases

The treatment of nontuberculous mycobacteriosis is not very rewarding. Currently, the proposed therapeutic regimen for infection with NTMs is based on the use of macrolides (clarithromycin or azithromycin), ethambutol, and rifamycins (160). Azithromycin is a potent antibiotic and is often prescribed for prophylaxis and treatment regimens of mycobacterial infections (10). However, one study reported that long-term use of azithromycin by adults with CF increased the risk of infection with M. abscessus. That was observed because the therapeutic dosage of azithromycin impaired autophagic degradation (135). That is, these data emphasize the importance of autophagy in the host’s response to infection by NTMs.

The challenge of treating lung diseases caused by M. abscessus is related to antibiotic resistance, including all first-line drugs for anti-TB treatment (161, 162). Even rifampicin, which has bactericidal activity against M. tuberculosis and M. leprae, has low potency against M. abscessus. Although rifampicin is part of the treatment regimens established for M. kansasii and Mycobacterium avium complex infections, it is not recommended against M. abscessus (163, 164). Recently, rifabutin (of the rifamycin group) was shown, through its bactericidal activity, to be effective against strains of clinical isolates from the three subspecies of the M. abscessus complex (subsp. abscessus, subsp. massiliense, and subsp. bolletii) (136). Recently, the in vitro activity of omadacycline and tigecycline against clinical isolates of M. abscessus, M. chelonae and M. fortuitum was evaluated (146). Omadacycline, a new tetracycline analog, approved for the treatment of acute bacterial skin and skin structure infections (ABSSSI) (165) showed activity against the three clinical isolates (146). There are reports that these microorganisms have been identified in postoperative infections caused by mycobacteria, including the three opportunistic pathogens: M. fortuitum (166), M. abscessus (167) and M. chelonae (168). Postoperative infections have been reported after orthopedic, laparoscopic, ophthalmic procedures and cosmetic operations (mainly liposuction, abdominoplasty, rhinoplasty) (169, 170). M. chelonae can cause localized skin infection after being accidentally inoculated from the environment (pedicure beds, water heaters, and tattoo parlors) (171, 172). In immunocompromised patients, the infection caused by this mycobacterium can manifest itself as a disseminated skin disease. A case report demonstrated M. chelonae skin and soft tissue infection in a patient with chronic lymphocytic leukemia (LLC) who was using ibrutinib, an oral drug, which acts by inhibiting Bruton tyrosine kinase (BTK) for the treatment of various malignant B-cell diseases (173, 174). After 6 months of therapy with ibrutinib, the 85-year-old man developed skin lesions on his arms and legs (175). Fiocari and colleagues (176) showed that ibrutinib promotes an M2 phenotype by modifying the function of macrophages/monocytes in the LLC. Taken together, these results showed that ibrutinib can have detrimental consequences on the microbicidal response in patients treated with ibrutinib. On the other hand, a more current study reported the impact of the drug ibrutinib on the intra-macrophagic behavior of M. tuberculosis. It was observed that the anti-TB effect of this medication occurred via activation of autophagy and facilitates phagosome-lysosome fusion in infected macrophages (142).

Nitazoxanide has also been studied for its role in inducing autophagy. The use of nitazoxanide in C57BL/6 mice infected with M. leprae showed a bactericidal action similar to that of rifampicin, an antibiotic used in the therapeutic regimen against leprosy (137). Based on this study, nitazoxanide (NTZ) may be an effective option for the treatment of leprosy (137).

The epidermis is composed mainly by keratinocytes, which contributes to the defense responses against various stimuli in the environment (177). Numerous findings indicate that autophagy plays an important role in the biology and pathology of keratinocytes (177). It has already been seen that calcipotriol, a vitamin D analog, has the ability to induce autophagy in keratinocytes (178). Analogous vitamin D molecules have been used to treat different skin diseases, such as psoriasis, lamellar ichthyosis and epidermolytic hyperkeratosis (179). The autophagic pathway converges with the vitamin D3-cathelicidin pathway, which is preferably seen in the paucibacillary form of leprosy (140, 141). Vitamin D3 induces autophagy via cathelicidin in macrophages infected with M. tuberculosis, with cathelicidin being required for IFNγ-mediated antimicrobial activity (180, 181). Also, 1,25(OH)2D3-induced LL-37 (C-terminal antimicrobial peptide) enhances the colocalization of mycobacterial phagosomes and autophagosomes (182). Vitamin D3 has been used successfully in the treatment of patients with TB (183). Vitamin D3 could be one of the components for the treatment of leprosy and other chronic infectious diseases in which the cellular immune response is unregulated (184, 185). Vitamin D prevents tissue damage through the negative regulation of perforin, granzyme B and granulisine in cytotoxic T lymphocytes (186).

Many species of mycobacteria that cause skin infections are considered to have a natural ability to acquire resistance to antibiotics and to have a significant reduction in sensitivity to antibiotics, which makes treatment efficacy more difficult by increasing failure rates (187, 188). Thus, using therapies directed at the host, such as those that induce autophagy, to inhibit bacterial cell release and form biofilms or bacterial media can increase the effectiveness of currently available antibiotics, i.e. azithromycin (135) and verapamil (143, 189) already mentioned in the text, as well as, Carvacrol (190–193), Tetracycline (146, 194, 195), Thioridazine (196–199) and, Mefloquine (200, 201).



Conclusion

This review describes the potential of host cell autophagy as a target for the development of new strategies against mycobacterial diseases. There are few studies focusing on skin cell autophagy during mycobacterial infections but in this review we summarized autophagy mechanisms in some cells most relevant to skin mycobacterial diseases. In addition, drug repurposing presents itself as a promising perspective in the control of infections caused by mycobacteria, being used in isolation or complementary to existing treatments. Some challenges still need to be faced, such as the understanding of the mechanisms used by different species of mycobacteria to induce autophagy, the evaluation of host cell autophagy by different clinical isolates, including resistant strains, the impact of a therapy directed at the host cell in cases where there is co-infection and, finally, if the use of a drug in combination with current therapeutic regimens will have a beneficial effect on bacillary load.
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Hyalohyphomycosis is a fungal infection characterized by the presence of a hyaline mycelium in the host. It is caused by several agents, such as Purpureocillium lilacinum. Our study aimed to evaluate some cell subsets and inflammatory markers involved in the in situ immune response to subcutaneous hyalohyphomycosis by P. lilacinum in C57BL/6 murine models. The fungal isolate was inoculated in mice randomly distributed in immunocompetent/infected (CI) and immunosuppressed/infected (SI) groups. Mice were evaluated on days 1, 3, 5, and 7 after inoculation. Histopathological studies showed several lesions in the site of infection as well as the formation of multifocal and mixed inflammatory infiltrates, which differed between the CI and SI groups. This analysis also revealed conidia and hypha-like structures in subcutaneous tissues of mice of both groups. The immunohistochemical analysis showed lower percentages of macrophages and neutrophils in the SI group compared to those in the CI group. Moreover, the intensity of interleukin (IL)-1β and nitric oxide synthase 2 production by cells of immunosuppressed mice was discreet, compared to immunocompetent mice that ranged from moderate to intense over time. The quantitative interference of dexamethasone in the response to the fungus was also demonstrated. We concluded that our results can be useful not only to broaden the knowledge on P. lilacinum but also, based on this host–parasite relationship, to contribute to the understanding of the mechanisms of infection.
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INTRODUCTION

Hyalohyphomycosis is a fungal infection characterized by the presence of a hyaline mycelium in the host (Ajello, 1986). It is caused by several agents, such as Paecilomyces spp., Fusarium spp., Scedosporium spp., Scopulariopsis spp., Penicillium spp., and Purpureocillium lilacinum. Some species, including P. lilacinum, in addition to hyaline mycelium have the ability to produce adventitious forms in the tissue, which are structures morphologically similar to phialides and microconidias that spread through the blood, causing occlusion, infarction, and vascular necrosis (Perfect and Schell, 1996; Das et al., 2010).

Purpureocillium lilacinum (Thom) Luangsa-ard, Houbraken, Hywel-Jones and Samson, comb. nov 2011, previously called Paecilomyces lilacinus, is a filamentous, hyaline, anamorphic fungus (Luangsa-Ard et al., 2011) considered as an emerging pathogen for humans, especially for immunosuppressed patients, although the number of immunocompetent hosts infected by this fungus has also increased in recent years (Shivaprasad et al., 2013; Turner and Conrad, 2015; Borba and Brito, 2016; Juyal et al., 2018).

Immunocompetent individuals present clinical manifestations that may vary from cutaneous to subcutaneous nodular lesions and constitute one third of the cases of hyalohyphomycosis by P. lilacinum (Pastor and Guarro, 2006). In immunosuppressed patients, the majority of reported cases were disseminated infections (Pastor and Guarro, 2006; Antas et al., 2011; Ding et al., 2014).

As the population of immunosuppressed individuals increases, fungal diseases have emerged as the major cause of human diseases (Shoham and Levitz, 2005; Antas et al., 2011). Patients with immune deficiencies frequently have recurrent mycoses and, in some cases, develop severe forms, which emphasize the importance of understanding how the immune system controls infection.

Although evaluations of immunological responses against P. lilacinum are scarce, it is generally believed that the main fungal defense mechanism is developed by phagocytes, which destroy fungi through the production of nitric oxide (NO) and other substances secreted by these cells (Romani, 2011). Usually, inflammatory infiltrates in cutaneous fungal infections are composed of lymphocytes, neutrophils, and macrophages. Granulomatous reactions, often suppurative, are observed, depending on the immunological status of the patient (Guarner and Brandt, 2011).

Miranda et al. (2016) evaluated cats naturally infected with Sporothrix spp. and demonstrated that the fungus stimulates the development of granulomas with phagocytes that are unable to destroy fungal cells and that the inhibition of macrophage functions increased host susceptibility. These results corroborate the data of Antachopoulos and Roilides (2005), who mentioned the participation of granulocyte colony-stimulating factor (G-CSF), macrophage colony-stimulating factor (M-CSF), and granulocyte-macrophage colony-stimulating factor (GM-CSF), important glycoproteins in the production and activation of phagocytes that are crucial in the defense against fungi. Previously, Sa et al. (2007) also demonstrated the presence of Langerhans cells in the cutaneous tissue of patients with chromoblastomycosis, pointing out that the persistence of the fungus in the tissue is related to the activation of macrophages and the production of NO.

In patients with cutaneous forms of hyalohyphomycosis caused by P. lilacinum, several authors describe the presence of mixed inflammatory infiltrates in the lesions, composed of macrophages, neutrophils, and dendritic cells (DCs) (Gutierrez-Rodero et al., 1999; Lin et al., 2008; Huang et al., 2011). Since cutaneous infections constitute the majority of cases of fungal hyalohyphomycosis, it is necessary to emphasize the importance of these cells in the phagocytosis and presentation of antigens and, consequently, in the efficiency of the adaptive response (Antachopoulos and Roilides, 2005).

The impact of immunosuppression by glucocorticoids on the immune response is due to their mechanisms, which promote the inhibitory effect of the synthesis of pro-inflammatory cytokines such as interleukin (IL)-2, IL-6, and tumor necrosis factor (TNF)-α, and prostaglandins (Song et al., 2005). According to Lionakis and Kontoyiannis (2003), glucocorticoids affect the number of mononuclear leukocytes, causing reversible lymphopenia and monocytopenia. The drug primarily affects cellular immunity, both qualitatively and functionally, depleting circulating CD4++ T lymphocytes, and to a lesser extent CD8+ T lymphocytes, in addition to monocytes, macrophages, and polymorphonuclear cells. In the murine model of systemic infection, de Sequeira et al. (2017) demonstrated that immunosuppressive drugs such as dexamethasone interfere with lymphoproliferative responses. However, the authors did not evaluate the influence of the drug on subcutaneous infection.

Thus, this study aimed to evaluate some cell subsets and inflammatory markers involved in the skin immune response in subcutaneous hyalohyphomycosis by P. lilacinum due to its emerging and opportunistic potential in an immunocompetent and immunosuppressed murine model, characterizing phenotypically and functionally some cells involved in this process.



MATERIALS AND METHODS


Ethics Statement

This study was performed in strict accordance with the Brazilian College of Animal Experimentation (COBEA). All experimental procedures involving animals followed the regulations for animal experiments of the Ethics Committee for Animal Study of FIOCRUZ (license number L-031/2015-CEUA/IOC-FIOCRUZ) and were performed under anesthesia. All efforts were made to minimize the suffering of the animals.



Mice

Ninety-six male C57BL/6 mice, aged 6–8 weeks, weighing approximately 21 g were used in the experiments. The number of animals used in this study was calculated to guarantee statistically valid results obtained with as few individuals as possible without compromising the degree of reliability and avoiding the unnecessary use of animals.

Mice were randomly allocated to each experimental group and were kept under specific pathogen-free conditions at the Laboratory of the Animal Experimentation Center (IOC FIOCRUZ) and maintained in micro-insulators made of polypropylene, autoclavable, containing pine beds. Micro-insulators were disposed in ventilated racks (ALESCO) with air exchange measures of 350 m3/h. Breeding room was managed at room temperature; 23–25°C, humidity; 30–70%, light/dark cycle; 12 h, and water and food were given ad libitum. We took the utmost care to alleviate any pain and suffering on the part of the mice. Mice were submitted to euthanasia by CO2 exposure prior to analysis.



Purpureocillium lilacinum

One human strain of P. lilacinum was used in this study: S2, kindly provided by Dr. Annette Fothergill (Fungus Testing Laboratory, University of Texas Health Science Center–San Antonio, San Antonio, TX, United States), isolated from skin biopsy on the left foot of a female patient. The strain was molecularly authenticated and deposited in GenBank® sequences database with access number MF590109 (de Sequeira et al., 2017).



Culture Conditions and Inoculum

The isolate was subcultured on potato dextrose agar (PDA) medium at room temperature for 12 days, and then, conidia were collected by scraping the colonies, suspended in phosphate buffered saline (PBS), followed by thermal shock protocol to separate conidia from hyphae, according to de Sequeira et al. (2017). The supernatant was collected for quantification in a Neubauer hemocytometer. Cell viability was assessed by colony-forming unit (CFU) (Goihman-Yahr et al., 1980). The resulting suspensions were adjusted to the desired inoculum.



Immunosuppression by Dexamethasone

To perform immunosuppression, mice received 1 mg/kg of dexamethasone (Hypofarma, Ribeirão das Neves, Brazil) administered ad libitum in the drinking water for 3 days before fungal inoculation and during all the experiments (Brito et al., 2011). We chose dexamethasone because of its ability to deplete CD4+ T lymphocytes, similar to the condition provoked by HIV infection, one of the preexisting factors for fungal infections. Tetracycline (1,000 mg/L; Teuto, São Paulo, Brazil) was also added to the drinking water in parallel to prevent bacterial infections. The route of administration of the drug had already been demonstrated by our group as safe and effective in inducing immunosuppression without, however, causing stress in animals as do invasive methods like gavage (Brito et al., 2011; de Sequeira et al., 2013, 2017).



Experimental Hyalohyphomycosis

The fungal isolate was inoculated subcutaneously by a syringe at the base of the tail in 32 mice randomly distributed into two groups: immunocompetent (CI) and immunosuppressed mice (SI). Sixteen mice were distributed into immunocompetent (CC) and immunosuppressed mice (SC) control groups and similarly inoculated with PBS. In dorsal–ventral position, mice were inserted in an acrylic container, and after trichotomy and asepsis of the tail base region, the CI and SI groups were inoculated with 0.02 ml of the cell suspension containing 1 × 105 conidia of P. lilacinum with more than 80% viability. Control groups (CC and SC) were similarly inoculated with PBS. Mice were checked daily for 7 days to observe abnormal behaviors and pathological changes, with the aim of minimizing suffering. On each observation point (days 1, 3, 5, and 7 after inoculation), four animals from the CI and SI groups and two from the CC and SC groups were euthanized.



Histopathology

Mice were submitted to anesthesia with 10% ketamine hydrochloride associated with 2% xylazine hydrochloride (Syntec, Santana de Parnaíba, Brazil) and submitted to euthanasia by CO2 exposure. After asepsis of the region, two skin fragments of approximately 3 mm in diameter around the point of inoculation were removed. One skin fragment was submitted to histological analysis and the other to immunohistochemistry.

The skin fragment destined for histopathology was fixed in 10% neutral buffered formalin, dehydrated, and embedded in paraffin. Sections were cut and stained with hematoxylin–eosin (H&E), periodic acid-Schiff (PAS), and Grocott (methenamine silver), and the photographs were taken with a Leica DM 1000 (Leica, Werzlar, Germany). The inflammatory infiltrate in tissues was classified into: granulomatous, predominance of macrophages, and non-granulomatous, predominance of other types of inflammatory cells (such as lymphocytes, plasma cells, and neutrophils). The intensity of the inflammatory infiltrate was classified as follows: absent or mild (cellular infiltrate absent or mild and dispersed foci) and moderate to intense (cellular infiltrate dense and diffuse).



Immunohistochemistry

Biopsy fragments frozen in OCT resin (Sakura Finetek, Alphen aan den Rijn, Netherlands) were cut into 3-μm-thick sections and mounted on microscope silanized slides (Dako Cytomation, Carpinteria, CA, United States). The slides were fixed in acetone PA (Merck, Darmstadt, Germany) and hydrated in PBS, pH 7.4. Blockage of endogenous peroxidase (peroxidase blocking reagent; Dako, Carpinteria, CA, United States) and non-specific staining (normal goat serum; Zymed Laboratories Inc., San Francisco, CA, United States) were performed before the use of specific antibodies.

The specimens were then incubated with the primary antibodies directed to surface receptors: CD68+ macrophages, anti-neutrophilic elastase, nitric oxide synthase type 2 (NOS2), and IL-1β (all from BD Biosciences Pharmingen, San Diego, CA, United States), followed by incubation with the biotinylated secondary antibody (Zymed) and the streptavidin–biotin–peroxidase complex (ABC kit; Dako Cytomation). Aminoethylcarbazole (AEC kit; Zymed) was used as the substrate–chromogen system, and the slides were counterstained with Mayer’s hematoxylin (Dako). The slides were examined under a light microscope (E400 model; Nikon Instruments Inc., Melville, NY, United States), and the percentage of stained cells was determined by counting 500 cells as standard. The intensity of IL-1β and NOS2 was scored in 10 microscope fields. + = discreet (at least one positive site per field); ++ = moderate (two or three positive sites per field); +++ = intense (four or five positive sites per field).



Statistical Analysis

Data were analyzed using GraphPad Prism R software, version 8 (GraphPad Software, Inc., San Diego, CA, United States). The Kolmogorov–Smirnov test was used to evaluate the distribution of variables. Mann–Whitney test was used to perform comparisons between groups. Data are expressed as mean ± standard deviation. The p-value cutoff for statistical significance was 0.05, and the n value for each group on each time point = 4.

All the experiments were carried out twice to ensure reproducibility.



RESULTS


Clinical Signs

Mice were observed for 7 days. No clinical alterations as apathy and weight and/or hair loss were observed in the immunocompetent (CI/CC) group. The inflammatory response at the site of the infection was discreet, non-suppurative, and non-ulcerative (Figure 1A). On the other hand, mice in the immunosuppressed group (SI/SC) presented apathy and hair loss and crusted lesions at the point of inoculation, extending to the base of the tail (Figure 1B).
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FIGURE 1. Macroscopic aspects of the epidermis of the immunocompetent (CI) and immunosuppressed (SI) mice inoculated at the tail base with 1 × 105 conidia of Purpureocillium lilacinum on day 5 after infection. (A) Discreet, non-ulcerative, and non-suppurative lesion at the point of inoculation; (B) Crusted lesion at the point of inoculation, extending to the base of the tail.




Histological Studies

Figure 2 shows histological findings in the cutaneous and subcutaneous tissues of immunocompetent and immunosuppressed mice inoculated at the tail base with P. lilacinum.
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FIGURE 2. Histological findings in the cutaneous and subcutaneous tissues of immunocompetent (CI–left column) and immunosuppressed mice (SI–right column) inoculated at the tail base with 1 × 105 conidia of Purpureocillium lilacinum. (A) Diffuse inflammatory infiltrate (black arrow) constituted mainly by macrophages and neutrophils reaching superficial and deep dermis on day 1 after infection, H&E. (B) Necrosis in the skeletal muscle and fibrosis in the dermis and subcutaneous tissue (red arrows) on day 5 after infection, H&E. (C) Hyphae in the dermis (blue arrows) on the third day after infection, Grocott. (D) Severe inflammatory infiltrate (black arrows) affecting the superficial and deep dermis and adjacent skeletal muscles on day 3 after infection, H&E. (E) Suppurative dermatitis and panniculitis (black arrows) with diffuse inflammatory infiltrate ranging from mild to severe consisting mainly of neutrophils, with fewer macrophages on day 7 after infection, H&E; (F) Abundant hyphae, pseudohyphae (blue arrows) in the subcutaneous tissue on day 1 after inoculation, Grocott.


Immunocompetent mice inoculated with P. lilacinum (CI group) presented dermatitis, panniculitis, and skin ulcerations with diffuse inflammatory infiltrate reaching superficial and deep dermis (Figure 2A–day 1), consisting mainly of neutrophils and macrophages in all days during the follow-up (1, 3, 5, and 7 days) after inoculation. From the third day after the inoculation, hyphae were detected, as well as abundant intracellular and extracellular conidia (Figure 2C), and on day 5, necrosis of the skeletal muscle and foci of fibrosis in the dermis and subcutaneous tissue were observed (Figure 2B). Conidia within macrophages and neutrophils were observed in the subcutaneous tissue and also in the superficial dermis in the middle of the inflammatory infiltrate. On day 7 after inoculation, the skin of these mice presented acanthosis, and there were conidia inside the macrophages (data not shown).

In general, immunosuppressed mice inoculated with P. lilacinum (Group SI) had more severe lesions and more fungal structures than the immunocompetent ones (CI Group) from the first day after inoculation. In all the sampling days, the histological analysis of the tissue collected from these animals revealed the formation of diffuse and/or multifocal inflammatory infiltrate, which intensified until the end of the experiment. Extensive areas of ulcer covered by crusts, dermatitis, and suppurative panniculitis were also observed (data not shown).

On day 1, similarly to the immunocompetent group, numerous conidia in the interior of macrophages and hyphae in the tissue were revealed (Figure 2F). On the third day after inoculation, the infiltrate ranged from moderate to severe, and the extension of the infiltrate affected the superficial and deep dermis and adjacent skeletal muscles (suppurative myositis), being more intense in the subcutaneous tissue (Figure 2D). Five days after inoculation, in addition to the presence of conidia inside the phagocytes and in the tissue, hyphae were also observed in the crusts that covered the ulcerations in the epidermis of immunosuppressed mice (data not shown), also observed at the end of the experiment (day 7), with the formation of multifocal inflammatory infiltrates, besides abundant conidia and hyphae in the crusts, dermis, and mainly subcutaneous tissue (Figure 2E). In all samples (CI and SI groups–1, 3, 5, and 7 days after infection), the culture was positive to P. lilacinum. As expected, all control mice (Groups CC and SC) were negative.



Immunohistochemistry

Figure 3 shows the differences in macrophage and neutrophil frequencies and the intensity of inflammation markers, comparing immunocompetent and immunosuppressed groups. It was possible to observe lower percentages of macrophages and neutrophils in the SI group, compared to CI, as well as a lower intensity of production of IL-1β and NO by the cells of immunosuppressed mice than by those of immunocompetent ones.
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FIGURE 3. Quantification of macrophages (A) and neutrophils (B) from skin biopsy of the tail base region of immunocompetent and immunosuppressed mice inoculated with Purpureocillium lilacinum and control groups inoculated with phosphate-buffered saline (PBS) by immunohistochemistry. CI, Immunocompetent mice inoculated with P. lilacinum; CC, Immunocompetent mice inoculated with PBS; SI, Immunosuppressed mice inoculated with P. lilacinum; SC, Immunosuppressed mice inoculated with PBS. *Statistical differences between infected and control groups (p < 0.05). **Statistical differences between immunocompetent and immunosuppressed groups (p < 0.005).


The immunohistochemical analyses during the follow-up are summarized in Figure 4. In the immunocompetent group infected with P. lilacinum (CI group), the percentages of macrophages (Figure 4A) were lower than those of neutrophils (Figure 4C), especially on day 1 after inoculation. However, concerning the quantification of macrophages, it was possible to notice that the absolute number of these cells tended to increase in the final observation points, as well as the expression of NOS2. IL-1β (Figure 4E) production was high on the first day after infection, decreased on days 3 and 5, and showed an elevation at the end of the experiment. The production of NOS2 (Figure 4G) was moderate on days 1 and 3, increasing from day 5 until the end of the experiment. Compared to the infected group (CI), the production of IL-1β and NOS2 in the control group (CC) was discreet over time.
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FIGURE 4. Immunohistochemical analysis of skin biopsy of immunocompetent (left column) and immunosuppressed (right column) mice 7 days after infection. Mice were inoculated at the tail base with 1 × 105 conidia of Purpureocillium lilacinum and control groups were inoculated with phosphate-buffered saline (PBS). The black arrows show the frequencies of (A,B) macrophages and (C,D) neutrophils and the intensity of interleukin (IL)-1β (E,F) and nitric oxide synthase (G,H) production. (I,J) Control group. The red arrows signal the hair follicle of mice tail epidermis (— = 100 μm).


It was not possible to reach 500 cells in the immunosuppressed mice of both infected (SI) and control (SC) groups. Approximately 280 cells were quantified in these animals and, as observed in immunocompetent mice, there was a higher percentage of neutrophils than macrophages (Figures 4B,D), especially in the initial (day 1) and final (day 7) periods of the experiment. The production of NO and IL-1β remained discreet (Figures 4F,H), without variations over time, in the SI and SC groups.



DISCUSSION

Currently, invasive fungal infections are one of the greatest threats for immunosuppressed hosts (Antachopoulos and Roilides, 2005). Hyalohyphomycosis is caused by several agents, and P. lilacinum (Antas et al., 2011) is one of them.

The mechanisms of cellular and immunological response against this fungus are scarce; therefore, this work sought to investigate part of the basis of the host–parasite interaction. Previous studies of our group using peritoneal macrophages from C57BL/6 mice lineage for in vitro experiments demonstrated the potential of this fungus to adhere, invade, and destroy host cells (Peixoto et al., 2010). Since these results pointed out the possibility of disease establishment in this mouse strain, we chose the in vivo C57BL/6 murine model with the same genetic lineage of the cells previously used.

Notwithstanding P. lilacinum fungus has low virulence, according to some authors, and requires an immunosuppressed host to invade and produce the disease (Hubálek and Hornich, 1977; Pujol et al., 2002; Pastor and Guarro, 2006), both immunocompetent and immunosuppressed models used by our group were infected, although the immunosuppressed model seemed to be more susceptible.

The ability of the fungus to escape the immune response of the host and remain viable and circulating was demonstrated by de Sequeira et al. (2017). In this work were considered mechanisms of the adaptive immune response, as the role of CD4+, CD8+, regulatory T cells (Tregs), and memory T cells, of immunocompetent and immunosuppressed mice infected with P. lilacinum for a period of up to 45 days. It was possible to observe the impact of dexamethasone in the course of the infection, as presented here, allowing us to observe that the administration of dexamethasone can quickly (within 2 h) modify the immune response (Bain et al., 2018).

The study of de Sequeira et al. (2017) also reports that immunocompetent animals, inoculated intravenously, remained healthy during the experimental period and did not present any behavioral changes or clinical signs, such as weight loss and internal or external organ damage. However, the infection was established, since viable fungal cells were recovered from the spleen. Moreover, conidia-like structures were found in the histopathological analysis of the lung and liver of the mice of this group. In contrast, immunosuppressed mice of the same study showed weight loss, hair loss, apathy, dermatitis, internal organ damage, and keratitis, consistent with the reported cases of human infection and similar to the BALB/c model used by Brito et al. (2011).

In our study, we used the same mouse model as that of de Sequeira et al. (2017), but the route of inoculation was subcutaneous in order to evaluate the early stages of P. lilacinum cutaneous infection. Our results showed similar clinical signs to those of animals inoculated intravenously (Brito et al., 2011; de Sequeira et al., 2017). The immunocompetent mice did not present any clinical signs, while the immunosuppressed group presented apathy and hair loss. However, both groups presented lesions at the site of infection, dermatitis, and in some cases, keratitis.

The results of this work go in line with those obtained by Permi et al. (2011); Saghrouni et al. (2013), and Bassiri-Jahromi (2014), whose histopathological analysis of the skin biopsies of immunocompetent and immunosuppressed patients infected with P. lilacinum revealed the formation of granulomatous reactions, in which inflammatory infiltrates are mainly composed of polymorphonuclear and macrophages. We also observed ulcerated lesions at the site of infection in mice, as well as the formation of multifocal and mixed inflammatory infiltrates, that differed between immunocompetent (CI) and immunosuppressed (SI) groups with respect to severity—more pronounced in SI. It is interesting to highlight that in the study published by Permi et al. (2011), reporting the infection caused by this fungus in an immunocompetent patient, the formation of fibrosis was observed, and the same was shown in our immunocompetent murine model. It is known that fibrosis is the formation of tissue composed of collagen fibers in an organ in response to injury or tissue damage, so we speculate that the normal host immune condition uses this mechanism to respond to the invasion and proliferation of the fungus in host tissues.

The immunohistochemical analysis of the tissue fragments collected from the immunocompetent (CI and CC) and immunosuppressed (SI and SC) mice allowed us to identify and quantify macrophages, neutrophils, and two inflammatory markers, IL-1β and NOS2, involved in the immune response in situ. In general, percentages of neutrophils in immunocompetent and immunosuppressed mice were higher than those of macrophages, except for the seventh day after inoculation, in the immunocompetent group. We know that P. lilacinum is capable of destroying macrophages that phagocytose the conidia, as well as forming germ tubes and hyphae in the first 24 h after infection in vitro (Peixoto et al., 2010). Thus, the marked difference in the percentages of these cells can be attributed to the fact that, although macrophages are the first line of defense against conidia, neutrophils are the cell population selected to eliminate hyphae (Schaffner et al., 1982; Cenci et al., 1997). This hypothesis is plausible to assume, since P. lilacinum, as well as other agents of hyalohyphomycosis, is a producer of hyphae and adventitious structures in the tissue (Perfect and Schell, 1996). These results confirm the findings of Demirezen et al. (2015), since these authors verified the predominance of neutrophils compared to macrophages in the cervicovaginal smear of patients infected with Candida spp., which are able to produce hypha and/or pseudohypha.

In contrast, Morgado et al. (2011) observed higher percentages of macrophages compared to neutrophils in the fixed and lymphocutaneous forms of sporotrichosis. We may suppose that these results are due to the fact that Sporothrix spp. in the host acquire the yeast form against which the macrophage-mediated immune response may be effective. The difference in the number of macrophages found in this study between the immunocompetent and immunosuppressed groups is also worth noting, demonstrating once again the action of dexamethasone. We know that the drug, by interfering with IL-2 synthesis, can suppress the production of inflammatory markers, such as IL-1β (Paliogianni et al., 1993; Antachopoulos and Roilides, 2005; Orlikowsky et al., 2005), leading to a deficiency in macrophage function. Our results corroborate these data, since the production of NOS2 and IL-1β by immunocompetent mice ranged from moderate to severe, especially in the final periods of observation, while in immunosuppressed mice, it remained discreet on all points.

In conclusion, our data reinforce that host conditions are crucial to the severity of opportunistic infection by P. lilacinum, since it is capable to infect both immunocompetent and immunosuppressed murine models but causes damage only in the immunosuppressed ones. The lower percentages of innate immune cells and their products in immunosuppressed mice demonstrate the quantitative interference of dexamethasone in the response to the fungus. Thus, we conclude that our results have not only broadened the knowledge on P. lilacinum but also, based on this host–parasite relationship, contributed to the understanding of the mechanisms of infection.
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Neutrophils play an important role in the outcome of leishmaniasis, contributing either to exacerbating or controlling the progression of infection, a dual effect whose underlying mechanisms are not clear. We recently reported that CD4+ and CD8+ T cells, and dendritic cells of Leishmania amazonensis-infected mice present high expression of PD-1 and PD-L1, respectively. Given that the PD-1/PD-L1 interaction may promote cellular dysfunction, and that neutrophils could interact with T cells during infection, we investigated here the levels of PD-L1 in neutrophils exposed to Leishmania parasites. We found that both, promastigotes and amastigotes of L. amazonensis induced the expression of PD-L1 in the human and murine neutrophils that internalized these parasites in vitro. PD-L1-expressing neutrophils were also observed in the ear lesions and the draining lymph nodes of L. amazonensis-infected mice, assessed through cell cytometry and intravital microscopy. Moreover, expression of PD-L1 progressively increased in neutrophils from ear lesions as the disease evolved to the chronic phase. Co-culture of infected neutrophils with in vitro activated CD8+ T cells inhibits IFN-γ production by a mechanism dependent on PD-1 and PD-L1. Importantly, we demonstrated that in vitro infection of human neutrophils by L braziliensis induced PD-L1+ expression and also PD-L1+ neutrophils were detected in the lesions of patients with cutaneous leishmaniasis. Taken together, these findings suggest that the Leishmania parasite increases the expression of PD-L1 in neutrophils with suppressor capacity, which could favor the parasite survival through impairing the immune response.




Keywords: PD-L1, neutrophils, skin, Leishmania, human cutaneous leishmaniasis, murine leishmaniasis, supression



Importance

Neutrophils outnumber leukocytes in healthy human blood, rapidly migrate to infected or inflamed sites and have powerful mechanisms to eliminate pathogens. These cells secrete cytokines and chemokines critical for the initiation and amplification of the inflammatory response. Neutrophils also have the ability to modulate adaptive immune cells through a variety of receptors, including the programmed death ligand-1 (PD-L1), a cell surface protein that suppresses T cell activation. We report that Leishmania amazonensis, which can cause cutaneous leishmaniasis, severe anergic diffuse cutaneous and even visceral leishmaniasis, upon interaction with murine and human neutrophils induces the expression of PD-L1. Neutrophils expressing PD-L1 were observed in the ear lesions and draining lymph nodes of infected mice and in human cutaneous leishmaniasis biopsies. Our findings suggest that Leishmania could modulate PD-L1 expression in neutrophils, weakening the immune response to favor its survival, which opens up new possibilities of targeting PD-L1 for therapy.



Introduction

Neutrophils, the most abundant white blood cells in the human circulation, play a crucial role in eliminating pathogens by multiple mechanisms, and participating in the development of the inflammatory reaction. Thus, neutrophils are key components of the innate immune response and in the elimination of infectious agents. They are recognized for their broad defense repertoire that includes the production of reactive oxygen species, phagocytosis, degranulation and the release of the antimicrobial neutrophil extracellular traps (1, 2).

Within the inflammatory environment, neutrophils interact with other immune cells, and secrete cytokines and chemokines critical for the development and establishment of the necessary conditions required for the interface with the adaptive immune response (3, 4). On the other hand, these cells can also favor the progression of various diseases, such as rheumatoid arthritis, systemic lupus erythematosus, and cystic fibrosis, as well as sepsis, HIV-1 infection, and malaria (5–8).

Neutrophils may also present opposing roles in infections caused by Leishmania sp. In fact, it has been shown that neutrophils can both exacerbate the disease or protect the host, an outcome that is dependent on a fine balance pertaining to the Leishmania species and host genetic background (9).

Furthermore, neutrophils are endowed with the ability to induce T cell suppression (10). Analyses of patients with visceral leishmaniasis (VL) showed an increased frequency of CD15+ neutrophils expressing high levels of arginase, an enzyme associated with immunosuppression, which, after successful treatment, returned to basal levels (11). In addition, co-culture of low-density HLA-DR+-neutrophils and lymphocytes, both from VL patients, with Leishmania antigen increased the expression of programmed death ligand-1 (PD-L1, also called B7-H1 and CD274) in neutrophils, and of the programmed death receptor 1 (PD-1, also called CD279) in lymphocytes. These findings led to the hypothesis that low-density HLA-DR+ neutrophils may be involved in promoting T-cell exhaustion (12).

PD-1 is a receptor found in Natural Killer cells, T cells, B cells and activated monocytes (13–15), while the PD-L1 ligand can be found in neutrophils, B cells, dendritic cells, macrophages, mesenchymal stem cells and in non-hematopoietic cells, such as epithelial cells, muscle cells and hepatocytes (16, 17). The function of this pathway has been widely studied revealing a dichotomous activity depending on the model in which it is applied, where often it can inhibit T cell proliferation and cytokine production or increase T cell activation (18, 19). Thus, the formation of the PD-1/PD-L1 complex can be seen as a mechanism used by pathogens to evade the immune response or as a possible regulator of tissue damage mediated by the immune system (20–22). The dysfunctional state characterized by increased expression of inhibitory receptors, like the PD-1/PD-L1 complex, and by progressive loss of function, is commonly known as cellular exhaustion (23).

The use of immunotherapy to reverse dysfunction due to T-cell exhaustion has been used successfully to treat several tumors (24, 25) and also in viral and parasitic infections (26, 27). Concerning leishmaniasis, we recently reported that mice infected with L. amazonensis presented high expression of PD-1 in CD4+ and CD8+ T cells, and PD-L1 in dendritic cells, and that treatment with anti-PD-1 or anti-PD-L1 antibodies reduced the parasite load and increased IFN-gamma production by CD4+ and CD8+ T cells, thus, reversing cell suppression (28).

It was demonstrated that neutrophils depletion using 1A8 increased T cells response against Leishmania (29). Here, we aimed to investigate whether the PD-L1 expression in murine and human neutrophils could be modulated after in vitro interaction with Leishmania, and identified PD-L1-expressing neutrophils in murine and human cutaneous lesions. We also evaluated in vitro the participation of PD-L1 expression by neutrophils in suppressing IFN-γ production by T cells.



Materials And Methods


Experimental Animals

Female BALB/c mice and C57BL/6, 6-8 weeks old, from the Central Bioterium (Centro de Ciências da Saúde – Universidade Federal do Rio de Janeiro, Brazil), were housed in ventilated mini-isolators (Alesco, Brazil) and kept under controlled temperature and light conditions. All animal experiments were performed in strict accordance with the Brazilian animal protection law (Lei Arouca, Number: 11.794/08) of the National Council for the Control of Animal Experimentation (CONCEA, Brazil). The protocol was approved by the Committee for Animal Use of the Universidade Federal do Rio de Janeiro (Permit Number: 161/18).



Parasite Culture

For in vivo infection, L. amazonensis promastigotes (MHOM/BR/75/Josefa) were used. Parasites were first obtained from the macerated lesions of infected BALB/c mice and then grown at 26°C in M-199 medium (Cultilab) with 20% heat inactivated fetal bovine serum (FBS, Cultilab). Parasites were used for the experimental infections until the fifth passage in culture.

For in vitro infection, L. amazonensis promastigotes (RAT/BA/74/LV78) and L. braziliensis (MHOM/BR/2005/RPL5) were cultured at 26°C in Schneider medium (Invitrogen) with 20% FBS and 50 µg/mL gentamicin (Sigma). The parasites were used in assays until the fifth passage.

Amastigotes of L. amazonensis (RAT/BA/74/LV78) and L. braziliensis (MHOM/BR/2005/RPL5) were obtained from a culture of promastigotes maintained at 32°C in Grace’s medium (Invitrogen), pH 5.3 supplemented with 20% FBS and 25 µg/ml gentamicin. The amastigotes were used until the third passage in culture.



Recruitment and Isolation of Murine Peritoneal Neutrophils

Neutrophils were recruited in BALB/c or C57BL/6 mice 3 h after intraperitoneal injection of 1 ml of 9% casein solution (Sigma). Mice were euthanized and the peritoneal cavity was washed with RPMI 1640 (Sigma) without serum at room temperature. A fraction of the obtained cells was first characterized by flow cytometry using anti-Ly6G-PerCP (murine, eBioscience) revealing >95% Ly6G+ cells (neutrophils). Remaining cells were centrifuged at 400 g for 5 min, resuspended in RPMI and used in the following assays.



Purification of Murine Neutrophils From Bone Marrow

Bone marrow cells were flushed from the femur and tibia of BALB/c mice with RPMI/10% FBS into a 15 ml conical tube through a 100 μm cell strainer, and then were centrifuged at 400 g for 7 min at 24°C. The cell pellet was resuspended in RPMI/10% FBS and centrifuged at 1500 g for 30 min at 24°C in a Percoll gradient (100%, 72%, 65% and 58% v/v GE Healthcare). Neutrophils collected at the interface of 65% and 72%, were washed with PBS at 400 g for 10 min at 15°C, resuspended in RPMI and used in the following assays. Cell yield was ≥80% Ly6G+ cells (neutrophils) as analyzed by flow cytometry using anti-Ly6G-PerCP (murine, eBioscience).



Isolation of Dermal Cells From Mouse Ears

Mice were infected intradermally in the right ear with 2x106 stationary-phase promastigotes of L. amazonensis in 20 µl PBS. After 18 h, 15 days and 60 days post-infection, the ears were collected. Control was performed with ears from naïve mice. The dermal sheets were opened and added to the wells of a 24-well plate in DMEM (Sigma) with 1% penicillin/streptomycin and 100 µg/ml each of collagenase I and II (Sigma), followed by 90 min incubation at 37°C. The tissue was then macerated with a tissue mixer for 3 min, filtered through a 70 µm filter and washed with PBS at 400 g for 5 min at 15°C. Cells were resuspended in RPMI/10% FBS for further use.



Isolation of Cells From the Lymph Nodes Draining the Infected Lesion

Mice were infected intradermally in the right footpad with 2x106 L. amazonensis stationary-phase promastigotes in 20 µl PBS. After approximately 60 days post-infection, draining lymph nodes were removed, individually macerated and the cell suspensions were centrifuged at 400 g for 5 min at 4°C. The cell pellet was resuspended in 2 ml RPMI/10% FBS for further use.



Purification of Human Blood Neutrophils

Human neutrophils from healthy blood were obtained by centrifugation on Ficoll Histopaque density gradient (Sigma-Aldrich), followed by hypotonic lysis (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.4) to remove red blood cells. Isolated neutrophils (≥95% of the cells) were washed in PBS and resuspended in RPMI. All the procedures dealing with human blood were performed in accordance with the guidelines of the Research Ethics Committee (Hospital Universitário Fraga Filho, UFRJ, Brazil), protocol number: 4261 015400005257.



In Vivo Infection

BALB/c mice were infected with 2x106 L. amazonensis stationary-phase promastigotes in 20 µl PBS, either intradermally in the right ear or subcutaneously in the right footpad. The lesions were followed weekly for around two months by measuring the thickness with a pachymeter.



Leishmania-Neutrophil Interaction In Vitro

Parasites were washed twice with PBS and incubated with 0.5 µM CFSE (carboxyfluorescein succinimidyl ester - Invitrogen) at 37°C. After 15 min, RPMI/20% FBS was added, and parasites incubated for a further 15 min on ice, followed by three washes with PBS, and resuspension in PBS. Murine neutrophils were infected with CFSE-labeled promastigotes or amastigotes of L. amazonensis (cell:parasite-MOI 1: 10) for 4 h at 35°C and human neutrophils were infected with CFSE-labeled promastigotes or amastigotes of L. amazonensis or L. braziliensis (MOI 1:5 or 1:10) for 4 h at 35°C.



Cell Staining for Flow Cytometry

Cells from lymph nodes (5x105) or ear homogenates (1x106) were washed with PBS at 400 g for 5 min at 4°C and blocked with Human FcX (BioLegend) for 15 min, followed by staining with the antibody cocktail for 30 min at 4°C. Cells were then washed with a cytometry buffer (PBS with 5% FBS) at 400 g for 5 min and 4°C), then fixed with 4% formaldehyde (Sigma) for 15 min at 4°C. Cells were washed and resuspended in the cytometry buffer and stored in the dark at 4°C until acquisition. The following antibodies were used: anti-PD-L1-APC, anti-CD10-APC-780 (human, eBioscience); anti-CD45-APCcy7, anti-CD11b-FITC, anti-CD11b-PE, anti-CD11b-Pecy7, anti-Ly6G-PerCP, anti-Ly6G-FITC and anti-PD-L1-APC (murine, eBioscience). Acquisition of events (lymph node, 100,000 events; ear, all cells) was performed on a BD FACSAria™. The gate strategy was performed based on the selection of cell size (FSC) and composition (SSC). After identifying the main population, a gate of FSC-A (area) and FSC-H (weight) was used, where cellular doublets were excluded. Gates for positive events were established through Fluorescence Minus One (FMO) control. The data analyzes were performed using the FlowJo software.



Imaging PD-L1 Expression by Intravital Microscopy

L. amazonensis ear-infected BALB/c mice (naïve-not infected; control with saline; 1 h, 7 days and 15 days and 60 days post-infection) were injected on the ear with 8-12 µl/animal of anti-PD-L1-APC and Ly6G-FITC antibodies. After 2 h, mice were anesthetized with ketamine and xylazine intraperitoneally. Images were obtained using a Nikon Eclipse Ti with an A1R confocal head equipped with four different lasers (excitation: 405, 488, 546 and 647 nm) and emission bandpass filters at 450/50, 515/30, 584/50 and 663/738 nm. Objective Plan Apo λ 10x. Analysis was performed using Volocity 6.3 software (PerkinElmer).



CD8+ T Cells Activation And Culture In Vitro

Spleens were harvested from 6 to 8-week-old mice. Naïve CD8+ T cells (CD44lo CD62Lhi) T cells were purified (>95% purity) by negative selection (Dynabeads™ Untouched™ Mouse CD8 Cells Kit, Invitrogen) from RBC-lysed single-cell suspensions from spleen followed by cell sorting. For stimulation, purified CD8+ T cells were plated at 106 cells/ml in 24-well plates precoated with 0,3 mg/mL goat anti-hamster and coated with anti-CD3 (clone 2C11) and anti-CD28 (clone 37.51) (1 μg/mL), as previously described (30, 31). After, 48 h, cells were removed from the TCR signal and re-cultured by diluting 1:2 in media (DMEM (11995-065, Gibco) supplemented with 10% FBS (26140079, Gibco), 1x Penicillin/Streptomycin (15140-122, Gibco), 1x L-Glutamine (25030-081, Gibco), 1x MEM Vitamins (11120-052, Gibco), 1x Sodium Pyruvate (11360-070, Gibco), 1x Essential Amino Acids (M5550, Sigma),1x Non-Essential Amino Acids (11140-050, Gibco), 10 mM HEPES (15630-080, Gibco) and 50 μM β-Mercaptoethanol (M3148, Sigma), containing 200 U/ml final concentration of recombinant murine IL-2 (Peprotech). Every 24 h, cells were diluted 1:2 with fresh media containing IL-2. On day 5, cells were stained with anti-CD25-PE, anti-CD44-FITC, anti-CD62L-APC and anti-CD127-PEcy7 antibodies (Biolegend) for phenotypic analysis and were assessed by flow cytometry.



Coculture of Murine Neutrophils and Activated CD8+ T Cells

C57BL/6 neutrophils (5x105) recruited to the peritoneum with casein were infected with promastigotes of L. amazonensis (cell:parasite-MOI 1:5) by 4h. After that, we added 5 µg/ml anti-PD-1 (CD279, clone RMP1-14, catalog # BE0146, Bioxcell) or anti-PD-L1 (BMS-936559, Bristol-Myers Squibb) or isotype (IgG2a, SouthernBiotech) for 15 min in the culture. Following, activated CD8+ T cells were added (5x105) to the culture and the media was supplemented with 200 U/ml recombinant murine IL-2 (Peprotech) for 18h. The supernatants were collected and IFN-gamma quantified by specific ELISA using a standard protocol (Peprotech), detection limits are 12 - 3000 pg/ml.



Skin Biopsies and Study Subjects

Punch biopsies (8 mm in diameter) from the border of skin lesions were obtained from 7 untreated patients with cutaneous leishmaniasis (CL) attended at the University Hospital (HUCAM) of Universidade Federal do Espírito Santo, Brazil. The diagnosis of CL was based on clinical criteria including differential diagnosis, skin lesion analysis and parasite identification by microscopy. In addition, all patients in this study tested positive for the PCR/restriction fragment length polymorphism of L. braziliensis and reported no prior infections or treatment. The CL group consisted of 5 males and 2 females with illness duration ranging from 30 to 120 days, lesion sizes ranging from 50–200 mm2 and 1.42± 0.53 lesion per patient. All patients involved in this study progressed to clinical cure after Meglumine antimoniate treatment. Control skin punch biopsy specimens from 12 healthy volunteers living in a non-endemic area with no history of leishmaniasis were also obtained. Biopsy specimens were frozen in OCT compound (Sakura). Sections of 6 µM were obtained longitudinally to expose all skin layers and were placed on poly-L-lysine-coated slides (Star Frost®). Tissues were then fixed in acetone and ethanol and stored at -80°C until use. All participants (patients and healthy volunteers) were seronegative for HIV, HBV and HCV infections, and had no history of chemotherapy, radiotherapy or treatment with immunosuppressive medications within the last 6 months. They provided written informed consent, and study procedures were performed in accordance with the principles of the Declaration of Helsinki. This study was registered with the HUCAM Ethical Committee under the number 735.274.



Immunofluorescence Staining and Analysis of Human Tissues

Briefly, sections were hydrated with PBS, blocked with a 1% bovine serum albumin (BSA- Sigma) solution for 20 min and incubated with the following primary antibodies: anti-elastase (1:400; US1481001; Merk KGaA) or anti-PD-L1 (1:200; clone: ABM4E54; ab210931; Abcam) overnight at 4°C. Afterwards, slides were washed with PBS and incubated with goat anti-rabbit Alexa Fluor 488 (1:400; A11008) or goat anti-mouse Alexa Fluor 568 (1:400; A21124 or A21134) secondary antibodies (Thermo Fischer Scientific) for 1 h at room temperature. Slides were mounted with Fluoroshield Mounting Medium with DAPI (Abcam, ab104139) and analyzed by manually selecting regions of interest (ROI) using the Chromoplex Staining Detection system (Leica Biosystems). Cell and marker frequencies were defined according to the evaluated marker and cell nuclei of each ROI. Slides were imaged with a 20x objective (200× magnification) on a fluorescence microscope (Leica DMi8) with a 710 Metahead (Zeiss) by z-stack tile-scans and counted manually by using computer-assisted image analysis (National Institutes of Health Image Software ImageJ 1.52j; https://imagej.nih.gov/ij/).




Data Analysis

Results are expressed as mean ± SEM with confidence level p ≤ 0.05. For lesion development analysis, a two-way ANOVA with Bonferroni post-test was used. For multiple comparisons, a one-way ANOVA followed by Tukey pairing was performed. Cell analyzes were performed using the paired Student’s t test or Mann-Whitney test (indicated p value in the graph and legend). Skin biopsies were analyzed using Student’s t test with Welch correction or Mann-Whitney test. Data analysis was performed using GraphPad Prism® 8.00 software.



Results


PD-L1 Expression on Neutrophils Upon Interaction With Leishmania

Initially, we tested whether casein-recruited peritoneal neutrophils interacted equally with CSFE-labeled promastigotes and amastigotes of L. amazonensis. Our results evidenced that neutrophils internalized both parasite stages at similar levels (Figure 1A). Next, we analyzed the expression of PD-L1 on the CSFE+ neutrophils, which were the neutrophils that had internalized the parasites. We observed that uninfected neutrophils (medium) constitutively expressed PD-L1 at low levels, while both forms of the parasite induced PD-L1 expression in the infected casein-recruited peritoneal neutrophils (Figure 1B). It is important to note that within the neutrophil population, PD-L1 expression in cells that did not internalize the parasites (bystander CSFE- neutrophils) was not augmented, expressing similar PD-L1 levels to the control (Figure 1C). Similarly, we evaluated the parasite interaction with neutrophils isolated from the bone marrow. Amastigotes were internalized significantly more than promastigotes by these neutrophils (Figure 1D). Again, internalization of both parasite forms significantly increased PD-L1 expression in relation to the uninfected control (Figure 1E). Interestingly, in the bone marrow neutrophils, amastigotes induced significantly more PD-L1 expression than promastigotes (Figure 1E). Like the casein-recruited neutrophils, constitutive PD-L1 expression of bystander bone marrow neutrophils, was not modulated by the presence of either form of the parasite (Figure 1F). Comparing the levels of PD-L1 expression of the peritoneal and bone marrow neutrophils, our results demonstrated that PD-L1 expression was higher in peritoneal neutrophils, independent of the parasite infection (Figure S1), suggesting that the inflamed milieu or the maturation stage of the neutrophils could influence PD-L1 expression.




Figure 1 | Increased expression of PD-L1 in murine and human neutrophils exposed to challenge with L. amazonensis. BALB/c neutrophils (5x105) recruited to the peritoneum with casein, or purified from bone marrow, and human neutrophils (5x105) from healthy donors were incubated with CFSE-stained promastigotes (Pro) and amastigotes (Ama) of L. amazonensis (murine 1:10; human 1:5), for 4 h. Control was performed with neutrophils on medium. Cells were then analyzed by flow cytometry using Ly6G+-Percp (neutrophils), CFSE+ (L. amazonensis) and PD-L1+-APC. (A) Percentage of peritoneal neutrophils infected with CFSE-labeled parasites. (B) Percentage of PD-L1+ peritoneal neutrophils upon interaction with parasites. (C) Percentage of PD-L1 expression on CFSE- (bystander) and CFSE+ casein-recruited neutrophils. (D) Percentage of bone marrow (BM) neutrophils infected with CFSE-labeled parasites. (E) Percentage of PD-L1+ bone marrow neutrophils upon interaction with parasites. (F) Percentage of PD-L1 expression on CFSE- and CFSE+ bone marrow neutrophils. (G) Percentage of human neutrophils infected with CFSE-labeled parasites. (H) Percentage of PD-L1+ human neutrophils upon interaction with parasites. (I) Percentage of PD-L1 expression on CFSE- and CFSE+ human neutrophils. Data are mean ± SEM (N=10-11) and human donors (N=7). Each point represents a donor. *p < 0.01, **p < 0.001, ***p < 0.001.



We next tested the interaction of human neutrophils with promastigotes and amastigotes of L. amazonensis (MOI 1:5). Unlike mouse neutrophils, human neutrophils internalized promastigotes more than the amastigotes (Figure 1G). However, PD-L1 induction occurred similarly to murine neutrophils, being significantly more expressed after interaction with amastigotes (Figure 1H). Interestingly, the PD-L1 constitutive expression (medium) in human neutrophils (Figure 1I) was lower than in mouse peritoneal (Figure 1C) and bone marrow (Figure 1F) neutrophils. Surprisingly, a reduction in PD-L1 expression was observed after human neutrophil infection with promastigotes and amastigotes at a higher MOI, although maintaining the same pattern of higher PD-L1 expression induced by amastigotes in comparison to promastigotes (Figure S2). Together, these results suggest that PD-L1 expression in neutrophils is modulated upon parasite interaction.



PD-L1 Expression in Cells From Ear Lesions of BALB/c Mice Infected With L. amazonensis

Following our observations of neutrophils in vitro, we assessed whether cells present at the lesion site in vivo would also express PD-L1 (Figure S10). As the peak of neutrophil infiltration has been reported to occur at 12 h after Leishmania infection in mice (29), we started by analyzing PD-L1 expression at this time-point. Our data shows increase in the percentage of Ly6G+ cells in infected group, but, while there is an increase in the number of neutrophils, it was not statistically different from the other groups (Figures 2A–C). Although the number of PD-L1+Ly6G+ increased in the infected group (Figure 2F), no differences were observed in the frequency of PD-L1+Ly6G+ or in the MFI between the groups (Figures 2D, E, G). Evaluating the same parameters after 18 h post infection, although the frequency of CD11b+ cells was a little higher in the infected ear, it was not significantly different from the naïve (non-infected) control; a similar observation was noted regarding the numbers of CD11b+ cells in naïve and infected mouse ears (Figures S3A, B and S4A). In addition, no differences were observed between the ears of naïve and infected mice in the frequency and number of Ly6G+CD11b+ cells (Figures S3C, D and S4B) and the expression of PD-L1 in the Ly6G+ cells (Figures S3E–H).




Figure 2 | Analysis of murine ear neutrophils after 12h of infection. Cells were collected from L. amazonensis-infected ears after 12h then submitted to flow cytometry. Controls were performed with uninfected (naïve) and PBS injected mice. (A) Dot plot showing Ly6G+ cells (Ly6G-PerCP, SSC). (B) Percentage of Ly6G+ CD11b+ cells. (C) Number of Ly6G+ CD11b+ cells, p=0.057 (Mann-Whitney). (D) Histogram of PD-L1 expression. Grey = Fluorescence minus one control (FMO) PD-L1, Blue = Naïve, Orange = PBS and Red = Infected. (E) Percentage of PD-L1+ Ly6G+ cells, p=0,06 (Mann-Whitney). (F) Number of PD-L1+ Ly6G+ cells, p=0.06. (G) MFI of PD-L1+ Ly6G+. Data are mean ± SEM from cells of individual mice (N = 4-7 mice/group). *p < value 0,0323.



A second wave of neutrophils has been described to migrate to the infection site after 15 days (29), therefore we also evaluated PD-L1 expression at this time-point. Our results showed no statistical difference in the frequency of neutrophils between naïve and Leishmania-infected ear lesions (Figure 3A), however, a significant increase in the number of neutrophils was observed in infected mice compared with the naïve control (Figure 3B). Concomitantly, increased PD-L1 expression was detected in infected mice (Figures 3C, D, F) as well as an increased number of PD-L1-expressing neutrophils (Figure 3E).




Figure 3 | Analysis of murine ear neutrophils after 15 days of infection. Cells were collected from L. amazonensis-infected ears after 15 days then submitted to flow cytometry. Controls were performed with uninfected mice (naïve). (A) Percentage of Ly6G+ cells. (B) Number of Ly6G+ cells. (C) Histogram of PD-L1 expression. Grey = Fluorescence minus one control (FMO) PD-L1+, Blue = Naïve and Red = Infected. (D) Percentage of PD-L1+ Ly6G+ cells. (E) Number of PD-L1+ Ly6G+ cells. (F) MFI of PD-L1+ Ly6G+. Data are mean ± SEM from cells of individual mice (N = 4-5/group). *p < 0.03, **p < 0.005.



The analysis of cells from infected animals in the chronic phase, after 60 days of infection, displayed an increase in the neutrophil population (Figures 4A–C and S5). The expression of PD-L1 on neutrophils from 60-day lesions followed the same pattern with increased expression of PD-L1 in the cells from the infected animals (Figures 4D–G). These data show that as the lesion progresses, there is an increase in the population of neutrophils that express PD-L1, and this strengthens our hypothesis that a constant Leishmania stimulus promotes this induction.




Figure 4 | Increase of PD-L1+ Ly6G+ cells in L. amazonensis-infected ear lesions. Cells were collected from L. amazonensis-infected mouse ears after around 50 days. Controls were performed with uninfected mice (naïve). (A) Dot plot showing Ly6G+ CD11b+ cells (Ly6G-PerCP, CD11b-FITC). (B) Percentage of Ly6G+ CD11b+ cells. (C) Number of Ly6G+ CD11b+ cells. (D) Histogram of PD-L1 expression. Grey = Fluorescence minus one control (FMO) for PD-L1, Dark grey = Naïve and Red = Infected ear cells. (E) Percentage of PD-L1+ Ly6G+ cells, p=0.057. (F) Number of PD-L1+ Ly6G+ cells. (G) MFI of PD-L1+ Ly6G+. Data are mean ± SEM from two independent experiments (7-8 mice/group). *p < 0.02.





Intravital Images of Neutrophils Expressing PD-L1 in Infected Lesions but Not in Circulation

To validate our findings, we evaluated PD-L1 expression in neutrophils present in the lesions of L. amazonensis-infected mice directly in vivo. Initially, we analyzed the animals within 1 h of infection, since it is at this time that neutrophils begin the process of migrating to the infected site (32), in addition to the chronic lesion (60 days post-infection). Some migrating neutrophils in the tissue were expressing PD-L1, but interestingly, no expression was observed in the circulating neutrophils (Figure S11, Movies S1, S2). The absence of PD-L1 expression was observed in naïve and in saline-injected control mice (Figures S11A, B). After 1h post-infection, some migrating neutrophils in the tissue were expressing PD-L1, but interestingly, no expression was observed in the circulating neutrophils (Figure S11C; Movies S1 and S2). Importantly, chronic lesions showed a high presence of neutrophils expressing PD-L1 (Figure S11D). In fact, the presence of PD-L1-expressing neutrophils, at times, formed a mass (Movie S3) that we could image only after cutting the lesion tissue. After this step, we could see the circulation contralateral to the injury (Movie S4). Interestingly, this contralateral circulation did not have circulating neutrophils expressing PD-L1. This observation is important because it demonstrates that the infection environment is conducive to the induction of the suppressive neutrophil without affecting the circulating neutrophils.



PD-L1-Expressing Neutrophils in the Draining Lymph Nodes of Mice

To better map PD-L1-expressing neutrophils we investigated these cells in the lymph nodes that drain the footpad lesions caused by L. amazonensis. Our results show that the neutrophil population was increased in the lymph nodes of the infected mice at 60 days (Figures 5A–C). The frequency and numbers of PD-L1-expressing neutrophils was also significantly increased (Figures 5D–F), however, the median intensity of fluorescence (MFI) was similar to the naïve control (Figure 5G). This data reveals that the neutrophils not only express PD-L1 at the infection site, but these cells, expressing the ligand, also have the ability to be drained to the lymph nodes.




Figure 5 | Increased expression of Ly6G+ and PD-L1+ in the draining lymph nodes of infected BALB/c mice. Mice were infected in the footpad with L. amazonensis promastigotes (2×106). After approximately 60 days, the draining lymph nodes were collected, macerated and the cells analyzed by flow cytometry. Controls were performed with uninfected mice (naïve). (A) Dot plot showing Ly6G+ cells (Ly6G-FITC x SSC-H). (B) Percentage of Ly6G+ cells. (C) Number of Ly6G+ cells. (D) Histogram of PD-L1 (PD-L1-APC) expression. Red = Fluorescence minus one control (FMO) PD-L1; Blue = Naïve lymph nodes; Orange = Infected lymph nodes. (E) Percentage of PD-L1+ Ly6G+ cells. (F) Number of PD-L1+ Ly6G+ cells. (G) MFI of PD-L1+Ly6G+. Data are mean ± SEM of individual mice (5 mice/group) shown as a representative experiment of three producing the same result profile. *p < 0.01, **p < 0.001, ***p < 0.0001.





Neutrophils Expressing PD-L1 Suppress IFN-γ Production by T Cell

First, the expression of PD-L1 was evaluated in infected C57BL6 peritoneal neutrophils with L. amazonensis promastigotes (MOI 1:1; 1:5; 1:10). We observed 50% of infected neutrophils in 1:1 and 90% in 1:5 and 1:10 MOIs (Figure 6A). The expression of PD-L1 was not modulated by the infection rate, and similarly to the BALB/c neutrophils, bystander CSFE- neutrophils expressed significantly less PD-L1 (Figures 6B, C). Following, the capacity of PD-L1+-neutrophils to inhibit the production of IFN-γ by CD8+ T was evaluated by co-culturing infected neutrophils with activated CD8+ T cells (Figure 6D). Characterization of isolated CD8+ T cells is shown in Figure S9. We observed a significant reduction in the IFN-γ production by CD8+ T cells co-cultured with infected neutrophil (1:5) compared to the non-infected neutrophils (Neu). Importantly, addition of anti-PD-L1 or anti-PD-1 to the co-culture restored the production of IFN-γ. Moreover, the isotype control was unable to reverse IFN-γ inhibition mediated by infected neutrophils. This result demonstrated that inhibition of IFN-γ production is dependent of PD-L1/PD-1 (Figure 6D).




Figure 6 | Coculture of murine neutrophils exposed to L. amazonensis with CD8+ T activated cells. C57BL/6 neutrophils (5x105) recruited to the peritoneum with casein were incubated with CFSE-stained promastigotes (Pro) of L. amazonensis (1:1, 1:5, 1:10), for 4 h. Control performed with neutrophils on medium. Cells were then analyzed by flow cytometry using Ly6G+-Percp (neutrophils), CFSE+ (L. amazonensis) and PD-L1+-APC. (A) Percentage of CFSE+ Ly6G+ cells. (B) Percentage of PD-L1+ Ly6G+ cells. (C) Percentage of PD-L1 expression on CFSE- (bystander) and CFSE+ cells. (D) Coculture of murine neutrophils (Neu) infected or not with promastigotes of L. amazonensis (Leish) with CD8+ T effectors cells. The coculture was treated or not with anti-PD-1 or anti-PD-L1 or isotype control for 18h. IFN-γ was analyzed in the culture supernatant by ELISA. Data are mean ± SEM. (A–C) N=3-4 and (D) N=7. *p=0.049, ***p < 0.001.





PD-L1-Expressing of Human Neutrophil In Vitro and in the Lesions Caused by Leishmania braziliensis

Finally, we evaluated the expression of PD-L1 in human neutrophils after Leishmania braziliensis infection. Differently from L. amazonensis, our results evidenced that independently of the MOI, neutrophils internalized both parasite stages of L. braziliensis at similar levels (Figure 7A). However, PD-L1 expression was higher in promastigotes infected-neutrophils and likewise L. amazonensis, PD-L1 was not expressed in the bystander neutrophils (Figures 7B, C).




Figure 7 | Increased expression of PD-L1 in human neutrophils exposed to L. braziliensis. Human neutrophils (5x105) from healthy donors were incubated with CFSE-stained promastigotes (Pro) and amastigotes (Ama) of L. braziliensis (1:5 and 1:10), for 4 h. Control performed with neutrophils on medium. Cells were then analyzed by flow cytometry. (A) Percentage of neutrophils infected with CFSE-labeled parasites. (B) Percentage of PD-L1+ neutrophils upon interaction with parasites. (C) Percentage of PD-L1 expression on CFSE- (bystander) and CFSE+ neutrophils. Data are mean ± SEM (N=4-5). *p < 0.0303, **p < 0.0047 ***p < 0.0001.



We also investigated the PD-L1 expression on neutrophils from human cutaneous leishmaniasis biopsies obtained from untreated patients. It is already been demonstrated that cutaneous leishmaniasis lesions present hyperplasia with a dense inflammatory cellular infiltrate involving the dermal-epidermal junction, consisting mainly of lymphocytes, macrophages, neutrophils and plasma cells (33–38). Thus, we evaluated whether neutrophils in the lesions expressed PD-L1, which could directly impact on the skin immune balance during infection. Interestingly, lesional analysis revealed the expression of PD-L1 on neutrophils, that were respectively 7.44 and 3.77-fold higher than healthy controls (Figures 8A–C and S6), suggesting that neutrophils may have a role in human injuries caused by L. braziliensis, which still needs to be assessed.




Figure 8 | Human lesion neutrophils present a conspicuous expression of PD-L1. Healthy human skin and human cutaneous leishmaniasis skin lesions were stained with anti-elastase (green), anti-PD-L1 (red) and counter-stained with DAPI (blue). (A) Representative immunofluorescence staining of a cutaneous leishmaniasis lesion. Yellow arrows indicate anti-PD-L1 and anti-elastase double-stained cells. Bars = 50 µm. (B) Frequency of elastase-positive PD-L1+ cells of cumulative data of PD-L1 in neutrophils in healthy control skin (HC, N = 12) and in cutaneous leishmaniasis skin lesions (CL, N = 7). (C) Frequencies of double-stained neutrophils were normalized and data are expressed as fold over the control. Data shown as median with 95% confidence. The p values were calculated using Mann-Whitney test. ***p < 0.001.






Discussion

In the present work we investigated the expression of PD-L1 in human and murine neutrophils, showing that upon interaction with promastigotes or amastigotes of L. amazonensis, these host cells express PD-L1, a molecule involved in T cell exhaustion. Interestingly, a higher number of murine bone marrow and human peripheral neutrophils expressing PD-L1 was evidenced after interaction with amastigotes than with promastigotes. Although, human neutrophils were less infected by L. amazonensis amastigotes than the murine neutrophils, this parasite stage induced higher numbers cells expressing PD-L1. However, these effects were not observed in casein-recruited murine neutrophils, where similar numbers of PD-L1+ neutrophils were stimulated by both parasite developmental stages, and which did not display any differences in neutrophil infection between the two parasite forms studied. A higher number of casein-recruited neutrophils expressed PD-L1 than bone marrow neutrophils upon interaction with both parasite stages. This result could be due to the inflammation induced by casein, since it has been shown that inflammation could contribute to a higher PD-L1 expression (16). The same lack of inflammatory stimuli could explain the low frequency of human PD-L1+ neutrophils in comparison with the murine neutrophils, but it should be noted that the frequency of PD-L1-expressing-neutrophils increased 8 times in relation to control (medium) after only 4h of interaction with the amastigotes. This high expression of PD-L1 in amastigote-infected neutrophils may be the consequence of its increased survival, consistent with the study highlighting the resistance of L. amazonensis amastigotes against microbicidal mechanisms of neutrophils, such as the oxidative burst (39).

Regardless of the source of neutrophils, the expression of PD-L1 was not affected in bystander cells irrespective of the presence of parasite forms in the co-culture. Taken together, this suggests that upon infection of neutrophils, the parasite induces this suppression marker in the host cell. Expression of PD-L1 has been described in monocytes from a patient presenting diffuse cutaneous leishmaniasis (40), and only in low-density neutrophils (normal-density neutrophils did not expressed PD-L1) from human visceral leishmaniasis patients (12), but, to the best of the authors’ knowledge, this is the first description of PD-L1 expression upon in vitro interaction with Leishmania. Interestingly, similar to our results, it was shown that incubation of neutrophils ex vivo with LPS for 6 h also induced PD-L1 expression (41).

A swarm of neutrophils are recruited to the Leishmania infection site and the presence of these cells has been reported in chronic lesions as well (32, 42–45). Thus, we investigated PD-L1 expression in neutrophils from a L. amazonensis cutaneous lesion in mouse ears at both these early and late time-points. Remarkably, although PD-L1+ neutrophils could already be observed after 12h or 18 h post-infection, and a significant number of PD-L1+ neutrophils was detected after 15 days post-infection, the number and frequency of which decreased a little in 2-month chronic lesions. However, the mean fluorescence intensity greatly enhanced (around 4 times) in the chronic lesion, compared to the lesion at 15 days. It was recently demonstrated that in the beginning of the infection (1h-24h) (46), resident macrophages are the predominant infected cells. In the absence of infection, neutrophils are not stimulated to express PD-L1 as observed in the frequency in 12 or 18 hours post in vivo infection. In the chronic phase the combination of infected neutrophils and the inflammatory cytokines can prime the express of PD-L1 as observed in 15, 30 and 60 days post infection.

Next, we sought to image the environment of an L. amazonensis infection in vivo, and our results showed that as the infection progressed, there was an accumulation of neutrophils at the site of infection, and some of them expressing PD-L1. The presence of neutrophils is in agreement with reports describing these cells in chronic lesions (60 days post infection) of animals naturally or experimentally infected with Leishmania (42–44). Importantly, PD-L1 expression was not seen in neutrophils circulating in vessels close to the infected site, as observed by intravital microscopy. Instead, in human diffuse cutaneous leishmaniasis and in visceral leishmaniasis PD-L1-expressing cells have been detected in the blood circulation (12, 40). Similarly, higher levels of blood PD-L1+ neutrophils have been reported in tuberculosis and HIV-1-infected patients (7, 47), in patients with cancer (48), severe sepsis (49), while in rheumatoid disease, patients have neutrophils expressing PD-L1 in the synovial fluid, which can be related to the severity of the disease (50).

Another aspect identified in our study was the presence of PD-L1-expressing neutrophils in the draining lymph nodes of L. amazonensis infected mice. Upon analyzing the lymph nodes draining the chronic lesion we evidenced an increased number of neutrophils in this organ, and half of this population was expressing PD-L1. It has been reported that neutrophils have the ability to migrate to the lymph nodes, transporting and presenting antigens to T cells and inducing the activation and expansion of CD4+ T cells (51–54). We recently described in the draining lymph nodes of a non-healing L. amazonensis infection in BALB/c mice that both, CD4+ and CD8+ T cells expressed PD-1, and dendritic cells PD-L1 (28). Importantly, treatment of the L. amazonensis-infected mice with anti-PD-1 and anti-PD-L1 antibodies significantly increased IFN-γ production by T cells and decreased the parasite load (28). Our results in Leishmania-infected mice confirmed the presence of neutrophils in the lesion site in the first and second waves of neutrophil infiltration as well as in the chronic phase, and we perceived a relationship between PD-L1 expression and the cutaneous disease progression in the mouse.

It has been shown that neutrophil depletion with 1A8 monoclonal antibody enhanced T cell production of IFN-γ, suggesting a suppressor function of neutrophis (29). Here, we show the direct effect of Leishmania in the induction of PD-L1 on neutrophils, which interacting with CD8+ T cells, reduce IFN-γ production. Here, we demonstrated PD-L1 expression was detected in the skin of dogs severely infected with L. infantum (54), and in the spleen and in B cells of dogs infected with L. infantum (55–57). Several reports have identified the presence of neutrophils in chronic inflammatory infiltrate of patients with localized cutaneous (58, 59), diffuse cutaneous (60) and mucocutaneous leishmaniasis (61, 62).

Likewise to L. amazonensis induction of PD-L1 in human neutrophils, L. braziliensis infection in these cells shares the same capacity. Both promastigotes and amastigotes induced PD-L1 expression in neutrophils indicating an ability of this parasite to this phenotype. Finally, we analyzed lesions from patients with cutaneous leishmaniasis caused by L. braziliensis, evidencing an enhanced frequency of neutrophils expressing PD-L1 than in healthy controls. Similar increased PD-L1 transcripts have been reported in the lesions of patients infected with L. braziliensis (62). Our study demonstrated that neutrophils contributed to PD-L1 expression in the Leishmania lesion site.

Recently, it has been demonstrated by RNA-seq and immunohistochemistry that PD-1 and PD-L1 were highly up regulated in L. braziliensis skin lesion (63). Moreover, indicating an exhaustion process, anti-PD-L1/PD-L2 added to cultures of CD4+ and CD8+ T cells from cutaneous leishmaniasis patients increased the response to L. braziliensis antigen, and restored their IFN-γ response (63).

In summary, we show for the first time that L. amazonensis infection induces the expression of PD-L1 in neutrophils and that this expression increases with disease progression associated to chronic development of the disease. The induction of PD-L1 in neutrophils could favor the suppressive milieu that is important for the persistence of the parasite in human and experimental infections. Our finding is relevant because it opens new possibilities for therapeutic targets, and for understanding the local environment of the infection that may favor Leishmania growth.



Conclusion

The present study demonstrated that both amastigotes and promastigotes of L. amazonensis and L. braziliensis are capable of inducing the expression of PD-L1 in murine and human neutrophils. It was also observed that, in a murine model, the expression is not present in the first wave of neutrophil infiltration, however, the expression increases in the lesion and in the draining lymph nodes as the disease progress. Importantly, we demonstrated the capacity of Leishmania-infected neutrophils to inhibit IFN-γ production by effector TCD8+ cells, which was reversed by anti-PD-L1. Overall, our findings strongly suggest that PD-L1 expressing neutrophils could participate in the modulation of the immune response, favoring Leishmania survival and persistence.
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Supplementary Figure 1 | Comparison of PD-L1 expression in murine neutrophils from bone marrow and peritonium. Neutrophils recruited to the peritoneum with casein (Per) for 3 h or isolated from the bone marrow (BM) of mice. Cells were infected (1:10) with promastigotes (Pro) or amastigotes (Ama) of L. amazonensis for 4 h. Controls were performed with the same cells without infection (control). Data shown percentage of PD-L1+ cells are mean + SEM (N = 9-11). **p < 0.03, ***p < 0.0001.

Supplementary Figure 2 | PD-L1 expression in human neutrophils infected with L. amazonensis. Human neutrophils (5x105) from healthy donors were incubated with CFSE-stained promastigotes (Pro) and amastigotes (Ama) of L. amazonensis (1:5 and 1:10), for 4 h. Control performed with neutrophils on medium. Cells were then analyzed by flow cytometry. Data shown as percentage of PD-L1 expression on human neutrophils, mean ± SEM (N= 5-6). ***p < 0.0001.

Supplementary Figure 3 | Analysis of murine ear neutrophils after 18 h of infection. Cells were collected from L. amazonensis-infected ears after 18 h then submitted to flow cytometry. Controls were performed with uninfected mice (naïve). (A) Percentage of CD11b+ cells. (B) Number of CD11b+ cells. (C) Percentage of Ly6G+ CD11b+ cells. (D) Number of Ly6G+ CD11b+ cells. (E) Histogram of PD-L1 expression. Grey = Fluorescence minus one control (FMO) PD-L1, Blue = Naïve and Red = Infected. (F) Percentage of PD-L1+ Ly6G+ cells. (G) Number of PD-L1+ Ly6G+ cells, p=0.055. (H) MFI of PD-L1+ Ly6G+. Data are mean ± SEM from cells of individual mice (N = 4 mice/group).

Supplementary Figure 4 | Dot plots of murine cells from lesions infected with L. amazonensis. Cells were collected from L. amazonensis-infected ears after 18 h. Controls were performed with uninfected mice (naïve) and FMO for (A) CD11b and (B) Ly6G (negative). (A) Dot plot of CD11b+ cells. (B) Dot plot of Ly6G+ CD11b+ cells. Data of individual mice (4 mice/group).

Supplementary Figure 5 | Expression of PD-L1+ Ly6G+ cells in L. amazonensis-infected lesions. Cells were collected from L. amazonensis-infected ears after approximately 60 days. Controls were performed with uninfected mice (naïve). (A) Dot plot showing CD11b+ cells (PE-CD11b x SSC) on FMO for CD11b (negative), naïve and infected mice. (B) Percentage of CD11b+ cells. (C) Number of CD11b+ cells. (D) Dot plot showing PD-L1+ Ly6G+ and PD-L1+ Ly6G- gates (PD-L1-APC x Ly6G-PerCP) on FMO Ly6G and PD-L1, naïve and infected mice. **p<0.008 Data are mean ± SEM of individual mice (4-5 mice/group) and are representative of three experiments producing the same result profile.

Supplementary Figure 6 | Analyses of lesion neutrophils present a conspicuous expression of PD-L1. PD-L1 expression in neutrophils from healthy skin (HC, N = 8) and cutaneous leishmaniasis lesions (CL, N = 9). (A) Neutrophils are a percentage of nucleated cells. (B) Percentage PD-L1+ neutrophils. The P values were calculated using Student’s t test with Mann-Whitney test. ***p < 0.001.

Supplementary Figure 7 | Gating strategy of CFSE+ neutrophils expressing PD-L1. (A) Neutrophils FSC x SSC. (B) Single cells - FSC-A x FSC-H. (C) CFSE+ and CFSE- (CFSE x SSC). (D) Histogram of PD-L1 expression, Green = FMO (negative), Red= isotype, Orange = control not infected, Blue = infected.

Supplementary Figure 8 | Gating strategy of neutrophils expressing PD-L1 on the mice ear and on draining lymph nodes. Ear cells after processing were analyzed as follows: (A) Cells FSC x SSC. (B) Single cells - FSC-A x FSC-H. (C) CD45+ (APC-cy7 x FSC-H). (D) CD11b+ and Ly6G+ (FITC x Percp). (E) Histogram of PD-L1 expression, Grey = FMO (negative), Black= naïve control (not infected), Red = infected. Draining lymph node cells were analyzed as follows: (F) Cells FSC x SSC. (G) Single cells - FSC-A x FSC-H. (H) CD11b+ (Pe-cy7 x SSC-A). (I) Ly6G+ CD11b+ (FITC x SSC-H). (J) Histogram of PD-L1 expression, Red = FMO (negative), Blue= naïve control (not infected), Orange = infected.

Supplementary Figure 9 | Phenotype of CD8+ T cells differentiated in vitro. Spleen cells of C57BL/6 mice were processed, and CD8+ T cells purified by negative selection and sorted. (A) Pre-sort and Pos-sort SSC x CD8+, CD62L+ x CD44+. (B) On day 5, cells were stained with CD25+ x CD44+, CD127+ x CD44+ and CD62L+ x CD44+.

Supplementary Figure 10 | Lesion development in L. amazonensis-infected mice. Mice were infected in the ear with L. amazonensis stationary-phase promastigotes (2x106). Ear thickness was measured weekly using a thickness gauge.

Supplementary Figure 11 | PD-L1-expressing neutrophils in infected ear lesions. BALB/c mice infected in the ear with L. amazonensis were injected with anti-PD-L1-APC and anti-Ly6G-FITC antibodies and imaged by intravital microscopy. Controls were performed with mice injected with PBS and non-infected (naïve) mice. Arrows show neutrophils expressing PD-L1. (A) Naïve mouse. (B) Control mouse injected with PBS. (C) Mouse infected for 1 h. (D) Mouse with chronic infection (60 days). Autofluorescence of the skin fur can be observed (Arrow head). Images were obtained using Nikon Eclipse Ti with an A1R confocal head equipped with four different lasers (excitation at: 405, 488, 546 and 647 nm) and emission bandpass filters at 450/50, 515/30, 584/50 and 663/738 nm. Objective Plan Apo λ 10x. Bars: 130 µm.

Movie S1 | Neutrophils in the blood vessels in the infected ear did not express PD-L1. Mice infected in the ears with L. amazonensis for 1 h were injected with anti-PD-L1-APC and anti-Ly6G-FITC antibodies. White arrows indicate circulating neutrophils with no expression of PD-L1. Images were obtained using a Nikon Eclipse Ti with an A1R confocal head equipped with four different lasers (excitation at: 405, 488, 546 and 647 nm) and emission bandpass filters at 450/50, 515/30, 584/50 and 663/738 nm. Objective Plan Apo λ 10x. Presence of skin hair autofluorescence. Bar = 130 µm.

Movie S2 | Migration of neutrophils without expression of PD-L1 to the infected ear. Mice infected in the ear with L. amazonensis for 1 h were injected with anti-PD-L1-APC and anti-Ly6G-FITC antibodies. Presence of skin hair autofluorescence (Arrow head). Images were obtained using a Nikon Eclipse Ti with an A1R confocal head equipped with four different lasers (excitation at four wavelengths: 405, 488, 546 and 647 nm) and emission bandpass filters at 450/50, 515/30, 584/50 and 663/738 nm. Objective Plan Apo λ 10x and 2x zoom. Bar = 62 µm.

Movie S3 | Neutrophils expressing PD-L1 in a chronic L. amazonensis ear infection. Mice infected in the ear with L. amazonensis in the chronic infection (60 days) were injected with anti-PD-L1-APC and anti-Ly6G-FITC antibodies. Images were obtained using a Nikon Eclipse Ti with an A1R confocal head equipped with four different lasers (excitation at four wavelengths: 405, 488, 546 and 647 nm) and emission bandpass filters at 450/50, 515/30, 584/50 and 663/738 nm. Objective Plan Apo λ 10x. Bar =38,57 µm and 127,77 µm.

Movie S4 | Circulating neutrophils not expressing PD-L1 in a chronic L. amazonensis. Mice infected in the ear with L. amazonensis in the chronic infection (60 days) were injected with anti-PD-L1-APC and anti-Ly6G-FITC antibodies. Presence of skin hair autofluorescence (Arrow head). White arrows indicate circulating neutrophils with no expression of PD-L1. Images were obtained using a Nikon Eclipse Ti with an A1R confocal head equipped with four different lasers (excitation at four wavelengths: 405, 488, 546 and 647 nm) and emission bandpass filters at 450/50, 515/30, 584/50 and 663/738 nm. Objective Plan Apo λ 10x. Bar = 130 µm.
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The treatment of multibacillary cases of leprosy with multidrug therapy (MDT) comprises 12 doses of a combination of rifampicin, dapsone and clofazimine. Previous studies have described the immunological phenotypic pattern in skin lesions in multibacillary patients. Here, we evaluated the effect of MDT on skin cell phenotype and on the Mycobacterium leprae-specific immune response. An analysis of skin cell phenotype demonstrated a significant decrease in MRS1 (SR-A), CXCL10 (IP-10) and IFNG (IFN-γ) gene and protein expression after MDT release. Patients were randomized according to whether they experienced a reduction in bacillary load after MDT. A reduction in CXCL10 (IP-10) in sera was associated with the absence of a reduction in the bacillary load at release. Although IFN-γ production in response to M. leprae was not affected by MDT, CXCL10 (IP-10) levels in response to M. leprae increased in cells from patients who experienced a reduction in bacillary load after treatment. Together, our results suggest that CXCL10 (IP-10) may be a good marker for monitoring treatment efficacy in multibacillary patients.
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Introduction

Multibacillary leprosy (MB) patients are responsible for the active transmission of the disease in the community (1). Previous studies have demonstrated that macrophages present in skin lesions of MB patients have the characteristics of anti-inflammatory macrophages, with higher phagocytic properties and increased bacterial survival. These are furthermore mediated by an increased expression of proteins involved in host iron metabolism and they contribute to a higher bacillary load in these patients (2–4).

MB patients do not mount an effective cellular-mediated response to Mycobacterium leprae and may present numerous and symmetrically distributed lesions, with an increased ratio of CD8:CD4 T cells and increased production of Th2 cytokines such as IL-4, IL-5 and IL-10 (5). These Th2 cytokines are associated with the production of antibodies that do not confer protection against the disease. IL-10 is associated with increased phagocytic activity in skin macrophages from MB patients, as well as with a reduction in the antimicrobial properties of host cells, which are responsible for the maintenance of M. leprae-susceptible macrophages (6–8).

Until now, a specific drug for the treatment of leprosy was not available (9). Leprosy is a bacterial disease caused by M. leprae, an intracellular pathogen that infects keratinocytes, macrophages and histiocytes in the skin and Schwann cells in the peripheral nerves (10–12). MB treatment consists of a combination of rifampicin, clofazimine and dapsone in 12 doses (13). Although patients are considered “cured” after the completion of MDT, leprosy reactions, permanent disability and occasional relapse/reinfection have been observed in many patients (14). Moreover, not all patients present a reduction in bacillary load after the 12 doses of MDT.

Several studies evaluated the impact of MDT on immune response. MDT changes the profile of serum cytokines in M. leprae-infected patients (15, 16), and a reduction in antibody response in MB patients was considered a parameter for monitoring MDT effectiveness (17). The immunosuppressive and anti-inflammatory properties of MDT are associated with the inhibition of some cell types, and they do not seem to interfere directly in the production of mediators and cytokines (18–21). In addition, during MB clinical courses, there are disturbances in skin lipid metabolism that are modulated by MDT (22).

Here, we investigated the expression of cell markers associated with an anti-inflammatory phenotype in macrophages in skin lesion cells from MB patients that presented or showed no reduction in bacillary load after MDT. Furthermore, we evaluated whether MDT was able to restore the cellular immune response against M. leprae in these patients.



Materials and Methods


Study Population

In this study, we utilized biological samples from a total of 55 adult patients. The patients were men and women between 18 and 81 years old who had been diagnosed with MB leprosy and who were categorized according to Ridley and Jopling’s classification (23) as being lepromatous-lepromatous (LL), meaning they had no reaction at the onset or at the completion of treatment (release) (Table 1). Patients under the age of 18 with comorbidities such diabetes, hepatitis, syphilis and diseases caused by other mycobacteria, as well as patients co-infected with the human immunodeficiency virus and relapse cases were excluded. All patients enrolled were treated at the Souza Araújo Outpatient Unit at FIOCRUZ, Rio de Janeiro, Brazil. Among the recruited patients, 48 received the standard regimen of multidrug therapy (WHO-MDT): rifampicin, dapsone and clofazimine, and 7 received an alternative scheme: rifampicin, clofazimine and ofloxacin. Both groups took these regimens for twelve months. Whole blood and skin lesion samples were obtained at diagnosis, or prior to treatment (onset), and at the conclusion of treatment (release) from patients who did not exhibit any signs of leprosy at both points. Blood samples were used in the study of gene expression and for cytokine measurements, both in whole blood and in serum. Skin lesion samples were obtained with a 6 mm punch and cleaved into two fragments. One fragment was used for histopathological processing and staining by the Hematoxylin-Eosin and Wade methods in order to diagnose cases, while the second fragment was immediately frozen by immersion in liquid nitrogen and used for immunohistochemistry or real-time PCR. Blood without anticoagulants was also collected to obtain serum samples.


Table 1 | Demographic and clinical data of patients included in the study (n = 55).





Ethics Statement

This study was carried out in accordance with institutional research ethics committee approval and in Resolution 466/12 of the National Health Council (CAAE 76328517.2.0000.5248, approval number 2.450.910). All volunteers agreed to participate and signed a free and informed consent form prior to their inclusion in the study and any sample collection. All the patients received clinical treatment, follow-up appointments and all information, regardless of their participation or exclusion from the study.



Immunohistochemistry

Frozen sections of skin lesion samples were examined with a Leica LM1850UV cryostat (Leica, Wetzlar, Germany). The 5 μm thick sections were fixed in cold acetone and hydrated in 0.01M phosphate buffer saline (PBS). Endogenous peroxidase was blocked in 0.3% hydrogen peroxide solution diluted in 0.01M PBS and then washed in 0.01M PBS. Unspecific binding sites were blocked with 0.01M PBS solution containing 10% normal goat serum (NGS) and 0.1% bovine serum albumin (BSA). The following primary antibodies were diluted in 0.01M PBS solution containing 1% NGS and incubated overnight at 4°C in humid chamber: anti-CD68 (1:100 Dako M0814), anti-CD163 (1:25 R&D Systems MAB1607), anti-arginase 1 (BD Transduction labs 610708), anti-IDO (1:100 Millipore MAB1009), anti-MRS-1 (SR-A, Santa Cruz, SC-166184), anti-IFN-γ (1:50 BD Biosciences N554548) and anti-CXCL10/IP-10 (1:50 Santa Cruz SC-101500). Next, sections were washed with 0.01M PBS and incubated in a HiDef signal amplifier solution for 20 min, and then washed in 0.01M PBS and incubated in a HiDef HRP polymer detector solution (kit HiDef detection HRP polymer system, Cell Marque, 954-D) for 20 minutes. Sections were washed twice with 0.01M PBS. Immunostainings were developed in 3-amino-9-ethylcarbazole solution (AEC substrate Kit, Vector Labs SK-4200). The cell nuclei were stained with Harris’ Hematoxylin. Sections were mounted with coverslips using an aqueous mounting medium (Abcam 128982) and the results were analyzed under Nikon Eclipse E400 optical microscope with a plan-apochromatic 20X/0,40 objective (Nikon Instruments Inc., New York, USA).



Whole Blood Assay

Venous blood samples collected in tubes containing heparin were diluted in serum-free AIM-V medium (GIBCO 12055) in a 1:10 ratio and distributed onto plates in three series of 300 μL in triplicate. A fraction was incubated with sonicated M. leprae cell antigens at a 10 μg/mL concentration (BEI Resources, NR19329) and the second aliquot was stimulated with phytohemagglutinin (PHA Sigma 1668) solution at 25 μg/mL as a positive control. Negative controls were non-stimulated cells. Samples were cultured at 37°C in an environment containing 5% CO2 for five days. Subsequently, the supernatant was collected and IFN-γ and CXCL10/IP-10 were measured by ELISA (eBiosciences, San Diego, CA, USA).



ELISA

Serum samples obtained from blood without anticoagulants or supernatants from whole blood cultures were used to determine the concentration of IFN-γ, IL-6, IL-10, IL-17A, TNF, IL-1β, TGF-β and CXCL10/IP-10 cytokines by ELISA, following the manufacturer’s protocol (eBiosciences, San Diego, CA, USA).



RT-PCR

RNA was extracted from skin lesion fragments by the TRIzol method (Life Technologies15596-018), following the manufacturer’s instructions. To avoid genomic DNA contamination, the RNA was treated with DNAse (RTS DNase Kit, MO BIO Laboratories); integrity was analyzed via 1.2% agarose gel electrophoresis. A SuperScript III First-Strand Synthesis System (Life Technologies, 18080-051) was used to perform the reverse transcription. mRNA expression of CD163, ARGINASE1, MRS1, IDO1, NOS2A, IL15, IFNG and CXCL10 was evaluated using TaqMan Fast Universal PCR Master Mix (2X) (Applied Biosystems 4352042) in a StepOnePlus real-time PCR system (Applied Biosystems, MA, USA). All primers were acquired from ThermoFisher Scientific (4331182). The 2−ΔCT method was used to analyze gene expression data using glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Hs02758991_g1, Thermo-Fisher Scientific) as a reference gene.



Statistical Analysis

Statistical significance was calculated by Mann–Whitney or Kruskal–Wallis tests with Dunn’s multiple comparison post-test via GraphPad Prism 8.0 software (GraphPad, La Jolla, CA, USA). A p ≤ 0.05 was deemed statistically significant.




Results


MDT Contributes to Reducing the Anti-Inflammatory Profile of Skin Macrophages in LL Patients

Routine histopathological analyses of skin lesion fragments were performed to select representative specimens of the LL polar form of the disease, both before treatment and after the release of MDT. As previously described (24, 25), the histopathology of lepromatous leprosy is characterized by collections and sheets of macrophages diffusely distributed in the dermis, with few lymphocytes and plasma cells (Figure 1). Macrophages present a foamy appearance and are filled with bacilli (Figure 1). After 12 doses of MDT, histopathology was variable between the recruited cases, but a reduction in the infiltrate was a common finding in patients who did not develop reactional episodes during treatment (Figure 1). A diffuse lymphocytic infiltrate was also observed, and only few foamy cells were observed (Figure 1). Immunohistochemistry was performed to identify whether MDT decreases the anti-inflammatory (M2) profile in cells from treated LL patients.




Figure 1 | Anti-inflammatory macrophage phenotype in LL skin lesions is reduced at 12-dose MDT release. Skin lesions fragments were collected at LL diagnosis (onset) and at release of 12-dose MDT. Routine Hematoxylin-Eosin (HE) and Wade staining were performed to characterize the inflammatory infiltrate and to verify the presence of alcohol-acid-resistant bacilli in the skin lesions. Additionally, CD68, CD163, Arginase 1 (ARG1), MSR1 (SR-A) and IDO immunostainings were performed to characterize the phenotype of the cells infiltrating the skin lesions. Representative images are shown. Bars: 100 μm (HE), 25 μm (Wade) and 50 µm (immunostaining).



To characterize the macrophage phenotype, LL skin lesions were immunostained for CD68, CD163, Arg1 (arginase), MSR1 (SR-A) and IDO-1, which are surface markers predominant in non-treated macrophages (2, 7, 8, 24). We selected representative cases to demonstrate that the inflammatory infiltrates decreases in the release and that anti-inflammatory profile disappears after MDT, with a reduction in CD68+, CD163+, SR-A+, Arg1 and IDO+ cells (Figure 1). Gene expression analysis revealed a significant decrease in MRS1 (that encodes SR-A-) and an increase in ARG1 expressions (Figure 2).




Figure 2 | Gene expression of MSR1 is reduced and ARG1 increases after 12 doses of MDT. Skin lesions fragments were collected at LL diagnosis (onset) and at release of 12-dose MDT. RNA was extracted, cDNA was synthesized and the expression of CD163, ARG1, MSR1 and IDO1 genes was evaluated by real-time PCR. Graph shows the gene expression of each patient at disease onset and 12-dose MDT release.





IFN-γ and CXCL10 (IP-10) Were Reduced in LL Skin Lesion Cells After MDT

We evaluated whether 12 doses of MDT increased the presence of pro-inflammatory macrophages in the skin cells of MB patients. We did not observe significant changes in NOS2A and IL15 expression (data not shown). However, IFN-γ and CXCL10 (IP-10) production in skin lesion cells was significantly reduced after MDT, as was observed by gene expression (Figure 3A) and histopathology (Figure 3B).




Figure 3 | IFN-γ and CXCL10 (IP-10) are reduced in LL skin lesions at 12-dose MDT release. Skin lesions fragments were collected at LL diagnosis (onset) and at release of 12-dose MDT: (A) RNA was extracted, cDNA was synthesized and the expression of IFNG and CXCL10 genes was evaluated by real-time PCR. Graphs show the gene expression of each patient at disease onset and 12-dose MDT release. (B) Expression of IFN-γ and CXCL10 (IP-10) in the skin lesions was detected by immunohistochemistry. Representative images are shown. Bars: 50 μm.





CXCL10 Is Associated With a Reduction in Bacillary Load

We evaluated levels of CXCL10 (IP-10), IFN-γ, IL-6, IL-10, TNF, IL-12p70, TGF-β and IL-17A in LL patient sera. We did not observe significant differences between the levels of IFN-γ (Figure 4A), IL-6, IL-10, TNF, IL-12p70, TGF-β and IL-17A (Supplementary Figure 1) when comparing between the onset and the release of MDT. CXCL-10 serum levels decreased after MDT (Figure 4B).




Figure 4 | CXCL10 (IP-10) production is associated with reduction of bacilloscopic index at 12-dose MDT release. Anticoagulant-free venous blood samples were collected at LL diagnosis (onset) and at completion of 12 doses of MDT (release), and the sera was aliquoted. Levels of IFN-γ and CXCL10 (IP-10) in the sera were evaluated by ELISA. (A, B) Graphs show: IFN-γ (A) and CXCL10 (IP-10) (B) levels in sera at disease onset and MDT release. (C, D) Graphs show: the levels of IFN-γ (C) and CXCL10 (IP-10) (D) of each patient at disease onset and 12-dose MDT release classified in two groups, one with the patients who presented a reduction in the bacilloscopic index at release (WR, with reduction) and one for the patients who did not reduce the bacilloscopic index after 12-dose MDT (NR, no reduction). **p ≤ 0.01.



It is well known that, after MDT, lesions can histologically clear in 2 to 5 years or more (25–27). Moreover, for unexplained reasons, some patients do not reduce their bacillary index, even after 12 doses of MDT. In this context, we divided the recruited volunteers into two groups. The first group was composed of patients who presented a reduction in bacilloscopic index (WR—with reduction) and the other group was composed of patients who did not show a reduction in bacilloscopic index (NR—no reduction) after the release of 12 doses of MDT.

As observed in Figures 4C, D, in patients who did not present a reduction in bacilloscopic index, there was a significant decrease in CXCL10 (IP-10) levels in the sera; this was not the case in IFN-γ.



Reduction in Bacillary Load Is Associated With Increased Production of CXCL10 (IP-10) in Response to M. leprae

In LL, the immune system maneuvers the immune response towards antigen-specific anergy. As observed in Figure 5A, levels of IFN-γ were significantly increased after MDT,. CXCL10 (IP-10) levels were not affected by MDT (Figure 5B). However, when we separated the NR and WR groups, we observed an increase in CXCL10 (IP-10), but not IFN-γ, in M. leprae-stimulated cells compared to non-stimulated cells. This was true for the group that showed a reduced bacilloscopic index after 12 months of MDT (WR) (Figures 5C, D).




Figure 5 | Reduction in bacilloscopic index after 12-dose MDT is associated with increased production of CXCL10 (IP-10). Heparinized venous blood samples were collected at LL diagnosis (onset) and at completion of 12 doses of MDT (release). Whole blood was diluted in AIM-V media and stimulated (ML—stimulated with M. leprae) or not (NS—non-stimulated) with 10 μg/mL sonicated M. leprae cell antigens for 5 days at 37°C 5% CO2. Levels of IFN-γ and CXCL10 (IP-10) in the cell culture supernatants were evaluated by ELISA. (A, B) Graphs show: Average ± SEM of IFN-γ (A) and CXCL10 (IP-10) (B) levels in culture supernatant at disease onset and MDT release. (C, D) Graphs show: Average ± SEM of the levels of IFN-γ (C) and CXCL10 (IP-10) (D) at disease onset and at 12-dose MDT release, classified into two groups. The first group contains patients who presented a reduction in the bacilloscopic index at release (WR, with reduction) and the second group comprises patients who did not reduce the bacilloscopic index after 12-dose MDT (NR, no reduction). *p ≤ 0.05.






Discussion

Antigen-specific T cell responses (Th1 and Th17) have been observed in paucibacillary (PB) patients and are associated with control over M. leprae replication (28–32). In contrast, Th2 and T regulatory cells are associated with MB presentations. Although several studies have demonstrated an association between IFN-γ-specific immune responses and protection, the assessment of T cell responses by only measuring IFN-γ may not reflect the protective potential of the response, meaning that other mediators might be involved in the control of the disease. The World Health Organization (WHO) introduced the MDT standardized regimen in 1982, but a high percentage of patients who completed a fixed duration of MDT left with residual skin lesions. In addition, upon MDT completion, patients are considered cured; however, even after MDT, some patients develop leprosy reactions (33).

Despite advances in understanding the pathogenesis of leprosy and perspectives in terms of developing new therapeutic strategies (34), the identification of biomarkers is pivotal for characterizing the immune response in different clinical forms of leprosy, as well as for determining MDT efficacy. There is strong evidence that the immunological response of infected individuals influences not only their susceptibility to M. leprae but also the outcome of leprosy. However, little is known regarding the capacity of MDT to modulate a host’s immune response and control the disease, especially in MB patients who present reduced antigen-specific T cell responses. Antigen-specific antibody responses were readily detected in MB patients at the time of diagnosis but were reduced after MDT (35). In this scenario, we can speculate whether the mechanisms associated with control of the disease in MB patients involve increased frequencies of pro-inflammatory macrophages in skin lesions instead of specific T cell responses.

The pathogenesis of MB leprosy involves higher frequency and highly susceptible anti-inflammatory macrophages in skin lesions. Previous studies have demonstrated that MB macrophages have a high phagocytic activity mediated by IL-10 (6, 7, 36). A qPCR performed to evaluate pro- and anti-inflammatory related gene expression in skin lesions of leprosy patients revealed that pro-inflammatory genes STAT1, TNF, IFNG, IL15 and CSF2 are increased in PB cells, whereas anti-inflammatory MSR1 and PPARG genes are increased in MB cells (2). Increased expressions of IDO-1, CD163, Arginase 1 and SRA-1 (MSR1) were observed in MB compared to PB cells (7, 8, 24). Although there was a predominance of an alternatively activated phenotype in MB skin lesions at the onset of the disease, the effect of MDT on the macrophage skin phenotype remains uncertain. Here, we investigated the expression of IDO-1, CD163, Arginase 1 and SRA-1 in skin cells of polar lepromatous patients (LL - MB) at onset and after the release of MDT. As expected, treatment with 12 doses of MDT decreased the inflammatory infiltrate in about 90% of the analyzed cases, which was accompanied by a reduction in the expression of scavenger receptors such as SR-A1 (MSR1) and CD163, as well as a decrease in IFN-γ and CXCL10 (IP-10) in skin cells associated with an increase in ARG1expression.

It is clear that clinically curing the disease is associated not only with bacilli clearance but with the activation of wound healing or tissue repair functions. It is well known that tissue repair comprises a spectrum of overlapping functions that include phagocytosis, secretion of cytokines and growth factors, as well as matrix remodeling (37). In this context, the reduction in proinflammatory mediators in skin cells, such as IFN-γ and CXCL10 (IP-10), could be associated with tissue repair. This hypothesis may be reinforced by an increase in arginase expression. Previous studies have demonstrated that arginase is important for tissue repair (38, 39). Arginase 1 can be produced by cells other than macrophages (40, 41) and, as human macrophages do not produce arginase, human arginase appears to be derived entirely from non-macrophage cell types (40, 42, 43).

Arginase 1 is expressed across a range of cell types involved in wound healing, including keratinocytes (44), fibroblasts (45) and inflammatory cells (46). Arginase 1-mediated metabolism of arginine is an important source of local ornithine, a proline precursor important for collagen synthesis. Previous reports from Singer and Clark (1999) (47) have demonstrated that the main sources of wound collagen are fibroblasts. Although we did not describe the phenotype of Arginase 1-producing cells in MDT-treated LL patients, our data suggest that 12 doses of MDT may modulate ARG1 expression in LL skin cells. In humans, iNOS activity appears to be indetectable or lower (48). Since Arginase 1 and iNOS compete for the same substrate, the amino acid L-arginine, we evaluated NOS2 expression in LL skin cells at onset and at release of MDT. No differences were observed between NOS2 expressions when comparing treated versus untreated skin cells.

Cytokines might be identified as good biomarkers of the impact of MDT on the immune system and the effectiveness of treatment. IFN-γ has been studied as a diagnostic host biomarker for leprosy; it is helpful in the differential diagnosis of leprosy from other confounding dermatoses (17), and IFN-γ production in response to M. leprae antigens has been used as a marker of the presence of cellular immune responses against bacilli (49–53). Cassirer-Costa and colleagues (2017) (16) have demonstrated increased IFN-γ, IL-6 and IL-10 serum levels in MDT-treated MB patients, but we did not observe significant differences in the sera from LL patients at onset or MDT release. After treatment, increased IFN-γ levels were observed in supernatants from both non-stimulated and M. leprae-stimulated cells. The increased production of IFN-γ might be due to Clofazimine, since previous studies have demonstrated that it induces IFN-γ in the cells of treated patients (54, 55). In addition, we cannot exclude the possibility that the destruction of bacilli by MDT may result in enhanced antigen presentation due to higher exposure to antigens, including new antigens such as epitopes contained within LID-1, which could lead to the stimulation of effector T cells and IFN-γ production, even in MB patients (17).

CXCL10 (IP-10) is secreted under pro-inflammatory conditions in response to IFN-γ by various cell types, including leukocytes, monocytes, activated neutrophils, epithelial cells, endothelial cells, stromal cells and keratinocytes (56, 57). In PB skin lesion cells, keratinocytes are the major producer of CXCL10 (IP-10), but this is not the case in MB cells; this is probably due to the absence of high levels of IFN-γ (58). CXCL10 (IP-10) induction may also be mediated by TNF (59). CXCL10 exerts its biological functions via CXCR3, which is expressed by activated T cells (60) through the induction of paracrine and/or autocrine signaling; it has been identified as an important prognostic indicator for various diseases (61–64). Here, we observed that patients who did not reduce the bacilloscopic index after MDT showed a decrease in CXCL10 (IP-10) sera levels at release, which was not observed in the sera of patients who presented a reduction in bacillary load after 12 doses of MDT; this suggests that higher levels of CXCL-10 are important for the control of bacillary load. In addition, an analysis of cellular immune responses against M. leprae antigens revealed that cells from patients who presented a reduction in the bacilloscopic index after the release of MDT increased the production of CXCL10 (IP-10) in response to M. leprae.

We acknowledge that the relatively small sample size due the loss of follow-up of some patients represent a limitation of this study. One limitation of our study is that we could not identify the cells associated with the production of CXCL10 at MDT release. Another limitation is that we only recruited volunteers who did not develop a reaction during treatment. Therefore, our future studies will evaluate the impact of immunological reactions on cell phenotype and function after MDT release.

Hungria and colleagues (2018) (35) claim that the applicability of serology in monitoring treatment efficacy seems limited for MB patients with a high bacillary load at diagnosis, especially for those who are evaluated in a short-term follow-up after the conclusion of their treatment. Therefore, the results presented in this study suggest that CXCL10 (IP-10) may be used to evaluate the efficacy of MDT in MB patients.
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Langerhans cells (LCs) reside in the epidermis where they are poised to mount an antimicrobial response against microbial pathogens invading from the outside environment. To elucidate potential pathways by which LCs contribute to host defense, we mined published LC transcriptomes deposited in GEO and the scientific literature for genes that participate in antimicrobial responses. Overall, we identified 31 genes in LCs that encode proteins that contribute to antimicrobial activity, ten of which were cross-validated in at least two separate experiments. Seven of these ten antimicrobial genes encode chemokines, CCL1, CCL17, CCL19, CCL2, CCL22, CXCL14 and CXCL2, which mediate both antimicrobial and inflammatory responses. Of these, CCL22 was detected in seven of nine transcriptomes and by PCR in cultured LCs. Overall, the antimicrobial genes identified in LCs encode proteins with broad antibacterial activity, including against Staphylococcus aureus, which is the leading cause of skin infections. Thus, this study illustrates that LCs, consistent with their anatomical location, are programmed to mount an antimicrobial response against invading pathogens in skin.
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Introduction

Dendritic cells (DCs) are the key antigen presenting cells (APCs) that control both immunity and tolerance (1). DCs are localized in most tissues and surface barriers, where they function as sentinels for pathogen recognition. Stimulation of innate signaling receptors induce DCs to migrate from the periphery to secondary lymphoid organs, where they present antigens that drive adaptive immunity. DCs are divided into distinct subsets characterized by their unique expression of surface receptors and transcription factors, pathogen sensors and cytokines secretion profiles that contribute to their specialized capacities in activating different modules of immunity (2–6).

Human skin harbors multiple types of dendritic-appearing cells including Langerhans cells (LCs) that exclusively reside in the epidermis as well as conventional DCs (cDCs) in the underlying dermis. In addition to their localization to the epidermis, LCs are distinguished by their high expression of CD1a, the C-type lectin langerin (CD207) which induces the formation of a LC-specific organelle, the Birbeck granule, and lower expression of CD11c than dermal DCs (7). Through their dendrites, they form an extensive cellular network patrol the interface between the skin and the outside environment for pathogens (8–10), bind microbial ligands via toll-like receptors (TLRs) and CD207 and taking up pathogens via endocytosis (11–13).

LCs, although derived in mice from similar precursors as macrophages, have antigen presentation capacities similar to DCs (14, 15). Upon antigen capture, LCs undergo phenotypic changes during maturation and migrate to regional lymph nodes where they activate adaptive responses (12, 16–18). During infection, LC emigration from the epidermis is significantly enhanced by inflammatory cytokines such as IL-1 and TNF (19, 20). Migrating LCs express the DC-specific transcription factor ZBTB46 (21, 22), IL-15 (23) and IRF4, which is important for their ability to prime and cross-present antigens to CD8+ T cells at that site (24, 25). Additionally, LCs enhances cellular immunity by inducing Th1 and Th2 differentiation of CD4+ T cells (3, 4), they are the main skin DC subset responsible for directing IL-17 and IL-22-mediated responses (12, 26, 27), indicative of skin inflammatory and antimicrobial diseases. A subset of migratory LCs express CD5 with an even greater capacity to amplify these T cell responses (6). Moreover, a unique aspect of human LC is their ability to present antigen via CD1a both autoreactive (28, 29) and Mycobacterium leprae- and M. tuberculosis-reactive CD1a-restricted T cell responses have been reported (30).

Although it has been previously shown that LCs contribute to cutaneous host defense against pathogens including viruses (13, 31, 32), bacteria and fungi (33), only a few genes have been identified that directly mediate the antimicrobial response. In order to more broadly define the mechanisms by which LCs potentially contribute to an antimicrobial response, we mined public LC transcriptomes and surveyed the literature to identify “antimicrobial genes”, defined as genes encoding proteins with direct antimicrobial activity.



Materials and Methods


Gene Expression Omnibus (GEO) Analysis

We surveyed Gene Expression Omnibus (GEO) (34) for transcriptomes of human skin-derived LCs and Langerhans-like dendritic cells (LCDCs), which are derived from CD34+ stem cells, using the key terms “(Langerhans AND skin) AND Homo sapiens[Organism]”. Our search was for the period before August 2020 and include those studies in which the LCs were activated with pro-inflammatory stimuli and/or as compared to other myeloid populations. This search yielded 24 series, nine of which met the criteria that n ≥ 3 samples for the LC and comparison group and did not contain only Langerhans cell histiocytosis samples. We then used GEO2R, an R-based web application, to obtain a list of genes that were differentially expressed in LCs. After obtaining the list of genes, we then filtered the comparisons by logFC>1 and adj. p-value<0.05. Of the nine series which the described criteria, one (GSE32648) did not yield any recognizable gene names on GEO2R and therefore we contacted the authors who provided us with their new RNA-seq data instead of the microarray data currently deposited in GEO2R and for a second dataset (GSE120386), GEO2R was not available. We used DESeq2 to run differential expression analysis of both of the bulk RNA-seq data with the default parameters. Genes with an adj. p value <0.05 were considered significantly differentially expressed.



LC Antimicrobial Genes

We curated our direct antimicrobial list based on the 105 antimicrobial peptides listed in the Antimicrobial Peptide Database (APD) (35). The criteria for data registration into APD are the following: the peptides must be from natural sources, their antimicrobial activities must have been demonstrated (MIC <100 ug/ml), and their amino acid sequences elucidated. We also supplemented this list with literature findings of eight genes encoding peptides with direct antimicrobial activity not yet registered into the database including CCL2 (36), CCL14, CCL15 (37), CXCL7 (38), CXCL17 (39), MPEG1 (40), S1008A (41), and S1009A (42) yielding a total of 113 genes. To identify which genes encoded peptides with direct antimicrobial activity, we overlapped the results with our curated direct antimicrobial list using Venny 2.1 (43).

We also reviewed the literature for direct antimicrobial genes using the key terms “(Langerhans [Title/Abstract]) AND (antimicrobial [Title/Abstract])” which yielded 40 results of which five studies contained evidence for eight genes encoding peptides with direct antimicrobial activity in LCs. Our search “(Langerhans [Title/Abstract]) AND (antibacterial [Title/Abstract])” yielded 21 results, none of which included genes encoding peptides with direct antimicrobial in LCs.



Ingenuity Pathway Analysis (IPA) Upstream Regulator Prediction

IPA Upstream Regulator Analysis was used to identify upstream regulators and predict whether they are activated or inhibited, given the observed gene expression changes in our experimental dataset. The analysis examines the known targets of each upstream regulator in a dataset, compares the targets’ actual direction of change to expectations derived from the literature, then generates a prediction for each upstream regulator. Briefly, IPA uses an ‘enrichment’ score [Fisher’s exact test (FET) P-value] that measures the overlap of observed and predicted regulated gene sets.




Results


Identification and Characteristics of Langerhans Cells Transcriptomes

To identify potential mechanisms by which LCs mount an antimicrobial response, we queried GEO and identified seven microarray series that permitted the mining of the LC transcriptome data using GEO2R. In addition, there was one bulk RNA-seq series for which GEO2R was not available (GSE120386) and another bulk-RNA seq data series not yet deposited in GEO2R and therefore we used DESeq2 on RStudio to compute the differential gene expression for both data series (Supplementary Table S1).

In three of nine series, LCs were directly isolated from skin specimens by enzymatic digestion, and the transcriptomes measured immediately. In one study, CD11c+ DDCs were directly isolated from skin and monocyte derived DCs and CD1c+ DCs from blood (44). In another study, plasmacytoid DCs (pDCs) and myeloid DCs (mDCs) were isolated from peripheral blood (45), and in the third study, pDCs were isolated from spleen and dermal macrophages from skin (46). Five of the nine transcriptomes were derived from LCs  isolated by migration, in order to represent those LCs that are in the process of migration to lymph nodes, albeit this leads to an altered phenotype. In one study each, CD14+ DCs and CD14+ macrophages (47), or CD141+ dermal DCs, CD14+ dermal DCs, and CD141-CD14- dermal DCs (21), or dermal langerin- type 2 conventional dendritic cell (cDC2), dermal langerin+ cDC2, dermal CD14+CD1c- monocyte-derived macrophages, and dermal CD14+CD1c+ monocyte-derived dendritic cells (48) were isolated from skin by enzymatic digestion. In two of the migratory LC studies, the LC transcriptomes were measured at time zero and various timepoints following stimulation by TNF at (24, 49). In the same transcriptome, CD11c+ dermal DCs were also isolated by migration (49). In the last series, Langerhans-like dendritic cells (LCDCs) were generated in vitro and infected with the live mosquito-derived third-stage larvae (L3) of the parasitic nematode Brugia malayi (50).



Identification of Antimicrobial Genes in LCs

We mined the LC transcriptomes by comparing either LCs to another myeloid cell type or a specific time point following stimulation. We filtered the comparisons by logFC>1 and adjusted p-value <0.05, then overlapped the results with the direct antimicrobial gene list consisting of 113 genes using Venny 2.1 (43). Using this approach, we identified 23 genes encoding proteins with direct antimicrobial activity in the LC transcriptomes (Table 1). Of these 23 genes, 11 were uniquely identified in LCs isolated by migration (then either unstimulated or cytokine activated), nine were uniquely identified in LCs derived from digested skin samples and three were presented in LCs isolated by migration as well as from digested skin samples. Although there were more genes identified in LCs obtained by migration from skin samples as compared to digested skin samples, as LCs isolated by enzymatic digestion are immature compared to those isolated by migration which are in a mature state, and that the migrated LCs were sometimes activated with cytokines whereas the digested LCs were not (55).


Table 1 | Identification of genes encoding peptides with antimicrobial activity in LCs in transcriptome studies.





Antimicrobial Genes Upregulated in Activated LCs and in LCs Compared to Other Cell Types

We examined the transcriptomes of LCs activated in vitro by cytokines or microbes. We identified eight genes that encode proteins with direct antimicrobial activity by mining the two transcriptomes of TNF-activated migratory LCs (Transcriptomes 4 and 7), this was the greatest number in any of the comparisons performed (Supplementary Table S2). There were six genes encoding chemokines that were upregulated in migratory LCs after stimulation with TNF: CCL1, CCL2, CCL17, CCL19, CCL20, and CXCL2. In addition, we detected two other genes, ADM and IL26 in LCs stimulated with TNF (Figure 1). Of the eight total genes, CCL2, CCL19 and ADM were detected in both transcriptomes of TNF treated LCs. We did not identify any genes encoding peptides with direct antimicrobial genes upregulated in LCs stimulated with live mosquito-derived third-stage larvae (L3) of B. malayi, which is consistent with the previous finding that the live mosquito-derived third-stage larvae (L3) fails to activate LCs compared to known activators (50). By analyzing the comparisons of LCs to other cell types, we identified 16 antimicrobial genes, of which only ADM was identified in the transcriptomes of TNF treated LCs.




Figure 1 | Genes upregulated in LCs after activation with TNF. Boxplots showing the expression of (A) ADM, (B) CCL17, (C) CCL19, (D) CXCL2, (E) CCL2, and (F) CCL1, encoding antimicrobial peptides in LCs prior to (0h) and at various time points following activation with TNF in transcriptomes 4 and 7. Genes shown above were identified in at least two instances, either in multiple transcriptomes experiments or in one transcriptome experiment but also identified in LCs in non-transcriptome experiments in the literature. *p < 0.05, **p < 0.01, ***p < 0.001.



We found nine studies in which the LC transcriptome was compared to other DC subtypes, including dermal DCs, peripheral blood DCs and cytokine-derived DCs, as well as to macrophage subpopulations. The nomenclature used to define DC subpopulations has evolved with changing technologies, such that different studies use different markers to define subpopulations. Dermal DCs have been identified based on the expression of various cell surface markers including XCR1+, CD141+, CD1c+, CD1a+ and CD14+ (3, 21, 47, 56–58), which may vary according to the method of isolation, digestion vs. migration (55). The analysis of DC subpopulations in human blood by single cell RNA sequencing has led to a revised gene-based classification (59). In reporting the comparison of transcriptomes in LCs to other cell types, we have maintained the nomenclature in the original citation.

In comparing LCs to other DC and myeloid cell types, CCL22 was the most frequently detected gene, expressed in seven of the nine studies and in eight separate comparisons (Figure 2). CXCL14 was detected as upregulated in six instances in three LCs transcriptomes (Figure 3). B2M was identified in the transcriptomes of LCs compared to other cell types in three different instances (Supplementary  Figure S1). GAPDH was more highly expressed in LCs in two different transcriptomes (Supplementary Figure S2). CCL27, DEFB1, FURIN, LEAP2, SNCA, and S100A7 were each identified as preferentially expressed in LCs in two instances but always in a single LC transcriptome as compared to other cell types (Supplementary Table S3). HMGN2 was preferentially expressed in LCs compared to CD141+ and CD141-CD14- dermal DCs in one transcriptome (Supplementary Figure S3). SAA2, FAM3A, and RARRES2 were identified as upregulated in LCs in one instance each. Heat maps showing the expression of each gene in the different transcriptome comparisons are shown in Supplementary Figures 4–6.




Figure 2 | CCL22 expression in LCs vs other DC subtypes. CCL22 was preferentially expressed in LCs vs other DC types in 7 out of the 9 transcriptomes in a total of 8 instances. CCL22 was the most frequently detected gene in transcriptomes and was also previously reported in LCs in non-transcriptome experiments in the literature. *p < 0.05, **p < 0.01, ***p < 0.001.






Figure 3 | CXCL14 expression in LCs vs other DC subtypes. CXCL14 was preferentially expressed in LCs vs other DC types in 3 out of the 9 transcriptomes in a total of 6 different instances. **p < 0.01, ***p < 0.001.





Antimicrobial Genes in LCs Identified in the Literature

We found corroborating evidence in the literature that four of the 23 direct antimicrobial genes were expressed in LCs. These included the CCL17-encoded peptide in cytokine activated LCs (52), CXCL2 mRNA in freshly isolated LCs (53), CCL22 mRNA during maturation of LCs (51), and the CCL1-encoded peptide in epidermal LCs in situ (54). We found reports indicating expression of eight genes encoding directly antimicrobial peptides and/or the antimicrobial proteins themselves in activated LCs that were not detected in any of transcriptomes. These include CXCL9, CXCL10, CXCL11 (60), POMC (61) and NPY (62) mRNAs, as well as CAMP, DEFB4 (33) and DEFB103 (63, 64) encoded antimicrobial peptides (Supplementary Table S4). Thus, a total of 31 antimicrobial genes/proteins were identified in LCs from analysis of LCs transcriptomes and published studies.



Cross-Validation of Antimicrobial Genes

Overall, we found that ten of the 23 antimicrobial genes identified in the LC transcriptomes were cross-validated in at least two separate studies in the nine LC transcriptomes and/or four additional published studies. Six of the ten antimicrobial genes were cross validated by detection in two separate LC transcriptomes each, in each instance comparing LCs to the same other DC or myeloid cell type. CXCL14 was upregulated in LCs vs. blood CD1c+ DCs (Transcriptomes 1 and 2), CCL22 and GAPDH in LCs vs pDCs (Transcriptomes 2 and T8), and B2M in LCs compared to different DC populations in Transcriptomes 2 and 6. CCL2 and CCL19 were each upregulated in LCs treated with TNF for 24 hours vs 0 hours (Transcriptomes 4 and 7). ADM was upregulated in LCs treated with TNF for 2 hours vs 0 hours (Transcriptomes 4 and 7) and was also more strongly expressed in LCs vs blood CD1c+ DCs. CCL22 and CXCL2 expression was greater in LCs compared to other cell types in seven and two different transcriptomes, respectively, and validated by reverse transcriptase-polymerase chain reaction in additional studies (51, 53).

We also examined which antimicrobial genes were differentially expressed in LCs vs keratinocytes (KCs). We surveyed GEO DataSets for datasets containing both LCs and KCs using the key terms “Langerhans AND keratinocytes” and found two datasets (GSE168167 and GSE72104), both data sets containing LCs (n=3) and KCs (n=2) although our original criteria required n≥3 for each cell type. We found the expression of CCL22 was greater in LCs than KCs for both datasets, showing a 6.4- and 3.9-fold change. In one dataset (GSE72104), CCL17 expression was 4.3-fold greater in LCs than KCs and was identified in transcriptome 4 as being upregulated in LCs by TNF at 8 and 24 hours and validated at the protein level in a reporter mouse (CCL17) (52). CCL1 was identified in a single LC transcriptome upregulated by TNF after 24 hours and the protein validated by immunohistochemistry (CCL1) (54).

Using Ingenuity Pathways Analysis, we investigated the canonical pathways in LCs compared to other cell types, focusing on the three “Noah’s ark like” instances in which LCs were compared to the identical cell type in two transcriptomic studies. Thus, there were two studies each comparing LCs to pDCs, blood CD1c+ DCs and CD14+ dermal DCs. From the top 100 canonical pathways in each comparison, we identified one pathway present in all six comparisons and 23 in 5/6 comparisons (Supplementary Table S7), noting that there were fewer genes and hence pathways identified in LCs vs. CD14+ dermal DCs from Transcriptome 5. Overall, 21/23 pathways were identified as “signaling” pathways, including RANK, CD40, CXCR4, IL6 and IL8 signaling, consistent with the known functional properties of LCs.



Upstream Regulator Analysis of Genes Encoding Antimicrobial Proteins in LCs

We used Ingenuity Pathways Analysis and its knowledge database to identify the predicted upstream regulators of the 31 antimicrobial genes identified in LCs. Of the genes that encode cytokines, the top upstream regulator was IL1B, (p= 7.07x10-18) (Figure 4). The top 5 upstream regulator genes encode IL-1β, IFN-γ and TNF, all have been reported to induce one or more of the 30 LC antimicrobial genes in vitro (52). TNF was identified as the upstream regulator of 20 antimicrobial genes, followed by IFNG as the upstream regulator of 19 antimicrobial genes and IL1B as the upstream regulator of 18 antimicrobial genes. Together, the three cytokine genes were identified as upstream regulators for 25 of the 31 antimicrobial genes (Figure 5). In addition, we examined the target genes for other top upstream regulators that are known to contribute to the pathogenesis of skin disease: IL-10 (n=14 downstream genes), IL-22 (n=10), IL-13 (n=9), IL-17A (n=9). Thus, the antimicrobial gene response would likely be influenced by the local cytokine environment.




Figure 4 | Upstream regulation of genes encoding antimicrobial peptides identified in LCs. Bar graph showing the top 10 upstream regulators ranked by p value. The top upstream regulator was IL1B (p= 7.07x10-18).






Figure 5 | Antimicrobial network induced by TNF, IFNG and IL1B in LCs. TNF and IFNG were each identified as upstream regulators of 19 antimicrobial genes and IL1B as the upstream regulator of 18 antimicrobial genes.



Of the 20 genes predicted to be induced by TNF, we detected nine genes, ADM, CXCL2, CCL17, CCL27, IL26, CCL19, CCL2, CCL20 and CCL1, that were also upregulated in the transcriptomes of TNF-treated LCs. Of these, CCL17 protein has been validated to be induced by TNF in vitro (52). Although the Ingenuity pathways analysis did not predict TNF as an upstream regulator of CXCL10, TNF induced LCs to secrete CXCL10 in vitro (65).

Ingenuity pathways analysis identified IL1B as the upstream regulator for 18 of the 31 antimicrobial genes we identified in LC transcriptomes and/or the literature. For one these genes, the IL-1 family member, IL-1α, induces CCL17 encoded peptide in LCs (52). was validated to induce CCL17 peptide (Alferink et al., 2003). The addition of IFN-γ to LCs leads to the induction of CAMP and DEFB4 encoded peptides (33), as well as CXCL9, CXCL10, and CXCL11 mRNAs (60).

Overall, we identified 31 antimicrobial genes in LCs, of which eight genes were induced by activation with TNF in transcriptomes, 16 additional genes by comparison of LCs to other cell types, of which all but one gene were unique, and eight additional genes were identified in LCs in publications. Of the 31 genes, 12 genes belonged to the chemokine superfamily and making it the largest family of antimicrobial genes identified in LCs. Additionally, according to the Antimicrobial Peptide Database (APD) (35), of the 31 antimicrobial genes identified in LCs, 29 encode proteins that are antibacterial. Of the 29 genes, 23 encode peptides with activity against gram-positive bacillus Staphylococcus aureus, which is the leading cause of skin and soft tissue infections (66–68) (Supplementary Table S6). A total of 18 of the 31 genes encode proteins that are antifungal, six are antiviral, and five are antiparasitic (Supplementary Table S5).




Discussion

The localization of LCs to the epidermis provides a first line of defense for the innate immune system to defend the host against microbial pathogens invading the skin. Surprisingly, few pathways have been identified by which LCs mediate antimicrobial responses against viruses (31, 32), bacteria, and fungi (33). Here, in order to gain insight into the breadth of mechanisms by which LCs are equipped to mount an antimicrobial response, we searched publicly available databases for LC transcriptomes and also reviewed the literature to identify genes which encode proteins with direct antimicrobial activity against cutaneous pathogens. Overall, we identified 31 genes encoding proteins with direct antimicrobial activity, ten of which were identified in at least two different experiments, thus representing a core set of genes that comprise the LC antimicrobial gene program. Seven of these ten antimicrobial genes encode chemokines, CCL1, CCL17, CCL19, CCL2, CCL22, CXCL14 and CXCL2, which mediate both antimicrobial and inflammatory responses. CCL22 was identified in seven of nine transcriptomes in eight total comparisons, as well as validated in cultured LCs by PCR (51). As such, LCs are armed with an antimicrobial gene program to combat microbial pathogens.

Chemokines were the largest family of antimicrobial genes identified in LCs, accounting for 12 of the 31 genes, including seven of the ten genes that were cross-validated in at least two studies. Of the 12 genes, seven belonged to the chemokine family with a “CC” structure and five to the family with the “CXC” structure. Chemokines are pro-inflammatory, such that as part of host defense against microbial pathogens their trigger the migration of immune cells to the site of infection (69). However, many chemokines have a dual function, as they possess direct microbicidal activity (36, 37, 39, 70). Of the chemokines, CCL22 was the most frequently detected antimicrobial gene, expressed in six different LC transcriptomes when compared to other cell types. CCL22 was also previously identified in mature LCs cocultured with keratinocytes (51). CCL22 is one of the natural ligands for CCR4, along with CCL17 and CCL2. Both CCL17 and CCL22 were also upregulated in TNF treated LCs, with CCL17 protein induced in LCs by TNF in vitro (52). CCR4 is highly expressed by skin-infiltrating lymphocytes (71) and is involved in skin homing (72–74) of Th2 T cells, Th17 cells, Th22 cells and Tregs (75–79). LCs, by expression of CCL22, CCL17, and CCL2 have the potential to recruit a range of functional CCR4+ T cell subpopulations to the site of disease.

Three of the top five upstream regulators of the 31 antimicrobial genes detected in LCs, TNF, IL1B and IFNG, have been corroborated by in vitro studies in which the cytokine was directly added to LCs. In the two data series in which TNF was added to activate migratory LCs in vitro, eight antimicrobial genes were identified (24, 49), all consistent with the TNF-downstream genes in the Ingenuity knowledge database. TNF is known to induce the maturation and migration of LCs (19, 80), increasing the number of LCs (65), and induce the expression of inflammatory genes in LCs (49, 65, 81).

Of the eight TNF inducible genes in migrating LCs, six encode chemokines, CCL1, CCL2, CCL17, CCL19 and CCL20, which along with IL26 were only detected in the transcriptomes of TNF activated LCs but not in LCs compared to transcriptomes of other myeloid cell types. Three of these antimicrobial genes have been corroborated in published papers; CCL1 protein has been identified in epidermal LCs in situ (54), CCL17 protein in IL-1α or TNF-activated LCs in vivo in mice (52) and CXCL2 mRNA in freshly isolated murine LC cells (53). In addition to TNF, other inflammatory stimuli have been reported to induce the expression of genes in LCs encoding directly antimicrobial peptides. CAMP and DEFB4 encoded peptides are induced in LCs by IFN-γ (33). CXCL9, CXCL10, and CXCL11 mRNAs are induced in LCs by stimuli including IFN-γ, LPS, and poly I:C (32, 60). NPY mRNA expression in LCs is enhanced by GM-CSF and LPS (62). In addition, LCs have been shown to express POMC mRNA upon activation (61). Therefore, the activation and/or maturation of LCs triggers expression of multiple antimicrobial genes.

By comparing the expression of antimicrobial genes in LCs to other cell types, we identified 23 genes that arm LCs with the capacity to combat cutaneous pathogens and eight additional genes described in the literature to be expressed by LCs. Of these 31 genes, 23 genes encode peptides with activity against gram-positive bacillus Staphylococcus aureus, which is the leading cause of skin and soft tissue infections (66–68). LC expression of CAMP and DEFB4 results in an antimicrobial activity against the cutaneous pathogens including M. leprae, S. aureus, Streptococcus pyogenes and Candida albicans (33). In addition, LC have been previously shown to mediate an antiviral activity (32, 82, 83), although the mechanisms involved are not clear.

We previously found that the antimicrobial activity of LCs leads to killing and subsequent processing of microbial antigens facilitating antigen presentation to T cells (33). Some of the antimicrobial peptides expressed by migratory LCs have been shown to be pro-inflammatory, such as CCL22 and CCL17, which both act as a chemoattractant for CCR4-expressing T cells promoting LC:T cell interaction (84). Thus, the ability of LCs, in particular migratory LCs, to upregulate antimicrobial peptides links the innate and adaptive immune response, defending the host against cutaneous pathogens. There are at least two possible contributions of antimicrobial gene expression in migrating LCs.

We found that ten of the antimicrobial genes expressed in LCs were cross-validated by various methodologies, identifying a core set of genes by which LCs can contribute to host defense, that provide a basis for further functional studies. Any one antimicrobial gene may be sufficient to mediate an antimicrobial response, given our published data that IFN-γ upregulation of CAMP was required for antimicrobial activity in LCs (33). This was demonstrated by knockdown of the CAMP gene and the use of neutralizing monoclonal antibodies to IFN-γ (33). These strategies provide a strategy to determine whether the upregulation of multiple antimicrobial genes by cytokines and cell surface receptors such as Toll-like receptor ligands leads to a more potent antimicrobial response. It should be possible to identify key LC pathways that could be leveraged by immune therapy augmenting LC antimicrobial responses to combat cutaneous infection.
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Staphylococcus aureus is a human pathogen known for its capacity to shift between the planktonic and biofilm lifestyles. In vivo, the antimicrobial immune response is characterized by the recruitment of inflammatory phagocytes, namely polymorphonuclear neutrophils (PMNs) and monocytes/macrophages. Immune responses to planktonic bacteria have been extensively studied, but many questions remain about how biofilms can modulate inflammatory responses and cause recurrent infections in live vertebrates. Thus, the use of biologically sound experimental models is essential to study the specific immune signatures elicited by biofilms. Here, a mouse ear pinna model of infection was used to compare early innate immune responses toward S. aureus planktonic or biofilm bacteria. Flow cytometry and cytokine assays were carried out to study the inflammatory responses in infected tissues. These data were complemented with intravital confocal imaging analyses, allowing the real-time observation of the dynamic interactions between EGFP + phagocytes and bacteria in the ear pinna tissue of LysM-EGFP transgenic mice. Both bacterial forms induced an early and considerable recruitment of phagocytes in the ear tissue, associated with a predominantly pro-inflammatory cytokine profile. The inflammatory response was mostly composed of PMNs in the skin and the auricular lymph node. However, the kinetics of PMN recruitment were different between the 2 forms in the first 2 days post-infection (pi). Two hours pi, biofilm inocula recruited more PMNs than planktonic bacteria, but with decreased motility parameters and capacity to emit pseudopods. Inversely, biofilm inocula recruited less PMNs 2 days pi, but with an “over-activated” status, illustrated by an increased phagocytic activity, CD11b level of expression and ROS production. Thus, the mouse ear pinna model allowed us to reveal specific differences in the dynamics of recruitment and functional properties of phagocytes against biofilms. These differences would influence the specific adaptive immune responses to biofilms elicited in the lymphoid tissues.
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INTRODUCTION

Staphylococcus aureus (S. aureus) is a Gram-positive commensal bacterium that is also a leading cause of various invasive infections from soft skin tissue colonization to infections on implanted medical devices such as prosthetic joints. The wide range of staphylococcal virulence factors coupled with the apparition of community and hospital associated methicillin-resistant S. aureus (MRSA) strains have made infections by this bacterial species a particularly difficult therapeutic challenge (Turner et al., 2019; de Vor et al., 2020; Pidwill et al., 2021). Furthermore, the intrinsic capacity of S. aureus to adapt to its environment contributes toward its survival inside host tissues. An example of this type of adaptation is the capacity to form biofilms which are, contrary to the free-floating planktonic form of growth, microbial communities encased in a self-produced matrix composed of extracellular DNA (eDNA), proteins and polysaccharides (Moormeier and Bayles, 2017). According to the US Center for Disease Control, approximately 65% of human infections involve biofilms, with S. aureus accounting for up to 50% of pathogens isolated from prosthetic joint infections (Costerton, 2001; Ricciardi et al., 2018). Moreover, biofilms are often implicated in recurrent infections due to their increased tolerance toward antimicrobial treatments and even host immune attacks (Bjarnsholt, 2013).

Typically, polymorphonuclear neutrophils (PMNs) and monocytes/macrophages (MOs/MΦs) are rapidly recruited to infected tissue by microbe derived signals like formylated peptides or chemokines such as chemokine ligand 1 (CXCL1) and monocyte chemotactic protein-1 (MCP-1) (Capucetti et al., 2020; de Vor et al., 2020; Pidwill et al., 2021). These innate immune cells subsequently realize phagocytosis and efficiently kill planktonic bacteria through various effector mechanisms, including acidification of phagolysosomes and release of neutrophil extracellular traps (NETs) (de Vor et al., 2020; Pidwill et al., 2021). However, the transition to the biofilm lifestyle not only modifies the spatial distribution of S. aureus in colonized tissues, but is also accompanied by a shift in virulence mechanisms, both factors contributing toward the immunosuppressive nature of biofilms and thus to a recalcitrance toward elimination by innate immune phagocytes (Horn and Kielian, 2020; de Vor et al., 2020; Pidwill et al., 2021). In vitro, MΦs at the surface of S. aureus biofilms were mostly viable and retained a round morphology. However, the majority of cells that successfully penetrated biofilms were not viable, illustrating the protective barrier role that biofilms play in immune evasion (Thurlow et al., 2011; Gries et al., 2020a). Recently, most of the insights into the immune evasion mechanisms elicited by staphylococcal biofilms have been gained from in vivo models of skin/abscess infection or from biofilm infections on implanted medical devices (Horn and Kielian, 2020; Pidwill et al., 2021). These models have highlighted anti-inflammatory responses elicited by S. aureus biofilms due in part to the polarization of recruited MΦs toward an M2 anti-inflammatory phenotype, and also to the recruitment of an immature population of myeloid cells known as myeloid-derived suppressor cells (MDSCs) which were present as early as day 3 in infected knee joint tissue (Thurlow et al., 2011; Heim et al., 2018). Inversely, adoptive transfer of M1 MΦs, preactivated by IFN-γ or TNF-α and S. aureus–derived peptidoglycan, to the infectious tissue surrounding a biofilm inoculated catheter ameliorated immune responses and biofilm clearance (Hanke et al., 2013).

Even though PMNs are key cells in the S. aureus innate immune responses, little is known about the specific in vivo interactions between PMNs and biofilms. Indeed, while many in vitro studies have analyzed the effects of the various virulence factors of S. aureus biofilms, from the expression of PMN-killing toxins to NET degradation (de Vor et al., 2020), most in vivo knowledge has been restricted to FACS analyses of PMN recruitment toward infected tissue. Furthermore, most models studying innate immune responses toward S. aureus biofilms do not include comparisons with planktonic bacteria.

Thus, the early inflammatory responses toward both forms of S. aureus were characterized in a previously developed mouse soft skin tissue infection model. In these works, either S. aureus planktonic or biofilm bacteria were intradermally inoculated into the mouse ear pinna, which allowed the study of their effects on immune cell dynamics using intravital confocal microscopy (Forestier et al., 2017; Abdul Hamid et al., 2020; Sauvat et al., 2020). The use of this type of imaging in the context of biofilm infections has rarely been done but has allowed new insights into the study of immune responses from a cellular dynamic perspective (Gries et al., 2020b). Here, classic immunology techniques were coupled with intravital confocal imaging to rigorously compare inflammatory responses and phagocyte behavior in response to either the planktonic or biofilm form of S. aureus. Results show that early immune responses were globally similar at the tissue and cytokine levels but were significantly changed when analyzing cellular dynamics and specific interactions with bacteria. These data were coherent with modifications in the functional properties of phagocytes recruited toward the cutaneous infection site.



MATERIALS AND METHODS


Mice and Ethics Statement

C57BL/6J WT mice (6–16-week-old males and females) were purchased from Charles River Laboratories. LysM-EGFP transgenic mice (6–16-week-old males and females) were obtained from the bacteria-cell interactions unit of the Pasteur Institute (Paris, France). Mice were bred in the animal care facility at Clermont Auvergne University (Clermont-Ferrand, France). All experiments were approved by the local Ethics Committee on Animal Experimentation (Auvergne C2E2A, Clermont-Ferrand, France, agreement number: 1,725) and were carried out in accordance with the applicable guidelines and regulations. All mice were provided an appropriate environment including shelter in cages, a comfortable resting area, sufficient space (not more than 5 animals per cage) and ready access to fresh water and food to maintain full health and vigor. Animal welfare was observed daily to ensure optimal conditions and treatment which avoid suffering. Littermates destined to be inoculated were housed in separate cages with access to the same facilities previously stated. The anesthetic used during experiments was chosen to promote deep anesthesia. During and after anesthesia, mice were kept warm in order to prevent any risks related to hypothermia. Euthanasia was performed by cervical dislocation on the anesthetized animal at the end of the infection period.



SH1000 mCherry and GFP-Tagged Staphylococcus aureus Strain Construction

The S. aureus SH1000 strain was chosen for its capacity to produce high quantities of biofilm in vitro (Tasse et al., 2018), and used in all the experiments presented in this work. As described previously, the SH1000 strain possess a functional agr system (Herbert et al., 2010). The S. aureus SH1000 GFP-tagged fluorescent strain (named GFP-SH1000) was constructed after insertion of the pCN47-GFP plasmid (Charpentier et al., 2004) by electroporation into the SH1000 strain (O’Neill, 2010), as described previously (Schenk and Laddaga, 1992). The GFP-SH1000 strain was then selected onto Luria-Bertani (LB) agar containing erythromycin (10 μg/mL). Clones were grown overnight with shaking in Trypticase Soy broth (TSB) containing erythromycin (10 μg/mL) and stored at –80°C in the same medium with 15% glycerol. Fluorescence was detected in bacterial suspensions by fluorescence microscopy. The S. aureus SH1000 mCherry-tagged fluorescent strain (named mCherry-SH1000) was constructed in the same way with the pCN47-mCherry plasmid.



Reagents and Monoclonal Antibodies

The reagents used in this study were as follows: collagenase, Type IV (Gibco), Deoxyribonuclease I from bovine pancreas (Sigma-Aldrich), EDTA (Invitrogen), Erythromycin (Sigma-Aldrich), Gentamicin (Sigma-Aldrich), LB agar (Condalab), LiberaseTM Research Grade (Roche), Pierce protease inhibitor (Thermo Fisher Scientific), PBS (Dutscher), RPMI 1640 w/stable glutamine (Dutscher), and TSB (BD Bacto). Antibodies and dyes from Miltenyi Biotec include: anti-mouse CD3ε (clone 17A2), CD335 (clone REA815), CD19 (clone REA749), CD45 (clone REA737), CD11b (clone REA592), Ly6G (clone REA526), Ly6C (clone REA796), Viobility 405/452 fixable dye, REA Control-APC (clone REA 293), REA Control-FITC (clone REA 293), REA Control-PE-Vio 770 (clone REA 293), REA Control- APC-Vio 770 (clone REA 293), REA Control- APC-VioBlue (clone REA 293), and REA Control- APC-VioGreen (clone REA 293).



Bacterial Growth Conditions and Inocula Preparation

WT (non-fluorescent), GFP and mCherry-SH1000 strains were used in all the experiments performed. WT planktonic bacterial cultures were prepared from an aliquot of frozen bacteria in 5 mL of TSB and placed overnight at 37°C with agitation under aerobic conditions. Culture media of fluorescent strains were supplemented with erythromycin (10 μg/mL).

Planktonic inocula were prepared by first homogenizing overnight cultures and then determining bacterial concentration (CFU/mL), deduced by measuring the optical density at 600 nm (OD600 nm) and multiplying it by the known titer (CFU/OD600 nm) of the strain. The corresponding volume of overnight culture containing 5 × 106 CFUs was withdrawn and centrifuged at 3,000 × g for 5 min. The pellet was resuspended in 3.8 μL of PBS (Phosphate-Buffered Saline) which was used as inocula.

Biofilm inocula were prepared by adjusting an overnight culture to OD600 nm = 1 ± 0.05 in TSB. The suspension was then diluted 1:100 and deposited in at least two flat-bottomed-wells in a 24-well cell culture plate (1 mL per well) before being placed in a humidity chamber at 37°C for 24 h without agitation. After the incubation period, the cell culture plate was overturned to eliminate excess media. Biofilms formed at the bottom of the wells were then steam-washed for 40 min as described previously (Tasse et al., 2018) and recovered by flushing and scraping the bottom of the well in 200 μL of PBS. This suspension was transferred to the second steam-washed well to recover biofilms, using the same recovery technique to obtain a final concentration of 5 × 106 CFUs/3.8 μL of PBS. A small aliquot of the resulting suspension, 3.8 μL, was destined as inocula.

Bacterial CFUs in the injected inocula were confirmed by serial 10-fold dilutions on LB agar plates, containing erythromycin (10 μg/mL) for fluorescent strains, incubated overnight at 37°C. Before plating, biofilm inocula were first vortexed for 30 s, sonicated for 10 min (Thermo Fisher Scientific, 80 W, 37 kHz) and then vortexed again for a further 30 s. Average titrations of planktonic and biofilm inocula were 3.55 × 106 ± 1.58 × 106 CFUs/3.8 μL and 4.81 × 106 ± 4.58 × 105 CFUs/3.8 μL, respectively, with no significant difference between the values (results not shown).

Control inocula corresponded to a small volume of PBS, 3.8 μL.



Micro-Injection of Biofilm and Planktonic Inocula Into Mice

Mice were anesthetized by intraperitoneal injection of a ketamine (100 mg/kg) and xylazine (5 mg/kg) mixture. Planktonic or biofilm inocula or PBS were micro-injected intradermally into the mouse ear pinna, as previously described (Mac-Daniel et al., 2016). Briefly, the ventral side of the mouse ear pinna was affixed under a stereomicroscope using clear tape. A 10 μL NanoFil syringe (World Precision Instruments) fitted to a 34-gauge beveled needle was then loaded with either 3.8 μL of planktonic or biofilm bacteria (containing 5 × 106 CFUs) or PBS. Inocula were delivered into the ear tissue by inserting the needle beneath the epidermis on the dorsal side of the ear, and injecting the loaded suspension. A characteristic papule was observable at the injection site, evidence of an intradermal injection.



Bacterial Burden in Ear Skin Tissue and Draining Lymph Nodes

The SH1000 WT strain was used for bacterial burden analysis. At 2 h pi, mice were euthanized, and the ear pinna tissue and auricular dLNs of infected and control mice were harvested using sterile scissors and weighed. Samples were kept on ice whenever possible throughout the duration of the experiment. Ear tissue and dLNs were first placed in 500 μL of sterile physiological water per ear or dLN, in individual tubes. Ear tissue were then washed in a bath of ethanol and then rinsed in two consecutive baths of distilled water before being dissected into small pieces and placed in a hemolysis tube containing 500 μL of sterile PBS. Draining lymph nodes were washed in two baths of distilled water and directly placed in a hemolysis tube containing 500 μL of sterile PBS. Ears and dLNs were homogenized using a PRO 200 handheld tissue homogenizer (PRO Scientific). Serial 10-fold dilutions were performed on tissue homogenates and plated on LB agar plates to enumerate viable S. aureus per milligram of tissue. Ear tissues and dLNs from mice inoculated with biofilm bacteria were vortexed and sonicated as described above before serial dilution and plating. Experiments were repeated from day 1 to day 7 pi and at 10 days pi.



Evaluation of Ear Swelling

Ear swelling measurements were carried out on mice inoculated with SH1000 WT strain. Mice destined to be euthanized were first anesthetized by intraperitoneal injection of a ketamine and xylazine mixture. Ear thickness measurements were carried out in triplicate by the same experimenter using an engineer’s micrometer (Powerfix Profi Digital Caliper). Care was taken to measure only the outer two-thirds of the ear pinna and to not overly compress the swollen ear tissue between measurements. Due to the development of tissue necrosis at the later stages of infection, this parameter was only measured during the first 48 h pi.



Inflammation Scoring

Upon mice euthanasia, photos were taken of the ear pinna tissue and then examined in a blinded fashion. Inflammation was scored on the basis of erythema (redness due to capillary swelling) ranging between 0 and 2. Ear tissue not presenting any signs of erythema were assigned a score of 0, while ears with any observable redness were scored between 1 and 2. The former corresponded to the presence of mild erythema over a small area of the ear tissue, while the latter referred to intense redness occupying a larger surface area on the skin.



Multiplex Cytokine Assay

An aliquot from ear pinnae tissue and dLN homogenates generated during bacterial load experiments were centrifuged for 10 min at 10,000 × g at 4°C. Supernatants were stored with 1X Pierce protease inhibitor (Thermo Fisher Scientific) at −80°C until ready for analysis. Samples destined to a multiplex cytokine assay were first thawed on ice and centrifuged a second time for 10 min at 10,000 × g at 4°C. Right and left ear pinna tissue and dLNs from the same mouse were pooled before analysis. The cytokines tested in supernatants included murine IFN-γ, IL-12 p70, TNF-α, IL-17A, IL-6, IL-10, IL-1β, CXCL1, and CXCL9, and were analyzed using multiplex fluorescent bead arrays from Biorad on a BioPlex 200 Luminex system (BioRad), according to manufacturer’s directions. Concentrations were expressed per mg of total protein previously established by Bradford assay (Bio-Rad).



Intravital Imaging Acquisition by Confocal Microscopy


Time-Lapse Video Acquisition

Two to five hours after inoculation of either planktonic or biofilm mCherry-SH1000 bacteria into the ear tissue of LysM-EGFP transgenic mice, mice were anesthetized to observe the recruitment of EGFP + fluorescent immune cells at the injection sites (intra vital imaging). Video time-lapse acquisition was carried out as previously described (Abdul Hamid et al., 2020). Briefly, the inner side of the ear pinna was flattened on a glass slide and imaged on the ZEISS Spinning Disk Cell Observer (SD) (Carl Zeiss Microscopy) confocal microscope. Acquisition was performed with 10X (dry), 20X (dry), and 40X (oil) objectives for periods of 20–30 min. Ear tissues of control mice were inoculated with PBS and imaged at the same time points.



Mosaic Acquisition

Infected ears were also imaged on the ZEISS LSM 800 (LSM 800) (Carl Zeiss Microscopy), 3–5 h after inoculation, as previously described (Abdul Hamid et al., 2020). Briefly, multiple fields of observation covering the entirety of the ear tissue surface were imaged with a 10X (dry) objective in order to reconstruct an image of the ear. EGFP fluorescence signal was detected in six Z-stacks while the bright-field signal was only detected on a central stack. Acquisition was repeated 24 and 48 h pi, with imaging sessions typically lasting 30–40 min. Ear tissues of control mice injected with PBS were also imaged with the same protocol.




In vivo Confocal Image Analysis


SD Image and Video Analysis

Time-lapse videos at 20X and 40X were analyzed with Imaris software, as previously described (Abdul Hamid et al., 2020). Briefly, tracks were generated and attributed to each immune cell in the observation field using the “Spots” tool. Three different parameters of immune cell dynamics were then extracted: average speed, straightness and displacement. All cells in time-lapse videos where bacteria were visible were analyzed. For cell perimeter analysis, EGFP + immune cells destined to be measured were first selected from 40X time-lapse videos where bacteria were visible using the ZEN 3D image viewer. Only cells with clearly delimited borders present between the first and last stacks were chosen. ROIs were then drawn on Z-projected images prior to perimeter measurements using ImageJ software.



Mosaic Analysis

Images acquired on the ZEISS LSM 800 confocal were stitched together using ZEN software to reconstruct an entire image of the ear tissue at each time point. The images shown represent the Z-projected maximal intensity signal of a reconstituted image of the ear tissue for the EGFP channel. Images were then analyzed as previously described (Abdul Hamid et al., 2020). Briefly, a Region Of Interest (ROI) was drawn manually around the EGFP fluorescent zone of the 48-h image to obtain the sum of EGFP fluorescence intensities of each pixel in the ROI. The same ROI was applied to the other images of the same time point image and the ratio of the sum of intensities of EGFP fluorescence to the area of the ROI was then calculated for both time points.




Lymph Node and Ear Cell Preparation for Flow Cytometry Analysis

The GFP-SH1000 fluorescent strain was used for flow cytometry analyses. At 2, 24, and 48 h pi, mice were euthanized, and the ear tissue and dLNs of infected and control mice were harvested using sterile scissors and weighed. Samples were kept on ice whenever possible throughout the duration of the experiment. Left and right ear pinna leaflets were first dissociated before being completely submerged in 5 mL of RPMI 1640 medium containing 1 mM HEPES, 400 U/mL collagenase IV and 50 μg/mL DNase I from bovine pancreas and placed at 37°C for 1 h. Left and right LNs were digested in the same type of medium but only for 15 min. After 15 min of incubation, ear pinna tissue was dissected into small pieces to facilitate digestion. Tissues were then ground on a 70-μm cell strainer to obtain single-cell suspensions before being centrifuged at 300 × g for 10 min at 4°C. Cell pellets were suspended in 500 μL of PBS containing 1% SVF and 1 mM Ethylenediaminetetraacetic acid (EDTA). Cells were then counted and labeled according to manufacturer’s directions, using the following markers: Viobility Fixable Dye, CD3ε, CD19, CD335, CD45, CD11b, Ly6G, and Ly6C. To define inflammatory cell populations recruited to these tissues, live single cells were gated to exclude any debris, dead cells or doublets. T lymphocytes, B lymphocytes, NK cells, and dead cells (DUMP channel) were excluded from live single cells, respectively, on the basis of the CD3ε, CD19, CD335, and Viobility 405/452 fixable dye specific markers. Live myeloid populations (CD45+CD11b+) were subdivided into PMNs (Ly6G+Ly6C+) and MO/MΦ (Ly6G–Ly6Chi). Samples were run on a BD LSR II (BD Biosciences), and data were analyzed with FlowLogic version 7.2.



Ex vivo Intracellular Bacteria Analysis

The mCherry-SH1000 fluorescent strain was used for ex vivo intracellular bacteria analyses. At 2, 24 and 48 h pi, infected mice were euthanized, and the ear pinna tissue were harvested using sterile scissors and weighed. Samples were kept on ice whenever possible throughout the duration of the experiment. Left and right ear pinnae leaflets were first dissociated before being completely submerged in 700 μL of PBS containing LiberaseTM Research Grade (Roche), diluted 2:7, and placed at 37°C for 1 h with agitation. Fifteen mL of cold PBS were added to each tube and tissues were then ground on a 40-μm cell strainer to obtain single-cell suspensions that were then centrifuged at 1200 × g for 5 min at 4°C. Cell pellets were suspended in 1 mL of PBS containing 5% SVF. Cell suspensions resulting from 2 infected mice per bacterial form were pooled for 24- and 48-h time points. CD11b+ cells were isolated using CD11b microbeads mouse/human magnetic cell separation (Miltenyi Biotec) according to manufacturer’s directions.

To assess the quantity of intracellular bacteria, a portion of sorted skin cells were centrifuged at 300 × g for 10 min at 4°C, and resuspended in 1 mL of room temperature RPMI 1640 medium containing 100 μg/mL gentamycin. Cells were incubated for 1 h at 37°C, CO2 5% before being centrifuged again at 300 × g for 10 min at 4°C. Cells were then lysed by resuspending pellets in 500 μL of cold ultrapure water, followed by vigorous shaking for 1 min. Serial 10-fold dilutions were performed on the resulting suspension and plated on LB agar plates to enumerate viable S. aureus per 106 CD11b + cells.

To characterize the distribution of intracellular bacteria, another portion of sorted skin cells were adhered to glass slides by centrifugation (800 rpm for 5 min, Thermo Shandon Cytospin 3 Centrifuge) and were fixed with 4% PFA prior to MGG staining. Glass slides were then examined by bright field microscopy (Axio Imager 2, Zeiss) and intracellular bacteria were counted in at least 100 CD11b+ cells per condition, per time point.



Neutrophil NADPH Oxidase Assay

The SH1000 WT strain was used for Neutrophil NADPH oxidase analysis. Single cell suspensions were obtained 48 h pi from mouse ear pinna tissue, as described in the flow cytometry analysis section. NADPH oxidase quantity was assessed, as described previously (Borbón et al., 2019). Briefly, cells were labeled using the following markers: CD45, CD11b, and Ly6G and then incubated for 15 min at 37∘C, 5% CO2 in PBS containing 10 μM of dihydrorhodamine 123 (DHR) (Sigma-Aldrich) with or without 100 ng/mL of phorbol myristate acetate (PMA) (Sigma-Aldrich). Samples were run on a BD LSR II (BD Biosciences), and data were analyzed with FlowLogic version 7.2.



Statistical Analysis

Data generated were analyzed with Prism 5 software (GraphPad Software, Inc.) and a non-parametric Mann-Whitney one-tailed or two-tailed statistical test. p ≤ 0.05 was considered statistically significant (symbols: ∗ ≤ 0.05).




RESULTS


Comparable Bacterial Load and Inflammatory Responses in the Mouse Ear Pinna After the Micro-Injection of Either the Planktonic or Biofilm Form of Staphylococcus aureus

Calibrated S. aureus inocula were prepared and microinjected into the mouse ear pinna tissue. Bacterial load was first measured in the cutaneous ear tissue and the auricular draining lymph node (auricular dLN) following inoculation of WT C57BL/6J mice with 5 × 106 CFUs of non-fluorescent planktonic or biofilm S. aureus. CFUs were enumerated, starting from 2 h post-infection (h pi) until day 7 pi, and then after 10 days. Bacterial load quantification showed that viable planktonic and biofilm bacteria were detected in both cutaneous ear tissue and dLNs at 2 h pi (Figures 1A,B), and were continuously present throughout the infection period. In the ear pinna tissue, bacterial loads were mostly similar and stable throughout the first 6 days of infection for both forms of bacteria, with the first signs of bacterial clearance appearing at day 7. Although this sharp decrease seemed more pronounced in mice inoculated with planktonic bacteria, no significant difference was observed between the two forms. At day 10 pi, a lower bacterial load was detected in both groups of infected mice, as compared to day 7 pi, but was once again comparable between the two forms. In the dLNs, bacteria were present throughout all the infection period, with similar infection kinetics. This was in line with the maintenance of bacteria in the cutaneous tissue previously observed. Indeed, CFUs were detected even at day 10 pi in the dLN in 3/10 and 3/12 samples for planktonic and biofilm bacteria, respectively. At this time point, the bacterial load was low in most of the samples and often below the detection threshold.
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FIGURE 1. Bacterial load and inflammatory responses in S. aureus infected tissue. (A,B) Bacterial load quantification, expressed in CFUs/mg of tissue, from 2 h pi to day 7 pi, and at day 10 pi in the ear pinnae (A) and dLNs (B) of WT C57BL/6J mice following micro-injection of PBS (C) or WT SH1000 planktonic (P) or biofilm (B) bacteria. Dotted line represents the limit of detection (median ± IQR, number of ear pinnae: NC = 8–10 ear pinnae, NP = 10–12 ear pinnae, NBF = 11–12 ear pinnae, from 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05). (C) Evaluation of ear pinnae inflammation from 2 h pi to day 7 pi, and at day 10 pi for the 3 groups of mice, by scoring based on erythema. Results expressed as percentage of each score (Number of mice: NC = 6–10 mice, NP = 4–17 mice, NBF = 5–13 mice, from 3 different experiments). (D) Ear pinna thickness measurements from 2 h pi to day 2 pi for the 3 groups of mice (median ± IQR, number of ear pinnae: NC = 4–7 ear pinnae, NP = 6–8 ear pinnae, NBF = 6–7 ear pinnae, from 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05). (E) dLN weight measurements from 2 h pi to day 7 pi, and at day 10 pi for the 3 groups of mice (median ± IQR, number of dLNs: NC = 8–10 dLNs, NP = 10–12 dLNs, NBF = 11–12 dLNs, from 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05). (F) Reconstituted confocal images of LysM-EGFP transgenic mouse ear pinna tissue following micro-injection of mCherry-SH1000 biofilm bacteria. Images correspond to the maximal projection intensities of the EGFP signal, and the yellow line indicates the ROI where the “Sum of EGFP fluorescence intensities” was measured. Scale bar: 2 mm. One representative image is shown from at least 3 independent experiments. (G) Ratio of the sum of EGFP fluorescence intensities to ROI areas (median ± IQR, number of ear pinnae tissues: NC = 4, NP = 5–8, NBF = 4–9, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05).


Certain macroscopic parameters of inflammation related to the presence of bacteria in the target tissues (ear pinnae, dLNs) were then analyzed, including redness and swelling (thickness) of ear pinna tissue and dLN weight. In control mice, no redness was observed throughout the experimental period (Figure 1C). The first signs of redness (Supplementary Figure 1) appeared 24 h pi within the infected group of mice (Figure 1C), where most samples had a score of 1. Redness then peaked at day 3 pi within both infected groups, and then slowly decreased to give way to tissue necrosis from day 2 pi, with a peak at day 10 pi. Interestingly, the presence of redness in the cutaneous ear tissue lasted longer in the biofilm group of mice than in the planktonic group. The ear tissue swelling was further analyzed in the first 2 days of infection. Ear thickness was significantly increased as early as 2 h pi, as compared to control mice. Values continued to increase until the second day of infection with no observable difference between the two infected groups of mice (Figure 1D). Lastly, the weight of dLNs significantly and constantly increased after infection, as compared to control mice, starting from day 1 pi until the end of the infection period. Again, no observable difference was observed between the two infected groups of mice (Figure 1E).

To follow the evolution of early inflammatory responses in the skin, a semi-quantitative measure of EGFP positive (EGFP +) phagocyte recruitment in the ear pinna tissue was realized as previously described (Abdul Hamid et al., 2020; Figure 1F and Supplementary Figure 2). The ratio of the sum of EGFP fluorescence intensities to ROI area (Figure 1G), measured from 2 to 48 h pi, showed that both bacterial forms did not induce a significant increase in EGFP + cell recruitment at early time points (4–6 h pi), as compared to control mice. However, after 25 and 49 h pi, a significant increase of the ratio was observed in both groups of challenged mice, as compared to control mice. In infected mice, a significant increase of cell recruitment was observed between 4–6 and 25–27 h pi, but not between 25–27 and 49–51 h pi, meaning that the peak of cell recruitment was on day 1.

Taken together, these data show that global inflammatory responses are comparable in the target tissues after micro-injection of both bacterial forms.



Comparable Early Cytokine and Chemokine Profiles in the Mouse Ear Pinna and the Auricular Draining Lymph Node After the Micro-Injection of Either the Planktonic or Biofilm Form of Staphylococcus aureus

In a second set of experiments, cytokine and chemokine profiles were analyzed in ear tissue and dLN homogenates during the first few days of infection (24–72 h pi).

The chemokines analyzed were CXCL1/KC (Figures 2A,B) and CXCL9/MIG (Figures 2C,D), both responsible for the recruitment of phagocytes, namely PMNs and MOs/MΦs. Significantly higher levels of these chemokines were detected from 24 to 72 h pi in both target tissues, with higher concentrations measured in the skin than in the dLNs of infected mice. Globally, no difference was observed between the two bacterial forms, except after 72 h in the dLN where CXCL9 were comparable to those in controls.
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FIGURE 2. Chemokine and cytokine production in S. aureus infected tissue. (A–H) Chemokine (A–D) and cytokine (E–H) levels, expressed in pg/mg of total protein, analyzed by Bioplex in the supernatants of ear pinna tissues (A,C,E,G) and dLNs (B,D,F,H) homogenates at 24, 48, and 72 h pi (median ± IQR, number of mice: NC = 5–8, NP = 6–10, NBF = 6–9, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05).


The chemokine response was associated with a pro-inflammatory cytokine production by recruited innate immune cells. Pro-inflammatory cytokines IL-1β (Figures 2E,F) and IL-6 (Supplementary Figures 3A,B) were significantly increased in both target tissues, again with higher concentrations measured in the skin than in the dLNs of infected mice, and at all-time points analyzed. A larger quantity of TNF-α was also detected in the ear pinnae of infected mice, as compared to controls at 24 and 72 h pi (Supplementary Figure 3C). However, this increase was only observed at 24 h pi in the dLNs (Supplementary Figure 3D). Interestingly, IFNγ concentrations were comparable in control and infected mice in cutaneous ear tissue at 24 and 72 h pi (Supplementary Figure 3E), but were significantly increased at both time points in dLNs of infected mice, as compared to those of control mice (Supplementary Figure 3F). The last pro-inflammatory cytokine analyzed was IL-17 (Supplementary Figures 3G,H), largely produced by Th17 cells and capable of upregulating the expression of certain proinflammatory mediators such as IL-1β and IL-6 in MΦs. As seen previously for IL-6, significantly higher levels of IL-17 were detected in both target tissues of infected mice, as compared to controls at 24 and 72 h pi.

Finally, concentrations of the anti-inflammatory cytokine IL-10 (Figures 2G,H) were significantly increased in the ear pinnae tissue of infected mice, as compared to control mice at 24 and 72 h pi, while only being significantly increased after inoculation of planktonic bacteria at 48 h pi.

Altogether, these results reveal early pro-inflammatory and anti-inflammatory responses in both target tissues at the molecular level, with IL-1β, IL-10, and CXCL1 being majorly produced in the cutaneous ear tissue, and CXCL9 largely detected in the dLN. These responses were globally comparable for both bacterial forms.



Differential Early Dynamics of Recruited Phagocytes in the Mouse Ear Pinna After the Microinjection of Either the Planktonic or Biofilm Form of Staphylococcus aureus

The very early dynamics of inflammatory responses observed in the skin were further analyzed by using an intravital confocal imaging approach, as previously described (Abdul Hamid et al., 2020). The first goal was to reproduce our previous results described for the S. aureus LYO-S2 clinical strain with the SH1000 laboratory strain in terms of cell recruitment and behavior of recruited cells after biofilm infection. Briefly, 5 × 106 CFUs of planktonic or biofilm mCherry-SH1000 were intradermally inoculated in the ear pinna tissue of LysM-EGFP transgenic mice. Time-lapse videos of cutaneous injection sites were then acquired during the first few hours following infection (from 2 to 5 h pi).

Using this laboratory strain, we observed a considerable influx of EGFP + phagocytes at injection sites, as early as 2 h pi for both bacterial forms. Cells recruited in response to the planktonic form were capable of invading the injection sites and creating bacteria cell interaction zones (Figure 3A, Supplementary Figures 4A,B, and Supplementary Movie 1). In contrast, cells that were recruited toward biofilm injection sites behaved differently, as previously described (Abdul Hamid et al., 2020). Indeed, EGFP + innate immune cells were arrested at the periphery of biofilm injection sites, with only few cells capable of penetrating the biofilm (Figure 3B, Supplementary Figures 4C,D, and Supplementary Movie 2).
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FIGURE 3. Early dynamics of recruited EGFP + cells in the skin of S. aureus infected tissue. (A,B) Live confocal imaging, using X10 objectives, in the ear pinna tissue of LysM-EGFP transgenic mice following micro-injection of mCherry-SH1000 planktonic (A) or biofilm (B) bacteria. Average projections of green (EGFP + innate immune cells) and magenta (mCherry-SH1000) fluorescence, acquired at 2.50 h pi (A) and 2.55 h pi (B), show immune cells recruited toward the injection site. Asterisk: autofluorescent hair (also in magenta). Scale bar: 100 μm. One representative experiment is shown for each group of mice from at least 9 independent experiments. (C–E) Quantification of EGFP + innate immune cell average speed (C), straightness (D), and displacement (E), from X20 time-lapse acquisitions of infected mice (median ± minimum and maximum values, number of cells: NP = 209, NBF = 126, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05). (F,G) Live confocal imaging, using X40 objectives, in the ear pinna tissue of LysM-EGFP transgenic mice following micro-injection of mCherry-SH1000 planktonic (F) or biofilm (G) bacteria. Maximum projections of green (EGFP + innate immune cells) and magenta (mCherry bacteria) fluorescence, acquired at 3.35 h pi (F) and 3.45 h pi (G), show immune cells interacting with bacteria. The yellow line indicates the ROI where cell perimeter was measured. Scale bar: 15 μm. One representative experiment is shown for each group of mice from at least 9 independent experiments. (H) Measure of EGFP + innate immune cell perimeter, from maximum projection time-lapse acquisitions of infected mice (median ± minimum and maximum values, number of cells: NP = 19, NBF = 25, from 4 different experiments, Mann-Whitney one-tailed test, ∗p < 0.05).


The motility parameters (average speed, trajectory straightness, displacement) of recruited EGFP + phagocytes both in contact or not with bacteria at the injection site were also studied using Imaris software, as previously described (Abdul Hamid et al., 2020). SH1000 biofilms impacted cell motility similarly to previous observations, with a significant decrease in average speed and straightness of cells recruited toward biofilm bacteria, as compared to the planktonic form (Figures 3C,D). This means that cells were more heavily arrested and had a non-linear trajectory in biofilm-inoculated sites, as compared to planktonic-inoculated sites. The displacement of cell trajectories, representing the straight-line distance of the cell from the first timepoint to the last, was also analyzed in both infected conditions (Figure 3E). A significant decrease of this parameter was detected following biofilm inoculation, as compared to planktonic condition. This result was coherent with the decrease in straightness of cell trajectories observed with biofilm inocula.

Interestingly, observations made during intravital confocal microscopy experiments revealed that cells in contact with biofilms behaved differently from those in contact with planktonic bacteria, with a diminished capacity to emit pseudopods and retaining a round morphology (Figures 3F,G and Supplementary Figures 4E–H). Quantitative data were obtained by measuring the perimeter of EGFP + phagocytes in contact with either bacterial form with ImageJ software. Using this methodology, a significant decrease of cell perimeter in the presence of the biofilm inoculum was observed, as compared to planktonic inocula (Figure 3H). This result obtained in vivo was coherent with observations made in vitro, where PMNs in contact with Pseudomonas aeruginosa biofilms conserved their round shape (Jesaitis et al., 2003).



Differential Kinetics of Polymorphonuclear Neutrophil Recruitment After the Micro-Injection of Either the Planktonic or Biofilm Form of Staphylococcus aureus

To further understand the early inflammatory responses to the biofilm inocula, imaging data were complemented by flow cytometry analysis of the phenotype of recruited inflammatory cells in the cutaneous ear tissue and the dLNs. Here, ear pinna tissue of WT C57BL/6J mice were inoculated with either PBS or 5 × 106 CFUs of GFP fluorescent S. aureus planktonic or biofilm bacteria. After 2, 24, and 48 h, organs were harvested, digested to obtain a single cell suspension, labeled for specific membrane markers of innate inflammatory cells, and then analyzed by flow cytometry. Myeloid populations (CD45+CD11b+) were identified among live single cells and further subdivided into PMNs (Ly6G+Ly6C+) and MO/MΦ (Ly6G–Ly6Chi) (Figure 4A and Supplementary Figure 5).
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FIGURE 4. Myeloid cell recruitment in the skin of S. aureus infected tissue. (A) Flow cytometric analysis showing the gating strategy of myeloid cells (CD45+CD11b+, left plot—upper right region), PMNs (Ly6G+Ly6C+, right plot—right most region), MOs/MΦs (Ly6G– Ly6Chi, right plot—upper left). Representative dot plots and percentages of cells gated are shown from planktonic infected WT C57BL/6J mice at 48 h pi. (B) Total number of myeloid cells among live cells in ear pinna tissue of control and planktonic or biofilm infected mice from 2 h pi to day 2 pi (median ± IQR, number of mice: NC = 12–15, NP = 9–12, NBF = 9–15, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05). (C–E) Percentages (C) and total numbers (D,E) of PMNs (C,D) and MOs/MΦs (E) among myeloid cells in ear pinnae of control and planktonic or biofilm infected mice, from 2 h pi to day 2 pi (median ± IQR, number of mice: NC = 12–15, NP = 9–12, NBF = 9–15, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05).


Total cell counts prior to labeling showed a significant recruitment of cells to the cutaneous ear tissue as soon as 2 h pi in infected mice, as compared to control mice, which continued until 48 h pi (Supplementary Figure 6A). However, absolute values of myeloid cells in the ear pinna tissue of infected mice were only significantly increased after 24 and 48 h, as compared to control mice (Figure 4B). These data correlate with the previous measures of overall tissue inflammation in LysM-EGFP transgenic mice (Figure 1G). Interestingly, a decrease in the number of myeloid cells recruited in the ear tissue was observed 48 h following biofilm inoculation, as compared to the planktonic condition.

When looking further at the phenotype of recruited myeloid cells, a significantly higher percentage of PMNs was present in infected cutaneous ear tissue compared to controls, from 2 to 48 h pi (Figure 4C). However, PMN cell numbers revealed that this increase was significant only after 24 h in the planktonic group of mice, and from 2 h pi in biofilm infected mice (Figure 4D). Indeed, biofilms recruited more PMNs than controls at 2 h pi, with only a trend to increase when compared to mice infected with planktonic bacteria (p = 0.0673). Similar to their parent population (CD45+CD11b+ cells), biofilms recruited a significantly lower number of PMNs at 48 h pi, as compared to planktonic inoculated sites.

Altogether, Figures 4C,D illustrate that the majority of myeloid cells, and thus EGFP + phagocytes recruited to the cutaneous ear tissue after biofilm injection were PMNs. Their recruitment kinetics were different at 2 and 48 h pi, when compared to planktonic bacteria.

For MO/MΦ, a significant recruitment was detected in ear pinna tissue for both bacterial forms only after 48 h, as compared to control mice, but in a much lower proportion compared to PMNs (Figure 4E).

In dLNs, total cell counts were significantly increased only after 48 h with planktonic bacteria, as compared to controls, while only a trend to increase was detected in the biofilm group of mice (p = 0.069) (Supplementary Figure 6B). As shown previously in the cutaneous ear tissue, a significant increase in the percentage of PMNs was observed at 2 and 24 h pi in biofilm infected mice, as compared to control mice (Figure 5A). Additionally, a decrease in the percentage of these cells among their parent population was observed after 48 h, as compared to the planktonic condition. Thus, recruitment kinetics of PMNs in the dLN were similar to those in the cutaneous ear tissue (Figure 5B). Interestingly, bacteria inoculation induced a significant increase in both percentage and MO/MΦ cell numbers in the dLN at 24 and 48 h pi, a result which was not observed in the cutaneous ear tissue (Figures 4E, 5B,C). In contrast to PMNs, the percentage of MO/MΦ in the dLN was higher after 48 h following biofilm inoculation, as compared to the planktonic condition (Figures 5A,C).


[image: image]

FIGURE 5. Myeloid cell recruitment in the auricular draining lymph nodes of S. aureus infected mice. (A–D) Percentages (A,C) and total numbers (B,D) of PMNs (A,B) and MOs/MΦs (C,D) among myeloid cells in dLNs of control and planktonic or biofilm infected mice, from 2 h pi to day 2 pi (median ± IQR, number of mice: NC = 12–15, NP = 8–12, NBF = 9–15, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05).


Taken globally, these results show that PMNs comprise the majority of cells recruited during the early stages of anti-biofilm inflammatory responses. However, their recruitment seemed to be specifically impacted by biofilms.



Staphylococcus aureus Biofilm Bacteria Inoculated Into the Mouse Ear Pinna Mostly Interact With Polymorphonuclear Neutrophils

Imaging data presented in Figure 3 illustrate qualitative differences in the interaction between EGFP + innate immune cells and either planktonic or biofilm bacteria at cutaneous injection sites. Thus, in complementary experiments, bacterial association with recruited inflammatory cells, and more specifically PMNs, was quantified in the cutaneous ear tissue by flow cytometry. To do this, ear pinnae of WT C57BL/6J mice were inoculated with either PBS or 5 × 106 CFUs of planktonic or biofilm GFP-SH1000, and the proportion of recruited inflammatory cells associated to bacteria was quantified at 2, 24, and 48 h pi (Figure 6A). To verify the specificity of bacterial association, we measured the median fluorescence intensity (MFI) of the GFP signal in PMN and MO/MΦ subpopulations and compared them to the MFIs of controls (Supplementary Figures 6C,D). Supplementary Figures 6E,F show that although GFP autofluorescent cells were detected in ear tissues of control mice, a significant GFP specific signal was associated to recruited phagocytes in the ear tissues of infected mice (Supplementary Figures 6C–F).
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FIGURE 6. Biofilm bacteria associated myeloid cells in the skin of S. aureus infected mice. (A) Flow cytometric analysis showing the gating strategy to analyze GFP-SH1000 associated cells among myeloid cells (CD45+CD11b+GFP+), PMNs (Ly6G+Ly6C+GFP+), and MOs/MΦs (Ly6G– Ly6ChiGFP+). Representative histogram is shown from planktonic infected WT C57BL/6J mice at 48 h pi. (B–D) Total number of bacteria associated myeloid cells (B), PMNs (C), and MOs/MΦs (D) in ear pinna tissue of control and planktonic or biofilm infected mice, from 2 h pi to day 2 pi (median ± IQR, number of mice: NC = 12–15, NP = 9–12, NBF = 9–15, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05).


Bacterial association was observed in myeloid cell populations (CD45+CD11b+) as early as 2 h pi (Figure 6B), which corroborates observations made by intravital imaging (Figure 3). The proportion of bacteria associated cells increased significantly for both bacterial forms at 24 and 48 h pi, as compared to PBS inoculated control mice. Interestingly, a decrease in biofilm association was observed at 48 h pi, as compared to planktonic bacteria. Recruited PMNs followed the same kinetics of bacterial association as myeloid cells (Figure 6C and Supplementary Figure 6E), with the same significant decrease observed after 48 h for the biofilm inoculum. These data were coherent with the decrease of myeloid cells and PMN numbers observed at this time point (Figures 4B,D). Bacteria associated to MOs/MΦs were detected in a significantly increased proportion at 24 and 48 h pi (Figure 6D and Supplementary Figure 6F), but in a much smaller proportion, as compared to PMNs. Furthermore, the percentage of PMNs associated to bacteria was continuously higher than those observed in MO/MΦ at all three time points analyzed.

Taken together, these data suggest that PMNs represent key cells in the interactions with biofilm bacteria at the cutaneous injection site.



Differential Functional Properties of Recruited Polymorphonuclear Neutrophil in the Mouse Ear Pinna After the Micro-Injection of Either the Planktonic or Biofilm Form of Staphylococcus aureus

Figures 4–6 illustrated that PMNs consist of the majority of inflammatory cells recruited to both the cutaneous ear tissue and the dLN, and are greatly associated to biofilms at the cutaneous injection site. In complementary experiments, their functional properties were studied in the ear pinna tissue of WT C57BL/6J mice, after inoculation of either PBS or S. aureus planktonic or biofilm bacteria.

In the first set of experiments, activation of myeloid cells and PMNs was assessed at 2, 24, and 48 h pi, based on their expression of the activation marker integrin receptor CD11b (Figures 7A,B). For both populations studied, an increased expression of CD11b was observed at 24 and 48 h pi, as compared to control mice, with a significant increase following biofilm inoculation at 48 h pi, as compared to the planktonic group. Interestingly, an initial significant increase in CD11b expression was shown 2 h pi in PMN populations only after planktonic bacteria inoculation.
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FIGURE 7. Functional properties of neutrophils recruited in the ear pinna tissue of S. aureus infected mice. (A,B) APC-Cy7 conjugated CD11b antibody MFI of myeloid cells (CD45+CD11b+) (A) and PMNs (Ly6G+Ly6C+) (B) in ear pinna tissue of control and planktonic or biofilm infected mice, from 2 h pi to day 2 pi (median ± IQR, number of mice: NC = 8–11, NP = 6–9, NBF = 6–12, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05). (C) Transmitted light images of CD11b+ cells, following isolation from ear pinna tissue onto glass slides and MGG staining, show neutrophils harboring intracellular bacteria. Representative images are shown from planktonic infected WT C57BL/6J mice at 24 h pi. (D) Percentage of PMNs containing intracellular bacteria assessed at 24 and 48 h pi (mean ± SEM, number of cells: NP = 223–238, NBF = 232–338, from at least 3 different experiments, Mann-Whitney one-tailed test, ∗p < 0.05). (E) Percentage of PMNs containing 0, 1–2, 3–4, or 5 or more intracellular bacteria assessed at 24 and 48 h pi (mean ± SEM, number of cells: NP = 223–238, NBF = 232–338, from at least 3 different experiments, Mann-Whitney one-tailed test, ∗p < 0.05). (F) DHR MFI of PMNs, in the ear pinna tissue of control and planktonic or biofilm infected mice at day 2 pi, stimulated or not with PMA ex vivo in the presence of DHR, to assess NADPH oxidase activity (median ± IQR, number of mice: NC = 4, NP/BF = 8, from at least 3 different experiments, Mann-Whitney one-tailed test, ∗p < 0.05).


In a second set of experiments, phagocytic activity of PMNs and MO/MΦ was analyzed 24 and 48 h pi. Intracellular bacteria were counted inside CD11b+ cells purified from cutaneous infected tissues and subsequently stained using the May Grünwald-Giemsa (MGG) staining (Figure 7C and Supplementary Figures 7A,B). This analysis revealed that the proportion of PMNs harboring intracellular bacteria was significantly increased at 48 h pi when biofilms were inoculated, as compared to planktonic bacteria (Figure 7D). Further analyses showed that the proportion of PMNs harboring 5 or more intracellular bacteria was significantly increased in biofilm infected mice compared to the planktonic condition after 24 h. This seemed to continue at 48 h pi where a trend to increase was observed in the same group of cells. Conversely, the proportion of PMNs not harboring any intracellular bacteria was significantly increased 48 h pi after planktonic bacteria inoculation (Figure 7E), illustrating differential phagocytosis capacities of PMNs in response to the planktonic or biofilm inocula.

For MO/MΦ, the proportion of intracellular bacteria was comparable for both bacterial forms at both 24 and 48 h pi (Supplementary Figure 7C). However, as seen previously for PMNs, the proportion of these cells harboring 5 or more intracellular bacteria was also significantly increased after 24 h for biofilm inocula (Supplementary Figure 7D).

The viability of intracellular bacteria counted on MGG stained slides was also verified (Supplementary Figure 7E). To do this, CD11b + cells were purified from ear skin tissue of infected mice and treated with gentamycin. Cells were then lysed, and bacteria were enumerated following plating on agar plates. Results indicate the presence of viable intracellular planktonic and biofilm bacteria inside these cells (mainly PMNs and MOs/MΦs) at 24 and 48 h pi, in similar proportions.

Figures 4C,D illustrate that PMN recruitment was significantly decreased in response to biofilms after 48 h, as compared to planktonic inocula. However, the increased expression of the CD11b surface marker and of phagocytosis capacity of PMNs observed at this time-point supposed that they were more activated in this context. To test this hypothesis, flow cytometry analysis was performed to assess DHR oxidation by Reactive Oxygen Species (ROS), reflective of NADPH oxidase activity generated in recruited PMNs in response to PMA (Figure 7F). When not in the presence of this soluble agent, DHR MFI was comparable between the two bacterial forms, despite being significantly increased compared to controls. PMA-stimulated PMNs from infected ear pinnae also presented a higher DHR MFI than controls, with an increased production of ROS after biofilm inoculation, as compared to planktonic bacteria.

Taken together, these results illustrated differential functional properties in recruited PMNs at 48 h pi following biofilm inoculation.




DISCUSSION

PMNs and MΦ have been largely described as key effector cells in the inflammatory responses during S. aureus infections (de Vor et al., 2020; Pidwill et al., 2021). Certain in vivo models have also shown that biofilms induce anti-inflammatory responses as early as day 3 or day 5 pi (Heim et al., 2015, 2018). As the infection outcome is conditioned in the first few days following host-bacteria contact, we sought out to highlight the very early impacts of S. aureus biofilms on the main cellular components of innate immune responses, meaning phagocytes. To do this, we compared inflammatory responses elicited by either planktonic or biofilm bacteria at different levels of the organism, in a mouse ear pinna model of infection. In this report, we demonstrated globally similar responses at the tissue and cytokine level, but found different cellular responses, including cell behavior, recruitment, and certain functional properties.

At the tissue level, we first observed a globally similar evolution of bacterial load between the two forms of S. aureus, contradicting a previous study that compared the fate of non-biofilm and biofilm inocula in mice. Thurlow and collaborators showed a better bacterial clearance of non-biofilm bacteria in skin abscess as early as day 3 compared to catheter grown biofilms implanted sub-cutaneously (Thurlow et al., 2011). They assigned this to the presence of the catheter, which could impede access of leukocytes toward the site of infection. In contrast, in the ear pinna model used in this work, biofilm inocula were accessible to host innate immune cells as no abiotic support was used. One possible reason for the comparable bacterial load observed in the ear pinna tissue could be the in vivo transition of planktonic bacteria to the biofilm lifestyle, representing a possible limit of the model. Several days are nevertheless probably necessary for this transition, even if the precise timing of this event to occur in vivo is currently unknown. In the clinical setting, S. aureus is prevalent in early prosthetic infections, which become manifest within 1 month following surgery (Arciola et al., 2018). To identify a possible planktonic to biofilm transition in the ear pinna, biofilm matrix components could be labeled in vivo by using specific fluorescent probes several days pi (Sauvat et al., 2020). Genes upregulated during biofilm formation could also be identified by transcriptomic analysis from planktonic-infected ear tissues, as previously carried out in vitro by Resch et al. (2005).

An observable inflammatory response was characterized by the apparition of redness and tissue swelling of the ear pinna tissue of infected mice, which was coherent with the presence of a high dose of bacteria in the first few days of infection. These results were further corroborated by the semi-quantitative measure of EGFP + phagocyte recruitment in the ear pinna tissue, and observations of bacterial injection sites showing a considerable recruitment of leukocytes for both bacterial forms. S. aureus is known to produce toxins and enzymes, such as leukocidins and coagulase, that are able to induce cell death by apoptosis, necroptosis, and also pyroptosis (Soe et al., 2021). This was coherent with ear pinna tissue necrosis observed as early as day 3. However, the exact proportion of each cell death pathway is yet to be studied.

We further determined the chemokine and cytokine profile in both cutaneous ear tissue and dLNs after S. aureus infection. In the ear tissue, we found large proportions of the PMN chemoattractant CXCL1 which has been shown previously to be notably secreted by keratinocytes in response to S. aureus (Olaru and Jensen, 2010). This would partially explain the significant increase in EGFP + immune cells observed at 24 h pi. High amounts of CXCL9/MIG, a Th1 cell-recruiting chemokine, were also found in infected mice. Globally, we found a robust pro-inflammatory cytokine response comparable between bacterial forms in both infected tissues, due to the presence of IL-1β, IL-6, and TNF-α. In line with these data, the presence of IL-17 may indicate that infected mice also mount a Th17 response, which is coherent with a previous study implicating IL-17 in establishing an effective antimicrobial response by γδ T cells (Cho et al., 2010). At early time points, IL-17 could also be produced by innate lymphoid cells in the skin and the dLNs (Cua and Tato, 2010). The absence of IFNγ production in infected mice could be explained by the early time points and/or by the presence of IL-10 in the infectious milieu, as the two are negatively correlated (Saraiva and O’Garra, 2010). Biofilms have indeed been shown to skew host immune responses toward an anti-inflammatory phenotype, in part via IL-10 secretion by M2 polarized MΦs and recruited MDSCs (Thurlow et al., 2011; Heim et al., 2018). In this study, the presence of IL-10 was comparable in both planktonic and biofilm infected ear tissues. In a previous study (Heim et al., 2020), S. aureus bacteria derived lactate was shown to inhibit HDAC11 in MΦs and MDSCs, which led to an increase in histone 3 acetylation at the IL-10 promoter, thus enhancing its expression. This discovery was, however, demonstrated in a biofilm prosthetic joint infection model, without comparison with planktonic bacteria. This anti-inflammatory response may be dependent on bacterial concentration, as IL-10 was not significantly increased in auricular dLNs of infected mice. Depending on the strain used, the inocula doses and the target tissues analyzed, some discrepancies may be observed between the inflammatory and anti-inflammatory chemokines and cytokines measured in different in vivo models. In all cases, host immune responses to S. aureus biofilm infection may be modulated by quorum sensing or metabolically dampened bacteria induced by host immune responses (Yamada and Kielian, 2018).

The use of intravital confocal imaging to further decorticate very early inflammatory responses allowed us to highlight differences in cellular behavior. First, we validated the previously observed “biofilm” phenotype that leukocytes present at the injection site, with cells arrested at the periphery of the biofilm and modified motility parameters of recruited cells (Abdul Hamid et al., 2020; Sauvat et al., 2020). This means that the protective barrier role that biofilms exert are common between these two S. aureus strains, and probably among all biofilm-producing strains. The two strains used in our previous works were both MSSAs, but a “biofilm” phenotype has also been described for the MRSA strain USA300 (Thurlow et al., 2011; Gries et al., 2020b). The use of biofilms grown over longer periods (3 or 4 days) in the latter experiments compared to those used in this report further suggest a common immune evasion mechanism conserved throughout biofilm maturation. Furthermore, the fate of phagocytes capable of penetrating S. aureus biofilms have been explored in vitro. For example, Bhattacharya et al. (2020) showed that biofilms provoked NET formation in penetrating PMNs via the activity of Panton-Valentine Leukocidins and γ-hemolysin AB. Otherwise, Thurlow et al. (2011) showed that MΦs closer to the base of biofilms were not viable, while those on the surface were intact. In the ear pinna model, the “biofilm” phenotype also extended to a difference in migration properties, namely average speed, displacement, and trajectory straightness between the two bacterial forms. Indeed, EGFP + phagocytes possessed decreased values for all three motility parameters stated previously in the presence of biofilms, meaning that cells moved at a slower rate, were more restrained and were not recruited directly toward biofilms. This could be partly explained by the inability of phagocytes to bind to bacterial components embedded in the extracellular matrix or by the expression of chemotaxis inhibitory protein of Staphylococcus (CHIPS) (de Vor et al., 2020). Observing bacteria-cell interactions using higher magnification objectives allowed us to show for the first time in vivo that phagocytes interacting with biofilms were less capable of emitting pseudopods (illustrated by the decrease in cell perimeter) in the first hours after bacteria inoculation. Previously, Jesaitis et al. (2003) have shown a comparable phenomenon in vitro with PMNs and Pseudomonas aeruginosa biofilms. In these experiments, PMNs were immobilized on the surface of biofilms, while conserving a rounded morphology, a characteristic of unstimulated phagocytes. Unfortunately, the dynamics of EGFP+ cells could not be further analyzed by intravital imaging due to ear tissue swelling and necrosis starting at 24 h pi. In line with these results, we found that the expression of the activation marker CD11b in PMNs (Kinhult et al., 2003) of biofilm-infected mice was similar to that of controls at 2 h pi, while it was upregulated in cells in the presence of planktonic bacteria.

Complementing these findings with FACS analysis allowed us to quantify the proportion of phagocytic cells recruited to both ear and dLN tissue over the first few days, and also to evaluate phagocytosis efficacy of recruited cells. Our results show that the majority of EGFP + cells that were observed in the cutaneous injection sites as early as 2 h pi were PMNs. After 24 h and onward, PMNs comprised the main bulk of the myeloid cell response, suggesting an important role played by these cells in the S. aureus early immune responses. Interestingly, at 2 h pi, increased PMN numbers were only observed in response to biofilms alluding to biofilm specific properties that favor PMN recruitment. In the Gram-negative bacterium Pseudomonas aeruginosa, the quorum sensing molecule N-acylhomoserine lactone acted as a strong PMN chemoattractant (Holm and Vikström, 2014). Recruitment continued at 24 and 48 h pi, coherent with the high levels of CXCL1 found in ear skin tissue at these time points.

In the dLN, kinetics of PMN recruitment were mostly similar to those observed in the ear tissue, except for a significant difference between both infected conditions in PMN percentage after 48 h. The recruitment of PMNs over the course of time was coherent with the large quantity of CXCL1 found in the skin and the dLN. As almost the same number of cells could be observed in both tissues despite the gap in CXCL1 concentration observed in the dLN, this suggests the implication of other homing mechanisms toward dLN. Moreover, the decrease in PMN numbers in the dLN of biofilm infected mice at 48 h pi, as compared to the planktonic condition, seemed more pronounced than in the ear tissue.

MO/MΦ arrived at the injection site after PMNs, but only after 48 h, and always in a smaller proportion compared to PMNs. Indeed, an initial increase in MO/MΦ numbers in biofilm mice compared to planktonic mice was observed at 2 h pi, but the two were however comparable to controls. Moreover, MO/MΦ were also recruited in control mice between 2 and 24 h pi, which could be reflective of their non-specific recruitment after skin trauma due to intradermal injection of PBS.

The numbers of recruited MO/MΦ were almost comparable to those of PMNs in the dLN, which coincides with the large quantity of CXCL9 predominant at 24 h pi. This chemokine has been previously shown to induce MΦ migration and activation in a apical periodontitis mouse model (Hasegawa et al., 2021). Resch et al. (2005) described the upregulation of polysaccharide intercellular adhesins, staphylococcal secretory antigen and staphyloxanthin during biofilm formation, as compared to planktonic growth. The recruited MOs/MΦs are antigen presenting cells that will migrate to the cutaneous dLN. Their mobilization from the skin and probably also from the blood circulation is clearly detected in the auricular dLN from 24 h pi. They will present antigens to naïve T cells, therefore playing a key role in inducing specific adaptive immune responses to biofilms. These responses need to be further explored.

In further experiments, the functional properties of PMNs recruited at the cutaneous injection sites were analyzed, as they were the major player in inflammatory responses mounted against S. aureus in this model.

CD11b is a β2 integrin that is found on the cell surface and also PMN granules. Following activation, intracellular pools of CD11b are translocated to the cell surface where they form heterodimers with CD18 capable of interacting with fibrinogen and inactivated complement component 3 (iC3b) (Solovjov et al., 2005). The latter is implicated in opsonization, thus increasing phagocytosis effectiveness in PMNs with higher levels of CD11b. PMNs in contact with biofilms did not overexpress the CD11b surface marker at the beginning of the infection period. This could be due to the physical barrier represented by biofilms which could limit PMN access to bacteria. However, higher levels of CD11b were detected 48 h pi despite the PMNs decreased numbers observed at this later time point. This difference between the two inocula after 48 h could be due to the presence of matrix components in the biofilm inoculum, representing a multiplicity of additional antigens that are absent in the planktonic inoculum. Furthermore, a proportion of biofilm bacteria could be lysed after phagocytosis and matrix components could be released at the cutaneous injection sites. Namely, Phenol Soluble Modulins are biofilm matrix proteins well known as immunomodulators (Richardson et al., 2018). They also have been shown to fix to PMN formyl peptide receptors inducing their recruitment. The activation of this PMN receptor has been shown to induce chemotaxis, ROS production, degranulation, cytokine expression, and phagocytosis (Cheung et al., 2014; Dorward et al., 2015).

Analysis of bacterial association to immune cells showed that PMNs were the predominant immune cell interacting with inoculated S. aureus throughout the first few days of infection. Inversely, MO/MΦ were less likely to interact with bacteria, as they were detected in lesser proportions (number and percentage) compared to PMNs at each time-point. In just 2 h, PMNs present at the injection site were able to interact with planktonic and biofilm bacteria, corroborating intravital imaging observations. In response to large aggregates of bacteria and phagocytosis failure, PMNs release NETs composed of chromatin and antimicrobial peptides which subsequently trap and degrade bacteria (Branzk et al., 2014). Furthermore, this process causes cell membrane rupture and thus cell death although certain studies have shown that some PMNs conserve membrane integrity after NET release (non-lytic NETosis) and continue to phagocytose bacteria (Bhattacharya et al., 2020). The proportion of cells undergoing this type of NETosis in the ear pinna model is yet to be examined.

Phagocytic capacity of recruited PMNs was further studied. Phagocytosis of biofilm bacteria was increased at 48 h pi, as compared to planktonic bacteria, while it was comparable for both bacterial forms 24 h pi. In line with these results, a higher proportion of PMNs containing bacterial aggregates of 5 or more at 24 h pi was also observed in MO/MΦ. This could be explained by the spatial distribution of bacteria that are more compact in biofilms, allowing greater entry into cells during phagocytosis. Planktonic and biofilm bacteria that were observed intracellularly (in PMNs and MO/MΦ) were shown to be viable, and at comparable levels between the two forms. This proves the in vivo ability of S. aureus to maintain intracellularly inside phagocytes. Indeed, to combat degradation, S. aureus produce a variety of enzymes ranging from extracellular adherence protein that inhibit PMN serine protease (Stapels et al., 2014) to catalase and superoxide dismutase that prevent the oxidation effects of ROS (Painter et al., 2015). However, the exact in vivo contribution of persisting bacteria or of new phagocytosed bacteria to the proportion of detected intracellular bacteria in the ear tissue is not known.

A previous study suggested that PMN accumulation in S. aureus infected skin tissue was attributed to blood stream recruitment of mature PMNs, prolonged survival of recruited PMNs and local proliferation/maturation of c-kit+ progenitor cells into mature PMNs (Kim et al., 2011). These progenitor cells were also capable of differentiating into MDSCs. The latter were initially described as having an important role in cancer where they promote an immunosuppressive microenvironment via the secretion of IL-10 and TGFβ or high levels of ROS, which have been associated with T-cell deactivation. They also have been identified in S. aureus biofilm prosthetic joint infections where they contribute toward anti-inflammatory responses (Heim et al., 2014). In the described mouse models, MDSCs were identified based on the co-expression of surface markers CD11b, Ly6G, and Ly6C. The selection of our PMN population was based on the same markers. In this report, even if PMN numbers were decreased after 48 h of biofilm infection as compared to the planktonic condition, these cells globally expressed higher levels of CD11b, had an increased production of ROS, and an increased phagocytic capacity. These results illustrate a potential PMN “over-activated” status in response to biofilms after 48 h. Further experiments are required to identify the specific phenotype of the different PMN subsets induced by S. aureus biofilms at this time point and their possible MDSC nature.

Taken globally, at early time points (2 h), we observed an initial increase in PMN numbers associated with CD11b expression levels comparable to controls, and a decreased capacity to penetrate biofilms and to emit pseudopods. At later time points (48 h), we observed a decrease in PMN numbers with a potential “over-activated” status associated with increased CD11b expression levels, ROS production and phagocytic capacity. In these conditions, we could have expected a higher and lower biofilm bacterial load after 2 and 48 h, respectively. Surprisingly, no differences in CFU numbers were observed with the planktonic condition in all experiments performed, suggesting a more complex mechanism of bacterial survival at play involving other immune or non-immune cell populations. Namely, Natural Killer cells that are recruited to S. aureus skin infections have been reported to secrete IL-17, subsequently activating keratinocytes to produce pro-inflammatory cytokines, chemokines and adhesion molecules that mediate neutrophil recruitment (Krishna and Miller, 2012). In any case, this comparative study where immune responses and bacterial loads were followed over time has never been carried out, and thus gives new insights into the understanding of innate immune responses directed toward S. aureus biofilms.

In conclusion, the ear pinna model allowed us to obtain a global picture of the early dynamics of immune responses against both forms of S. aureus at different levels of the organism. By performing a direct comparison of innate immune responses between planktonic and biofilm bacteria in the cutaneous tissue and dLN, we provide evidence that biofilms elicit specific immune signatures regarding PMN kinetics of recruitment and functional properties at very early time points.
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Supplementary Figure 1 | Representative images illustrating the different levels of scoring used to assess ear pinna tissue inflammation. Images of C57BL/6J mice ear pinnae showing erythema (black empty arrowheads) at different time points following infection by S. aureus.

Supplementary Figure 2 | Mosaic acquisition of LysM-EGFP transgenic mice ear pinna tissue. Reconstituted confocal images of LysM-EGFP transgenic mice ear pinna tissue following micro-injection of PBS (A) or mCherry-SH1000 planktonic bacteria (B). Images correspond to the maximal projection intensities of the EGFP signal, and the yellow line indicates the ROI where the “Sum of EGFP fluorescence intensities” was measured. Scale bar: 2 mm. One representative experiment is shown for each group of mice from at least 3 independent experiments.

Supplementary Figure 3 | Cytokine production in the ear pinna tissue and dLNs of control and planktonic or biofilm infected mice. (A–H) Cytokine levels, expressed in pg/mg of total protein, were analyzed by Bioplex in the supernatants of ear pinna tissue (A,C,E,G) and dLN (B,D,F,H) homogenates at 24 and 72 h pi (median ± IQR, number of mice: NC = 5, NP/BF = 6, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05).

Supplementary Figure 4 | Representative images of EGFP + immune cell recruitment to either S. aureus planktonic or biofilm bacteria. (A–D) Live confocal imaging, using X10 objectives, in the ear pinna tissue of LysM-EGFP transgenic mice following micro-injection of mCherry-SH1000 planktonic (A,B) or biofilm (C,D) bacteria. Representative average projections of green (EGFP + innate immune cells) and magenta (bacteria) fluorescence, acquired at 2.10 h pi (A), 3.30 h pi (B), 2.10 h pi (C), and 3.30 h pi (D), show immune cells recruited toward the injection site. Asterisk: autofluorescent hair (also in magenta). Scale bar: 100 μm. (E–H) Live confocal imaging, using X40 objectives, in the ear pinna tissue of LysM-EGFP transgenic mice following micro-injection of mCherry-SH1000 planktonic (E,F) or biofilm (G,H) bacteria. Maximum projections of green (innate immune cells) and magenta (bacteria) fluorescence, acquired at 4.20 h pi (E), 3.25 h pi (F), 3.25 h pi (G), and 2.30 h pi (H) show immune cells in the injection area. The yellow line indicates the ROI where cell perimeter was measured. Asterisk: autofluorescent hair (also in magenta). Scale bar: 15 μm. One representative experiment is shown for each group of mice from at least 9 independent experiments.

Supplementary Figure 5 | Flow cytometry gating strategy for myeloid cells populations isolated from the ear tissue and dLN. Representative dot plots showing the gating strategy to analyze myeloid cell populations in the skin and dLN following inoculation. Representative dot plots and percentages of cells gated are shown from planktonic infected WT C57BL/6J mice at 24 h pi.

Supplementary Figure 6 | Immune cell counts and percentage of bacteria associated immune cells. (A,B) Total number of live cells recruited to ear pinna tissue (A) and dLNs (B) of control and planktonic or biofilm infected mice from 2 h pi to day 2 pi (median ± IQR, number of mice: NC = 12–15, NP = 9–12, NBF = 9–15, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05). (C,D) GFP median fluorescence intensity of PMNs (C) and MOs/MΦs (D) associated to GFP-SH1000 in the ear pinna tissues of control and planktonic or biofilm infected mice from 2 to 48 h pi (median ± IQR, number of mice: NC = 12–15, NP = 9–12, NBF = 9–15, from at least 3 different experiments, Mann-Whitney one-tailed test, ∗p < 0.05). (E,F) Percentage of bacteria associated PMNs (E) and MOs/MΦs (F) in ear pinna tissue of control and planktonic or biofilm infected mice from 2 h pi to day 2 pi (median ± IQR, number of mice: NC = 12–15, NP = 9–12, NBF = 9–15, from at least 3 different experiments, Mann-Whitney two-tailed test, ∗p < 0.05).

Supplementary Figure 7 | Phagocytosis of S. aureus planktonic or biofilm bacteria by CD11b+ myeloid cells in the ear pinna tissue. (A,B) Transmitted light images of CD11b+ cells, following isolation from ear pinna tissue onto glass slides and MGG staining, show PMNs (A,B) and MOs/MΦs (B) harboring intracellular bacteria (black arrowheads). Representative images are shown from planktonic infected WT C57BL/6J mice at 24 h pi (A) and 48 h pi (B). (C) Percentage of MOs/MΦs containing intracellular bacteria assessed at 24 and 48 h pi (mean ± SEM, number of cells: NP = 223–238, NBF = 232–338, from at least 3 different experiments, Mann-Whitney one-tailed test, ∗p < 0.05). (D) Percentage of MOs/MΦs containing 0, 1–2, 3–4, or 5 or more intracellular bacteria assessed at 24 and 48 h pi (mean ± SEM, number of cells: NP = 223–238, NBF = 232–338, from at least 3 different experiments, Mann-Whitney one-tailed test, ∗p < 0.05). (E) Quantification of intracellular bacteria, expressed in CFUs/106 cells, in CD11b + cells isolated from ear pinna tissue of planktonic or biofilm infected mice, at 24 and 48 h pi (median ± IQR, number of mice: NP = 5, NBF = 3–4, from at least 3 different experiments, Mann-Whitney one-tailed test, ∗p < 0.05).

Supplementary Movie 1 | EGFP + innate immune cells are recruited toward a planktonic injection site. In vivo confocal time-lapse imaging of immune cell migration in LysM-EGFP transgenic mice ear tissue injected with planktonic bacteria from 2.50 to 3.10 hpi. Average projections of time-lapse images. Z-stacks collected 72.98 s apart. Scale bar: 100 μm.

Supplementary Movie 2 | EGFP + innate immune cells are recruited toward a biofilm injection site. In vivo confocal time-lapse imaging of immune cell migration in LysM-EGFP transgenic mice ear tissue injected with planktonic bacteria from 2.55 to 3.25 hpi. Average projections of time-lapse images. Z-stacks collected 106.55 s apart. Scale bar: 100 μm.
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Gender (n,%)

Female 11 (20.0%)

Male 44 (80.0%)
Age (range, min-max) 48 (18 - 81)
Bl onset (range, min-max) 4.61(3.0-6.0
Bl release (range, min-max) 3.78(1.0-6.0
LBI onset (range, min-max) 5.01(2,3-6.0
LBI release (range, min-max) 2.78 (0,0 - 5,85)
Reaction during treatment (n,%)

Yes 12 (21.82%)

No 43 (78.18%)
Treatment (n,%)
Multidrug therapy (MDT) 48 (87.28%)
Alternative scheme 07 (12.72%)
Bl Reduction (n,%)

Yes (WR) 22 (40.0%)

No (NR) 33 (20.0%)

Bl, bacillary index; LBI, logarithmic bacillary index of skin lesions; WR, with reduction; NR,
no reduction.
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Groups

Y HV
EHV
YPB
EPB
Y MB
EMB

Y, Young; E, Elderly; HV, Healthy Volunteers; PB, Paucibacillary leprosy; MB, Multibacillary leprosy; Bl, Bacillary Index; LBI, Lesion Bacillary Index; DG, Disability Degree.
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Drugs

Mycobacteria

Model

Mechanism of Action

Reference

Rapamycin

Rapamycin

Ambroxol
Metformin®

Carbamazepine*

Valproic acid*
Loperamide
Bedaquiline*
Linezolid*
Resveratrol
Baicalin

Azithromycin*
Rifabutin*

Nitazoxanide
Isoniazid

Pyrazinamide

Vitamin D3

Vitamin D3
Iorutinib
Iron
Verapamil
Zinc

Simvastatin

Rosuvastatin

Omadacycline

Tigecycline

M. avium subspecies
paratuberculosis
(MAP)

M. smegmatis

M. tuberculosis
M. tuberculosis

M. tuberculosis

tuberculosis
tuberculosis
tuberculosis

tuberculosis
tuberculosis

XX & ¥

tuberculosis

abscessus
abscessus

leprae
tuberculosis

tuberculosis

8 X R® X ¥

tuberculosis

M. leprae

M. tuberculosis

tuberculosis
bovis BCG

M. tuberculosis

M. tuberculosis

Mycobacterium
abscessus
Mycobacterium
chelonae
Mycobacterium
fortuitum
Mycobacterium
abscessus
Mycobacterium
chelonae
Mycobacterium
fortuitum

Inhibition of MAP growth in vitro (BACTEC
radiometric 7H12 broth)

Murine bone marrow derived macrophages
(BMDM) and RAW264.7 macrophages
BMDM and primary human macrophages
Monocytes differentiated to macrophage
(THP-1 cell line)

Primary human macrophages

Infection of C57BL/6

mice with MDR strain

Primary human macrophages

Primary human macrophages

Human differentiated monocytes (U-937 cell line)
Human differentiated monocytes (U-937 cell ling)
MIC values were determined against M.
tuberculosis using the standard microbroth
dilution method

RAW264.7 macrophages

Primary human macrophages and C57BL/6 mice
MICs in dose-response assays were determined
by the broth microdilution method

C57BL/6 mice

Primary BMDMs, human primary monocytes, and
MDMs

Primary BMDMs, human primary monocytes, and
MDMs

Human macrophages

Peripheral monocytes

Monocytes differentiated to macrophage
(THP-1 cell line) and C57BL/6 mice
DN TfR-1 and DMT-1 CKO model

BMDM from ATG5(flox/flox) (control) and ATGS
(flox/flox) Lyz-Cre mice; Human monocytes
MCF-7 cells

(human breast cancer cell line)

Peripheral blood mononuciear cells (PBMCs)

PBMCs or MDMs from patients with familial
hypercholesterolemia (FH) and C57BL/6 mice

PBMCs or MDMs from patients with familial
hypercholesterolemia (FH) and C57BL/6 mice

Broth microtiter dilution assay

Broth microtiter dilution assay

Inhibition of mTOR

Inhibition of mTOR

Increased autophagosomes production
Increases AMPK expression, inducing
phosphorylation of ULK1

Lowers myoinositol levels, activates AMPK and
induces autophagy in an mTOR independent
manner

Increases colocalization of LC3 with Mtb

Decreases the production of TNF and increases
the colocalization of LC3 with Mtb

Increases the formation of autophagosomes
Increases the formation of autophagosomes
Inhibits of mMTOR

Induces autophagy by inhibiting the PIBK/Akt/
mTOR pathway

Blocks lysosomal acidification

Undefined

mTOR inhibition by TSC2
Facilitates phagosome-lysosome fusion

Activates AMPK and induces autophagy

Stimulation of VDR to induce cathelicidin
expression; upregulation the expression of Atgs
and Beclin-1

Stimulation of VDR to induce cathelicidin
expression

Facilitates phagosome-lysosome fusion

Iron depletion increases the activation of HIF-1o.
(hypoxia-inducible factor) and AMPK.

Inhibits Ca2* channel, cytosolic

Ca2*|

Increasing the formation and turnover of
autophagosomes

Increases the autophagic flux
(autophagolysosomes)

Reduction of membrane cholesterol levels
promotes phagosomal maturation (monocyte
autophagy)

Reduction of membrane cholesterol levels
promotes phagosomal maturation (monocyte
autophagy)

Greenstein et al.
(124)

Zullo et al. (125)

Choi et al. (126)
Singhal (127)

Cérdenas et al.
(128); Schiebler et al.
(129)
Schiebler et al. (129);
Juérez et al. (130)
Juarez et al. (130)

Genestet et al. (131)

Genestet et al. (131)

Sun et al. (132); Park
etal. (133)

Zhang et al. (134)

Renna et al. (135)
Aziz et al. (136)

Bailey et al. (137)
Kim et al. (40)

Kim et al. (40)

Jo, (138); Palucci &
Delogu, (139)

Krutzik et al. (140),
Montoya et al. (141)
Hu et al. (142)

Wu et al. (94);
Fretham et al. (92)
Abate et al. (143)

Hwang et al. (95);
Cho et al. (104)
Guerra-De-Blas et al.

(144)
Parihar et al. (145)

Parihar et al. (145)

Shoen et al. (146)

Shoen et al. (146)

*Repurposed Drugs.
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Route of infection

References

Role of neutrophils in Leishmania Source of neutrophils
infection
species strain
Protective L. major Bokkara C57BL6, BALB/C sc? ©8)
Lv39 C578L/6 sc. 67,99
Lv39 C578L/6 id® (69, 75)
L. amazonensis BALB/c, C57BL/6 id. (72, 105)
L. amazonensis BALB/c (Promastigote invitro (86, 106)
and amastigote
parasites)
C57BL/6, G3H/HePas,
CBH/HeJ
(promastigote parasites)
L. amazonensis Human invitro (93,115, 116)
L. braziliensis BALB/c id. (100)
L. brazillensis C578L/6 invitro (73, 107)
L. donovani C57BL6, BALB/C ive (108, 109)
L. infantum C57BL6, BALB/C iv.orid. (70, 110-112)
Detrimental L. major Lv39 BALB/c se. 67,99
Lv39 C578L/6 id. @3)
L8t Human invitro 79
SASKH BALB/c sc. ©8)
Friedlin C57BL6 (LOMV id. ©3)
coinfection)
Friedlin C578L/6 iid. (sand fly) (60, 61)
Friedlin BALB/c id (©0)
Seidman C578L/6 id. ©2
Ryan Cs78L/6 iid. (sand fly and 8
needle)
L. mexicana C57BL/6, BALB/C id. (74, 114)
L. mexicana C578L/6 idand in vitro ©4
L. amazonensis C57BL6 (amastigote invitro ©6)
parasites)
L. panamensis Human exvivo (118)
L. donovani BALB/c i.d. (sand fly) (©2)

5.c.: subcutaneous in the footpad.
bi.d. intradermal in the ear.
Ci.v.: intravenous.

Light gray: CL; dark gray: VL. Parasites are needle injected. When parasites are deposited following natural infection, “sand fly” is indicated.
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